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ABSTRACT

The existence of extensive precipitating anvil clouds in intense tropical convection suggests that
vertical air motions associated with the anvil clouds play a significant role in the mass and heat budgets
of these systems. This paper uses three different sets of assumptions about the water budget of an
idealized mesoscale convective system to test the sensitivity of diagnostic calculations of vertical
transports of mass and heat to the inclusion or exclusion of anvil clouds and their associated meso-
scale vertical air motions. The properties of the mesoscale updraft and downdraft are evaluated
using observations and the results of modeling studies. When a mesoscale updraft and downdraft
are included in the diagnostic calculations, the profiles of vertical transports of mass and moist static
energy are both qualitatively and quantitatively different from the results when mesoscale vertical
air motions are excluded. Inclusion of mesoscale vertical motions in the diagnostic calculations leads to

* smaller upward mass transports below 4 km, larger upward mass transports above 4 km, less cooling

below 4 km, and more cooling between 4.5 and 6.5 km than are obtained when mesoscale motions are
not included in the calculations. These resuits imply that the effect of mesoscale vertical air motions on
cloud mass flux and net heating profiles should be considered when parameterizing the effects of
tropical convection on the larger scale environment.
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1. Introduction

Abercromby (1887) was perhaps the first to docu-
ment the anomalously low surface temperatures ob-
served to the rear of an intense squall line and
suggest that they were due to the transport down-
ward of cold air with heavy rain. Humphreys (1914)
proposed evaporation of falling rain to be the
dominant mechanism for the cooling as well as the
source of the downdrafts in large thunderstorms. He
also noted two distinct rain areas in the thunder-
storm: a primary rain area located close to the
ascending air, and a less intense secondary rain
area well to the rear of the ascending air and the
primary rain area. In the tropics, Hamilton and
Archbold (1945) described similar phenomena in
squall lines, which they called disturbance lines,
and associated the light rain area to the rear of the
most intense showers with a deep anvxl of alto-
stratus cloud.

Zipser (1969) deduced the presence of an or-
ganized mesoscale downdraft driven by the evapora-
tion of falling precipitation beneath the anvil cloud
in the rear portion of tropical squall-line systems.
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He distinguished this mesoscale downdraft, which is
several hundred kilometers in horizontal extent,
from the convective-scale updrafts and downdrafts
(1-10 km in horizontal extent) which occurred at the
leading edge of the system. Houze (1977) and Zipser
(1977) have shown that similar squall-line systems
occurred in the Global Atmospheric Research Pro-
gram’s Atlantic Tropical Experiment (GATE).
Zipser and Gautier (1978) and Leary and Houze
(1979b) have found evidence for mesoscale down-
drafts below anvil clouds in non-squall as well as
squall-line mesoscale systems in GATE. Leary and
Houze (1979a) examined the horizontally uniform
precipitation associated with the anvil clouds in five
cases, including both squall and non-squall meso-
scale systems and presented calculations based on
these cases, which suggest that cooling resulting
from the melting of hydrometeors, in addition to
evaporative cooling, plays an important role in the
initiation and maintenance of mesoscale down-
drafts in intense convective systems.

Motivated by Zipser’s (1969) study, Brown (1979)
constructed a two-dimensional, time-dependent
numerical model of a precipitating tropical dis-
turbance, using unfiltered hydrostatic equations,
together with parameterizations of cloud micro-
physics and convective-scale motions. In his experi-
ments, an anvil cloud evolved, and a broad meso-
scale downdraft developed as a hydrostatic,

.
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thermally direct circulation feature, when cooling
due to the evaporation of rain falling from the anvil
cloud was included in the calculations. Above the
mesoscale downdraft, which occurred in the lower
troposphere below the base of the anvil cloud,
Brown’s model produced a mesoscale region of
hydrostatic uplift in the anvil cloud layer itself. Thus,
the region immediately to the rear of the line of
cumulonimbus towers was characterized by a meso-
scale updraft located aloft, directly above an
evaporatively driven mesoscale downdraft.

The importance of the precipitation falling from
the anvil clouds of intense convective systems is
indicated by the fact that it accounts for ~40% of the
total rainfall observed in GATE (Cheng and Houze,
1979). It seems reasonable, therefore, to believe
that the mesoscale updrafts and downdrafts associ-
ated with anvil clouds played a significant role in
the cloud mass and heat fluxes over the GATE data
network. To determine their role quantitatively,
diagnostic techniques are needed which can detect
the fluxes by the mesoscale drafts. Houze et al.
(1980), hereafter referred to as H) developed equa-
tions for the diagnosis of cloud mass and heat
fluxes either from observations of the precipita-
tion fields associated with the clouds (the radar
approach) or from large-scale heat budgets (the
synoptic approach). Whichever of the two ap-
proaches is used, assumptions about cloud water
budgets must be made to determine the amount of
mesoscale air motion contributing to the fluxes.
Previous diagnostic studies (e.g., Yanai et al., 1973;
Ogura and Cho, 1973; Johnson, 1976; Houze and
Leary, 1976) have usually assumed water budgets
that allow for no mesoscale air motions. The
results of such studies are correct only to the extent
that they are insensitive to the neglect of the meso-
scale anvil air motions.

The purpose of the present paper is to test the
sensitivity of diagnostic results to the inclusion or
exclusion of anvil clouds and their associated meso-
scale updrafts and downdrafts. We carry out this
test using the first approach mentioned above by
postulating an idealized mesoscale system with a
precipitation pattern typical of mesoscale systems
observed during GATE. The response of a diag-
nostic model similar to that of H is examined as
various assumptions are made about the water bud-
get of the idealized mesoscale system. Some of these
assumptions allow mesoscale updrafts and down-
drafts to be associated with the precipitating anvil
cloud of the idealized system. From the response of
the model in this ideal case, we can anticipate the
types of differences that will be obtained in
diagnostic studies when the assumptions of the
diagnostic models allow for mesoscale motions to
contribute to the diagnosed mass and heat trans-
ports. Johnson’s (1980) results show that for meso-
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Fi1G. 1. Horizontal dimensions, lifetimes and rainfall for the
components of the idealized mesoscale system and its larger
scale environment. Symbols are defined in Section 2 of the text.

scale downdrafts the types of differences we expect
are obtained.

2. The idealized mesoscale system and three sets of
assumptions about its water budget

The dimensions, lifetime and other characteristics
of the mesoscale precipitation system, shown
schematically in Fig. 1, were chosen to resemble
most closely the squall-line system studied by Houze
(1977), and to be consistent with the other systems
described by Leary and Houze (1979a,b). The
hypothetical system consists of a convective re-
gion of intense, cellular precipitation (A¢c = 0.5
x 10* km?) and a mesoscale region of lighter,
horizontally uniform rain (A, = 2.5 X 10* km?).
We specify a total lifetime (7) of 24 h for this system
and assume that, for the first 6 h, only the convective
region is present, while for the last 6 h, only the
mesoscale region is present. Thus, A. and A, each
have lifetimes (7. and 7, respectively) of 18 h.
The large-scale area (A = 20 x 10*km?) was chosen
to represent the area occupied by the mesoscale
system and its environment.

The vertical structure of the idealized mesoscale
system is indicated in Fig. 2. In the case studied by
Houze (1977), the precipitation in region A, fell
from cells which reached maximum heights of 10 to
17 km, with the bulk of the convective precipita-
tion from cells of ~14 km. We assume here that all
of the convective precipitation in region A fell
from cells reaching a maximum height of z; = 14 km.
That is, our idealized system is assumed for mathe-
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F1G6. 2. Schematic vertical cross section of the idealized mesoscale system
showing sources and sinks of condensed water. Symbols are defined in Section

2 of the text.

matical simplicity to have a spectrum containing
convective cells of only one size. This assumption
has no substantial effect on the results of this
study, which is primarily concerned with how the
anvil air motions are represented. Our results can
easily be extrapolated to anticipate the results of
diagnostic models (such as that of H) which allow
for a spectrum of cells of various sizes. We assume
further that the anvil cloud also has its top zr, at
14 km, while its base z,, is at 4.5 km. The convective
cloud base z; is assumed to be at 0.5 km, and the
top of the convective downdraft z, is placed at
5.0 km.

The water budget of the mesoscale system is
indicated schematically in Fig. 2. The water budget
for the convective region can be expressed
mathematically as’

d_Ece_

e = Cu CA 1
and for the mesoscale region as
m=Cmy — Epg — E,e + Cs» @)

where R, and R,, are the total masses of rain (Kilo-
grams of water) which fall in regions A and A,
respectively; C, and C,, are the masses of water

TABLE 1. Values of each term in the water budgets of Cases
A, B and C, expressed as fractions of the total rainfall, R (4.5
X 10'% kg).

Rczcu_Ecd_Ece—CA

Case A 0.6 = 1.30 — 0.17 — 0.09 — 0.44
Case B 0.6 =1.75 — 0.23 — 0.12 — 0.80
Case C "0.6 = 1.25 - 0.16 — 0.09 — 0.40
R,=Cpny—Epni—Ep.+Cy
Case A 04=0 -0 _-—-0.04+0.44
Case B 04=0 - 0.32 — 0.08 + 0.80
Case C 0.4 = 0.40 — 0.32 — 0.08 + 0.40

condensed in convective updrafts in A and a meso-
scale updraft in A, respectively; E.; and E,,; are the
masses of water evaporated in convective down-
drafts in A, and a mesoscale downdraft in A,,
respectively; and E,, and E,, are the amounts of
water evaporated into the larger scale environment
from A and A, respectively. C, is the portion of
C, which is incorporated into the mesoscale region
covered by the anvil cloud, either by being de-
trained, that is, advected horizontally into the anvil
region by air flowing out of convective cells, or by
being left aloft by cells which, upon dying, blend
into the anvil cloud while new cells form ahead of the
anvil region (Houze, 1977).

We consider three possible water budgets for the
mesoscale system by considering three different
combinations of the values of the terms in (1) and (2).
These values are listed in Table 1 and shown
schematically in Fig. 3.

In each of the three water budgets, we assume a
total mass of rain which falls from the system [R
= 4.5 x 10'2kg, a value chosen to correspond to the
squall-line system studied by Houze (1977)] with
60% falling in A; and 40% falling in A,. Thus, R,
= 0.6R and R, = 0.4R. The mesoscale rain R,,,
which falls in A, can be generated in two ways.
Either water is first condensed in A; and subse-
quently incorporated into A, [term C, in (1) and (2)],
or the mesoscale rain in A, is generated by meso-
scale lifting [term C,,, in (2)], as in Brown’s (1979)
model. In the three cases examined here, the meso-
scale rain in R, is produced by three different
combinations of C, and C,,,.

As a further aid in comparing the three water
budgets eight parameters expressing ratios of
various terms in (1) and (2) were chosen. Their
mathematical definitions and values for each of the
three cases are listed in Table 2. As discussed in H,
these definitions, together with (1) and (2), imply that

a+B+n+v. =1, 3)
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a+b+v,=1 C))

Three parameters of the water budget [«, 8 and b
(Table 2)] were specified to be the same in each of
the three cases, in order not to obscure the purpose
of the calculations of mass and heat fluxes, namely,
to test their sensitivity to different assumptions
about mesoscale vertical air motions.

Am
0.04R
SEA
4R SURFACE
(a) CASE A
Am
0.08R
< o032
SEA
4R SURFACE
(b) CASE B
Am
0.08R

0.32R

SEA
4R SURFACE
CASE C

(c)

FiG. 3. Schematic vertical cross sections of the idealized
mesoscale system showing values of terms in the water budget
(cf. Fig. 2 and Table 1) for three different sets of assumptions:
(a) convective-scale updrafts and downdrafts only (Case A); (b)
convective-scale updrafts and downdrafts and a mesoscale
downdraft (Case B); (c) convective-scale updrafts and down-
drafts, a mesoscale updraft and a mesoscale downdraft (Case C).
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TABLE 2. Definitions and values of water budget parameters.

Water budget

parameters Case A Case B Case C
v = Re 0.46 0.34 0.48
C,
a = Ee 0.13 0.13 0.13
C. ;
g = Ee 0.07 0.07 0.07
C,
n=S1 0.34 0.46 0.32
Cy
vy = —Bm 0.90 0.50 0.50
Cmu + CA
@ = Ema__ 0 0.40 0.40
Cou +Ca
- _Ene 0.10 0.10 0.10
Con + Ca

The parameter « is the fraction of the convective
condensate C, reevaporated in convective down-
drafts. In the controlled experiment of H, a value of
a =~ 0.1 was deduced for large convective clouds
such as those assumed to be present in region A,
of our hypothetical mesoscale system. In the study
of Houze and Leary (1976), reasonable diagnostic
results were obtained with a value of « = 0.13.
In the present study, we again use the value
a = 0.13.

We arbitrarily assume that 8 = 0.07and b = 0.10;
i.e., 7% of the convective condensate and 10% of the
anvil cloud condensate are reevaporated in the large-
scale environment of the hypothetical mesoscale
system. Storage of evaporated condensate in the
environment undoubtedly occurs because clouds
are usually observed in dissipating mesoscale sys-
tems after precipitation stops. In the absence of
quantitative data, we assign this process a minor
role in the water budgets of the convective and
mesoscale regions.

a. Case A

Case A (Fig. 3a, Tables 1 and 2) assumes that
R, is accounted for entirely by C, and there is no
upward motion or condensation in the anvil cloud.
Accordingly,

Cou = 0. &)

It is further assumed that there is no mesoscale
downdraft below the anvil, and hence no evapora-
tion of condensate below the anvil. Thus,

Emd = 0. (6)

Although these assumptions, which neglect meso-
scale motions, seem unrealistic in view of the ob-
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servations and modeling of mesoscale systems cited

in the Introduction, they correspond to the basic
assumptions of most convective parameterization
schemes. and previous diagnostic studies, namely,
that all condensation and precipitation results from
convective-scale motions alone. In particular, these
assumptions were made in the controlled experi-
ment of H, in which agreement was obtained be-
tween cloud population properties diagnosed from
synoptic and radar data. By comparing the results
of Case A with the results of the other two cases con-
sidered in this paper, which do take into account the
effects of mesoscale as well as convective-scale mo-
tions, we can test the sensitivity of diagnostic results
to the incorporation of mesoscale motions into
diagnostic models.

Egs. (5) and (6), together with the assumptions
common to all three cases, are sufficient to com-
pletely define all the terms and parameters of the
water budget in Case A. It follows from (6) that
a = 0. Sinceb = 0.1, Eq. (4) implies that v,, = 0.90.
From this value of v,, and the fact that C,,, is zero,
C, is determined using the expression for »,, in
Table 2. Physically, the value of C, thus determined
is the amount of condensate that must be incor-
porated into the anvil region A ,, from the convective
region A ¢ in order to provide all of the water needed
to account for R,, and E,, without having any
condensation in the anvil itself. Since C, is so
determined and R, is given, the ratio 7/v, is deter-
mined using the expressions for » and v, in Table 2.
Since v, «, 8 and n must sum to unity to satisfy (3),
and « and B8 are prescribed, the sum of v, and 7
must be 0.8. Since both the ratio and the sum of v,
and 7 are known, both v, and n are determined.

b. Case B

In Case B (Fig. 3b, Tables 1 and 2), mesoscale
lifting in the anvil is again precluded by assuming

that C,,, is zero [i.e., Eq. (5) also applies in this

case]. However, a mesoscale downdraft below the
anvil is included and, consequently, evaporation of
condensate occurs below the anvil. Rather than
assuming a specific value for E,,4, we specify that
40% of the condensate in the anvil (C,) is evaporated
in the mesoscale downdraft below the anvil. That is,
we seta = 0.40 (Table 2). The choice of 40% for this
assumption is discussed further in Section 3d.
Other details of the Case B water budget, sum-
marized in Tables 1 and 2 and Fig. 3b, follow from
the same line of reasoning described above for

Case A. ;

c. Case C

Case C (Fig. 3c, Tables 1 and 2) is the most general
case we consider. It has both mesoscale lifting in
the anvil and a mesoscale downdraft below the anvil.
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Consequently, both C,,, and E,,; are non-zero. As in
Case B, we specify that 40% of the condensate in
the anvil is evaporated in a mesoscale downdraft
below the anvil. In Case C, however, anvil con-
densate has two sources, C,,, and C,. In the absence
of direct measurements to establish their relative
contributions to the anvil condensate, we assume that

Cou = Ca. ¥))

Physically, we are assuming that half of the con-
densate in the anvil cloud is condensed in the meso-
scale updraft there, and that half of the condensate
is transported from region A., where it was con- -
densed in convective updrafts.

Using (7) it is possible to evaluate the other terms
and parameters in the water budget for Case C
(Tables 1, 2) using the same reasoning as for
Cases A and B.

While there are no rigorous quantitative water
budget studies that verify which of the three cases
A—C is most realistic, it is evident that Case C is

~ qualitatively the most reasonable of the three. The

studies of Zipser (1969, 1977), Betts et al. (1976),
Houze (1977), Zipser and Gautier (1978) and Leary
and Houze (1979b) indicate from aircraft and syn-
optic data that mesoscale downdrafts do indeed
occur below the anvil clouds of tropical cloud
systems similar to the one considered here and that
considerable evaporation occurs in these down-
drafts. The large amount of rain from the anvil and
the long life of anvil rain after convective cells
became inactive further suggests the presence of a
mesoscale updraft in the anvil itself. A persistent
mesoscale updraft in the anvil cloud occurs in
Brown’s (1979) numerical simulation of a tropical
squall-line system, and Ogura and Liou (1980) have
observed both mesoscale updraft and downdraft in
an Oklahoma squall line that resembled a tropical
squall system. For all these reasons, we consider
Case C to be the most realistic of the three
postulated cases.

3. Calculations of the vertical fluxes of mass and moist
static energy by the idealized mesoscale system

a. General relationships

The v/ertical mass flux over the large-scale area A
during time 7 (Fig. 1) can be expressed as

M=M,+M,+M; +M,, ®)

where the terms on the right side of the equation
are contributions to M of vertical air motions in the
large-scale environment (M,), convective-scale up-
drafts (M,) and downdrafts (M) in the convective
region A ., and mesoscale vertical air motions (M,,)
in the mesoscale region A 5, (Fig. 1). For our idealized
case, we are concerned with the cloud contribu-
tion to M, which may be written as -
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M=M,+M; +M,. ®)

The contribution  to M from vertical air motions
in the mesoscale region is due to the mesoscale
updraft above the 4.5 km level and to the mesoscale
downdraft below 4.5 km (Fig. 5). Hence, we have

M,, 45<z<14km
Mm(iy 0= z<45 km,

where M, and M, are the contributions to M of
mass fluxes in the mesoscale updraft and down-
draft, respectively.

Associated with M is a vertical eddy flux of moist
static energy (which we sometimes refer to simply as
the heat flux) over area A during time 7, which can
be written as

M, = { (10)

F=F,+F;+Fy, an

where F, and F, are the respective contributions of

the convective-scale updrafts and downdrafts in re-

gion A, and F,, is the contribution of the mesoscale

vertical air motions in region A, (Fig. 1). These
" fluxes are given by

Fy, =M/h, — h.), (12)
Fy = Myhg — he), (13)
F, =M, (h, — h), (14)
where 4 is the moist static energy, defined as
h=c,T+Lq + gz. (15)

The subscripts u, d and m, when applied to #, refer,
as in all other terms, to values computed for the
convective-scale updrafts and downdrafts and the
mesoscale anvil region, respectively. The subscript
e refers to the large-scale environment, which is
assumed to be that observed during Phase III of
GATE, c, is the specific heat at constant pressure, T
temperature, L the latent heat of vaporization, g
the water vapor mixing ratio and g the gravitational
acceleration. Eq. (11), with substitution from (12)-
(15), constitutes a special case c’)L(HSQ),?' where, in

the notation of H, F = —g~'w'h’, and the only
clouds contributing to the heat flux are those com-
prising the idealized mesoscale system.

The methods used to calculate the mass fluxes
(M., M; and M,,) and moist static energies (4, 4
and h,,) appearing in (12)-(14) are discussed in the
following subsections. ‘

b. Convective updraft properties

~ The contribution to M by convective-scale up-
drafts is calculated from
_ “’Bf u(AvZ)

M, =—-,

At (16

3 Equations in H are denoted with the prefix H.
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where u5 is the mass of air transported through cloud
base and f,(A,z), in the notation of H, is the vertical
profile of the convective updraft mass flux in con-
vective cells with entrainment rate A. Since the
convective clouds in the idealized mesoscale system
are all the same size (14 km in height), we assume
the constant value

A = 0.01 km™, 7

which is the value used in the controlled experi-
ment of H for clouds with tops at 14 km. This value
is quite small. Because of their large size, the con-
vective clouds in the idealized mesoscale system
are essentially undilute ‘‘hot towers’’ (Riehl and
Malkus, 1958). The profile used for f,(A,z) is Cheng
and Houze’s (1980) adaptation of the profile used
by Austin and Houze (1973) and Houze and
Leary (1976).
The quantity u; is calculated from

’:” = L)k, (18)
where ‘
2T O u
Loy =J fu(x,z)[x(qe - a0 -2 ]dz. (19)

Eq. (18) states that the amount of mass transported
through cloud base uj is related to the convective
rain R,. It is a special case of Austin and Houze’s
(1973) Eq. (6) and (H36). In the notation of H,
we = Mg(M)d\, R, = R, (M)d\ and v, = v,(\) for A
= 0.01 km™ [Eq. (17)]. The expression for the
integral 1,(\) given by (19) is a special case of (H37).

The moist static energy in the convective updrafts
is calculated from (H11) using the boundary condi-
tion that the air at the base of the updraft is
saturated at the virtual temperature of the environ-
ment (Cheng and Houze, 1980). The temperature
(T,) and mixing ratio (g,) in the convective up-
drafts are calculated from (H12) and (H13).

c. Convective downdraft properties

The contribution to M from convective-scale
downdrafts is computed using

= I"‘llfd(Aaz)
AT ’

where u, is the mass of air transported downward
at the top of the downdraft (level z, in Fig. 2) and
fa(\,2) is the vertical profile of the convective down-
draft mass flux in convective cells with entrainment
rate \. Following the procedures described in H, we
assume the downdrafts have the same entrainment
rate as the updrafts [Eq. (17)], and that z, is 5.0 km.
The profile used for fy(A,z) is Cheng and Houze’s
(1980) inverted version of the updraft profile f,(A,z).

M, (20)






