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ABSTRACT

A new one-dimensional cloud model, specifically designed for application in mesoscale convective parame-
terization schemes (CPSs), is introduced. The model is unique in its representation of environmental entrainment
and updraft detrainment rates. In particular, the swo-way exchange of mass between clouds and their environment
is modulated at each vertical level by a buoyancy sorting mechanism at the interface of clear and cloudy air.
The new entrainment /detrainment scheme allows vertical profiles of both updraft moisture detrainment and
updraft vertical mass flux to vary in a physically realistic way as a function of the cloud-scale environment.
These performance characteristics allow the parameterized vertical distribution of convective heating and drying
to be much more responsive to environmental conditions than is possible with a traditional one-dimensional
entraining plume model.

The sensitivities of the new model to variations in environmental convective available potential energy and
vertical moisture distribution in idealized convective environments are demonstrated and its sensitivities to
several key control parameters are examined. Finally, the performance of the new model in the Fritsch-Chappell
CPS is.evaluated. Parameterized heating and drying profiles are elucidated as they relate to the convective
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environment and to the type of cloud model used in the CPS.

1. Introduction

Moist convective processes in the atmosphere occur
almost exclusively on spatial scales smaller than those
explicitly resolved by numerical weather prediction
models. Consequently, in order to include the effects
of convection on numerical weather predictions, the
timing, location, and intensity of cumulus convection,
as well as the nature of its interactions with the larger
scale, must be implicitly inferred from resolvable scale
variables; i.e., convection must be parametrically in-
cluded. Cho (1975) and Frank (1983) discuss the var-
ious assumptions utilized to parameterize the effects
of moist convection in numerical models.

The primary task of convective parameterization
schemes (CPSs) is to estimate the rate of subgrid scale
convective precipitation, concomitant latent heat re-
lease, and the redistribution of heat, moisture and mo-
mentum in the vertical. The manner in which these
parameters can be linked to the resolvable scale is
highly dependent on the horizontal resolution of a nu-
merical model. For example, CPSs designed for use in
numerical models with horizontal grid spacing greater
than ~50 km must account not only for the effects of
individual convective clouds, but also for the meso-8
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scale motions induced by the clouds, which are still
subgrid scale (Frank 1983). Convective parameteriza-
tion schemes of this type usually rely on statistical cor-
relations between large scale heating and drying rates
and some variables(s) that are readily discernible in a
numerical model. For example, Kuo-type schemes (i.e.,
Kuo 1974; Anthes 1977) relate convective heating to
moisture convergence in a column and Arakawa and
Schubert’s (1974) scheme assumes the existence of a
state of quasi-equilibrium between the rate at which
the large scale destabilizes the atmosphere and the rate
of stabilization by an ensemble of convective clouds.
As the horizontal resolution of numerical models ap-
proaches the scale of individual convective clouds,
however, the mesoscale response to convection be-
comes a resolvable component of the flow and the re-
lationships between resolvable and parameterized
scales can become quite different. Observations suggest
that the magpitude of convective heating and drying
effects on scales less than ~50 km is much more
strongly correlated with local convective available po-
tential energy (CAPE) than with the large-scale rate of
destabilization or moisture convergence (Fritsch et al,
1976; Kreitzberg and Perkey 1976).

Furthermore, the assumptions used to parameterize
the vertical distribution of convective heating and
drying on the larger scales become questionable as
model resolution is increased and more of the strati-
form component of precipitation associated with con-
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vective systems is explicitly resolved. In particular, on
smaller scales the vertical distributions of convective
heating and drying become much more strongly linked
to individual convective clouds. Since numerous nu-
merical modeling and diagnostic studies have shown
that the environmental response to convective heating
is extremely sensitive to its vertical distribution (e.g.,
Gyakum 1983; Hack and Schubert 1986; Fritsch 1986;
Kuo and Reed 1988), it seems especially important
for CPSs that operate on this scale to enhance their
sensitivity to those interactions between individual
clouds and their environment which most profoundly
affect heating and drying by individual clouds.

Computational constraints limit the degree of so-
phistication of cloud models used in CPSs, so most
schemes utilize simple one-dimensional entraining
plume (ODEP) models to represent the thermody-
namic and mass flux characteristics of individual
clouds. As grid-scale resolution in numerical models
approaches the mesoy scale, convection within each
grid element can be characterized by a single type of
cloud (Fritsch and Chappell 1980), so that subgrid scale
convective processes are typically represented by an
ODEP and its associated downdraft. It can be shown
(e.g., Frank and Cohen 1985) that the parameterized
heating rate throughout most of the depth of the cloud
is proportional, on this scale, to the product of the net
convective draft (updraft plus downdraft) vertical mass
flux and the ambient static stability. Yet, a simple
ODEP constrains the mass flux profile by imposing a
fixed rate of entrainment, or rate of increase of mass
flux, with height. Several investigators have introduced
lateral detrainment into ODEP models (i.e., Johnson
1977; Lord 1982; Frank and Cohen 1985), but by re-
stricting the detrainment rate to a constant fraction of
the entrainment rate, they have similarly constrained
the updraft mass flux profile. A more general version
of the ODEP is introduced that allows both entrain-
ment and detrainment to vary in a physically realistic
way as a function of the buoyancy characteristics of
individual updraft subparcels (see Raymond and Blyth
1986). In this manner, the mass flux in individual up-
drafts, and hence the parameterized vertical distribu-
tions of convective heating and moistening, vary as a
function of the cloud-scale environment to enhance
the performance of a simple ODEP.

2. A one-dimensional entraining /detraining plume
model

Recent observations suggest that most of the mixing
between clouds and their environments occurs very
near the periphery of clouds in a distinctly nonho-
mogeneous manner (e.g., Rogers et al. 1985; Jensen
and Blyth 1988; Paluch and Baumgardner 1989).
These observations indicate that turbulent eddies con-
tinuously generate mixtures containing various pro-
portions of clear and cloudy air, implying that the
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buoyancies of individual cloud subparcels can be quite
different from the mean buoyancy of the cloud as a
whole (Paluch and Knight 1984; Gardiner and Rogers
1987; Blyth et al. 1988). For example, Fig. 1 evinces
the range of subparcel buoyancies that can be expected
when an updraft mixes with its environment in random
proportions. This figure shows a typical distribution of
the virtual temperature difference between mixtures of
updraft and environmental air and the unmodified en-
vironment. Virtual temperature is estimated by 7T,
=T(1+0.61r — r)), where r and r, are the water vapor
and liquid mixing ratios, respectively. For the condi-
tions represented in this figure, and assuming ther-
modynamic equilibrium in individual subparcels, any
mixture comprised of about 50% or more environ-
mental air is negatively buoyant with respect to the
environment, Conversely, those mixtures containing
less than about 50% environmental air remain posi-
tively buoyant.

The above observations and this characteristic dis-
tribution of temperature as a function of mixing pro-
portion inspire the concept of a new entrainment /de-
trainment scheme. In the new cloud model, which is
aptly called a one-dimensional entraining/detraining
plume (ODEDP) model, it is assumed that any mixture
that becomes negatively buoyant detrains from the
cloud while those mixtures that remain positively
buoyant entrain into the cloud. By evaluating this
mixing process and updating the mean thermodynamic
characteristics of the cloud at regular vertical intervals,
the scheme allows the thermodynamic characteristics
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FIG. 1. Plot of typical virtual temperature differences. between up-
draft-environment mixtures and that of the unmixed environment
as a function of the fraction of environmental mass in the mixtures.
This distribution is derived for an ambient pressure of 600 mb as-
suming an environmental temperature of 273 K and relative humidity
of 70%, updraft temperature of 275 K (saturated ) and updraft liquid
water mixing ratio of 2 g kg~'.
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of the mixing process to modulate the two-way ex-
change of mass between convective clouds and the en-
vironments through which they rise.

a. The rate of environmental inflow

The first step in implementing this concept is to es-
timate the rate at which environmental air mixes with
cloudy air. This mixing rate represents an upper bound
on the entrainment rate. Typically, however, some of
the mass that initially mixes into the cloud combines
with updraft air to form negatively buoyant mixtures
that presumably will never penetrate far enough to di-
lute the mean properties of the updraft or contribute
to its vertical mass flux. The traditional formulation
for entrainment rate, that is, the fractional increase in
cloud-mass flux per unit height is inversely proportional
to updraft radius (see e.g., Turner 1962; Simpson and
Wiggert 1969; Kreitzberg and Perkey 1976) is used as
a basis for prescribing the inflow rate. However, this
formulation is modified in two ways. First, following
Frank and Cohen (1985), the incremental inflow rate
is expressed as a function of pressure instead of height,
so that it is mass weighted. Second, a linear approxi-
mation to the original formulation is used so that the
rate of inflow is constant with respect to decreasing
pressure. Specifically, the rate, M, (units of kg s '),
at which environmental air mixes into an updraft over
a pressure interval ép (Pascals) is expressed as

oM, = M,,(—0.036p/R), (1)

where R and M, are the updraft radius and mass flux
(units of m and kg s™!), at cloud base, and 0.03 is a
constant of proportionality (units of m Pa™') com-
parable to the dimensionless value of 0.2 derived for
z-coordinates (Simpson 1983). Equation (1) dictates,
for example, that an entraining plume with an initial
radius of 1500 m and no detrainment would double
its mass flux after ascending 500 mb.

b. Estimation of net entrainment and detrainment rates

Equation (1) provides an estimate of the rate at
which environmental air flows into the turbulent mix-
ing region at the periphery of an updraft, 6. It follows
that the updraft mass with which this air initially mixes
must become available at a corresponding rate, 6M,,.
‘Accordingly, it is assumed that the total rate at which
mass enters the transition region between clear and
cloudy air is given by 6M, = é6M, + 6M,,.

The next step is to quantitatively partition mass in
this transition region of the cloud into entraining and
detraining components. To accomplish this, a means
of estimating the rate at which ensembles of both neg-
atively and positively buoyant subparcels are generated
is needed. A functional probability distribution is uti-
lized to characterize the turbulent generation of mixed
subparcels. There is a dearth of observational evidence
to suggest the form that this distribution might take,
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so the sensitivity of our entrainment/detrainment
scheme to a number of hypothetical functions has been
evaluated. These sensitivities will be discussed after
quantifying a distribution that is particularly appealing
from an intuitive perspective.

Suppose that turbulent mixing processes show some
propensity to mix updraft and environmental air
masses in equal portions and that the relative frequency
distribution of subparcel mixtures may be reasonably
estimated by a Gaussian-type distribution. Specifically,
we propose a functional distribution of the form

f(x) = Ale”Cmm2e — k], 2

where x is the fraction of environmental air in mixed
subparcels, m is the mean of the distribution (in this
case 0.5), and ¢ is the standard deviation of the dis-
tribution. We set ¢ = 1/6 to encompass +3 standard
deviations between the truncation points, x = 0 and x
= 1. We include the constant k so that the modified
function goes to zero at these points; i.e., k = =%,
The constant 4 is defined such that

1
J;f(x)dx= 1. (3)
In close approximation to the standard Gaussian dis-
tribution, 4 = (0.97¢V27)"".

Equation (2) gives a specification of the relative rates
at which various mixtures are generated, but this ap-
plication requires an expression in terms of mass rather
than number. This conversion requires an assumption
relating the total mass in individual mixed subparcels
to their mixing proportion. For simplicity, it is assumed
that subparcel size is independent of mixing proportion.
This assumption allows the total mass distribution to
be obtained by simply multiplying the frequency dis-
tribution by 6M,, i.e.,

. 1
oM, + oM, = 6M,J; f(x)dx. (4)
It follows that the individual components of this dis-
tribution must be given by

1
oM, = BMJ; xf(x)dx (5)

and

1

oM, = 6M,J; (1=x)f(x)dx, (6)
where 1—Xx is the mass fraction of updraft mass in the
mixed subparcels. The integrand in (5) represents the
distribution of environmental mass in mixed subparcels
[E(x) in Fig. 2], while the integrand in (6) denotes
the analogous distribution for updraft mass [ U(x) in
Fig. 2]. Since this total mass distribution is symmetric
about x = 0.5, the integrated areas under E(x) and
U(x) are equal; i.e., oM, = oM.
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FIG. 2. Hypothetical distribution of environmental mass, E(x);
updraft mass, U(x); and total mass, E(x) + U(x), in mixed updraft
subparcels as a function of the fraction of environmental air in in-
dividual mixed subparcels. The total mass distribution is based on
the Gaussian distribution function.

Given these hypothetical distributions of mass in
mixed subparcels, the total rate at which both updraft
and environmental air mix into subparcels that are
positively buoyant (which are assumed to be entraining
subparcels) and into those that are negatively buoyant
(assumed to be detraining) can be determined. Con-
sider, for example, the conditions represented by Fig.
1. It is assumed that this figure characterizes mixing
between an updraft and its environment at a given ver-
tical level. If the fractional amount of environmental
mass that just yields a neutrally buoyant mixture is
labeled as x. (in this case x, =~ 0.5), the net environ-
mental entrainment rate at this level, Af,., is given by

Moo= oM, [ xf(x)d, )
0

and the updraft detrainment rate, M,,, is determined

from

1
My, = 5szx (I—x)f(x)dx. (8)

¢. Extension of an entraining plume model

In the ODEDP, this entrainment /detrainment con-
cept is implemented by computing the net exchange
of mass at regularly spaced pressure levels and by as-
suming homogeneous mixing of the entrained air with
the bulk of the updraft mass between vertical levels.
The thermodynamic characteristics of the updraft, en-
vironment, and mixed regions are computed assuming
conservation of equivalent potential temperature (4,)
and total water substance (i.e., the sum of water vapor
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r, liquid water r;, and ice r;, mixing ratios). As described
below, it is assumed that cloud condensate is contin-
uously removed from the updraft by precipitation pro-
cesses.

1) CONVERSION OF CONDENSATE TO PRECIPITA-
TION

Following Ogura and Cho (1973), allowed conden-
sate (without differentiating between liquid and solid
forms) is to be removed from the updraft such that the
amount lost, ér., in a given layer of depth 4z is given
by .

or. = rco(l - e—-L‘,:Sz/W),

9)

where w is the mean vertical velocity in the layer, r.
is the concentration of condensate at the bottom of
the layer plus one-half the degree of supersaturation at
the top, and ¢, is a rate constant. Typical profiles of
updraft condensate concentration given the ODEDP
with this conversion scheme and ¢; ranging from
0.005-0.02 s™! are shown in Fig. 3. These curves are
derived from a convective environment with ambient
convective available potential energy (CAPE) on the
order of 1000 m? s~2. Since the precipitation conver-
sion rate is an inverse function of w, the maximum
concentration of condensate varies, for example, from
about 0.5 to 3.0 g kg ! as the CAPE varies from about
100 to 4000 m? s~ when ¢, = 0.01 s~! is used. These
values seem reasonably consistent with a wide range
of observational and numerical modeling results (Hal-
let et al. 1978; Heymsfield and Musil 1982; Hauser
and Ameyenc 1986; Waldvogel et al. 1987; Orville
1987, personal communication; Weisman 1988, per-
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F1G. 3. Typical profiles of parameterized updraft liquid water /ice
concentrations predicted by the ODEDP as a function of the con-
densate conversion rate, ¢, .
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sonal communication; Weissbluth and Cotton 1988,
personal communication; Jorgensen and LeMone
1989). Accordingly, ¢, = 0.01 s™! is used as a default
value.

2) CLOUD GLACIATION

Glaciation processes are parameterized in the
ODEDP by assuming a linear transition from 6, with
respect to liquid water to 8, with respect to ice from
268 K to 248 K. Similar approaches have been taken
by Lord et al. (1984) and Tao et al. (1989). A hybrid
value of 6, is used during the transition. Specifically,
8. is expressed as

6, = 0 exp[1.0723(10)73(1 + 0.81r)Lr/ T}, (10)

following Bolton (1980). During the transition from
liquid-water saturation thermodynamics to ice satu-
ration thermodynamics we assume that

L=(1-v)L,+vL (11)

and

r=(1—=v)rg+rgy,

(12)

where L, and L, are the magnitudes of latent heating
for the vaporization and sublimation processes, re-
spectively; ry and r; are saturation water vapor pressure
over liquid water and over ice, respectively; and v is a
measure of the degree of glaciation.

The freezing of condensate takes place in a similar
manner. At each vertical level within the specified
temperature range, a fraction of the liquid condensate,
consistent with the linear transition, is converted to
ice. The magnitude of the latent heat release at any
level due to the glaciation process is a function of the
combined influence of the freezing of liquid water and
any evaporation/sublimation required to maintain
saturation at the new temperature and hybrid satura-
tion mixing ratio.

3. Sensitivities of the new cloud model

The ODEDP is designed to enhance the sensitivity
of an entraining plume model to cloud-scale thermo-
dynamic conditions. In this section, idealized environ-
mental soundings are utilized to evaluate the efficacy
of the new model and discuss the sensitivity of the
model to some key control parameters. As we will dis-
cuss later, the vertical profile of updraft mass flux has
a profound influence on the vertical profiles of con-
vective heating and moistening predicted by a CPS.
Hence, the model predicted updraft mass flux profile
is used to gauge its performance.

a. Sensitivity to environmental moisture profile and
CAPE

Consider the idealized environmental soundings
shown in Figs. 4a,b. The soundings are identical below
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FIG. 4. Idealized environmental soundings used for ODEDP sen-
sitivity tests. (a) Low CAPE environment with a lifted index of —2.
(b) Higher CAPE environment with a lifted index of —5. Note that
the indicated updraft paths represent undilute moist adiabatic ascent.
Full wind barb represents 5 m s~ wind speed, dashed lines are dry
adiabats, and dotted lines are moist adiabats. i

925 mb so that simulated updraft parcels begin with
the same thermodynamic characteristics. The updraft
paths predicted by pseudoadiabatic ascent are used to
enclose the positive areas on the diagrams (stippled
regions). Figure 4a represents a marginally unstable
environment with the maximum temperature differ-
ence between the environment and a moist adiabat
through the lifting condensation level (LCL) being
2°K. Figure 4b evinces an environment with consid-
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erably more CAPE and a maximum undilute updraft
temperature perturbation of 5°K. In both cases, the
humidity profile shown represents a constant relative
humidity of 70% between the LCL and the tropopause.
The relative humidity is varied from 50% to 90% for
each of these temperature profiles to demonstrate the
model sensitivities.

Figure 5a shows updraft mass flux profiles (nor-
malized by the mass flux at cloud base) for the lower
CAPE environment. The profiles vary considerably. In
general, the potential for evaporative cooling due to
mixing of environmental air into the updrafts increases
as relative humidity decreases, so that the model pre-
dicts that an updraft rising through the driest environ-
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FIG. 5. Sensitivity of ODEDP mass flux profiles to environmental
relative humidity for the environmental temperature profiles shown
in Fig. 4a and Fig. 4b.
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ment detrains most of its mass well below cloud top.
Conversely, a very moist environment (RH = 90%)
renders most mixtures of updraft and environmental
air positively buoyant with respect to the environment
so that entrainment dominates the turbulent exchange
of mass across the boundaries of the updraft in our
model. The contrasting character of the clouds implied
by these profiles would have a significant impact on
heating and moistening profiles predicted by a CPS.

Figure 5b shows corresponding mass flux profiles
for the higher CAPE scenario of Fig. 4b. In general,
detrainment below cloud top is comparatively sup-
pressed in this environment by the larger updraft tem-
perature perturbations. At lower levels, the liquid-water
concentrations are too low for evaporation to cool any
mixture of updraft and environmental air below the
ambient temperature, resulting in a steady increase in
mass flux up to about 750 mb for all three humidity
profiles. Above this level, however, the simulated mass
flux profiles diverge sharply.

b. Sensitivity to model parameters
1) MIXED SUBPARCEL MASS DISTRIBUTION

A rather arbitrary frequency distribution is imposed
for the rate of generation of all mixing proportions and
is converted to a mass distribution by assuming that
subparcel size is independent of mixing proportion.
Observational evidence in this regard is very limited,
but recent high spatial resolution observational data
suggests that progress towards quantifying and vali-
dating parameterized cloud-scale mixing processes. For
example, the fine-scale measurements of Paluch and
Baumgardner (1989) suggest that smaller subparcels
within a cloud may, on average, be more diluted than
larger ones.

The sensitivity of the ODEDP to multiple combi-
nations of assumed frequency and subparcel size dis-
tributions as a function of mixing proportion has been
evaluated. Updraft mass flux profiles predicted by the
ODEDP show some sensitivity to variations in the dis-
tribution of mass that result from these combinations.
For example, as an alternative to the Gaussian-type
profile, consider a flat total-mass distribution derived
by assuming that subparcels comprised of any propor-
tion of updraft and environmental air are equally likely
to be generated and that subparcel size is independent
of mixing proportion. This total mass distribution
yields the updraft and environmental mass distribu-
tions, E(x) and U(x), shown in Fig. 6. If these distri-
butions are substituted into the ODEDP, the environ-
mental thermodynamic profiles of Figs. 4a,b (i.e., RH
= 70%) yield the mass flux profiles shown in Fig. 7.
These figures suggest that both entrainment and de-
trainment are relatively suppressed with these alter-
native distributions. Indeed, it is found that when x,
= 0.5, for example, entrainment and detrainment rates
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FIG. 6. Hypothetical distributions of environmental mass, E(x);
updraft mass, U(x); and total mass, E(x) + U(x), in mixed updraft
subparcels as a function of the fraction of environmental air in in-
dividual mixed subparcels. The total mass distribution is based on a
simple flat distribution function.

are both about 37% of the environmental inflow rate
with the Gaussian-type distribution, but only about
25% of the inflow rate with the flat distribution.

These results are consistent with the evaluation of
numerous other mixing distribution functions, includ-
ing skewed distributions in which éM, # 6M,,. In gen-
eral, the magnitude of updraft mass flux may vary con-
siderably, especially at upper levels, as a function of
the mixing distribution. It appears, however, that the
general form of the mass flux profile and the sign of
OM /0P are primarily dictated by the environmental
thermodynamic profile. For the remainder of this
study, it was chosen to implement the Gaussian-type
mixing distribution only because it represents an in-
tuitively credible hypothesis for what may occur in na-
ture. It is acknowledged, however, that preferred se-
lection of any mixing distribution requires a small leap
of faith since it is also intuitive that many environ-
mental factors (e.g., static stability and vertical wind
shear) may affect the distribution.

2) RATE OF ENVIRONMENTAL INFLOW

Mass flux profiles generated by the ODEDP are par-
ticularly sensitive to the rate of environmental inflow,
or cloud size. For example, Figs. 8a,b show ODEDP
mass flux profiles for the environmental soundings of
Figs. 4a,b (RH = 70%) and for specified cloud radii of
1500, 1500, and 2500 m. The profiles vary dramatically,
but this sensitivity is not unique to the ODEDP. The
uncertainties regarding both the environmental con-
trols on cloud size and the validity of the inverse radius
entrainment relationship have presented a chronic
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challenge for users of one-dimensional entraining
plume models of cumulus clouds in a prognostic con-
text (e.g., see Simpson 1971; Kreitzberg and Perkey
1976; Anthes 1977).

There is some evidence to suggest that the cloud size
may be related to local mass convergence. For example,
cloud-scale numerical modeling results suggest that
larger clouds are increasingly suppressed when back-
ground mass convergence is artificially reduced (see
Tao and Simpson 1984; Krueger 1988). Furthermore,
the inverse radius entrainment relationship implies a
dependence on cloud dimensions that is not inconsis-
tent with recent observations (Blyth et al. 1988). Frank
and Cohen (1985) found sufficient observational evi-
dence from GATE (Global Atmospheric Research
Programme Atlantic Tropical Experiment) data to in-
troduce an entrainment relationship based on meso-
scale mass convergence. Their CPS, designed for use
in mesoscale models, utilizes a plume model with the
entrainment rate inversely proportional to the square
root of resolvable scale, low-level mass convergence.
For a given cloud-base vertical velocity, this relation-
ship is equivalent to a dependence on 1/R. Their ap-
proach has been quite successful and a similar rela-
tionship for using the ODEDP within a CPS in a prog-
nostic model may be adapted in future mesoscale
modeling studies. For the present study, unless oth-
erwise indicated, the mass inflow rate given by (1) with
R = 1500 m is utilized.

3) OTHER PARAMETERS

The sensitivity of the ODEDP to several other pa-
rameters, including the value of the precipitation con-
version rate, cloud glaciation effects, and model vertical
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FiG. 8. Sensitivity of ODEDP mass flux profiles to the rate of
environmental inflow imposed by specification of the indicated cloud
radii, for the environmental soundings shown in Fig. 4a and Fig. 4b.

resolution have also been investigated. The model is
generally much less sensitive to these parameters than
it is to the assumed mass distribution of mixed parcels
and to cloud radius.

4. Performance of the new cloud model in a convective
parameterization scheme

The performance of the ODEDP is evaluated in a
convective parameterization framework by incorpo-
rating it into the Fritsch and Chappell (FC, 1980) CPS.
Accommodation of the new cloud model necessitates
a number of other minor changes in the scheme, par-
ticularly with regard to the liquid-water budget, but the
basic closure assumptions of FC remain unchanged.
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Details of the modifications can be found in Kain
(1989).

In the first part of this section, the sensitivity of the
modified FC scheme to variations in environmental
relative humidity is demonstrated, utilizing the ideal-
ized soundings of Figs. 4a,b. Subsequently, real data is
used to compare results obtained with the ODEDP to
those derived from plume models that use two other
types of entrainment/detrainment relationships (all
within the modified FC scheme). The first is a simple
entraining plume model with no detrainment below
cloud top, similar to that used by Arakawa and Schu-
bert (1974), Kreitzberg and Perkey (1976 ), and Anthes
(1977). The second is an entraining /detraining plume
with the detrainment rate specified as a constant frac-
tion of the entrainment rate, as used by Johnson
(1977), Lord (1982), and Frank and Cohen (1985).
In this case, the detrainment rate is set equal to the
entrainment rate at all levels below cloud top. In ad-
dition, the individual components of the total heating
and drying profiles derived are delineated when the
ODEDP model is used.

a. Quantification of parameterized effects

Following Ooyama (1971), Yanai et al. (1973), Ar-
akawa and Schubert (1974 ), Frank and Cohen (1985)
and others, the rate of parameterized convective heating
at a given vertical level can be approximated in the FC
scheme by

oT|  _(Mu+ My\(, 0T\ Mu
O | oy pA dz pA6z
= Mud rc
X(T,= 1) + 8 (Ta= T) = 2 6, (13)

where M, and M, are the updraft and downdraft mass
fluxes (M, < 0); M, 4 and M, are the rates of detrain-
ment from the updraft and downdraft (all in units of
kgs!); Tis the dry-adiabatic atmospheric lapse rate;
Ty, T4, and T are the updraft, downdraft, and envi-
ronmental temperatures, respectively; g is density of
the environment air; r, is the liquid water and/or ice
mixing ratio in the updraft; L is the appropriate mag-
nitude of latent heating per unit mass, and A is the
horizontal area represented by a model grid element.
The first term in brackets on the right-hand side gives
the magnitude of the compensating environmental
vertical motions required to offset the convective mass
flux. Since the mass flux in convective updrafts is often
a factor of two or more greater than in their associated
downdrafts (LeMone and Zipser 1980; Knupp and
Cotton 1985), the compensating motion is typically
in the form of subsidence. Furthermore, since the up-
draft dominates, it is anticipated that the variations in
updraft mass flux as predicted by the ODEDP will have
a significant impact on the vertical distribution of pa-
rameterized convective heating and drying.
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It is worth noting that the magnitude of compen-
sating subsidence tends to increase exponentially with
height even when updraft mass flux is constant
with height; for example, if constant mass flux with
height is assumed, W(z) o« 5(z)7!, and since 5(z)
~ poe " W oc e”", For a given stability profile,
parameterized convective heating tends to be skewed
towards higher levels relative to the net mass flux profile
in this type of CPS.

Equation (13) can be expressed more succinctly as
aT . aT M, .

w(l‘ + az) + A7 (T,—T)

A B

My . Myr.L
+ =2 (1, - T)~ =2 =
T D)~ c,’
— ————

C D

where M is the effective mass of environmental air rep-
resented by each model level. The terms on the right-
hand side of (14) represent the vertical advection of 7"
by compensating environmental vertical motions (A),
the effects of detrainment of updraft (B) and downdraft
(C) mass into the environment, and the evaporation/
sublimation of detrained condensate in the environ-
ment (D).

In a form directly analogous to (14), the parame-
terized convective drying rate at a given vertical level
can be denoted by

conv

(14)

| _ O Ma,

al T Vet ar (TP
M, M,
4—ﬁﬂm—n+7%m (15)

where r,, r;, and 7 are the updraft, downdraft, and
environmental water vapor mixing ratios at a given
level; so that terms on the right-hand side once again
represent vertical advection, updraft and downdraft
detrainment, and evaporation of detrained condensate
in the convective environment. Heating and drying
rates will both be converted to units of °K day ™' [re-
quiring (15) to be multiplied —L/C,].

b. Sensitivity to environmental moisture profile and
CAPE

Figures 9a,b show parameterized heating profiles
generated by the modified FC CPS corresponding to
the mass flux profiles in Figs. 5a,b and the environ-
mental temperature profiles in Figs. 4a,b. Clearly, the
scheme responds strongly to the ODEDP’s sensitivity
to environmental relative humidity. Heating profiles
from the lower CAPE environment exhibit the same
qualitative shape as the mass flux profiles, with the
level of maximum heating ranging from cloud base
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(900 mb) in the driest environment to about 350 mb
in the most humid environment.

In the more unstable environment of Fig. 4b, the
parameterized convective heating maximizes at about
400 mb regardless of the humidity in the environment.
Furthermore, although the modified FC scheme yields
the same shape of heating profile for the different hu-
midity environments, the magnitude of total heating
varies considerably. In particular, the parameterized

P mb) (o)

- = — RH=90%

RH=70%
-------- RH=50%
—— 1000
N ; - '
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FiG. 9. Parameterized convective heating profiles corresponding
to the mass flux profiles in Figs. 5a and 5b, and the environmental
thermodynamic profiles of Figs. 4a and 4b, respectively.
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vertically integrated heating rate in the moist (90% rel-
ative humidity ) environment is 44% larger than in the
dry (50% relative humidity). The drier environment
allows downdrafts to be initiated with lower 4, air, re-
sulting in a cooler boundary layer outflow and more
efficient stabilization of the environment.

¢. Sensitivity to cloud-model type

In order to explore the sensitivity of the FC CPS to
cloud-model type in different convective environments,
two soundings have been selected: the first is represen-
tative of the midlatitude severe storm environment of
the High Plains, while the second is representative of
a maritime tropical environment. In addition to ex-
ploring the cloud-model sensitivities, it will be shown
that (i) the vertical distribution of convective heating
and drying can vary substantially as a function of con-
vective environment and (ii) some of the environ-
mental factors that contribute to making heating pro-
files so different can be delineated.

1) SEVERE STORM SOUNDING

Figure 10 depicts a selected severe storm environ-
ment, where the positive area associated with the up-
draft path predicted by the ODEDP is stippled and the
negative area associated with the downdraft, derived
separately in the FC scheme, is cross-hatched. This en-
vironment is characterized by very high CAPE (about
3600 m? s™2), a relatively dry troposphere, especially
above 500 mb, a comparatively low tropopause distin-
guished by a sharp stability gradient, and strong vertical
wind shear. (The conditions depicted in Fig. 10 are
based on a sounding taken 0000 UTC 3 May 1979 at
Oklahoma City, but the original data have been mod-
ified to facilitate interpretation and comparison of the
parameterized heating and drying profiles of different
soundings. In particular, environmental temperature
profiles have been smoothed at both the top and bottom
of the troposphere and the sounding has been extrap-
olated from the original surface pressure of 958 mb
down to 1000 mb, assuming constant potential tem-
perature and mixing ratio in this layer. As a conse-
quence of these modifications, parameterized cooling
rates due to both updraft and downdraft detrainment
have been slightly accentuated, but the vertical distri-
bution of heating and drying rates within the cloud
layer is not significantly affected.)

Figure 11a shows parameterized convective heating
profiles for the ODEDP model (labeled VARIABLE
E/D), a simple entraining plume model (ENTRAIN
ONLY), and a plume model with the detrainment rate
specified as equal to the entrainment rate (DET
= ENT); all derived using the modified FC scheme in
this environment. The most obvious characteristic of
this figure is that there is remarkably little variation in
the shape of the heating profile as a function of cloud-
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FIG. 10. Severe storm convective environment showing the positive
area given by the ODEDP cloud model (stippled ) and the downdraft
negative area given by the downdraft plume model in the modified
FC scheme (cross-hatched). Flag represents 25 m s~! wind speed.

model type. All three profiles are dominated by an up-
per-level heating-cooling couplet.

The consistency of this response can be largely ex-
plained in terms of the factors that dictate the mag-
nitude of subsidence warming; i.e., the magnitude of
subsidence itself coupled with static stability. Figure
12a shows parameterized vertical subsidence profiles
as a function of cloud-model type. The ODEDP be-
haves very much like a simple entraining plume model
in this high-CAPE environment so the subsidence pro-
files associated with these two models (VARIABLE
E/D and ENTRAIN ONLY) are nearly homologous.
By comparison, the constant mass flux model (DET
= ENT) forces stronger subsidence in the lower to
middle troposphere and weaker subsidence aloft, con-
sistent with relative heating rates shown in Fig. 11a.
The prominence of the upper-level heating maximum
overshadows these differences however. Exceptionally
strong static stability (Fig. 12b) combines with maxi-
mum subsidence rates near cloud top to produce the
sharp heating peak. The product of compensating ver-
tical motion and static stability [term A in Eq. (14)],
as a function of cloud-model type, is shown in Fig. 12c.
Comparison of this profile with the total heating dis-
tributions shown in Fig. 11a reveals the dominant con-
tribution of subsidence warming to the total heating
throughout most of the cloud layer. Furthermore, note
the sensitivity of the heating profiles to variations in
static stability. Relative heating maxima are clearly as-
sociated with stable layers in the environment.
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The impact of updraft and downdraft detrainment
effects and evaporational / sublimational cooling [terms
B, C, and D, respectively, in (14)] on the total heating
rates is strongest below cloud base and near cloud top
in this environment. Figure 13a depicts the individual
components of the heating for this environment when
the ODEDP model is used. The subsidence warming
tendency (VERT ADVEC) is considerably weaker than
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FIG. 11. Parameterized convective heating (a) and drying (b) pro-
files as a function of cloud-model type for the severe storm environ-
ment shown in Fig. 10.
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the tendency shown in Fig. 12¢ because mass detrain-

ment and evaporation effects near cloud top weaken

the static stability at this level as the modified FC
scheme integrates forward in time over the convective

time period (see FC 1980). More specifically, the heat-

ing rates shown in Fig. 12c are derived from the initial

thermodynamic profile, while the tendencies in Fig.

13a depend on environmental conditions that vary with

time as a function of all parameterized cloud scale ef-

fects.

Also, the effects of precipitation melting just below
the freezing level are parameterized in the modified FC
scheme. The cooling tendency associated with this ef-
fect is generally relatively small, consequently it is not
represented in (14) or Fig. 13a. However, this effect is
to blame for the shallow layer of negative temperature
tendency near 650 mb in Fig. 1la. It is also worth
noting that the cumulative effects of melting during
simulations of mesoscale convective systems using the
FC scheme can significantly influence mesoscale cir-
culations (see e.g., Zhang 1989).

Corresponding parameterized convective drying
profiles (Fig. 11b) are consistent with the above dis-
cussion. The relatively large subsidence rates associated
with the constant mass flux model are clearly reflected
by much stronger drying tendencies in the lower tro-
posphere. However, this characteristic is confined to
the layer between the source layers for updraft air (the
lowest two model levels) and the lifting condensation
level (LCL). Above the LCL, the detrainment that is
prespecified in the constant mass flux model offsets
much of the subsidence drying tendency. In contrast,
detrainment is limited to cloud top in the simple en-
training plume model, and detrainment below cloud
top is very limited in this environment with the
ODEDP model. Consequently, vertical profiles of pa-
rameterized drying tendency derived from the latter
two cloud models are principally determined below
cloud top by the product of the subsidence rate and
the vertical gradient of water vapor mixing ratio [the
first term on the RHS of (15)]. This characteristic is
shown for the ODEDP model in Fig. 13b. Note that
the detrainment curve plotted in this figure (and in
Fig. 17b) includes the effects of both detrainment of
water vapor from clouds and evaporation of detrained
condensate.

2) TROPICAL SOUNDING

Figure 14 shows a tropical environmental sounding
representing composite thermodynamic and wind
profiles of the initial stages of mesoscale convective
systems observed during the GATE study (Frank and
McBride 1989). Note the moist boundary layer, the
relatively low environmental CAPE (about 1500 m?
s72), and the relatively high and gradual transition to
the tropopause. In general, the troposphere is quite
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moist, but as noted by Frank and McBride, it may be
somewhat anomalously dry by maritime tropical stan-
dards.

Parameterized convective heating and drying profiles
for this environment, as a function of cloud-model
type, are plotted in Figs. 15a,b, respectively. These
profiles are derived assuming a cloud radius of 1 km,
which is more consistent with the GATE area cloud
diameter statistics of LeMone and Zipser (1980) than
the previously used value of 1.5 km. With regard to
Fig. 15a, note that the parameterized convective heat-
ing profile is strongly dependent on cloud model type.

FIG. 12. Individual components of the initial advective temperature
tendencies for the severe storm sounding. (a) Compensating envi-
ronmental vertical motions, W, as a function of cloud-model type.
(b) Ambient static stability, I' + (87/dz). (c) Initial advective tem-
perature tendency, —w[I' + (87/9z)], as a function of cloud-model
type.

The ODEDP focuses most of the heating below 750
mb. In contrast, the other two cloud models tend to
concentrate a much larger fraction of the heating in
the middle and upper troposphere.

These differences are closely related to the disparate
updraft mass flux profiles predicted by the different
cloud models. The mass flux profiles are reflected in
the corresponding vertical profiles of compensating
subsidence, shown in Fig. 16a. Since the subsidence
profile associated with the ODEDP is nearly constant
with height (implying decreasing updraft mass flux with
height), the vertical profile of subsidence warming
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based on the initial environmental conditions (Fig.
16c) closely follows the static stability profile (Fig. 16b).
Because the compensating subsidence maximizes
rather sharply near cloud top when the other two cloud
models are used, subsidence heating is skewed upward
relative to the initial static stability profile.

The individual components of heating associated
with the ODEDP (and integrated over the convective
time period ) are shown in Fig. 17. Subsidence warming
dominates the parameterized heating, but is countered

P (mb)
or

....................

(a)

-

MT
300

\
400
500
600

700

.................

-500 ~400 -300 —-200 —10 " 4100 200

TEMP TENDENCY (DEG/DAY)

P O(mb) ()

-0 -50 0 | S0 ' 100 150 _ 200
DRYING TENDENCY (DEG/DAY)
FIG. 13. Individual components of parameterized convective

heating (a) and drying (b) for the severe storm sounding when the
ODEDP model is used.
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FiG. 14. Tropical (GATE composite) environmental sounding
showing the positive area given by the ODEDP cloud model (stippled)
and the downdraft negative area given by the downdraft plume model
in the modified FC scheme (cross-hatched).

at most levels by evaporational cooling. Lateral de-
trainment of relatively warm updraft air makes a small
positive contribution throughout most of the depth of
the cloud. (Mass is not allowed to detrain in the
ODEDP unless it is virtually colder than the environ-
ment. However, it is more efficient to calculate en-
trainment and detrainment rates within a cloud model
subroutine in the modified FC scheme, and subse-
quently, to allow unmodified updraft air and conden-
sate to detrain and mix throughout the grid element
before evaporation is allowed. Although Fig. 17a sug-
gests that the environment is warmed slightly by up-
draft detrainment at some levels, the concomitant
evaporative cooling must be more than enough to offset
this effect. The net thermal impact of updraft mass
detrainment at any level must be negative.) Detrain-
ment of relatively cool overshooting updraft air intro-
duces a negative temperature tendency near cloud top.
However, the intense heating-cooling couplet that is
so prominent in the severe storm heating profile does
not develop in this environment because (i) static sta-
bility is much lower near cloud top, reducing the sub-
sidence warming effect, and (ii) updraft parcels carry
less vertical momentum up to the equilibrium tem-
perature level so that they lose their upward momen-
tum and detrain before they become much colder than
their environment.

Parameterized drying effects are also quite sensitive
to cloud model type in this environment, as revealed
by Fig. 15b. The ODEDP promotes much stronger
drying in the lower troposphere than the other two
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models, consistent with the subsidence profiles shown
in Fig. 16a. Perhaps the more significant difference,
however, occurs in the middle and upper troposphere.
Figure 17b shows that detrainment of moisture sim-
ulated by the ODEDP strongly opposes subsidence
drying at all levels above cloud base, resulting in a net
moistening of the resolvable-scale environment above
650 mb.

This type of behavior by the ODEDP may have sig-
nificant implications for numerical modeling of me-
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FIG. 15. Parameterized convective heating (a) and drying (b) pro-
files as a function of cloud-model type for the GATE composite
sounding shown in Fig. 14.
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soscale convective systems. Observations and modeling
studies suggest that a substantial fraction of the pre-
cipitation in these systems falls from clouds that are
distinctly stratiform in character (e.g., see Gamache
and Houze 1983; Hauser and Ameyenc 1986). These
studies also suggest that detrainment-from convective
clouds represents an important source of moisture for
the stratiform regions of these systems. Frank and
Cohen (1987) found that a sufficiently large parame-
terized detrainment rate from convective clouds is
critically important to the numerical simulation of
tropical convective systems. It is offered that the
ODEDP provides a physically realistic mechanism for
parameterizing the moisture detrainment rate in any
environment.

d. Comparison with observations

Comparison of parameterized heating and drying
profiles with diagnosed values involves considerable
subjectivity because the time and space scales of the
parameterized and observed effects are often highly
disparate. Furthermore, diagnosed profiles usually re-
flect some (unknown ) combination of convective and
stratiform precipitation, whereas only deep convection
is parameterized in the FC scheme. In spite of these
limitations, the results of Frank and McBride (1989),
who compared heating and drying profiles diagnosed
in the GATE environment to those estimated from
AMEX (Australian Monsoon Experiment) data, are
encouraging. They found that both heating and drying
tended to maximize considerably lower in the atmo-
sphere during most stages of GATE convective systems
than during comparable stages of AMEX systems. As
noted by Frank and McBride, their AMEX composite
sounding (Fig. 18) is characterized by a vertical tem-
perature profile that is nearly parallel to that of the
GATE composite. The primary difference between the
two environments is the relatively dry midlevels in the
GATE sounding. Their diagnosed heating profiles from
the earliest stage of mesoscale convective systems are
compared to those obtained using the ODEDP in the
modified FC CPS with composite soundings from the
same time period. It is assumed that this stage is most
appropriate because the diagnosed heating profiles are
likely to be less strongly influenced by stratiform pre-
cipitation than during the later stages.

Figure 19 shows the diagnosed heating profiles of
Frank and McBride (1989) for each environment. The
diagnosed vertical distribution of heating in the GATE
environment coincides remarkably well with the pres-
ent parameterized profile (Fig. 15a). The magnitudes
are considerably different, but this is not surprising
since the diagnosed profiles are derived from an ob-
serving network with a diameter of 800 km while the
parameterized heating rates are based on a model grid
element of 25 km. Figure 20 shows the parameterized
heating profile obtained by initializing the present
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scheme with the AMEX sounding (assuming an up-
draft radius of 1 km). Once again, the vertical distri-
bution agrees quite well with the diagnosed profile.

Since the thermal structures of these environments
are so similar, there is some suggestion that the distinct
differences in the heating distributions may be dictated
by the dissimilar moisture profiles. The ability of
ODEDP to reproduce the diverse heating distributions
provides substantial evidence that the physical pro-
cesses represented by the entrainment/detrainment
scheme significantly influence the vertical distribution
of heating and drying by convective clouds.

FIG. 16. Individual components of the initial advective temperature
tendencies for the GATE composite sounding. (a) Compensating
environmental vertical motions, W, as a function of cloud-model
type. (b) Ambient static stability, I' + (87/9z). (c¢) Initial advective
temperature tendency, —Ww[T' + (47/9z)], as a function of cloud-
model type. -

5. Discussion and summary

A modified version of the one-dimensional entrain-
ing plume model designed specifically to represent
clouds in convective parameterization schemes has
been introduced. The model is unique in its represen-
tation of mixing processes between clouds and their
environments. In a manner conceptually similar to
Raymond and Blyth (1986), a buoyancy sorting
mechanism is allowed to partition mixtures containing
various proportions of updraft and environmental air
into entraining and detraining components of a two-
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way mass exchange process across the interface of clear
and cloudy air. Unlike the aforementioned authors,
however, the present study avoids tracing the paths of
individual cloud subparcels. Instead, integration over
an assumed distribution of mass in the collective mixed
subparcels yields the net entrainment and detrainment
rates. The new model enhances the sensitivity of a con-
vective parameterization scheme to the cloud scale en-
vironment primarily by (i) introducing a physically
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Fic. 17. Individual components of parameterized convective
heating (a) and drying (b) for the GATE composite sounding when
the ODEDP model is used.
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F1G. 18. AMEX composite environmental sounding showing the
positive area given by the ODEDP cloud model (stippled) and the
downdraft negative area given by the downdraft plume model in the
modified FC scheme (cross-hatched).

realistic mechanism for estimating the rate of lateral
detrainment of cloud mass at any level and (ii) allowing
the vertical profile of updraft mass flux to vary as a
function of environmental conditions in the cloud
layer.

The ODEDP is considerably more sophisticated than
a plume model, that specifies a one-way exchange of
mass across cloud boundaries, or one in which the de-
trainment rate is specified as a constant fraction of the
entrainment rate. However, it still represents a gross
simplification of the physical processes that occur in
real convective clouds. Accordingly, its mathematical
formulation necessitates rather arbitrary specification
of some key parameters. The sensitivity of the mass
flux profiles generated by the ODEDP to variations in
a number of these parameters has been investigated.

Of particular concern to the integrity of the for-
mulation is the specification of a frequency distribution
of individual updraft subparcels as a function of mixing
proportions. It is reasoned that there must be some
preferred mode of mixing such that certain combina-
tions of updraft and environmental air are preferred
over others and a Gaussian-type distribution to char-
acterize this process is imposed. Results indicate that
the ODEDP mass flux profiles are relatively insensitive
to variations about this distribution.

Additional sensitivity tests show that the rate at
which environmental air mixes with the updraft has a
strong influence on the mass flux profiles generated by
the ODEDP. Of fundamental concern in this regard is
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the ability to realistically estimate variations in envi-
ronmental inflow as a function of resolvable scale forc-
ing in a prognostic application. Since there is some
indication that cloud size is related to the rate of lo-
calized mass convergence, an investigation of the pos-
sibility of specifying the rate of environmental inflow
as a function of resolvable scale mass convergence when
the ODEDP is used within a numerical weather pre-
diction model is planned.

Most significantly, the sensitivity tests demonstrate
that ODEDP mass flux profiles are most profoundly
influenced by variations in cloud layer environmental
conditions. This characteristic should allow a convec-
tive parameterization scheme to be much more re-
sponsive to various convective environments than it
would be with a cloud model in which entrainment
and detrainment rates are prespecified.

The efficacy of the ODEDP using the Fritsch-Chap-
pell convective parameterization scheme was evaluated
and it was found that parameterized heating and drying
profiles are relatively insensitive to the type of cloud
model used in a severe storm environment, but that
they vary significantly as a function of cloud-model
type in a tropical environment. Since the original
Fritsch-Chappell scheme was developed on the basis
of observations in continental midlatitude environ-
ments and its successful performance under these con-
ditions has been documented (e.g., see Zhang and
Fritsch 1986; Zhang and Gao 1989), these results are
not surprising. It is anticipated that the ODEDP will
render the modified FC scheme much more responsive
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FIG. 19. Diagnosed vertical distributions of diabatic heating from
Frank and McBride (1989) for the initial stages of mesoscale con-
vective systems in the GATE and AMEX environments.
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FIG. 20. Parameterized convective heating profile for the AMEX
composite sounding derived using the ODEDP cloud model.

to convective environments found in maritime tropical
regions than the original scheme.

Through a detailed analysis of the individual com-
ponents of parameterized heating and drying, the
dominant contribution of subsidence effects have been
quantified. However, the present results suggest that
lateral detrainment effects may substantially offset, and
even dominate, the effects of compensating subsidence
in some environments. In particular, it appears that
lateral detrainment from clouds has the greatest impact
in marginally unstable and/or relatively dry convective
environments.

The sensitivities inherent in the ODEDP render it
valid only in a prognostic numerical model with hor-
izontal resolution fine enough to resolve the environ-
ment of individual cumulonimbus clouds. It is sug-
gested that this constraint imposes an upper limit on
the horizontal grid length of ~30 km when the
ODEDP is used. Accordingly, it is proposed that the
characteristics and performance of this model present
important considerations for convective parameter-
izations in the next generation of large-scale, opera-
tional numerical weather prediction models. Several
mesoscale models are already being run on an opera-
tional basis (e.g., Gadd 1985; Warner and Seaman
1990), but typically over a limited regional domain.
As the horizontal domain in mesoscale models is ex-
panded, and as the horizontal resolution in larger-scale
models approaches the scale of individual convective
clouds, greater flexibility in these models’ parameter-
ization of subgrid scale convection will be necessary to
represent disparate convective environments faithfully.
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The present results suggest that an interactive entrain-
ing/detraining plume model may provide a critical
component of the extra sensitivity that appears to be
necessary for the universal application of convective
parameterization schemes in larger-scale numerical
models.
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