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ABSTRACT

A large-eddy simulation (LES) model has been utilized to study nonprecipitating shallow convective clouds
such as observed during the undisturbed BOMEX period in the trade wind areas. By choosing a realistic large-
scale forcing the authors have been able to simulate shallow convective clouds under quasi-steady-state condi-
tions over a long period of 7 hours. This is a necessary condition to investigate diagnostic cumulus parameter-
ization schemes since such schemes usually assume steady-state conditions. The response of the model to the
applied large-scale forcing compares well with budget study results of BOMEX. In addition, the LES model
delivers detailed information concerning the dynamics of shallow convective clouds. This is used to verify basic
parameterizations of turbulent fluxes and entrainment and detrainment rates used in large-scale models. The
most important conclusions are (i) the fractional entrainment and detrainment rates used in present large-scale
atmospheric models are one order of magnitude too small, confirming previous results obtained by Esbensen,
and (ii) estimates of turbulent fluxes by bulk cloud updrafts and environmental downdrafts give an underesti-
mation of 20% to 50% depending on the variable that is transported. Implications of these results for cumulus
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parameterizations will be discussed.

1. Introduction

Shallow convection by trade wind cumuli in the sub-
tropical belts influences the large-scale atmospheric dy-
namics significantly. The enhanced vertical convective
mixing of heat and moisture due to these clouds in-
creases the surface evaporation, especially above the
subtropical oceans. The moisture collected in the trade
wind areas is transported downstream to the intertrop-
ical convergence zone (ITCZ), where it is finally re-
leased as latent heat in deep convective tropical distur-
bances. Since this latent heat release in the ITCZ is the
engine of the Hadley circulation, the surface evapora-
tion upstream in the undisturbed trade wind areas can
be regarded as the main fuel supply for this circulation.
In this context it is clear that the presence of trade wind
cumuli intensifies the large-scale circulation.

Locally, the vertical mixing of heat and moisture by
trade wind cumuli is also important to counteract the
drying and warming effects of the large-scale subsi-
dence induced by the Hadley circulation. As a result, a
quasi-steady thermodynamic state of the cloud and in-
version layer in the undisturbed trade wind regions can
be maintained.

Most studies of undisturbed trade wind cumuli are
based on large-scale budget results obtained from field
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experiments such as BOMEX (Holland and Rasmusson
1973; Nitta and Esbensen 1974) arid ATEX (Augstein
et al. 1973). By making various assumptions, numer-
ous diagnostic cloud models, both spectral (Nitta 1975)
and bulk (Yanai et al. 1973; Betts 1975; Esbensen
1978; Albrecht et al. 1979; Hanson 1981), have been
developed from these large-scale budgets in order to
gain more insight into the physical mechanisms. Such
conceptual cloud models compute vertical mass fluxes
and entrainment and detrainment rates, which cannot
be obtained directly from large-scale budgets.

Results of such cloud models can in principle be used
to design parameterization schemes for large-scale
models. Unfortunately, parameterization of shallow cu-
mulus convection is not well advanced and, in fact, is
ignored in most models. Only a few operational
schemes exist that treat shallow convection as a part of
a more general convection scheme (Tiedtke 1989;
Gregory and Rowntree 1990). The first scheme
(Tiedtke 1989) is operational in the model of the Eur-
opean Centre for Medium-Range Weather Forecasts
(ECMWTF) and in the ECHAM model (Roeckner et al.
1992), which is a climate version of the ECMWF
model and is developed at the Max Planck Institute in
Hamburg. The latter scheme (Gregory and Rowntree
1990) is used in the model of the U.K. Meteorological
Office.

The impact of such parameterizations on the large-
scale flow has been demonstrated by comparing a 50-
day integration of a general circulation model including
a shallow convection scheme with an integration with-
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out such a scheme (Tiedtke et al. 1988). The main
results were an increase of the surface evaporation es-
pecially above the subtropical oceans by as much
as 50 Wm™? to more realistic values. Precipitation
was enhanced in some areas in the ITCZ by up to 10
mm day ~'. The hydrological cycle was intensified and
hence also the Hadley circulation, resulting in stronger
and more realistic subtropical anticyclones especially
over the Atlantic Ocean. From these results we can con-
clude that it is important to parameterize shallow con-
vection by these cumuli in large-scale models.

The objective of this paper is to investigate the var-
ious assumptions that lead to such a parameterization.
In particular we will focus on two important issues.
First, in many convection schemes, both for shallow
and deep convection, turbulent fluxes are estimated us-
ing a mass flux approach by only considering major
updrafts and compensating subsidence. Recently this
approach has been extended to the convective bound-
ary layer (Randall et al. 1992) and the stratus-topped
boundary layer (Moeng et al. 1992). It is completely
unclear, however, whether and under what conditions
such an approach can be made. Second, an important
parameter in convection schemes is the fractional en-
trainment and detrainment rate that dictates the mass
exchange between clouds and the environment. Using
a bulk cloud model Esbensen (1978) has found frac-
tional entrainment and detrainment rates, derived from
the BOMEX large-scale budgets, that appear to be an
order of magnitude larger than the rates used in the
above-cited parameterization schemes. Clearly, there is
a problem here. Either the diagnostic cloud model by
Esbensen made wrong assumptions or the referred pa-
rameterization schemes use ill-defined physical con-
cepts.

In order to shed some new light on the aforemen-
tioned problems and inconsistencies, we will use and
promote in this paper the following approach: Using
a high-resolution large-eddy simulation (LES ) model
we will create a simulation that is in agreement with
observations from the undisturbed period of phase 3
of the Barbados Oceanographic and Meteorological
Experiment (BOMEX). The results of the simulation
will then be used to verify the aforementioned as-
sumptions.

In order to make a large-eddy simulation for such a
purpose one has to meet two important conditions.
First, the size of the computational domain has to be
such that it is capable of containing a cloud ensemble
large enough to average out the life cycles of the in-
dividual clouds. Second, there has to be a realistic
large-scale forcing that balances the activity of the cu-
mulus field generated by the LES model. Only if these
conditions are met can one use these results to test cu-
mulus parameterization schemes and cloud models
since they are formulated (or can perhaps only be for-
mulated) assuming the cloud field to be in equilibrium
with its large-scale forcing.
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In the past, several large-eddy simulations of shallow
convective cases have been reported (Sommeria 1976;
Sommeria and Lemone 1978; Beniston and Sommeria
1981; Bougeault 1981; Nicholls et al. 1982; and Cuij-
pers and Duynkerke 1993). None of these studies,
however, did produce a satisfactory steady state. Es-
pecially the humidity fields of all the above-quoted
simulations did show large drift terms ranging from 4
to 10 gkg™' day~'. In the present case we will put
special emphasis on achieving a quasi-steady state.

In section 2 we will give a short description of the
LES model we have used for the simulations. The de-
scription of the initial conditions and the applied large-
scale forcing to the model inspired from the BOMEX
data will be given in section 3. We will compare and
discuss the response of the LES model to this forcing
with the large-scale budgets from BOMEX in the same
section. Having gained faith in the model results the
heart of the matter will be presented in section 4 and
5. In section 4 we will compare several turbulent flux
approximations made in the various cloud models and
parameterization schemes with the LES model results
and in section 5 discuss how the entrainment and de-
trainment rates can be determined from the LES model
results. The rates computed by the model will be inter-
preted and compared with the rates used in cloud mod-
els and parameterization schemes operational in the
present general circulation models. Conclusions and
perspectives for the parametric description of shallow
convection in large-scale models will be given in sec-
tion 6.

2. Description of the LES model

The resolution of a large-eddy simulation (LES)
model is such that the largest eddies of a three-dimen-
sional turbulent field are resolved. As a result the bulk
of the turbulent field can be explicitly resolved by the
model and the smaller subgrid eddies can be parame-
terized realistically due to the well-known scaling be-
havior in the inertial subrange. For a detailed descrip-
tion of the LES model the reader is referred to Cuijpers
and Duynkerke (1993). Here it will suffice to recall
the main characteristics.

The set of prognostic equations, which is the usual
set of meteorological equations for moist air within the
Boussinesq approximation, is solved at each grid point
inside a computational domain of 5 X 5 km?® in the
horizontal and 4 km in the vertical. These variables are
the u, v, and w components of the velocity field, the
liquid water potential temperature 6,, and the total wa-
ter specific humidity g,. These last two variables are
defined as

Lo L
b=0-——q=0-——gq

c, T cpT
9 =49 *+ q, (2.1)
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where L is the latent heat of vaporization, c, the specific
heat of dry air at constant pressure, 4 the potential tem-
perature, T the absolute temperature, g, the specific hu-
midity for water vapor, and ¢, the specific humidity for
liquid water. We also introduced the Exner function =,
the ratio of absolute and potential temperature. If there
is no ice or precipitation, 6, and g, are conserved for
moist-adiabatic processes. Therefore, condensation
processes do not enter in the prognostic equations.

Subgrid-scale turbulent fluxes are determined using
a 11/p-order closure scheme (Deardorff 1973), for
which an additional prognostic equation of the turbu-
lent kinetic energy is solved. The local pressure fluc-
tuations are calculated from a Poisson equation, while
the horizontal slab—averaged pressure is updated di-
agnostically assuming hydrostatic equilibrium. Con-
densation effects are determined using a simple all-or-
nothing scheme. The surface temperature and specific
humidity are prescribed and the resulting surface fluxes
are derived from the Monin—~Obukhov similarity the-
ory using the usual flux gradient relations (Dyer 1974).
At the model top there is a sponge layer that removes
fluctuations of the velocity, temperature, and humidity
fields. The lateral boundary conditions are cyclic.

The domain is divided in 40 X 40 X 100 grid boxes
with a horizontal dimension of 125 X 125 m* and a
vertical dimension of 40 m. The time step for integra-
tion is 4 seconds. We have, however, also performed
calculations using different domain sizes in order to
investigate finite size effects (see below). Since we
will be mainly interested in the dynamics of the hori-
zontal slab—averaged fields we will focus here on the
tendency equations of these slab-averaged fields. In
general one can split these tendency equations into two
parts: 1) a part calculated by the LES model resulting
from the scales smaller than the size of the computa-
tional domain, and 2) a large-scale forcing part that
needs to be prescribed resulting from scales larger than
the domain size of the model. Schematically this can
be written as

Ox dx dx
==(= = 2.2
at ( at >model " ( at >forcing’ ( )

with x = u, v, 6, or q,, and overbars denoting a slab
average over the horizontal domain of the model. The
first term, the model tendency of x averaged over the
horizontal domain, is just the turbulent flux divergence
as calculated by the LES model

(%)_.--4(5)
\8t model P az ,

where p is the slab-averaged density and the prime de-
notes deviations from the horizontal slab average. The
forcing term on the right-hand side of (2.2) takes the
following form for the various prognostic variables
(Sommeria 1976):

(2.3)
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where f is the Coriolis parameter and u, and v, are
prescribed components of the geostrophic wind. Since
we want to keep the prescribed large-scale subsidence
constant with time the large-scale forcing tendency of
w is kept zero.

The large-scale averages # and v and the vertical de-
rivatives of i7, U, 4, and g, appearing on the right-hand
side of (2.4) can be updated from the LES model as,
respectively, horizontal slab averages and vertical de-
rivatives from these slab averages. The horizontal
large-scale gradients appearing in (2.4) cannot be cal-
culated by the LES model and need to be prescribed.
They only appear in the large-scale forcing and are not
absorbed in the actual fields since the large-scale gra-
dients hardly affect the fields on a domain size of 5 km.
Finally, in the tendency equation of ¢, a term for the
radiative flux divergence has been included. In the pres-
ent simulation we have prescribed the radiative flux
divergence rather than using a time consuming radia-
tion scheme. The justification of this simplification for
cases with a low cloud cover of 0%—-20% has been
demonstrated by Cuijpers (1994). If the large-scale
forcing is chosen realistically, there will be a balance
between this forcing and the turbulent field generated
by the LES model. As a result a stationary state will
evolve naturally.

3. Case description and general characteristics of
the simulation

a. Description of the case

Our goal in this section is to create a simulation that
is in agreement with observations and that is in an ac-
ceptable steady state so that cumulus parameterization
assumptions can be verified. During phase 3 of
BOMEX from 22 to 30 June 1969 a detailed observa-
tional budget study in a 500 X 500 km? square near
Barbados has been performed. Data were obtained
from rawinsondes launched every 11/ h from four
ships located at the corners of the BOMEX array. From
these data large-scale heat and moisture budgets have
been deduced (Holland and Rasmusson 1973; Nitta and
Esbensen 1974). For the purpose of our simulation, we
will concentrate on the undisturbed BOMEX period of
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phase 3 from 22 to 26 June during which nonprecipi-
tating camuli were the only type of cumulus convection
that was observed. '

Ideally, we would like to initialize the LES model
with the average observed profiles of u, v, 8,, and ¢, of
this 5-day period and run the model using the diag-
nosed large-scale forcing. This is, however, not feasible
since the temporal and spatial variations of the fields
are such that an actual inverston, such as appears on
most individual soundings, is not found in the mean
soundings (Nitta and Esbensen 1974). Therefore, in-
stead, we have selected from the BOMEX Rawinsonde
Atlas (BOMEX Center for Experiment Design and
Data Analysis 1975a) a mean profile of one individual
ship over a shorter period. We used the mean profile
of the NOAA Ship Oceanographer, the most northern
ship of the BOMEX square, averaged over 22 and 23
June, during which a well-defined steady state with a
strong inversion was present. For the large-scale forc-
ing we use the diagnosed forcing for the whole
BOMEX square during the undisturbed period.

Figure 1a shows the initial mean vertical profiles of
# and g, used to start the model. From these initial pro-
files three distinct layers can be observed. Up to 540 m
there is a well-mixed layer with a constant liquid water
potential temperature § = 298.7 K. The total specific
humidity ¢, is 17.0 g kg ' at 60 m and is slightly de-
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creasing with height. The mixed layer is followed by a
conditionally unstable layer where the clouds are
formed that extends up to 1500 m. In this layer 0 is
increasing with height with 3.9 K km™!, and g, is de-
creasing with 5.8 X 10™*m™"'. On top of the cloud
layer there is an absolutely stable inversion layer in
which 6 increases strongly with height (11.0 K km™")
and ¢, decreases strongly with height (—12.5
X 107 m™). Finally, the layer above the inversion
where no clouds are present anymore is relatively un-
important from the meteorological point of view. It is
mainly meant to create an absorbing sponge layer that
prevents the model from creating unwanted reflections
against the top of the model. In the same figure we
show the mean rawinsonde measurements of the
Oceanographer averaged over 22 and 23 June. The er-
ror bars denote the typical fluctuations in z direction of
g, and 6 during this two-day period.

The initial velocity profiles are shown in Fig. 1b.
Since the wind conditions were rather variable, espe-
cially above the mixed layer, we do not show wind
observations. In the mixed layer the observed wind was
on the average 9 ms~' directed mainly westward.
Above the mixed layer the wind is assumed to be equal
to the geostrophic wind.

From the BOMEX low level atlas (BOMEX Center
for Experiment Design and Data Analysis 1975b) the

2500
2000/
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Height (m)

1000}

500/

v (m/s)
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FiG. 1. Horizontally averaged vertical profiles of 6 and g, (a) and the « and v components of the velocity (b) at time ¢ = 0 h (full lines), ¢
= 3 h (dotted lines), and ¢t = 7 h (dashed lines). The circles and squares are the observed values. The thin line in (b) is the prescribed

geostrophic wind profile.
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oceanic surface values can be found. The surface pres-
sure was 1015 mb, and seawater temperature 300.4 K
(corresponding to a 8 of 299.1 K). For the surface spe-
cific humidity we used the saturation value at the sur-
face temperature, which yields 22.45 g kg ~'.

Our choice of the large-scale forcing is dictated by
two conditions. First, we want to choose the forcing as
simply as possible in order to keep the case transparent.
Second, the forcing has to be realistic, that is, in agree-
ment with the diagnosed forcing. In Fig. 2 we show the
profiles of the two most important forcing terms, that
is, the subsidence w and the radiative cooling. These
profiles are close to the ones presented by Holland and
‘Rasmusson (1973) and Nitta and Esbensen (1974 ) for
the whole BOMEX square during phase 3. Above the
highest cloud tops, that is, above 2000 m where the
turbulence is not so active anymore, we want to have
a net zero forcing. In order to do so, we have chosen
the radiative cooling above 2000 m to be equal to the
heating due to subsidence, so that indeed the total heat-
ing rate due to the large-scale forcing is guaranteed to
be zero.

Another important forcing is the geostrophic wind
that is indicated in Fig. 1b. The ¥ component is de-
creasing with 1.8 X 107? s~ corresponding with the
observed wind above the mixed layer. This implies a
meridional large-scale gradient of the temperature of 2
X 1073 K km™!, which is approximately the climato-
logical large-scale north—south temperature gradient
(Peixoto and Oort 1992). The geostrophic v component
of the wind is assumed to be zero.

The final forcing that needs to be prescribed is the
large-scale advection. In order to do so we have to
specify all the large-scale meridional and zonal gradi-
ents of the fields as given by (2.4). Since there is hardly
any meridional wind we can safely put all the meridi-
onal gradients (i.e., y derivatives) to zero. We also put
the zonal large-scale gradients (i.e., the x derivatives)
of #, and v to zero because no significant advective
tendencies of these variables were diagnosed from the
observations. Holland and Rasmusson (1973) have di-
agnosed a low-level drying of about 1 gkg~' day™
due to advection of moisture. Therefore, we have cho-
sen a large-scale zonal gradient of g, as indicated in

2500 subs«?ence (cm/sec)
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Fig. 2 that gives approximately the observed diagnosed
drying in the low levels. Finally, the large-scale zonal
gradient of u is determined from the large-scale sub-
sidence profile using the continuity equation.

b. Mean statistics and general results

Using the large-scale forcing and initial profiles de-
scribed in the last paragraph, we have performed a
large-eddy simulation of 7 hours. After about 3 hours,
the cloud field is well developed and in equilibrium
with the large-scale forcing. Figures 1a and 1b show in
addition to the initial profiles also the mean profiles of
q., 0, u, and v after 3 and 7 h. From these figures it is
already clear that the fields of thermodynamical inter-
est, that is, the temperature and specific humidity field,
are in a steady state. More information, however, can
be obtained by looking at the various contributions to
the tendencies of these fields over the last 4 h of the
simulation. Since we are interested in condensational
effects as well, we consider the horizontally averaged
prognostic equations of g,, q;, and 6:

forcing

ot pOz e, ot
9q, _ _9pw'qy 94,

at - Paz (C e) .6t forcing
9q _ _ 9pw'yqi g

+(c—e)— (5> s (3.1)

where ¢ and e are the horizontally averaged conden-
sation and evaporation rates, respectively, as diag-
nosed by the model. All the terms in (3.1) are aver-
aged over the last 4 hours and are shown in Figs. 3a—
c. In the mixed layer, the turbulent flux divergence of
g, is in equilibrium with the large-scale advection
while the turbulent flux divergence of 6 is almost com-
pensated by the radiative cooling, resuiting in a small
heating rate of 0.5 K day ~'. At cloud base, around
600 m, there are strong condensational effects. These
effects are balanced by mainly turbulent mixing pro-
cesses. The generated heat and liquid water is trans-

ot p0Oz

radiative cooling (K day™) large scale moisture gradient (m™)
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FiG. 2. Profiles of the main components of the large-scale forcing: (a) the large-scale verti-
cal velocity, (b) the radiative cooling, and (c) the large-scale zonal gradient of the specific hu-

midity g,.
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ported upward through the clouds. The condensational
loss of water vapor is compensated by a net transport
of water vapor from the mixed layer below. The liquid
water is transported through the clouds until it loses
buoyancy in the inversion layer between 1500 and
2000 m, where it evaporates. As a result we can ob-
serve strong evaporative cooling and moistening at
these levels. The evaporative cooling is compensated
by heating due to the large-scale subsidence. For the
specific humidity there is a balance in the inversion
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FIG. 3. The various terms from the tendency equations (3.1)
integrated over the last 4 h for 8 (a), g, (b), and g, (c). Terms
are as follows: turb—turbulent flux divergence, c—e—con-
densation minus evaporation rate, rad—radiative cooling,
forcing—large-scale tendencies due to advection and subsi-
dence, and tot—total tendency as a result of all processes.

layer between evaporative moistening, upward tur-
bulent transport of moisture, and drying because of
large-scale subsidence.

An important conclusion we can draw from these
budgets is that we have succeeded in obtaining a sat-
isfactory steady state since the storage term of 4, ¢,
and g, that is, the left-hand side of (3.1), is small com-
pared with the various terms of the right-hand side of
(3.1). In order to compare the LES results with the
observations we show in Fig. 4 the apparent heat source
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FiG. 4. Apparent heat source Q, and apparent moist sink Q, cal-
culated from the LES model and compared with BOMEX data as
diagnosed by Nitta and Esbensen (1974) on 22-23 June.

(O, and the apparent moisture sink Q, diagnosed by
Nitta and Esbensen (1974) for the whole BOMEX
square during 22—23 June together with the LES re-
sults. The apparent heat source Q, is defined as the sum
of the first two terms on the right-hand side of the tem-
perature equation in (3.1) plus the radiative cooling.
The apparent moisture sink Q, is defined as minus the
sum of the first two terms of the right-hand side of the
moisture equation (3.1). These terms are (aside from
the radiative cooling) just the contributions as deter-
mined by the large-eddy model. The agreement be-
tween LES model results and the BOMEX data is sat-
isfying. There is only a significant difference in the
inversion layer. This is probably due to the fact that the
initial profile of the imodel has been based on data of
only one corner of the BOMEX square. The inversion
at this corner was somewhat stronger than the inversion
obtained by averaging over all soundings in the 500 km
X 500 km BOMEX square. As a result it is not sur-
prising that the response Q, and @, calculated by the
model appears to be less than the diagnosed values
based on observations in the whole BOMEX square.
As a further check of the simulation we compared
the surface fluxes of the model with the observations.
From the model we found that the latent heat flux av-
eraged over the last 4 hours is 150 W m™2. This has to
be compared with the observational diagnosed latent
heat flux of 170 = 25 W m™> (Holland 1972) that is
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estimated as a budget residue for the whole BOMEX
square. Measurements of the surface fluxes based on
an upper-ocean heat budget analysis for the individual
ships suggest that the fluxes diagnosed by the ships on
the northern part of the square are 10% lower than the
domain-averaged fluxes. Since the model is initialized
using surface data of the most northern ship of the
square, this might explain the slight underestimation of
the fluxes as produced by the LES model.

The sensible heat flux was difficult to determine
from an atmospheric budget analysis since it is a small
residual of large terms. Various different direct mea-
surements, however, suggest a rather constant Bowen
ratio for the BOMEX square ranging between 0.07 and
0.14. This suggests a sensible heat flux of 17 * 6
W m~2. The model gives a much lower value of 4
W m™2, suggesting a Bowen ratio of 0.025. This dis-
crepancy is probably due to the flux gradient method
as suggested by Dyer (1974) used in the LES model.
Paulson et al. (1972) compared estimated sensible and
latent heat fluxes using the flux gradient method during
the BOMEX period with direct eddy correlation mea-
surements. While a good agreement for the latent heat
fluxes was obtained, the flux-gradient method under-
estimated the sensible heat flux by a factor of 2. This
explains partly the underestimation of the sensible heat
flux in LES model. Fortunately, since the buoyancy
flux in the boundary layer is dominated by the latent
heat flux, this is not a serious discrepancy for the pres-
ent analyses.

Finally, we have investigated the model sensitivity
to its domain size. We have made simulations on a 2.5
X 2.5km?,a5 X 5 km?, and a 10 X 10 km? compu-
tational domain. The time-integrated tendencies of the
variables were rather insensitive to the size of the do-
main. The temporal fluctuations of cloud-related quan-
tities such as cloud cover and liquid water, however,
decrease considerably by going from a 2.5 to a 5 km
domain. A further increase of the domain size hardly
affected the amplitude of the fluctuations. As an ex-
ample we show in Fig. 5 the total cloud cover, defined
as the fractional area covered when all clouds are pro-
jected vertically on the bottom of the model, as a func-
tion of time for a domain 2.5 km and 5 km. As already
discussed in Cuijpers and Duynkerke (1993) these
large fluctuations of the cloud cover in the small do-
main are probably due to the fact that there are only
one or two major updrafts. As a result all the clouds
live and die exactly in phase so that the total cloud
cover makes unreal large fluctuations. Apparently a
2.5-km domain is too small to contain a large enough
steady-state cloud ensemble. That the fluctuations do
not decrease strongly if we enlarge the domain further
from 5 to 10 km is a sign that the cloud ensemble of
the 5-km domain is already quite sufficient to describe
the cloud dynamics representative for an area that can
be, in principle, orders of magnitude larger than the
computational domain. The analyses done in the next
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FIG. 5. Total cloud cover as a function of time for a 2.5 X 2.5 km?
domain (broken line) and 5 X 5 km? domain (full line). Note the
reduction of the fluctuations in the larger domain due to a larger cloud
ensemble.

section will therefore be based on simulations on a 5-
km domain.

4. Turbulent flux parameterizations

A basic assumption in many cumulus convection
schemes is that vertical turbulent transport can be de-
scribed in terms of cumulus updrafts and compensating
environmental subsidence. To make this notion more
precise let us make a decomposition into two parts: an
active cloudy part and passive environmental part. The
turbulent flux of an arbitrary field x can then be divided
into three terms:

Wx)=awx +(—-—a)wx

+a(1 _a)(wc—we)(Xc_ Xe), (4'1)
where a is the fraction of the active cloudy part and the
subscripts ¢ and e label, active cloud and passive en-
vironmental averages. The overbar indexed ¢ (e) de-
notes a cloud (environmental ) average of the fluctua-
tions with respect to the cloud (environmental) aver-
age. The first term, the in-cloud turbulence, describes
the correlated fluctuations within the clouds; the second
term, the environmental turbulence, describes corre-
lated fluctuations within the environment; while the
third term, the organized turbulence term, describes the
contribution due to average organized updrafts and
compensating subsidence in the environment. Note that
in (4.1) no approximations are involved. In convection
parameterization schemes it is usually assumed that the
organized turbulence term is dominant so that

(W,X,) = a(1 - a)(wc - We)(Xc - Xe)

M
=a(w. - w)(X. — X.) = 7 (Xe — Xe)» (42)
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thereby making the approximation
awx (1 —awx'
<a(l —a)(we = wo)(xc — xe). (4.3)

In the last step of (4.2) we defined a convective mass
flux M, which is a measure for vertical mass transport.
Although the approximation (4.2) is widely used, the
validity of (4.3) is hardly discussed in the literature. In
some cloud models (Hanson 1981), it is assumed that
the first term of the right-hand side of (4.1) should also
be included.

Using the LES model, we can determine all the three
terms of the right-hand side of (4.1). Hence, the quality
of the approximation (4.2) can easily be checked. In
order to do so we have to specify how the active cloudy
part is defined exactly. Since the literature is not clear
at this point, we have tried three different decomposi-
tions. The first one, the cloud decomposition, defines
the active cloudy part simply to be all the grid points
in the model with a nonzero liquid water content. More
restrictive is the updraft decomposition, which defines
the active cloud part to be all the points that contain
liquid water and that have a positive vertical velocity.
The most restrictive case is the core decomposition in
which the active cloudy part consists of all the points
that contain liquid water, have a positive vertical ve-
locity, and are also positive buoyant.

In order to check whether cloud downdrafts aiso play
an active role, we consider a fourth possible decom-
position into three parts instead of into two: cloud up-
drafts, cloud downdrafts, and environment. In that case,
if we estimate the turbulent flux by only the organized
turbulence term, we readily find

wx' ~a,(w,— w)(x.— X)
+ as(wq — W)(Xd - X)
+ (1 —a, — ad)(we - w_)(Xe - i)’ (44)

where the subscript d denotes cloud downdraft prop-
erties and the subscript # denotes cloud updraft prop-
erties. Approximation (4.4) has been proposed by
Tiedtke (1989) for the deep convection part of his mass
flux scheme. The advantage of such a decomposition
over a cloud decomposition (4.1) is to be expected in
cases where the convective mass flux of the cloud
downdrafts becomes comparable with the cloud updraft
mass flux.

We have verified the turbulent flux parameteriza-
tions (4.2) and (4.4) for the conserved variables 6, and
q. and for the nonconserved variables 8 and g,. This has
been done by calculating at each time step for each
decomposition and for all four variables the left-hand
side and the right-hand side of (4.2) and (4.4). Next,
we have averaged the flux profiles over the last 4 hours.
Such a time average is allowed if the cloud ensemble
is in an acceptable stationary state. To test the quality
of the stationary state we first calculated 1-h averaged
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flux profiles. Since the 1-h-averaged profiles during the
last 4-h period were rather identical we concluded that
the cloud ensemble was in an acceptable steady state
during that period so that an ensemble averaging in
time was indeed allowed.

The results for the four turbulent flux approximations
are plotted in Figs. 6a—d and compared with the total
fluxes as computed directly by the LES model. All four
flux decompositions for 6,, ¢,, and g, give qualitatively
reasonable results but systematically underestimate the
model fluxes. The results for the potential temperature
#, however, are worse. Only the core decomposition
gives qualitatively the correct shape but underestimates
this flux by a factor of 2. The other flux decompositions
of 8, however, do not even give the right sign. Overall,
we can conclude that the fluxes of the conserved vari-
ables 6, and g, are best described by the updraft decom-
position, while the core decomposition gives the best
results for the nonconserved variables § and g,. The
cloud decomposition gives systematically the worst re-
sults and should be disregarded. The decomposition
(4.4) into three parts does not substantially improve
the updraft decomposition. This follows from the fact
that in the present shallow convection case the down-
draft mass flux is neglectable compared with the up-
draft mass flux.

Apparently, approximation (4.3) does not hold in
general. In order to see whether it is the cloud turbulent
flux or the environmental turbulent flux that is respon-
sible for the observed discrepancies we have plotted in
Figs. 7a—d all the terms of (4.1). This has been done
only for the core decomposition for the variables x
=#,, 4, q,, and g,. From these figures we can cocnclude
that the discrepancies are mainly due to w'x ' , with
the restnctlon of the areas near cloud base and cloud
top where w’x’ becomes the dominant term for ex-
plaining the discrepancy.

Most of the above-reported results can be uglderstood
easily on a qualitative basis. First, that w’ x’ can give
a considerable contribution is because the variability of
w and x is strongly correlated within clouds. Toward
the core of the clouds there is in general more conden-
sation and less detrainment/entrainment, giving rise to
stronger updrafts, more liquid water, a higher potential
temperature, and a lower liquid potential temperature.
Clearly, these effects cannot be taken into account by
(4.2) and give rise to w 0' < 0 and w 0’ w'q; ,
andw'q; >0, quahtatlvely in agreement w1th the ob-
served fluxes. Second, w’ x ' gives (at least for the core
decomposition) significant contributions near cloud
base because the dry boundary layer turbulence slightly
penetrates into the cloud layer. Near the cloud top

w'x’ becomes more important due to the vanishing
core and resulting detrainment of cloud core air with
the above-described correlations into the environment.

The reason that the approximation (4.2) is much
worse for 8 than for the other three fields is due to the
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fact that the average cloud temperature excess is very
small. As a result the contribution of the third term of
(4.1) is much smaller than in the case of 6,. On the
other hand, correlation between 8 and w within clouds
is evidently stronger than between ¢, and w, resulting
in a higherw’g’ . Asaresult w’é’ is in most decom-
positions the dominant term, while in the case of the
core decomposition it is of the same magnitude as the
approximation (4.2).

These outcomes are somewhat in contradiction with
an LES study of the Puerto Rico case by Beniston and
Sommeria (1981), who found a better agreement be-
tween model turbulent fluxes of §, and g, and the pa-
rameterization (4.2) using the cloud decomposition.
An important difference with the present case, how-
ever, is the fact that they used a much smaller horizon-
tal domain of 2 X 2 km?. We therefore repeated our
experiment on such a small domain and indeed found
a significant improvement of all four parameterizations
(4.2). As already discussed in section 2 there can exist
only one or two major updrafts on such a small domain
so that the life cycles are mutual in phase. Clearly, an
approximation like (4.2) is expected to work better for
such an unreal ‘‘in phase’’ cloud ensemble.

The above results have important consequences with
respect to shallow convection parameterizations. Sup-
pose we are dealing with a parameterization scheme
that can diagnose perfectly the right cloud-updraft and
cloud-core fields. Even in such an ideal case, when us-
ing the updraft decomposition (4.2), we would under-
estimate the fluxes of ¢,, ¢;, and 6, by 10% to 40%,
while the @ flux approximation would be completely
wrong. Using (4.2) with the core decomposition would
give at least the proper shape of the # flux but would
underestimate the 6 flux by a factor of 2. In conclusion,
when parameterizing turbulent fluxes using (4.2) in
combination with a (hypothetical ) perfect cloud model
using the nonconserved variables g,, g, and 8, the best
one can do is to use the core decomposition. By using
a proper enhancement factor one can obtain then rea-
sonable results for the various turbulent fluxes.

Let us proceed investigating the organized turbu-
lence term (4.2) in some more detail. This term is es-
sentially the product of the convective mass flux M and
an average cloud excess value of the field x under con-
sideration. The convective mass flux determines the in-
tensity of the convection and is a key parameter to be
determined in many convection parameterization cloud
schemes. S

In Fig. 8 we have plotted the cloud cover and the
vertical velocity excess w. — w, the components that
build up the convective mass flux M. Results for both
the core and the updraft are shown. The cloud cover is
strongly decreasing with height, indicating that only
few clouds actually reach the inversion layer. The cloud
cover of the core is roughly 60% of the updraft cloud
cover. Apparently, 40% of the clouds are nonbuoyant
forced clouds (Stull 1985). The in-cloud vertical ve-
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locity is increasing in the conditionally unstable layer
and is damped strongly in the inversion layer. The re-
sulting convective mass flux, displayed in Fig. 9, is
monotonically decreasing with height due to the cloud
cover profile. In the same figure we show some results
of Esbensen (1978), who found the same profile and
order of magnitude for the mass flux by applying a
cloud model on the BOMEX dataset. As a conse-
quence, the detrainment, the outflow of mass from
clouds, will be systematically larger than the entrain-
ment, the inflow from mass into clouds, as will be dis-
cussed in detail in the next section. The fact that the
cloud cover is a nontrivial function of height makes it
difficult to construct a physically sound parameteriza-
tion of the mass flux. While the cloud vertical velocity
can be estimated from a buoyancy equation, the cloud
cover is not so easy to estimate. In some cloud models
it is simply assumed that the cloud cover does not
change with height (Hanson 1981). Clearly, such an
approach cannot work in the present case.

All the decompositions considered so far are based
on the presence of clouds. Recently, another decom-
position has been proposed (Moeng et al. 1992; Ran-

dall et al. 1992), based only on the sign of the vertical -

velocity. The turbulent flux of a field x can then be
approximated as

w'x") ~a(wy — W) (Xwp — Xao)»  (4.5)

SIEBESMA AND CUIJPERS

661

where the index up (do) refers to an average over all
the points with a positive (negative) velocity. Such a
decomposition works well for clear and stratus-topped
boundary layers. The advantage of such a decomposi-
tion is that it can also be used in the cloud-free bound-
ary layer, which would open the way to a unified mass
flux parameterization for both the boundary layer and
the convective clouds on top. We have checked the
quality of approximation (4.5). Unfortunately, the re-
sults were not very positive: the estimated fluxes in the
cloud layer using (4.5) were one order of magnitude
smaller than the total turbulent fluxes. The reason for
this follows from the fact that x,, — X4 is too small.
Also, the introduction of a third ‘‘environmental’’ do-
main in which the vertical velocity is nearly zero as
suggested by Greenhut and Khalsa (1987) did not im-
prove the results in the cloud layer.

5. Entrainment and detrainment
a. General

Entrainment of dry air into cumulus clouds and de-
trainment of cloudy air into the environment affects the
dynamics of clouds and their interaction with the en-
vironment in a major way. For cloud models used in
cumulus parameterizations it is crucial to have a real-
istic description of the overall mass exchange between
a cloud ensemble and the environment.
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FIG. 9. The convective mass flux M of the cloud updraft, the cloud
downdraft, and the cloud core. The thick line refers to results of
Esbensen (1978) diagnosed from the BOMEX data using a cloud
model.
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The simplest approach is to assume an ensemble of
identical steady-state clouds, all reaching from the
same base to the same top height. Inflow of air (en-
trainment ) mainly occurs at cloud base and outflow
(detrainment) of air mainly at the cloud top. Within
such a model cloud temperature can be found using a
moist adiabat. Specific humidity and liquid water in the
cloud can be found by lifting a saturated parcel from
the cloud base following the moist adiabat. If finally
the mass flux at cloud base is specified then the tur-
bulent transport due to cloud updrafts can be easily
calculated using (4.2). The physical picture emerging
from such a description is one where heat and moisture
is injected at cloud base, transported without leakages
through the cloud channels, and finally massively de-
trained at cloud top and slowly mixed downward in the
environment by the compensating subsidence.

Unfortunately, life is not so simple as described
above. First, only the cloud ensemble as a whole is in
a steady state. The individual clouds all have their own
individual life cycle. Assuming the current picture
(Blyth 1993) that entrainment of a single growing
cloud is mainly occurring at the ascending cloud top,
it is clear that, even if all clouds reach the same cloud-
top height z,, the entrainment rate of the cloud ensem-
ble is nonzero within the whole cloud layer. Second, a
cloud ensemble usually exhibits a wide spread in the
cloud-top height distribution. Therefore, when assum-
ing the simplified picture that detrainment of an indi-
vidual cloud only occurs in its adult state at cloud top,
we also expect for the detrainment rate a nonzero con-
tribution at all heights within the whole cloud layer. As
a result, when parameterizing convection using a bulk
cloud model one has to take lateral entrainment and
detrainment into account for the whole cloud layer to
mimic the presence of a nonuniform cloud ensemble.

Little progress has been achieved in the theoretical
description over the last 30 years [see Blyth (1993) for
a recent review]. Results for entrainment rates are
mainly obtained for single plumes and thermals. In pa-
rameterization studies not much effort has been made
to translate these results to cloud ensembles. Notable
exceptions are spectral convective cloud parameteriza-
tions such as the scheme of Arakawa and Schubert
(1974).

b. Determination of the entrainment and detrainment

During the large-eddy simulation we carefully mon-
itored both cloud and environment dynamics. We are
therefore in a situation where we can accurately cal-
culate the entrainment and detrainment rates of the sim-
ulated cloud ensemble. In order to do so we have to
decompose the prognostic equations (2.2)-(2.4) of
the conserved variables x = 8, g, into an active cloudy
part and an environmental part using the exact decom-
position formula of the turbulent fluxes (4.1), result-
ing in
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orcing
where an entrainment rate E and a detrainment rate D
are introduced to describe the mass exchange between
cloud and environment. Note that the original prog-
nostic equation (2.2) can be easily recovered by adding
the cloudy and environmental part and using the flux
decomposition (4.1). In order to obtain separate equa-
tions for F and D, we also use the continuity equation
within the quasi-Boussinesq approximation for the ac-
tive cloudy part (Arakawa and Schubert 1974):

da oM.

P o 0z tE-D.
Expressions for the entrainment and detrainment can
now easily be found by eliminating 8a/d¢ in (5.1) us-

ing (5.2):

(5.2)

<

Ox. + dpaw’ x'
0z Oz

Ox. ?X
at ap( 6t >forcing (S.Ba)

E(x. — x.) = M.

+ pa

€

Ox. Op(1 —a)w'x’
0z 0z

D(Xe - Xc) = Mc

Axe Ox
+ p(1 — a) _a)‘i— + p(1 - a)(%) . (5.3b)
forcing

During the LES run we have determined at each time
step all the terms on the right-hand side of (5.3). All
these terms are integrated over the last 4 hours of the
simulation. Because of the steady state the time deriv-
atives are negligible. Also, the forcing term in (5.3a)
is very small since a < 1. Hence, the entrainment rate
as given by (5.3a) is mainly determined by the average
cloud excess values (x. — x.) and the turbulent fluxes.
We have determined E as a residual from the time-
averaged terms of Eq. (5.3a), both for the updraft de-
composition and the core decomposition. As a consis-
tency check we did all the calculations both for 6, and
q.. As expected, the obtained rates were exactly the
same for both variables. As shown in Fig. 10a, the en-
trainment rate is for both decompositions monotoni-
cally decreasing from cloud base to cloud top. The en-
trainment rate into the core is systematically smaller
than the entrainment rate into the updraft. This is due
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FI1G. 10. Entrainment rate E (a) and detrainment rate D (b) for both the core and the updraft decomposition averaged
over the last 4 h. The thick line refers to results of Esbensen (1978) based on the BOMEX dataset.

to the fact that the core is mostly contained within the
updraft. Hence, the entrainment rate into the core is not
likely to exceed the entrainment rate into the updraft.
Note further that there is good agreement with results
of Esbensen (1978), who has applied a cloud model to
determihe E and D directly from the BOMEX dataset.

A similar formula like (5.3) for the entrainment and
detrainment rate has been obtained by Hanson (1981).
However, the rates in that paper are normalized with
the cloud cover, which is assumed to be constant with
height so that the cloud cover could be eliminated from
the equations. From the present simulation we know
that this is quite an erroneous assumption. In fact, the
height dependence of the mass flux is largely deter-
mined by the height dependence of the cloud cover. In
other papers (Betts 1975), Eq. (5.3) is presented with-
out the second term of the right-hand side. For the con-
served variables 6, and g, this term can be neglected in
the middle of the cloud layer. However, near cloud base
and cloud top it is of the same order as the other terms
and cannot be neglected. For instance ignoring this
term would give an erroneous increase of the entrain-
ment rate near cloud base of 30%.

The detrainment rate can be determined in two ways.
One method is to calculate the rate using (5.3b), sim-
ilar to the entrainment rate computation. Another way
is using the continuity equation (5.2) in combination
with the already obtained results for the entrainment
rate. We have done both calculations and found iden-
tical results. Results are shown in Fig. 10b together
with the results of Esbensen (1978). Like in the case

with entrainment we also find here exactly the same
detrainment rates for 8, and g, and higher rates for the
updraft decomposition than for the core decomposition.

Comparing entrainment and detrainment rates, we
see that the detrainment rate is systematically higher
than the entrainment rate. This implies the following
cloud dynamical picture. At cloud base the mass flux
is fed from the boundary layer below. This mass flux
is decreasing with height because there is a net lateral
leakage of mass from the clouds into the environment
since the detrainment rate is systematically larger than
the entrainment rate. The main reason for this is the
fact that the cloud cover is monotonically decreasing
with height.

¢. Comparison of the results with entrainment
parameterizations

Entrainment rates used in cumulus parameterization
schemes all are based on studies of single thermals and
plumes. These studies (Squires and Turner 1962;
Simpson and Wiggert 1969; Simpson 1971) suggest
that the fractional entrainment rate ¢, that is, the ratio
of the entrainment rate E and the convective mass flux
M, is proportional to the inverse radius of the thermal:

(5.4)
where the dimensionless proportionality constant 7 is

usually chosen to be n = 0.2. This result is often used
in cumulus parameterizations to estimate the entrain-
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ment rate of a cloud ensemble where R is chosen to be
a typical cloud radius. In the ECMWF mass flux
scheme (Tiedtke 1989) a fixed fractional entrainment
rate for shallow convection of ¢ = 3 X 107 m™' is
used. The operational mass flux scheme at the UK.
Meteorological Office (Gregory and Rowntree 1990)
assumes a value of ¢ = 4 X 10™* m™! for shallow con-
vection. '

The fractional entrainment rate ¢ has been deter-
mined from LES output using the definition (5.4). Re-
sults are shown in Fig. 11 for both the core and the
updraft decomposition. In the lower cloud layers be-
tween 500 and 1250 m we find for the fractional en-
trainment rate the following typical values:

e~3X 107 m™!,
e~15~20%X103m™!,

for the updraft .

for the core. (5.5)

These value are almost one order of magnitude
higher than the values used in the above-cited schemes.
Clearly something, somewhere, must be wrong. Let us
explore the various possibilities for this inconsistency.

First, the simulation results for the fractional entrain-
ment could be wrong by an order of magnitude. This
seems unlikely since all the features of the simulated
cloud ensemble compare quite well with the experi-
mental data. The diabatic cooling and moistening of
the cloud field as simulated corresponds well with the
BOMEX dataset. Moreover, the entrainment rate and
convective mass flux as computed by the model cor-
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FiG. 11. Fractional entrainment ¢ and detrainment 6 rate for both
the core and the updraft decomposition averaged over the last 4 h.
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respond well with cloud model results of Esbensen
(1978), based directly on the BOMEX dataset.

Second, one can doubt the validity of (5.4). In a
recent review on entrainment research of over 30 years,
this formula is discussed (Blyth 1993). Indeed, an un-
certainty of a factor of 2 in the proportionality factor 7
seems to exist—not enough, however, to explain the
observed discrepancy.

Probably the most likely reason for the discrepancy
is the assumption that one typical cloud can give a good
estimate for the entrainment rate for the whole ensem-
ble. This might be a good estimate for a rather uniform
cloud distribution, but if the ensemble consists of a
broad distribution of different cloud types this may give
rise to huge errors. Instead, in such a case it is better,
a la Arakawa and Schubert (1974), to divide the en-
semble into subsets of clouds {z,} that reach the same
cloud-top height z,. Assuming that clouds belonging to
a subset { z, } have identical radii R(z, z,), one can write
down an expression that relates the total fractional en-
trainment rate of the cloud ensemble in terms of the
fractional entrainment rates of individual clouds that
can be described by (5.4). To do so, let us introduce
m(z, z,) and €(z, z,) to be, respectively, the mass flux
and the fractional entrainment rate at z of that cloud
subset {z,} that reaches a maximum cloud-top height
Z,. One then readily finds for the fractional entrainment
rate of the ensemble:

f e(z, z)m(z, z,)dz,

(5.6)

< €(z) >cloud ensemble —

f m(z, z,)dz,

Equation (5.6) illustrates that (e(z)) is related to e(z,
z) ~ n/R(z, z,) by some sort of weighted average,
where the weight of a given subset is proportional to
the magnitude of the mass flux of that specific subset.
A spectral cloud analysis of the BOMEX dataset ( Nitta
1975) shows indeed a broad distribution of cloud tops,
where in fact the mass flux of the subset of small
clouds, having a radius of 100 m, is dominant. The
entrainment rate of this dominant subset is according
to (5.4) 2 X 1073 s7!, close to the value simulated by
the model. With the present resolution of 125 m, how-
ever, it is not possible to resolve such small clouds. In
order to explore the aforementioned explanation it is
necessary to do simulations with a higher horizontal
resolution and to perform spectral cloud analyses.

d. Comparison of the results with detrainment
parameterizations

In the ECMWEF shallow convection scheme ( Tiedtke
1989) a fractional detrainment rate § = D/M is intro-
duced and defined to be equal to the fractional entrain-
ment rate €, while in the scheme of the UKMO model
(Gregory and Rowntree 1990) ¢ is chosen to be one-
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third of €. As a result, the bulk mass flux in the above
schemes is constant or even increasing with height.
Therefore, at the zero buoyancy level in the inversion
layer, there has to be a massive detrainment [called
organized detrainment by Tiedtke (1989) and forced
detrainment by Gregory and Rowntree (1990), which
is much larger than the detrainment within the cloud
layer. While such a picture might be correct for deep
convection it is not valid for shallow convection. In the
present case detrainment is systematically larger than
the entrainment rate so that the mass flux is decreasing
with height. As a result, there is no massive detrainment
in the inversion layer.

Qualitatively we can conclude that in the case of
shallow convection one has to parameterize § to be
larger than ¢, resulting in a quite different but more
realistic dynamics. Quantitatively the same criticism
applies as in the case of entrainment: the values of §
used in the aforementioned parameterization schemes
are more than an order of magnitude too small com-
pared with the results obtained from the simulation.
From Fig. 11 we find a rather constant fractional de-
trainment rate in the lower cloud layer of

§~4xX107m™,
§~3x1073m!,

for the updraft

for the core, (5.7)

which has to be compared with § = 3 X 10™*m™
(Tiedtke 1989) and § = 1.3 X 10 m™! (Gregory and
Rowntree 1990), values used in present parameteriza-
tion schemes.

6. Conclusions and perspectives

Trade wind cumuli such as observed during
BOMEX have been simulated by an LES model for a
period of 7 hours. From these simulations variables of-
ten used in parameterizations have been derived such
as turbulent fluxes, mass fluxes, entrainment, and de-
trainment rates. Since the simulations were done under
realistic steady-state conditions, time averaging of
these variables could be performed, thereby reducing
unwanted fluctuations and sample dependencies.

For the turbulent fluxes it has been investigated how
well a turbulent flux can be approximated by a single
bulk updraft and a compensating subsidence as pro-
posed by Betts (1975). Such an approximation gives
the best results for the core decomposition. Even when
using this decomposition, however, such an approxi-
mation underestimates the turbulent fluxes, especially
for the potential temperature, due to the fact that the
in-cloud and environmental turbulent terms are ne-
glected. Since the shape of the in-cloud turbulence pro-
file is similar to the one of the organized turbulent term,
this can easily be taken into account by introducing an
appropriate enhancement factor. The environmental
turbulent flux term near cloud base can in principle be
calculated by a dry boundary layer scheme that ac-
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counts properly for the dry convection (Holtslag and
Boville 1993). Also, flux decompositions that are only
based on updrafts and downdrafts have been investi-
gated. Such decompositions are potentially interesting
since they also give estimates for the dry boundary
layer below. Unfortunately, the present results indicate
that these decompositions give poor results, especially
in the cloud layer.

For the fractional entrainment and detrainment rates
we have obtained values that are one order of magni-
tude larger than values used in operational shallow con-
vection parameterization schemes. As a consequence
the modeled shallow convective clouds in such
schemes will be too high, so that the vertical mixing of
heat and moisture will be too deep. Another important
outcome of the simulation is that the detrainment rate
is systematically larger than the entrainment rate, re-
sulting in a net outflow of mass all the way from cloud
base to cloud top. As a result, the mass flux is a de-
creasing function of height. This provides quite a dif-
ferent picture than promoted in most parameterization
schemes, where it is assumed that mass flux can flow
without losses from cloud base to cloud top, where it
massively detrains. These features are probably quite
typical for shallow convection in general, mainly due
to fact that there are many small clouds and relatively
few big clouds reaching the inversion. In fact when the
cloud size distribution is known and if a well-defined
relationship exists between vertical extent and the ra-
dius of a cloud, one can obtain analytical results for the
fractional entrainment and detrainment rates by solving
integrals like (5.6).
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