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ABSTRACT
In this study, the eddy diffusivity/mass flux (EDMF) approach is used to combine parameterizations of
nonprecipitating moist convection and boundary layer turbulence. The novel aspect of this EDMF version is
the use of a probability density function (PDF) to describe the moist updraft characteristics. A single bulk dry
updraft is initialized at the surface and integrated vertically. At each model level, the possibility of condensation within the updraft is considered based on the PDF of updraft moist conserved variables. If the updraft
partially condenses, it is split into moist and dry updrafts, which are henceforth integrated separately. The
procedure is repeated at each of the model levels above. The single bulk updraft ends up branching into
numerous moist and dry updrafts. With this new approach, the need to define a cloud-base closure is circumvented. This new version of EDMF is implemented in a single-column model (SCM) and evaluated using
large-eddy simulation (LES) results for the Barbados Oceanographic and Meteorological Experiment
(BOMEX) representing steady-state convection over ocean and the Atmospheric Radiation Measurement
(ARM) case representing time-varying convection over land. The new EDMF scheme is able to represent the
properties of shallow cumulus and turbulent fluxes in cumulus-topped boundary layers realistically. The
parameterized updraft properties partly account for the behavior of the tail of the PDF of moist conserved
variables. It is shown that the scheme is not particularly sensitive to the vertical resolution of the SCM or the
main model parameters.

1. Introduction
Turbulence in the planetary boundary layer (PBL) and
moist convection are subgrid-scale processes in state-ofthe-art climate and weather prediction models. The two
processes are usually treated by separate parameterizations with limited interactions, although it is well understood that they regulate each other (e.g., Raymond
1995). In fact, PBL turbulence and moist convection are
both manifestations of small-scale mixing. Therefore it is
reasonable to represent them with a single parameterization scheme (e.g., Arakawa 2004).
Such attempts have been discussed in the literature.
Albrecht et al. (1979) established a single-column numerical model for a mixed boundary layer topped by
shallow cumulus. They prescribed vertical profiles for
the water vapor mixing ratio and dry static energy. The
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model has been investigated and generalized by Haiden
(1996). These models are constructed to describe only
cumulus boundary layers. Berg and Stull (2004, 2005)
describe a cumulus model based on rising parcels. The
model is tuned to reproduce the observed joint probability density function (PDF) of model variables, which
is used as a parameterization of cloudiness. Golaz et al.
(2002a,b) developed a parameterization for dry and
cloudy boundary layers. They assumed a double-Gaussian
PDF for the subgrid-scale variability, where the smallscale turbulence is represented by one of the Gaussian
PDFs and the moist convection by the other. Lappen
and Randall (2001a,b,c) unified moist convection and
PBL parameterizations by combining a high-order PBL
closure scheme with a mass flux scheme. The models of
Berg and Stull (2004, 2005), Golaz et al. (2002a,b), and
Lappen and Randall (2001a,b,c) are successful in simulating many aspects of PBL turbulence and moist convection, but they are fairly complex and thus present
implementation challenges in operational atmospheric
or climate models. Siebesma and Teixeira (2000), Teixeira
and Siebesma (2000), and Siebesma et al. (2007) introduced
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the eddy diffusivity/mass flux (EDMF) approach in which
the subgrid-scale fluxes are calculated as a sum of an eddy
diffusivity term, which is a typical PBL turbulence parameterization, and a mass flux term, which is traditionally used as a moist convection parameterization and
represents a bulk updraft. The EDMF scheme performs
well in dry convective layers, where the mass flux component of the parameterization provides a physically based
countergradient flux and results in a well-mixed layer
(e.g., Witek et al. 2011). Therefore, the EDMF approach
avoids the need to add a countergradient term in the
boundary layer parameterization, which is often introduced in a rather ad hoc manner without a clear physical
justification (e.g., Troen and Mahrt 1986).
Soares et al. (2004), Neggers (2009), Neggers et al.
(2009), and Angevine et al. (2010) extended the EDMF
scheme to moist convection, where the moist updraft represents cumulus convection. These approaches require additional assumptions for updraft properties such as the
level of condensation within the updraft, the mass flux at
the cloud base, the area of the moist updraft, and the
vertical profile of the moist updraft or the lateral detrainment rate. For example, Soares et al. (2004) prescribed the updraft area at the cloud base as proportional
to the large-scale cloudiness, which was parameterized
using a PDF-based cloud scheme, and prescribed a higher
detrainment than entrainment rate for the moist updraft
in order to obtain vertically decreasing updraft area.
Neggers et al. (2009), instead, defined the cloudiness at
the cloud base as a function of the transition layer stability and proximity to saturation and prescribed the
vertical decrease of the moist updraft area. Cheinet (2003,
2004) introduced a multiple mass flux scheme, where
the properties of the updrafts in the surface layer were
a function of assumed Gaussian distributions of virtual
potential temperature, water content, and vertical velocity. In this parameterization, the differences in evolution of the updrafts are essentially due to differences in
initial conditions.
In this paper, we present a novel EDMF multiple mass
flux scheme. The main advantage of the scheme is that
there is no need for a closure assumption at the cloud
base or for prescribing the vertical variation of the updraft properties. The main innovation of this parameterization is the utilization of a PDF of updraft properties
in order to estimate the partitioning between the moist
and dry updraft areas, the values of the conserved variables, and the updraft buoyancy. The parameterization
is implemented in a single-column model (SCM) and
evaluated using the Barbados Oceanographic and Meteorological Experiment (BOMEX) and Atmospheric
Radiation Measurement (ARM) cases. Results from the
SCM model are compared to results from a large-eddy
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simulation (LES). In section 2, the EDMF parameterization is described in detail, in section 3 the simulation
results are compared to LES results, and in section 4 the
sensitivity of the scheme with respect to the vertical resolution of the SCM and selected model parameters are
studied. Discussions are presented in section 5.

2. Eddy diffusivity/mass flux parameterization
scheme
The essence of the EDMF approach (Siebesma and
Teixeira 2000; Siebesma et al. 2007) is to parameterize
the fluxes resulting from small turbulent structures as
downgradient eddy diffusivity fluxes and to parameterize
the turbulent fluxes resulting from larger-scale structures
(updrafts of typical sizes comparable to boundary layer
height) using a mass flux approach. In the framework
of EDMF, the fluxes of moist conserved variables (total
water mixing ratio qt and liquid water potential temperature uL) are written as
w9u9 5 2KH

›u
1
›z

å Mi (uui 2 u).

(1)

i

The first term on the rhs of Eq. (1) represents the eddy
diffusivity part of the turbulent flux and the last term the
mass flux part, where u 5 fqt, uLg and KH is the eddy
diffusivity coefficient for scalars. The sum in the second
term on the rhs of Eq. (1) is over all updrafts at a specific
level; Mi 5 auiwui represents the mass flux of the ith
updraft and is the product of its relative horizontal area1
aui and vertical velocity wui, where uui is the value of u in
the ith updraft.2
In the current version of the model, the momentum
fluxes are parameterized using only the eddy diffusivity
approach:
w9u9i 5 2KM

›ui
›z

with i 5 1, 2,

(2)

where momentum and scalar diffusion coefficients are
assumed to be equal (KM 5 KH; i.e., the turbulent
Prandtl number equals one). This approach is expected
to be adequate for the initial evaluation of the present
method. Further work is needed to properly characterize
the mass flux parameterization for momentum fluxes.
The difficulty in parameterizing it arises from the fact that
momentum is not a conserved variable and therefore the
source/sink terms of momentum within the updraft have

1

Relative area is defined as updraft area divided by the horizontal area of the grid cell.
2
For simplicity, the index i is dropped in further discussion.
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to be parameterized. For more information on this topic
the reader is referred to Gregory et al. (1997).

a. Eddy diffusivity parameterization
In this paper, KH in Eq. (1) is taken to be proportional
to a velocity scale [the square root of the turbulence
kinetic energy (TKE) or e] and a mixing length l:
pﬃﬃﬃ
(3)
KH 5 l e.
The mixing length is a combination of the following
length scales:
l1 5 kz,
pﬃﬃﬃ
l2 5 t m e

(4)
with

tm 5 400 s,

pﬃﬃﬃ
e
l3 5 0:7 ,
N

(5)
(6)

21
where
l 5 l23 1 (lﬃ 1 2 l23 )e2z/0:1zi , with l23
5 l221 1 l321 , N 5
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(g/uy )(›uy /›z) is the Brunt–Väisäla frequency, g 5
9.8 m s22, and zi is the boundary layer height. The length
scale is constructed so that it approaches the Prandtl mixing
length kz at the surface, in a neutral or unstable layer it is
equal to the time scale multiplied by the velocity scale l2
following Teixeira et al. (2004), and in a stable layer it is
limited by atmospheric stability l3 as in Deardorff
(1976).
The prognostic equation for TKE can be written as
(e.g., Stull 1988)

›e
›
›e
›u
›y
5 2 w9e 2 w 2 w9u9 2 w9y9
›t
›z
›z
›z
›z
g
1 w9u9y 2 «e ,
uy

(7)

where the buoyancy flux w9u9y is parameterized as a sum
of the eddy diffusivity and mass flux contributions following Witek et al. (2011) [analogous to Eq. (1)]. The
eddy diffusivity contribution is obtained from the combination of eddy diffusivity fluxes of moist conserved
variables following Bechtold et al. (1995). The turbulent
flux of TKE w9e is parameterized using the eddy diffusivity approach. The dissipation of TKE is «e 5 C«e3/2/l,
where C« 5 0.16 is constant. At the surface, similar
boundary conditions as in Potty et al. (1997) are imposed
ejs 5 7.5u* 1 0.4w*, where u* is surface friction velocity
and w* is Deardorff vertical velocity (Stull 1988) in the
case of positive surface sensible heat flux and zero when
surface sensible heat flux is nonpositive.

b. Mass flux parameterization
For the mass flux parameterization, the moist conserved variables qtu and uLu, virtual potential temperature

uyu, horizontal area au, and vertical velocity wu in the
updraft need to be defined. The vertical velocity equation from Rio et al. (2010) is used:
1 ›w2u
5 aB 2 (b 1 c)w2u ,
2 ›z

(8)

where the first term on the rhs in Eq. (8) represents
buoyancy B 5 g(uyu /uy 2 1), the second term is the sum
of the effects of entrainment and parameterized subgrid kinematic processes, and  is the lateral entrainment
coefficient as defined below. The coefficients a 5 2/ 3, b 5
0.002 m21, and c 5 1.5 are used (Rio et al. 2010).
A variety of formulations have been proposed to parameterize the entrainment coefficient (e.g., Cheinet
2003; Soares et al. 2004; Siebesma et al. 2007; Rio et al.
2010). In this paper the entrainment coefficient is based
on the vertical velocity of the updraft following Neggers
et al. (2002):
5

1
,
t e wu

(9)

where t e is the time scale controlling the rate of entrainment of the environmental air into the updraft [see
Neggers et al. (2002) for details]. In this work t e 5 500 s
was used. The sensitivity of the model results to t e is
discussed in section 4.
The equations for the updraft conserved variables are
as follows:
›uu
5 2(uu 2 u), with u 5 fuL , qt g.
›z

(10)

The set of updraft equations [Eqs. (8) and (10)] is
integrated vertically from the lowermost model level
until the level at which the value of the updraft vertical
velocity is determined to be zero. It is implicitly assumed
that all updrafts are rooted at the surface.
To close the problem, boundary conditions for the
updraft properties at the surface are prescribed as follows. The area of a single dry updraft is defined as 5% of
the total area. Although defining a constant updraft area
at the surface is perhaps too simplified, and additional
parameterization for it is needed, the SCM results are
not very sensitive to its value (see section 4).
Scaling similar to that in Cheinet (2003) is used to
define the surface variables in the updraft. The formulation from Cheinet (2003) is simplified, since the sensitivity of the scheme to the updraft surface variables is
small:
wu js 5 aw w* ,

(11)
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uyu js 5 uy js 1 au

w9u9y js
,
w*

(12)

qtu js 5 qt js 1 aq

w9q9t js
,
w*

(13)

y

t
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where au 5 aq 5 1:6 and aw 5 0.8. Note that the initial
y
t
condition prescribed at the surface is for the virtual
potential temperature, rather than the liquid water potential temperature. The reason is the strong correlation
between surface values of uy and qt (Mahrt and Paumier
1984). The mass flux is initialized only when the surface
sensible heat flux is positive.

c. Representation of shallow convection by
the mass flux scheme
The main new concept being proposed in this paper can
be summarized as follows: updraft properties follow a particular probability density function and these PDFs can be
used to estimate how much of the updraft will condense.
A dry updraft is initialized at the surface [Eqs. (11)–
(13)] and vertically integrated using Eqs. (8) and (10).
At each model level the possibility of partial condensation within the updraft is checked based on a particular PDF of the updraft properties. The PDF scheme is
described in detail below. If condensation occurs—which
we define as when a diagnosed condensation area relative
to the updraft area CCu exceeds its critical minimum value
CCmin 5 0.05—the updraft is split into moist and dry
components. From this level they are both independently
integrated vertically. At the next model level the procedure
is repeated. The parameterization branches the single initial updraft into numerous dry and moist updrafts, depending on their properties. The latent heat release in the
moist updrafts increases their buoyancy, enabling them to
reach higher altitudes than dry ones. To avoid an excessive
number of updrafts, the updraft is not allowed to split if its
horizontal area is less than 0.1% of the gridpoint area.
Figure 1 is a schematic of the procedure described.
The dry updraft is integrated from level n 2 1 to level
n where it is separated into its dry and moist components.
Dry and moist updrafts are integrated to level n 1 1 independently. At level n 1 1, both the dry and the moist
updrafts are again split up into dry and moist components. Now four updrafts are integrated from level n 1 1
to level n 1 2. One of the dry updrafts does not reach the
level n 1 2 (its vertical velocity becomes negative and it is
thus terminated).
To close the problem, it remains to estimate the area
of the condensed updraft and the liquid water content in
the updraft qlu and to define the initial conditions for the
moist and dry updrafts at the model level of separation.

FIG. 1. Schematic of mass flux routine (see text for details). The
PDF of conserved variables (uL or qt) is depicted. Magnitude of
vertical velocity is shown with the length of arrows.

The updraft cloud cover and liquid water content are
diagnosed from a fairly typical PDF scheme (e.g., Cheinet
and Teixeira 2003):
CCu 5 0:5 1 0:36 arctan(1:55Qu ),
qlu 5 ss

u

(
e(1:2Qu21)
e21

(14)
Qu , 0

1 0:66Qu 1

0:086Q2u

Qu $ 0

,

(15)

where Qu 5 su /ss is the ratio between the updraft satu
uration deficit or excess su and its standard deviation ss :
u

su 5
ss 5
u

1
[q 2 qsu (TLu )],
1 1 g tu

(16)

1
(q9 q9 1 a2 u9Lu u9Lu 2 2au9Lu q9tu )1/2 ,
2(1 1 g) tu tu
(17)

and qsu(TLu) is the saturation water mixing ratio at
the liquid temperature TLu, g 5 Ly /(cp Ry Ty )qs (TLu ),
and a 5 qs Ly /(Ry TL2 )(TLu /uLu ). The variances u9Lu u9Lu ,
q9t q9t and the covariance u9Lu q9t of the conserved variables
in the updraft need to be estimated. The variances are
obtained by simplifying their prognostic equations (e.g.,
Golaz et al. 2002a) retaining only the turbulent dissipation and turbulent production terms:
2w9u u9u

›uu
5 «u ,u ,
u u
›z

(18)

Unauthenticated | Downloaded 01/09/23 09:13 AM UTC

MAY 2012

1517
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where dissipation is parameterized as «u ,u 5 (C/t)u9u u9u
u u
and production as w9u u9u 5 2Kmu ›uu /›z and where
further the diffusion coefficient Kmu 5 t ueu is as in
Teixeira and Cheinet (2004) and eu is the turbulence
kinetic energy within the updraft, parameterized simply
as eu 5 (3/4)w2u . Finally, Eq. (18) can be simplified using
Eq. (10):
3 t2
u9u u9u 5 u w2u «2 (uu 2 u)2 ,
2C

(19)

where C ’ 1 (Golaz et al. 2002b) and the time scale is
chosen to be t u 5 300 s. Neggers et al. (2009) argue
that the vertical transport term of the variance is important especially in the upper part of the updraft. We
neglect the transport term and set minimum values of
u9Lu u9Lu 5 1023 K2 and q9tu q9tu 5 1028 to avoid zero variances at the top of the boundary layer. The covariance
u9L q9t is estimated by assuming a fixed correlation coefficient between uLu and qtu, with an absolute value of
0.7, and the sign as sgn[(uLu 2 uL)(qtu 2 qt)], which
is somewhat in agreement with Mahrt and Paumier
(1984). Typically in the cumulus layer uLu , uL and
qtu . qt and thus the correlation is negative.
As a final step, it remains to define the boundary
condition for the moist and dry updrafts at the level of
separation. In principle, the values of the conserved variables in the moist updraft are the mean values of the joint
PDF of uLu and qtu over the area where su . 0, and the
values in the dry updraft are the mean values over the
joint PDF where su , 0. We simplify the parameterization by defining the conserved variables in the moist updraft as
qm
tu 5 qtu 1 as (1 2 CCu )q9tu q9tu ,

(20)

um
Lu 5 uLu 1 as (1 2 CCu )u9
Lu u9
Lu
3 sgn[(uLu 2 uL )(qtu 2 qt )],

(21)

and the values of the scalars in the dry updraft udu are
obtained by continuity as
udu 5

uu 2 CCu um
u
,
1 2 CCu

(22)

where as 5 0.5 is chosen. We found that the results of
the parameterization are fairly insensitive to the value of
parameter as in the range from 0.25 to 0.75 (not shown).
The closure accounts for the variability of both qtu and
uLu contributing to condensation in the updraft (e.g.,
Zhu and Zuidema 2009).

3. Simulation of nonprecipitating cumulus-topped
boundary layers
The EDMF parameterization described here is implemented in a single-column model, with prognostic
equations for the moist conserved variables uL and qt
and the horizontal wind components u and y:
›uL
›u
›w9u9L
5 2w L 2
1 Su ,
L
›t
›z
›z

(23)

›qt
›q
›w9q9t
5 2w t 2
1 Sq ,
t
›t
›z
›z

(24)

›u
›u
›w9u9
5 2w 1 f (y 2 y g ) 2
,
›t
›z
›z

(25)

›y
›y
›w9y9
5 2w 2 f (u 2 ug ) 2
,
›t
›z
›z

(26)

where f is the Coriolis parameter, ug and y g are the
geostrophic wind components, and SuL and Sqt are heat
and moisture sources, respectively. The equations are
solved on a vertically staggered grid with a semi-implicit,
upwind differencing scheme. We implemented the SCM
in Matlab. It does not include parameterization of any
other physical processes (such as radiation or condensation on the resolved scale) except turbulence.
The primary motivation of this work is to realistically
simulate the shallow (nonprecipitating) cumulus-topped
boundary layer. In this context, the well-studied BOMEX
case is simulated and SCM results are compared to LES
results from the intercomparison study by Siebesma et al.
(2003). BOMEX is a marine boundary layer case, with
the large-scale dynamical and radiative forcings specified
to be close to equilibrium. To investigate the updraft
properties from the SCM in more detail, the BOMEX
case is simulated with LES model originally based on the
University of California, Los Angeles (UCLA) LES (e.g.,
Stevens et al. 2005) with modifications to the closure and
numerics (Matheou et al. 2011). The results from the
modified UCLA LES model are close to the median LES
results from Siebesma et al. (2003). To understand the
ability of the EDMF parameterization to represent the
dynamics of turbulent adjustment to time-varying surface
forcing, the ARM case (Brown et al. 2002) is simulated
and the results are compared to the modified UCLA LES
simulation results. The ARM case is an example of a
shallow convection in a continental air mass.
The initial conditions in terms of moist conserved variables, horizontal wind components, and the forcing (surface
momentum, latent and sensible heat fluxes, geostrophic
wind components, moisture tendency, and radiative heat
flux) are taken from Siebesma et al. (2003) for BOMEX
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FIG. 2. Profiles of (a) uL and (c) qt from BOMEX averaged between the second and third simulation hour: initial
conditions (black dashed), median from LES results (solid black), and SCM results (blue). Differences between
median LES and SCM profiles for (b) uL and (d) qt.

and from Brown et al. (2002) for the ARM case. The
vertical resolution of the standard SCM is 20 m (the dependence of the results on SCM resolution is discussed in
section 4). The model domain extends from the surface to
3000 m MSL for BOMEX and to 5500 m MSL for ARM.
A zero gradient for moist conserved variables and horizontal wind components is imposed as a boundary condition at the top of the model domain. The updraft
variables at each model level are the area-weighted mean
values over all updrafts at that level. In some cases, dry
and moist updraft variables (area-weighted mean over dry
and moist updrafts, respectively) are shown separately.

a. BOMEX case
The SCM model reproduces the mean profiles of uL
and qt well (Fig. 2). In the first simulation hour, the inversion at the top of the cloud layer (at around 1500 m)
rises and reaches around 50 m higher altitude than the
initial condition and the LES simulation results. This is
a result of nonequilibrium among the initial turbulent

fluxes, vertical advection, and surface sensible and latent
heat fluxes in the model. After around an hour of simulation the profiles are nearly stationary. In the SCM uL
is around 0.5 K lower and 0.8 g kg21 drier at the top of
the cloud layer (around 1500 m) than in the LES simulation results.
A key aspect of the simulation is that the turbulent
fluxes are reasonably represented (Fig. 3). The eddy
diffusivity part of the EDMF parameterization is the
main contributor to the turbulent fluxes in the mixed
layer (below the cloud base, up to around 500 m), while
in the conditionally unstable layer (cloud layer) the mass
flux component plays the main role. In the mixed layer
the differences between the conserved variables in the
updraft and the environment are low, leading to a relatively small mass flux contribution. In the cloud layer the
eddy diffusivity contribution is small but still significant
in this model. In the pure eddy diffusivity scheme the
negative source of buoyancy leads to destruction of
TKE, which results in zero turbulent flux. In the EDMF
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FIG. 3. Turbulent fluxes of (a) uL and (b) qt for BOMEX averaged between the second and third simulation hour.
Blue indicates the eddy diffusivity contribution, green the mass flux contribution, and red the sum of eddy diffusivity
and mass flux. Median LES is shown by a solid black line; the LES range is represented by the gray shading.

scheme, the mass flux provides a source term of TKE
in the cloud layer, which results in nonzero TKE and a
small turbulent flux. The EDMF approach provides
a smooth transition of turbulent fluxes between the eddy
diffusivity and the mass flux dominated regions. The
EDMF turbulent fluxes drop to zero at a lower height
than the fluxes in LES do. The reason for this behavior is
that updrafts in EDMF terminate at a lower altitude
than expected from LES results. Analyzing the LES
results in more detail, it can be found that the level of
neutral buoyancy for the air originating in the mixed
layer is near the top of the expected cloud layer. This
result suggests that cumulus clouds consist of air mainly
originating below the cloud base and seems to be consistent with the idea that the tops of cumulus clouds
consist of air parcels that manage to rise with little or
zero lateral entrainment (e.g., Raymond and Blyth
1986). In the current parameterization this cannot be
represented, since all updrafts entrain environmental
air. As a consequence of the entrainment, the updraft
buoyancy is decreased, which prevents updrafts from
reaching as high as expected.
The updraft properties from the SCM are compared
to the LES diagnosed cloud (slab average over all points
with positive liquid water) and cloud core (slab-average
value over cloudy points with positive buoyancy with
respect to slab average) values. Couvreux et al. (2009)
compared different updraft sampling techniques from
LES results and showed that the properties of moist
updrafts are expected to lie in the range between these
two values. The updraft area from the SCM is virtually
always between the LES cloud and cloud core values
(Fig. 4a). The single updraft initialized at the surface
starts to partially condense slightly below 500 m. The

maximum moist updraft area is at around 600 m and
agrees well with LES results. Because of the lack of
buoyancy, dry updrafts terminate within two vertical
levels above cloud base (Fig. 4b). An average maximum
number of around 22 updrafts is reached close to the
cloud base. The mean updraft properties including vertical velocity, excess (difference between updraft and
environmental value) of liquid water potential temperature, water mixing ratio, and updraft liquid water lie
within the values expected based on the LES results (Figs.
4c–f). Only qt is slightly lower than the value expected
from LES results.
To investigate the details of the updraft properties
from the SCM, different cross sections of the joint PDF
(uL, qt, w) above the cloud base (at 600 m), in the lower
part of the cloud layer (at 1000 m) and in the upper
cloud layer (at 1200 m) from the modified UCLA LES
model are compared to the SCM results. In the mixed
layer (below the cloud base) the one-dimensional PDF3
along any of the three variables is almost symmetric and
close to a Gaussian, with increasing skewness toward the
top of the cloud layer (not shown) in agreement with
Zhu and Zuidema (2009) and other studies.
The turbulent flux of a conserved variable u can be
calculated
Ð ‘ fromÐ ‘the joint two-dimensional PDF (w, u) as
w9u9 5 2‘ dw 2‘ du(w 2 w)(u 2 u)PDF(w, u), where
the overbar represents the slab-mean value. Figure 5
shows the PDF of the anomaly4 of the conserved variables

3
The one-dimensional PDF is obtained as an integral of the
three-dimensional PDF over two variables.
4
The anomaly of a variable is defined with respect to its slabmean value.
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FIG. 4. Time-averaged values of the mean updraft variables for the BOMEX simulation between the second and
third simulation hour. SCM results are in red (solid for moist, dashed for dry), median LES clouds in black, and the
median LES cloud core in blue. Shaded areas represent interquartile ranges from the different LES.

versus the anomaly of the vertical velocity. Clearly, the
tail (i.e., the high w, high qt, and low uL with respect to
the average) of the PDF increases with height. The implicit assumption of the EDMF parameterization is that

eddy diffusivity describes the contribution of the symmetric (and possibly Gaussian) part of the PDF to the
turbulent flux and the mass flux represents the tail of the
PDF. In Fig. 5 the individual updrafts from the SCM are
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FIG. 5. Two-dimensional histograms of the PDF anomaly of uL (qt) and w from its slab mean from the modified UCLA LES at 600, 1000,
and 1200 m, which correspond to heights of approximately 8%, 38%, and 54% of the cloud depth above the mixed layer. The integral of
the PDF within the area delineated by the isolines is shown by the color bar (%). The isolines are drawn in logarithmic scale. The
parameterized anomalies from the SCM are depicted by the black squares, where the area of the square is proportional to the area of the
updraft.

represented by a square, where the size of the square is
proportional to the updraft area. Close to the cloud base
the updraft variables lie close together and do not describe the tail of the PDF well. This is not surprising,
since close to the cloud base, updrafts are direct descendants of a single dry updraft whose vertical velocity
is small, the moist conserved variables are close to the
slab-mean values, and more importantly the updraft
properties have not grown considerably apart from each
other. Above the cloud base, the spread of the values of
the moist conserved variables and the vertical velocity
among different updrafts increases. The main reason for
this is the positive feedback between vertical velocity
and entrainment rate. A few hundred meters above the
cloud base, the values of updraft variables fall well into
the tail of the PDF from the LES. This implies that the
EDMF model is able to correctly represent the behavior
of the updraft properties without the need to represent
its full PDF.
Another interesting aspect is to investigate the PDF
as a function of the conserved variables (top panel of

Fig. 6). At all heights, the tail of PDF from the LES on
the uL–qt diagram lies slightly to the right of the environmental line that is the vertical profile of the slab
mean uL and qt. The position of the tail is consistent with
the idea that it represents updrafts originating at the
surface and mixing with the environment as they rise
(e.g., Neggers 2009). The environmental line from the
SCM is slightly shifted compared to the one from the
LES. It can again be confirmed that the updrafts from
the SCM represent the tail of the distribution on the
conserved variable diagram well, since the updraft
conserved variables lie at a similar distance from the
SCM environmental line as the tail in the LES does. The
updrafts that fall below the condensation line are dry as
expected (see level 600 m in Fig. 6). This confirms that
the condensation and the boundary conditions for the
separation between the dry and moist updrafts [Eqs.
(20)–(22)] are realistic.
To investigate the representation of the tail of the
PDF from the LES by the updrafts from EDMF more
quantitatively, the PDF within updrafts is used to estimate
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FIG. 6. (top) Two-dimensional histogram of PDF of uL and qt anomaly from its slab mean from modified UCLA LES model (colored
isolines; coloring is as in Fig. 5), the environmental profile from LES (solid black line), updraft values (red squares represent dry, black
squares moist updrafts), the environmental profile from SCM (black dashed line), and the saturation line (blue line). (bottom) Marginal
PDF along the hybrid coordinate. The hybrid coordinate x is obtained as a linear fit of uL to qt anomaly from the updraft and normalized so
that updraft variables fall in the range between zero and one in terms of the hybrid variable. The blue line indicates LES results; the red
line, results reconstructed from SCM updrafts; and the black line, the normal distribution with the same mean value and variance as the
one from LES.

the tail of the joint PDF (uL, qt, w) from the LES. The
lower panel of Fig. 6 shows the PDF along the hybrid
coordinate that is a linear combination of uL and qt. The
hybrid coordinate is obtained by a least squares fit of
uL to qt and it is normalized so that the values of the
SCM updrafts fall in the range between 0 and 1 along
this hybrid coordinate. The new coordinate is chosen
in a way that the dominant part of variability of conserved variables among the updrafts is projected onto
the new coordinate. The PDF from the SCM is estimated by drawing a total of 106 random numbers where
the 106 ai /åi aci numbers have the mean values, variances,
and covariance of uL and qt as defined by the ith updraft
and where aci is the area of the ith updraft [Eq. (19)] at
the level of interest. The PDF along the hybrid coordinate is nearly Gaussian at 600 m, while within the
cloud layer the tail on the left side and thus the negative
skewness increases. The tail in this hybrid coordinate is
relatively well represented by the updrafts in the SCM.
In the current scheme, the updraft PDF of uL and qt is

utilized to define the condensation within the updraft.
This is an encouraging result since it shows that a simple
updraft scheme is physically sound. In future versions
of the model, it could be used, for example, for the parameterization of radiation.

b. ARM case
The ARM case corresponds to nonstationary convection over land forced by a diurnal variation of surface sensible and latent heat fluxes. The SCM model can
represent the evolution of the uL and qt profiles well
(Figs. 7a,b). In the SCM, the morning shallow nearsurface layer is slightly too well mixed. The top of the
mixed layer is well represented without an explicit prescription of the top entrainment rate. The development
of the cumulus layer above the subcloud mixed layer,
which manifests itself in moistening and cooling (in terms
of uL) of the atmosphere during the afternoon hours, is
well represented. The realistic representation of the mean
conserved variables is a consequence of the SCM being
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FIG. 7. Profiles of (a) uL and (b) qt from ARM case and turbulent fluxes of (c) uL and (d) qt. The profiles are hourly
averaged centered on the third (purple), fifth (green), seventh (red), ninth (light blue), and eleventh (dark blue)
simulation hours. Solid lines indicate the SCM and dashed lines the LES results. The simulation started at 1130 local
time.

able to represent the turbulent fluxes well (Figs. 7c,d). In
the late afternoon hours (ninth and eleventh hour in Fig.
7), the cloud layer in the SCM does not reach high
enough compared to LES results. This leads to too warm
and too dry atmosphere between around 2000 and
2500 m, and the turbulent fluxes dropping to zero at too
low altitude. As shown in the section 4, this can be improved by increasing the entrainment time scale t e.
Figure 8 compares the updraft properties from the
SCM to cloud and cloud core values from LES. For
clarity, only the results for the seventh and eleventh
simulation hours are shown. Those results are typical for
the whole span of the simulation. The updraft area is
reasonably represented, despite the constant (5%) surface updraft fraction (Fig. 8a). In the SCM, the updraft
area starts to increase at the onset of the convection and
reaches its maximum value of 5% after the seventh
simulation hour and starts to decrease in the late afternoon (not shown). Vertical velocity and the conserved
variables as well as liquid water within updraft (not

shown) are relatively well represented compared to LES
results (Figs. 8c,d).
As in BOMEX, turbulent fluxes in the mixed subcloud
layer are dominated by eddy diffusivity and in the cloudy
cumulus layer by the mass flux part of the parameterization (not shown). Figures 9a and 9b compare the vertically integrated fluxes of uL and qt from the SCM and
LES. By design of the scheme, at the beginning and at the
end of the case, when the surface sensible heat flux is
negative, the mass flux scheme is not active. After the
onset of convection the mass flux represent slightly less
than half of the vertically integrated turbulent flux of qt.
At that time, the vertically integrated eddy diffusivity
part of uL is close to zero. This is the result of nearcancellation of the positive values in the mixed layer and
negative values in the conditionally cloudy unstable layer.
In the afternoon hours (between the eighth and eleventh
simulation hours) the vertically integrated turbulent
fluxes from SCM are lower than expected from the LES
results. This is mainly due to the fact that the turbulent
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FIG. 8. Vertical profiles of updraft variables for ARM case: (a) updraft area, (b) vertical velocity, (c) liquid water,
and (d) excess of uL. The profiles are hourly averaged values centered on seventh (red) and eleventh (dark blue)
simulation hours. The solid line represents results from SCM; the dashed line is cloud cores from LES.

fluxes from SCM drop to zero at too low altitude. It is
interesting to note that the peak of the integrated fluxes
from the LES lag the maximum of the surface fluxes by
around 2 h. The SCM model is able to represent this
behavior. Figure 9c compares the lowermost and the
uppermost levels where the moist updraft is encountered in the SCM with the cloud base and cloud top from
the LES model. In the ARM case, the cloudiness is
mainly the result of moist convective plumes, so we expect those two parameters to match. In fact, the cloud
base from LES compares well to the upper and lower
model levels of the moist updrafts from the SCM. The
cloud top from SCM is slightly lower compared to the
value expected by the LES.

4. Sensitivity to model parameters
The implementation of the current EDMF scheme
includes model parameters that need to be estimated.
The sensitivity of the SCM results is extensively tested

with respect to the key parameters. In the following, we
first show the SCM sensitivity to its vertical resolution.
The vertical resolution of a typical state-of-the-art numerical weather prediction or climate model is significantly lower than the standard SCM in this work.
Further we examine the sensitivity to two key parameters: (i) the surface updraft fraction, which is constant in
this model, and (ii) the time scale determining the entrainment coefficient. We show that the results are not
sensitive to the surface updraft fraction. On the other
hand, model results show sensitivity to the entrainment
time scale.

a. Vertical resolution
The SCM results with vertical resolution of 20, 50, and
100 m are compared in Fig. 10 for the BOMEX case and
in Fig. 11 for the ARM case. The resultant profiles of
moist conserved variables for BOMEX (Figs. 10a,b) are
almost the same for the different resolutions, even
though the range of vertical resolution is relatively high.
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FIG. 9. Time series of vertically integrated turbulent
flux of (a) qt and (b) uL. LES is shown in black and the
SCM in brown (eddy diffusivity contribution), blue
(mass flux contribution), and red (sum of eddy diffusivity and mass flux). The dashed line shows the surface fluxes (scale on the right side of plot). (c) Cloud
base and top from LES (black line) and the levels
where the first and last moist updrafts are encountered in the SCM (red line).

The profiles of turbulent fluxes are reasonably insensitive to the vertical resolution of the SCM model
(Fig. 10c). Moreover, they do not seem to have a systematic dependence on the resolution of the SCM. The
updraft variables are almost identical across the different experiments (Fig. 10d shows the example of the
updraft area); therefore, the partitioning of turbulent
fluxes between the eddy diffusivity and the mass flux
component is independent of the vertical resolution of
SCM.
Similar results are obtained for the ARM case. The
profiles of conserved variables are not sensitive to the
vertical resolution of the SCM (Figs. 11a,b), nor are the
profiles of corresponding turbulent fluxes (Figs. 11c,f).
The updraft area is somewhat dependent on the resolution of the SCM, which influences the mass flux component. In the afternoon hours, the moist updraft area is
lower in the experiments with lower vertical resolution
(Fig. 11d). However, in the experiment with the lower
updraft area, the magnitude of the excess of moist conserved variables is higher, which partially compensates
for the lower updraft area in representing the turbulent

fluxes. As a result, the turbulent fluxes (Fig. 11f) and the
lowermost and the uppermost levels of the moist updrafts (Fig. 11e) are therefore relatively insensitive to
the vertical resolution. With a lower vertical resolution
there is a slight tendency toward a lower magnitude of
the vertically integrated turbulent fluxes at their peak
(from around the seventh to eleventh simulation hours;
see Fig. 11f).

b. Surface updraft fraction
It is not clear if the updraft area at the surface needs to
be parameterized in a more sophisticated manner or if,
for the sake of simplicity, it is sufficient to prescribe
a constant value. The easiest way to answer this question
is to study the sensitivity of the SCM results to the
specification of different, but constant, updraft fractions
at the surface. The value of the surface updraft fraction
has been increased and decreased by 50% of its initial
value and selected results of these experiments are compared in Fig. 12 for BOMEX and in Fig. 13 for ARM. The
parameterization of surface moist conserved variables and
vertical velocity were kept independent of the surface
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FIG. 10. Sensitivity of BOMEX results to the vertical resolution of SCM: (a),(b) moist conserved variables, (c) their
turbulent flux, and (d) updraft area. The solid line represents the 20-m (standard value), dashed line the 50-m, and
dotted line the 100-m vertical resolution. The results are averaged between second and third simulation hours.

updraft fraction, although in the parameterization it is
implicitly assumed that the updraft describes the tail of
the PDF of variables and with different surface updraft
fractions, and the updraft variables should be adjusted.
As a consequence of such adjustment, the similarities
among experiments with different updraft fractions would
increase.
Nevertheless, the overall results are fairly insensitive
to the surface updraft fraction. For the BOMEX case,
there is almost no difference in the vertical profiles of
the mean conserved variables (Figs. 12a,b), which is due
to small differences in turbulent fluxes (Fig. 12c). In fact,
the updraft area among different experiments differs
significantly only in the lower 800 m, and above this
level it is almost independent of the experiment. In
around the lowest 600 m, the mass flux contribution to
the turbulent flux is low, so in this region the results are
not expected to differ significantly. Above 600 m, the
simulations with lower updraft fraction have higher
values of the excess of moist conserved variables, which

somewhat compensates for the lower updraft fraction in
representing turbulent fluxes.
This is an interesting result and suggests feedback between the large-scale fields and updraft properties. Why
this is the case can be better understood when analyzing
the ARM results. Although the difference in the moist
conserved variables among different experiments is small,
there is a tendency for slightly warmer (in uL) and drier
cloud layers with lower updraft surface fractions (Figs.
13a,b). This is consistent with the idea that shallow cumulus moisten and cool the cloud layer, and in the case of
smaller surface updraft fractions the efficiency of cumulus
clouds is smaller. However, the drier and warmer cloud
layers combined with colder and wetter subcloud layers
contribute to the larger excess of the moist conserved
variables and thus higher buoyancy and vertical velocity
(and consequently also lower entrainment rate) in the
updraft. These mechanisms partially offset the effect of
the lower updraft fraction in representing the turbulent
fluxes. As expected, there are significant differences in
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FIG. 11. Sensitivity of ARM results to the vertical resolution of SCM: (a),(b) moist conserved variables, (c) their
turbulent flux, (d) updraft area, and time series of (e) cloud base and cloud top and (f) vertically integrated turbulent
fluxes. The solid line represents the 20-m (standard value), dashed line the 50-m, and dotted line the 100-m vertical
resolution. In (a)–(d) the black line indicates the seventh and the blue line the eleventh simulation hours.

updraft fraction (Fig. 13d), which are reflected in some
differences in turbulent fluxes between different experiments (Figs. 13c,f). However, the difference among
the experiments is relatively low. An interesting result is

that the height of the lowermost and uppermost levels of
moist updraft, although fairly similar between the different experiments, appears to relate to the surface updraft area (Fig. 13e).
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FIG. 12. Sensitivity of BOMEX results to the relative updraft area at the surface: (a),(b) moist conserved variables,
(c) their turbulent flux, and (d) updraft area. The solid line is the 5% (standard value), dashed line the 2.5%, and dotted
line the 7.5% updraft relative area. The results are averaged between the second and third simulation hours.

c. Entrainment time scale
The entrainment time scale is a key part of the mass flux
parameterization. In the model described in this work the
entrainment rate is proportional to the inverse of the
product of entrainment time scale and the vertical velocity
of the updrafts [Eq. (9)]. Figures 14 and 15 show results for
BOMEX and ARM experiment with t e 5 500 (standard
value), 700, and 900 s. With higher t e, the rate of the entrainment of the environmental air into the updrafts is
lower. This results in more buoyant and therefore faster
updrafts with a larger magnitude of excess of the moist
conserved variables. These updrafts moisten and cool the
mean atmosphere in the levels where they are active more
effectively. The change of the mean atmospheric conditions has a negative feedback to the evolution of the updrafts. With moister and cooler atmosphere, the updraft
buoyancy is decreased. The sensitivity of the updraft
properties on the entrainment time scale is expected to be
the highest in the conditionally unstable cloudy layer.

In the BOMEX case the main difference between the
simulations with different entrainment time scale is in
the height of the simulated cloud tops (which is around
1500 m) and the mean profiles of the conserved variables in the cloud layer (from around 500 to 1500 m). In
case of the higher t e, the cloud layer is warmer and drier,
which is consistent with the idea of more efficient turbulent mixing due to convective updrafts compared to
the standard value. In the simulation with t e 5 700 s, the
updrafts reach higher altitude, and the turbulent flux has
higher magnitude, which is the case especially in the
upper cloud layer. In simulation with te 5 900 s, the
updrafts within the first simulation hour reach the height
of around 2500 m and considerably moisten and cool the
atmosphere up to this level. In the last simulation hour
this leads to decreased buoyancy of the moist updrafts,
which results in the updrafts reaching lower height than
in the simulation with t e 5 700 s.
Similar results are found in the ARM case. In simulations with higher entrainment time scales the updrafts
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FIG. 13. Sensitivity of ARM results to the relative updraft area at the surface: (a),(b) moist conserved variables,
(c) their turbulent flux, (d) updraft area, and time series of (e) cloud base and cloud top and (f) vertically integrated
turbulent fluxes. The solid line is the 5% (standard value), dashed line the 2.5%, and dotted line the 7.5% updraft
relative area. In (a)–(d) the black line indicates the seventh and the blue line the eleventh simulation hours.

reach higher altitude. Therefore, the cloud layer is deeper
and, because of the stronger turbulent mixing with the
free atmosphere, it is warmer and drier. Comparing the
SCM results with the LES results in more detail (not

shown), it can be found that the SCM results with t e 5
900 s agree with the LES results the best. On the contrary, in the BOMEX case simulations with te 5 500 s
agree the best with the LES results. This is consistent
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FIG. 14. Sensitivity of BOMEX results to te representing the entrainment coefficient [Eq. (9)]: (a),(b) moist conserved variables, (c) their turbulent flux, and (d) updraft area. The solid line represents te 5 500 (standard value),
dashed line te 5 700, and dotted line te 5 900 s. The results are averaged between second and third simulation hours.

with the idea of Cheinet (2004), who argues that because
of the cloud topology the entrainment time scale should
be higher in ARM than in BOMEX. Therefore, it seems
there is room for improvement in parameterizing the
entrainment time scale.

5. Discussion and summary
An eddy diffusivity/mass flux (EDMF) parameterization that is able to simulate nonprecipitating cumulus
convection has been developed. The current scheme
simulates the updrafts rooted at the surface with a mass
flux model, and the small-scale turbulence with an eddy
diffusivity model. The cumulus clouds are obtained as
a result of condensation of the updraft. The scheme assumes that shallow cumulus originates only at the surface
and therefore it cannot handle midlevel convection (i.e.,
convection forced by instabilities within the atmosphere).
The main novelty of the scheme compared to other
moist EDMF schemes (Soares et al. 2004; Neggers 2009;

Angevine et al. 2010) is the way the condensation in the
updraft is represented. The mass flux equations are integrated vertically from the surface. At each model level
the possibility of partial condensation within the updraft is
checked. To represent partial condensation in the updraft
a PDF-based approach is used. In this approach the covariance matrix of the updraft moist conserved variables is
estimated based on the mean properties of the updraft and
environment. If the updraft partially condenses, it is split
into a dry and a moist component and both updrafts are
further integrated vertically independently. The single dry
updraft initialized at the surface branches into multiple
dry and moist updrafts. With the partial condensation
being estimated based on updraft properties, there is no
need to define a cloud-base closure, updraft area, and
vertical profile or detrainment coefficient. The cloud-base
closures are an essential yet weak part of state-of-the-art
cumulus parameterizations. The original EDMF method
assumes a delta function distribution of updraft variables
(i.e., a top hat assumption; e.g., Siebesma et al. 2007). In
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FIG. 15. Sensitivity of ARM results to t e representing the entrainment coefficient [Eq. (9)]: (a),(b) moist conserved
variables, (c) their turbulent flux, (d) updraft area, and time series of (e) cloud base and cloud top, and (f) vertically
integrated turbulent fluxes. The solid line represents te 5 500 (standard value), dashed for te 5 700, and dotted for
te 5 900 s. In (a)–(d) the black line indicates the seventh and the blue line the eleventh simulation hours.

the scheme presented in this paper the variance of the
updraft properties is also represented. The scheme allows
multiple updrafts, each having its own properties: means,
variances, and covariances of moist conserved variables.

This EDMF approach implemented in the SCM is
tested on the well-studied BOMEX and ARM cases. It is
shown that the updraft properties (liquid water potential
temperature, total specific water, and liquid water) are
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in accordance with LES results. The turbulent fluxes and
vertical profiles of mean conserved variables are also
reasonably well represented. The premise of EDMF is
that the updrafts represent the tail of the joint PDF (uL,
qt, w). In the current EDMF scheme, the joint PDF from
the updrafts is estimated and shown to agree reasonably
well with the tail of the joint PDF from the LES results.
In the current scheme, the PDF within the updraft is
used to define the updraft condensation and thus shallow convection. In future developments this concept can
be extended to other physical parameterizations, such as
radiative transfer or cloud microphysics.
A disadvantage of the scheme is that its computational cost cannot be accurately calculated a priori, since
it depends on the number of updrafts, which are determined by the scheme itself and the vertical resolution.
If needed, the computational cost can be reduced by
limiting the number of updrafts, either by combining
those with similar values or by inhibiting the division of
updrafts with an area less than some predefined threshold.
The scheme is fairly insensitive to the vertical resolution
of the SCM, which makes it appealing for implementation in state-of-the-art GCMs.
Possible future improvements of the scheme include
the parameterization of the surface updraft area and
the entrainment coefficient. In the current EDMF parameterization, the surface updraft fraction was kept
constant. It has been shown that turbulent fluxes are
surprisingly insensitive to the choice of the surface updraft area. However, variables such as the moist updraft fraction are sensitive to this choice. This could be
significant if other physical processes, such as radiation
within cumulus, need to be parameterized. We used the
same for BOMEX and ARM. However the sensitivity
study show that ARM results cane be improved by
using a longer time scale for ARM. The reason for
different optimal time scales is that it likely depends on
the morphology of the clouds (e.g., Cheinet 2004) and
on the PDF of vertical velocity within clouds. In future
work we plan to find physical constraints for the entrainment time scale.
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