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ABSTRACT

Ensembles of convective clouds, especially in the tropics, often have widespread precipitating anvils
associated with their deeper convective clouds. Mesoscale downdrafts occur below the middle-level bases
of the anvils, and mesoscale updrafts may occur within the anvils themselves. Often, the special char-
acteristics of these mesoscale anvil vertical motions are not taken into account in diagnosing or param-
eterizing the large-scale effects of cloud ensembles. This paper describes calculations of the differences
in diagnosed ensemble mass and heat fluxes obtained when mesoscale motions are accounted for in com-
parison to when they are not. One dimensional models are used to represent both the convective-scale
updrafts and downdrafts and the mesoscale anvil updrafts and downdrafts occurring within the cloud
ensemble. All ensembles are constrained to account for the observed convective and anvil precipitation
in Phase III of the Global Atmospheric Research Program’s Atlantic Tropical Experiment (GATE). The
inclusion of reasonable amounts of either mesoscale updraft or mesoscale downdraft motion or some
combination of the two leads to the diagnosis of 15-20% less ensemble mass transport at low levels
and 20-30% more mass flux aloft. Diagnosed heat transports in the mid to low troposphere are increased
substantially by the inclusion of mesoscale downdrafts and decreased by the inclusion of mesoscale
updrafts. These opposing effects on the heat flux cancel if moderate amounts of both mesoscale updraft
and downdraft motions are included, and the resulting heat flux in this case differs little from one diag-
nosed without accounting for the mesoscale motions.
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1. Introduction

This paper forms a series with four preceding pa-
pers dealing with mass and heat fluxes by ensembles
of tropical clouds in GATE (Cheng and Houze, 1979;
Houze et al., 1980; Cheng and Houze, 1980; Leary
and Houze, 1980 —hereafter referred to as CH1, H,
CH2 and LH, respectively). In these papers, an
ensemble of tropical clouds is envisaged to consist
partly of convective cells containing cumulus-scale
updrafts and downdrafts and partly of mesoscale
precipitating anvil clouds (Fig. 1). Here, we use the
term anvil as defined by Brown (1979). It is an exten-
sive sheet of stratiform mid-to-upper tropospheric
cloud that develops when several deep tropical con-
vective cells become organized on the mesoscale.
The anvil cloud spreads out from the cells and covers
the mesoscale system. The broad patches of high
cloud formed by the tops of these anvils dominate
satellite pictures of equatorial regions, and, in
studies of satellite imagery, tropical mesoscale
systems covered by anvils have been termed ‘‘cloud
clusters’” (Frank, 1970; Martin and Suomi, 1972).
As indicated in Fig. 1, mesoscale subsidence is ob-
served below the bases of the anvil clouds (Zipser,
1969, 1977; Betts et al., 1976; Houze, 1977; Leary
and Houze, 1979), and mesoscale ascent appears
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to occur directly above the mesoscale downdraft,
i.e., in the anvil itself (Brown, 1979). In this paper,
we are concerned with the possible importance of
the mesoscale anvil updrafts and downdrafts in con-
tributing to the mass and heat fluxes by an ensemble
of tropical clouds.

The ensembile of clouds considered here is the one
described by the GATE Phase III (mid-August to
mid-September) precipitation spectrum shown in
Fig. 2. This spectrum was derived from GATE radar
data in CHI. It shows the percentages of the total
Phase III precipitation that were seen on radar to
be convective and stratiform (or mesoscale). The
convective rain was intense and highly transient.
It was subdivided into categories of observed maxi-
mum cell height. In contrast to the cells, the areas
of mesoscale anvil rain were slowly varying, not
extremely intense, horizontally homogeneous and
covered regions up to 200 km in horizontal dimen-
sion. Since the anvil rain was a considerable portion
of the total precipitation, and since mesoscale up-
drafts and downdrafts are found in the regions where
such anvil rain occurs, the spectrum suggests that
mesoscale drafts contributed significantly to the ver-
tical eddy fluxes of mass and heat accomplished
by GATE clouds.

Johnson (1980) found that mesoscale downdraft
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FiG. 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 symbols are defined in the text and Appendix. From Houze et al. (1980).

motions could contribute significantly to the GATE
fluxes. However, he did not calculate the possible
effects of mesoscale updrafts, or combinations of
mesoscale updrafts and downdrafts. In LH, the ef-
fects of the mesoscale updraft, and downdraft of a
single idealized GATE mesoscale convective system
were considered, and it was found that both the up-
draft and downdraft could substantially affect the
system’s vertical profiles of mass and heat trans-
ports. In this paper, we determine the extent to
which the mesoscale updrafts and downdrafts con-
tained in the various mesoscale systems that pro-
duced the anvil rain in the GATE Phase III pre-
cipitation spectrum could have acted in concert to
affect the mass and heat fluxes .accomplished by
the entire ensemble of GATE Phase III clouds.

To accomplish this objective, we must relate the
fluxes to the observed precipitation spectrum mathe-
matically. In H, the mathematical relationships
between vertical fluxes by an ensemble of tropical
clouds and the precipitation spectrum were investi-
gated and found by recognizing the relationship of
the precipitation spectrum to the water budget of
the cloud ensemble. We begin by reviewing that
relationship.

2. Relationship of the precipitation spectrum to the
" water budget of an ensemble of clouds

- In the notation of H (used wherever possible
throughout this paper), we express the precipitation
spectrum mathematically as follows:

e R, isthe total (mesoscale) rain from all the anvil
clouds in the ensemble

e R (\)dA\ is the total rain from all the convec-
tive cells in one category of cell height.

The quantity A is the entrainment rate, which is re-
lated inversely to cell height zx(A). R(A\)dA is thus
the total rain from cells with entrainment rates in
the range A to A + dA\, or from cells in the size range
z7(A) to zg(A + dN\). This size range corresponds to
a cell-height category such as the ones represented
in discrete form by the bars in the convective por-
tion of the histogram in Fig. 2.

Mesoscale updraft and downdraft motions are
associated with R,,; convective updraft and down-
draft motions are associated with R (\)dA\.

WSO

a5

—140Z

g

@

‘35_]

7z

o

20 —20F

TR

_l o)

'_

15 45 2

sz 3

= 5

LIZJ_j 10+ -0 a

O
&=
ag st -5
-~ 1 L J__J
%0 5 °
z7(km)

~ ——

CONVECTIVE MESOSCALE

FiG. 2. Precipitation spectrum for Phase III of GATE derived
from radar data. Graph shows the percentage of total GATE
Phase III rainfall associated with convective cells of various
heights (z;) and with mesoscale anvil clouds. From Cheng
and Houze (1979).
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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 convective downdraft associated with evaporation in the cell E 4(A\)d\. The

wide upward arrow represents 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,,. Horizontal arrows represent condensate from
the cell [E..(\)d\] and the anvil (E,,) that evaporates in the large-scale environment and
condensate from the cell that is incorporated into the anvil [C,(A\)dA]. R.(N)d\
and R,, are the rainfall from the cell and the anvil, respectively. Other symbols are defined

in the text and Appendix. From Houze et al.

If we let 1) all anvil clouds in the ensemble be simi-
lar to a model anvil cloud; and 2) all cells in a size
category be similar to a model cell of height z,()\);
then the water budget of one size category of cell can
be considered in terms of a bulk convective cloud
of height z-(\), which produces an amount of con-
vective rain R (\)d\, interacting with a bulk anvil
cloud, which produces an amount of anvil rain R,
(see Fig. 3).

In the bulk convective cloud, the mass of water
condensed in the cumulus-scale updraft is repre-
sented by C,(A\)d\. The water budget of the bulk
convective cloud may be expressed as

Cu(Md = [RN) + Eca(N)

+ Ece(N) + Ca(M]dN, (1)

where E (M) d\ and E . (A\)d\ are the portions of the
condensate C,(A\)dA that are reevaporated in
cumulus-scale downdrafts and in the large-scale
environment, respectively, and C,(\)dA is the por-
tion of C,(\)dA\ that is incorporated into the meso-
scale anvil cloud, either by being detrained from
the upper portions of active cells, or by being left
aloft by dying cells that blend into the anvil cloud
when new cells form adjacent to the anvil (Houze,
1977; Leary and Houze, 1979). Expressing the terms
on the right-hand side of (1) as fractions of the con-
densate C,(A\)d\, we obtain

RMNd\ = v (M) Cu(M)dN, @
Ec.sMNdN = a(M)C, (V) dX, ?3)
EceM)dA = BN Cu(N)dA, @
CaN)dN = n(N) Cu(N)dA, ®)

(1980).

where v.(7\), a(\), B(A) and n()) are each either zero
or a positive fraction. To be consistent with (1),
they must satisfy the constraint that

ve(M) + a(d) + BA) + () = 1. (6)

In the bulk anvil cloud, the mass of water con-
densed in the anvil’s mesoscale updraft is repre-
sented by C,.. The anvil cloud consists partly of
this condensate and partly of water introduced into
the anvil through the effects represented by C ,(A)dA
in Eq. (1) and Fig. 3. Thus, the water budget of the
anvil may be expressed by

Cmu + Cf = Rm + Emd + Emea (7)

where

Ck J C,(\)dA, ®8)
0

E,.q1s the portion of (C,,, + C¥) thatis reevaporated
in the mesoscale downdraft below the base of the
anvil cloud, and E,, is the portion of (C,, + C¥)
that is detrained or left aloft by the anvil cloud to
be reevaporated in the large-scale environment. Ex-
pressing the terms on the right-hand side of (7) as

fractions of (C,,, + C%), we obtain

Ry = v(Cu + CY), ®
Epng = a(Cpy + C:f), 19
E,e = b(Cpy + CP), . (11)

where v,,, a and b are zero or positive fractions,
which, to be consistent with (7), must satisfy the
constraint

vy +a + b = 1. (12)



1754

The parameters v.(\) and v,, introduced in (2) and
(9), respectively, are precipitation efficiencies:
v.(A) is the efficiency with which the condensate
produced in the convective updraft of the bulk cell
is converted to precipitation; and v,, is the efficiency
with which condensate in the anvil cloud is converted
to mesoscale anvil precipitation (R,,). The efficien-
cies 'v, and v,, as well as the other water budget
parameters, «, 8, 1, a and b, in (2)-(12) must be
known or assumed in order to relate the precipita-
tion amounts R,, and R.(A\)dX to condensation in
updrafts [C,(A)dA and C,,] and evaporation in
downdrafts [E_;(A\)d\ and E,,]. Further assump-
tions (dealing with mass transport profiles, entrain-
ment rates and the thermodynamical properties of
the air in the updrafts and downdrafts) allow the
condensation to be related, in turn, to the mass and
heat fluxes of updrafts and the evaporation to be re-
lated to the mass and heat fluxes of downdrafts.

This paper is concerned with the first type of as-
sumption, that is, of values for the water budget
" parameters relating condensation and evaporation
to precipitation. In many diagnostic studies of tropi-
cal convection, the values of these water budget
parameters have been chosen, either explicitly or
tacitly, so that

Cou=0 (13)
and
E.q; = 0. (14)

Under such assumptions, no mesoscale anvil up-
drafts or downdrafts can occur in the ensemble of
model clouds. Consequently, mass and heat fluxes
are diagnosed as if mesoscale anvil circulations do
not exist. In this paper, we consider all the possible
combinations of water budget parameters that can be
argued to be physically reasonable for Phase III of
GATE. These combinations give all possible values
of C,,, and E,,4, which, in turn, can be related to
mesoscale updraft and downdraft.motions and hence
to all the possible-contributions of mesoscale anvil
circulations to cloud mass and heat fluxes during
Phase 1II of GATE.

3. Relationship of mass and heat flux to the cloud
ensemble water budget

To evaluate the impact of mesoscale anvil vertical
motions on the GATE Phase III mass and heat fluxes,
we relate these fluxes to the cloud ensemble water
budget parameters defined in the foregoing section.
Mathematical formulas for this purpose, developed
.in H, are briefly reviewed in this section.

a. Subdivision of fluxes into convective and meso-
scale components

We consider the average vertical fluxes over a
large-scale area A and time 7 by an ensemble of
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clouds located within A. In this study, A is the area
covered by the GATE B-scale ship array (0.6 x 10°
km?) and 7 is the time period of Phase III of GATE
(21 days). It is convenient to subdivide the fluxes
into convective and mesoscale components by ex-
pressing them as

. M(p) = M(p) + M,(p)

H(p) = Hc(p) + #u(P), (16)

where M(p) and #(p), respectively, are the vertical
fluxes of mass and heat through pressure-level p.
The subscripts ¢ and m refer to the contributions of
the vertical motions associated with convective cells
and mesoscale anvil clouds, respectively.

We may express the convective-scale mass flux
M, as the integrated contributions of cells of dif-
ferent sizes by writing

(15)
and

1 Ap(p)
Mc(p):Z—J LN, P) + Mah, LA, (1T)

T Jo

where M, (N, p)d\ and M4\, p)d\ are the masses
of air transported vertically through level p in the
convective-scale updrafts and downdrafts, respec-
tively, of cells with entrainment rates A to A + dA,
and AH{(p) is the entrainment rate for cells with tops
at level p.

The mass flux by mesoscale anvil vertical motions
may be written as

(D)

‘ M m(p ) AT ’
where u,.(p) is the mass transported vertically
through level p in mesoscale drafts. The heat flux
terms ¥ (p) and % ,(p) may be written in terms of
updraft and downdraft properties as follows:

1 Ar(p) .
%p) = ——J {aN, PN, D) — Fis(p)]
AT

0

(18)

+ M4\, PR, p) — h(P)I}dN,  (19)

(D)
T

Hnlp) = [hn(P) = he()), 20

where Ay, hg, h,; and k. are the moist static energies
in convective updrafts, convective downdrafts,
mesoscale drafts and the large-scale environment,
respectively.
Eq. (16) is equivalent to Eq. (59) of H. The prob-
~

ably small term o,0(p) defined in H and included in
(H59)! is ignored in (20) in comparison to pu,,/A7.

b. Formulation of convective fluxes
In H, A4,(\, p) is equated to the product of the
cell base mass flux spectral parameter #3z(\) and

1 Equations in H are hereafter indicated by prefix H.
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vertical profile of convective updraft mass flux
fJIN, z(p)], where z is height, as follows:

Mu(N, p) = Mp(N) fulN, 2(p)] @n

[see Eq. (H3)]. In (H36), #5()) is related to the con-
vective precipitation R.(A\)d\ and the convective
precipitation efficiency »,(\) through

R.(N)dA
v (LR

where 7,()\), defined by (H37), depends on the water
vapor mixing ratio in the convective updrafts and
in the environment. In H, 4(,(A, p) is related to the
cell base mass flux parameter (z(\) and vertical
profile of convective downdraft mass flux f,{\, z(p)]
by the relation

Ma(X, p) = e MM falr, z(P)],

where ¢()\) is an expression of the reevaporation of
convective condensate in convectlve scale down-
drafts and is given by

Ms(\)d\ = (22)

23

(M1 (N)

D=0

, @4

where I 2()\) defined by (H39), depends on the water
vapor mixing ratios in the convective downdrafts
and in the environment. [Eq. (23) is obtained by
combining (H17) and (H41). Eq. (24) is the same
as (H42).]

Expressions for 4, (A, p) and 44\, p) obtained
by combining (22) and (24) with (21) and (23) are

RN fuIX, z2(p)1dA

AbX, pydX = , 25
™2 VeI, () (25)
M AN, ~ ARMNSlM, 2(p)ldN

N, pYdA YIS 26)

Thus, as shown by Austin and Houze (1973), the
mass flux in convective updrafts (#,d\) in a given
cloud-size category (A to A + d\) is given by the
convective precipitation (R.d\), the convective pre-
cipitation efficiency (v.) and large-scale environ-
mental thermodynamic conditions (contained in I,).
As shown by Houze and Leary (1976), the mass flux
in convective downdrafts (#,d\) is obtained by an
analogous relationship, with the additional involve-
ment of the water budget parameter «, which ex-
presses the fraction of convective condensate re-
evaporated in convective-scale downdrafts.

Expressions for the mass and heat fluxes by the
convective-scale updrafts and downdrafts can now
be obtained by substituting (25) and (26) into (17) and
(19). The resulting equations are
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Vo) = 1 r,m { R.(N) fuIh, z(p)]
¢ A’r 0 vl LQY
+ SR fulh, 20)) )
Vc()‘) 12(}\)
(p) _ _1- JM"’) [Rc(x) fu[x; z(p)]
‘ At o vel®) L)
B MR (A
X [hyA, p) — hp)] + VR

ve(N)

 fih, 2(p)]
L)

These equations express the mass and heat fluxes
by convective-scale vertical motions in terms of the
amounts of condensation in convective updrafts
[R.{(MN)dMNv(\)] and evaporation in convective
downdrafts [a{A\)R . (A\)dMNv (N)].

[ha(h, p) ~ ize(p)]}dx. 28)

c. Formulation of mesoscale updraft fluxes

Above the tops of the anvil downdrafts (level z,,
in Figs. 1 and 3), the mass and heat fluxes by anvil

cloud vertical air motions are determined only by

mesoscale updrafts, and (18) and (20) may be
written as

Mou(p) = 2P < b, 29)
AT
#nlp) = “’;‘(” ) hod®) —he@)], P <plaw), GO)

where pu,.(p) is the mass transported vertically
through level p in the mesoscale updrafts and 4,
is the moist static energy in the mesoscale updrafts.
In H, it is shown that u,,(p) may be expressed
by a relationship analogous to (26), specifically,

Cmu mu
“’mu(p) = _z"_[z'('l')ﬂ ’

I, 3D

P < p(zy).

This relation [obtained by combining (H24) and
(H50)] expresses the mass transported vertically in
the mesoscale updraft u,, [which is analogous to
M AN in (25)] in terms of the total condensation
C o produced by the mesoscale updraft [analogous
to R.d\/v. in (25)], the vertical profile of the meso-
scale updraft mass flux f,,, [analogous to f, in (25)]
and the quantity /; [analogous to I, in (25)], which is
defined by (HS1) and determined from the mixing
ratio in the mesoscale updraft (see Section 4). Sub-
stitution of (31) into (29) and (30) leads to

M..(p) e
3

s P <p(zy), 32)
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Conerual2(P)]
Artl,
p < p(zw), (33)

which ‘express the mass and heat fluxes by anvil
updrafts in terms of the amount of condensation
C ... that occurs in them.

Hn(p) = [hmu(p) - ﬁe(P)],

d. Formulation of mesoscale downdraft fluxes

Below the tops of the anvil downdrafts (level z,,
in Figs. 1 and 3), the mass and heat fluxes by anvil
cloud vertical air motions are determined only by
mesoscale downdrafts, and (18) and (20) are given by

Ma(p) = 2240,

!

p = pzy), (34)

Uma(P)
T

Hn(p) = [hma(P) —heP)], P =p(zu), (35)

where u,,4(p) (a negative quantity) is the mass trans-
ported vertically through level p in the mesoscale
downdrafts and h,, is the moist static energy in
the mesoscale downdrafts. In H, it is shown that
wma(p) may be expressed by a relation analogous
to (26), specifically,

Eafnal2(p)]
I,

where f,.a[z(P)] is a negative quantity. This relation
[obtained by combining (H25), (H47) and (H56)] ex-
presses the mass transported vertically in mesoscale
downdrafts w4 [analogous to #d\ in (26)] in terms
of the total evaporation E,,; in the mesoscale down-
draft [analogous to aR.d\/v, in (26)], the vertical
profile of the mesoscale downdraft mass flux f,.,
[analogous to f; in (26)] and the quantity I, [analo-
gous to I, in (26)], which is defined by (HS55) and
determined from the mixing ratio in the mesoscale
downdraft (see Section 4). Substitution of (36) into
(34) and (35) leads. to

Em matif
Mo(p) = ————"Q:’I[z(p 1,

Emdfmd[z(p)]
ATI4
p = p(zu) (38)

which express the mass and heat fluxes by aqvil
downdrafts in terms of the amount of evaporation
'E .4 that occurs in them.

Mmd(P) = , p=piy); (36)

p = p(zy), 37N

Hnp) = [hma(p) — hdP)],

e. Mesoscale condensation and evaporation as
indicators of the contributions of anvil air
motions to cloud ensemble fluxes

From (32), (33), (37) and V(38), it is evident that
the mass and heat transports by anvil updrafts are
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directly proportional to the amount of condensate
C.ne produced by the . lifting in the mesoscale up-
drafts and that the transports by anvil down-
drafts are directly proportional to the amount of
evaporation E,; produced by sinking in the meso-
scale downdrafts. In this study, the magnitude of
anvil updraft and downdraft contributions to the
cloud ensemble heat flux #(p ) are examined through
analysis of the terms C;,, and E,,; (Section 7). We
have already noted in Eqgs. (13) and (14) that assum-
ing mesoscale motions do not contribute to #(p)
at all is equivalent to assuming C,,, = E,,q = 0. In
this study, we examine cases in which mesoscale.
motions do-contribute to #(p) by considering the
conditions under which C,,, and E,,; are nonzero.
From (9) and Fig. 3, it is evident that
Cmu = ﬁ - Cj,

Vm

(39

where the first term on the right is equal to the total
condensate making up the anvil cloud, and C% is
the portion of this total condensate that was ob-
tained by incorporation of -hydrometeors into the
anvil from neighboring cells, by being detrained
from active cells or left aloft by. dying cells. C,,,, is
the portion of the total condensate generated within
the anvil itself by mesoscale lifting. With substitu-
tion from (2), (5) and (8), (39) may be written as

Bn _ f ) n(x)[R”()‘) ]dx.

VYm 0 Ve

) Conu =

(40)

From this expression, C,, is seen to be related .
(i) to the mesoscale anvil precipitation R, and the
efficiency v, with which it is converted micro-
physically from anvil cloud condensate to anvil pre-
cipitation; (ii) to the convective precipitation
R N)d\ and the efficiency v, with which it is con-
verted from convective cell condensate to precipita-
tion; and (iii) to the effectiveness [represented by
1n(\)] with which the convective condensate is in-
corporated into the anvil from neighboring cells.

Note that if »(A) is zero for all A, the second
term in (40) vanishes and all the anvil precipitation
must be explained by mesoscale updraft condensate:
By contrast if n(\) is large, the second term in (40)
can cancel the first term. In this case all the anvil
precipitation is explained by transfer of condensate
into the anvil from cells and no mesoscale updraft
is required (C, = 0).

By combining (9) and (10), we obtain

aR,,

Vm

Emd =

'(41)

From this expression, it can be seen that, like C,,
E g is related to R, and v,,. It is also related to the
water budget parameter a, which expresses the
fraction of anvil condensate evaporated in the meso-
scale downdraft. :






