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Summary: A scheme for parameterizing the influence of deep convective clouds and the
organized mesoscale flow branches of mesoscale convective systems (MCSs) in mesoscale to
global numerical weather prediction models is described. The deep convective component
of the scheme is a hybrid mass flux and adjustment scheme. The mass flux component of
the scheme resembles the Arakawa-Schubert scheme in which cloud warming and drying
are a result of cumulus-induced subsidence and detrainment. The adjustment term has
the effect of nudging the grid-averaged properties toward or away from cloud properties
depending on whether the sub-cloud-ensemble is expanding or contracting. A probability
density function is introduced to define the fraction of the cloud ensemble that is actually
active within a grid box of limited area. The scheme is calibrated and tested with data
obtained in cloud-resolving simulations of ordinary cumuli and cumulonimbi.

The MCS component of the scheme provides the heating, moistening, and momentum trans-
ports associated with the more slantwise, ascending and descending flow branches of the
MCS. Cloud-resolving simulations of MCSs are used to obtain vertical profiles of heating
and moistening rates associated with these slantwise flow branches. The scheme is tested
with independent data from the cloud-resolving simulations. The decision to activate and
de-activate the MCS scheme is based on the magnitude of predicted, vertically-integrated
mesoscale kinetic energy which is related to conversion from deep convective clouds and
internal energy sources and sinks associated with the developing flow branches.

1. INTRODUCTION

Our goal in this study is to develop a parameterization scheme of cumulus clouds and mesoscale
convective systems (MCSs) that can be used in models having a wide range of grid spacings. In
RAMS (Pielke et al., 1993) we use interactive grid nesting in which a given model simulation may
have grid spacings from 80 km down to cloud-resolving scales of a few kilometers or less. For example,
using nest ratios of 4-to-1, grids may have spacings of 80 km, 20 km, 5 km, and 1.25 km, respectively.
We seek a cumulus parameterization scheme that can be realistically applied to grids #1-3 without
any user-defined changes in parameters or algorithms. Moreover, we also seek a parameterization
scheme that treats not only deep upright convection but also heating, moistening, and momentum
transports associated with the more slantwise motions in MCSs. This latter component of the scheme
would be used in general circulation models (GCMs) that do not have sufficient resolution to depict
those circulations explicitly. A desirable feature of the MCS component of the scheme is that it be

interactive with the deep upright convective parameterization scheme and that it be turned on and
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off based on predictions by the deep convection scheme and by the internal physics associated with

MCSs.

Our first-generation deep convection parameterization scheme was developed by Weissbluth and Cotton
(1993). Tt was designed specifically for use in mesoscale models with grid spacings less than 50 km.
The scheme uses grid-point predicted vertical velocity variance that is based on a generalization of
TKE-type closure models to deep convection for closure of several aspects of the parameterization.
A single “characteristic” cloud model is also used to determine heating/moistening rates through a
grid column and source functions of hydrometeor species for the host model. The cloud model was

constructed from guidance obtained from cloud-resolving simulations of steady, intense cumulonimbi.

There are several deficiencies of this scheme which motivated us to develop a more general scheme.
First it is not suitable for use in models having grid spacings coarser than 50 km. Second, since it is
based on a single “characteristic” cloud that was calibrated for intense, steady cumulonimbi, it does
not treat the more transient, towering cumuli and ordinary cumulonimbi properly when tested against
cloud-resolving simulations of Florida sea breeze convection. Third, the scheme is computationally
expensive since the grid-point predicted vertical velocity variance is constrained by its diffusion-limited

linear stability criteria thus relatively small time steps are required for fine vertical grid spacings.

It was therefore decided to construct a new scheme that includes an ensemble of cumuli and only

predicts the two-dimensional, vertically-integrated cumulus kinetic energy.
2. THE CUMULUS PARAMETERIZATION SCHEME

The cumulus parameterization scheme developed by Rafkin (1996) is a hybrid mass flux and adjustment
scheme. The mass flux component of the scheme closely follows the Arakawa and Schubert (1974;

hereafter AS74) parameterization to describe the cumulus-induced subsidence and detrainment.

Our experience with the Weissbluth scheme and the Kuo scheme suggests that the use of only one
type of cloud, usually the deepest possible cloud, can lead to poor representations of cloud heating
and moistening rates, particularly where cumulus clouds ranging from towering cumuli to ordinary
cumulonimbi are predominant. Therefore, we introduce a new philosophical approach which makes
use of a cloud probability density function. First we define the “cloud ensemble” to be the set of
all possible cloud types which could exist in a given environment. We also define the “active cloud
population” to be the subset of the cloud ensemble which actually exists in a given area or grid box.

In some cases, such as in coarse-resolution GCMs, the active population will be the cloud ensemble.
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This is what Arakawa and Schubert assumed. As the area under consideration shrinks, however, it
will become physically impossible to contain all possible clouds in the sample area or grid square. We
therefore introduce a probability density function to define what the active population of clouds can

be within a grid box of limited area.

The first task in developing the new parameterization was to develop a set of equations which describes
the effect of clouds and the environment on the model-resolved variables, and to use these equations
as the basis for the parameterization. We begin with the assumption that there exists a function (G)
which takes as arguments the cloud and environment properties and fractional areas and returns the

model resolved property. We have chosen a simple, linear form of G

G(oh,ob, X X X) =X = 3. obxh+ Y ouxi+ (1- 00X (1)

clouds clouds

where ¥ is the model resolved property, Ui,d is the updraft or downdraft cloud fractional area of cloud
i, % is the environment property, o. is the total cloud fractional area, and subscripts v and d refer to

cloud updrafts and downdrafts, respectively.

Since we are interested in the time evolution of ¥, we take the local time derivative, rearrange some

terms and obtain

%—f > [(Xu X) 3t]+ 3| [ 58?]

clouds clouds

o 3, (%) 5,04

clouds clouds

We posit that Eq. (2) should be used to parameterize the effect of cumulus convection upon the model-
predicted variables. The first two terms on the r.h.s. of Eq. (2) may be regarded as adjustment terms,
the third term as a subsidence term and remaining two terms as transient cloud terms. For simplicity,

the transient cloud terms are neglected in this parameterization closure.

As in Randall and Pan (1993) we relax the equilibrium closure assumption used in AS74 to determine

the cloud-base (z = 2,) mass flux which is defined as
Mp = p(zo)w(z)0x(2). (3)

The sub-ensemble fractional area (o) is defined over an area which is large enough to contain the
ensemble of clouds, but small enough so as to cover only a fraction of a large-scale disturbance. The

closure begins with the cumulus kinetic energy budget equation for a sub-ensemble as discussed by
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Lord and Arakawa (1980) re-written in slightly different notation:

%C’KE(A) = M(MA(N) = D(A\) =V - VCEE()). (4)

The cumulus kinetic energy, CKE, is the vertically-integrated kinetic energy in the sub-ensemble
interval [\, A + d)\] per unit area. The horizontal area over which CKE is integrated is the same as the
cloud-base mass lux. CKE includes both the horizontal and vertical components of kinetic energy.
The rate at which CKE is dissipated per unit cloud-base mass flux is given by D. Shear production
terms have been neglected. Since CKE is a vertically-integrated quantity, vertical transport terms
such as those involving vertical velocity, or advection of CKE by the cloud, do not appear. However,

horizontal advection by the mean wind (V) over the depth of the sub-ensemble A remains.

Closure involves relating CKE to the cloud-base mass flux according to
CKE = aM3, (5)

as first proposed by Arakawa and Xu (1990) and Xu (1991). Also, the dissipation is modelled in a
simple way:

D= CRE, (6)
™D

where 7p is a dissipation time scale.

A linear prognostic equation for the cloud-base mass flux can be developed from Eq. (4),
— = ——-——-VMsp. (7)

A similar equation could also be derived for the CKE (see Eq. 17).

Given o and rp, the sub-ensemble cloud-base mass flux can now be determined. However, the mass
flux is averaged over a large scale area. The large-scale area might be more properly defined as the area
which encompasses the subsident inflow and outflow circulations of the convection in the ensemble.
If we let this area be A, then the area covered by convective cores is a = 04.A. The fraction of the

sub-ensemble (o) we expect in a grid box smaller than A of size Agy is

- O'*A. (8)

A2
Az,

The large scale area is parameterized to be a function of the local Rossby radius of deformation

including local rotational effects.
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We require that the total grid fractional area be invariant to the number of sub-ensembles (number of
cloud types with different entrainment values) chosen to represent the ensemble. This is done simply
by normalizing the fractional area of each sub-ensemble by the total number of sub-ensembles with
cloud tops (detrainment levels) at the same model level. Consequently, if we decrease AJ, although
we will have more clouds detraining in any given model level, the total fractional area will remain

independent of the discretization of the ensemble.

We also require that the total cloud fractional area in a grid remain less than or equal to unity. If
the total cloud area exceeds the grid area we may interpret this to mean that the grid is completely
covered by the ensemble, and that only a fraction of the ensemble mass flux is contained within the

grid box.

The cloud-base mass flux in a model grid must be adjusted so as to be consistent with the grid

fractional area. In summary, the grid fractional area ¢ is given by

f oA

"N =ymay,

(9)

where o, is computed directly from the cloud base mass flux equation, A is either a fixed area or
computed as a function of R; and N(A) is the number of sub-ensembles which detrain in the same
model level as sub-ensemble A. The variable f is unity as long as the total ensemble cloud area remains
below the grid area Aiy. If the cloud area is greater than the grid area, f is a normalization factor

such that 3. o(A) = 1.

By definition then, the cloud-base mass flux in the grid box (not in the large-scale environment) is
ME(N) = o(V)p(z0)w(z)- (10)

We obtain w using a simple one-dimensional plume model similar to Simpson and Wiggert (1969)
and cloud updraft and downdraft properties from a cumulus ensemble model similar to A574. The

environmental properties are obtained by inversion of (1).

The expression for o(A) is the probability density function (PDF) we use to obtain the active pop-
ulation from the ensemble. Note that if the total fractional area of the ensemble is less than unity,
and if there is only one A type cloud detraining at each level, the active population is the ensemble.
In all other cases, each A type cloud is allowed to exist, but only a fraction of its mass flux will be
represented. The fraction is dependent on the total area of the ensemble and the number of similar \

clouds which detrain at identical model levels.
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One of the major disadvantages of using the prognostic CKE equation is that it becomes a function
of the unknown parameter . Perhaps it is not so surprising since the CKE equation is in essence
a turbulent kinetic energy (TKE) equation. Scaling arguments by Randall and Pan suggest that
a should range between 107 and 10°. In practice, we have found that o should be much more
narrowly defined at around 108, Values greater than this result in convection which is incapable of
removing any significant part of the CAPE generated by external forcing while values significantly
less generate explosive convection which consumes not only CAPE generated by external forcing, but

any background CAPE as well.

Extension of this scheme to the mesoscale requires the introduction of an adjustment term which
is a function of the areal growth rate of convective ensembles. The adjustment term has the effect
of nudging the grid value toward or away from the cloud properties depending on whether the sub-
ensemble is expanding or contracting. This is important because as the grid area is decreased towards
the mesoscale, the presence of the cloud sub-ensembles introduces larger and larger contributions to the

total grid-area averages (e.g., clouds contribute to moistening rather than just drying by subsidence).

Closure of the adjustment terms requires the cloud and environment properties and the time rate of
change of sub-ensemble grid fractional area. We obtain the tendency of the fractional area indirectly
by taking the time derivative of the cloud base mass flux in the grid box, and assuming a steady state
updraft. Then

da(z)  n(z) OMp

ot pwl) ot (11)

where 7(z) is the normalized mass flux. Given the tendency of the cloud fractional area and the

environment and cloud property, the adjustment term is closed.
3. THE MCS PARAMETERIZATION SCHEME
3.1 The basic approach to MCS parameterization

The MCS parameterization scheme is designed to be interfaced with either deep convection param-
eterization schemes that are in use in a GCM or the generalized cumulus parameterization scheme
described above. Initial testing of the scheme has been done by interfacing it with Randall-Pan’s

variation on the Arakawa-Schubert scheme.

The cumulus parameterization scheme provides heating, condensed water, ice, and water vapor upon

which the mesoscale parameterization feeds. The MCS scheme provides, in turn, heating, moistening,
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and momentum transports associated with the more slantwise, ascending and descending flow branches
of the MCS. These flow branches can be thought of as a generalization of the well known “front-to-
rear” ascending and “rear-to-front” descending flow branches of squall lines. However, many MCSs
do not exhibit this simple two-dimensional structure but instead are composed of numerous ascending

and descending mesoscale flow branches initiating and emanating in various flanks of the MCS.

To provide data for developing the MCS parameterization scheme, we have performed three-dimensional
cloud-resolving simulations of two mesoscale convective systems—one from the tropics (EMEX9) and
one from the midlatitudes (PRE-STORM 23-24 June 1985). Multiple nesting of two-way interactive
grids permits sufficiently small horizontal grid spacing on the finest grids (1500 m for EMEX9, 2083
m for PRE-STORM) that no convective parameterization scheme is required. In each case, the finest
grid covers an area on the order of tens of thousands square kilometers (~ 18,000 km? for EMEX9,
~ 17,000 km? for PRE-STORM). We run each simulation for several hours using all grids (4.5 hours
for EMEX9, 3.5 hours for PRE-STORM 23-24 June). In both cases, the model simulates organized
convection and an adjacent stratiform region. The stratiform region accounts for about 44% of the
simulated EMEXY precipitation and for about 32 % of the simulated PRE-STORM 23-24 June pre-
cipitation. Overall, we perform these two simulations in the spirit of the Global Energy and Water
Cycle Experiment Cloud Systems Study (GCSS), in which cloud-resolving models are used to assist

in the formulation and testing of cloud parameterization schemes for larger-scale models.

Construction of the MCS parameterization scheme requires vertical profiles of various quantities (e.g.,
phase transformation rates) in conditionally-sampled mesoscale updrafts and downdrafts. The first
step in this conditional sampling process is to separate the simulated MCSs into convective and

stratiform regions—mesoscale updrafts and downdrafts are confined to the stratiform regions.

We employ the Tao et al. (1993) separation technique, in which model grid columns exhibiting a
surface precipitation rate twice as large as the average value taken over the surrounding grid columns
are identified as convective cells. For each core grid column, all adjacent grid columns are also taken
to be convective. In addition, any grid column with a rain rate in excess of 25 mm h~! is considered
as convective regardless of the above criteria, and any grid column with no surface precipitation is
considered convective if the maximum updraft exceeds 5 ms™!. All other precipitating grid columns
are considered to be stratiform. Other separation techniques such as proposed by Xu (1995) were also

tried with little quantitative differences in the diagnosed fields.
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The heating and moistening rates by the mesoscale flow branches are described by the following

equations:
7l Vol 6 ~E o 6 ¥ w'e S
gg _ T, n Ty iy Li7Ys + TQr + T i1 LY _ dw'd -V -V (12)
di Cp Cp Cp Cp 6p
and
@#_ilLil—E_i|Li|—*_aW_v.;T—/ (13)
dt - — Li Y: P Lz Y ap q,
R,

where Q, is the radiative heating, ¢, is the specific heat at constant pressure, and T = (%)?{?, where
po=100 kPa, and Ry is the gas constant for dry air. The summations represent phase transformations.
The values of latent heat include condensation(L;), evaporation (L), deposition (L3), sublimation
(L4), freezing (Ls), and melting (Lg), respectively. Likewise, the phase transformations include 1
(condensation), 7, (evaporation), 13 (deposition), 74 (sublimation), s (freezing), and e (melting).
Cloud properties and those of their environment are denoted by asterisks and superscripts e, respec-
tively, while primes denote departures from the large-scale average. The thermodynamic part of the
mesoscale parameterization problem comes down to formulating the terms on the right-hand sides of

the above equations.

To compute fluxes, one needs to recognize that the vertical eddy transport of a property x is given by

Wy’ = (WX )i (14)
where

and a; is the fractional area occupied by clouds of the ith of N sub-ensembles. This is valid only when

the cloud fractional area is much less than one.

Large-scale phase transformations due to camulus drafts or mesoscale flow branches are given by
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N
W* = Z(J,]’)’:], (16)
=1

where 7, is the rate of the ith phase transformation per unit mass in an updraft or downdraft

belonging to sub-ensemble j.

Parameterizing the thermodynamic forcing of large-scale flow resulting from mesoscale effects requires
making approximations of the vertical distributions of the following mesoscale processes in parame-
terized mesoscale updrafts and downdrafts: (1) deposition and condensation in mesoscale updrafts,
(2) freezing in mesoscale updrafts, (3) sublimation in mesoscale updrafts, (4) sublimation and evapo-
ration in mesoscale downdrafts, (5) melting in mesoscale downdrafts, and (6) mesoscale eddy fluxes of
entropy and water vapor. The shapes of the vertical profiles of processes (1)-(6) were obtained from
the conditionally- sampled mesoscale updrafts and mesoscale downdrafts within our explicit MCS

simulations. Figure 1 illustrates schematically the basic processes parameterized in the model.
3.2 Activation of the MCS parameterization

The decision to activate the MCS parameterization is based on the evolution of the total eddy kinetic
energy. The total eddy kinetic energy can be partitioned into contributions from the deep convection
(CKE) and the mesoscale circulation branches (MKE). Prognostic equations are then developed for

CKE and MKE.

Generalization of the CKE equation (4) to an MCS composed of upright cumuli and stratiform-anvil
flow branches is given by

ACKEQ) _ N4 - CEEX)

where A is the cloud work function defined in Arakawa and Schubert, Mg is cloud base mass flux,
Tp1s is the CKE dissipation time, and 5,. denotes the auto-conversion of CKE to MKE. Here, we

have ignored the horizontal advection term in (4). The MKE equation is given by

dMKE MKE

=S8+ G -G+ Gs—Gp— , (18)
dt TMKE
where
[o%s) 6/
Gp = / gpolw!(5 +0.608 + ,)]dZ (19)
0
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MCS parameterization
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Figure 1: Schematic illustration of the basic processes parameterized in the model.
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is thermal buoyancy production rate,

Gy, :/0 gpo[w' gtotal]dZ (20)
is loading buoyancy production rate,
©  U—— OV _——
— fap! Tan!
GS—/O po[azuw +ava)dZ (21)

is shear production rate,

— °° _al, ! ?1, ! @r_{. !
Gp _/0 pobl ' + 70! + SZw']dZ (22)

is pressure gradient force, and Typrx g is the dissipation time of MKE .

We see that CKE is generated primarily by convective updrafts and downdrafts, and once generated,
CKE dissipates at a specified rate [O(1h)]. The MKE has two fundamental sources. Some of the CKE
generated by the tallest of the deep convection clouds is converted to MKE as the first source, expressed
as Sgc in (17) which represents the transformation of energy from the initial upright convection to the
more slantwise, balanced mesoscale flow branches. If sufficient convection is maintained to generate
a certain threshold in MKE, then the MCS scheme is activated. Once activated, the second source
accounts for further MKE generation due to mesoscale heating, pressure gradient forces, and shear
production within the mesoscale circulation branches of MCSs. The sink of MKE is defined as a simple

dissipation term with a dissipation that is slower than ordinary deep convection [O(5h)].
3.3 Parameterization of momentum acceleration

Our conditional sampling of the mesoscale updrafts and downdrafts of the two MCS simulations
indicates that the thermodynamic forcing associated with the mesoscale circulations is significant and
therefore the effects of such circulations can be profitably included in a convective parameterization
scheme. A parallel question which arises is how important are the accelerations of the large-scale
horizontal momentum fields by the mesoscale circulations? While there is little question that convective
drafts can significantly influence the large-scale momentum field (e.g., Wu and Yanai 1994), the effect

of momentum transport by mesoscale drafts is more questionable.
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Previous work suggests that mesoscale drafts are a relatively small component of the momentum
budget of MCSs. For example, Tripoli and Cotton (1989), who examined the processes responsible
for the acceleration of air motion in a numerically simulated MCS, showed that the acceleration of
horizontal momentum on the meso-f scale was dominated locally by pressure acceleration that reached
peak magnitudes larger than either vertical momentum transport or Coriolis processes by nearly a
factor of 4 (see their Fig. 13). Acceleration of horizontal momentum by vertical transport was
significant only in their convective core region. As discussed below, analysis of the MCS simulations
presented here also indicates that compared to convective updrafts, mesoscale updrafts and downdrafts

contribute little to the large-scale acceleration of horizontal momentum.

The magnitude of the impact of subgrid-scale momentum accelerations (including convective and
mesoscale components) on the large scale fields may be assessed by the diagnosed momentum budget
residual, F, which represents the acceleration of the mean flow due to the eddy correlation terms.
Following Wu and Yanai (1994), the momentum budget equation for the mean flow may be written

as

(o)

— - B T S
FE—V+V-VV+G?X+V¢+ﬂ<xV:——V-v’v’——v’w’, (23)

t op op
where v is the horizontal velocity, w is the vertical p velocity, ¢ the geopotential, and f the Coriolis
parameter. An overbar denotes resolvable (or mean) components and a prime expresses unresolvable
(or eddy) components. The two terms on the right-hand side of (23) may be computed for the MCS

simulations to obtain a value for the momentum budget residual F'.

For each simulation, the momentum budget residual resulting from convective drafts far exceeds that
resulting from mesoscale drafts. For example, for Grid #3 of the EMEX9 simulation at 1700 UTC,
the maximum magnitude of the zonal momentum budget residual for mesoscale drafts at any level
is ~ 0.20 x 10-3 ms—2 compared to a maximum magnitude of ~ 0.80 x 1072 ms~2 for convective
drafts . The values of the meridional momentum budget residual are smaller for both convective and
mesoscale drafts, and again the convective drafts have a significantly larger relative contribution than
do the mesoscale drafts (see Figure 1). A similar result holds for the PRE-STORM simulation (see
Figure 3). There the contribution of mesoscale drafts to the diagnosed momentum budget residual is

nearly negligible .

Note, however, that for each simulation, there is still a significant portion of the momentum budget

residuals that are unexplained by either conditionally-sampled convective drafts or the mesoscale
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Figure 2: Vertical profiles of the diagnosed (a) zonal and (b) meridional momentum budget residual on

Grid #3 of the EMEX9 simulation at 1700 UTC for conditionally sampled convective drafts, mesoscale
drafts, and for all grid points.

.79E-03

flow branches. This unexplained acceleration is especially large in the upper troposphere and lower
troposphere, and smaller in-between. Scrutiny of the precise grid points included in these regions of
unexplained momentum acceleration indicates that in the upper troposphere, wave-like circulations
(which can be distant from their convective triggers) are primarily responsible for the unexplained
acceleration. However, the relatively large unaccounted-for momentum budget residual in the lower
troposphere appears to be an artifact of the convective-region conditional sampling criteria. Because
the convective region is defined on a column-by-column basis according to surface precipitation rate,

convective updrafts can occasionally be tilted in such a way that they are located just outside the

300



(b)

COTTON, W R, et al: PARAMETERIZATION OF CUMULUS AND MCSs ...

P (mb)

EMEX9
1700 UTC, Diagnosed

Mesoscale
Convective
Total

100 T
200
300

400

500

600

700 -

800

900

,_....‘....-......-.-.-...'.-.’.ﬂ..

—..
———

—emaem e
—eamm e

1000 :
-.19E-02 -.10E-02

large-scale momentum accelerations.

-.16E-03

70E—03
F, (ms™?)

Figure 2: Continued.

too, but our results show that updrafts are the main culprit).
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.16E-02

.24E-02

conditionally-sampled convective region (the same could theoretically apply to convective downdrafts,

Thus, it appears that in the upper-troposphere, circulations not encompassed by the conditionally-
sampled convective region or mesoscale flow branches, such as gravity waves, are responsible for signifi-
cant large-scale momentum accelerations. Previous studies have shown the importance of convectively-
triggered gravity waves to the redistribution of heat and moisture (e.g., Bretherton and Smolarkiewicz,
1989); it appears the same may be true for momentum (see, for example, Fovell et al., 1992). Thus,
while our results show that it may not be necessary to account for momentum transport by mesoscale

drafts per se , gravity waves associated with the entire organized MCS could in fact produce significant
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Figure 3: Vertical profiles of the diagnosed (a) zonal and (b) meridional momentum budget residual
on Grid #3 of the PRE-STORM simulation at 0400 UTC for conditionally sampled convective drafts,
mesoscale drafts, and for all grid points.

Further details about the MCS parameterization scheme can be found in Alezander (1995) and Alezan-

der and Cotton (1996).

4. TESTING AND EVALUATIONS

Initial testing of the cumulus parameterization scheme has been done by Rafkin (1990) for a large

number of two- and three-dimensional idealized sea-breeze simulations and compared to corresponding

cloud-resolving simulations. Overall the parameterized fields compared quite well with the fields in

the CRMs.
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Figure 3: Continued.

Alezander (1995) and Alezander and Cotton (1996) used only one hour of cloud-resolved data to
obtain the conditionally-sampled variables used in the construction of the MCS scheme. The param-
eterization was tested, however, on four hours of data for the EMEX9 simulation and three hours of
data for the PRE-STORM simulation. Agreement between parameterized and diagnosed heating and
drying tendencies is very good for both cases. As an additional test of the sensitivity of the scheme
to specified values of the quantities listed above, we use the EMEX9 values of these parameters for a
parameterization of PRE-STORM tendencies. As expected, the parameterization does not do quite
as good a job of reproducing the exact shapes of the tendency profiles, but the agreement is at least
reasonable. In practice, it would be difficult to decide on appropriate values of these “tunable” pa-
rameters. The values presented here, along with those presented elsewhere in the published literature,

suggest a reasonable range for each parameter, however.
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Further evaluations of the coupled cumulus and MCS scheme using independent data sets acquired at
the Department of Energy Atmospheric Radiation Measurement Program (DOE-ARM) CART sites
were planned. In spite of high technical reviewer comments, it was decided that this project was not
relevant to the goals of ARM and not funded for the final testing, evaluation, and refinement stages

of the research.
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