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The difficult problem of parameterizing tropical convection in large-scale models of the atmosphere 
led to the Global Atmospheric Research Program's Atlantic Tropical Experiment (GATE), whose goal 
was to improve basic understanding of tropical convection and its role in the global atmospheric circula- 
tion. A dense network of instrumented ships equipped with upper air sounding equipment and quan- 
titative weather radars were located over the Atlantic Ocean, in the intertropical convergence zone 
(ITCZ), just west of equatorial Africa. The ship network was supplemented by a fleet of research aircraft 
and a geosynchronous meteorological satellite. The data obtained show that the deep convection in the 
ITCZ was concentrated in two types of 'cloud clusters,' rapidly moving squall clusters, and slowly mov- 
ing nonsquail clusters. The clusters were characterized by large mid-to-upper level cloud shields, or 'anvil 
clouds,' that emanated from penetrative cumulonimbus convection. Accompanying the deep cumulo- 
nimbus in each cluster was a log normal spectrum of smaller convective features ranging from moderate 
cumulonimbus down to tiny nonprecipitating cumulus. The large cumulonimbus were typically grouped 
within a cluster into one or more mesoscale precipitation features (or MPF's), which were apparently 
triggered in mesoscale regions of intensified low-level convergence. As an MPF matured it developed a 
region of stratiform precipitation adjacent to its active deep convective cells. The stratiform precipitation 
fell from the anvil cloud. Associated with the stratiform precipitation were a mesoscale downdraft below 
the anvil cloud and an apparent mesoscale updraft within the anvil cloud itself, above the mesoscale 
downdraft. These mesoscale drafts were distinct from the convective-scale updrafts and downdrafts of 
the cumulus and cumulonimbus cells of the cluster. Downdrafts, both convective scale and mesoscale, 
filled the planetary boundary layer in the vicinity of cumulonimbus with stable air of low moist static 
energy. These wakes of downdraft air exerted a strong control on where future convection broke out. The 
results of GATE show that to simulate the effects of tropical convection in large-scale numerical models 
of the atmosphere a variety of phenomena must be accounted for, including not only convective-scale 
updrafts and downdrafts but anvil clouds with mesoscale updrafts and downdrafts, downdraft-induced 
boundary layer transformations, and mesoscale convergence patterns. Experimentation with ways of in- 
cluding some of these features of tropical convection in large-scale diagnostic and prognostic studies is 
under way, but much work remains to be done. 
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A. THE UNDERSTANDING OF TROPICAL CONVECTION 

IN 1973 

While it had been recognized well before the planning of 
the Global Atmospheric Research Program's Atlantic Tropi- 
cal Experiment (GATE) that deep convection over the equa- 
torial oceans is a primary mechanism for transporting 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 clus- 
ters' [Martin and Karst, 1969; Frank, 1970; Martin and $uomi, 
1972]. During GATE planning meetings a cloud cluster came 
to be defined as a group of cumulonimbus joined in their ma- 
ture and dissipating stages by a common cirrus shield • 100 to 
1000 km in horizontal dimension [International Council of Sci- 
entific Unions/WorM Meteorological Organization (ICS U/ 
WMO), 1970]. The bright cirriform tops of the clusters were 
seen to dominate the satellite-observed cloud patterns over the 
equatorial oceans [KornfeM et al., 1967]. The clusters seen in 
satellite imagery appeared and disappeared somewhat sporad- 
ically [ICSU/WMO, 1972, p. 28]; however, Reed and Recker 
[1971] showed that cloud cluster frequency over the equatorial 
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Pacific Ocean was modulated by the passage of synoptic-scale 
waves in the easterlies. 

Heat and moisture budgets in the vicinities of tropical cloud 
clusters were determined from rawinsonde data by several in- 
vestigators in the early 1970's. Gray [1973] suggested that the 
budgets that were obtained could be explained only if an av- 
erage cloud affected its large-scale environment through a 
combination of dry compensating subsidence, which warmed 
the environment, and detrainment of hydrometeors, which 
evaporated and thereby cooled the environment. Yanai et al. 
[1973], Ogura and Cho [1973], L6pez [1973], and Nitta [1975] 
used one-dimensional cumulus models to show that this was 

the case. Betts [1973b] presented similar arguments in his stud- 
ies of cumulonimbus clouds over Venezuela. 

The approaches of Yanai et al. [1973], Ogura and Cho 
[1973], and Nitta [1975] provided a particularly useful mathe- 
matical framework for the study of convection in GATE. 
Their equations employing simple cumulus models to diag- 
nose convective cloud properties from observed large-scale 
budgets paralleled those used by Ooyama [1971] and Arakawa 
and Schubert [1974] in their schemes for the parameterization 
of convection in numerical models of large-scale atmospheric 
flow. It was evident, however, that the usefulness of the results 
of the diagnostic techniques or parameterization schemes de- 
pended on the adequacy with which •the assumed cloud mod- 
els actually described the component clouds of clusters. 

Questions about this adequacy were already evident in 
1973. During the Line Islands experiment, aircraft and other 
detailed observations of one cloud cluster showed that its 

common cloud shield was in the form of a stratiform 'anvil' 

cloud trailing a line of deep cumulonimbus cells [Zipser, 
1969]. The base of the anvil was at middle levels (4-5 km), 
and general nonconvective precipitation was falling from it. 
This widespread rain was evaporating as it fell, thereby cool- 
ing the air below the anvil cloud. The cooled air was subsiding 
in a general mesoscale downdraft extending over a region sev- 
eral hundred kilometers in horizontal scale. Similar mesoscale 

downdrafts were also noted by Riehl [1969] in oceanic cloud 
clusters and by Betts [1973b] in Venezuelan cumulonimbus. 

From these observations it was apparent that mesoscale as 
well as cumulus-scale vertical motions could be important cir- 
culation features in cloud clusters. Such structure was consid- 

erably more complex than the mathematically simpler types 
of clouds assumed in diagnostic calculations or parameter- 

. 

ization schemes. 

B. THE AIMS OF GATE IN IMPROVING THE 

UNDERSTANDING OF TROPICAL CONVECTION 

Against this background of the general understanding of 
tropical convection at the time of the planning of GATE, it is 
not surprising that the experiment was designed '... to pro- 
vide a description of the internal structure of a number of 
cloud clusters, to estimate the vertical (and horizontal) trans- 
port of heat, moisture and momentum associated with the sys- 
tems and to related them to movements of the tropical atmo- 
sphere on a larger-scale' [ICSU/WMO, 1972, p. 7]. The 
descriptions would be made possible by employing a variety 
of special observing systems. At the same time, the large-scale 
budgets of mass, heat, momentum, and other quantities would 
be determined from intensive soundings of the atmosphere in 
the vicinity of the convection. Diagnostic techniques of the 
type pioneered by Yanai et al. [1973], Ogura and Cho [1973], 
and Nitta [1975] could then be used to deduce cloud proper- 

ties, and these properties could be compared with those shown 
directly by the special observing systems. In this way the 
physical understanding of tropical convection would be in- 
creased, and the adequacy of cloud models used in diagnostic 
studies (and parameterization schemes) would be determined. 
Moreover, as large-scale atmospheric conditions shown by the 
soundings were observed to change during the course of the 
experiment, for example, diurnally or with the passage of eas- 
terly waves, associated changes in the observed convective 
processes could be noted. 

C. METHODS OF OBSERVING THE CONVECTION IN GATE 

In GATE the standard approach of combining satellite, ra- 
dar, aircraft, and highly resolved upper air balloon data was 
adopted to probe the convective cloud field. These data were 
supplemented by standard synoptic observations, surface- 
based cloud photography, and a variety of boundary layer 
measurements. Each type of data collected contributed in a 
unique way to an understanding of the cloud fields. The prin- 
cipal types of data are discussed below. 

1. Satellite 

During the summer of 1974 the geosynchronous meteor- 
ological satellite SMS 1 was positioned to provide detailed im- 
agery over the GATE area. These data, obtained at 15- to 30- 
min intervals throughout the experiment, provided a detailed 
history of the development of cloud patterns over the GATE 
region. However, since the satellite data portrayed only the 
tops of the clouds, it was necessary to use other instrumenta- 
tion to probe their internal structures. 

2. Radar 

The internal structures of GATE cloud systems were re- 
vealed by a network of weather radars, which showed the pre- 
cipitation fields of the systems. Eight GATE ships carried ra- 
dars [Arkell and Hudlow, 1977], of which four were C band 
and equipped for digital data acquisition. Characteristics of 
the digital radar systems, which were arranged spatially to al- 
low overlapping coverage (Figure 1), are described by Hudlow 
et al. [1980]. Three-dimensional fields of radar reflectivity (or 
precipitation intensity) were recorded simultaneously by all 
four digital radars at 15-min intervals throughout GATE. 

3. Aircraft 

Although combined radar and satellite data, with the aid of 
surface-based cloud photography, gave a fairly complete de- 
scription of the structure and evolution of the cloud and pre- 
cipitation fields in GATE, these remote measurements gave 
no direct information (other than cloud top temperature) on 
the values of dynamical or thermodynamical variables within 
or near cloud systems. Measurements of these quantities were 
obtained by direct aircraft sampling of GATE cloud systems. 
The aircraft also provided additional cloud photography, tur- 
bulent flux measurements, radiation measurements, drop- 
winsondes, aerosol observations, and cloud microphysical 
data. 

Thirteen aircraft were used in GATE to make more than 

400 research flights. Many of these flights were made in the vi- 
cinity of the shipborne radar network, thus providing detailed 
measurements near and within the same cloud systems being 
observed by radar and satellite. Summaries of the various air- 
craft missions are presented by Kelley [1974] and ICSU/ 
WMO [1975]. Listings of the types of measurements and ob- 
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Fig. 1. Positions of ships carrying quantitative radars during Phase III of GATE (August 30 to September 10, 1974). A 

somewhat different arrangement was used in Phases I and II. From Houze [1977]. 

servations recorded during these flights can be found in the 
GATE Data Catalog (available from World Data Center-A, 
National Climatic Center, AsheviRRe, North Carolina). 

4. Upper,,lir Soundings 

Upper air soundings in GATE were launched at 3-hour in- 
tervals from ships arranged within a hexagonal region sur- 
rounding the shipborne radar network. With this distribution 
of sounding sites it was possible to monitor the structure of the 
large-scale environment in the vicinity of the cloud systems 
being observed by satellite, radar, and aircraft. 

D. STATISTICAL SURVEYS OF GATE CONVECTION 

The main array of ships in GATE Was located so that it 
would be on or near the axis of the east-west belt of cloudiness 

and precipitation associated with the intertropical con- 
vergence zone (ITCZ) [ICSU/WMO, 1972]. Thus statistical 
studies of the various types of data coRRected within or near 
the array would reflect the mean properties of the convection 
in the ITCZ during the experiment. A variety of statistical and 
qUasi-statistical studies have now been performed, and they 
are summarized below. 

1. The Mean Rainfall Pattern in the ITCZ 

The mean rainfaRR patterns within the GATE ship array 
were determined from the shipborne weather radars and have 
been presented by Hudlow [1979] (see Figure 2). These pat- 
terns are consistent with shipboard rain gage measurements 
[Hudlow et al., 1980] and with water vapor budgets derived 
from the upper air soundings obtained in the ship array [Lord, 
1978; Thompson et al., 1979; Reeves et al., 1979]. The precipi- 
tation pattern over a broader region than the GATE ship ar- 
ray has been estimated from the infrared imagery of the geo- 

synchronous SMS 1 satellite by Woodley et al. [1980] (Figure 
3). Over the ship array, the satellite estimates agree reasonably 
well with the radar measurements and therefore appear to be 
a useful extension of the GATE precipitation pattern. This 
pattern confirms that the ship array was, in fact, in the maxi- 
mum precipitation belt of the iTCZ. 

2. Types of Clouds Occurring in the ITCZ 

The types Of clouds that formed within the portion of the 
ITCZ sampled by the GATE ship array have been deter- 
mined from whole-sky camera photography obtained aboard 
four U.S. ships [Holle et al., 1979] and one Soviet ship [Bibi- 
kova et al., 1977]. Simpson [1976], Borovikov et al. [1978], Pes- 
kov [1980], and Lebedeva and Zavelskaya [1980] have all com- 
mented on the frequent presence of several cloud layers, 
including cumulus clouds with bases near 500 m and layer 
clouds with mid-tropospheric bases near 4 km. From the U.S. 
photographs, Holle et al. [1979] determined that the frequency 
of low clouds (including deep cumulus and cumulonimbus as 
well as stratus and stratocumulus) and rainfaRR duration were 
maximum just south of 7ø-8øN. Combined middle and high 
clouds extended north of this zone in a manner consistent 

with the classic Hadley cell circulation, with poleward flow of 
air at upper levels from the equatorial trough. 

3. Contributions of Cloud Clusters to Cloudiness 
in the ITCZ 

Trajectories of cloud clusters over West Africa and the trop- 
ical Atlantic during GATE were compiled by Martin [1975] 
and were found to occur in an east-northeast to west-south- 

west band extending from the African continent to the ship 
array and then westward across the Atlantic (for example, the 
cluster trajectories for the first 15 days of GATE in Figure 4). 
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Fig. 2. GATE Phase I isohyetal chart derived from ship radar observations. The isopleths give the phase-mean rainfall 
rates (ram h-l). From Hudlow [1979]. 

Thus, Martin [1975] concluded, the GATE ship array 'lay 
squarely in the main cluster track and captured clusters in all 
stages of growth and dissipation.' The cluster tracks, more- 
over, coincided with the mean precipitation zone shown by ra- 
dar and satellite (Figures 2 and 3), with the region of maxi- 
mum cloudiness indicated by surface-based photography 
[Holle et al., 1979] and with global maps of cloud cluster fre- 
quency [Semyonov, 1975]. Clearly, the mean cloudiness and 
precipitation associated with the equatorial Hadley cell in the 
GATE region is largely a composite of individual cloud clus- 
ters. 

A special type of cloud cluster is the 'squall line' or 'squall 
cluster' [Hamilton and •lrchbold, 1945; Zipser, 1969]. As noted 
by Martin [1975], squall clusters are evident in satellite im- 
agery by their 'explosive growth, oval shape, and very high 

brightness.' •lspliden et al. [1976] identified 176 squall clusters 
during GATE. The majority formed and decayed over the 
West African continent (162 and 130, respectively). Over the 
ocean, only 14 formed and 46 decayed. Thus the cloud clus- 
ters sampled by the GATE ship array were predominantly 
nonsquail clusters, while over the continent, cluster statistics, 
such as the higher cluster speed and longer trajectories seen 
over land in Figure 4, were strongly influenced by squall clus- 
ters. 

4. Modulation of Cloud Cluster Frequency 
by Synoptic-Scale Wave Passages 

That cloud cluster frequency in the ITCZ can be modulated 
by the passages of easterly waves was shown by Reed and 
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zo' 27 Jun•-11 July %11 

Fig. 4. Trajectories of cloud clusters for the first 15 days of GATE. Contours represent averages of cluster speeds over 
10 ø x 10 ø squares. Circles indicate ship positions. (Reprinted with permission of Martin [1975].) 

Recker [ 1971]. Synoptic-scale easterly waves were observed to 
pass over the GATE ship array at intervals of 3-4 days [Bur- 
pee, 1975; Reed et al., 1977]. Payne and McGarry [1977] 
showed that the occurrence of convective cloudiness associ- 
ated with clusters was enhanced at and ahead of trough axes 
and suppressed at and ahead of ridge axes (Figure 5). Large 
nonsquail cloud clusters occurred just ahead of the trough and 
moved at slightly less than the phase speed of the wave. 
Squall clusters also tended to occur just ahead of the trough 

but moved at about twice the speed of the wave and tended to 
die just behind the ridge. The modulation of GATE cloud 
cluster occurrence by synoptic-scale waves is also indicated by 
the correlation of rainfall over the'ship array with wave phase 
[Thompson et al., 1979; Hudlow, 1979; Reeves et al., 1979]. 

5. Diurnal Variation of Cloud Cluster Occurrence 

Diurnal variations of convective cloudiness occur in the 
tropics for various reasons. Over continents, destabilization by 
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Fig. 5. Frequency distribution of (a) maximum values of enhanced convective cloud coverage and (b) minimum val- 
ues (representing supressed convective coverage) versus wave phase category for each separate positive andd negative re- 
gion of coverage, respectively, during the 28-day period from August 23 to September 19, 1974. Category 4 is the trough, 
and category 8 is the ridge. From Payne and McGarry [1977]. 
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Fig. 6. Phase and normalized amplitude of diurnal cycle of convective cloudiness for Phases II and III of GATE 
based on 6-hour SMS 1 satellite photographs. Time of the maximum is indicated by direction of arrow according to 24- 
hour clock. From McGarry and Reed [1978]. 

the daily cycle of insolation can be important. Over and near but that the tendency for GATE cloud clusters (they say 
large islands and peninsulas such as Borneo and Malaya, squall lines) to take several hours to reach their maximum 
land-sea breezes control diurnal variations in clouds and pre- stage of development explains the observed early afternoon 
cipitation [Ramage, 1971; Houze et al., 1981]. Over much of precipitation maximum. 
the open equatorial oceans, there is a tendency for an early 
morning (•0700 LST) maximum of precipitation, which Gray 
and Jacobson [1977] and McBride and Gray [1980] attribute to 
day-night differences in the radiative heating profiles in 
cloudy and cloud-free regions. They suggest that these differ- 
ences lead, through adjustments of pressure fields, to a maxi- 
mum of low-level convergence in the morning in the cloudy 
areas. 

The diurnal variation of deep convective cloudiness in- 
ferred from satellite infrared images has been determined for 
the GATE ship area by Gruber [1976] and for both the ship 
area and portions of the West African continent by McGarry 
and Reed [1978], Murakami [1979], Ball et al. [1980], and 
Griffith et al. [1980]. McGarry and Reed [1978] also analyzed 
the diurnal cycles in rainfall data and reports of thunder and 
lightning. McGarry and Reed showed further how the ampli- 
tudes and phases of local diurnal cycles vary geographically 
over both the GATE ship area and the coastal and land areas 
of western Africa (see Figure 6). Afternoon maxima of con- 
vective cloudiness and precipitation occurred over the ship ar- 
ray, while over the northern part of the land area, large-am- 
plitude cycles occurred, with rain amounts greatest shortly 
before midnight, maximum cloud cover shortly after mid- 
night, and light rain most frequent near dawn. 

The diurnal cycles over the northern continental regions are 
attributed by McGarry and Reed to the tendency noted by 
Martin [1975] and •lspliden et al. [1976] for intense cloud clus- 
ters to form in the afternoon and then take several hours to 

reach their stage of maximum development. The explanation 
of the afternoon maximum of cloudiness and precipitation 
over the GATE ship array is not as obvious. Noting Cox and 
Griffith's [1979] finding of significant differences in day and 
night heating profiles in cloudy and cloud-free regions in the 
GATE area, McBride and Gray [1980] modify their ex- 
planation of the 0700 LST cloudiness maximum over other 
equatorial ocean areas by suggesting that the adjustment of 
pressure fields resulting from the radiative heating and cool- 
ing differences leads to enhanced convergence in the morning 

6. Sizes and Structures of Precipitation •lreas in the ITCZ 

In satellite imagery a cloud cluster typically appears as a 
rather homogeneous patch of upper level cloud. However, the 
precipitation falling from this cloud is seldom, if ever, corre- 
spondingly homogeneous. Typically, there are several cu- 
mulonimbus features with precipitation areas of a variety of 
sizes and types interconnected by the same upper cloud shield. 
Statistical studies of radar echo patterns have determined 
characteristics of the population of precipitation features that 
occurred in the GATE ship array. 

a. The size spectrum of G/ITE radar echoes. Prior to 
GATE, convective radar echo patterns over the western tropi- 
cal Atlantic Ocean had been studied by Iwanchuk [1973] and 
L6pez [1976], who found that small echoes (<10 • km 2 in area) 
dominated the total number of echoes, while large echoes 
(> 103 km 2 in area) accounted for most of the area covered by 
precipitation. Convection in GATE (i.e., the eastern Atlantic) 
has been found to be similar. Using radar observations from 
the GATE ship Oceanographer, Houze and Cheng [1977] 
made a comprehensive survey of radar echoes occurring 
around 1200 UT on most days of GATE. Some 67% of the 
echoes in GATE were < 102 km 2 in area (D scale) and 25% were 
102-103 km 2 (C scale), while only 8% were >103 km 2 (B/C 
scale) (Figure 7). Yet 79% of the total area covered by echoes 
was covered by the B/C scale echoes (Figure 8). Hence the 
relatively few large precipitation areas present in GATE (and 
other tropical cloud populations) take on great importance 
when their areal extent is considered. L6pez [1978], also work- 
ing with the Oceanographer radar data from GATE, further 
showed that the largest 10% of the echoes accounted for 90% 
of the precipitation. 

Examined in another way, the size spectrum of radar echoes 
in the tropics (whether measured in terms of echo areas, 
heights, durations, or rainfall intensities) is usually found to 
be basically log normal [L6pez, 1976, 1977]. In GATE, log 
normality of the radar echo population has been found to 
hold both for long periods of time [Houze and Cheng, 1977; 
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Fig. 7. Frequency of occurrence of D, C, and B/C scale radar 
echoes during GATE. From Houze and Cheng [1977]. 

L6pez, 1978] (Figure 9) and at individual times during the de- 
velopment and dissipation of a single cloud cluster [Warner 
and Austin, 1978]. GATE shipboard observations indicate that 
visually observable cloud dimensions also had a log normal 
frequency distribution [Kuusk et al., 1978]. 

Houze and Cheng [1977] found that echo heights and dura- 
tions were positively correlated with echo areas and that 
larger echoes tended to contain multiple cores, with the most 
intense maxima occurring in the largest echoes (Figure 10). 
From Figure 10 it can be seen that on average only 10 or 11 
echo cores were observed to exist at any one time in echoes 
exceeding 104 km 2 in area. If the individual cores were typi- 
cally 102 km 2 in area, then only about 10% of the area covered 

by these large echoes consisted of intense cores. Much of the 
area covered by these huge echoes consisted instead of rela- 
tively uniform rain in which individual echo cores could not 
be easily identified. It is evident from case studies of cloud 
clusters (section E) and observations such as those of Borovi- 
kov et al. [1975] that this uniform rain was of the type associ- 
ated with the anvil cloud of the Line Islands cloud cluster 

studied by Zipser [1969]. 
b. Types of radar echoes in GATE. From the foregoing 

statistics of echo sizes, four types of GATE radar echoes (pre- 
cipitation areas) can be identified: (1) isolated cells or cores-- 
the smallest in horizontal extent (D scale to smaller C scale), 
shallowest in vertical extent (-<6 km), and least intense, (2) ag- 
gregates of cells or cores--of moderate horizontal extent 
(larger C scale and smaller B/C scale echoes), containing indi- 
vidual cores reaching 6-9 km in height, and having echo cores 
reaching moderate intensities, (3) aggregates of cells or cores 
with associated regions of uniform anvil rain--the largest 
echoes of GATE (larger B/C scale echoes), containing the 
deepest (generally >9 km, often overshooting to 16-17 km) 
and most intense cells, and (4) regions of uniform anvil rain 
containing few if any deep convective cells--remnants of type 
3 echoes whose convective cells had died but whose anvil rain 

remained for some time. 

These four types of echoes correspond to convection in suc- 
cessively more advanced stages of development. Type 3 and 4 
echoes occurred only in major cloud clusters (see case studies 
in section E). Characteristics of the convective cells, which oc- 
curred in type 1, 2, and 3 echoes, will be discussed in section 
D6c, while the structure of the anvil precipitation will be de- 
scribed in section D6d. 

c. Characteristics of cells. L6pez [1978] examined a large 
sample of isolated cells and aggregates of cells (type 1 and 2 
echoes). The frequency distributions of the maximum areas 
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Fig. 8. Cumulative frequency distribution of accumulated echo areal coverage. Western tropical Atlantic distributions 
compiled by L6pez [1976] and lwanchuk [1973] are shown for comparison. From Houze and Cheng [1977]. 
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range which exceeded reflectivity threshold levels 2 (31 dBZ), 3 (30 
dBZ), and 4 (4'7 dBZ). The unit dBZ, or decibels of Z, is a standard 
unit of radar reflectivity Z, given by dBZ -- 10 1og•0 Z, where Z has 
units of mm6/m 3. From Houze and ½heng [19'7'7]. 

1978] but also to the individual updrafts and downdrafts 
-0.25-50 km 2 in cross-sectional area that were embedded 

within the cells of the precipitating clouds. 
The majority of the GATE convective cores described by 

Zipser and LeMone [1980] had mean vertical velocities of <3- 
5 m s -•. (Peak values exceeded the mean values by a factor of 
1.6 to 2.0.) In the middle troposphere, only 10% of the updraft 
cores had mean vertical velocities greater than 5 m s -• or di- 

attained, durations and rainfall intensities of the isolated cells, ameters in excess of 2 km (Figure 12). Downdraft cores were 
and the cells contained in aggregates were determined. The weaker than updraft cores, except near cloud base, where up- 
distributions were found to be log normal for both the isolated draft and downdraft cores were of similar intensity. In gen- 
cells and the cells making up aggregates (Figure 11). How- eral, the GATE cores and drafts were similar in size and in- 
ever, the means of the distributions for the cells in aggregates tensity to those observed in hurricanes but weaker than those 
were greater, that is, the cells making up the aggregates observed in the continental thunderstorms observed in the 
tended to be larger, last longer, and rain more than isolated U.S. Thunderstorm Project [Byers and Braham, 1949]. 
single-cell echoes. Evidently, as concluded by L6pez, the for- 
mation of aggregates affords a measure of protection from en- 
trainment of unsaturated environment air for ceUs embedded 

within the aggregates, while such protection is not available to 
isolated ceUs. 

Direct sensing of the air motions in ceUs was accomplished 
by GATE aircraft sampling. LeMone and Zipser [1980] and 
Zipser and LeMone [1980] have examined aircraft measure- 
ments of the updraft and downdraft velocities in ceUs of type 
1-3 echoes on 6 days of GATE. They divided the data into 
'drafts,' where the vertical velocity is nonzero continuously for 
a flight path length >0.5 kin, and 'cores,' for which the abso- 
lute values of the velocity exceed 1 m s -• for >0.5 kin. The 
distributions of draft and core sizes and intensities were log 
normal at all altitudes in each echo system penetrated (Figure 
12). The tendency of convective entities to be log normally 
distributed is thus seen to apply not only to gross echo struc- 
tures from 102 to 5 x 104 km 2 in area (Figure 9), to echo cells 
• 10-200 km 2 (Figure 11), and to visible clouds [Kuusk et al., 
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Fig. 12. Aircraft measurements in GATE convective cells. Combined draft and core statistics are summarized by alti- 
tude group. In bar graphs, total length is total number of drafts, and black is total number of cores. Cumulative distribu- 
tions are in log-probability format. See text for definitions of drafts and cores. From LeMone and Zipser [1980]. 

d. Anvil precipitation structure. The anvil rain in type 3 vertical distributions of radar reflectivity and by determining 
and 4 echoes was a substantial contribution to the total GATE the types of ice particles that would, upon melting, produce a 
rainfall. Cheng and Houze [1979] estimated its contribution to population of raindrops having a size distribution similar to 
be 40%. The structure of the anvil rain resembled that of mid- drop size distributions observed aboard GATE ships and air- 
latitude stratiform rain. Leary and Houze [1979b] examined craft [Cunning and Sax, 1977a, b; Austin and Geotis, 1979]. It 
five examples of anvil rain. They found that the radar refiec- was determined that rimed aggregates and hexagonal graupel 
tivity was horizontally stratified with a well-defined radar were the probable ice particle types just above the melting 
bright band at the melting level (see Figure 13). Preliminary layer. The existence of riming and graupel is consistent with the 
analyses of GATE radar measurements had indicated that observations of Borovikov et al. [1978], who not6 aircraft 
bright bands were frequently present [Houze, 1975; Shupiatsky icing and liquid drops coexisting with ice in GATE cirrus 
et al., 1975, 1976a, b]. The presence of the bright band in- clouds. They noted, however, that at altitudes as high as 12-13 
dicates that strong convective cells were absent and ice patti- km, only ice was present. These observations suggest active 
cles were gently settling downward, melting, and falling to the anvil clouds, in which enough lifting is present to maintain 
surface as widespread anvil rain. liquid water in the presence of ice. Below the melting level, the 

The physical processes in an anvil rain region are illustrated primary microphysical process in the anvil region is evapora- 
schematically in Figure 14. The microphysical structure was tion of the falling raindrops in dry subsiding air below cloud 
deduced indirectly by Leary and Houze [1979b] from observed base. Air motions within and below the anvil and their relation- 
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Fig. 12. (continued) 

ship to evaporation and melting will be discussed further in 
the next section of this paper. 

E. CASE STUDIES OF GATE CONVECTION 

In the preceding section it was seen that the mean cloudi- 
ness and precipitation in GATE were accounted for primarily 
by cloud clusters. To date, 12 GATE cloud clusters have been 
subjected to various degrees of case study analysis (Table 1). 
The first six case studies listed in Table 1 were of squall clus- 
ters. The other six were nonsquall clusters. In the following 
subsections we will first discuss the squall clusters. This will be 
followed by a discussion of the nonsquail clusters and then by 
a discussion of smaller cumulus and cumulonimbus associated 
with clusters. 

1. Squall Clusters 

a. The formation process. The statistical studies of Mar- 
tin [1975] and Aspliden et al. [1976] showed that squall clusters 

were most frequent over the African continent. In a case 
study, Fortune [1980] reported on a 'family' of five squall lines 
that developed in series over the African continent. The time 
lapse sequence of satellite imagery in this case shows the ori- 
gin of each squall system and the westward advance of its an- 
vil shield or its leading arc of low cumulus (Figure 15). In 
high-resolution visible imagery, available for the daylight 
hours, the arc clouds are seen at the squall front just ahead of 
the advancing upper level anvil cloud. The five squall systems 
were initiated from groups of or individual cumulonimbus 
identified in Figure 15 as A-C, D-F, G-H, K, and L. Each of 
these squall systems produced a distinct anvil whose rapid ex- 
pansion was tracked and measured. Systems A-C and D-F 
developed almost simultaneously and eventually merged. The 
resulting combined squall system appeared to trigger or excite 
the development of the next system during its late stages, 
when it approached the developing cells G-H. In a similar 
way the squall that developed from G-H subsequently ap- 
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Fig. 13. Vertical cross section showing the uniform precipitation (between -150 and 50 km) in a large GATE radar 
echo. A radar bright band is in evidence in the melting layer just below 4-km height. Data were obtained with the Re- 
searcher radar at 2100 UT, September 4, 1974. The outside contour is for the minimum detectable echo, inner contours are 
for 23, 28, 33, 38, and 43 dBZ (dBZ is defined in the caption to Figure 10). From Leary and Houze [1979b]. 

peared to trigger two new squall lines, one to the south and 
one to the north, as it spread out and approached the cumulo- 
nimbus cells K and L. 

The squall line system studied by Houze [1977] also formed 
at the advancing arc-shaped edge of a dissipating anvil cloud, 
in this case, one which had moved from northeast to south- 
west over the ocean from a position over Africa on the preced- 
ing day. Apparently, in' addition to being favored ahead of the 
troughs of synoptic-scale waves or at certain times of the day 
(see sections D3-D5), new squall lines tend to become or- 
ganized when cumulonimbus cells form along or just ahead of 
the edges of horizontally expanding pools of dense downdraft 
air deposited at the earth's surface by older cloud clusters. 

b. Squall line and anvil precipitation. Houze [1977] used 
GATE radar data to document the evolution and internal 

structure of a cloud cluster, which conformed in general 
with Zipser's [1969] conceptual model of a squall cluster and 
with the results of other pre-GATE studies of tropical squall 
lines [Hamilton and Archbold, 1945; Eldridge, 1957; Tschirhart, 
1958; Obasi, 1974; Betts et'al., 1976]. The system consisted of a 
squall line forming its leading edge and a trailing anvil region. 
The radar data showed that the leading line consisted of dis- 

crete line elements (LE's), which formed ahead of the squall 
line, weakened toward the rear of the line, and blended into 
the trailing anvil region as they dissipated. Each LE pro- 
gressed through a period of rapid growth, with echo tops typi- 
cally penetrating the tropopause to maximum heights of 16-17 
km, then decreasing to heights of 13-14 km, corresponding to 
the height of the top of the anvil cloud with which the LE's 
merged at the end of their dura(ion as active convective en- 
tities. This process is indicated schematically in Figure 16. 

As the old squall line elements dissipated, their strong up- 
ward air motions apparently ceased and no longer carried pre- 
cipitation particles upward or suspended them aloft. The fall- 
out of particles from these weakened line elements then took 
on a stratiform appearance, and as the elements were incorpo- 
rated into the anvil, they became indistinguishable from the 
rest of the anvil cloud and precipitation, which was horizon- 
tally stratified, with a pronounced melting band. This struc- 
ture, illustrated schematically in Figure 16 and by actual ex- 
ample in Figure 17, is similar to that shown in Figures 13 and 
14. The mature squall line system exemplifies the type 3 radar 
echoes that consisted partly of convective cells and partly of 
stratiform rain (section D6b). The anvil precipitation evolved 
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TABLE 1. Studies of Major Convective Events in GATE 

Investigator Day of GATE Type of Convective Event 

June 28 squall line over the GATE ships Reed [ 1975] 
Zipser [ 1977] 

Houze [1975, 1976, 1977] 
Mansfield [ 1977] 
Leary and Houze [1979b, 1980] 
Ogura et al. [1979] 

Zipser [1977] 
Fortune [ 1980] 

Houze [1975] 
Mansfield [1977] 
Leary and Houze [1979b] 

Houze [1975] 
$hupiatsky et al. [1976b] 
Mandics and Hall [1976] 
Zipser [1977] 
Mansfield [1977] 
Nitta [ 1977] 
Gaynor and Mandics [ 1978] 
Leary and Houze [1979b] 

Houze [1975] 
Mansfield [ 1977] 
Leary and Houze [1979b] 

Zipser and Gautier [1978] 

Sept. 4-5 

Sept. 4-5 

Sept. 11 

Sept. 12 

Sept. 16 

July 15 

LeMone [ 1975] 
Nicholls [1979] 

$hupiatsky et al. [1976b] 
Ogura et al. [1979] 

Betts [1978] 
Mower et al. [1979] 
Warner [ 1980] 

Aug. 3 

Aug. 11-12 

Sept. 2 

Leary and Houze [1976, 1979a, b] Sept. 5 
Suchman and Martin [1976] 
Nitta [1977] 
Ogura et al. [1979] 
Leary [1979] 
Nicholls [1979] 
Sikdar and Hentz [1980] 

Zipser [1980] Sept. 14 
Zipser et al. [1981] 

Suchman et al. [1977] 
Warner and Austin [1978] 
Warner et al. [1979] 
Warner et al. [1980] 
Simpson and van Helvoirt [1980] 

Sept. 18 

squall line over the GATE ships 

family of squall lines over Africa 

squall line over the GATE ships 

squall line over the GATE ships 

squall line over the GATE ships 

nonsquail cloud duster associated with an 
oceanic tropical depression northeast of 
GATE ships 

weak nonsquail duster in an ITCZ wind 
pattern over the GATE ships 

nonsquail duster in a well-defined ITCZ 
cloud pattern over the GATE ships 

nonsquail cloud cluster over the GATE ships 

double nonsquail cloud duster over the 
GATE ships 

nonsquail cloud cluster over the GATE ships 

nonsquail cloud cluster and associated small 
clouds over the GATE ships 

as shown in Figure 18. During the first few hours of the distur- 
bance, little anvil rain fell. As the anvil developed and ex- 
panded, the amount of rain falling from it became approxi- 
mately equal to that coming from the squall line itself. 

c. Convective and mesoscale vertical motions. The large 
portion of the total rain coming from the anvil indicates that 
mesoscale vertical air motions associated with the anvil cloud 

as well as convective-scale updrafts and downdrafts associated 
with the cumulonimbus elements making up the squall line it- 
self were important dynamical components of the squall line 

system. Essentially similar conceptual models of the con- 
vective-scale and mesoscale vertical motions in GATE squall 
line systems have been presented by Zipser [1977, Figure 19], 
Houze [1977, Figure 16], and Leary and Houze [1979b, Figure 
14]. These models are consistent with the Venezuelan squall 
line model of Betts [1976a] and Betts et al. [1976]. The updraft 
and downdraft structures contained in the models are summa- 

fized in the following subsections. 
d. Convective-scale updrafts. Convective-scale updrafts 

occur in the cumulonimbus elements making up the squall 
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Fig. 15. The advance of the squall linc family of September 4 and 5, 1974, from its origins to the Atlantic. Asterisks 
mark the points of origin of squall linc clements A-Q, with the hour of origin indicated. Alternating scalloped and thin 
lines show the leading cdgc of the anvil cloud at 2-hour intervals. Thick solid curves mark the position of the arc front on 
the visible pictures. Dashed lines outline the anvil every 6 hours. Linc b-b' is a long-lived but dormant arc of middle cloud. 
From Fortune [1980]. 

linc. The rapid growth of the radar echoes traced through 
their life history to typical maximum heights of 16-17 km by 
Houze [1977] clearly indicates that buoyant convective up- 
drafts produced these cells. The air feeding the squall linc up- 
drafts comes from the prcsquall boundary layer. The vertical 
structure of the squall linc convective clements, shown by ra- 
dar data [Houze, 1977] and in satellite imagery [Fortune, 
1980], shows that these updrafts have a distinct tilt. 

e. Convective-scale downdrafts. Just behind and below 
the sloping updraft of a squall linc clement there is a concen- 
trated downpour of heavy precipitation that contains a con- 
vcctivc-scalc downdraft. These downdrafts, which arc charac- 
teristic of cumulonimbus, apparently arc negatively buoyant, 
nonhydrostatic features composed of air, whose downward 
motion is initiated by the weight of hydrometeors and sus- 
tained by evaporation. 

The air feeding the convective-scale downdrafts comes 
from levels between 900 and 600 mbar. At these levels the 

mcan relative flow is toward the squall linc. Consequently, air 
enters one of these downdrafts after either circumnavigating 
discrete updraft towers distributed along the squall linc or by 
finding itself behind a new line element that formed just 

ahead of the current squall line as part of the !ine's discrete 
propagation. 

When the convective downdraft air reaches the surface, it 
has a lower moist static energy and is more stable that the pre- 
squall boundary layer air [Betts, 1976a; Gaynor and Rope- 
lewski, 1979; Fitzjarrald, 1979; Barnes, 1980]. This air spreads 
out, partly toward the front of the squall line system and 
partly toward the rear. The forward spreading portions of the 
downdraft outflows of the various cumulonimbus elements 

along the squall line typically intersect and form a continuous 
windshift line along the front of the squall system in the man- 
ner suggested by Byers and Braham [1949] for mid-latitude 
squall lines (see their Figure 113). 

The portion of convective-scale downdraft outflow that 
spreads toward the rear of the squall line system streams out 
in a thin layer 50-500 m above the surface. As this layer of cold 
air moves out over the warm sea surface, enhanced activity of 
turbulent plumes rising from the surface occurs [Mandics and 
Hall, 1976; Houze, 1977; Zipser, 1977; Gaynor and Mandics, 
1978; Gaynor and Ropelewski, 1979; Fitzjarrald, 1979]. The 
mixing associated with the plumes acts to raise the moist static 
energy of the convective downdraft air and thereby gradually 
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Fig. 16. Schematic cross section through squall line system. Streamlines show flow relative to squall line. Thin dashed 
streamlines show convective updraft circulation, thin solid streamlines show convective-scale downdraft circulation associated 
with mature squall line element, and wide arrows show mesoscale downdraft below the base of the anvil cloud. Wide, 
dashed arrows show mesoscale ascent in the anvil. Dark shading shows strong radar echo in the melting band and in the 
heavy precipitation zone of the mature squall line element. Light shading shows weaker radar echoes. Scalloped line in- 
dicates visible cloud boundaries. Adapted from ttouze [1977]. 



HOUZE AND BETTS: CONVECTION IN GATE 555 

14 

SW 

- ioo -8o 

SQU•,LL 
LINE 

NE 

-60 -40 -20 0 20 40 60 80 I00 120 

RANGE FROM RADAR (KM) 

Fig. 17. Vertical cross section through entire squall line system, along azimuths 223 o (SW) and 43 o (NE) from Ocean- 
ographer radar at 1545 UT, September 4, 1974. Inside contours are for 38, 33, 23 dBZ and minimum detectable echo (dBZ 
is defined in the caption to Figure 10). Outside scalloped contour outlines cloud boundary estimated from infrared satellite 
imagery. From Houze [1977]. 
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convert it to air with properties characteristic of the undis- 
turbed (or presquall) subcloud layer. This recovery is suffi- 
ciently slow that the surface outflow layer, or squall line 
'wake,' is evident for up to several hundred kilometers behind 
the squall line (Figures 16 and 19). This surface outflow layer 
(see next section) is bounded above by a stable layer main- 
tained by widespread subsidence below the anvil cloud. The 
subsiding air is characterized by low moist static energy, and 
its entrainment across the stable layer helps slow the recovery 
of the surface wake to presquall conditions. 

f. The mesoscale downdraft. The subsiding air below the 
anvil extends over horizontal scales of 100-500 km. By map- 
ping the. surface outflow pattern of the September 12 GATE 
squall line system, Zipser [1977] estimated the downward ve- 
locity at 500 m, near the top of the wake layer, to be 5-25 cm 
s-' (Figure 20). A downdraft of this horizontal scale and mag- 
nitude is a hydrostatic circulation feature, in contrast to the 
nonhydrostatic convective-scale downdrafts associated with 
the cumulonimbus rain showers making up the squall line. 
Zipser [1969] proposed that the wide hydrostatic (or meso- 
scale) downdraft below the anvil of a tropical squall line was 
thermally driven by the evaporation of rain falling from the 
mid-tropospheric base of.the anvil. Using a hydrostatic me- 
soscale numerical model in which both cumulus-scale con- 

vection and cloud microphysical processes were parameter- 

ized, Brown [1979] demonstrated that this mechanism was 
feasible for a tropical squall system. His model produced an 
anvil below which evaporative cooling led to adjustment of 
the mid-to-low tropospheric pressure field. The associated 
ageostrophic wind was convergent near the base of the anvil 
and divergent at the sea surface, and the mesoscale downdraft 
was located in the intervening layer. The melting of ice parti- 
cles that produces radar bright bands near the bases of anvils 
was not included in Brown's model, but in real cases this melt- 
ing reinforces the evaporative cooling in maintaining the me- 
soscale downdraft [Leary and Houze, 1979b]. 

The thermodynamic structure of the mesoscale downdraft 
has been documented by Zipser [1969, 1977]. He compiled the 
seven soundings shown in Figure 21, which were obtained be- 
neath various tropical squall line anvils. Below the base of the 
anvil (about the 650-mbar level) the soundings show the 
warming and drying effects of subsidence with a maximum 
separation between temperature and dew point being reached 
near 900 mbar, at the top of the stable layer bounding the top 
of the surface wake. The warm dry air just above the wake has 
about the same value of moist static energy as the air near the 
base of the anvil. Building on ideas of Betts and Silva Dias 
[1979], Leary [1980] used a one-dimensional steady state, hy- 
drostatic model of a downdraft containing a realistic spectrum 
of evaporating raindrops to show that the soundings below 

ZO 

GOM•T 8 

© 

SQUALL LINE 

/x 

, , , , , .... ,,,,,,,, 
0 6 

4 SEPTEMBER 5 SEPTEMBER 

Fig. 18. Total rain integrated over areas covered by squall line and anvil portions of a squall line system. Circled 
points refer to squall line region. Data points derived from Oceanographer radar echo patterns are indicated by pluses. 
Points derived from composite Oceanographer and Researcher radar echo patterns are indicated by dots. Points derived 
from composite Oceanographer, Researcher, and Gilliss echo patterns are indicated by crosses. From Houze [1977]. 
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anvils result from an imbalance between. the evaporation of the 
falling precipitation particles, which acts to increase the rela- 
tive humidity, and the subsidence, which warms and dries the 
air. 

While the cooling effects of evaporation and melting appear 
to support and maintain the mesoscale downdraft through hy- 
drostatic adjustment of the pressure field below the anvil, the 
mechanism that initiates the mesoscale downdraft is not clear. 

Miller and Betts [1977] suggest on the basis of convective 
cloud model simulations that the mesoscale downdraft is 

forced to descend, since it overlies a spreading density current 
of convective-scale downdraft air. In a two-dimensional hy- 
drostatic hurricane model with mesoscale (20 km) horizontal 
grid spacing, Rosenthal [1980] has shown that as high moist 
static energy air rising from low levels moves upward in the 
updrafts of squall-type features that form in the prehurricane 
stage, low moist static energy air carried downward in neigh- 
boring regions of compensating subsidence is advected into 
the lower part of the moist updraft. This air forms an unsatu- 
rated stable ascending wake which cuts the rising cloud air off 
from lower levels. The stable ascent in the wake leads to cool- 

ing below the cloud and a hydrostatic pressure rise at the sur- 
face. A mesoscale downdraft then forms at low levels and 

builds upward. 
g. The mesoscale updra•. Within the anvil cloud itself, 

directly above the mesoscale downdraft, there appears to be a 

mesoscale .updraft. Mesoscale ascent occurs in the anvil cloud 
in Brown's [1979] numerical model and also in the anvil 
formed by the successive cutting off of rising cloud elements 
by the mesoscale updraft wakes in Rosenthal's [1980] model. 
Similar mesoscale .updrafts have been produced in mesoscale 
models simulating'mid-latitude convective systems [Kreitzberg 
and Perkey, 1977; Fritsch and Chappell, 1980]. The mesoscale 
ascent in these models is hydrostatic and driven thermally by 
condensation heating. Observational evidence consistent with 
(but not proving the existence of) such mesoscale updrafts in 
GATE squall line anvils includes (1) the large amount of rain 
falling from anvils [Houze, 1977], (2) divergent and anti- 
cyclonic 200-mbar-level outflow centered in anvil cloud re- 
gions [Houze, 1977; Fortune, 1980], (3) indications that liquid 
water existed in anvils [Borovikov et al., 1978; Leary and 
Houze, 1979b], (4) average upward motion on the resolvable 
scale of rawinsonde data centered on the anvil clouds of 

squall line clusters [Frank, 1978; Betts, 1978; Ogura et al., 
1979], and (5) mid-latitude squall line systems that exhibit 
mesoscale ascent in their anvils [Sanders and Paine, 1975; 
Sanders and Emanuel, 1977; Ogura and Chen, 1977; Ogura and 
Liou, 1980]. Work in progress at several institutions indicates 
that compositing of upper wind observations obtained in the 
vicinities of squall line anvils will prove the existence of the 
mesoscale updraft. 

h. The mesoscale wind field near squall clusters. The 
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squall cluster's circulation pattern (Figures 14, 16, and 19) can 
have a substantial imprint on the horizontal wind field over 
an area ~1000 km in dimension centered on the cluster. 

Tourre [1979] identifies a 'squall line wave' (wavelength about 
1200 km) in the vicinity of squall clusters. In other studies, 
wind patterns are noted in relation to the anvil cloud. At 
the surface, dir.ectly below the anvil, anticyclonic divergent 
outflow predominates (Figure 20). Near the base of the ma- 
ture anvil (600-700 mbar) a convergent circulation develops; 
for example, the September 4 oceanic squall [Houze, 1977] 
and the September 5 African squall [Fortune, 1980] exhibited 
convergent cyclonic rotation in the 700-mbar flow at the base 
of mature anvils. At upper levels (~200 mbar), divergent out- 
flow was centered on the anvils [Houze, 1977; Fortune, 1980]. 
The pattern of divergence at low levels, convergence in mid- 
levels, and divergence at high levels in the anvil region is ap- 
parently associated with the mesoscale downdraft below the 
base of the anvil and mesoscale ascent in the anvil cloud itself. 

i. Squall line propagation. Why squall clusters take on a 
mesoscale organization in which their convective cells line up 
and move as a group faster than other forms of convection in 
GATE and indeed often faster than the presquall environ- 
mental wind at any altitude is a question to which there is not 
yet a definitive answer. However, several recent theoretical 
studies provide insight and appear to be consistent with 
GATE and other tropical observations. Before summarizing 
these studies we note that the squall propagation cannot be 
explained by the density currents formed by the downdrafts of 
the convective cells within the squall line. These downdrafts 
are on the scale of the individual cells, while the mechanism 
that organizes the group of cells'into a larger propagating line 
is necessarily mesoscale. Nor can the line's organization be ex- 
plained by the mesoscale downdraft that spreads out below 
the squall's trailing anvil cloud, at least not in the initial stages 
of the line, since the arc-shaped squall line takes shape well 
before the development of significant anvil structure [Houze, 
1977; Fortune, 1980]. - 

Extending the work of Raymond [1975, 1976], Silva Dias 
[1979] used a model to show ,that a small initial con- 
vective perturbation in a mean GATE wind environment 
leads to the development of a propagating gravity wave struc- 
ture on the scale of a tropical squall line. The wave develops 
arc-shaped horizontal structure (even though the basic state 
wind has no horizontal shear) and exhibits vertical tilt consis- 
tent with tilts observed in GATE squall lines [Houze, 1977; 
Fortune, 1980]. The wave is also consistent with the tendency, 
noted by Houze [1977], of tropical squall lines to move in part 
by discrete propagation. If the speed of the wave giving rise to 
the line organization exceeds the speed of individual cells, 
whose motion is probably controlled by their internal dynam- 
ics (for example, by the density current action of the con- 
vective-scale downdrafts), new cells would be expected to be 
triggered ahead of old ones as the wave continually moves 
ahead of existing cells. 

Moncrieff and Miller [197•] inferred a squall line propaga- 
tion speed by seeking the set of streamlines through a squall 
line that optimizes the upward flux of buoyancy and con- 
sequent release of kinetic energy by the system (for further 
discussion, see Lilly [1979]). The propagation speed associated 
with the optimal streamlines is related to the total potential 
energy available for release from an upstream parcel lifted 
from the surface. Betts et al. [1976] found that Venezuelan 
squall lines tended to travel with such a speed and that ob- 
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Fig. 21. Characteristic soundings of temperature and dew point in postsquail regions: (a) mostly in rain; (b) behind 
leading edge and 50 km behind trailing precipitation; (c) behind trailing precipitation; (d) behind leading edge and 174 km 
behind trailing precipitation; (e) 50 km behind trailing precipitation; (/) postsquail; (g) postsquail (no dew point available). 
From Zipser [ 1977]. 

served vertical profiles of horizontal wind differences (up- 
stream minus downstream values of a given altitude) were con- 
sistent with the theoretically optimal streamlines. GATE 
squall lines exhibited upstream-downstream wind differences 
similar to the Venezuelan squalls [Houze, 1977; Fortune, 
19801. 

Another idea relevant to discrete propagation is mesocy- 
clogenesis resulting from compensating downward motion 
[Fritsch, 1975; Hoxit et al., 1976; Fritsch and Chappell, 1980]. 
This process occurs in Rosenthars [1980] two-dimensional 
hurricane model wherein the prehurricane squall line propa- 
gates in steps. The warming of the air column ahead of an ac- 
tive squall line element by compensating downward motion 
leads to lowering of the surface pressure ahead of the line. 

motion also is concentrated just ahead of the Silva Dias [1979] 
gravity wave squall line. 

2. Nonsquail Clusters 

As noted in section D3, the overwhelming majority of cloud 
clusters over the GATE ship array consisted of nonsquall 
clusters, which traveled more slowly than squall dusters and 
did not possess the distinctive oval cirrus shield or arc-shaped 
leading edge characteristic of squall systems. Despite these 
differences in motion and appearance the nonsquall and 
squall clusters in GATE exhibited surprising similarities in 
other aspects of their structures. In view of these similarities, 
much of the understanding of squall clusters reviewed above 

The convergence into this low is associated with a reversal of is basic to a universal understanding of convection in the 
the low-level vertical motion, and a new squall line element ITCZ. The summary of GATE studies of nonsquall clusters 
forms there. It is interesting that compensatory downward presented below is organized around the theme of their struc- 
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tural and dynamical similarities to squall clusters. Theft dif- 
ferences from squall clusters will also be discussed. 

a. Occurrence of mesoscale precipitation features in non- 
squall clusters. The GATE nonsquall clusters examined in 
case studies (Table 1) all contained mesoscale rain areas. 
Leary and Houze [1979a] extended the conceptual model of a 
tropical squall line system (Figures 14, 16 and 19) to describe 
the structure and behavior of these rain areas. They arrived at 
the more general concept of a mesoscale precipitation feature 
(MPF), of which the rain area of a squall cluster is an example 
but which also applies to the rain areas of nonsquall clusters. 

b. Typical life cycle of a mesoscale precipitation fea- 
ture. Squall clusters and some nonsquall clusters contain just 
one MPF. Other clusters contain several MPF's inter- 

connected by a common anvil cloud. Intersections and merg- 
ers of the MPF's can add complexity to the precipitation pat- 
tern of the cluster. However, when the individual MPF's 
making up the pattern are identified and followed in time, 
they each exhibit a life cycle similar to that of a squall line 
MPF. This characteristic cycle, as postulated by Lear• and 
Houze [1979a], is illustrated schematically in Figure 22. 

In its formative stage (Figure 22a) the MPF appears on ra- 
dar as a group of isolated type 1 (D scale or small C scale) ra- 
dar echoes, which may be randomly distributed in the hori- 
zontal or arranged in a line. Figure 22 follows the evolution of 
a line. In squall clusters, and in many nonsquall clusters, such 
as those of July 15 and September 2, 5, and 14 (see papers re- 
ferred to in Table 1), the MPF's are linear. The September 18 
GATE cloud cluster, however, contained mesoscale features 
composed of groups of cells whic•h tended to be randomly dis- 
tributed [Warner et aL, 1980]. 

In the intensifying stage of an MPF the rain areas of the in- 
dividual cells grow and merge (Figure 22b). The feature then 
comprises a single type 2 (large C scale or small B/C scale) ra- 
dar echo. 

The mature stage of an MPF is reached when a stratiform 
precipitation area develops from older cells blending together 
as they begin to dissipate (Figure 22c). In the same way that 
squall line elements weaken, become stratifo ,rm, and are in- 

within the zone of overlap of downdraft outflows from neigh- 
boring convective cells and (2) greater in the leading and lat- 
eral sectors of cell groups than in the trailing portions of the 
groups. Applying similar ideas to a line of echoes that evolves 
into a mesoscale precipitation feature of the type observed in 
GATE on September 5, Leary and Houze [1979a] noted that 
convergence and new cell formation are favored between and 
upwind of the existing cells. Using a three-dimensional cu- 
mulus model, with GATE wind and thermodynamic sound- 
ings from the moderately unstable day of September 18, 
Simpson and van Helvoirt [1980] showed that an individual 
deep cumulonimbus cell of the type in the cluster observed 
on that day indeed develops a downdraft outflow at low 
levels'.•that 'acts as an obstacle with stagnation and strong 
convergence (10 -3 S --1) at its upwind 9dge.' This convergence 

ß 

would favor the growth of new .towers at the edge of the 
cloud, leading to some propagation upwind. Moreover, 'the 
pressure field and the more favorable vertical stratification 
could cause new separate cumuli' td spring up at horizontal 
distances of 10 km or more upwind from the old cloud.' 

In th• dissipat•g stage of the MPF (Figure 22d) the forma- 
tion of new convective cells, diminishes, and as described in 
section •6b, the. feaiure tends to become a type 4 echo. The 
featuro can pe•sist in this fo frm, i.e., as a large region of mostly 
stratif0rm anvil cloud and: precipitation, for several hours af- 
ter the demise of the convective cells [Borovikov et aL, 1978; 
Leary and Houze, 1979a]. Mesoscale ascent in the anvil Cloud 
(Figure 14) probably helps to prolong the dissipating meso- 
scale precipitation feature. 

c. Similarity of air motions associated with squall and non- 
squall mesoscale precipitation features. The mesoscale precip- 
itation features in the nonsquail clusters of July 15, September 
2, September 5, and September 14 all exhibited aft motions 
that resembled those of squall line systems. Convective-scale 
draft• were associated with •the tells, while mesoscale drafts 
were associated with theft stratiform rain areas. 

On July 15, intense convective cells extended northward 
from the center of a tropical depression along a line of strong 
confluence and convergence of the low-level wind (Figure 24). 

corporated into their associated anvil region (section Elb), Extending some 100 km west of the convective line was a re- 
convective cells of the MPF go through life cycles at the end gion of fighter stra•tiform rain falling from an anvil cloud 
of which they weaken and become components of a mass of baseffin t•e •i,•iddl•"'troposphere and extending up to the trop- 
stratiform precipitation falling from the middle-level base of opau•e. dire[ aft penetration of the intense cells at the north- 
the general anvil cloud of the cluster. For example, the cell at 
9øN in Figure 23 was weakening. By 1215 UT a melting layer 
was evident near a height of 4 km, and the cell' had taken on 
the character of light anvil rain. When several neighboring 
cells reach this stage, they become indistinguishable from 
each other and together can form an extensive region of strati- 
form anvil rain with a continuou s melting layer. Though in 
weaker clusters the size of the stratiform regions that develop 
in this way may be limited (as on September 18; see Warner et 
al. [1980]), stratiform areas as great as 200 km in horizontal 
dimension can Occur (Figure 13). 

As long as new convective cells continue to form adjacent 
to a stratiform region, •the mesoscale precipitation feature re- 
mains an aggregate of cells with an associated region of strati- 
form rain and as such composes a type 3 radar echo. A com- 
mon way that a mature mesoscale precipitation feature 
continues forming new cells is by discrete propagation in a di- 

ern enid of the convective line revealed a series of closely 
spaced, exce'Ptionally intense convective-scale updrafts, each 
•1-5 km wide with peak speeds of 10-15 m s -1. Convective- 
scale downdrafts (•<4 m s -1) were also encountered in this 
•roup of cells. In contrast to these intense convective drafts 
the region of uniform anvil rain to the west was characterized 
at low levels by widespread divergence indicating the presence 
of mesoscale subsidence below th• anvil cloud. 

In the stratiform rain area of one of the mature mesoscale 

precipitation features observed in the September 5 nonsquall 
cloud cluster, aftcraft observations, described by Leary and 
Houze [1979a], showed cool, dry air of low moist static energy 
at 16w levels, consistent With the presence of a mesoscale un- 
saturated downdraft maintained by melting an d evaporation 
of th e falling rain (as in Figure 14). In the convective cells at 
the leading edge of the same mesoscale precipitation feature, a 
low-level aircraft penetration confirmed the presence of a con- 

rection opposed to the relative wind at low levels. Byers and vective-scale downdraft outflow. 
Braham [1949, pp. 78-79] found that in mid-latitude thunder- The September 2 and 14 features were propagating simi- 
storms the probability of new cell development is (1) greatest larly to the idealized case in Figure 22. Aftcraft penetrations 
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revealed convective-scale drafts of up to a few meters per sec- 
ond and gust fronts associated with cells at the leading edges 
of the systems with broader divergence areas to the rear asso- 
ciated with decaying cells and anvil precipitation. Ziœser et al. 
[1981] constructed a schematic model of the September 14 

mesoscale precipitation feature (Figure 25). The similarity of 
the airflow to that of a squall line system (Figures 16 and 19) 
is evident. 

d. The mesoscale wind field near nonsquail clusters. The 
similarity of the air motions in nonsquail and squall clusters is 
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Fig. 23. Cross sections through the convective line along the air- 
craft flight tracks (north-south on 22ø51'W) on September 2, 1974, 
showing sequential growth of new cells on the leading edge of a me- 
soscale precipitation feature. (Reprinted with permission of Mower et 
al. [1979] and the Canadian Meteorological and Oceanic Society.) 

further seen in analyses of the wind fields in the vicinities of 
the clusters. A prominent characteristic of a squall cluster is 
the location of its leading line of convective cells within a zone 
of locally enhanced convergence. Though the MPF's of non- 
squall clusters do not always exhibit linear shapes and though 
they may occur in various environmental flows (for example, 
tropical depressions, ITCZ patterns, and monsoon flows), the 
convectively active portions of these features can nearly al- 
ways be associated with a mesoscale convergent perturbation 
of the low-level flow in which they are embedded. 

For example, Leary [1979] found that in the early stages of 
the large September 5 nonsquall cluster, when it was domi- 
nated by mesoscale precipitation features in their formative, 
intensifying, and early mature stages of development, the con- 
fluent asymptote of the ITCZ became intensified about die 
cluster at low levels. Rather similarly, a cyclonic vortex in the 
surface flow formed about an intensifying mesoscale precipi- 
tation feature on September 2 [Betts, 1978; Mower et al., 
1979]. The July 15 mesoscale precipitation feature (Figure 24) 
coincided with a locally intensified line of confluence and con- 
vergence [Zipser and Gautier, 1978], and Warner et al. [1980] 
noted a tendency for the mesoscale precipitation features of 
September 18 to be aligned parallel to features of the low- 
level convergence field. A linear mesoscale precipitation fea- 
ture within the nonsquall ITCZ cluster of August 12 studied 
by Ogura et al. [1979] was shown by objective analysis of 
GATE wind data to lie within an elongated region of en- 
hanced convergence, which intensified as the precipitation 
feature and its associated upper level cloud expanded. 

Late in the lifetime of the September 5 cloud cluster, when 
it was dominated by mesoscale precipitation features in their 
late mature and dissipating stages, the winds at 700 mbar 
formed a closed convergent cyclonic flow centered on the 
cluster [Leary, 1979], while at 200 mbar a center of divergent 
anticyclonic outflow developed [Suchman and Martin, 1976; 
Leary, 1979; Sikdar and Hentz, 1980]. Developments in the 

700-mbar and 200-mbar flows similar to those of September 5 
also occurred in the vicinity of GATE squall clusters [Houze, 
1977; Fortune, 1980] and are apparently associated with the 
development of mesoscale ascent in deep, extensive precipi- 
tating anvil clouds characteristic of the late stages of both 
squall and nonsquail mesoscale precipitation features (Figures 
14, 16, 19, and 25). Frank [1978], Betts [1978], Ogura et al. 
[1979], and $ikdar and Hentz [1980] have shown that large- 
scale upward motion computed from GATE wind data for oc- 
casions when cloud clusters were within the ship array in- 
creased and became a maximum in the upper troposphere 
(i.e., at anvil levels) during the mature stages of the clusters. 
During the dissipating stages the upper tropospheric upward 
motion remained substantial but decreased markedly in the 
lower troposphere, probably reflecting the mesoscale updraft- 
downdraft complex, although the computed vertical motion 
was for a bigger area than that covered by the individual clus- 
ters. The vertical motions on the scale of the clusters and anvil 

rain areas themselves have yet to be determined. 
e. Time series of mass flux and rainfall in a mesoscale pre- 

cipitation feature. Zipser [1980] hypothesized a time series of 
mass and precipitation fluxes associated with a typical (squall 
or nonsquall) mesoscale precipitation feature (Figure 26). It 
was assumed that the MPF originates 'by an imposed meso- 
scale convergence.' Then, '... the order of events is as follows: 
(2) rapid increase in upward convective mass flux (M,); (3) 
rapid rise in rainfall, initially 100 percent convective; (4) rapid 
rise in mass flux in convective downdrafts (Ma - Mma); (5) 
gradual increase in anvil rain; (6) gradual increase in down- 
ward mass flux in mesoscale downdrafts.' The similarity of 
this 'typical' time series to that observed in the September 
4-5 squall cluster (Figure 18) is apparent. 

f Differences between squall and nonsquail mesoscale pre- 
cipitation features. At this stage of GATE research, the simi- 
larities of squall and nonsquail clusters are more evident than 
their differences. The main feature that sets squall systems 
apart from nonsquall clusters is their rapid motion, which as 
noted in section El/may be related to the collocation of the 
squall systems with well-defined northeasterly or easterly jets 
at 600 to 700 mbar [Frank, 1978]. For reasons that may be 
rather complex, involving momentum transformations in 
downdrafts, or gravity wave dynamics, or both, the con- 
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Fig. 24. Radar composite, 990-mbar streamlines superimposed, 
for 1400 UT, July 15, 1974. Three levels of reflectivity are indicated, 
determined subjectively. The northwest portion of the echo is not en- 
closed, as it is believed to extend beyond the limits shown. From Ziœ- 
ser and Gautier [1978]. 
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vection becomes organized into a line propagating with the 
600- to 700-mbar flow. Nonsquail clusters apparently lack in- 
timate connection with a 600- to 700-mbar jet. 

Another difference be, tween squall and nonsquail MPF's is 
that their downdrafts (both convective-scale and mesoscale) 
appear to be less potent than squall downdrafts in lowering 
the moist static energy of the lower troposphere [e.g., Zipser 
and Gautier, 1978; Betts, 1978; Mower et al., 1979; Zipser, 
1980]. The reason for this difference needs further study. 

3. Smaller Convection Associated With Cloud Clusters 

a. Occurrence of smaller clouds in the vicinities of clus- 

ters. In discussing squall and nonsquail cloud clusters we 
have focused on MPF's, which, in their mature stages, consti- 
tute the type 3 and 4 (large B/C scale) radar echoes that ac- 
count for most of the area covered by precipitation in cloud 
clusters (sections D6a and D6b). Though these B/C scale me- 
soscale precipitation features dominate the precipitation pat- 
terns, the log normality of the size distributions of tropical 
cloud and rain areas indicates the simultaneous presence of 
many more smaller precipitating and nonprecipitating con- 
vective clouds. 

b. Cloud population associated with a cloud clus- 
ter. Warner et al. [1979, 1980] have mapped the entire popu- 
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Fig. 26. Life cycle of typical mesoscale precipitation feature in time series. (Reprinted with permission of Zipser [1980].) 
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lation of clouds associated with the GATE nonsquail cloud 
cluster of September 18. Photogrammetry applied to airborne 
cloud photography, quantitative time lapse satellite imagery, 
and radar date were analyzed. The mapped clouds (Figure 27) 
show a gradation, with shallow nonprecipitating clouds (<2.5 
km, Figure 27 (bottom)) in the southwest of the region studied 
giving way to deeper precipitating clouds in the northwest 
(Figure 27 (top)). The largest clouds (•> 10 km in height) were 
components of MPF's located under the cirrus canopy (shown 
in Figure 27 (bottom)) of the cloud cluster. 

c. Types of clouds making up the population associated with 
the cluster. Following Warner et al. [1979, 1980] and Simpson 
and van Helvoirt [1980], we may think of the clouds on Sep- 
tember 18 in four categories, to which we assign the following 
terminology: (1) tiny cumulus--less than 1 km in height, non- 
precipitating, (2) small cumulus--I-3 km in height, occasion- 
ally precipitating, (3) moderate cumulus--3-9 km in height, 
nearly always precipitating, and (4) penetrative cumulo- 
nimbus cells--over 9 km in height, always associated with 
precipitation, usually embedded in MPF's. 

We are concerned here with the first three categories, i.e., 
with the tiny to moderate convective clouds. Their character- 
istics are discussed briefly in the following two subsections. 

d. Tiny and small cumulus. These species differ from the 
deeper ones in that they do not require strong low-level con- 
vergence in order to exist. In fact, they occur over wide areas 
of the tropical oceans, including regions of widespread sub- 
sidence (for example, the trades), inimical to the development 
of the deeper clouds. These clouds arise wherever the mixed 
layer thickens sufficiently that moist turbulent elements can 
reach the condensation level. The vertical transports affected 
by the tiny to small cumulus maintain the moist cloud layer 
and typical inversion capping it against large-scale sub- 
sidence characteristic of undisturbed regions [Betts, 1978]. 

Thickening of the mixed layer and occurrence of tiny to 
small cumulus tend to occur within mesoscale patches, where 
the turbulent flux of moisture at the condensation level ex- 

ceeds that at the ocean surface [LeMone, 1980]. (Nicholls and 
LeMone [1980] have shown that this behavior is consistent 
with the parametric boundary layer model of Betts [1976b].) 
Warner et al. [1979] found that the tiny cumulus on Septem- 
ber 18 occurred in mesoscale patches in the forms of rows sep- 
arated by 1 or 2 km and aligned along the wind shear in the 
manner of roll vortices [LeMone, 1973; LeMone and Pennell, 
1976]. The small cumulus on September 18 described by 
Warner et al. [1979] tended, on the other hand, to occur in me- 
soscale patches in the forms of arcs and rings (Figure 27). In 
vertical cross section, the small cumulus of the arcs displayed 
a rather extreme slope dictated by the ambient wind shear 
(Figure 28). 

e. Moderate cumulus. The moderate cumulus and pene- 
trative cumulonimbus differ from the shallower tiny and small 
cumulus in two apparent respects, noted by Simpson and van 
Helvoirt [1980]: 

1. The deeper clouds apparently require concentrated 
low-level convergence in order to be maintained, whereas the 
shallow clouds can exist under large-scale suppressed condi- 
tions. 

2. The deeper clouds are more effective in modifying the 
subcloud layer by filling it with downdraft air of low moist 
static energy, especially when the rainfall rates are substantial 
[Betts, 1976a; Barnes, 1980]. 

In sections E 1 and E2 the effects of the downdrafts of pene- 
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Fig. 27. Cloud map from airborne observations obtained from 
1300 to 1445 UT, September 18, 1974. (Top) Active tops (outlined by 
contours) in the height interval 2.5-13 kin. (Bottom) Clouds of 
height <2.5 km and anvils (dashed). Thin solid lines represent arcs of 
clouds. Numbers are heights (kin) above the sea, and times of mea- 
surement. The corners D! to D 4 define the box circuit flown by the 
aircraft. From Warner et al. [1979]. 

trative cumulonimbus cells associated with the mesoscale pre- 
cipitation features of squall and nonsquall clusters were de- 
scribed. In their three-dimensional cloud-model study using 
GATE input data from September 18, Simpson and van Hel- 
voirt [1980] showed that moderate cumulus can also produce 
strong downdraft modification of the subcloud layer (Figure 
29). 

f. Downdrafts and interactions. The arcs of small cu- 
mulus described by Warner et al. [1980] appeared near precip- 
itating clouds and were apparently triggered by outflows of 
dense downdraft air from regions of precipitation. As the arcs 
progressed through their life cycles, some of the small cu- 
mulus making up the arcs grew and became precipitating 
clouds, which, in turn, developed their own downdrafts that 
could spawn new arcs of small cumulus. This behavior of the 
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arcs is reminiscent of the generation, on a larger scale, of new 
squall line systems in the vicinities of the edges of downdraft 
outflows of old dissipating cloud clusters (section E la, Figure 
15). 

Examination of the whole spectrum of clouds associated 
with a cloud cluster in the intertropical convergence zone thus 
reveals a highly interactive assemblage in which the existence 
of past clouds affects the location and mesoscale spatial ar- 
rangement of future clouds. The primary mode of communi- 
cation between the past and the future clouds appears to be 
the outflow of downdraft air from precipitating clouds. Down- 
draft outflows affect future cloud formation in at least two 

ways. First, low-level convergence becomes concentrated at 
the edges of the outflows, and updrafts of new clouds are trig- 
gered there. Second, the outflow of downdraft air from a pre- 
cipitating cloud so completely changes the character of the 
planetary boundary layer [Betts, 1976a; Barnes, 1980] that 
wherever the outflow spreads, the formation of even tiny cu- 
mulus is prevented for hours, until the flux of latent and sen- 
sible heat from the ocean reestablishes a mixed layer of high 
moist static energy [Garstang and Betts, 1974; Echternacht and 
Garstang, 1976; Houze, 1977; Zipser, 1977; zlugstein, 1978; 
Gaynor and Mandies, 1978]. Once reestablished, the mixed 
layer is ready to serve as updraft air for future clouds. 

F. INTERACTION BETWEEN CONVECTION AND THE 
LARGE-SCALE FLOW: DIAGNOSTIC MODEL RESULTS 

As noted in section B, a central objective of GATE was to 
estimate the bulk effects of cloud ensembles on the large-scale 
flow observationally. It was hoped that these estimates would 
help our understanding of convective parameterization mod- 
els [Rodenhuis and Betts, 1974]. Prior to the field experiment, 
most of the emphasis on diagnostic modeling work was di- 
rected toward the heat and moisture transports by convection 
[e.g., Yanai et al., 1973; Ogura and Cho, 1973; Nitta, 1975] us- 
ing a cloud spectral models of the type proposed by Ooyama 
[1971] and •lrakawa and Schubert [1974] for cumulus parame- 
terization. Work of this type has continued with GATE data, 
and there has been a growing awareness of the role of trans- 
ports of momentum and vorticity by clouds in the dynamics of 
tropical wave systems and cloud clusters. Considerable prog- 
ress has been made both observationally and theoretically in 
understanding these transports. However, the preparation of 
data sets has been a major task facing researchers undertaking 
diagnostic modeling studies, and work is still in progress. 

1. Preparation of Data Sets 

a. Upper air data. Early studies have been compiled us- 
ing preliminary upper air data sets [Reed et al., 1977] and the 
A/B ship data alone [Nitta, 1977; Falkovich, 1978; Cho et al., 
1979b]. Many subsequent papers have been based on simple 
field fits to the A/B and some or all of the B ship data 
[Thompson et at., 1979; Reeves et at., 1979; Ogura et at., 1979; 
Frank, 1979]. The disappointing_quality of B ship winds derived 
from navigational aid tracking systems (which were not ade- 
quately tested before the 1974 field phase) has both delayed 
production and considerably reduced the quality of wind data 
sets on the B scale. A major effort has been in progress for the 
past 7 years to extract wind sets with optimum time and space 
filtering using spectral objective analysis methods. The Phase 
III data set has now been completed [0oyama, 1980]. It con- 
tains a wealth of information which will be the basis of further 
B and A/B scale studies. 

b. Radar data. The data from the four shipborne digital 
weather radar systems (Figure 1) provide the primary GATE 
precipitation measurements for use in diagnostic studies in- 
volving moisture budgets. Because of the quantitative infor- 
mation they provide on the structure of populations of precip- 
itating clouds, the radar measurements constitute a set of data 
in addition to budgets derived from upper air data against 
which cloud models can be tested and constrained to indicate 
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Fig. 29. Model simulation of cumulus congestus observed in 
GATE on September 18. The Y axis extends from south to north. 
Cloud tops at 14 km 20 rain later. Primary isopleths are vertical veloc- 
ities in meters per second, and contour interval is 1 m s -l. Updrafts 
are solid; downdrafts are dashed. Heavy background isopleths are li- 
quid water. Outer isopleth is 0 g m-3; inner isopleth is 2 g m -3. (Re- 
printed with permission of Simpson and van Helvoirt [1980] and Frie- 
drich Vieweg & Sohn.) 



HOUZE AND BETTS: CONVECTION IN GATE 565 

DISTURBED UNDISTURBED 

/ \x \ 

- •11///i \ml 
- • \. •"-./i]3 

- i i 
-2 -1 0 I 2 

VERTICAL VELOCITY (10 -• rnb s-') 

Fig. 30. Mean vertical velocity profiles for disturbed (heavy) and 
suppressed (light) conditions for Phase I (dashed-dotted line), Phase 
II (dashed), and Phase III (solid). From Reeves et al. [1979]. 

the properties of ensembles of GATE clouds [Houze et al., 
1980]. 

Preparation of the radar data for quantitative diagnostic 
purposes has also been a lengthy and complex effort involving 
radar calibrations, studies of the accuracy of functions relat- 
ing power measurements to rainfall rates, intercomparisons of 
radars, comparisons of radar data with shipboard rain gage 
measurements, and studies of raindrop size distributions. As a 
result of careful planning and testing for several years prior to 
1974 and 5 years of major effort in processing the data after 
GATE, the desired quantitative radar set has been produced 
[Hurllow, 1979; ttudlow et al., 1980]. 

c. •lircraft data. Quantitative budget studies based on 
GATE aircraft data have had to await the enormous under- 

taking of processing the data from over 400 flights by several 
aircraft, each carrying diverse and unique instrumentation. 
These data are now in a form which allows such studies to be 

attempted, and initial work is under way (E. J. Zipser, per- 
sonal communication, 1980). 

2. Important Budget Study Results 

Budget studies have confirmed the close coupling of deep 
convection and large-scale mean vertical motion (w). Figure 
30 [Reeves et al., 1979] shows that for the three phases of 
GATE, deep tropospheric ascent was present only in dis- 
turbed deep convective conditions (see also Falkovich [1979] 
and Cheng and Houze [1979]). Thompson et al. [1979], Frank 
[1979], Rodenhuis et al. [1980], and Ruprecht [1980] show the 
close agreement between observed precipitation and precipi- 
tation derived by the budget method, in which the terms in- 
volving • dominate (Figure 31). It is thus clear that provided 
•v can be predicted, a reasonable parameterization of rain is 
possible. The vertical distribution of condefisation heating 
and water vapor modification is more difficult to obtain, since 
it requires a cloud transport model (section F3). 

The divergence and heating profiles in the GATE area are 
more complex than shown by earlier studies in the tropical 
Pacific (Figures 32 and 33) [thompson et al., 1979]. The mean 
GATE divergence structure is the result of averaging various 
phenomena (ITCZ, wave, diurnal, cloud cluster), which each 
have divergence structures that are variable in time and space. 
The resulting complex mean profile shows low-level con- 

Pacific, with mid-tropospheric divergence and convergence 
below upper level divergent outflow. 

Although the vorticity structures in the east Atlantic are 
also markedly differ, ent from those of the Pacific, exact com- 
parisons are difficult, since the GATE data set is subject to 
less averaging in time and space. Low-level mean vorticity 
values are typically smaller or no larger than low-level diverg- 
ence [Frank, 1978; Reeves et al., 1979], indicating that the cir- 
culation is not frictionally driven as was speculated in the 
early planning of GATE. Furthermore, convection acts to op- 
pose the tendency for amplification of a low-level vortex 
driven by convergence in a region of cyclonic vorticity (see 
section F3b). 

3. Diagnostic Studies of Convective Transports 

While the preparation of better data sets has been in prog- 
ress, a considerable number of diagnostic studies of mass, 
thermodynamic, and vorticity transports by GATE con- 
vection have been undertaken using preliminary data. This 
work has been dominated by two themes: (1) the development 
of improved diagnostic models to interpret the data sets and 
the derived parameters used to characterize a convective field 
and (2) the need to reconcile descriptive studies (sections D 
and E), which indicate that transports occur on various sub- 
synoptic scales, with the limited information in observed bud- 
get data and the highly constrained requirements of a closed 
parameterization theory. It is here that much work remains to 
be done. 

a. Development of improved diagnostic models for ther- 
modynamic transports. The diagnostic studies that have been 
undertaken with GATE data (see review by Johnson [1980a]) 
have been carried out in the framework of a large-scale bud- 
get equation (for heat, moisture, momentum, or vorticity) in 
which a residual term represents the vertical convergence of 
fluxes by vertical motions (presumably associated with clouds) 
that are unresolved by the available sounding network. A 
population of model clouds is then constrained to match these 
residual terms. The model cloud properties required to match 
the residual are then manipulated to decompose the residual 
term into physically meaningful components (for example, 
detrainment or compensating downward motion effects) and 
to relate the residual to bulk or spectral profiles of cloud verti- 
cal transports of mass, heat, moisture, or other quantities. This 
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approach is relevant to parameterization of convection in by the method of Johnson [1976] with results based on their 
large-scale numerical models, since there the objective is also own radar population studies [Cheng and Houze, 1979]. With 
to represent the residual terms in a proper way. The difficulty common model assumptions they found reasonable agree- 
with the diagnostic studies is that real clouds are not simple. ment between the mass fluxes (Figure 36) (and hence the de- 
As shown by descriptive studies, they contain convective-scale rived heat fluxes) using these synoptic and radar approaches. 
updrafts and downdrafts, they have important entrainment They concluded that both methods were basically sound, al- 
and detrainment effects, they have mesoscale anvil circula- though both gave results that depended strongly on model as- 
tions, and they are controlled not only by the resolved synop- sumptions. Cheng and Houze [1980] then examined the sensi- 
tic-scale motion field but by mesoscale convergence patterns, tivity of the convective-scale fluxes predicted from radar data 
downdraft outflows, and probably other unresolved features. to some of these model assumptions and suggested an opti- 
The diagnostic studies to date have emphasized determining mum set based on plausibility arguments. Leary and Houze 
the extent to which these various features of GATE clouds [1980] showed that the inclusion of mesoscale anvil updrafts 
can affect convective transports. and downdrafts consistent with descriptive studies of GATE 

One major area of research has been the extension of the cloud clusters made major changes to the model-derived pro- 
cloud spectral approach [0oyarna, 1971; ,,lrakawa and $chu- files of convective mass and heat transports. 
bert, 1974; Ogura and Cho, 1973; Nitta, 1975; Yanai et al., The drawback of these increasingly complex spectral con- 
1976] to include convective downdrafts and mesoscale anvil vective-scale and mesoscale models is that although these 
air motions, since GATE descriptive studies have shown their models contain terms for many of the processes now known to 
importance (Figure 34, from Houze et al. [1980]). exist in nature, they contain several parameters and coeffi- 

In deriving cloud ensemble fluxes from synoptic data, John- cients that are not readfly determined from the data and must 
son [1976, 1978, 1980b] has used a spectral convective down- be specified. Betts [1975] pointed out that there are two indc- 
draft, and in the latter paper a mesoscale downdraft as well, pendent budget equations. Earlier papers focused on the 
both related to the updraft mass flux by coefficients of propor- moist static energy transport, and models discussed above still 
tionality. An optimum value for the convective downdraft do not use all the information in the second budget equation. 
amplitude coefficient is found from matching diagnosed and Nitta [1977] and Cho [1977], on the other hand, have taken 
observed rainfall, since the greater the evaporation associated different approaches, both using the information of two bud- 
with increased downdraft mass flux, the smaller the net pre- get equations to determine two unique parameters. 
cipitation. The author suggests that the amplitu•le of the me- Nltta [1977] used the fluxes of moist static energy and the 
soscale downdraft can be estimated by making plausible as- combined flux of static energy and liquid water. This does, 
sumptions about the environmental mass flux between however, require a rain parameterization. Cho [1977] and Cho 
mesosystems. The main effect of the inclusion of more down- et al. [1979a], extending earlier work of Fraser [1968], Haman 
draft processes is to bring the net cloud mass flux closer to w, [1969], Betts [1973a], and Fraedrich [1973], determined a com- 
particularly at low levels (Figure 35, from Johnson [1980b]). bined (net) updraft and downdraft convective mass flux from 

Houze et al. [1980] extended their earlier work [Houze and the flux of static energy and liquid water, and then a second 
, 

Leary, 1976] in comparing diagnosed cloud ensemble fluxes parameter from the moisture budget: a vertical profile of a 
computed from synoptic data by the residual method and time scale for recycling of air by cumulus cloud life cycles 
from radar echo population data [Austin and Houze, 1973]. (Figure 37). Almost by design, this method gives a cumulus 
Ruprecht [1980] has taken a similar approach. Houze et al. mass flux very close to the mean w. The elegance of this the- 
[1980] compared GATE Phase III diagnostic results computed ory lies in not attempting to separate updraft and downdraft 
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components. However, the recycling rate is hard to interpret, partly unresolved data problems or storage in a changing 
and it can only be separated from cloud moisture parameters cloud field is not clear. 
by further assumptions (Cho assumed that detrained cloudy Despite their limitations, some of the diagnostic models 
air is just saturated), which do not appear to be justified for have been applied to GATE heat and moisture budget data 
deep convective ensembles, where the dominant detrainment for GATE easterly waves [e.g., Johnson, 1978, 1980b; Nitta, 
at upper levels is updraft air and at lower levels is unsaturated 1978]. Nitta's and Johnson's results show that depending on 
downdraft air, which the theory in its present form does not the moisture stratification, the occurrence of convection and 
separate. its associated warming and drying of the environment lag the 

It does seem, however, that further development of the di- strongest synoptic-scale low-level convergence by as much as 
agnostic theory for deep convection is possible by combining half a day, raising questions about the applicability of condi- 
the ideas of Betts [1975], Nitta [1977], and Cho [1977]. Work tional instability of the second kind (CISK). Their results li- 
on this is in progress. lustrate how the vertical mass flux in deep convection is con- 

A different aspect of diagnostic models, which has pre- trolled by wave phase and indicate that during outbreaks of 
sented some problems, is the transience of cloud systems. On deep convection, the vertical mass flux in shallow convection 
the easterly wave scale, cloud storage terms associated with is suppressed, apparently by downdrafts. 
the changing cloud fields (which synoptic data do not resolve) b. Dynamic transports by cloud ensembles. Some progress 
are relatively small [Johnson, 1980b], but for the life cycle of has been made in understanding the contribution of clouds to 
individual cloud clusters, there seem to be significant lags the large-scale vorticity budget [Shapiro, 1978; Stevens, 1979; 
between, for example, synoptic water vapor convergence and Cho et al., 1979b; Reeves et al., 1979; Cheng et al., 1980; Cho 
precipitation [Betts, 1978; Frank, 1979]. Whether this reflects and Cheng, 1980; Shapiro and Stevens, 1980]. The observed 
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vorticity source residuals are complex (as are the divergence 
profiles) but generally show that at low levels, the convection 
acts as a sink of vorticity which opposes the amplification that 
low-level convergence in a region of positive vorticity would 
produce [e.g., Reeves et al. 1979]. This is of great dynamic sig- 
nificance and seems consistent with the observation that very 
few GATE systems showed signs of low-level vorticity ampli- 
fication. There are some indicators of a similar effect at high 
levels--of a convective source opposing anticyclonic amplift- 
cation--but different diagnostic studies are not consistent, or 
show both sources and sinks in the upper troposphere. The 
higher-resolution fields of K. Ooyama (unpublished manu- 
script, 1980) show fascinating upper level vorticity structure, 
which clearly needs further study (Figure 38). 

Reeves et al. [1979] present phase-average vorticity budget 
computations and a disturbed-suppressed stratification (Fig- 
ure 39), which show the increased vorticity sink at low levels 
during the disturbed periods mentioned above. The budgets 
also show a mid-tropospheric positive vorticity source during 
undisturbed conditions, which could be associated with shal- 
low to mid-level convection. However, both disturbed and 
suppressed budgets show a similar vorticity source at 200 
mbar whose origin is unclear. 

Cho et al. [1979b] and Cho and Cheng [1980] develop a the- 
oretical basis for modeling vorticity transports by clouds using 
a continuous transient model for a cumulus cloud based on 

that of Cho [1977]. They show the importance of horizontal 
transports of vorticity on the cloud scale, associated with the 
large vorticity couplets typically found in cumulonimbus. 
They also show, however, that average in-cloud vorticities are 
comparable to large-scale average vorticity (though somewhat 
larger). They find good agreement between A/B scale budget 
residuals and parameterized values (Figure 40). Their param- 
eterization needs cloud boundary values of vorticity, and 
these they estimate from a potential vorticity budget analysis 
[Cheng et al., 1980]. 

The papers by Shapiro [1978], Stevens [1979], and Shapiro 
and Stevens [1980] explore the vorticity budget of the com- 
posite easterly wave. Their parameterization of the residual, 
using a single bulk cloud model, gives reasonably good agree- 
ment between observed and parameterized sources but shows 
that spectral models are much worse because the vorticity 

budget for each cloud spectral type is unrealistic. They also 
find problems with the diagnosis of cloud mass flux. They 
conclude that their model was theoretically equivalent to the 
transient cloud model of Cho and Cheng [1980]. 

Stevens [1979] and Shapiro and Stevens [1980] attempt an 
analysis of the momentum budget for the wave, using the data 
of Thompson et al. [1979] and computing the wave pressure 
field by integrating the hydrostatic equation using wave per- 
turbation virtual temperatures. The budgets tend to show, de- 
pending on wave phase, either sources of sinks of momentum 
at all heights. They conclude that simple interpretations or pa- 
rameterizations, which only transport momentum, were not 
apparent. 

G. PARAMETERIZATION TESTS AND CONVECTIVE 

MODELING 

The testing of convective parameterization theories for use 
in numerical models was an important GATE objective. Some 
of this work has been done, but much remains to be accom- 
plished. With the realization of the importance of convective 
transports of vorticity and momentum [Stevens et al., 1977; 
Shapiro and Stevens, 1980; Cho and Cheng, 1980], the large ef- 
fects of clouds on the radiative divergence profile [Cox and 
Griffith, 1979], and the importance of mesoscale anvil circula- 
tions [Johnson, 1980b; Leafy and Houze, 1980] the problem 
has become a much larger one. The debate continues over 
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Fig. 36. Cell base mass transport spectrum diagnosed by the radar 
and synoptic approaches. From Houze et al. [1980]. 



HOUZE AND BETTS: CONVECTION IN GATE 569 

20C 

300 

400 

500 

600 

7OO 

8OO 

9OO 

0 I00 200 

(rob day q) 

I 

20 

30 

400 

50 

i:: 

700- 

800 - 

900 - 
i i i 

o 
x IO 'l (doy '•) 
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whether all convective systems (including, fqr example, the 
squall line) are parameterizable and whether in hurricane 
modeling it is necessary or desirable to parameterize con- 
vection. Rosenthal [1979] shows the extreme sensitivity of an 
axisymmetric hurricane model to different convective parame- 
terizations. He further finds, using horizontal grids of 10-20 
kin, which are sufficient to resolve mesoscale cloud structures 
but not individual convective towers, that latent heat release 
on the resolvable scale is in some cases responsible for storm 
amplification. Rosenthal [1978, 1980] shows a hurricane simu- 
lation in which only latent heat release on the resolvable 
scales is included. The initial stages of the simulation show a 
squall-type mesoscale cloud structure that propagates in ap- 
parent independence of the vortex-scale flow, which shows no 
significant amplification. It is only later in the simulation with 
nonsquail cloud structure that cooperative development of the 
CISK type takes place. 

1. Large-Scale Numerical Modeling 
The testing of parameterization schemes is inherent in 

large-scale numerical model simulations. Recently, Slingo 
[1980] has reported on a coupled cloud-radiation parameter- 
ization used in the British 1 l-layer tropical model and tested 
on GATE data. Layer clouds at low, middle, and high levels 
are determined statistically from large-scale relative humidity 
and, for the low-level clouds (mainly stratocumulus under in- 
versions), from lapse rate. Deep convection is predicted using 
the parameterization of Lyne and Rowntree [1976]. Tests show 
realistic distributions of stratocumulus off Africa and South 

America and upper and middle level layer clouds developing 
in the vicinity of deep convection in a manner somewhat 
reminiscent of the anvil cloud development seen in case stud- 
ies (sections E and F). Other work has been done by Krishna- 
murti et al. [1979, 1980] and Miyakoda and Sirutis [1977]. 

2. Semiprognostic Tests 

such tests on GATE Phase III data with the ensemble fluxes 

computed by several parametric schemes, including hard and 
soft convective adjustment, Arakawa and Schubert's [1974] 
scheme, and Kuo's [1965, 1974] schemes. Krishnamurti et al. 
show that hard convective adjustment gives massive rainfall at 
the first time step, with a consequent radical change in the at- 
mospheric thermal and moisture structure. 

Soft convective adjustment, which only adjusts over a frac- 
tion of the grid, can give reasonable mean rainfall rates for the 
entire period but poor day-by-day agreement. Kuo's [1965] 
scheme, which partitions the moisture convergence, under- 
predicts rainfall but has good phase agreement. Kuo's [1974] 
scheme and the Arakawa and Schubert [1974] scheme (tested 
by both Lord [1978] and Krishnamurti et al. [1980]) both give 
excellent agreement between observed and predicted precipi- 
tation (Figure 41). Krishnamurti et al. found that the rainfall 
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Fig. 38. Relative vozticity field at 227 mbar at 1800 UT, Septem- 
ber 5, 1974, showing cyclonic. (solid lines) and anticyclonic (dashed 

Semiprognostic tests involve computing the fluxes by an en- •lines) vorticity couplet (units: 10 -6 S -I) across strongly divergent out- 
semble of convection in a region of space and period of time flow over cloud cluster complex. The domain is centered on the A/B 

ship array (dotted). The ordinate and abscissa are latitude and longi- 
representative of a grid'volume and time step of a large-scale tude in degrees. The wind barbs are conventional (single long barb 
numerical model and comparing the results with observations. equals 10 knots (5 m s-I)). From K. Ooyama (unpublished manu- 
Lord [1978] and Krishnamurti et al. [1980] have carried out script, 1980). 
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Fig. 39. Mean apparent vorticity source including friction and 
subgrid scale processes only for disturbed (dashed) and undisturbed 
(solid) conditions with confidenc• intervals indicated by bars. From 
Reeves et al. [1979]. 

agreed very closely with the vertical advection of water vapor. 
Lord's work, however, shows that a successful precipitation 
comparison is not a sufficient test of the parameterization 
scheme's ability to reproduce realistic profiles of warming and 
drying of the environment by the convective fluxes. 

Soong and Tao [1980] carried out semiprognostic tests on 
GATE data with a two-dimensional cloud ensemble model 

developed by Soong and Ogura [1980]. Domain-averaged ver- 
tical and horizontal wind and initial thermodynamic structure 
were prescribed for an observed deep convective situation. A 
randomly generated population of model clouds was allowed 

3. Shallow Cumulus and Stratocumulus Modeling 

Although the modeling and parametric work described in 
this section has not been done using GATE data, much of it is 
relevant to GATE objectives and will be used for further anal- 
yses. Work has been done on the construction of parametric 
models for shallow cumulus layers [Albrecht et al., 1979; Al- 
brecht, 1979]. These papers discuss the evolution of a mixed 
layer type model [Betts, 1973a] for the trade wind boundary 
layer and show good agreement for atmospheric structure and 
convective fluxes with values observed during the Atlantic 
Tradewind Experiment (1969). This model was also used to 
simulate diurnal variations and showed in the limiting case of 
a stratocumulus layer good agreeinent with Schubert [1976]. 
Schubert [1976] and Schubert et al. [1979a, b] extend Lilly's 
[1968] stratocumulus model and apply it to regions of horizon- 
tally inhomogenous sea-surface temperature and large-scale 
divergence. There has been considerable discussion of the ap- 
propriate parameterization of radiation for stratocumulus: 
specifically, the degree to which radiative cooling can be re- 
garded as part of a cloud top boundary condition, or a mecha- 
nism for the generation of turbulence in the cloud layer 
[Deardorff, 1976; Kahn and Businger, 1979; Lilly and Schubert, 
1980; Deardorff and Businger, 1980; Randall, 1980a]. Slingo's 
[1980] cloud parameterization (section G1) includes strato- 
cumulus with radiative feedback. The breakup of a strato- 
cumulus layer through cloud top entrainment instability has 
been modeled by Randall [1980b] and Deardorff[1980]. The 
three-dimensional modeling of shallow cumulus populations 
has advanced considerably [Sommeria, 1976; Sommeria and 
LeMone, 1978]. In the latter paper the authors compare model 
parameters with experimental data and find good agreement 
for some parameters. Subsequently, Beniston and Sommeria 
[1981] used the three-dimensional model to test hypotheses of 

to develop for 6 hours within a domain 64 km in horizontal the parametric models of Yanai et al. [1973], Betts [1975, 
dimension. Fluxes by the model clouds produced profiles of 1976b], and Fraedrich [1976]. They showed that the coupling 
warming and drying over the model domain that compared of the convective thermodynamic fluxes through a bulk con- 
favorably with observed profiles. Kuo's [1965] parameter- vective mass flux is a very accurate parameterization. They 
ization scheme gave a less favorable comparison. also confirmed the usefulness of the coupling of the cloud and 
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Fig. 40. Comparison between the observed (solid) and predicted (dashed) apparent vorticity sources for (a) September 
2 and (b) September 9, 1974. Three different predicted sources are shown for different cloud-scale vorticity parameter- 
izations. From Cho and Cheng [1980]. 
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Fig. 41. Comparison between observed (dashed line) and predicted (solid line) rainfall rates (mm day -!) for September 
1-18, 1974, using (a) Lord's [1978] scheme and (b) Kuo's [1974] scheme. From Krishnarnurti et al. [1980]. 

subcloud layers using two closure parameters, as proposed by the data have yet to be analyzed, many aspects of the struc- 
Betts [1976b]. The comparison with Fraedrich's [1976] cloud ture of the convection and its relation to larger-scale flow have 
population parameterization scheme is less satisfactory. The been revealed by detailed studies of a few examples of GATE 
model cloud population (whose realism is admittedly ques- convective systems, by limited or preliminary studies of a 
tionable) differs appreciably from the simple exponential dis- somewhat larger number of systems, and by statistical over- 
tribution proposed by Fraedrich, with corresponding differ- views of the satellite, radar, and aircraft data. 
ences in the mass flux distributions. As had been hoped for in the planning of GATE, the con- 

vection sampled in the experiment resided in the center of the 
zone of ITCZ cloudiness extending across the eastern equa- 

a. CONCLUSIONS torial Atlantic Ocean, and as had been anticipated, the con- 
Convection that occurs in the region of planetary-scale lift- vection was dominated by cloud clusters. The frequency of 

ing associated with the tropical Hadley cells was documented clusters in time and space was modulated by synoptic-scale 
extensively in GATE by upper air soundings, satellite, mete- easterly waves and diurnal cycles of radiative heating and 
orological radar, and instrumented aircraft. Though much of cooling. 
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The cloud clusters were of two types: squall clusters, which 
propagated rapidly and were associated with pronounced ver- 
tical wind shear, and nonsquail clusters, which propagated 
slowly and were associated with weaker wind shear. 

Cloud clusters were characterized by large upper level 
cloud shields that emanated from penetrative cumulonimbus. 
Accompanying the deep cumulonimbus was a spectrum of 
smaller convective features ranging from moderate cumulo- 
nimbus down to tiny nonprecipitating cumulus. The spectrum 
of sizes of these convective features, whether measured in 
terms of height, area, duration, or rainfall rate, was log nor- 
mal. That is, there existed a great many smaller convective 
clouds and rain areas for each large cumulonimbus rain area 
in a cloud cluster. 

However, the relatively few large cumulonimbus rain areas, 
referred to as 'mesoscale precipitation features,' accounted for 
about 90% of the rain in GATE. These mesoscale precipi- 
tation features were the preferred regions where the deepest 
convective cells or 'hot towers,' hypothesized to exist by Riehl 
and Malkus [1958], actually formed and penetrated to the 
tropopause. 

As a mesoscale precipitation feature matured, it developed 
a region of stratiform precipitation adjacent to its active cells. 
The stratiform portion of the feature consisted partly of older 
decayed cells and, in important cases, occupied the majority 
of the area covered by the mesoscale precipitation feature. A 
large fraction of the total rainfall in GATE fell as stratiform 
precipitation of this type. The stratiform precipitation fell 
from the middle level base of the anvil cloud shield that inter- 

connected the various mesoscale precipitation features of a 
cloud cluster. Associated with the stratiform precipitation be- 
low the base of the anvil was a mesoscale (as opposed to cu- 
mulus-scale) downdraft similar to that described by Zipser 
[1969]. This downdraft originated at about the 0øC level, and 
the air in it was generally unsaturated and cooled by melting 
and evaporation of the falling precipitation. A mesoscale re- 
gion of ascent appeared to exist within the anvil cloud itself, 
above the mesoscale downdraft. The existence of the meso- 

scale updraft needs to be confirmed. However, both it and the 
mesoscale downdraft are consistent with the observation of 

large-scale convergence in the middle troposphere and diverg- 
ence at the surface and at high levels in regions containing 
clusters that are in middle to late stages of development. 

In the dissipating stage of a mesoscale precipitation feature, 
the convective cells become less numerous and weaker, and 
the stratiform precipitation dominates the feature. 

The downdrafts, both cumulus-scale and mesoscale, from a 
mesoscale precipitation feature invade the planetary bound- 
ary layer and fill it with air of low moist static energy. Moder- 
ate cumulonimbus, existing as part of the spectrum of smaller 
convective features associated with clusters, also produce sig- 
nificant downdraft modification of the subcloud layer. As 
downdraft air spreads out in the boundary layer, it influences 
the patterns of new cloud formation. New clouds are sup- 
pressed everywhere within the downdraft-covered region; 
however, both small cumuli and incipient major clusters tend 
to form at the edges of the downdraft air, where low-level 
convergence becomes enhanced. Thus cloud patterns are con- 
trolled not only by large-scale phenomena such as the Hadley 
cells, synoptic-scale waves, and diurnal radiative cycles, but 
also by the existence of past clouds, the medium of communi- 
cation between the past and present clouds being the down- 
drafts. 

Representing tropical clouds in a mathematically suitable 
way for including their effects in numerical models of large- 
scale flow remains an objective of GATE research. The de- 
scriptive and statistical studies of GATE convective systems 
have led to the realization that a variety of physical processes 
must be accounted for in such models. Besides cumulus-scale 

updrafts, it now appears that cumulus-scale downdrafts, me- 
soscale downdrafts, mesoscale updrafts, downdraft-induced 
boundary layer transformations, and radiative feedbacks are 
all important in modifying the thermodynamic and dynamic 
structure of the large-scale environment. That controls over 
new convective cloud formation are not purely large scale but 
involve the history of past clouds and that feedbacks to the 
environment may not be directly from convective to synoptic 
scale but involve the generation of intermediate-scale distur- 
bances are now eminently apparent and must be considered in 
trying to understand and model scale interactions in the trop- 
ics. 

Further diagnostic and parametric studies are needed. It is 
clear that on large enough scales (700 km and 24 hours), pre- 
cipitation amd mean vertical motion are closely coupled. This 
gives encouragement for the parameterization of convection. 
However, it has not been shown that we can predict the de- 
tailed vertical structure of the convective fluxes with sufficient 

accuracy. GATE, moreover, has shown that the vorticity 
transports by convection cannot be neglected in favor of a 
purely thermodynamic convective parameterization. On space 
and time scales more comparable to the mesoscale precipi- 
tation areas (100 km and 4 hours) we are far from understand- 
ing the parametric problem. 

Much remains to be done to understand the mechanism of 

scale interactions in the tropics, and many GATE data remain 
unexamined. We anticipate that in future years these data will 
used to study more examples of GATE convective systems 
and their interactions with their environments will be in- 

tensively studied and, as a result, the mechanisms involved 
will be closer to being unraveled. 
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