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ABSTRACT

A bulk diagnostic model is presented for the evaluation of the mass and heat fluxes due to convective
ensembles. The cloud model is consistent with the hot-tower hypothesis and includes a moist downdraft,
the depth and intensity of which are explicitly determined. The model is applied to the composite wave
data of Reed and Recker (1971) and the sensitivity of convective mass fluxes and eddy heating rates to the
assumed radiative cooling rate profile is examined.

The results obtained from the model using a radiative heating profile typical of clear ‘‘undisturbed’’
tropical regions were compared with those obtained using a radiative heating profile taken to be typical
of disturbed conditions. Under such conditions, a thick cirrus shield is usually present. The model results
show that the mass flux profile has a pronounced bimodal character regardless of the radiative heating
rate profile (Q,) employed. However, other characteristics of modeled convective ensembles are sensitive
to the choice of Q5. Specifically, under disturbed conditions, the model responds by increasing the deep
convective mass flux while reducing shallow convective activity relative to the undisturbed state. The
importance of the downdraft in terms of mass fluxes and eddy heat fluxes is enhanced under these dis-
turbed conditions and the model results suggest that downdrafts originate in the upper troposphere. The
level of maximum entrainment to the downdraft in the upper troposphere is further shown to be sensitive
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The Response of a Deep Cumulus Convection Model to Changes in Radiative Heating

to the choice of the radiation heating profile.

1. Introduction

The importance of convection in the tropical
atmosphere has been accepted for many years. The
exact nature of the interaction between the con-
vective scale and other scales has not yet been fully
determined although observational studies (e.g.,
Reed and Recker, 1971; Reed et al., 1977) and
several recent diagnostic studies (e.g., Yanai et al.,
1973, 1976; Johnson, 1976, 1978) have greatly in-
creased our level of understanding.

At present, convective clouds are viewed as in-
teracting with their environment through the trans-
port of mass, heat, moisture and momentum in both
updrafts and downdrafts (e.g., Frank, 1977) with an
explicit coupling between the downdraft and sub-
cloud layer (e.g., Betts, 1976; Echternacht and
Garstang, 1976). Convection acts to stabilize the
conditionally unstable lapse rate of temperature
in the atmosphere through the combined effects of
cloud updrafts, downdrafts and the induced vertical
motion. This stabilization forms a basic requirement
of convective adjustment formulations and param-
eterizations for convection in models of broad-
scale dynamics.

The horizontal resolution of most diagnostic
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studies and modeling experiments is insufficient
to resolve adequately convective elements, and
parameterization schemes are typically employed
to obtain the heat and momentum budgets of a
cumulus ensemble. These parameterization schemes
must include the features described above. The
scheme of Arakawa and Schubert (1974) has been
used as the basis for many diagnostic studies (e.g.,
Yanai et al., 1973, 1976; Johnson, 1976; among
others). In the initial formulation of their param-
eterization, Arakawa and Schubert ignored cloud
downdrafts and the interaction between the cloud
and sub-cloud layers was restricted to a modulation
of the depth of the latter by indirect environmen-
tal subsidence. Detrainment was assumed to occur
only from cloud top and each cloud type in the
ensemble was characterized by its fractional entrain-
ment rate after one-dimensional cloud modeling
studies. The details of the parameterization have
been modified to include a moist downdraft (John-

~ son, 1976), lateral detrainment (Johnson, 1977) and

cloud life cycle (Cho, 1977). Soong and Ogura (1976)
employed a two-dimensional cloud model to obtain
the heat and moisture budgets of a cumulus ensemble.
Yanai et al. (1973) developed a diagnostic method
for the determination of bulk properties of convec-
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tive ensembles and showed that both the cloud-
induced environmental subsidence and the coexist-
ence of deep and shallow convection were impor-
tant to the overall heat and moisture budgets. Ogura
and Cho (1973) and Nitta (1975) used the Arakawa
and Schubert scheme to calculate the properties of
the spectrum of cloud types, including the cloud base
mass flux for each type. Ogura and Cho found a
marked bimodal distribution using average data
for the Marshall Islands area and Cho and Ogura
(1974) subsequently demonstrated the variation in
mass flux across the compositive wave of Reed and
Recker. Yanai et al. (1976) found that the convec-
tive mass flux distribution was sensitive to large-
scale vertical motion and concluded that these mass
fluxes were related to the radiative profiles of the
tropical atmosphere. Studies by Johnson (1976) and
Nitta (1977) showed that the earlier studies had over-
estimated the importance of shallow cumuli by
neglecting moist downdrafts. Johnson (1977) further
showed that a similar overestimate resulted from the
neglect of lateral detrainment.

In this paper, a new diagnostic model is pre-
sented, based on the prognostic model proposed
by Kinimonth (1977). The diagnostic model is used
in this paper to obtain the bulk properties of a
convective cloud ensemble for the trough region of
the composite data presented by Reed and Recker.
The diagnostic cloud model includes a moist down-
draft and, similar to the model of Nitta (1977),
requires no assumptions about the level at which the
downdraft originates. It will be shown that, for
similar input data, the results obtained from the
diagnostic model generally agree with those of John-
son (1976), Yanai et al. (1973) and Nitta (1977), sug-
gesting that results presented are representative of
those based on other parameterizations.

The principal concern of the present paper is to
examine the sensitivity of the modeled bulk ensemble
properties to the applied radiative heating profile.
Such sensitivity has been a subject of much discus-

sion. Gray and Jacobson (1977) hypothesized on the -

possible importance of radiation as a driving mecha-
nism in the life of convective cloud systems, while
Yanai et al. (1976) demonstrated that the Arakawa
and Schubert scheme is sensitive to the choice of
radiative heating profile. We will show that an alter-
nate parameterization introduced here is sensitive
also to radiative heating. This conclusion both sup-
ports the results of Yanai et al. and indicates that
the response is not peculiar to a particular model.
The results of the study stress the importance of
choosing a representative radiative heating profile.
The representative tropical profile for most cumulus
convection studies has been taken as that of Dopp-
lick (1972) which refers to a climatological ‘‘un-
perturbed’’ atmosphere typifying the clear tropical
regions. However, the cloud ensemble region (i.e.,
the perturbed region) in the tropics is distinguished
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by deep cloud and a cirrus shield. It is apparent from -
the observations of Albrecht and Cox (1975) that the
Dopplick radiative heating profile is not representa-
tive of the convective regions in the tropical atmos-
phere. The sensitivity of the bulk emsemble proper-
ties to such changes in radiative heating is examined.
In particular, the sensitivity of cloud entrainment,
detrainment, cloud updraft and downdraft mass
fluxes and the convective eddy heat fluxes is con-
sidered.

2. The diagnostic model

The equations for heat and moisturz, when aver-
aged over a horizontal area, are (after Yanai et al.,
1973) '

05  — a .

— + Vv + — (o) =c,0,

ot op a)
G  =—— 9

_L(—(‘)T + V-gv + a—p (qw)) = ¢, 0,

where s is the dry static energy, g the mixing ratio,
o the vertical velocity in pressure coordinates (i.e.,
dpldt), v the horizontal wind vector, c, the specific
heat at constant pressure and L the latent heat of
condensation. The bar denotes an area average.
Q, and Q, may be derived from measurable large-
scale quantities and are related to transports of heat
and moisture including related phase changes asso-
ciated with scales below the resolution of the
averaging. The primary scale is considered to be that
of convection and thus the averaging associated with
Eq. (1) is carried out over an area large enough to
contain a statistically representative population of
cumulus clouds, yet small compared to the synoptic
scale. In these equations, the quantities c,Q, and
¢, Q- are referred to as the apparent sensible heat
source and the apparent latent heat sink, respec-
tively, since they provide a measure of the action
of convective processes in heating, and at the same.
time depleting moisture from, the large-scale
environment.

The basis of the diagnostic approach involves re-
deriving Eqgs. (1) in terms of a particular convec-
tive parameterization scheme. The values of O, and
Q,, derived from large-scale observations, are then
used to solve for the unknown parameters employed
in the parameterization. These unknown parameters
are usually the cloud mass fluxes or quantities
that are directly related to the cloud mass flux. In
the following section the convective parameteri-
zation scheme is described and the alternate ex-
pressions for Eqgs. (1) are introduced.

a. A model for deep convection

The model for convection used here follows
Kininmonth (1977) and was developed to be con-
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sistent with the hot tower hypothesis of Riehl and
Malkus (1958). Boundary-layer air is assumed to
rise moist adiabatically to the level of zero buoy-
ancy. The updraft core, enclosed by a peripheral
cloud mass, is continually dissipating due to the
entrainment of unsaturated environmental air and
is replenished by diffusion and evaporation of
liquid water from the updraft. The entrainment of
environmental air into the updraft results in a partial
loss of buoyancy and is represented by partial de-
trainment from the updraft below the level of zero
buoyancy. This effect is not explicitly treated in
the model thermodynamics. The assumption of un-
dilute ascent within updrafts is considered rea-
sonable when applied to deep convection (Davies-
Jones, 1974).

The model also includes a moist downdraft with
the important distinction that the depth and intensity
of the downdraft are determined by the model. The
moist downdraft entrains environmental air at all
levels but detrains only below cloud base. Confin-
ing the downdraft outflow to the subcloud layer is
consistent with the work of Braham (1952) on
deep convective clouds and is an assumption com-
mon to all diagnostic studies (e.g., Johnson, 1976).

The downdraft energy at level j is determined

from
. (D)
J Gihidp
h; = C. S

§ 21
A
where € and h; (= ¢, T; + Lg; + gz;) are the en-
trainment to the downdraft and the environmental
moist static energy, respectively. The cloud-base
moist static energy is therefore a mass-weighted
mean of the environmental values taken over the
layers in which the entrainment occurs. Given #,
and the cloud-base height, the sensible and latent
heat components (i.e., ¢,T and Lg) can be uniquely
apportioned for any assumed relative humidity.
The cloud-base moist static energy is simply found
by integrating Eq. (2) between cloud base and cloud
top. While there is little quantitative information on
deep convective downdrafts, it is likely that they are
not saturated (e.g., Zipser, 1969). In addition, re-
cent studies of the subcloud layer have shown that
the downdraft outflow should be cooler and drier
than the environment near cloud base. These con-
straints are satisfied by choosing a subcloud outflow
relative humidity of 95%. The study by Nitta (1977)
has shown that the ensemble properties are not
critically dependent on the choice of outflow rela-
tive humidity.

The downdraft is driven by precipitation drag
forces and evaporation. The evaporation is assumed
to deplete the cloud droplets rather than precipita-
tion. The cloud liquid water content is thus con-

@
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fined entirely to the updraft and is available for de-
trainment to the environment. There are few direct
measurements of cloud liquid water in the down-
draft but Warner (1969) found that zero or low cloud
droplet counts generally occur in downdraft regions.
Aircraft measurements by Browning et al. (1976)
during penetrations of hailstorms also revealed
concentrations of small cloud droplets near the
downdraft originating level. It seems probable that
the assumption of zero liquid water in the down-
draft is an acceptable first approximation.

The ensemble cloud mass flux at any pressure (p)
may be expressed in terms of the contributions by
all the updrafts (M,) and downdrafts (M,) as

M(p) = M(p) + Ma(p), 3

where the updraft and downdraft mass fluxes are
given by

Mu(p) = j sdp
b : 4
P

My(p) = [ edp
P

T
where 8 represents the detrainment from the up-
-draft (positive), € the entrainment to the downdraft
(negative) and pr is the pressure at the top of the
tallest cloud.

Convective clouds are typically associated with a
net upward mass flux which contributes to induced
vertical motion in the environment between the con-
vective towers. Moisture is available to help main-
tain the mixing ratio of the environment through
evaporation of both cloud material and falling
precipitation. It is assumed that the evaporation rate
contains no contribution from the evaporation of
falling precipitation but is due solely to the evapora-
tion of cloud droplets (e.g., Arakawa and Schubert,
1974). The rate of evaporation is then equal to the
rate at which cloud droplets are supplied to the
environment. Employing the parameterization of

Kininmonth (1977), Eqgs. (1) can be expressed in
the form

Q1=QR+(Tu~Te—Li)—y—”3i, s)
Cp c, Op
d L
—Q2=[(qu~qe+1)—Mc "}— ©)
op ¢,

Here the subscripts u, e refer to the updraft and
the environment respectively, Q is the radiative
heating rate, s the dry static energy, M, the cloud
mass flux and / the liquid water content of the cloud
ensemble. Eqgs. (5) and (6) are expressions for the
modification of the environment by convection and
radiation at some level between cloud base and
cloud top, where Q,, O, and QO have units of rate
of change of temperature.
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b. Moisture budget

In addition to the large-scale heating terms Q,,
0, and Qg, some information is required on the
liquid water content of the ensemble before Eqs. (4)—
(6) can be solved for the convective mass fluxes.
The liquid water content /; at any level i is assumed
to be given by

. ll = lOfi’ (7)

where f; is a specified form profile and [, is deter-
mined by optimizing the calculated precipitation

P =

where Py is the pressure at cloud base and P; the

pressure at the top of the tallest cloud. The first

term (I) of the right-hand side represents the water
vapor flux at cloud base due to the updrafts, the
second (II) is a measure of the large-scale change in
the moisture field and the third (III) is a measure of
the downward flux of water vapor at cloud base.
The surface precipitation was derived from P by
allowing 0.15 cm day~! for the evaporation of
precipitation in the subcloud layer, after Johnson
(1976) who used data similar to those em-
ployed here.

The convective mass fluxes were determined by
solving Eqgs. (5) and (6) at each level for both 8 and €
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with that observed. The observed precipitation rate
of 1.75 cm day~! (Reed and Recker, 1971) was
employed here. The form profile chosen (shown in
Fig. 1) is normalized to unity near 750 mb and is
consistent with observed profiles of Warner (1955),
Squires (1958) and Ackerman (1959, 1963) and is
similar to that determined by Yanai er al. (1973) in
their bulk diagnostic study.

The precipitation at the cloud base is determined
from the moisture budget of the cloud layer and is
given by {eq., see Johnson (1976) for details]

Legp+ ? * (Po){qa(Pa) ~ qe(Py)], - @®

11 ' I

for a range of /, values; the results are used in Eq.
(8) to estimate the precipitation rate P. In solving
these equations, the atmosphere is divided into 17
layers and the resulting set of simultaneous equa-
tions was solved using the non-negative least-squares
algorithm of Lawson and Hansen (1974) to ensure
that & remained positive and e negative at each
level. This approach differs from the usual tech-
nique where the negative solutions (of 8) are set to
zero. The accuracy of the solutions determined by
the non-negative least-squares technique was as-
sessed by recalculating Q, and Q, to ensure that
the residual remained smaller than a few percent.
The results of the calculations for three values of
I, are shown in Fig. 2 and Table 1. The diagram
illustrates the vertical profile of cloud mass flux
(M,) calculated assuming the Q, and Q, data dis-
cussed below together with the Dopplick Qp pro-
file. This radiative profile was chosen to facilitate
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F1G. 2. Comparison of the total cloud mass flux. M, for the three
' different values of /, listed on the diagram.
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comparison with other cloud models (see below).
The mass flux profiles portrayed in Fig. 2 display a
sensitivity to choice of [, particularly in the lower
troposphere with larger mass fluxes associated with
smaller values of [,. The response by the model to
maintain the input heat and moisture imbalance
profiles (i.e., @, and Q,) is to enhance the mass
flux in the lower troposphere to compensate for the
reduction of condensation contributions to Q,
and Q,.

Table 1 lists the contributions to the cloud-base
precipitation (P) by each of the three terms in Eq.
(8). The largest, and non-varying, contribution to P
is the second term associated with the large-scale
change in the moisture field. The total precipitation
rate varies relatively slowly from 2.02 cm day ™ for
ly, =0.2t0 1.45 cm day~! at/, = 5.5. However, the
contributions by the convective terms I and III are
more sensitive to the choice of /, justifying the
optimization procedure discussed above. The solu-
tion chosen was that correspondingto/, = 1.2 g m™
which provides good agreement with the liquid
water values used by Yanai et al. (1973).

c. Comparison of the cloud model with alternative
parameterizations

There has been a number of different cloud param-
eterization schemes employed in bulk and spectral
studies of the properties of convective cloud
ensembles. A comparison of the various existing
models utilizing a common data set would be highly
desirable. Such a comparison should be extended to
test the relative sensitivities of these cloud models
to their various internal parameters. Although
rigorous comparisons are beyond the scope of this
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TaBLE 1. Contributions to the total rate of cloud base
precipitation (cm day~!) by the individual terms of Eq. (8) for
the three specified values of /,.

l

0

(g m™) I I jOs P
0.2 0.96 1.18 -0.12 2.02
1.2 0.88 1.18 —0.16 1.90
5.5 0.51 1.18 -0.24 1.45

paper, a guide to the performance of four different
models is indicated in Fig. 3.

The model results presented in Figs. 3a and 3b
show the cloud mass flux components due to the
updrafts and downdrafts and the total cloud mass
flux, respectively, for the models of Johnson (1976),
Nitta (1977), Yanai et al. (1973) and the present
model. The same input data (discussed below) were
employed in the present model and that of Johnson
(1976), and different but quite similar data were
employed in the models of Yanai et al. (1973) and
Nitta (1977). The methods for determining the
cloud mass fluxes and its components are quite
different from one model to another. For example,
the model of Yanai et al. is a bulk model with no
downdrafts, while the model of Johnson incor-
porates a spectral downdraft.

Despite the small differences in the input data and
although the internal workings of the models are
quite different, Figs. 3a and 3b illustrate generally
good agreement between the various models. The
downdraft mass fluxes determined by the present
model are slightly in excess of Nitta’s values due
largely to compensation of the present model for
the neglect of entrainment to the updrafts. This
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F1G. 3. Comparison of the updraft and downdraft components of the cloud mass
flux (a) and the total mass flux (b) determined by the four different models listed.
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compensation is more evident in the lower tropo-
sphere where the entrainment to the updraft is
likely to be relatively. large due to the effects of
shallow convection in that region. As suggested
above, the present model is probably best applied
to studies of deep convection for which updraft
entrainment is likely to be small (e.g., Davies-
Jones, 1974). Despite these accountable differences
evident in Fig. 3, the results with the present
model are reasonably representative of other cloud
model results especially in the middle and upper
troposphere. It is particularly interesting to com-
pare the rather similar estimates of the present
model and those of Nitta for the level at which the
downdraft originates. Quantitative observations
concerning such features of tropical convective
downdrafts are rare. It is thought that the down-
drafts are primarily driven by the evaporative cool-
ing of falling precipitation (e.g., Girard and List,
1975) with some contribution from precipitation
drag forces. Observational studies of Betts et al.
(1976) indicate that downdrafts originate in the mid-
dle and lower troposphere. The case studies from
the Thunderstorm Project by Byers and Braham
(1949) and Zipser (1969) found downdrafts originat-
ing from 400-600 mb and detraining in the subcloud
air. This is in broad agreement with the model esti-
mates shown in Fig. 3.

It is difficult to compare the sensitivity of the
present model to changes in Qf with the sensitivities
determined by the other models since the only
relevant published results of which the authors are
aware are those of Yanai et al. (1976). Explicit
comparisons between that model and the model pre-
sented here are difficult because their model did not
include a moist downdraft and their results were
presented only for cloud-base mass flux. However,
the sensitivity of their model to radiative forcing and
that of the present model suggest that such a sensi-
tivity is not critically dependent on the choice
of cloud model.

3. Data

The data used in this paper are basically those of
Reed and Recker'(1971) who presented the detailed
structure of an average easterly wave. The wave
structure was obtained by Reed and Recker by com-
positing observations from a series of 18 tropical
wave disturbances that traversed the Marshall
Islands area of the western Pacific during a 90-day
period. The moisture data above 300 mb were ob-
tained by suitable extrapolation of the relative
humidity profiles presented by Reed and Recker.

Reed and Recker divided the radiosonde data for
the composite wave into eight categories depend-
ing on their position relative to the trough axis,
and profiles of O, and Q, were determined for each
category. The profiles of O, and Q, used in this
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paper (shown in Fig. 4) were taken from Johnson
(1976) and are averaged over the three categories
(3, 4 and 5) about the trough axis. Also shown are
the profiles of Q, — Q, — Qp for the two radiative
heating profiles discussed below. The quantity
0, — Q, — Qg is related to the ‘‘apparent source’’
of moist static energy (h = s + Lq,).

There were no direct measurements of Oy taken
concurrently with the soundings used to determine
0, and Q,. Recent studies such as that of Yanai
et al. (1976) have hinted at the importance of radia-
tive heating in producing convective fluxes. Most
previous analyses (e.g., Johnson, 1978; Yanai
et al., 1973; among others) employ a climatological
vertical profile of O, usually that of Dopplick (1972).
This climatological profile, typical of the net radia-

" tive cooling .in the clear atmosphere, is not repre-

sentative of the perturbed regions which are usually
decked by a thick cirrus' shield. Albrecht and
Cox (1975) presented an IR radiation profile for
perturbed days during which there were dense
upper level clouds extending from about 150 to 400
mb. Their IR radiative cooling rate profile is pre-
sented in Fig. 4 together with Dopplick’s profile
and a simple hypothetical profile which is the same
as that introduced by Yanai ef al. (1976). The three
profiles are used in the following analysis.

The presence of high cloud significantly affects
Qr, producing a large cooling maximum associated
with the upper portion of the cloud and a weaker IR
warming in and immediately below the cloud. It is
not clear, however, whether the divergence of net
radiation (i.e., Q) is principally due to the IR
contribution. Cox (1969) has suggested that the
divergence of net longwave radiation is the major
modulator of this heating but Stephens (1978) indi-
cated that shortwave heating in lower level clouds,
although smaller than the IR contributions, was
still significant. The profile presented by Albrecht
and Cox was chosen as more typical of the radia-
tive heating in perturbed conditions.

The updraft temperatures and mixing ratios were
determined assuming undilute ascent from cloud
base which is taken to be at 940 mb. The profiles of
(T, — Te), (Tq — Te), (qu — q.) and (qq — q.) are
shown in Fig. 5. The profiles of T,, — T, from cloud
base to 600 mb are similar to those of Yanai et al.
(1973) and Johnson (1976) and are larger above 600
mb. The possible reason for the difference is the
absence of explicit allowance for the thermodynamic
effects of entrainment to the cloud updraft in the
model presented here. Observations by Davies-
Jones (1974) confirmed the existerice of moist
adiabatic ascent in deep convective updrafts and he
also noted that this imposed restrictions on the
validity of one-dimensional cloud models as applied
to deep convective towers since they assume com-
plete mixing of environmental air into the updrafts.






