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Abstract. A new cumulus convection parameterisation is vection not only directly takes part in the global energy and
presented in this paper. The parameterisation uses an exvater cycle (transport), but also indirectly by the outflow
plicit spectral approach and determines, unlike other convecef cloud water at the top of convective clouds. Within an
tion schemes, for each convection event a new cloud diSAGCM cloud processes are separated into convective and
tribution function regarding to the given vertical tempera- stratiform clouds. Outflowing water from convective clouds
ture and humidity profiles. This is done by using a oneis used as a source for stratiform clouds. Therefore, convec-
dimensional cloud model to create a spectrum of differenttion not only leads to a redistribution of moisture and energy
clouds. The interaction between all non convective physicalwithin cumulus towers themselves, but also to a decoupling
processes in the AGCM and all different clouds is taken intoof these quantities from their primary sources. Stratiform
account to calculate a selfconsistent cloud spectrum. Thelouds in turn have great importance for the radiation bud-
model has been implemented in the ECHAMS5 AGCM and get of the Earth. The problem of cumulus parameterisation
tested against a large eddy simulation model. The represerns still an unsolved problem in climate modellingrbanuel
tation of a shallow cumulus cloud field by the AGCM could and Raymond1993 IPCC, 2001). Most of the current cu-

be much improved. Diurnal cycle, cloud cover, liquid water mulus convection parameterisations are formulated as mass
path and the vertical structure of the mass flux, determinedlux schemes (determine the overall mass flux of all cumulus
by the new convection scheme are close to the large eddglouds in one AGCM grid column)Xnthes 1977 Emanuel
simulation, whereas the standard convection scheme failed994 Emanuel and Raymond 993 Tiedtkg 1989. Sev-

in simulating this convection episode. eral different attempts have been made to parameterise con-
vection. These approaches are different in complexity and
the underlying physical assumptions. While Kuo (1965,
1974) assumed a statistical equilibrium for water substance,
in the convective adjustment approadBefts 1986 Betts

and Miller, 1986 an unstable temperature profile is adjusted

Cumulus convection is one of the major problems in global , .
. ) back towards a profile that is neutral or nearly neutral to con-
climate modelling Emanue| 1994. A reasonable treatment . .
. . : . vection. Other convection schemes are based on cloud mod-
of the physical processes associated with convective clouds is

of great importance for many other physical processes in ar?IS (Tiedtke 1989 Arakawa and Schuber1974 Kreitzberg

Atmospheric General Circulation Model (AGCM). Convec- and Perkey1376 1977 Kain and Fritsch1999. The model

tion to a large degree controls the vertical transport of mois_presented in this paper belongs to this group. Beginning with

h Arakawa and Schubert (1974) the idea of an explicit cloud
ture, chemical tracers, energy and momentum. When pre-

L . . spectrum was introduced in the field of convection parame-
cipitation forms in convective clouds, the net latent heat re-_ """ . . .
: terisation. This scheme describes a spectrum of mass fluxes.
lease (due to condensation of water vapour to cloud droplet:

o . he mass flux approach causes a lack of information about
and afterwards precipitating raindrops) leads to a supply of . . ;
available potential energy in the free atmosphere. This couf: loud dynamics and microphysics. In contrast to Arakawa
les convection to the large scale dynamics Cuhulus con‘-”md Schubert (1974), Donner (1993), Donner et al. (2001)
P 9 y ' and Naveau and Moncrieff (2001) describe a spectrum of

Correspondence td. F. Graf simplified clouds and not mass fluxes. Cloud dynamical and
(hfg21@cam.ac.uk) microphysical structures are represented in a more precise

1 Introduction
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2750 F. J. Nober and H. F. Graf: Convective clouds and self-organisation

way, but both schemes are based on either observations @lso play an important role in the organisation of convective
high resolution simulations. cloud fields. As a first order approximation we will neglect
The presented Convective Cloud Field Model (hereafterthose effects in this paper. Since mass flux schemes describe

CCFM) is not based on any observations, but on a theoretithe integrated effect of a whole cloud ensemble, the effect of
cal concept. It determines for each AGCM grid column an a cloud ensemble, including the cloud — cloud interactions,
explicit spectrum of different clouds. Therefore, the infor- has to be described by empirical parameters. The use of
mation about the actual cumulus convection state in a grickempirical parameters leads to very efficient numerical codes.
column is not restricted to an averaged mass flux, but in-Therefore, mass flux schemes can be used for long time sim-
cludes the number of different clouds which, in principle, are ulations of global climate. On the other hand, these param-
able to develop under the given atmospheric conditions. Theeters are not able to represent the complete phase space of
different clouds, which are calculated by a simple entrain-possible cloud configurations. Convection parameterisation
ing parcel model, are defined by their different initial radii schemes based on mass flux approach in general are tuned
and initial vertical velocity. The degree to which each cloud to simulate a few convective cases in a reasonable way. Us-
type participates in the whole cloud field is determined by theing such parameterisations in a global model implies that it
cloud field model with respect to the given vertical profiles works reasonably in all meteorological situations that appear
of temperature and humidity in the grid column. The choicein the model climate §iebesma and Holstlag996. The
of the cloud model to define the different clouds is very flex- main purpose of our work is to treat the problem of cumulus
ible. Very simple cloud models are possible, but also moreparameterisation from the view of self-organisation.
complex ones that describe more realistic clouds (including The proposed model follows the idea of quasi-equilibrium
dynamic and micro-physical information) than simple massthat was first formulated by Arakawa and Schubert (1974).
flux approaches do. To determine the cloud field, the CCFMThis idea to a large degree defines how the convective scheme
takes into account the effect of all non-convective processesas to be inserted into the hosting AGCM. Since we tested
calculated by the AGCM and (which makes the procedurethe model in the ECHAM-AGCMRoeckner et al1996 we
self consistent) the cloud-cloud interaction between all cloudconfine our explanation to this model. There are no principal
types. The final calculation of the cloud field follows an differences to other AGCMs.
approach known from population dynamics that was devel- A significant feature of the presented CCFM is its modu-
oped to describe the interaction between different biologicallar structure. This makes the model very flexible and allows
species Yolterra, 1931, Lotka, 1929. Therefore, in con- changes of the separate components. In principle, we have
trast to other recent spectral convection parameterisationshree main parts in the model: The first part is a cloud model.
the cloud distribution function in our model is not extracted Here we use, as a first step, a simple entraining parcel model.
from a specific convection episode. This does not mean thaThis is used to define the cloud types which are able to de-
the approach necessarily leeds to better results. Howeveyelop under a given meteorological situation. The next step
once having shown that the new approach works in prin-is to define the cloud forcing and the cloud-cloud-interaction
ciple, there are many possibilities for further improvement. coefficients for these specific clouds and the specific meteo-
Our paper is structured as follows: In Sect. 2 we give a deological situation. The last step is to use the Lotka-Volterra
tailed description of our approach. This is followed by a equation Yolterra, 1931; Lotka, 1925 from population dy-
comparison of the CCFM with the standard ECHAMS5 and namics to calculate the development and the final state of the
a Large Eddy Simulation (LES) model in Sect. 3. After dis- cloud spectrum. This equation represents the closure in our
cussing the performance of the model (with respect to otheampproach. Each of these three parts should (and will) be ob-
attempts to overcome the shortcomings of traditional masgect of our further investigations. We want to underline here
flux schemes) in Sect. 4, we end up with final conclusions. that so far no specific tuning was applied to the CCFM or any

of its parts. The flow diagram is shown in Figand the three

parts will be described in the following section.
2 Model description

2.1 One-dimensional cloud model
The physical problem we want to describe is to a large de-
gree a self-organised system. Considering an atmospherithe one-dimensional cloud model is based on a computer
column, as we have to describe it in an AGCM, the situa-model developed in the late 1960’s at the Pennsylvania State
tion is as follows: There is a forcing term, which is actually University (Weinstein and MacCread$969. We used this
given by every process that can create instability, and cloudmodel because of its computational efficiency. Nevertheless,
cloud interaction. When convection starts, normally not only it resolves more dynamical and microphysical features than
one cloud forms. Different clouds develop, modify their sur- common mass flux schemes do. It was tested for the max-
roundings — reduce instability — and affect each other. Thamum top height of convective clouds by Graf and Teubner
resultant cloud field is due to self-organisation of different (1988) against three years worth of RADAR observations,
clouds. Other external control mechanisms (e.g. wind sheanyvho showed that observed maximum cloud top heights and

Atmos. Chem. Phys., 5, 2749759 2005 www.atmos-chem-phys.org/acp/5/2749/
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modelled cloud top heights are highly correlateg.8) for
a large number of different cases. The model is a steady AGCM Input
state Lagrangian solution of a set of equations for temper-

ature, cloud radius, vertical velocity, cloud water/ice and Vertical Profiles

rain water/ice. The thermodynamic and dynamic calcula- v
tions are numerical analogies of the classical parcel method

with entrainment. The entrainment rateQ(2/ rypdraf) is the 1-Dim
same as in the original setup\Véinstein and MacCready Cloud Model

1969 Graf and Teubnerl988 and has not been adjusted
for our case. The updraft radius,fdraf) changes due to ver-

tical acceleration, entrainment and density effect. The equa- v

tions are based on the first law of thermodynamics and the

vertical equation of motion. Cloud microphysical calcula- Forcing and
tions follow the well known parameterisation developed by Interaction
Kessler (1969) and include ice formatio®dura and Taka- Coefficients
hashj 1971) . To run the model requires a set of vertical

profiles (temperature, humidity) and initial values for cloud v

base radiusritia1) and cloud base vertical velocitw(yitial)-

T.h'e indefiniteness of these two parameters opens the possi- Cloud Distribution
bility for creating a cloud spectrum. As mentioned before, .

the first step is to define, for a given grid column and at a Function

given time step, a spectrum of different clouds which in prin-

ciple are able to develop under this meteorological situation. v

The physical parameterisations in ECHAM follow a certain . o
sequence: Radiation, vertical diffusion, gravity waves, con- Heating Rates, Precipitation, etc.

vection, stratiform clouds. We assume the following ide-
alised but not too artificial situation: Let the vertical profile
in a specific grid column be a neutral one. Actually it could
be any profile except an unstable one. Then the physical

processes (hamely radiation and advection), that are speci- o i

fied before convection, are able to create convective instabilturé and humidity profiles, and the cloud model.

ity. At the time convection is activated there are probably In Fig. 2-3 we show different cases of cloud vertical ve-
two sets of vertical profiles available: A neutral one from locity profiles as examples for the variety of resulting cloud
the last time step (which we callM for temperature and types arising from different meteorological conditions. The
HM for humidity) and an unstable one which is just the sum shown figures (Fig2-3) are characterised by convective in-

of TM andHM and the tendencies of the current time step. Stability. The difference between the two cases are the ver-
We call themT and H. So we have a stable situation and tical profiles of temperature and humidity. The temperature
an unstable situation. The vertical distribution of convec- profile is dominating and is therefore shown in the Figures.
tive instability determines the cloud spectrum. We take theln Fig. 2 and3 we find two cases of convection. While in
“unstable” set of profiles (temperature and Humidity, pro- the first case convection is weak and shallow (max. vertical
vided by ECHAMS5), since this set is susceptible for con- velocity ~7 m/s, cloud depth=2500 m), in the second case,
vection, and run the one — dimensional model many timesAccording to the temperature gradient, the upward motion ap-
with different initial values for cloud base radius and cloud pears to be much stronger. In this case we have three distinct
base upward velocity. Practically, this is done by choosinglévels of cloud tops 1000 m,~7000 m,~10000 m). This

for both quantities an upper and a lower boundary and an iniS caused by a small change of the temperature gradient at
crement. Let us assume that we havdnitial radii (rmin, about 1000 m and an inversion at about 6500 m. Clouds with

Fmint+ A7, ..., rmin+Ar (K —1)) and L initial vertical veloc- small initial radii can only reach the first levet=(000 m).
ities (wmin, Wmin+Aw, ..., wmin+Aw(L—1)). We end up Those with larger initial radii can reach the next level and a
with K -L different couples of initial conditions that lead to few clouds with the largest radii can even overshoot the in-
K-L different cloud types. Each cloud type is completely version at 6500 m.

defined by the output-profiles of the one-dimensional model. The results with varying initial radii show that even rel-
The difference in these cloud types depends on the incremeratively small changes in the vertical temperature gradient,
of r andw and on the given meteorological situation. There- namely the strength and heights of inversions, may excert
fore, cloud type numbee=1, ..., K-L is defined by the initial ~ very strong effects on the spectrum of convective clouds that
radius, the initial vertical velocity, environmental tempera- may potentially develop in the specific environment. In these

Fig. 1. Flow diagram of the CCFM.
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which will be done in the future but is beyond the scope of
the current paper.

5000 —————————T—— 5000

4000 — — 4000 -

] 2.2.1 Cloud forcing

i First we need information which cloud types are actually

forced or supported by external processes. As mentioned be-

fore, we have available two sets of vertical profiles when run-

ning the convection scheme. We called thérM( HM) for

the “neutral” from the last time step and (H) for the “po-

tentially unstable” one. Since we have run the cloud model in

the unstable environment'( H), we have a third set of pro-

) a ma e Y files (separately for each cloud type) available which is the

Vertical Velocity m/s] Temperature [K] in-cloud-temperaturd,, of cloud type numbef. We now

define the “cloud available potential energy content” by:
Fig. 2. Cloud updraft velocity and temperature profile; Different

— 3000 —

Height [m]

— 1000 —

colours indicate different initial cloud base radii. CAPE(T) = ¢ /LNBi T, — sz
Base T
10000 — 10000 (1)
9000 ] 9000; and
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7000 7000 CAPE(TM) = g/ i
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H 2

Height [m]

5000 —
4000 - whereT=T M+TiengA? , Basg is the base of cloud type

I i and LNB the Level of Neutral Buoyancy of cloud type
The relative change of the “cloud potential energy content”
due to all non-convective processes during the current time

step can therefore be expressed as

3000 3000 [—
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|
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Fig. 3. Cloud updraft velocity and temperature profile for different

initial cloud base radii. The denominator in this expression (CARE)) can be
assumed to be always positive. In case it is zero the respec-
tive cloud per definition does not exist. It may be helpful

calculations the interaction between the single clouds is noto note thatF; x CAPE;(T) can be understood as the time

taken into account. This process will further change thederivative of CAPE(T M) with respect to the effect of all
cloud spectrum. A subset of the manifold of possible cloudsnon-convective processes.

will finally form the spectrum of convective clouds. This will
be treated in the following section. CAPE (T)F;

2.2 Forcing and interaction coefficients CAPE (T) — CAPE (T M)
B At

To formulate our model concept, we make extensive use of
the CAPE (Convective Available Potential Energy) formal-
ism. The model as proposed is constructed such that the re=
sulting cloud ensemble consumes as much CAPE as possible.
Recent observations indicate that this might be wrong. Re- with
garding Zhang (2002) convection does not completely CoN-yCAPE (T M)
sume instability generated by other processes. This fact cal ar

be included in the present model by adjusting the forcing co-
efficients F;. 1t would correspond to an “effective” forcing.
Such tuning, however, was not applied here since it requires— |im {CAPE"(TM + TiendA?) — CAPE (T'M) } (5)
a large amount of testing and comparison with observations, 47—0 At

CAPE (T M + TiengAt) — CAPE (T M)
At

4
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2.2.2 Cloud-cloud interaction

2753

proven their ability to describe at least some features of a
variety of complex systems.

The cloud-cloud interaction is treated similar to the cloud The analogy that we proclaim is to treat different cloud
forcing by external processes. First we calculate the effectypes as different species. Biological species as described

of each cloud type on the environmefit, (H). We call the

by the Lotka-Volterra equation are in competitioki;; <O,

resulting profilesT;, #;), where; is the index thatindicates  F,>0) for an external food supply rate. In such a simple
the cloud types. As in the former section, we are interestednodel the supply of food is the reason for a species to survive
in the effect of the change in the vertical profiles on the cloudor to grow. The analogy to convective clouds is straightfor-

potential energy. According to Eq. (1) we define:

LN B; TC’ —T:
CAPE/(T)) = g/ <tz (6)

Base; j

whereTj=T+Ttenth and Ttenq is the tendency due to the

effect of cloud typej on the temperature profilE. The rel-
ative change of cloud potential energy of cloud typhie to
the effect of cloud typg is therefore:

~_ CAPE(T)) — CAPE(T)
Yo CAPE

(T)At (7)

K;;CAPE (T) is again the time derivative of CARE") with
respect to the effect of cloud

dCAPEi(Teffect(j))
dt

i CAPE(T + Ttenth) — CAPE(T)
= lim
A:—>0 At

(8)

2.3 Lotka-Volterra equation

ward. The reason for convective clouds to form is convective
instability (“food supply” for convective clouds). Addition-
ally, each cloud type acts on its environment in a well de-
fined way and tends to reduce instability. Therefore each
cloud tends to reduce somehow the “food-supply” for all
other cloud typesk;;) including itself(X;;).

In Eq. (9)n; is the number of clouds of type numbethat
appear in the given grid column under the given meteorolog-
ical situation (temperature and humidity profiles).

Term (F;n;) represents the external forcing on the cloud
field. The relative ratio of the different components
(F;,i=1, ..., N) shows which cloud types are favoured by
the non-convective forcing. The; in this part reflects
that this forcing is assumed to be proportional to the actual
amount of each cloud type. Perhaps the more interesting term
is (Zjvzl[K,-jn,-nj]). K;;j is the effect of cloud typg on
cloud typei. Analogous to the first term, this coefficient is
multiplied by »n; and additionally by ; since the effect of
cloud type;j oni is assumed to increase linearly with the
amount of cloud type. It is possible to give a first char-
acterisation of the equation by recalling the definitionFpf
andK;; and discussing some physical basics: Clouds are as-
sumed to reduce instability and to consume convective avail-
able potential energy. Therefore, CARE;) in general is
smaller than CAPKET) sinceT; is already somewhat sta-
bilised due to cloud typg. As a consequenck;; in general

Now we are prepared to formulate our master-equation tqs negative. The non-convective processes in our case are
Ca|Cu|ate the resu|tlng C|0ud Spectrum. The Lotka'volterraon|y important if they produce Convective |nstab|||ty Then

equation which is used in population dynamiddaken
1977,1983 is given by:

dn; N
d_l‘lzniFi+iZ::lKijninj (9)

CAPE (T) is larger than CAPET M) and, thereforeF; is
positive. Thus, in the model we assume ti&gt <0 and
F;>0. If F;, <0 we can ignore this special cloud typewhich
reduces the degrees of freedom for the Lotka-Volterra equa-
tion by one dimension. Eq. (9) is finally solved numerically.
In Fig. 4 we give a graphical description of the CCFM for

This equation was introduced by Volterra as a model fora reduced setup with only two different cloud types to keep

the competition ofN different biological speciesLbtka,

1925 Volterra, 1931 Murray, 1993. F; is a parameter de-
pending on the environment and on the species numbeér
describes the support of species nhumbél external pro-
~ is the interaction ma-

cesses (e.g. food supply); je1

,,,,,

the picture more transparent. In the model we normally use
20-50 different cloud types.

2.4 \Vertical resolution and cloud types

trix. The coefficientK;; describes the interaction between Most convection schemes work with the vertical resolution
species andj. Or more precisely, since the matrix is not of the host AGCM (ECHAMS5 standard: 19 levels from

necessarily diagonal, it describes the effect of spegien

1000 hPa to 10hPa) or with interpolated values on “half-

species. Depending on the signs of the interaction coeffi- levels”. This is sufficient for mass-flux models since these

cients the system is called a cooperati%g; >0), a compet-

itive (K;;<0), or a prey — predator on€X;; K;;<0). The

are designed for such coarse resolutions. 1-dimensional
cloud models, as the one used in this work, demand

various systems have been extensively analysed. They hawe finer resolution since the microphysical and dynamical

www.atmos-chem-phys.org/acp/5/2749/
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of our model by an undiluted rising air parcel until the con-
densation level is reached), concerns the so called “trigger
function” problem. For discussion and investigation of this
problem see Jakob and Siebesma (2003).

3 Model validation

Although the proposed CCFM actually is not a pure con-
vection scheme but a statistical cloud field model, it can be
used like a convection parameterisation within an AGCM. As
input it needs vertical profiles of temperature and humidity
and as output it returns information about heating rates, inte-
grated mass fluxes, tracer transport, precipitation and mois-
ture transport, and detrained cloud water (important as source
Fig. 4. Graphical description of the Convective Cloud Field Model. for cloud water in stratiform clouds). We use the ECHAM5-
AGCM as environment for our model.

calculations are more sensitive. Therefore, we interpolate th&.1 AGCM-physics
ECHAMS5 standard vertical resolution to a finer vertical grid
of 200 m vertical resolution before starting the cloud model The dynamical core of the ECHAM model has been adopted
and cloud spectrum calculation. Also the calculation of thefrom the European Centre for Medium Range Weather Fore-
interaction coefficient$; andK;; is performed on this finer ~casts (ECMWF) modelRoeckner et a].1996. Vorticity,
grid and leads to more stable numerical solutions. Howevergdivergence, temperature, surface pressure, and mass mixing
we want to stress that higher vertical resolution of the hostratios of water vapour and total cloud water/ice are treated
AGCM would be necessary, in order to include the small sta-as prognostic variables. The master equations are solved on
ble layers which often form in the free troposphere and whicha vertical hybridp—o-system (19 vertical levels) using the
can have significant effects on the cloud spectrum especiallgpectral transformation method with a triangular truncation.
when they occur above the freezing level. All physical parameterisations are calculated at grid points
It is obvious that the idea behind CCFM is to introduce of @ Gaussian grid. For the time integration a semi-implicit
as many different cloud types as possible. However, a lim-leapfrog scheme is used. Physical parameterisations exist
iting factor is the computational demand and the numericalfor horizontal diffusion, surface fluxes and vertical diffusion,
accuracy of the iteration of the Lotka-Volterra equation. With land surface processes, gravity wave drag, and, relevant for
increasing number of cloud types this part of the model be-our problem, cumulus convection, stratiform clouds and
comes more and more problematic and time consuming. Ifadiation.
turns out that variations inntiz1 are much more important for
a large spectrum of possible clouds than variationsiiia - ECHAMS standard convection:
Depending on the meteorological situation, there are threshThe ECHAM standard convection is based on the widely
olds for winitias @andrinitias that have to be exceeded. Other- used bulk mass flux concept of Tiedtke (1989). The orig-
wise no clouds will develop at all. Typical combinations for inal Tiedtke scheme has been changed to include some
initial conditions that we used in this work are: 1-2 differ- suggestions of Nordeng (1994). These changes include
entwinitial and 20-50 differentinitial. winitial iS always cho-  organised entrainment/detrainment and the mass-flux clo-
sen to be in the range of 1-2m/s, which are typical valuessure (adjustment type instead of moisture convergence for
of vertical velocities at the base of convective cloudsiial deep cumulus). Cloud water that may detrain at the tops
is in the range from 100 m up to 3000 m. It turns out that of cumulus clouds is used as a source for cloud water in
in nearly all cases this combination leads to a spectrum oftratiform clouds.
possible clouds that compares favourably with observations.
winitial May be more important for the initial cloud droplet Stratiform clouds in ECHAMS5:
spectrum in case of a more complex cloud microphysics tharThe parameterisation of stratiform cloud cover in ECHAM5
used in this study. In the current experimental setup we usés essentially given by a parameterisation of the horizontal
50 different cloud types with an initial vertical velocity of sub grid-scale variability of water vapour and cloud con-
2m/s and initial radii between 100 m and 3000 m. One taskdensate Tompking 2002. This statistical cloud scheme
for future development of CCFM would be to couple these assumes that the sub grid variability is well described by
initial conditions to the sub-cloud layer. This, as well as thea given Probability Density Function (PDF) including two
procedure to determine the cloud base (in the current versioshape parameters. The cloud microphysical scheme of

Atmos. Chem. Phys., 5, 2749759 2005 www.atmos-chem-phys.org/acp/5/2749/
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ECHAMS5 uses a prognostic treatment of separate cloud ice Cloud Cover
and liquid cloud variabled phmann and Roeckngt996.

e B B B R e

Changes in the cloud-radiation interaction: 045

Since all information needed by the remaining part of the o4
ECHAM model are computed by the CCFM (especially o35
cloud cover and cloud liquid water path as input variables -
for the radiation) we switched off all other cloud processes
in the ECHAM model and couple our model completely to
the ECHAM physics (hamely radiation). This is possible be-
cause the convection episode that is simulated and presente ~ 0.5
in the next section is a definite convective case.

on

0.3

0.25

Cloud Cover Fract
o
N

0.1

0.05

3.2 Comparisonto LES

TR I I T I I TR i
We tested the performance of the CCFM for the “ARM-case” Time (UTC)
(Atmospheric Radiation Measurement Program), which is
part of the “European Project On Cloud Systems In Cli- Fig. 5. Cloud cpverforARM-case; dotted line ECHAMS, solid line
mate Models” EUROCS. In the framework of this project L-ES: dashed line CCFM.
several models of different complexity have been tested
against observations. The experiment took place at the Liquid Water Path
Southern Great Plains (SGP) ARM site on 21 January 1997
(ARM,EUROCS. Observations of this day show shallow cu-
mulus clouds developed at the top of an initially clear con-
vective boundary layer. The non precipitating cumulus cloud %
field showed a clear diurnal cycle starting around 8:30h lo-
cal time and disappearing around 17:30h. This case was
simulated by a number of LES-models (Large Eddy Simu-
lation). All these models show a quite good performance ¢
to simulate both, the temporal structure (diurnal cycle) and = ® :
the spatial structure (vertical mass fluxes, profiles, cloud :
distribution). Additionally, several global and meso-scale : My
models were used to run this case in single column mode HESY \ I
with prescribed surface and boundary fluxes. While LES L A—MW\M:\:?\\‘\ L
models all show a very uniform and satisfying performance 10111213 1415 16 17 15 10 H M2 22U L 2 3 4 5 6
close to reality Brown et aJ 200]) the other models do not
(ARM,EUROCS. Global as well as meso-scale models haverig 6. iquid water path for ARM-case; dotted line ECHAMS,
serious problems to simulate a correct diurnal cycle and agjid line LES, dashed line CCFM.
reasonable cloud cover fraction and liquid water path.

Since surface and boundary fluxes are prescribed in this
setup, we get rid of the problem of model inconsistency Figures7 and8 give information about the vertical struc-
and tuning as described in the last section. Figushows ture of the cloud field. While Figuréshows the vertical pro-
the maximum cloud cover for the ARM-case from LES files of mass fluxes of LES, ECHAM-standard and CCFM,

i)
o

150 T T T T T T T T T T T T

[g/m2)

ECHAM standard, and the CCFM. Fig. 8 shows the cloud distribution function calculated by
Obviously CCFM provides realistic results which differ CCFM. _ _
strongly from the original ECHAMS5 cloud cover scheme. The CCFM produces a diurnal cycle of cloudiness very

Another important cloud quantity is vertically integrated close to the LES simul_ations. Cloud_cover and liquid water
cloud water (Fig6). Again, CCFM produces very realistic path are much better simulated than in the ECHAM standard
results and the original ECHAMS parameterisation fails to configuration. On the other hand, three main Q|§crepanC|es
do so. Thus, two key-quantities of the shallow cumulus clougP€tween the CCFM and the LES model remain: Onset of

field can be simulated by the CCFM as well as by the L ESCOnvection is about one hour too early. This is probably a
model. triggering problem of our model. A second point is the high

noise particularly in the cloud cover curve of the CCFM. This

1LES data and model setup kindly provided by A. Chlondt and behaviour is caused by the fact that there is no memory of
F. Mueller. the convective cloud state from time step to time step. Both
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Convective Mass Flux steep compared with observations or with the value found in
LES simulations for the ARM-case by Neggers (2001). All
these values are in arange-ef.5 to—2.5. In our Cloud Dis-
tribution Function (CDF) the cloud number drops too rapidly
with increasing cloud radius. A related deficiency can be
identified in the mass flux curve (Fi@). The upper part of
our mass flux curve decreases too rapidly compared with the
LES data. There is a large number of small clouds but too few
middle range clouds in the ensemble. The possible reason is
that we have to run our model with column mean vertical
profiles. This means that instability (Convective Available
Potential Energy) is uniformly distributed in the whole grid
area. In nature this would never be true! We would find a
. ‘ ‘ ‘ ‘ ‘ ‘ large fraction in the grid column with profiles which are less
0 0oL 0% vetvemasRomy 0% % unstable than the grid mean profile given by the AGCM. On
the other hand, we would find a small fraction in the grid
Fig. 7. Mass Flux ARM-case 20:00 UTC ; dotted line ECHAMS5, column with a much more unstable vertical situation (e.g.
solid line LES, dashed line CCFM. caused by local orographic structures or just by common in-
homogeneity and turbulence). Since there is no way at the
time being to extract this inhomogeneity, we cannot give a
solution. Possibly in the future the introduction of an inho-
mogeneity factor may help tuning. This problem may also
] arise from the fact that the interaction between the clouds is
E calculated by a matrix and not by a full tensor.
1 In spite of this bias, it is obvious that the CCFM can much
better resolve the vertical structure of the convective mass
flux than the standard convection scheme in ECHAM.
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4 Discussion and outlook
0.0

=

The previous results showed that the Convective Cloud Field
000 e, L Model in principle is able to replace a well tuned common
koo Cloud s ] 10000 mass flux model (qualitative validation) and likewise that it

simulates a shallow convection cloud field quite well (quan-

Fig. 8. Cloud distribution function from the CCFM. titative validation). Since this paper marks the beginning of

our work on the model, a number of tests still has to be done.
A comparison to a number of deep convection episodes (ob-
problems could be solved by changing the code in ECHAM. servation and high resolution simulation), a test in the global

The third and main point that has to be mentioned is the toanode of an AGCM and a large number of sensitivity tests

low cloud base in CCFM (FigZ). The mass flux calculated in both global mode and single column mode will be pre-

by our model has a shape comparable to the LES model simsented in upcoming papers. The CCFM was run stably in
ulation, except the fact that it is shifted by about 500 m down-the ECHAMS climate model over 25 years with different
wards. Potentially, this is caused by the interpolation fromnumbers of initial cloud types (results for January are pre-
the coarse ECHAM vertical resolution to the finer resolution sented in Fig9). Without any tuning the gross features of
in the CCFM and may also be solved. Another problem maythe global rainfall pattern are reproduced as in the original
lay in the non-mixing of the initial thermal that is used to model. There are several differences as well, specifically of
define the cloud base. Again, future work is needed to solvesmaller scale nature that have to be investigated, like very
this problem. high precipitation at isolated spots in the CCFM version.

The remaining discrepancies to a large degree are probablynportant issues will be to investigate the sensitivity of the

caused by the fact, that there is still no real information aboutchoice of the number of possible cloud types, the internal

the sub-grid variability of temperature and humidity profiles vertical resolution, and the complexity of the cloud model
in our model. This shall be discussed in more detail: The(e.g. microphysical parameterisations).

slope of the power-law curve fitted to the cloud distribution At this early stage we wish to discuss similarities and

function determined by our model is abou#t. This is too  differences between the CCFM and the classical Arakawa
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Precipitation (January) [mm/month] ECHAM4_standard Precipitation {January) [mm/month] CCFM_1_cloud
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Fig. 9. Global precipitation for January [mm/month]; Upper row first picture: ECHAM standard convection, second picture CCFM with one
cloud type, lower row first picture CCFM with 10 cloud types, second picture CCFM wich 20 cloud types.

Schubert approach and two other recent approaches facingmeter to construct an ensemble of different clouds for a deep
the problem of convection parameterisation. The conceptonvection episode, Naveau and Moncrieff (2001) do so by
of CCFM is a synthesis of the classical Arakawa Schubertusing high resolution numerical simulations to extract a data
approach and the Lotka-Volterra approach of a competitiveset of vertical velocities in a cloud cluster. This data set in
set of different species. The quasi-equilibrium assumptionturn is used to determine an ensemble of clouds by applying
from Arakawa Schubert is extended to a quasi-“dynamic”-extreme value theory. Both approaches show quite perfect
equilibrium assumption in the CCFM. The introduction of results. But in both cases the cloud distribution function that
the Lotka-Volterra equation enables the CCFM to introducecharacterises the cloud ensemble depends either on a specific
in a future version a memory for the convective state ofobservation or a specific simulation. The CCFM at present is
the last time steps within an AGCM. The quasi-equilibrium possibly less successful in simulating all detailed structures
would therefore be changed towards a “dynamic” or “inter- of a given cloud field, but the calculation of cloud distribution
active” equilibrium in which the history of convection in a functions, and therefore the resulting cloud field, depends
given grid column influences the development of new con-only on the energetic situation in a given grid column and
vective clouds. This is the great potential of our approach.the used cloud model. Since the coefficieAtsand K;; are
Already part of CCFM is the use of a cloud model instead calculated online and new for each situation, there is no need
of a mass flux model and therefore the determination of afor tuning to a specific convection episode. The presented
cloud distribution function instead of a mass flux distribution CCFM should not be seen as a parameterisation that has
function. This gives the information about convective cloud reached its final state of development. The number of pos-
cover and convective liquid water path which is not available sible cloud types in the spectrum will depend on the specific
in mass flux schemes. Two other recent approaches were irapplication and the program environment in which CCFM
troduced by Donner (1993), Donner et al. (2001) and Naveawvill be used. In a case with well observed temperature and
and Moncrieff (2001). Both follow an explicit cloud spec- humidity profiles with a high vertical resolution, the CCFM
tral strategy to describe cumulus cloud fields. While Donnercould be used as a stand alone model (without AGCM) and
(1993) and Donner et al. (2001) used direct observations oéven more than 50 different possible cloud types. The ef-
distribution functions for vertical velocities and updraft di- fect of microphysics and e.g. aerosol cloud interaction can
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be taken into account and its effect on the CDF can be studBetts, A. K.: A new convective adjustment scheme. Part |: Obser-
ied. This is not possible for a prescribed cloud spectrum that vational and theoretical basis, Q. J. R. Meteorol. Soc., 112, 677—

was determined by observations or high resolution numerical 691, 1986.
simulations. Betts, A. K. and Miller, M. J.: A new convective adjustment

scheme. Part II: Single column tests using GATE wave, BOMEX,
ATEX and arctic air-mass data sets, Q. J. R. Meteorol. Soc., 112,

5 Conclusions 693-709, 1986.
Brown, A. R., Cederwall, R. T., Chlond, A., et al.: Large eddy

In this paper we presented a full spectral Convective Cloud simulations of the diurnal cycle of shallow cumulus convection
Field Model (CCFM). CCFM is based on a concept from (;]Velr land, Q. J'dR- Meteﬁro'- Soc., 127*|1075_‘1_093}2?01- "
population dynamics and therefore incorporates a metho&aMisnwzéthc ff;eSG | ‘]2;'2 1lgrg<9:ta statistics of cloud fields,
from the physics of self organising systems into the field of : BN ’ L .

L onner, L. J.: A cumulus parameterisation including mass fluxes,
cloud parameterisation. The CCFM was successfully testet'i-J

) ) vertical momentum dynamics, and mesoscale effects, J. Atmos.
against a complex LES. In this case CCFM was able to g 50 8389-906. 1993,

simulate important quantities of a shallow cumulus cloud ponner, L. J.: A cumulus parameterisation including mass fluxes,

field very close to LES. The reference convection scheme vertical momentum dynamics, and mesoscale effects: Thermo-

of ECHAMS fails to do so by a factor of 2 (cloud cover)  dynamic and hydrological aspects in a general circulation model,

and by a factor of 5 (liquid water path). The most important J. Clim., 14, 3444-3463, 2001.

feature of CCFM is that the cloud spectrum is determined in-Emanuel, K. A.: Atmospheric Convection, Oxford University

teractively. It is calculated new for each single grid column  Press, 1994. _

and each time step. In contrast to other spectral convectioffmanuel, K. A.and Raymond, D. J.: The Representation of Cumu-

schemes, the spectrum is not fitted to a specific episode. This 'US Convection in Numerical Models, Meteorol. Monogr., Amer-

feature makes CCFM to also become a highly promising tool ican Meteorological Society, 1993,

. . . EUROCS: http://www.cnrm.meteo.fr/gcss/EUROCS/EUROCS.

for aerqsol-cloud ano_l clougl-cllmate interaction. However, html, last access: 20.10.2005.

there will be need to investigate to what degfee the concepgraf, H.-F. and Teubner, R.: Zur numerischen Bestimmung der

taken from population dynamics can be applied to ensembles opergrenze konvektiver Wolken, Abh. Meteorol. Dienst DDR,

of cumulus clouds. Other approaches than the Lotka-Volterra 140, 83-85, 1988.

equation will have to be tested and compared with high resiPCC: Third assessment report, Climate change, 427-431, 2001.

olution models and observations. Jakob, C. and Siebesma, A. P.: A new sub-cloud model for mass
flux convection schemes: Influence on triggering, updraft proper-
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