754

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoLUME 37

Diagnosis of Cloud Mass and Heat Fluxes from Radar and Synoptic Data’

ROBERT A. HOUZE, JR., CHEE-PONG CHENG, COLLEEN A. LEARY? AND JOHN F. GAMACHE

Department of Atmospheric Sciences, University of Washington, Seattle 98195
(Manuscript received 31 July 1979, in final form 5 November 1979)

ABSTRACT

A set of equations for diagnosing the properties of precipitating clouds over a tropical ocean is developed
by postulating a population of model clouds in which the vertical motions consist of convective up-
drafts and downdrafts in camulus-scale cells and mesoscale updrafts and downdrafts associated with anvil
clouds. The properties of a population of precipitating clouds can be diagnosed with these equations by
constraining the mode] clouds to explain either an observed large-scale heat budget (the synoptic approach)
or an observed spectrum of precipitation (the radar approach). The results of either approach are dependent
on certain parameters of the model clouds, which must be assumed. These parameters are identified, and,
in this paper, they are held constant in a controlled experiment comparing the results of the radar and
synoptic approaches obtained for the same cloud population (the average population in Phase ITl of GATE).
This experiment shows that similar results can be obtained by either approach, giving confidence in
both sets of data, the methods used to analyze them and the diagnostic equations themselves. In this
experiment, however, the model parameters were adjusted to suppress the diagnosis of the mesoscale
motions associated with precipitating anvil clouds. In other papers, the model parameters will be varied

to test the model dependency of the diagnostic calculations, especially with regard to the inclusion of

mesoscale motions.

1. Introduction

One of the main objectives of the Global Atmos-
pheric Research Programme’s Atlantic Tropical Ex-
periment (GATE) was a better understanding of the
relationship of tropical convection to large-scale
flow patterns. It is hoped that such an understand-
ing, obtained through the analysis of observations
obtained in GATE of both the convection and its
large-scale environment, will lead to realistic
methods of parameterizing the subgrid-scale con-
vection in large-scale numerical models.

Toward this end, detailed studies of several of the
convective systems in GATE have been under-
taken (Zipser, 1977; Houze, 1977; Zipser and
Gautier, 1978; Warner et al., 1980; Leary and
Houze, 1979a,b). These studies clearly indicate
that the view of convection adopted in even the
most elaborate convective parameterization schemes
(e.g., Arakawa and Schubert, 1974) is considerably
oversimplified. These schemes usually assume that
the convection consists of a population of simple
cumulus-scale updraft cylinders extending to vari-
ous heights. The observational studies noted above,
however, show that the major precipitation-pro-
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ducing cloud systems in GATE were mesoscale in
extent, producing radar echoes up to 10 km? in area.
These mesoscale cloud systems, moreover, had a
complex internal structure with two distinct types of
precipitation: convective (or cumulus)-scale ver-
tically oriented cells of intense precipitation, ~1-10
km in horizontal dimension, and mesoscale (~100
km horizontal dimension) regions of horizontally
stratified precipitation falling from thick anvil clouds
emanating from the convective cells. Associated
with the convective cells were convective-scale
updrafts and downdrafts, evidently of the buoyant,
nonhydrostatic type normally associated with
cumuliform clouds, while more widespread meso-
scale updrafts and downdrafts appeared to be as-
sociated with the anvil precipitation. The mesoscale
updrafts and downdrafts have been produced in a
numerical model by Brown (1979) and appear to be
hydrostatic, the downdraft being driven by evapora-
tion and melting of precipitation particles below
the base of the anvil cloud. The mesoscale down-
draft is of the type first described by Zipser (1969).
The likely importance of the mesoscale vertical
motions associated with anvil clouds is supported
by the fact that ~40% of the rain in GATE can be
attributed to anvils (Cheng and Houze, 1980).
There is a need now to translate these qualitative
indications of the types of updrafts and downdrafts
into quantitative determinations of the relative im-
portance of the various scales of updrafts and down-



ApriL 1980

drafts to large-scale atmospheric motions. To ac-
complish this task, carefully designed diagnostic
methods are needed, as it is not observationally
feasible to detect and measure the properties of each
individual cloud updraft and downdraft in an en-
semble of clouds within a region the size of a grid
square in a large-scale numerical model. However,
the collective effects of the cloud vertical motions
on the large-scale environment can be determined
from rawinsondes, raingages and weather radars.
Properties of the clouds producing the collective
effects can be diagnosed by using model clouds to
represent the actual clouds in the population. The
dynamic and thermodynamic properties of the model
clouds are governed by equations for convective
and mesoscale motions. By integrating over the
population of model clouds, expressions for the col-
lective effects of the clouds on their environment
can be obtained. Substitution of the measured ef-
fects of real cloud populations into the expressions
for the collective effects of the model cloud popula-
tion makes it possible to solve for the dynamic and
thermodynamic properties of the model clouds which
produce the same large-scale effects as the real
clouds. To the extent that the postulated model
clouds are realistic, the properties of the real clouds
are thus diagnosed.

The fact that the correctness of the diagnosed
cloud properties depends on the realism of the
postulated model clouds is a primary concern of this
paper. We consider the two types of diagnostic
methods that have been developed and used previ-
ously. One type, which we call the synoptic ap-
proach, uses the collective effects of the clouds on
large-scale heat and moisture budgets derived from
rawinsonde data as input (Yanai ef al., 1973; Ogura
and Cho, 1973; Nitta, 1975, 1977; Johnson, 1976).
The other type, which we call the radar approach,
uses characteristics of observed precipitation pat-
terns derived from weather radars and raingages as
input (Austin and Houze, 1973; Lopez, 1973; Houze,
1973; Houze and Leary, 1976). These diagnostic
approaches, as heretofore practiced, have the same
shortcomings as current convective parameteriza-
tion schemes, namely, the model clouds that they
postulate are not very realistic in that they do not
include all of the types of updrafts and downdrafts
that appear to play a role in tropical convection.
Johnson (1976), Houze and Leary (1976) and Nitta
(1977) have considered convective-scale down-
drafts in their diagnostic studies, and Johnson (1980)
has recently included a form of mesoscale down-
draft associated with anvils. However, none of these
studies addresses the full problem of the uncertainty
inherent in the diagnostic results as a result of the
various types of model cloud populations that can
be postulated.

In this paper, we make a start in this direction
by developing a set of equations for a population
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of model clouds that have both convective and meso-
scale vertical motions. The relative amounts of con-
vective and mesoscale motion, which the model
clouds are allowed to have, can be specified in these
equations by adjusting certain model parameters.
With such a set of equations, diagnostic calcula-
tions can be repeated with various combinations
of the assumed parameters to measure the sensi-
tivity of the diagnostic results to cloud model as-
sumptions. One of the most important results of
such sensitivity tests will be an assessment of the
importance of taking into account mesoscale anvil
air motions in the diagnosis and parameterization
of convective cloud properties.

It is beyond the scope of the present paper to
carry out all these sensitivity tests. Rather it is our
present objective to provide the foundation for such
tests by developing the necessary model. Subsequent
papers (e.g., Cheng and Houze, 1980; Leary and
Houze, 1980) will be concerned with the sensitivity

‘testing. In developing the model in this paper we

not only derive the basic equations (which are a
straightforward extension of those used in previous
diagnostic studies) and identify the cloud model as-
sumptions that must be made to apply the model
diagnostically, we also show that the same model
can be applied in either the radar or synoptic ap-
proach. Consequently, if radar and synoptic input
data are perfect, both approaches should lead to
similar diagnostic results. We test this conclusion
by performing a controlled experiment in which our
model, with the same assumptions, is applied in both
the radar and synoptic approaches using data from
Phase III of GATE. This test shows that similar re-
sults can indeed be obtained using the model in either
approach. To perform the test, however, we do not
use the model in its most general form. We use a
special case of the model in which its parameters
are adjusted to make the model identical to that of
Johnson (1976). In this form, the model’s mesoscale
updrafts and downdrafts are not activated. These
drafts are activated in Leary and Houze (1980) and
in future papers in which we test the sensitivity of
diagnosed mass and heat fluxes to the inclusion of
mesoscale motions in the model.

2. Model clouds used in diagnosing the properties
of a population of clouds

a. General features of the model clouds

Model clouds simulating a population of real
clouds in an area A are depicted schematically in
Fig. 1. As in previous diagnostic studies of convec-
tive clouds,? it is assumed that the cloud population

3 In the remainder of the paper, ‘‘previous diagnostic studies’
refers primarily to Yanai er al. (1973), Ogura and Cho (1973),
Austin and Houze (1973), Houze (1973), Nitta (1975, 1977),
Houze and Leary (1976) and Johnson (1976, 1977).
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F1G. 1. Schematic of a typical population of clouds over a tropical ocean. Thin arrows represent convective-scale updrafts and
downdrafts. Wide arrows represent mesoscale updrafts and downdrafts. Other details and symbols are described in the text.

contains convective cells ranging in size from shal-
low non-precipitating cells to medium-sized pre-
cipitating cells to deep precipitating cells. Following
Houze and Leary (1976) and Johnson (1976, 1977),
we assume that there is a convective-scale updraft
and a convective-scale downdraft within each con-
vective cell. We depart from previous studies, how-
ever, by further allowing the deep convective cells
to have associated with them a widespread anvil
cloud which can deposit large quantities of horizon-
tally uniform rain over a mesoscale region. We
assume that amesoscale updraft of the type modeled
by Brown (1979) may occur in the anvil cloud, be-
tween levels z,,-and z;, in Fig. 1, and a mesoscale
downdraft of the type described by Zipser (1969)
- and also modeled by Brown may occur below the
base of the anvil cloud, between z,, and the surface
(z =0). :

The population of model clouds shown in Fig. 1
is idealized in that it contains only one convective
cell of each height and one anvil cloud, when actually
there may be present any number of convective cells
of a given height, and more than one precipitating
anvil cloud. We assume that any two clouds of the
same size and type have the same thermodynamic
and dynamic properties. Therefore, a single bulk
cloud can comprise all of the mass transport by
updrafts and downdrafts in clouds of that particular
type and size. Thus, a convective cell in Fig. 1 rep-
resents a bulk cell made up of all cells of the same
height z;, and the anvil cloud is a composite of all of
the anvil clouds occurring in the cloud population.

The thermodynamic and dynamic properties of
the convective and ‘mesoscale updrafts and down-
drafts of the model clouds illustrated in Fig. 1 are

described in the following subsections. To make the
description complete we indicate how the mesoscale
vertical motions associated with anvil clouds are
included in our ensemble of model clouds. As will
be shown in Section 3, the amount of mesoscale
motion allowed in the model ensemble is controlled
by assumptions about cloud water budgets. The cal-
culations of the controlled experiment described in
Section 6 use a form of the general model depicted
in Fig. 1 in which the mesoscale motions are set to
zero by adjusting our model parameters to be con-
sistent with Johnson (1976). In subsequent papers
(e.g., Leary and Houze, 1980) we will readjust the
model parameters to more realistic values which
allow for non-zero mesoscale updraft and down-
draft motions.

b. Convective-scale updrafts

As in previous diagnostic studies, the convective
updrafts are modeled in a manner similar to that
used in the cumulus parameterization scheme of
Arakawa and Schubert (1974). It is assumed that the
maximum height z; reached by a convective-scale
updraft is related uniquely to its entrainment rate
A by a function of the form

1)

in which z, increases monotonically with decreas-
ing A. The value of A is constant with height z in a
particular updraft. The total vertical mass flux
through height z accomplished by all of the convec-
tive-scale updrafts that occur in area A. during a
period of time 7 is given by

zp = zp(N),
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Ar(2)

Mu(2) = (A J MDA, Q@)

0
where Ay(z) is the entrainment rate for convective
clouds with tops at z; and ,(\,z)d\ is the total
mass of air transported through level z by convec-
tive-scale updrafts with entrainment rates between
Aand A + dA.

The z variation of #,(\,z) can be expressed by a
profile f,(A,z), which is defined such that

M(N2) = Mp(N) fu(N,2), (3)

where Mg(\) = M (\,z), zp is the height of cloud
base (assumed to be the same for all convective up-
drafts) and f,(\,zg) is unity for all A.

The profile f,(A,z) is related to the entrainment
rate. The latter is defined as

\ = 1 [6/%,,()\,2)}
M (N,2) 0z .

- where the subscript € indicates the part of the de-
rivative due to entrainment. The total rate of change
of M, (\,z) with z is given by

oM (\,z) _ [(‘Mtu()\,‘z)] + [aﬁu(x,z)] 5
0z 0z . 0z 5

where the subscript § indicates the change of /,(\,z)
due to detrainment. Substituting (3) and (4) into (5)
and rearranging terms, we see that thé simultaneous
specification of f,(\,z) and A [from (1)] implies a
value for the detrainment rate given by

1 a-/%u()\yz)] - _1_ 0fu(\.2) — A
M(\,2) [ oz s fu 0z

Since the detrainment rate cannot be a positive
quantity, the prescribed profile f,(\,z) must satisfy

the condition
1afAD) _
fu 0z

Austin and Houze (1973) showed the range of pos-
sible profiles f,(\,z) satisfying this condition and
chose an intermediate one (see also Houze, 1973,
and Houze and Leary, 1976). Other investigations
(e.g., Yanai, et al., 1973; Ogura and Cho, 1973; John-
son, 1976) chose to assume that the equality in (7)
applies at all levels below cloud top. This assump-
tion, according to (6), means physically that all
detrainment occurs in an infinitesimally thin layer at
cloud top. In a later paper, Johnson (1977) modified
this assumption and considered profiles of f,(\,z)
similar to those of Austin and Houze (1973), which
allowed some detrainment to occur below cloud top.

The value of a variable such as heat, moisture or
momentum per unit mass of air at a given heightin a
convective-scale updraft is represented by &,(\,z)

4

6

Q)
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and, following the convention of previous diag-
nostic studies, is assumed to be governed by the
one-dimensional steady-state plume equation

0&u(\2)

= Mé2) — &N + S,
0z

@®

where £,(z) is the value of ¢ of the air entrained into
the updraft from its surroundings and §, stands for
sources and sinks of &,()A,z) other than entrainment.
In most studies, the entrained air is assumed to come
directly from the large-scale environment, in which
case &,(A,z) = &.(z), where the subscript ¢ indicates
properties of the large-scale environment. In (8), we
allow, symbolically, for the possibility that the en-
trained air might be a mixture of cloud and environ-
ment air with &,(A,z) # &.(2).
The moist static energy is defined as
h=c,T+gz+ Lg, ®
where ¢, is the specific heat at constant pressure,
T temperature, L the latent heat of vaporization and
q the water-vapor mixing ratio. Since 4 is a con-
servative quantity (i.e., S, = 0), we obtain

0D o

(10
when 4 is substituted for ¢ in (8). This first-order
differential equation has the solution

hu(\,z) = h,(zp)e*@~®

+ Ae~?? J

2

eMh,(\z)dz'. (11)

If an air parcel is saturated and its temperature is
only slightly different from that of its large-scale
environment at the same altitude, then a Taylor
series expansion shows that its temperature 7(z) and
mixing ratio g(z) are related to its moist static energy
h(z) by the approximations

I(z) =T2) + [h(2) = he@)], (12

1
cp(l + )

- R
q(z) = q.(z) + ( s

- )[h(z) — hE@), (13)

Y

where g* is the saturation mixing ratio, p(z) is the
pressure at height z, y = (L/c,)[0q™(T,p)/ 0T )1, pr>
and the saturation moist-static energy #* is defined
as c,T + qz + Lg*.

Since convective-scale updrafts are saturated, we
use (12) and (13) to calculate the updraft tempera-
ture T,(\,z) and water-vapor mixing ratio g,(\,z)
from the value of 4,(\,z) computed in (11).
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c. Convective-scale downdrafts

Following Houze and Leary (1976) and Johnson
(1976)*, we assume that the convective-scale up-
draft in each of our model convective cells (Fig. 1)
is accompanied by a convective-scale downdraft
which has the same fractional entrainment rate A as
the updraft. The downdrafts, then, are modeled as
inverted updrafts with

o [amd(x,z) |
MaND)| 0z L’

where J(,(\,z)d\ is the total mass transport (nega-
tive) through level z by convective-scale downdrafts
in clouds with entrainment rates between A and A
+ d\, and [3.#4(\,z)/0z)], is the rate of change of
Mq(N,z) with z due to entrainment. A relation analo-
- gous to (5) for downdrafts is

OM4(\,z) _ [(?Mtd()\,z)] + OMa(N,z2)
0z 0z c [

where the second term on the right-hand side is the
contribution to 0.#(\,z)/0z due to detrainment.

It is assumed that the downdrafts originate at some
level z, below cloud top z; (Fig. 1). Since zy < z7,
the total vertical mass flux through height z accom-
plished by all of the convective-scale downdrafts in
area A during time 7 can be written as

(14)

] ,» (15)
8

4

Ar(2)

Myz) = (A’T)_l J Ma(N,z)dN. (16)
- Jo
The z variation of /#,(\,z) is prescribed in the form

of a profile f4(\,z) such that
Ma(\,z) = Mo(N) fa(N,2), (17)

where Mo(N) = Ma(N,z0), fa(N,zo) = 1 and fu(A\,2)
> 1 for z < z,.

Following Johnson (1976) and Houze and Leary
(1976), we further assume that the strength of the
convective-scale downdrafts in convective cells of
a given size (or A) is related to the strength of the
convective-scale updrafts by a function of the form

Mo(N) = f[Mp(N)]. (18)

It will be shown in a subsequent section that , is
related to z(\) through the water budget of the
model clouds.

The average value of a variable such as heat, mois-
ture or momentum per unit mass at a given height
within a convective-scale downdraft is represented
by &4(A,z) and is governed by an expression similar
to (8), viz.,

* An approach such as Nitta’s (1977) leads only to bulk
downdraft properties, whereas we prefer to deal with spectrally
decomposed properties which can be related to a radar-observed
spectrum of precipitation.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 37

ZTM

Zmax

Zm o

HEIGHT

z
MIN\

-1 0 |
MESOSCALE MASS
FLUX PROFILES

FiG. 2. Schematic illustration of the mass flux profiles for the
mesoscale updraft (f,;,) and downdraft (f,,;) in the bulk anvil
cloud.

9&4(\,2)
0z

where £,(z) is the value of ¢ of the air entrained into
the downdraft and .S, includes any sources or sinks
of £,(A,z) other than entrainment. The . equation
for the moist-static energy in the convective-scale
downdraft obtained as a special case of (19), similar
to (9), is
Ohy(\,z)
0z
which has the solution

ha(N,2) = hy(zy)e™Mz0=2

= M@ — EONDY + Sa, (19)

= ~Aha(z) ~ ha(\,2)], (20)

— e f e hy(\z)dz'. (21)

Following Johnson (1976) and Houze and Leary
(1976), we assume that convective-scale downdrafts
are saturated and compute their temperature
T4(\,z) and mixing ratio q4(A,z) from (12) and (13).
Recently, Betts and Silva Dias (1979) have suggested
the use of a parametric formula for computing the
rate of evaporation of raindrops in a downdraft.
According to this formula, downdrafts can be found
to be slightly subsaturated. We do not believe, how-
ever, that the inclusion of this refinement in our
calculations would significantly alter our results.

d. Mesoscale vertical motions

The contribution to the total vertical mass flux
in area A during time r by the mesoscale air motions
associated with the anvil cloud depicted in Fig. 1
may be expressed as

M, (2) = n(2) ,

AT @2)







