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CLOUD CLUSTERS AND THE OBJECTIVES OF GATE

While it had be=n recognized before the planning of GATE that deep convec-
tion over the equatorial oceans is a primary transporter of heat from the
planetary boundary layer to the upper troposphere (Riehl and Malkus, 1958),
it was just becoming evident during the planning of the experiment (from
accumulating satellite evidence) that this convection was concentrated

in "cloud clusters"* (Martin and Karst, 1969; Frank, 1970; Martin and
Suomi, 1972). Consequently, the cloud cluster and a desire to know more
about the structure and organization of the deep convection comprising it
played a prominent role in the planning of the experiment (e.g., GARP
Report, 1970). The Plan for U.S. Participation in the GARP Atlantic
Tropical Experiment (National Academy of Sciences, 1971, p. 5) stated

that one of the scientific objectives of GATE was "to explain the bulk

properties of convective ensembles [esp. cloud clusters] in terms of

their internal structure." This objective was considered to be one of

the main ways of achieving the gencral GARP objective of parameterization
of the interaction between convective and synoptic scales of motion in
large-scale numerical models.

This paper reviews some of what has been learned from GATE about the
structure of the clouds and precipitation comprising cloud clusters (or
"mesoscale systems") and the implications of.these results for parameter-
izing scale interaction processes in large-scale models.

TYPES OF CLOUD CLUSTERS IN GATE

It was quickly realized from the data obtained with the geosynchronous
satellite launched for GATE that two distinct categories of cloud clus-
ters could be identified, namely, squall and nonsquall clusters (Martin,
1975; Aspliden et al., 1976; Payne and McGarry, 1977). Squall clusters
are associated with squall-line disturbances of the type first described
by Hamilton and Archbold (1945) and later elaborated upon by Zipser (1969),

*

A cloud cluster is defined as a group of cumulonimbus joined by a common
cirrus shield (GARP Report, 1970).
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Obasi (1974), and Betts ot al. (197
(1977), squall clusters are identi £
imacgery by their "explosive qrowth,
general convex shaped leading edge.”  The speed of this lecading edge

averaged 16 m sec™l, or about twice the speed of propagation of synoptic-

scale waves (Reed et al., 1977) , while the nonsquall clusters tended to
retrograde slightly with respect to the large-scale waves.

- According to Payne and McGarry
ble in the GATE infrared satellite
tigh brightness and distinct and

STUDIES OF SQUALL CLUSTERS

Case studies of squall clusters observed in GATE have been made by Reed
(1975), Houze (1977), Zipser (1977), and Fortune (1979). These studies
show that the squall clusters in GATE had the classical structure de-
scribed by Hamilton and Archbold (1945) and Zipser (1969), in which a
"leading, arc-shaped line of active, heavily precipitating cumulonimbus
elements was followed by a more lightly precipitating anvil cloud. GATE
radar, aircraft, and satellite data have allowed the above authors to
describe the structure of both the lecading line and the trailing anvil

regions in much more detail than had been poss

sible in previous studies.
For these details, the interested reader is referred to these papers.
Onc of the most

significant findings of these studics of GATE squall-line
systems regards the anvil precipitation.

Hamilton and Archbold's (1945) work that t
system covers an extensive region.
the leading line of cumulonimbus t

It has been recognized since
he anvil cloud of a squall-line
For example, they noted that, while

akes about 30 min to pass overhead,
the trailing anvil cloud, described as overcast altostratus with a base

at an altitude of 3-4 km, takes 2-3 h to pass over. Prior to GATE,
however, the amount of water falling from the anvil had not been deter-

mined. For the squall-line system that passed over the GATE arca on
September 4, 1974, GATE quantitative radar data showed that of the total
rain that fell from the cluster as a

whole, about 40 percent came from
the anvil cloud (Houze, 1977). The implications of this finding will be
discussed in subsequent sections

STUDIES OF NONSQUALL CLUSTERS

Case studies of intense GATE nonsquall cloud clusters have been made by
Zipser and Gautier (1978) , Warner and Austin (1978) , Leary and Houze
(1979a), and Warner et al. (1979) . These studies show (using radar data)
that the deep convection in these clusters was organized on the mesoscale
in a manner highly similar, in certain important respects, to the convec-
tion in squall-line clusters. Specifically, the precipitation in the
nonsquall clusters was contained almost entirely in one or more mrsoscale
regions of continuous radar echo. Fach such mesoscale feature (typically
10"-10% km? in arca) was composed of two distinct reqgions,
region, enclosing a fluctuating pattern of decp,
cores, and a stratiform region, w
uniform and slowly varyin
cloud base.

a convective
heavily precipitating
hich consisted of lightoer, horizontally
g precipitation falling from a middle-level

Each mesoscale feature evolved through a characteristic 1life
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cycle, composed of an intensifyii : stage, in which the convective region
developed in a region of enhancod low-level convergence, a mature stage,
in which the stratiform region di - rloped adjacent to the convective

region from the blending together of old diffuse cells from the convec-
tive region, and a dissipating stage, in which new cells ceased iorming
in the convective region but in which the stratiform region persisted
for up to 8 h after the demise of the convective reqgion.

The structure and life cycle of the mesoscale features in nonsquall
clusters strikingly resemble those of the precipitation area in the
squall-line cluster, which also is compose

d of a convective region (namely,
its leading arc-shaped line) and

a stratiform region (its trailing anvil

region). These similarities suggest that the squall clusters are not so
anomalous as might have been expected from their appearance in satellite
imagery.

Instead, they appear to be especially well-defined examples of
a characteristic mesoscale organization of Intertropical Convergence
Zone (ITCZ) convection. The similarity of the internal structure of
squall and nonsquall clusters indicates that it may be possible to use

rather similar cloud models to treat both squall and nonsquall convective
systems.

STATISTICAL STUDIES OF GATE RADAR ECHO PATTERNS

The large amount of anvil precipitation falling as stratiform rain in
squall clusters, and the further appearance of stratiform precipitation
in nonsquall clusters, raises the question of whether this stratiform
rain contributes substantially to the total precipitation in the ITCZ
or is only important in specific cloud clusters. Since weather radars

detect the regions of precipitation beneath the large cirrus shields of

cloud clusters, as seen in satellite pictures, radar data are particularly

useful for determining the average characteristics of precipitation
patterns in the cloud-cluster-dominated 1TCY. Statistical studies of
GATE radar echo patterns have been made by Houze and Cheng (1977),
(1978) , Warner and Austin (1978), and Cheng and Houze (1979). A variety
of information on such characteristics as echo areas, heights, durations
motions, number of high-intensity cores, and organization or echoes into
lines has been obtained, and the reader is referred to these articles for
details. The relative importance of stratiform precipitation is indi-
cated by Cheng and Houze's (1979) result that while ~60 percent of the
total rain in GATE can be directly associated with a spectrum of convec-
tive cells of various heights, the remainder of the rain, some 40 percent,
falls as horizontally uniform rain in the stratiform regions of large
mesoscale precipitation features in cloud clusters.

Lopez

SUMMARY OF THE OBSERVED STRUCTURE OF CLOUD CLUSTERS

The large proportion of stratiform precipitation in cloud clusters sug-
gests that, in addition to convective-scale updrafts and downdrafts, air
motions on the scale of the stratiform rain areas may also be important
in the dynamics of a cluster. To visualize the types of air motions
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FIGURE 1 Schematic showing various components of a
typical GATE cloud cluster. See text for details.

that may be involved, the structure of a typical cloud cluster, as
observed in GATE, is summarized schematically in Figure 1. The fiqure
is idealized in that it shows only one region of convective rain and
one region of stratiform rain, when actually a cloud cluster can contain
any number of regions of convective cells of various heights and more
than one region of stratiform rain. The rain area ir. the diagram may be
thought of as a bulk system in which the convective rain Rc 1is the sum of
all of the convective rain produced in all the convective regions of a
cloud cluster, and the stratiform rain (Rg) is the sum of all of the
rain falling in stratiform precipitation regions throughout the cluster.
Two scales of updrafts and downdrafts are shown in Figure 1. <Tonvective-
scale updrafts and downdrafts (~1-10 km in horizontal dimension) occupy
the convective rain region. These are the nonhydrostatic features usu-
ally associated with cumulus-scale convection. In the stratiform precip-
itation region, a mesoscale downdraft (~100 km in horizontal dimension)
occupies the lower troposphere below the base of the precipitating anvil
cloud. This type of downdraft appears to he a basically hydrostatic fea-
ture driven by cooling from the melting and evaporation of precipitation
particles in the region of stratiform precipitation below the anvil.
Zipser (1969) proposed that this type of downdraft ‘occurred below squall-
line anvil clouds, and Brown (1979) has simu‘ated the occurrence of such
a downdraft in a numerical model. GATE aircraft and synoptic data show
that mesoscale downdrafts occurred in the stratiform precipitation regions
of both squall and nonsquall clusters (Reed, 1975; Houze, 1977; Zipser,
1977; Zipser and Gautier, 1978; Leary and Houze, 1979a: Fortune, 1979).
Vertical profiles of radar reflectivity in the stratiform precipitation
region (Shupiatsky, et al., 1975; Leary and Houze, 1979b) indicate that
melting of precipitation particles provides strong cooling near the top
of the mesoscale downdraft, possibly playing a role in its initiation,
while evaporation provides cooling throughout the remainder of the layer
of rainfall below the base of the anvil. Although there are few direct
data to verify it, it is also possible that a mesoscale updraft (~100 km
in horizontal dimension) occupies the anvil cloud itself, directly above
the mesoscale downdraft. Such a feature occurred in Brown's (1979) numeri-
cal model. It is a hydrostatic circulation feature, thermally driven by
condensation heating. Observations consistent with (but not proving the
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existence of) such a mesoscaln updraft in GATE cloud clusters include
(a) the large amount of stratiformr rain falling from anvils (Houze, 1977;
Cheng and Houze, 1979); (b) diverg nt and anticyclonic 200-mbar level
outflow centered in anvil clecud regions (Houze, 1977; Suchman and Martin,
1976; Leary, 1979; Fortune, 1979); (c) long persistent lifetimes of meso-
scale rain areas after they reach their dissipating stage, in which they
consist almost entirely of stratiform precipitation (Leary and Houze,
1979a); (d) indications that rimed ice particles (and, hence, liquid
water and upward motion) existed in anvils; (e) average upward motion on

the resolvable scale of rawinsonde data centered on the anvil cloud of
a squall-line cluster (Ogura et al., 1979).

IMPLICATIONS OF THE OBSERVED STRUCTURE OF CLOUD CLUSTERS FOR LARGE-SCALE
MODELING

Possible implications for the incorporation of the ecffects of convection
in cloud clusters into numerical models of large-scale flow patterns can
be seen by considering the budget of condensed water in the idealized
GATE cloud cluster in Fiqgure 1. There are two sources of condencsate

for the cluster: Ccur the mass of water condensed in convective-scale
updrafts, and Cmu' the mass of water condensed in the mesoscale updraft.

The disposition of Ccy @nd Cpy, is indicated schematically in the figure
and mathematically by

C =R + E + E + C (1)

and

E ' (2)
mu A s md me

where Rc is the part of Ceu
the convective rain region,

E.o, is re-evaporated in the

that reaches the surface as precipitation in
E.q is re-evaporated in convective dcwndrafts,

large-scale environment, and Cap 1is the portion
of C., that is incorporated into the stratiform region, either by being

detrained, that is, carried horizontally into the anvil cloud 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. Rg; is the total mass of water falling from the anvil cloud
and reaching the surface as stratiform rain, End i1s the amount of water
falling from the anvil cloud that is evaporated in the mesoscale down-
draft, and Epe 1s moisture from the anvil cloud that is re-evaporated in
the large-scale environment.

Equations (1) and (2) express the water budgets of the convective and
stratiform regions, respectively, with sources of condensate on their
left-hand sides and sinks on their right-hand sides. Since Ch is a sink
for the convective region but a source for the stratiform region, it
appears on the right of Eq. (1) and the left of Eq. (2). Here we focus
on the stratiform region by considering Eq. (2).

The GATE observations, summarized in previous sections, indicate that
the stratiform rain Rg is not small, either in specific cloud clusters
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or on averadge. Furthermore, there i evidence of considerable mesoscale
downdraft evaporation Epg. Consequctitly, the combined source in Eq. (2),
Cmu t Ca, must also be large. A qucetion that remains, though, is, what
are the relative contributions of Cmi: and Cp to this combined source?
Most previous diagnostic methods and parameterization schemes for de-

termining the properties of tropical convection have e

ither explicitly
or implicitly assumed that

(3)

Clearly, this is an extreme case, which deems a priori that mesoscale
updrafts, which would give rise to a finite Cmy, do not exist. Instead,
all the burden of supplying the sinks of condensed moisture in the strati-
form region is placed on Ca, the only other source of condensate for this
region. That is, all the sinks of condensate in the stratiform region
are required to be supplied by water that was condensed externally to
the stratiform region in convective cells.,

Previous diagnostic and parameterization studies (except for the re-
cent work of Johnson, 1979) have further assumed that

Epq = 0, (4)

which specifies a priori that mesoscale downdrafts do not exist.
The requirements that mesoscale updrafts and downdrafts be zero, imposed
by the assumptions Egs. (3) and (4), prevent the role of mesoscale updrafts

and downdrafts in large-scale fluxes of mass, heat, and other quantities

to be diagnosed or parameterized. Instead, convective updrafts and down-

drafts are required to account for fluxes actually accomplished by the
mesoscale motions. If the mesoscale motions are significant, as is sug-
gested by GATE observations, substantial errors may be made in diagnoscs
and parameterizations that do not include them.

Leary and Houze (1978; 1979¢) calcul
scale mass and heat fluxe
in Figure 1.

ated the contributions to large-

s of an idealized cloud cluster of the type shown
They considered various water budgets, including cases in
which Cpy and Epq were allowed to be nonzero. 1In these cases, the meso-
scale updraft and downdraft were found to contribute significantly to

the large-scale fluxes of mass and heat, and the vertical profiles of the

fluxes were substantially different from those of the cases given by Egs.
(3) and (4).

CONCLUSIONS

Cloud clusters in GATE have been found to have a characteristic mesoscale
organization, in which part of the precipitation from the cluster falls
directly from deep convective cells and part falls as horizont

ally uniform
rain from a stratiform anvil cloud.

A mesoscale downdraft occurs in the
stratiform precipitation region below the middle level base of the anvil

cloud. Melting and evaporation of precipitation particles in the strati-
form region cool the downdraft. A mesoscale updraft may occur in the anvil
cloud, directly above the downdraft. The mesoscale updraft and downdraft
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may contribute significant fluxes of
budgets ‘of these quantities, and, hen
account along with convective-scale ]

the role of tropical convection in mor
patterns.

58 and heat to the large-scale

» they may have to be taken into

frafts and downdrafts in assessing
‘els of large-scale circulation
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DISCUSSION
A. Betts, Rapporteur

Results were presented (Ogura) showing that an Oklahoma squall line had a
similar structure to squall lines in GATE: both the sloping updraft and
downdraft, apparent conservation of u,v momentum from inflow through
updraft to the outflow, and a heavy rain area moving with the system.

The discussion of the GATE squall and nonsquall mesosystems centered
on the mechanism of maintenance of the radiative forcing of the thick
upper-level stratiform cloud layer through the cooling of the layer at
night, and the absorption of shortwave radiation during the daylight hours
was discussed as a possible forcing mechanism. It was pointed out that
the hydrostatic model of Brown (1979) produces explicit mesoscale ascent
above mesoscale descent without radiative forcing. The observations
show a sloping system on the mesoscale with condensation heating and
freezing generally above the zones of melting and evaporation.

lifetime of stratiform precipitation over ~100 km d
generation of new condensate.

The long
oes indicate continual

Although both squall and nonsquall systems have broad similarities,
it is not yet clear what differences exist in their dynamic structure,
nor whether mesoscale and convective scale need be distinguished in
parameterization schemes. More study of the mesoscale dynamics is needed.
It is clear though that only a few mesoscale systems at most are respon-
sible for the mass-transport diagnosed from the A/B-scale fields.



