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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.
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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)
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FiG. 3. Schematic showing the water budget parameters for one category of convective cell
interacting with the bulk anvil cloud. The narrow upward arrow represents the convective updraft
associated with condensation in the cell C,(A)d\. The narrow downward arrow represents the con-
vective downdraft associated with evaporation in the cell E 4(A\)d\. The wide upward arrow repre-
sents the mesoscale updraft associated with the condensation in the anvil C,,,. The wide downward
arrow represents the mesoscale downdraft associated with the evaporation under the anvil E,4.
Horizontal arrows represent condensate from the cell [E.(A\)d\] and the anvil (E,,.) that evaporates in
the large-scale environment and condensate from the cell that is incorporated into the anvil

" [CM)dA]. R (M)d\ and R, are the rainfall from the cell and the anvil, respectively. Other symbols

are defined in the text.

where
Mmil2)y Zm S Z < Zpy

/-Lmd(z)9 0

and u,,,(2) (a positive quantity) and w,4(z) (a nega-
tive quantity) are the total amounts of mass trans-
ported through level z in the mesoscale updraft and
downdraft, respectively. The z variation of u,(z)
may be expressed in terms of the profiles f,,,(z) and
Jfma(2) illustrated schematically in Fig. 2. The func-
tional forms of these profiles in a particular set of
diagnostic calculations have to be prescribed. The
profiles are defined such that

pm(z) = (23)

ZsZm

Mml2Z) = phufmul2), (24)
Hma(Z) = pomafma(z), (25)

where uhy = pmu(Zmax) and phq = pma(Zvn).
The levels zyax and zyy are the heights at which
fmu(2) and f4(z) have their maximum values of
unity, while at levels z,, and z;,,, the base and top
of the mesoscale updraft, respectively, f,,.(z) is zero,
and at levels z = 0 and z,,, the base and top of the
mesoscale downdraft, respectively, f,.q4(2) is zero.

For variables such as heat, moisture or momen-
tum per unit mass of air, we let the subscript m rep-
resent an average over the lifetime and area covered
by the bulk anvil cloud depicted in Fig. 1. This
average, for an arbitrary quantity £, is governed by
the equation

dém _ [ 04(x,y,2,1)
dz [ 0z

where x and y are horizontal coordinates, ¢ is time,
S represents sources and sinks of £,(z), %, is the

]=%—%—m,m)

effect of storage given by

_{aanxan]
wm D — b

ot
where w,, is the vertical velocity averaged over the
lifetime and area covered by the anvil cloud, and
¥ is the effect of horizontal advection, given by

s — Vo (0
Wm

Fm @7

(28)

where Vy is the horizontal wind relative to the anvil
cloud.

Eq. (26) is the mesoscale analog of (8) and (19).
It can be used to calculate the moist static energy,
temperature (or dry static energy) and water vapor
mixing ratio in anvil clouds. More details will be
given in subsequent papers dealing with the sensi-
tivity of the diagnostic results to anvil air motions
(e.g., Leary and Houze, 1980).

3. Water budget of a population of model clouds

We consider now the water budget of the popula-
tion of model clouds pictured in Fig. 1. In this popu-
lation, water can be condensed either in the convec-
tive-scale updrafts of the cells of various heights or
in the mesoscale updraft of the anvil cloud.

a. Condensation in convective cells

The mass of water condensed in the convective-
scale updrafts of cells with entrainment rates be-
tween A and A + dA is given by C,(A)dA, where
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C.(MNdh

JZT(M
Zp

As shown by Austin and Houze (1973), this equation
is obtained by letting ¢ = g in an equation of the form
(8) and then integrating from cloud base z; to cloud
top z4(\).

The condensate glven by (29) is appomoned ac-
cording to

u()\)d)\ = [Rc()\) + Ecd()\) + Ece()\)
+ C,N)1dN, (30)

where R (\)d\ falls as precipitation, E.4(\)d\ and
E_..(\)dA are the portions of the condensate C,(A\)d\
which are reevaporated in convective-scale down-
drafts and in the large-scale environment, respec-
tively; and C4(A)dA is the portion of C(A\)dA which
is incorporated into the mesoscale region covered by
the anvil cloud, either by being-detrained, that is,
carriedhorizontally into the anvil region by air flow-
ing out of convective cells, or by being left aloft by
dying cells, which upon ending their periods as
active convective entities, blend into the anvil cloud
while new cells form ahead of the anvil region
(Houze, 1977; Leary and Houze, 1979b). The water
budget expressed by (30) is illustrated schematically
in Fig. 3. Expressing the four terms on the right-
hand side of (30) as fractions of C,(\)d\, we obtain

‘

0q.

Juu(x,z)dx[x(au —q) - —]dz. 29)
0z

R (N)dN = vo(AM)C (N A, 31
EcaWdX = a(N)Cy(N)dA, (32)
Ec.(NVdA = BN CL(VdA, (33)
C.(NdX = (W) C (V) dA, (34)

where v.(A), a()\), B(A\) and n(A) are each either zero
or a positive fraction. To be consistent with (30),
they must satisfy the constraint that

ve(N) + a(d) + BAA) + n(N) = (35)

It may appear that to represent the water budget,
we are introducing more arbitrary parameters (such
as a, 3, n and v,) than have been involved in previous
diagnostic models. However, we are not really in-
troducing these parameters for the first time, but
rather recognizing them perhaps more openly. In
previous studies the same parameters are involved
but have usually been tacitly adjusted to be consis-
tent with an assumption of the absence of mesoscale
motions, as will be shown below in Section 5c.

The quantity v(\) is of particular significance
as it is the efficiency with which the condensate
produced in the convective-scale updrafts of cells
with entrainment rates from A to A + dA is converted
to convective precipitation. For precipitating cells,
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v.(\) > 0, and Egs. (3) and (31) may then be used to
rewrite (29) as

RN\
oy = HMar, (36)
where '
IL(N)
2p(N) a3 u }\’
=J fuu,z)[x(au —q - a(z Z)]dz. @37)

If a relationship between cell height z; and entrain-
ment rate A is provided [Eq. (1)], a profile f,(A,z) is
prescribed, the mixing ratio §,(A,z) of the entrained
air is known and d4,/8z is computed from an equa-
tion of the form (8), then the integral I,(A\) can be
evaluated. If, furthermore, the amount of rain
R (N\)dX which falls from cells with entrainment rates
in the interval A to A + dA\ is measured, and an ap-
propriate efficiency v.(A) is assumed, then the cloud-
base mass transport #z(A\)d\ can be determined
from (36). Such a procedure constitutes Austin and
Houze’s (1973) method of diagnosing the mass trans-
ports of precipitating convective clouds.

b. Evaporation in convective downdrafts

Through expressions analogous to (29) and (36),
the evaporation of moisture in the convective-scale
downdrafts of cells with entrainment rates between
A and A + dA is given by :

Ecq(NdA = I(N) Mo(N)dN, (38)

where we have made use of (17) and the definition

20 d ,
LY = j fd(x,z)[x(ad - o) + 2 z)sz (39)
But from (31) and (36), we have /
E.sN)dMA = aN)C,(NdN = a(MI(N) Mg(M)dA.  (40)

Equating the right-hand sides of (38) and (40) and
rearranging terms, we obtain

(41)

Mo(N) = e(N) Mp(N),
where
a(M)I,(N)
= —— 42
(M) ) 42)

The relationships (41) and (42) give a specific form
to Eq. (18) which relates the downdraft mass trans-
port parameter #(\) to the updraft mass transport
parameter (z(\) for cells of a given size z+(A). From
(32), (41) and (42), it is clear that #,(\) and #z(\)
are related to each other through the water budget
of convective cells and that the proportionality fac-
tor e(\) is primarily an expression of the reevapora-
tion of convective condensate in convective-scale
downdrafts. Houze and Leary (1976), with different
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notation, used (41) and (42) in computing downdraft
mass transports in an extension of Austin and
Houze’s (1973) diagnostic method. Johnson (1976)
introduced the notation €(\), but simply assigned
€(A\) a number rather than expressing it physically
in terms of a(\), I,(A) and I,(A). For guidance in
making assumptions in diagnostic calculations, it
may be easier to relate studies of cloud water budgets
to the physically simple parameter «()\) than the
more physically complex quantity ().

c. Condensation in anvil clouds

The mass of water condensed in the mesoscale
updraft of the bulk anvil cloud depicted in Fig. 1
can be expressed by

ZT’"
Cou= = [ o dan 4o @)
2 dz .
This equation is obtained by letting £ = g in (26)
and assuming that the sink of water vapor due to con-
densation is the only significant term determining
the value of dg,,/dz in that equation. That is, there
is assumed to be an approximate balance between
condensation and vertical advection of water. vapor
in the anvil cloud.

The mesoscale anvil cloud can consist partly of
water condensed in its adjoining convective cells and
introduced into the anvil through the effects rep-
resented by C,(A)dA\ in (30) and partly of the con-
densate C,, generated by lifting within the anvil
cloud itself. Thus, we have

Cru + Cj =R, + Emd + Eme’ (44)

where

Ct = r Ca(N)dA, (45)

0

R, is the total mass of mesoscale horizontally
uniform rain which falls from the anvil cloud, E,,;
the portion of (C,,, + C}) which is reevaporated
in the mesoscale downdraft below the base of the
anvil cloud, and E,, the portion of (C,, + C¥)
which is detrained or left aloft by the anvil cloud to
be reevaporated in the large-scale environment. The
water budget expressed by (44) is illustrated sche-
matically in Fig. 3. Expressing the terms on the right-
hand side of (44) as fractions of (C,, + C%), we

obtain .
R, = vp(Copu + C¥), (46)
Epng =a(Chy + C3), 47
Epe = b(Cry + CP), (48)

where v,, a and b are zero or positive fractions
which, to be consistent with (44), must satisfy the
constraint that

vp+a+b =1 (49)
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The term v, is the efficiency with which condensate
in the anvil cloud is converted to mesoscale pre-
cipitation (R,). '

Limits on the amount of mesoscale lifting which
occurs in the anvil region of the model cloud popula-
tion can be determined by rewriting Eq. (43), after
substitution from (24), as

Cru
= , (50
7 L. (50
where
2Tm d m
L = - j Fua@ 23z, 51)
2 dz

Eq. (50) gives a specific formula for computing
mE,, which, in (24), is the parameter that expresses
the magnitude of the mass transport by the meso-
scale updraft in the anvil cloud.

Two extreme cases can be identified in examining
Eqgs. (44) and (50). Either

(@ Ci= (52)

or

(b) Cp,=0. (53)

In Case (a), C,,, is a maximum according to (44).
Since C% = 0, no condensate is transferred into the
anvil region from convective cells. Hence, lifting in
the anvil must produce enough condensate to ex-
plain all of R,, + E,,; + E,.. Consequently, u¥,
is a maximum in this case.

In Case (b), u, is zero according to (50). Since
Cne = 0, all of the observed mesoscale rain is ac-
counted for, according to (44), by the transfer of con-
densate C%, into the anvil region from adjacent
convective cells. Consequently, there is no need for
any lifting to occur in the anvil region.

Again, we are not really introducing new param-
eters [e.8., Vm, fmu(2), Zm, thermodynamic condi-
tions at z,,] into our diagnostic model in order to
include a mesoscale updraft. Previous studies,
rather, have avoided dealing with such parameters
explicitly by making the tacit assumption of Case (b)
(See Section 5¢ for further discussion). In the diag-
nostic calculations presented in this paper we follow
the traditional practice of assuming Case (b). In
subsequent papers [such as Leary and Houze
(1980)] we will test the sensitivity of diagnostic
results to the presence of mesoscale updrafts by
considering a range of values of C,,, lying between
those of Cases (a) and (b).

d. Evaporation below anvil clouds

The evaporation of water in the mesoscale down-
draft (E,,;) may be expressed, using (25), in an equa-
tion analogous to (43), viz.,

Epg = I‘-;kndléy (54)
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where
2m d m
I, = f Fua@) £ . 55)
o dz
Substitution of (47) and (46) into (54) leads to
Cou + Ci R,
g = & D_Bu o (s6)
14 I4Vm

where the last expression applies only if v, is non-
zero. According to (56), ufk, depends on the sum
(Cpu + C}), whereas, according to (50), uk,,
the mesoscale updraft parameter, depends only on
C .y It follows that a mesoscale downdraft can exist
- in the absence of a mesoscale updraft (C,, = 0),
provided Cj is nonzero. This result is reasonable
since the amount of evaporation that can take place
in the mesoscale downdraft depends only on the
amount of precipitation that falls out of the anvil
cloud into the layer below. It does not depend on
where or how the evaporating precipitation particles
were generated. The strength of the mesoscale up-
draft, on the other hand, is related entirely to how
much condensation takes place in the anvil itself.

As for the mesoscale updraft, we are not really
introducing new parameters [a, fng, Zm, thermo-
dynamic conditions at z,,] in order to represent the
mesoscale downdraft. In the past, these parameters
have been avoided by tacitly setting a = 0. In the
present paper, we follow the traditional procedure of
assuming that no mesoscale downdrafts occurred
by setting a = 0 in (56). In subsequent papers, we
will test the sensitivity of diagnostic results to the
presence of mesoscale downdrafts by considering
values of a lying between 0 and 1.

4. Heat fiux by the population of model clouds

The vertical eddy flux of moist static energy
(which we call the heat flux) for a simple situation
in which one convective cell and one anvil cloud
existinareaA, in the absence of density variations, is

w'h' = oywy(hy — he) + oawa(hg — he)
+ opWnlhm — he) — wo(hy — he)

— waalhg — he) — Won(hm — he), (57)
where the overbar indicates an average over A, the
prime is a deviation from such an average, o,,.0y
and o, are the fractions of area A covered by the
updraft of the convective cell, the downdraft of the
convective cell and the mesoscale anvil cloud,
respectively, and w is the vertical velocity. Since the
area covered by the convective cell is small com-
pared with A, o, and o, are <1, (57) becomes

w'h' = oywy(hy — he) + aagwa(hy — he)
+ a'mwm(hm - he) - wo’m(hm - he)- (58)
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Since the anvil may cover a sizeable portion of A,
the last term cannot be readily neglected on the basis
of its areal coverage. However, if w,, = 10 cm's™!,
as suggested by Brown’s (1979) model and Zipser’s
(1969, 1977) work, and w = 1 cm s™! as suggested
by the work of Thompson et al. (1979), then the last
term on the right-hand side of (58) may be negligible
compared to the third term. For now, we retain the
term for completeness. A generalized and time-
averaged form of (58) for the entire population of
clouds in Fig. 1 is

~ g Ar(p) ~
—a = £ J (NP AAND) — F(p)]
T Jo

+ Ma\p)[ha(\p) — Re(p)I}dN

~

+ [gﬂm(p) + UmTp)][hm(p) - h(p)], 59

T

where p is the pressure at height z, w = dp/dt, g the
gravitational acceleration and the tilde indicates an
average over the time period r. To obtain (59), it is
assumed that differences between cloud and environ-
ment values of # do not vary with time during 7 and
can be represented by {h — h.(p)].

The heating due to the vertical convergence of the
heat flux — w'h’, obtained by taking the derivative
of (59) with respect to p, is of the form

~
ow'h’

~ ——— = fi(p) + Ms(\r)fAP)
op

+ JW M) fs(\p)dN.  (60)

0

The derivation of this expression and explicit
formulas for fi(p), fo(p) and f3(A,p) are given in
Appendix A.

This integral equation is a generalized version of
Eq. (9)in Johnson (1977). It cap\ge solved numerically

for 4z(\), provided that —8w'h’'/dp is known from
heat and moisture budget studies and that the func-
tions f1(p), f2(p) and f3(p) are either known or as-
sumed. Thus, Eq. (60) provides another method,
besides Austin and Houze’s [based on Eq. (36)] for
determining (z(\). )
Johnson (1976) assumed that his cloud population
contained no mesoscale anvil clouds. He further
assumed that the air entrained into the convective
cells had the properties of the large-scale environ-
ment, i.e., fi()\,p) = hy\,p) = h.(p), and that
detrainment occurred only at the tops of updrafts
and at the bottom (below cloud base) of down-
drafts. Under these conditions, (60) reduces to
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~
_ dw'h’

ap

= 2 S () huArop) ~ Fro(p)]
AT

- % - ma|, 6
dp
where &* is defined in Appendix A. This equation
is a time-averaged version of Eq. (24) of Johnson
(1976). Eq. (9) of Johnson (1977) is also a special
case of (60).

Physically, Eq. (61) indicates that the heating due
to the vertical convergence of the vertical eddy flux
of moist-static energy is manifested as a combina-
tion of both detrainment of excess moist-static
energy from the tops of convective updrafts and
vertical advection of environmental moist-static
energy by the compensating downward motion out-
side of the cells. Physical processes which are
ignored in (61), but included in (60) and (A1), are
detrainment from the sides of convective-scale up-
drafts and downdrafts [terms involving 8,(p) and
84(p) in (A1)], modification of environment air be-
fore it is entrained into convective-scale updrafts
and downdrafts [terms involving /,(\,p) and A4(\,p)],
and the vertical convergence of the eddy flux of
moist-static energy on the mesoscale (terms involv-
ing the subscript m).

5. Procedure for making diagnostic calculations and
comparisons

a. Two approaches

As noted in the Introduction, two approaches
may be used in diagnosing the properties of an
ensemble of clouds: a synoptic approach and aradar
approach. The synoptic approach uses methods
such as those of Johnson (1976) to solve an equa-
tion of the form of (60) or (61) for the cloud base mass
transport spectral ,Qllnction Mp(N), given the total

eddy heating (—9w'h'/0p) derived from large-scale
budget studies based on rawinsonde and radiation
data. The radar approach, which uses methods
similar to those of Austin and Houze (1973) and
Houze and Leary (1976) is based on solving equa-
tions of the form of (36) for .#(z()\) and (50) and (56) for
the mesoscale updraft and downdraft parameters
pE, and upk,, given radar measurements of the
heights of convective cells (z;), and the rainfall
associated with the cells in each height cate-
gory [R.(A)d\}], and the precipitation from anvil
clouds (R,,).

b. Assumptions

To obtain solutions for #z(\) by either approach,
all of the following assumptions or provisions must
be made, either explicitly or implicitly:
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(i) The relationship between convective cell height
zpand entrainment rate in (1) must be given a specific
form.

(i) The heights zz, the base of the convective
updrafts, z,, the top of the convective downdrafts
and the boundary z, between the mesoscale up-
draft and downdraft, must be specified.

(iii) The mass transport profiles f,(\,z), fa(A,z),
fmu(2) and f,,4(z) must be prescribed.

(iv) The moist static energy of the air entrained
into convective-scale updrafts and downdrafts,
h.(z) and A,(z), must be determined.

(v) Boundary conditions for in-cloud temperature
and water vapor mixing ratio must be assumed for
level z; in the convective-scale updrafts, level z, in
the convective scale downdrafts and level z,, in the
mesoscale updraft and downdraft.

(vi) A value for the quantity o, o(p) in (59) must
be assumed or provided by observation.

(vii) Three of the convective water budget param-
eters, v.(\), a(A), B(\) and n(A), and two of the meso-
scale water budget parameters, v,,, a and b, must be
assumed.

c. Treatment of assumptions (i)—(vii) in the con-
trolled experiment

In this paper, we perform a controlled experiment
in which the above assumptions are treated in a
similar way in both the synoptic and radar ap-
proaches. Differences in the results of the two
approaches can then be attributed to differences in
the independent data sets on which the calculations
are based rather than to differences in model as-
sumptions. For the synoptic approach we follow
Johnson (1976), and, in the radar approach we treat
assumptions (i)—(vii) just as he does. Details are
described below.

ASSUMPTION (i)

Following, Johnson (1976), the convective cell
height z;(\) is based on a calculation of the level of
zero buoyancy z*(X\). This is the level at which the
cloud virtual temperature of the convective updraft
in a cell of a given entrainment rate A equals the
virtual temperature of the environment, or the moist-
static energy in the updraft 4,(\,z;), computed from
(11), has the value given by the right-hand side of
Eq. (15) of Johnson (1976). Unfortunately, the func-
tion z*(\) determined in this way from the GATE
Phase III mean sounding of Thompson et al. (1979)
(solid curve in Fig. 4) is double-valued between 750
and 600 mb, and hence its inverse cannot be used
for A;(p) in (60) or (61). To make the synoptic ap-
proach tractable we smoothed the entrainment func-
tion to obtain the monotonic function z*(\) (dashed
line in Fig. 4). This smoothing has almost no effect
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on our results since we are concerned only with
precipitating cells. In the radar approach, the input
data show very little precipitation from cells with
tops below 600 mb (~4.4 km) [Cheng and Houze’s
(1979) Fig. 2d; also see Sections 4d and 4e below].
In the synoptic approach, we use only the portion
of the solution of (61) that applies above the 600 mb
level. Since this solution is obtained by integrating
downward, the portion of the solution above 600 mb
is unaffected by the shape of the curve in Fig. 4
below 600 mb. If the full solution of (61) is used, then
more caution is required in dealing with the cloud
top-entrainment rate relationship (Johnson, 1979).

In the synoptic approach, the cell height is not
actually observed. It is simply assumed to be the (in
our case smoothed) level of zero buoyancy, that is
z7(A) is equated with zF(A) in Fig. 4. In the radar
approach, the cell height is an observed quantity.
In GATE, the observed cell heights often exceeded
the largest value of zF()\) in Fig. 4 (~12 km). Cells
< 12 km in maximum height are assigned values of A
by equating the observed z; with the function z}()),
as in the synoptic approach. Cells exceeding 12 km in
height are arbitrarily assigned the same entrainment
rate as a 12 km cell. A shortcoming of the synoptic
approach is its inability to diagnose the presence
of these deeper, overshooting convective cells.

ASSUMPTION (ii)

- Convective updraft base zg is assumed to be 558 m

(the height of the 950 mb level in the mean GATE
Phase III sounding) for cells of all heights. The top
of the downdraft z, in cells of height z, is assumed.
to be at the level where the pressure is p(zy)
— 0.5[p(z) — p(z;)]- Since there are assumed to be
no mesoscale updrafts or downdrafts, the value of
Z., 1S immaterial.

ASSUMPTION (iii)

The profiles f,(\,z) and f;(A,z) are prescribed to
be exponential by the assumption that the detrain-
ment terms in (6) and (15) are zero except at the top
of the convective-scale updraft and the bottom of
the convective-scale downdraft. The mesoscale
updraft and downdraft profiles f,,.(z) and f,..(z) are
not needed because of assumption (vii).

ASSUMPTION (iv)

The entrained air is assumed to be characterized
by the moist-static energy of the large-scale environ-
ment, so that ' '

hul2) = haz) = Ra(2). (62)

ASSUMPTION (V)

The air at the base of the convective updrafts z; is
assumed to have a virtual temperature excess of
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FiG. 4. Relationship between entrainment rate (A) and pressure
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zero.® At the top of the convective downdrafts, z,,
the air is assumed to be saturated with a tempera-
ture excess of zero. Conditions at level z,, are ir-
relevant for the controlled experiment since, accord-
ing to assumption (vii), there are assumed to be no
mesoscale updrafts or downdrafts.

ASSUMPTION (Vi)

. . N . .
The term involving o,a(p) in (59) and (Al) is
neglected.

ASSUMPTION (Vii)

For the mesoscale anvil water budget, the param-
eter a is assumed to be zero. From (47), this implies

that
E md = 0 . (63 )

The parameter v, is not assigned an explicit value,
but is assumed to be given by R, /C%, which, from
(46), implies that -

Cpny=20 64)

fcase (b), Eq. (53)]. These assumptions force the
diagnosed anvil updrafts and downdrafts to be zero
according to (50) and (56). Physically, it is being as-
sumed that the anvil rain R, is all derived from con-
densate C¥, which is generated in the updrafts of
convective cells, and that the anvil rain falls to the
sea surface without any evaporation below the base
of the anvil cloud.

5 This assumption was discussed and used by Nitta (1975) as
well as by Johnson (1976).
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For the water budgets of the convective cells, the
three parameters a()), v.(\) and n(\) are specified.
Following Johnson (1976), we specify them in-
directly. The parameter a()) is prescribed by assign-
ing a value to the parameter e()\) in (42). The value
assigned to e(\) is assumed to be a constant, the
value of which is determined by Johnson’s optimiz-
ing scheme, to be discussed below. In the controlled
experiment, the value of € so determined is used in
both the synoptic and radar approaches, so that the
two sets of calculations are consistent.

The parameters v.(\) and m(A) are not given
separate explicit values. Rather, they are considered
together in the following way. From (31) and (34),
the total rain produced by convective updrafts of
cells with entrainment rates of A to A + dA\ is

[R(N) + M) Ca(M]dN = v'(N)Cu(N)dA,

where

(65)

v'(A) = ve(N) + (MmN, (66)

and ¢()) is the fraction of the condensate C,(A\)d\
which is converted to mesoscale rain after it is in-
corporated into the anvil region. The first term in (65)
is the rain that falls directly from cells, while the
second term is the amount of water that is condensed
in the cells but eventually falls as rain in the anvil
region outside the cells. The term v'(\) is the effi-
ciency with which C,(\)d\ is converted to precipita-

tion of one kind or the other. Under the assumption R

of case (b) [Eq. (53)], all of the mesoscale rain R,,

is derived from condensate originating in convective

cells. Hence, integration of (65) over all A gives
Ry =v'Cyy, 67)

where v’ is assumed to be invariant with A, Cyris the
total convective condensate, given by

Cur = J CuNdN, (68)
0
R; is the total precipitation, given by
Ry = Rer + Ry, (69)
and R is the total convective rain, given by
RCT = J Rc()\)d)\. (70)
. ‘

In the synoptic approach, a value of € is assumed,
and R; and Cy; are calculated from the diagnosed
cloud properties. The value of € is adjusted until the
computed R, agrees most closely with the observed
total precipitation. A value of »' is then implied by
(67). This is Johnson’s (1976) optimization scheme
for determining € and v’.

To use € and v’ obtained in this way in the radar
approach, instead of the more explicit water budget
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parameters v., a and 7, Eq. (65) is rewritten using
(31) and (34) as

o

Ve

RN ( 1+ )dA = YWCMNdL. (1)
The term ¢)/v. is the ratio of the portion of the meso-
scale rain R,, derived from condensate produced in
cells with entrainment rates A to A + dX to the con-
vective rain R, (\)dX\ derived from the same cell. For
simplicity, we assume that ¢n/v. is a constant.
Integrating (71) and substituting from (67) then yields

[ran(se S 1+ Shone oo

From (72) and (69), it follows that
¢'77 _ R,
Ve R cT

Substituting (3), (29), (37) and (73) into (71) and re-
arranging terms leads to

()\)(1 +

(73

(v')—ch(x)(l 4 m )dx = LOVMO)AN,  (74)

cT

which is an alternate form of (36).

In the radar approach calculations for the con-
trolled experiment, we use (74) instead of (36) to
calculate /#3(\) from the radar observed quantities
«{(A)d\ and R, since v’ is known from the synoptic
approach and v, is not.

In summary, our treatment of assumption (vii) in
the controlled experiment determines that the water
budget parameters of the diagnostic cloud model
described in previous sections are consistent with
the parameters assumed in Johnson (1976). In future
studies (e.g., Leary and Houze, 1980), we will make
alternate cloud water budget assumptions that simu-
late more realistically tropical cloud ensembles,
which include mesoscale anvil cloud circulations as
well as convective-scale updrafts and downdrafts.
In the controlled experiment described below, we
seek only to show that for a particular set of model
parameters similar results can be obtained from
either synoptic or radar input data.

d. Input data for the controlled experiment

In solving (74) for #Mg(\) in the radar approach we
obtain R.(A)d\ and R,, from Cheng and Houze’s
(1979) precipitation spectrum from Phase III of
GATE (their Fig. 2d). Although their spectrum was
obtained for only a portion of the GATE observa-
tional array and for a subset of the time period of
Phase III, it is assumed here that the spectrum was
representative of the whole area over the entire
phase. Thus, the spectrum is applied to the total
GATE B-scale area rainfall, and the factors A and =
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are taken to be the area of the B-scale array and the
total time period of Phase III.

Cheng and Houze’s precipitation spectrum shows
large amounts of rain associaied with echoes that
had maximum tops above 14 km. However, as they
note, the maximum height of a convective echo
region typically was attained only temporarily and
by a small portion of the total area covered by the
convective region. Most of the mass transport pro-
ducing such convective echoes was probably con-
fined below 14 km. Therefore, we assign all the rain
associated with echo tops above 14 km in their spec-
trum to convective cells with tops of 14 km.

Under the Johnson (1976) assumptions, which we
use in the controlled experiment, (60) reduces to

(61). In solving for #(z()\) in the synoptic approach,

we use the convective heating function (—8w'h'/dp)

determined by Thompson et al. (1979). Thus, the-

radar and synoptic approach calculations are based
on independent sets of data for the same population
of clouds.

e. Removal of non-precipitating clouds from the
synoptic approach

The z(\) obtained by solving (61) includes the
effects of both precipitating and non-precipitating
clouds. To compare this #{z(\) with that obtained by
solving (74), which is based on observed precipita-
tion, we remove the effects of non-precipitating
clouds from (z(\) by subtracting the contributions
from clouds with tops below the 600 mb level under
the assumption that only the deeper clouds pre-
cipitate significantly. This assumption agrees with
the results of Cheng and Houze (1979) who found
that very little rain came from cells with maximum
heights below the 600 mb level during GATE.

f. Comparing the results of the radar and synoptic
approaches in the controlled experiment

The only difference between the radar and synoptic
approaches in the controlled experiment is in the
determination of #z(\), which is computed from (61)

in the synoptic approach and from (74) in the radar

approach.

After obtaining #z(\) by either approach, the
downdraft mass transport spectral function ,(\) is
determined by (41) using the value of ¢ arrived at by
Johnson’s optimization scheme, and the bulk up-
draft and downdraft mass fluxes M ,(z) and M ,(z) are
determined from (2) and (16) using the profiles f,
and f; prescribed by assumption (iii). The moist-
static energies in convective updrafts and down-
drafts, #,(\,z) and A4(A,z), are computed exactly
the same way, from (11) and (21), respectively, in
both approachfe\s_/. Thus, differences in #y(\), M, (N),

M ;(\), and (—w'h’) computed by the two approaches
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Fic. 5. Cell-base mass transport spectrum diagnosed-by
the radar and synoptic approaches.

in the controlled experiment arise only inasmuch as
there are differences in (z(\). Consequently, the .
most basic comparison to be made is between the
values of #z(\) computed in each approach.

6. Results of the controlled experiment
a. Mass transport spectrum

The values of /z(\) computed by the radar and
synoptic approaches in the controlled experiment
are compared in Fig. 5 by plotting the function
mg(p), defined, following Johnson (1976), as A~!7—!
X Mg(N)d\rldp, where \; is the entrainment rate for
cells with tops at level p. The area under the curve
mg(p) is proportional to the total upward mass flux
at cloud base M, (z = z3). The areas under the radar
and synoptic curves in Fig. 5 are within 15% of each
other, with the area under the radar curve being
slightly larger. The shapes of the curves are also
quite similar, showing increasing amounts of mass
flux with increasing cell size. Since the maximum

- cell tops were 14 km (~150 mb) in the radar approach

but could be diagnosed to be no greater than 12 km
(~175 mb) in the synoptic approach, and since cells
with tops below the 600 mb level have been deleted
from the synoptic calculations, the domain for the
radar curve is greater than for the synoptic curve.
However, from the radar curve, which is directly
derived from the rainfall spectrum, it can be seen
that cells with tops below 600 mb contributed only a
negligible portion of the total cloud-base mass flux.

The similarity of the curves in Fig. 5 is dramatic
evidence that the radar and synoptic approaches,
based on independent data sets, give basically simi-
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Fi1G. 6. Bulk mass fluxes by convective updrafts (#,) and
downdrafts (M,) diagnosed by the radar and synoptic
- approaches.

lar results. Confidence in both techniques is thus
increased. Confidence in the two data sets them-
selves, the heat budgets derived from the synoptic
data set by Thompson et al. (1979), and in the pre-
cipitation spectrum derived from the radar data set
by Cheng and Houze (1979) are also greatly in-
creased.

b. Bulk mass and heat fluxes

The bulk mass and heat fluxes derived by the two
approaches are compared in Figs. 6 and 7. The
shapes and general magnitudes of the curves are in
good agreement at most levels. The radar approach,
because of its ability to diagnose the presence of
overshooting cells, shows significant mass transport
above the 250 mb level, where the synoptically diag-
nosed mass transports decrease sharply to zero near
200 mb. The overshooting cells produce slight nega-
tive heat fluxes above 200 mb.

c. Heat budget

Followin}gV Johnson (1976), the total convective
heating —(w'h")/dp, given by (61), may be written as

ok
aw/ !
—'—'—'ZQI—Q2~QR’

p (75)

where Q, is the apparent heat source derived from
synoptic data, Q, the apparent moisture sink (in
heating units) similarly derived and Qp the radiative
heating. The sensible heat budget is given by
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0: — Qn = ——[6 ()sulhp) — 5]
AT
~ My + M B - Léu] . (76)
op
and the moisture budget by
QZ g [ ~
- == =218 «ArsP) = e
7 ye (P gu(Ar,p) — Gl
8G. .
— (M, + M) Xt e,,] . D
op

where s is the dry static energy defined as c, T + gz
and é, is the evaporation of water detrained from
convective updrafts.

Three of the terms in the moisture budget equa-
tion (76) are plotted in Fig. 8. The agreement be-
tween the two approaches is quite good. As in previ-
ous diagnostic studies, the dominant term is —M,
X 0G./0p, the effect of compensating subsidence
drying the large-scale environment [see Johnson
(1976) for more discussion]. Since we have removed
any contribution from clouds with tops below the
600 mb level, the synoptic approach curve for the
term involving detrainment at cloud top, g8*(q,
— q.)/AT, is zero below the 600 mb level. The radar
approach curve for this term is a histogram since it
is derived from a discrete precipitation spectrum.

The term é, in (77), obtained by subtracting the
three dashed (synoptic) curves in Fig. 8 from the
value of Q, obtained in the budget study of Thomp-
son et al. (1979), is plotted in Fig. 9. This curve is
similar to the ones found by Johnson (1976). Above

100
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200 ——— synoptic

300
400+
3 500
E
o 600,
700
800
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1 i
0 50
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i I NS PO |

100 150

FiG. 7. Bulk heat fluxes by convective updrafts (H,) and
downdrafts (H,;) diagnosed by the radar and synoptic ap-
proaches.
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FiG. 8. Contributions to the large-scale moisture budget of
vertical motion compensating for convective updrafts (~M,87./
dp) and downdrafts (—M;07./0p) and of detrainment of water
vapor from the tops of cells [g6*(q, — §.)/A7] computed by the
radar and synoptic approaches. ] :

400 mb the term is small, actually slightly negative,
indicating no evaporation of condensate detrained
from cells with tops at these levels. Yet, paradoxi-
cally, these are precisely the levels of sirong detrain-
ment from the most intense convective cells.
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To try to resolve this question, we formulated
equations of the form of (8) to calculate the cloud
liquid water mixing ratio g, and the precipitation
water mixing ratio g, as functions of height (or p) in
cells of a given A, using a Kessler parameterization
for the source terms (Appendix B). The total detrain-
ment of liquid water at a givenp is then calculated as

£

8.(p) = ( =

)a*(p){qc[xr(p),pl

+ qpIN(p),p1}. (78)

As expected, this quantity is quite large above 400
mb in contrast with the small negative value of ¢,
(Fig. 9). This result suggests that the large amount of
water detrained from deep convective cells was not
being evaporated in the large-scale environment.
Then what happened to the detrained water? We
know from the Phase III precipitation spectrum of
Cheng and Houze (1979) that a considerable portion
of the rain fell as horizontally uniform mesoscale
anvil rain R,,. Recall, however, from the discussion
of assumption (vii) in Section S5c that to make the
radar approach calculations compatible with John-
son’s (1976) assumptions, we assumed that the
mesoscale rain R,, was condensed in convective-
scale cells but transported into the mesoscale anvil
regions via the effect represented by the terms
C,(A\)d\. We conclude from this that the detrained
condensate 8, computed by (78) contributed to the
terms C,(A\)dA, and thus was assumed in this
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F1G. 9. Evaporation of condensate from detrained cells é,, computed by the
synoptic approach, compared to the detrainment of liquid water from cells

8., computed from Eq. (78).
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FiG. 10. Contributions to the large-scale heat budget of
vertical motion compensating for convective updrafts (—M 95,/
dp) and downdrafts (—M,;05./8p) and of detrainment of dry
static energy from the tops of cells [g8*(s, — §.)/A7] computed
by the radar and synoptic approaches. The detrainment term
was so small in the synoptic case that it was not plotted.

formulation of the diagnostic model to enter the anvil
clouds and eventually fall as part of the mesoscale
rain R,,, rather than be evaporated. Thus, again, we
see evidence of the important role of anvil clouds in
tropical convective cloud populations.

Terms in the sensible heat budget equation (76)
are plotted in Fig. 10. The dominant term, as in the
moisture budget, is the compensating subsidence
effect, here represented by (—M,985,./8p), the dry
adiabatic warming of the environment. The radar
and synoptic approaches are in good agreement,
except above 300 mb, where the deep, overshooting
cells, which were detected by radar but not diag-
nosed in the synoptic approach, had an effect. The
effect is largest in the compensating subsidence term.

The magnitude of the compensating subsidence
term above 300 mb shown by the radar approach,
is somewhat exaggerated in Fig. 10 by the ex-
ponential mass transport profiles f,(),z), which we
have assumed in this controlled experiment. These
profiles concentrate the maximum mass transport,
and hence, compensating subsidence, at cloud top.
Since in the radar case, overshooting cloud tops
extend up into layers of high stability (large ds./0p)
the enhanced compensating subsidence associated
with the exponential profiles is strongly felt in the
compensating subsidence heating term. Although
the same exponential profiles were used in the
synoptic approach, the effect does not appear as
strongly because the deep, overshooting cells were
not detected. When more moderate profiles are
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assumed, placing the maximum mass transport ‘at
some distance below cell top, the magnitude of the
compensating subsidence heating at high levels in
the radar approach is substantially reduced (Cheng
and Houze, 1980).

The effect of the overshooting cells is also seen
in the detrainment term [g8*(s, — 5.)/A7] in Fig. 10.
This term is so close to zero in the synoptic ap-
proach calculations that it is not plotted, whereas
in the radar approach calculations, its effect is
noticeable at high levels where overshooting cell
tops had significant differences between s, and 5.

7. Conclusions

In this paper, we have diagnosed the mass and
heat fluxes by convective clouds in GATE from two
independent data sets (radar and synoptic) and ob-
tained similar results. Hence, we conclude that the
two sets of data are good, that the spectrum of
precipitation derived from the radar data and the
large-scale heat and moisture budgets derived from
the synoptic data were obtained correctly, and that
the diagnostic approaches using the radar and
synoptic data as input are basically sound. ‘

The data sets and their analyses have been
described in detail elsewhere, the derivation of the
precipitation spectrum from radar data by Cheng
and Houze (1979) and the determination of heat
and moisture budgets from synoptic data by Thomp-
son et al. (1979). We will, therefore, focus our
concluding remarks on the diagnostic approaches
which use the analyzed data as input.

Both diagnostic approaches, the radar and
synoptic, begin by postulating a population of
model clouds. In the radar approach, the model
clouds are constrained to produce the observed
spectrum of convective and mesoscale precipita-
tion. In the synoptic approach, the model clouds
are constrained to balance the observed synoptic-
scale heat and moisture budgets. Under either
constraint, the cloud mass flux spectrum can be
determined. The population of model clouds which
is used in both approaches, however, has various
properties which must first be assumed [assumptions
(i)-(vii), Section 5b]. From the computed mass flux
spectrum and the assumptions (i)-(vii), other
properties of the cloud population follow.

For the same synoptic or radar input data, the
diagnosed cloud mass flux spectrum varies depend-
ing on how the assumptions (i)—(vii) are made.
That is, the diagnostic results are model-dependent.
In the controlled experiment presented in this paper,
the assumptions were treated the same way in both
approaches so that differences between the mass
flux spectra diagnosed by the two approaches could
be attributed to the different data sets on which
they were based rather than the differences in

model assumptions.
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The differences obtained were, in fact, small,
each approach giving practically the same cloud
mass flux spectrum, except that the radar approach
diagnosed the contribution by overshooting con-
vection, which the synoptic approach could not
detect, and the synoptic approach diagnosed the
mass fluxes by non-precipitating convection, which
the radar approach could not detect.

Although the agreement between the approaches
is encouraging, for the reasons stated in the first
paragraph of this section, it does not mean that the
results obtained in the controlled experiment are
correct! The cloud population properties diagnosed
by the two approaches are certainly consistent, but
they are correct only to the extent that the model
assumptions (i)—(vii) were made realistically. In the
controlled experiment, these assumptions were
treated as they have been traditionally, assuming,
for example, that detrainment occurs only at cell
tops, that cell tops occur at the level of zero
buoyancy, that the cells entrain unmodified environ-
mental air, and, most notably, that there are no
mesoscale motions associated with precipitating
anvil clouds. The latter assumption is probably the
most significant insufficiency of current approaches

as there is an overwhelming amount of evidence
" accumulating that mesoscale anvil rain constitutes a
substantial portion of the total rain in GATE cloud
ensembles and that mesoscale updrafts in the
anvils and mesoscale downdrafts below the anvils
contribute to the cloud mass and heat fluxes (Zipser,
1977; Houze, 1977; Leary and Houze, 1979a,b;
Cheng and Houze, 1979). Even the moisture budget
calculations of the controlled experiment itself
suggest that precipitation from anvil clouds must
have been significant, as hydrometeors detrained
from deep convective cells apparently did not
evaporate in the large-scale environment (Section
6d). If not, they must have fallen as precipitation
from anvil clouds associated with the deep cells.

The equations developed in this paper are general
enough to go béyond the traditional assumptions
and investigate the differences which arise in the
diagnostic results when assumptions (i)—(vii) are
varied. Having established the calculations of the
controlled experiment of this paper as a baseline,
we shall, in future papers, rediagnose the mass and
heat transports by the radar approach under differ-
ent variations of these assumptions. First, we will
examine the impacts of varying assumptions (i)~(vi),
which deal with the structure of the convective
cells themselves (Cheng and Houze, 1980). Second,
the changes in diagnosed mass and heat flux pro-
files that arise when more realistic treatment of
the cloud model water budgets [assumption (vii)] is
incorporated in the calculations will be examined
(Leary and Houze, 1980; Cheng and Houze, in
preparation). This more realistic treatment of the

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoLuUME 37

water budgets, accomplished by assuming C,,, > 0
in (50) and E,,; > 0 in (54), will allow the mass and
heat transports by mesoscale anvil cloud circula-
tions to be diagnosed along with the convective .,
fluxes. ~ '

These diagnostic studies will help clarify the ex-
tent to which mesoscale motions associated with
precipitating anvil clouds influence large-scale mass
and heat budgets. If their influence is significant, as
we anticipate, then some re-thinking of convective
parameterization schemes that do not take meso-
scale motions into account may be necessary.
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APPENDIX A

An Expression for the Convective Heating

The atmospheric heating owing to the vg_r\‘tjcal con-

vergence of the convective heat flux (—w'A’) is ob-
tained by taking the derivative with respect to p
of Eq. (59). This derivative is

_6_ _% = 5 | s -7
o (o) AT[@ (D) haArp) — Fp)]

Ar(@) aze'
+ [ [_ [\.p) + Ma(\,p)]
0 dp

+ 8,(P)[hNp) — he(p)]
+ 8a(P)[ha(\,p) — he(D)]
+ ep)he(p) = hu(\,p)]

+ ed(p)hep) — hd(x,p)l]dx]

5 v
+ _Hﬁf’_"_
op ||l AT

~
+ omw(p)]

X [hn(p) — ?ze(p)l] . (AD)

To obtain (A1), substitution is made from (3), (4),
(5), (10), (14), (15) and (20) after they are converted
to a p coordinate using

dz = —Hd Inp, (A2)
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where H is the scale height of the large-scale en-
vironment, and the following definitions are used:

d\
8*(p) = — My(\p,D)
dp

dAr

= d—f wlAr,z(p) M (A7), (A3)
P
M (N,
ep) = - [u”—)] , (A%)
dp c
) ,
elp) = — [M] , (AS)
op ¢
0 ,
8.(p) = [M] i (A6)
dp 5
3}
84(p) = [M] . (A7)
dp 5

Using (3), (4), (5), (14), (15), (41), and (A2) we can
show that all five of these quantities are proportional
to (). Specifically,

&(p) = +(\HIp)ful\z(p))Mp(N), (A8)
a(\,p)
€p) = —(AH/p)fal\2(P)]e (D), (A9)
as(\,p)

8.(p)

= [Ml + Efu[)\,z(p)] }./%5(7\), (A10)
op p J

—
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54(p)
- [M - Efdtx,z(p)]}e(xwﬂ(m. (A1)
L dp p
a4()\:1))

Substituting (3), (17), (41), (A3) and (A8)—-(A11) into
(A1), we obtain Eq. (60), in which

f1(P)
) n ~ -
= 2|8t P (D) — he(p)]} . (A12)
op | AT
fz(P)
d\p . ~
= & O ez op) — FeD)],  (A13)
At dp

oh,
fip) = = m {fulMz(P)] + €M) falrz(P)]}

+ a;(AP)[e(p) — hu(\,D)]
+ as(\P)he(p) — ha(M,p)]
+ as(p)[h D) — h(p)]

+ ai A p)[ha\.p) — TL(p)]. (A14)

In (A12), the term involving w, can be evaluated
if the precipitation quantities R, and R.(\) are meas-

a36\,p) ured since from (23), (24), (25), (31), (34), (36), (45),
(50) and (56), we have
Ry fmulz(P)] * n(MR(N)
Mmulz(p)] = fI 2ol _ J i 7 s P s=p@m)
Han(P) = 2m o Tels (A15)
aR,, frmalz
Mmalz(P)] = 28/ malz(P)) , P < p(zn).
I4Vm
s
To evaluate the term involving o,w(p) in (A12),
some observation or assumption regarding this my(\,z) = pg,(\,z). (B2)

quantity must be made.

APPENDIX B

Computation of the Precipitation Water Content
in Convective Updrafts

Following Kessler (1969), the hydrometeor con-
tent (ignoring the ice phase) can be divided into
two categories, cloud liquid water content, defined
as

mq(\,z) = pg.(\,z), (B1)

where p is the density of air, and the precipitation
liquid water content, defined as

We calculate m, and m,, and then use an appropriate
density to convert them to g, and q,, respectively,
for substitution into (78).

Using Kessler’s (1969) parameterization scheme
for cloud microphysical processes, equations for m,,
and m,, in a one-dimensional convective updraft are

omi(\,z)

B [AC + CC]
0z

wu(A,z)
dlnp

- Mnc(}\’z) + mc()\:z) (B3)
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F1G. B1. Mixing ratios of cloud (gq.) and precipitation water (g,) computed by the
scheme described in Appendix B for cells with tops of 6.9 and 13.3 km.
and N '
F = (Az) MyN(D)dD
om,(\,z AC + CC D,
e R - "
z - wu(A,z a1 7 _
“ = (Az) IJ PLY Nye=2dD,  (BS)
0lnp ‘ D

- A’nIJ()\’Z) - mp()\9z) ’ (B4)
oz

where w,(A,z) is the updraft vertical velocity, G the
condensation of water vapor, AC the auto-conver-
sion of cloud liquid water into precipitation, CC the
collection of cloud sized droplets by precipitation
particles, F the fallout of precipitation, —Arm, and
—Mm, the entrainment of cloud and precipitation
water, respectively, and 8 In p/dz the air compressi-
bility factor.

It is assumed that the updraft is saturated and
that vertical advection of water vapor just balances
condensation. Under these conditions,

aq
G P

where ¢, is the saturation mixing ratio. Following
Kessler (1969), we let

k((m, — my), m;>my’

(BS)

AC = (B6)

0, otherwise
and
CC = 0.29Ny'Bm.m,"® exp(k,z/2), (B7)
where k; = 102 871, my = 0.5gm=3, Ny = 10" m™

and k, = 10~ m~'. The fallout of precipitation is
calculated by the scheme of Howell and Lopez (de-
scribed by Cotton, 1972) which assumes that the part
of the precipitation water composed of particles with
terminal velocities V in excess of the vertical air
velocity w is lost to an updraft parcel at the end of
each vertical step Az of the particle’s rise. Thus,
in finite-difference form, '

w

where M, is the mass of a drop of diameter D,
N(D)dD the number of drops of diameter D to
D + dD per unit volume of air and D,, the diameter
of a drop whose terminal velocity V = w. The re-
lationship between V and D is assumed to be that
of Gunn and Kinzer (1949). In the right-hand term in
(B8), p, is the density of liquid water and the
Marshall-Palmer (1948) distribution N, exp(—AD)
has been assumed for N(D). Following Kessler
(1969), the parameter A is given by 7.49N*m,,~11,

In a complete one-dimensional updraft model, the
vertical velocity w,(A,z) would be calculated in a
simultaneous solution of the vertical equation of mo-
tion, the First Law of Thermodynamics and the
water continuity equations (B3) and (B4) (e.g.,
Simpson and Wiggert, 1969, 1971). Since we are just
interested here in a reasonable estimate of g, and
g, for Eq. (78), we avoid the more elaborate model
calculation by prescribing a vertical velocity w,(A,z)
for substitution into (B3) and (B4). The vertical
velocity profile is assumed to be consistent with
the mass flux profile f,(\,z) such that

p(zg)

w(A,z) = w(h,zg) —— fu(A,2). (B9)
' p(z)

The cloud-base vertical velocity w(A,zp) is param-
eterized in terms of cell top height z; according to
the relationship

wuax[Nz7)1p(z7)
p(zp) fulMz7),27] ’

Ww(k,zg) = (B10)
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which is obtained by substituting z; for z in (BY9)
and solving for w(A,zz). The value of wysx[A(z7)]
in (B10) is obtained from Table 1 of Austin and
Houze (1973). Egs. (B3) and (B4) are solved for
mg(\,z) and m,(A,z). Examples of solutions for
clouds of z; = 6.9and 13.3 km are shown in Fig. B1.
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