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ABSTRACT

In this paper, we consider three disparate classes of cumulus parameterization schemes, applied to cases of
severe midlatitude convective storms observed during SESAME-1979. Objective analysis of the observed data
was carried out and verifying heat and moisture budgets were computed. For the three types of schemes—
Arakawa~Schubert, Kreitzberg-Perkey, and Kuo-—the underlying closure assumptions and cloud models are
tested within the generalized framework of dynamic control, static control, and feedback. Using the semiprognostic
approach, single time step predictions of the heating and drying rates due to convection are obtained for the
three schemes and are compared with those diagnosed from the observed budgets. The results presented should
have important implications for models with a resolution of more than 180 km.

The vertical distributions of warming and drying are fairly well reproduced by the Arakawa-Schubert scheme;
however, excessive amounts are predicted in most of the lower troposphere and insufficient drying is predicted
just near the surface. This was ameliorated by incorporating moist convective-scale downdrafts into the param-
eterization. Although the downdraft mass flux is highly sensitive to some arbitrary parameters, the inclusion of
downdrafts is shown to be crucial to predict the feedback correctly in the midlatitude environment. A test of
the quasi-equilibrium assumption for these severe storm cases showed that it was valid (as had previously been
demonstrated for the tropics). For the Kreitzberg-Perkey scheme, the most severe limitations were found to
be a lack of dependence on large-scale destabilizing effects in the dynamic control and the assumption that
clouds instantly decay and mix with their environment in the feedback. For the Kuo-type schemes, tests of its
dynamic control demonstrated the need to include mesoscale moisture convergence in order to correctly predict
the vertically integrated heating and drying rates, unless the resolved scale is fairly small and the moistening
parameter is set to zero. Tests with the feedback—wherein the vertical distribution of heating and drying is
dictated by the differences between cloud and environmental thermodynamic properties—revealed serious
shortcomings. In particular, this scheme is unable to predict heating maxima for atmospheric layers exhibiting
high static stability. Such stable layers are frequently noted in the midlatitude environment of severe convective
storms.

1. Introduction convection in midlatitudes often organizes into me-
soscale convective systems (MCSs) with frequent severe
weather and heavy rain. These weather systems are
often poorly forecast by operational NWP models,
which indicates that the cumulus parameterization
schemes used in these models probably do not capture
the essential interaction processes. It has been shown
that small changes in the prescribed heating profile can
drastically change the simulation of mesoscale circu-
lation systems over the tropics (Hack and Schubert

More than 20 years ago it was realized that one of
the more complex and important physical processes
that had to be parameterized in numerical weather
prediction (NWP) models was cumulus convection.
Since then, various cumulus parameterizations have
been developed and extensive research has been con-
ducted to gain understanding into the interactions be-
tween convection and its larger scale environment.
Early research concentrated on tropical weather sys- e
tems, especially tropical cyclones (Kuo 1965;Yamaszki 1986) and mldlatltudes (A.nthes and Keyser 1979).
1968), but soon the importance of latent heat release T.he modulation of convection by the larger-scalf_: en-
in extratropical cyclones ( Tracton 1973) was also re- vironment, the feedback to the larger-scale environ-

alized. More recently Maddox (1980) indicated that ment, and the interaction between the (;onvective
clouds must be understood and parameterized accu-

rately in terms of larger-scale variables in order to sim-

ulate such systems. Recent reviews of the cumulus pa-

Corresponding author address: Dr. Georg A. Grell, NCAR, P.O. rameterization problem have been given by Ooyama
Box 3000, Boulder, CO 80307-3000. (1982) and by Frank (1983).
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While many cumulus parameterizations have been
developed, few systematic tests have been made of their
fundamental assumptions. Since a NWP model has a
high degree of complexity, it is difficult, if not impos-
sible, to isolate errors caused by the cumulus param-
eterization from errors caused by other components of
the model (e.g., planetary boundary-layer parameter-
izations, initialization, or numerical methods). In this
study we test three disparate cumulus parameteriza-
tions (Kuo 1974; Arakawa and Schubert 1974; Kreitz-
berg and Perkey 1976) in the midlatitude environment
of severe convective storms using a semiprognostic ap-
proach. Lord (1982) used this method to test the Ar-
akawa-Schubert scheme with the GATE (GARP At-
lantic Tropical Experiment) data. Krishnamurti et al.
(1980, 1983) tested different versions of the Kuo
scheme semiprognostically in the tropics. Kuo and
Anthes (1984c) tested a Kuo-type parameterization
using the data collected in the Severe Environmental
Storm And Mesoscale Experiment (SESAME). The
semiprognostic approach is a one-time-step forecast.
It does not use a NWP model explicitly and is free of
errors other than those from the cumulus parameter-
ization or observations. It is a good tool to identify
errors and to estimate the validity and applicability
limits of closure assumptions. Since it does not integrate
beyond one time step, an absolute statement about the
validity of the schemes cannot be given. However, the
objectives of this study are to find out

1) Can various cumulus parameterization schemes
work properly in the midlatitude environment of severe
convective storms? :

2) Are the fundamental closure assumptions made
by various schemes valid in the midlatitudes?

3) What is the qualitative nature of parameteriza-
tion errors; how can improvements be made?

In order to establish a common base upon which to
compare various assumptions of different parameter-
ization schemes, we will use a terminology introduced
by Schubert (1974), that separates cumulus parame-
terization schemes, from a modeling point of view, into
dynamic control, static control, and feedback. We will
review the various methods of parameterizing cumulus
convection using this framework in the next section.
In section 3 we will briefly describe the data as well as
analysis and budget calculation procedures. Results will
be shown in section 4, while conclusions will be given
in section 5.

2. A generalized framework of cumulus parameteriza-
tion schemes

To arrive at a generalized framework for cumulus
parameterization schemes, we will adapt a terminology
first introduced by Schubert (1974). This terminology
was originally used only for the Arakawa-Schubert cu-
mulus parameterization. It breaks down the parame-
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terization problem in several parts. The first one is
concerned with how the environment modulates the
convection (dynamic control), the second is concerned
with how the convection modifies the environment
(feedback). A third part is concerned with calculation
of cloud thermodynamic properties (static control),
which are needed by both the dynamic control and the
feedback.

a. Dynamic control

The dynamic control of a cumulus parameterization
must determine how the larger-scale environment
modulates the convective clouds and, hence, the in-
tensity and location of the convection. Historically,
three types of closures have been used.

The first type simply depends on available buoyant
energy. There is no connection between larger-scale
tendencies (e.g., vertical motion, destabilization by cold
air advection in upper levels) and the dynamic control
of the parameterization. Examples are the moist con-
vective adjustment schemes (Manabe et al. 1965), the
Kreitzberg and Perkey (KP) scheme (1976), and the
Fritsch and Chappell (FC) scheme (1980). These
schemes depend on instantaneous stability of the en-
vironment. After the adjustment, these schemes will
produce an equilibrium state in terms of static stability.

The second type of closure relates the convective
activity to some large-scale advective properties. The
most frequently used variables are the integrated mois-
ture convergence (Charney and Eliassen 1964; Kuo
1965, 1974; Anthes 1977), integrated vertical advection
of moisture (Kanamitsu 1975; Krishnamurti et al.
1980, 1983; Molinari 1982; Molinari and Corsetti
1985), and the low-level convergence (Brown 1979;
Frank 1984). In order to activate this type of scheme,
convective instability is still required. However, the
amount of latent heat release is independent of the
available buoyant energy. This is quite different from
the first type of closure. Bougeault ( 1985) uses moisture
convergence together with a dependence on the moist
static energy profile as a closure in the dynamic control,
which represents a mixture of the first and the second
types of closure.

The third kind of closure assumption relates the
amount of convection to the rate of destabilization by
the environment. This type of closure was used by Ar-
akawa and Schubert (AS; 1974). They assumed a near
equilibrium between the destabilization by the larger-
scale environment, which is defined by the large-scale
forcing (F), and the stabilization by the convection.
This is known as the quasi-equilibrium assumption.
Again, this type of closure does not depend on the total
available buoyant energy, as shown by Lord (1978)
and Grell (1988).

b. Feedback

The feedback for each parameterization determines
how the convection modifies its larger-scale environ-
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ment. It specifies the vertical distribution of the total
convective heating and drying. Historically four ap-
proaches have been taken.

The first type, used by the Kuo-type schemes, is de-
pendent upon the temperature and moisture differences
between the cloud and the environment. The physical
processes that cause the heating and moistening are
not explicitly considered.

A variation of this approach was used by Molinari
(1985) as well as by Anthes et al. (1987), who arbi-
trarily specify the heating and moistening distributions
with assumed profiles.

The third approach assumes that convective clouds
have a purely steady-state character. The latent heat
release within the clouds does not directly warm the
environment, but it maintains the vertical mass flux
of the clouds (Arakawa and Schubert 1974). Conse-
quently, convection influences the environment
through environmental subsidence and detrainment at
the top of the updraft or the bottom of the downdraft.
(Detrainment around the cloud edges may also be in-
cluded.)

The fourth approach assumes a cloud rises and then
instantly decays. Thus, after subsidence calculations,
the convection is supposed to build and decay without
a steady state stage. Latent heat release directly warms
the environment and induces subsidence. Hence the
collective effects of the convective clouds are due to
subsidence and to the lateral mixing of the cloud with
the larger-scale environment. The concept of lateral
mixing was first introduced by Fraedrich (1973) and
later used by KP as well as by FC.

c. Static control

The static control calculates cloud thermodynamic
properties from a cloud model. It is merely a tool used
by both the feedback and the dynamic control. In some
of the more sophisticated schemes it also determines
the potential for a cloud to exist.

A simple approach used in many variations of the
Kuo-type schemes is to assume that the in-cloud ther-
modynamic properties can be represented by a moist
adiabat.

All other one-dimensional cloud models used by the
static control can be traced back to the work of Stom-
mel (1947), Ludlam and Scorer (1953), Levine
(1959), Malkus (1960), Squires and Turner (1962),
Weinstein and Davis (1968) and Simpson and Wiggert
(1969). A more complete description of the historical
development can be found in Cotton (1975) and
Simpson (1983). Cornerstones of all these one-dimen-
sional models (bubbles, jets, or plumes) are the equa-
tions for the vertical velocity acceleration and the en-
trainment hypothesis that may be valid when tracing
the rise of a single buoyant element (updraft or down-
draft). The differences in the static control of various
schemes are related to microphysical parameteriza-
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tions, initial conditions, and the way in which the vari-
ations of the cloud radius, entrainment, and mass flux
with height are linked together.

Arakawa and Schubert (1974 ) assumed that the en-
trainment rate (the fractional rate of entrainment for
the time-averaged mass flux) was constant with height;
the mass flux inside the cloud depended only on the
entrainment rate and the mass flux at the cloud base.
No specification of the initial radius was required (the
dynamic control selected the distribution of clouds with
different size ), and no microphysical parameterization
was included in the cloud model.

Kreitzberg and Perkey (1976) adopted a one-di-
mensional cloud model similar to that of Simpson and
Wiggert (1969). The microphysical parameterization
developed by Kessler (1969) was included. The vari-
ations of radius, entrainment rate, and mass flux with
height were linked by the assumption of vertical mass-
flux continuity. The size of the cloud was not selected
by the dynamic control but had to be specified a priori.

Fritsch and Chappell (1980) included the effects of
moist convective-scale downdrafts as well as a fairly
sophisticated microphysical package in their one-di-

mensional cloud model.

As of now, there is no time-dependent, one-dimen-
sional cloud model used in cumulus parameterizations
to give a better estimate of the thermodynamic prop-
erties during the life cycle of a cloud. The cloud prop-
erties calculated with the above-discussed approaches
should only be called cloud profiles in a rough sense
during the period when a steady state might be expected
to prevail.

The various assumptions used by dynamic control,
static control, and feedback in the most commonly
used parameterization schemes are summarized in Ta-
ble 1.

3. The data and verifying thermodynamic budgets

In this section we briefly review the methodology
used in the data analysis and the heat and moisture
budget calculations. For a more detailed description
the reader is referred to Grell (1988).

a. The data

In this study we concentrate on two cases: SESAME
IV, 9-10 May 1979; and SESAME V, 20-21 May 1979.
The supplementary mesoscale rawinsonde network—
the conventional National Weather Service rawinsonde
stations were reporting at 3-h intervals—is shown in
Fig. 1. The average station separation was about 70—
80 km. For each experiment, rawinsondes were released
at 3-h intervals during the 24-h period starting at 1200
UTC of the first day to 1200 UTC of the second day.
During the SESAME 1V period an intense squall line
moved into the network and then dissipated, and dur-
ing SESAME IV a mesoscale convective complex
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TABLE 1. Assumptions used by dynamic control, static control, and feedback in common parameterization schemes.

Scheme Dynamic control

Static control Feedback

Kuo integrated moisture convergence

Kanamitsu-Krishnamurti integrated vertical advection of

moisture
Anthes integrated moisture convergence
Molinari integrated vertical advection of
moisture
Bougeault instantaneous % profile

+ moisture convergence

Arakawa-Schubert rate of destabilization by larger-

scale changes

Kreitzberg-Perkey instantaneous stability

dependent

Fritsch-Chappel instantaneous stability

dependent

moist adiabatic lapse rate heating and moistening

proportional to 7, — T and

4 —q
moist adiabatic lapse rate as in Kuo
Simpson and Wiggert as in Kuo

cloud model
sophisticated
microphysics
moist adiabatic lapse rate as in Kuo
moist adiabatic steady state
entrainment possible
constant entrainment no steady state
microphysics
sophisticated steady state and lateral mixing
microphysics

downdrafts using simple steady state and lateral mixing
entraining parcel

concept

(MCC) developed within the dense observational net-
work and then slowly moved out (selected radar sum-
maries of the most interesting observation times are
shown in Figs. 2 and 3).

The two datasets were analyzed at the surface and
on 19 isobaric surfaces (every 50 mb from 1000 mb
to 100 mb), using a Cressman-type objective analysis
scheme (Benjamin and Seaman 1985). First, global
analyses at 2.5° latitude and longitude intervals from
the National Meteorological Center (NMC) at 12-h
intervals were interpolated to the mesoscale grids with
a spacing of 45 km. National Weather Service and spe-
cial rawinsonde observations (with balloon drift ac-
counted) were used to enhance the NMC analyses at
12-h intervals. These analyses were then interpolated
to 3-h intervals to serve as a first guess for the final
analyses at the nine observational times. The final
analyses were then interpolated to 21 o levels (starting
at ¢ = 1 to ¢ = 0 with an interval of ¢ = 0.05), where
o is defined as

D— D
Ds — Dy

where p; is the surface pressure and p, the pressure at
the top level (100 mb). The computation of the veri-

(1)

o=

fying heat and moisture budgets was done following .

Kuo and Anthes (1984b), using

T VT
Oi(o) = % + m2V-p

N op*T  RTa
do (o + p/p*)

(2)

and

0x(0) ===

14

B*q .o P*V§  9p*eq
=2 +mv. 2 EA
( ot " m + do )(3)

where m is the map-scale factor, overbarred variables
are grid point variables and p* is defined as

p* =ps— D 4)

b. The budgets

As discussed in Kuo and Anthes (1984a), the errors
associated with the heat and moisture budgets for the
SESAME cases are in the range of 5 K day ~'. To reduce
the budget errors we averaged the results over two 180
X 180 km? boxes (box A for 9-10 May and box B for
20-21 May, Fig. 1). In addition, to diagnose the mean
convective effects, we performed temporal and spatial
averages over the squall line area and the MCC area.
For the temporal and spatial averages only those points
with predicted as well as observed vertically integrated
heating and drying rates of more than 5 K day ™! were
allowed to go into the average. These areas coincided
well with the observed convective regions. Figure 4
shows the diagnosed and observed precipitation for the
SESAME YV case, averaged over a 6-h period. The ob-
served precipitation analysis was obtained from high
resolution hourly gridded data prepared by P. Samson
at the University of Michigan. A comparison of the
rainfall diagnosed from the vertically integrated mois-
ture budgets, observed precipitation amounts, and ra-
dar summaries (shown in Fig. 3) showed good agree-
ment between observations and diagnosed results.
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4. Results

a. The original Arakawa-Schubert scheme

The predicted precipitation rates averaged over 6-h
periods over the SESAME IV and the SESAME V do-
mains are shown in Fig. 5. The predicted precipitation
patterns agreed well with observed precipitation pat-
terns (observed accumulated rainfall amounts are
shown for the SESAME V case in Fig. 4a) and radar
summaries (shown in Fig. 2 for SESAME 1V and in
Fig. 3 for SESAME V); however, the magnitude (com-
pare Fig. 4a with Fig. 5b) was generally overestimated.
The fact that the predicted and diagnosed patterns
agreed well indicates that the quasi-equilibrium as-
sumption may be valid. The overestimate of the rainfall
intensity is a consequence of either the fact that the
parameterization does not account for any evaporation
of rainwater in downdrafts (convective scale as well as
mesoscale downdrafts are not parameterized by this
scheme) or below cloud base, or that the quasi-equi-
librium assumption leads to excessive convection.

The applicability of the quasi-equilibrium assump-
tion for the midlatitudes and on mesoscales has been
challenged by Frank (1983). Here we examined this
assumption more closely using two steps. First, the
magnitude of the large-scale forcing (F') was compared
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FIG. 1. Location of radiosonde stations participating in the SES-
AME experiments in 1979 for the storm-scale network. Shown are
National Weather Service (NWS) stations as well as special stations
in storm-scale domain. Also included are the locations of two boxes
(A and B) over which averages of time-height sections were taken
(see text for explanation).
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(a)

E.~

FIG. 2. Radar summaries for (a) 0235 UTC (b) 0535 UTC and
(c) 0835 UTC on 10 May 1979. Hatched regions denote precipitation
echo return. Underlined numbers are cloud-top heights in hundreds
of feet. Arrows denote direction and speed (knots) of precipitation
echo propagation.

with the observed change of the cloud work function
(A), which was calculated (Lord 1982) using

(%)

where At is the observation time interval. For the quasi-
equilibrium assumption to be valid, it is necessary that

_ A(to + At) — A1y — A1)
2At

(3)
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F1G. 3. Radar summaries for (a) 1735 UTC (b) 2035 UTC and
(¢) 2335 UTC on 20 May 1979. Hatched regions denote precipitation
echo return. Underlined numbers are cloud-top heights in hundreds
of feet. Arrows denote direction and speed (kt) of precipitation echo
propagation.

F > dA/dt. The second step was a direct test by re-

moving the quasi-equilibrium assumption (Lord
1982). Essentially, we use the observed dA4/dt rather
than assume it to be zero. Note that this is only possible
in a semiprognostic test, since (dA4/dt) is not known
in a fully prognostic simulation.

Figures 6a,c compare the large-scale forcing with the
observed dA4/dt for box B (given in Fig. 1). The large-
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(a)

05
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1.02

FIG. 4. (a) Observed versus (b), (c¢) diagnosed 6-h rainfall from
1800 UTC 20 May 1979 to 0000 UTC 21 May 1979 (a), (b), and
from 0300 UTC to 0900 UTC on 10 May 1979 (c). The contour
interval is 0.5 cm.
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(a) H
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(b)

FIG. 5. Predicted ( AS scheme) 6-h rainfall (in cm ) for (a) 10 May,
from 0300 UTC to 0900 UTC and (b) for 20-21 May, from 1800
UTC to 0000 UTC. The contour interval is 0.5 cm.

scale forcing for this box was always much larger than
the observed change of 4. Figure 7 compares the large-
scale forcing with the observed time change of 4 av-
eraged over the squall line and the MCC areas. Again
the magnitude of the large-scale forcing was much
greater than the observed dA/dt, indicating that the
quasi-equilibrium assumption might be valid.

It is interesting to note that the magnitude of the
observed change of 4 did not seem to be affected by
the change in time and space scale as much as was the
large-scale forcing. Note that the larger-scale forcing is
increased drastically as the averaging area is decreased
(compare maximum magnitudes in Fig. 6a to those in
Fig. 7). This suggests that the approximation of F
> dA/dt may work even better for smaller scales. It is
interesting though that the magnitude of the large-scale
forcing—at single grid points (not shown here)—
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reached values of more than 120 kJ kg™' day ™. This
value is likely to increase even more with a further
reduction in scale and probably cannot be matched by
any observed change in stability. Hence, in cases of
reasonably strong larger scale forcing (through meso-
scale or synoptic scale processes) the quasi-equilibrium
assumption will work very well. Problems can only
arise—though final observational and numerical proof
may be hard to find—in cases with weak or no large-
scale forcing. However, if a mesoscale convective sys-
tem would indeed develop randomly, no other closure
assumption could solve the problem, except randomly,
“by luck.”

When the quasi-equilibrium assumption was re-
moved, the total time and space averages of the verticat
profiles of heating and drying were almost identical to
those of the control run. To illustrate any differences
for experiments with and without the quasi-equilibrium
assumption, we can only show (Figs. 6b,d) the time-
height sections of cloud-base mass flux distributions
from a single box (box B). The only effect of removing
the quasi-equilibrium assumption for box B was a slight
decrease in the magnitude of the maximum cloud-base
mass flux. This is to be expected since whenever d 4/
dt is significantly positive, it is implied that the cloud
mass flux must be less intense than it is for the case
wherein the clouds totally offset the large-scale desta-
bilization. When the observed change of the cloud work
function is less than zero, the predicted cloud-base mass
flux is slightly stronger for the experiment without the
quasi-equilibrium assumption (compared to the con-
trol run). To the contrary, if dA/dt is positive, less
cloud-base mass flux is required to counteract the de-
stabilization.

These results suggest that the quasi-equilibrium as-
sumption is valid in the midlatitudes and on the scales
tested in this research. We suspect that the overpre-
diction of the rainfall rates was caused by the neglect
of rainwater evaporation (in downdrafts or below and
around the clouds), which is not parameterized by this
version of the scheme and is not due to the quasi-equi-
librium assumption.

The heating and drying profiles over the squall line
area are shown in Figs. 8a,b. Note that the predicted
profiles of drying and heating rates were in reasonably
good agreement with observations (especially in terms
of vertical phase relationship). However, the drying
and heating rates in the lower troposphere were over-
predicted. The heating was also overpredicted in the
upper levels. The only exception was below cloud base,
where the drying rates were strongly underestimated.
This underestimation is probably caused by the exclu-
sion of convective downdrafts.

The level of the observed low-level heating maxi-
mum coincides with an area of higher static stability
and is, therefore, probably caused by compensating
subsidence. Since the compensating subsidence is con-
sidered explicitly by this parameterization, the predic-
tion of the low-level heating maximum is not surpris-
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FI1G. 6. Time-height sections (Box B) of (a) large-scale forcing, (c) observed change in cloud-work function
and (b) of cloud-base mass flux distributions for the control experiment and (d) an experiment with the
quasi-equilibrium assumption removed. The ordinate is the cloud-top ¢ level. Units are kJ kg™! day ™! for

(a) and (c¢), mb h™! for (b) and (d).

ing. The close agreement between observed and pre-
dicted heating in an environment with strong wind
shear and complex vertical and horizontal variations
in static stability is particularly encouraging.

For the MCC (shown in Figs. 8c,d), the predicted
profiles again agreed well with observations above the
g = 0.7 level. There were two maxima in both the
observed and the predicted drying profiles—one be-
tween level 0 = 0.5 and ¢ = 0.55 and the other at
around ¢ = 0.85 (Fig. 8d). The heating and drying in
the lower troposphere was considerably overpredicted

and the cooling and drying in the lowest layers was not
predicted.

Squall line and MCC average of the large-scale forc-
ing and the cloud-base mass flux distribution are shown
in Fig. 9. Clearly only tall model clouds contributed
to the heating and drying predictions. The static control
of this version of the scheme imposes a limit on the
magnitude of the entrainment rates (corresponding to
a radius cut-off value of about 200 m). This was done
because very large entrainment rates in very unstable
conditions of the midlatitude environment of severe
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FIG. 7. (a) Squall line and (b) MCC averages for the profiles of the large-scale forcing (solid)
and the observed change of the cloud-work function (dashed). Units are kJ kg™! day™". The

ordinate is the cloud-top o level.
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F1G. 8. Comparison of observed (solid)} and predicted (dashed) vertical profiles of Q, (a), (¢)
and @, (b), (d) over the squall line (a), (b) and MCC (c), (d) areas. Predictions are from the

AS scheme.

convective storms were not able to stop cloud growth
in the lower and middle part of the troposphere (within
the unstable layer). This led to a physically very un-
realistic cloud mass flux as well as very unrealistic
feedbacks (Grell 1988). Even with a large entrainment
rate corresponding to a cloud radius of about 200 m,
no clouds with tops below 400 mb were possible. This
is in contrast to results found by Lord (1982) for the
tropics, where entrainment seems much more efficient
in hampering the growth of the clouds, since the lapse
rate is much less steep.

Therefore, the overprediction of heating and drying
in the lower troposphere cannot be attributed to a shal-
low model cloud population. The intense heating and
drying rates throughout the troposphere were due to
compensatory mass fluxes caused by the tall clouds.
Detrainment at the cloud tops had a minor (generally
not noticeable ) effect, by slightly moistening and cool-
ing the cloud-top levels. The subsidence heating and
drying of the tall clouds, even in the cloud top layers,
was usually strong enough to counteract cooling and
moistening by detrainment. This was especially true
in the upper troposphere, where static stability was high.

We note, however, that the subsidence alone cannot
account for the intense observed drying below level o

= 0.9. This underprediction of the drying was observed
for all boxes and temporal and spatial averages. It also
coincided with observed cooling, which also could not
be predicted by the parameterization. These results
suggest the importance of including downdrafts in cu-
mulus parameterizations.

b. Arakawa-Schubert scheme with moist downdrafts

Several parameterizations (Fritsch and Chappell
1980; Molinari and Corsetti 1985; Frank 1984; Payne
1981; Kao and Ogura 1987) already include the effects
of moist convective-scale downdrafts. This type of
downdrafts has been discussed by Knupp (1987). To
illustrate their importance, we modified the AS scheme
to include idealized downdrafts in the static control,
the feedback, and the dynamic control [a detailed de-
scription of the theory and discretization is given in
Grell (1988)]. Detail properties of these precipitation-
induced downdrafts are not well established. Therefore,
some rather arbitrary assumptions are needed to in-
clude downdrafts in cumulus parameterizations. How-
ever, the downdraft model used here can later be revised

easily, when the physical processes involved are better
understood.
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The downdraft model used here follows that of an
inverted plume (Nitta 1977; Johnson 1976; Houze
1977) driven by the generation of negative buoyant
energy, and, therefore, restricted only to the lower tro-
posphere. It seems true (Knupp 1987; Knupp and
Cotton 1985) that this type of downdraft originates
below the level of minimum saturation moist static
energy, since instability is required. We, therefore, as-
sumed the origin of the downdraft to be at the level of
minimum moist static energy in the lowest 300 mb of
the atmosphere. Physically this will allow the most
negatively buoyant downdraft. The environmental air
at the downdraft-originating level then determines the
initial thermodynamic properties of the downdraft.

Another problem is the specification of the down-
draft entrainment rate. Intuitively, it should be a func-
tion of both environmental factors (such as wind shear)
and cloud properties. No functional or empirical re-
lationship is yet available for parameterizing the tur-
bulent entrainment and arbitrary assumptions are
needed to close the parameterization. Two possible
choices are:

1) Use the same entrainment rate as for the updraft.

2) Use the same updraft-independent entrainment
rate for every downdraft, dependent only on environ-
mental conditions.

Even though the first one is commonly used for an
AS-type parameterization, we feel that the second as-
sumption is more realistic. Entrainment strongly in-
fluences the downdraft mass flux. In our conceptual
model, all downdrafts have the same depth. A down-
draft from a small cloud with a larger entrainment rate
(compared to a tall cloud under the same environ-
mental conditions) could easily become much more
vigorous through increased mass flux and buoyancy
(in contrast to the updraft, where entrainment hampers
the growth ). Such a scenario seems physically unreal-
istic.

In reality, entrainment should be a function of both
updraft and environmental properties. Because no
functional relationship (empirical or theoretical) is
available, we will assume a constant entrainment rate
for each downdraft (for the results presented here it
was simply set to zero).
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The originating mass flux of the downdraft is made
a function of updraft mass flux and reevaporation of
convective condensate, following Houze et al. (1980).
The portion of the condensate that is reevaporated in
the downdraft is defined as parameter 8, which for the
experiments below was set at 3 = 0.15, unless otherwise
stated.

The effect of downdrafts was included in the dy-
namic control by redefining 4 as a measure of the ef-
ficiency of kinetic energy generation not only due to
updrafts, but also due to downdrafts.

The results of the experiments to test the dynamic
control (the quasi-equilibrium assumption) were not
effected. Destabilization usually leads to an increase of
the available buoyancy for updrafts as well as for
downdrafts. The relationship between the large-scale
forcing and the observed change of the cloud-work
function (the quasi-equilibrium assumption) did not
change. However, the feedback changed significantly.
This is described in the following section.

The 6-h accumulated precipitation predicted by this
scheme over the SESAME IV and the SESAME V do-
mains are shown in Fig. 10. The predicted precipitation
patterns agreed well with radar summaries; the mag-
nitudes were decreased dramatically (compared to
predictions from the original scheme shown in Fig. 5).
Two processes might have caused this decrease. First,
a significant amount of rainwater was evaporated to
drive the downdrafts. Second, in this scheme the
downdrafts are directly linked to the dynamic control
and, therefore, influence the strength of the predicted
convective activity. The effect of the downdrafts on the
dynamic control is discussed later in greater detail.

Figures 11a,b show the averaged heating and drying
rates over the squall line area. The most important
feature, aside from the correct prognosis of the vertical
phasing, is the predicted cooling and drying in the
boundary layer. While the drying was generally un-
derpredicted, the cooling was overpredicted in the low-
est levels of the troposphere.

The MCC profiles of heating and drying rates are
depicted in Figs. 11c,d. The results were in excellent
agreement with observed profiles of heating and drying
rates. Predicted profiles of heating and drying rates
match the observed profiles very closely, at the most
deviating by less than 10 K day~'. The strongest de-
viation was found in the boundary layer, where the
drying was again underpredicted. It is important to
bear in mind that exact agreement should not be ex-
pected, since other mesoscale effects (not explicitly
considered by the parameterization ) also contribute to
the heat and moisture budget residuals.

Figure 12 shows the squall line and MCC averages
of profiles of the large-scale forcing and the cloud-base
mass flux for experiments with and without downdrafts.
While the downdrafts generally led to a slight increase
in the large-scale forcing, the magnitude of the cloud-
base mass flux spectral distribution was reduced. The

KUO AND RICHARD J. PASCH 15
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FIG. 10. Predicted 6-h rainfall by the improved AS scheme for (a)
10 May from 0300 UTC to 0900 UTC and (b) for 20-21 May from
1800 UTC to 0000 UTC. The contour interval is 0.5 cm.

increase of the large-scale forcing is easy to understand.
In general, destabilization is caused by cooling in the
middle troposphere and warming in the lower tropo-
sphere. Both of these effects not only lead to an increase
in the buoyancy available for the updraft but also for
the downdraft. Thus, the large-scale forcing becomes
stronger. The reduction of the magnitude of the cloud-
base mass flux spectral distribution must have resulted
from an increase of the interaction between the clouds,
as expressed in the change of 4 due to the convective
clouds. Physically, downdrafts lead to a stronger sta-
bilization due to the cooling of the lowest layers. Thus,
less cloud mass flux is required to bring the environ-
ment back to equilibrium when downdrafts are in-
cluded.

The most crucial assumptions in the parameteriza-
tion of the downdraft are the dependence of the down-
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FiGg. 11. Q; (a), (c) and Q, (b), (d) profiles over the squall line area (a), (b) and the MCC
area (c), (d). Displayed are observations (solid), the control run of the improved AS scheme
(short-dashed ) and an experiment allowing deeper downdrafts (long-dashed). Units are K day ™.

draft mass flux on the updraft mass flux, the choice of
the originating level, and the choice of the downdraft
entrainment rate. The direct link between the mass
flux intensity and these assumptions makes a high sen-
sitivity likely. The mass flux is an important variable
in this scheme, since it controls the intensity of stabi-
lization and the interaction among clouds. A smaller
magnitude of the downdraft mass flux, for example,
implies a larger compensatory subsidence mass flux
around the clouds. Furthermore, less cooling in the
lowest layers will cause less stabilization, hence re-
quiring a further increase in subsidence mass flux. On
the other hand, of course, increased subsidence means
increased heating and stabilization. The interactions
are great for all three assumptions (downdraft mass
flux, originating level, and entrainment rate). There-
fore, in this section we examine the qualitative and
quantitative changes in the predictions when these as-
sumptions are altered. The questions we are trying to
address are: How much would the predictions of the
vertical distribution of heating and drying be affected,
and how much would the intensity of the convection
be affected? v

Figure 11 also compares heating and drying profiles
for the squall line area and the MCC area for an ex-

periment where deeper downdrafts (maximum depth
permitted by the scheme) were allowed. For both cases,
heating and drying rates are increased in the lower tro-
posphere but decreased in the middle troposphere when
deeper downdrafts were used. One might expect that
deeper downdrafts generally develop stronger mass
fluxes, therefore reducing the required compensatory
subsidence and the low-level heating and drying. How-
ever, this was not true for our case, since the parameter
B was held constant. Physically, in this scheme, £ is
the precipitation efficiency. Only sufficient downdraft
mass flux is required so that enough water will be evap-
orated to reach this precipitation efficiency. In a deeper
downdraft more water will be evaporated, hence the
mass flux of the downdraft is less intense.

In reality, 8 is the part of the condensate that is ree-
vaporated in the downdrafts; it is not the observed pre-
cipitation efficiency (water is also evaporated around
and below the clouds), and should probably be a func-
tion of the depth of the downdrafts, and should increase
with increasing depth.

Figure 13 shows the sensitivity of the results to the
parameter 8. Here interpretation is straightforward.
The increased downdraft mass flux with increased 8
led to a large reduction of heating and drying in the
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.

lower troposphere and a slight reduction in the upper
troposphere. The decrease in the low levels is directly
due to reduced subsidence and also due to generally
less intense convection predicted by the dynamic con-
trol. This second effect also causes heating and drying
rates to decrease in the upper levels.

Figure 14 illustrates the averaged profiles of the large-
scale forcing and the cloud-base mass flux distribution
for these experiments. Even though the large-scale
forcing increased somewhat when 8 was increased, the
magnitude of the cloud-base mass flux distribution was
generally reduced. This suggests again that downdrafts
play an important role in the interaction between sub-
ensembles.

Note that on the scale discussed here, mesoscale
downdrafts might also be of importance. However,
their effect would be to increase moistening and cooling
in low levels. Consequently, when applied to this da-
taset, convective-scale downdrafts should probably be
kept subsaturated in the midlatitude environment of
severe convective storms.

¢. The Kreitzberg-Perkey scheme

The original version of this scheme was not able to
produce any clouds during the SESAME 1V period.
The cloud base that was chosen by the scheme was
generally very low (the level of maximum moist static
energy). Since calculations with the plume model
started at the cloud base (which in this scheme is the
originating level of the updraft air), the plumes or bub-
bles could not reach the level of free convection. This
was independent of the entrainment parameter. To
avoid this problem, we added an initial temperature
perturbation of 1.5 K. This was done only if the mois-
ture convergence was positive. We also tried to add
additional moisture to the bubble (to increase the moist
static energy) but this led to an increase of the water
loading, consequently to less tall clouds, and heating
maxima at levels much too low. Therefore, we did not
add a moisture perturbation in the following experi-
ments. Rainfall predictions for SESAME 1V and V,
after adding a temperature perturbation, are shown in
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Fig. 15. Agreement was good for SESAME IV (Fig. perturbation assisted in areas of intense convection, it
15¢). However, for SESAME V, convection developed also produced worse results in areas with only weak
at the wrong location. While adding a temperature convection. Over the Kansas-Oklahoma border, in-
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