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ABSTRACT

It has long been known that trade wind cumulus and deep cumulonimbus represent primary components of
the broad spectrum of cumulus clouds in the Tropics, which has led to the concept of a bimodal distribution of
tropical clouds. However, recent analyses of shipboard radar data from Tropical Ocean Global Atmosphere
Coupled Ocean—-Atmosphere Response Experiment (COARE) provide evidence of abundant populations of a
third cloud type, cumulus congestus. Congestus clouds constitute over half the precipitating convective clouds
in COARE and contribute over one-quarter of the total convectiverainfall. Global Atmospheric Research Program
Atlantic Tropical Experiment studies reveal a similar midlevel peak in the distribution of radar-echo tops. These
findings lead to the conclusion that shallow cumulus, congestus, and cumulonimbus are all prominent tropical
cumulus cloud types. They are associated with trimodal distributions of divergence, cloud detrainment, and
fractional cloudiness in the Tropics.

The peaksin the distributions of radar-echo tops for these three cloud types are in close proximity to prominent
stable layers that exist over the Pacific warm pool and the tropical eastern Atlantic: near 2 km (the trade stable
layer), ~5 km (near 0°C), and ~15-16 km (the tropopause). These stable layers are inferred to inhibit cloud
growth and promote cloud detrainment. The 0°C stable layer can produce detrainment from cumulonimbi (at-
tendant shelf clouds) and help retard the growth of precipitation-laden and strongly entraining congestus clouds.
Moreover, restriction of growth of congestus clouds to just above the 0°C level limits further enhancement of
cloud buoyancy through glaciation.

The three cloud types are found to vary significantly during COARE on the timescale of the 30—60-day
intraseasonal oscillation. The specific roles of clouds of the congestus variety in the general circulation are not
yet clear, but some (the shallower ones) contribute to moistening and preconditioning the atmosphere for deep
convection; others (the deeper ones) contribute an important fraction of the total tropical rainfall, and both likely
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produce many midlevel clouds, thereby modulating the radiative heating of the tropical atmosphere.

1. Introduction
a. Early observations of tropical convection

The Tropics harbor a spectacular variety of clouds.
However, two types are generally regarded as dominant:
(shallow) trade wind cumulus and deep cumulonimbus.
Both cloud types can appear in isolation or in groups.
For example, shallow cumulus clouds are frequently
organized into bands, streets, or patches (Woodcock
1940; Makus and Riehl 1964; Kuettner 1959, 1971;
LeMone and Meitin 1984) or, in light-wind conditions,
into Bénard cells (Krueger and Fritz 1961; Agee 1984).
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Tropical cumulonimbus clouds are also often organized
into larger-scale patterns such as squall lines or meso-
scale convective systems (Zipser 1969, 1977; Houze
1977; Leary and Houze 1979).

The trade wind regimes have been studied for nearly
three-quarters of a century, going back to the Meteor
expedition of 192426 [see discussions by Riehl et al.
(1951) and Malkus (1962)]. Using data from this early
expedition, von Ficker (1936) demonstrated that water
vapor is accumulated in the trades, but the primary re-
lease of latent heat through condensation of this vapor
occurs within deep convection in the equatorial trough
zone. The shallow cumulus clouds of the trade wind
regime do condense water, but their primary role is to
transport moisture upward toward the trade inversion
layer to offset subsidence drying (Riehl et al. 1951;
Augstein et a. 1973; Holland and Rasmussen 1973;
Nittaand Esbensen 1974; Betts 1975). Water vapor from
the trade wind layer then converges in the deep Tropics
to become the fuel for *“hot towers” (Riehl and Malkus
1958). Riehl and Simpson (1979) determined that 1600
to 2400 nearly undilute, giant cumulonimbus clouds are
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Fic. 1. Schematic north—south slice through the tropical atmosphere showing the towering rainclouds in the ITCZ **firebox
(not to scale). Arrows show the meridional Hadley circulation, whose upper branch transports some of the released heat energy

poleward in both hemispheres (Simpson 1992).

required daily to provide the essential vertical transport
of total heat energy to satisfy the energy balance of the
equatorial trough zone.

This view of the cooperative roles of the trade wind
cumulus and equatorial cumulonimbus regimesisillus-
trated in Fig. 1 (from Simpson 1992). Depicted aretrade
cumuli capped by a trade inversion, convection in the
Intertropical Convergence Zone (ITCZ), and the accom-
panying meridional circulation. Also shown in Fig. 1is
overshooting and dissipation of cumulus turrets above
the inversion, a process demonstrated by Malkus (1954,
1958) to be important to the equatorward deepening of
the trade cumulus layer.

The depiction in Fig. 1 isvery useful for understand-
ing the energetics of the tropical circulation. However,
it was recognized early on (e.g., Malkus 1962; Malkus
and Riehl 1964) that an abundance of other cloud types
(midlevel or cumulus congestus clouds') exist in the
Tropics. These findings were later supported by the
Global Atmospheric Research Program Atlantic Trop-
ical Experiment (GATE) radar studies of tropical con-
vection (e.g., Houze and Cheng 1977). Nevertheless, a
number of conceptual models of tropical cloud popu-
lations have been proposed, within the context of the

* Cumulus congestus clouds are defined as cumulus clouds that are
markedly sprouting and are often of great vertical extent; their bulging
upper part frequently resembles a cauliflower (WMO 1956).

Hadley circulation (e.g., Schubert 1976; Randall 1980;
Emanuel 1994), that emphasi ze two primary cloud pop-
ulations: shallow cumulus and cumulonimbus. It is the
purpose of this paper to draw renewed attention to cu-
mulus congestus clouds in the Tropics and relate all
three convective cloud types—cumulus, congestus, and
cumulonimbus—to the thermal stratification of the trop-
ical atmosphere.

Asindicated in Fig. 1, the trade inversion slopes gent-
ly upward toward the equator at 300-400 m (1000
km)~*. These estimates of the inversion slope are based
on observations taken from the eastern Pacific and west-
ern Atlantic trade wind zones (Riehl et al. 1951; Malkus
1958, 1962; Neiburger 1960; Firestone and Albrecht
1986; Schubert et al. 1995). Nearer the equator, data
from the eastern Pacific from 0° to 15°N indicate that
the height of the trade inversion is relatively constant
(Kloesel and Albrecht 1989). Later, it will be seen that
this finding also holds for the western Pacific. It has
been argued by Kloesel and Albrecht (1989) and Sun
and Lindzen (1993) that subsidence in regions surround-
ing deep convection inthe ITCZ maintainstherelatively
low inversions in that region. This argument represents
a purely thermodynamical view of the trade inversion,
where the height of the inversion is controlled by a
balance between |arge-scal e subsidence tending to shal-
low the layer and moist convective and radiative pro-
cesses tending to deepen it, the latter being a function
of the cloud fraction (Malkus 1962; Betts 1973; Al-
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brecht et al. 1979; Schubert et al. 1979a; Sarachik 1985;
Betts and Ridgway 1988; Bretherton 1993). This view
assumes that the boundary layer depth and thermody-
namic structure are controlled by local values of SST
and large-scale divergence (Schubert et al. 1995). With-
in the subtropics, horizontal advection is also important
since entrainment can occur not only by subsidence but
also by horizontal flow across a sloping inversion (Nei-
burger et al. 1961; Riehl 1979; Schubert et al. 1979b;
Wakefield and Schubert 1981; Albrecht 1984; Schubert
et al. 1995).

An alternate, coupled dynamic—thermodynamic view
of the quasi-horizontal structure of the trade inversion
in the deep Tropics has been provided by Schubert et
al. (1995). Because of its high static stability, the trade
inversion in the subtropics represents a layer of high
potential vorticity (PV). Schubert et al. argue that the
trade inversion layer is strongly coupled horizontally
since its stability is dynamically extended into the Trop-
ics through the PV invertibility principle. In this view,
rather than being controlled locally, the trade inversion
height is controlled by horizontally averaged values of
SST, divergence, and above-inversion atmospheric
structure.

b. Marshall Islands and GATE results

Following these early studies of tropical cloud pop-
ulations, a number of investigations of convection in
the western Pacific were carried out using sounding data
from the Marshall Islands region (Reed and Recker
1971; Nitta 1972; Yana et a. 1973; Ogura and Cho
1973). In a diagnostic study of the bulk properties of
cumulus ensemblesin thetropical western Pacific, Yanai
et al. (1973) found that in terms of cloud mass fluxes
and detrainment, the population of cumulus clouds in
the Tropics is predominantly bimodal; that is, shallow
and deep cumulus clouds are the two dominant cloud
types. Further study supported this idea (Yanai et al.
1976). Interestingly, however, the latter paper, upon ex-
amining the sensitivity of cloud diagnostic resultsto the
assumed radiative heating profile, found atertiary pop-
ulation of cumulus clouds detraining near 500 mb. Also,
Johnson (1976), in applying a cloud diagnostic model
to the western Pacific data of Reed and Recker (1971),
found a maximum in the evaporation of detrained liquid
water from cumulus updrafts in a layer between 400
and 600 mb. Thus, there is some evidence from these
west Pacific studies of a third important detrainment
level in the Tropics in the midtroposphere. Within the
context of the cloud models used in these diagnostic
studies, this midlevel detrainment can be interpreted as
a population of congestus clouds. However, more gen-
erally, it may be thought of as a combination of de-
trainment from both congestus cloud tops and the sides
of deeper clouds. This combined view is supported by
cloud photographs taken during flights over the western
tropical Pacific by Malkus and Riehl (1964) showing
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numerous clouds topping out in the midtroposphere as
well as frequent cloud shelves along the edges of cu-
mulonimbus clouds (suggesting detrainment) between
400 and 500 mb.

GATE has provided additional statistics regarding
tropical cloud populations. In particular, the size spec-
trum of radar echoes in the Tropics (whether measured
in terms of echo areas, heights, durations, or rainfall
intensities) has been found to be approximately log-
normal (Lopez 1977, 1978; Houze and Cheng 1977;
Warner and Austin 1978; Houze and Betts 1981). The
lognormal distribution is characterized by a single peak
at the small scales (many shallow cumulus) and pro-
gressively fewer numbers at the larger scales. It is hy-
pothesized that this distribution can be explained as an
aggregation of smaller clouds into larger ones (Lopez
1977). The freguency distribution of the maximum
heights of radar echoes during GATE [Figs. 6 and 7 of
Houze and Cheng (1977)] exhibits approximate log-
normality, with the exception of atruncation at the deep-
cloud end dueto the tropopause (Lopez 1977). However,
slight departures from lognormality also exist at the oth-
er end of the spectrum. Specifically, the distributions of
maximum echo height for phases|, I, and 11l of GATE
[Fig. 20 of Houze and Cheng (1977)] contain evidence
of weak bimodality in the low to midtroposphere with
peaks near 2-3 km and 5-7 km. The midlevel peak,
consisting of cumulus congestus clouds, has been doc-
umented by Warner et al. (1980) to be aprominent cloud
type within the cloud cluster on day 261 of GATE. The
shallower peak represents only a small portion of the
shallow cumulus population, most of which consists of
nonprecipitating clouds. The abundant radar-echo tops
in the 4-9-km range (60% of the total population for
Houze and Cheng'’s entire GATE results) suggest that
the traditional view of a simple bimodal distribution of
tropical clouds needs revision, a concept that will be
elaborated upon later with results from the recent Trop-
ical Ocean Globa Atmosphere Coupled Ocean—Atmo-
sphere Response Experiment (TOGA COARE; Webster
and Lukas 1992)

The GATE radar results are supported by sounding
diagnostic studies. For example, Thompson et al. (1979,
their Fig. 13) present the vertical distribution of hori-
zontal divergence for a composite easterly wave. Three
distinct layers of divergence are evident in the tropo-
sphere, which led them to infer that **. .. [there ar€]
three main populations of convective clouds in the
GATE region with tops characteristically near 800, 500
and 250 mb.” They also go on to say that “This in-
ference is supported by visual observations which re-
vealed that convection gave rise to multiple cloud layers
more often in the eastern Atlantic than in other tropical
regions, but whether these layerstended to occur at three
particular levels is not known.” Abundant cloudiness
in GATE was confirmed by Holle et a. (1979), who
found using whole-sky camera data that on the average
79% of the sky was obscured by clouds during phase
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I11.2 However, obscuration of higher clouds by lower
clouds made it difficult to determine the precise area
coverages of clouds at different levels.

A similar trimodal structure to the GATE divergence
profile was reported by Nitta (1978, his Fig. 13) and
Esbensen et al. (1982, their Fig. 3b). The latter study
used the sounding dataset based on the statistical inter-
polation procedure of Ooyama (1987). Diagnoses of cu-
mulus mass fluxes based on the Ooyama dataset indicate
the relatively frequent occurrence of clouds that detrain
in the midtroposphere, say, between 500 and 600 mb
(e.g., Cheng 1989). Similar findings were obtained by
Johnson (1980, his Fig. 14) using the Thompson et al.
(1979) dataset. Shallow clouds were found to be abun-
dant near the easterly wave ridge, whereas detrainment
from both deep and midlevel cumulus clouds dominated
in the wave trough. The levels of these three detrainment
peaks approximately correspond to the levels of the di-
vergence maximafound by Thompson et al. (1979). The
relationship between detrainment level and cloud top is
not necessarily oneto one; neverthelessit iswell known
that for certain cloud types—shallow cumulus and cu-
mulonimbus—substantial detrainment is concentrated
near cloud top.

In summary, both the Marshall Islands and GATE
studies provide evidence of abundant radar-echo tops
and cloud detrainment in the midtroposphere. These
findings suggest that cumulus congestus are at least as
deserving of attention as shallow cumuli and cumulo-
nimbi in conceptual models of tropical cloud popula-
tions. With this background, we now look to TOGA
COARE data to see if additional light can be shed on
this matter.

2. Mean statistics from TOGA COARE and
comparison with GATE

One of the objectives of TOGA COARE was to de-
termine the processes that organize convection over the
western Pacific warm pool (Webster and Lukas 1992).
Understanding the cloud populations themselves is an
important first step in this task. Here we refer to ship-
based radar and sounding data to describe and explain
the nature of these cloud populations.

a. Radar data

Radar reflectivity data were collected from the Mas-
sachusetts Institute of Technology (MIT) C-band Dop-
pler radar aboard the R/V Vickers. The radar operated
for three ~30—day periods during the 4-month intensive
observation period (10P) (November 1992 through Feb-
ruary 1993). Details regarding the data collection strat-

2 McGuffie and Henderson-Sellers (1989) note that thisvalueis an
overestimate due to complications in cloud cover computations near
the horizon.

JOURNAL OF CLIMATE

VOLUME 12

egies and data processing can be found in Rutledge et
al. (1993) and Rickenbach and Rutledge (1998).

Before proceeding, it isimportant to understand what
aspects of cloud populations the radar can and cannot
measure. For both COARE and GATE, cloud properties
are inferred from 5-cm radar data. However, since these
radars detect only precipitation-sized particles, actual
cloud top is only approximate. For convective clouds,
cloud top and radar-echo top may often correlate well.
For example, during the growing phase of a congestus
cloud, cloud top and radar-echo top may be within 500
m of each other (Kingsmill and Wakimoto 1991). On
the other hand, during the decaying phase of a cumu-
lonimbus cloud, the two tops may differ significantly.
Likewise, for other cloud types (e.g., nimbostratus, cir-
rus) the correlation between radar-echo top and cloud
top can be poor. Therefore, statistics involving radar-
echo tops may be quite different than those for cloud
tops, especially considering the full range of cloud types
(convective and nonconvective) that exist in the Tropics.
Ultimately, meaurements from precipitation radars,
cloud radars, satellites, and other sensors will have to
be integrated to obtain a more complete description of
tropical cloud systems. Nevertheless, the radar-echo top
data presented in this study are felt to provide avaluable
general description of the distribution of tropical con-
vective clouds over the warm pool during COARE.

In order to determine the characteristics of COARE
cloud systems, Rickenbach and Rutledge (1998, here-
after RR98) applied the objective technique of Steiner
et a. (1995) to separate ‘‘convective” from *‘strati-
form” precipitation features within rain systems. With
this technique, horizontal maps of radar reflectivity are
examined for regions of high reflectivity or strong re-
flectivity gradients, criteria that are used to determine
the location of convective cells. Contiguous points de-
termined to be convective cells are defined as a con-
vective feature. Convective features are composed of
individual cells or small groups of cells. An analysis of
the size distribution of convective features (not shown)
indicates that the majority defined by the objective sep-
aration technique are of relatively small horizontal scale:
95% (80%) are less than 25 (15) km in length, respec-
tively. Hence, many of the convective features are made
up of just one or a few cells. There were extended pe-
riods during the COARE IOP when only isolated cells
existed over the intensive flux array (IFA) (e.g., undis-
turbed, light-wind periods). Since the objective sepa-
ration technique tends to classify many of the weaker
cells at these times as stratiform, RR98 assign all echoes
during the isolated-cell periods as convective.

A plot of the frequency distribution of convective
feature echo heights based on MIT radar data for all of
COARE isshown in Fig. 2.2 The COARE data are based

3 Figure 2 contains reflectivity volume scan dataat 20-minintervals
for 80 days, or nearly 6000 volumes.
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FiG. 2. Frequency distribution of maximum heights of radar echoes
for al three phases of GATE (Houze and Cheng 1977) and instan-
taneous radar-echo heights for al three cruises of the R/V Vickers
during COARE (Rickenbach and Rutledge 1997a). COARE results
are also subdivided into sub-MCS and MCS categories, which rep-
resent contiguous convective echo patterns less than or greater than
100 km in horizontal dimension, respectively.

on instantaneous snapshots of the reflectivity field at 20-
min intervals. A similar procedure was used in a study
of radar echoes in the Barbados area by Lopez (1976).
Also, DeMott and Rutledge (1998a) prepared similar
plots of echo-height distributions for all three cruises of
the Vickers. For convective features containing more
than one cell, the height of the tallest echo is recorded.
Since convective features with multiple cells typically
involve deep-cloud systems, there are actually more
cells than features at the tall-echo end of the COARE
spectrum in Fig. 2. This point will be important in in-
terpreting the deep-cloud or cumulonimbus portion of
the tropical cloud distribution later.

Curves for COARE in Fig. 2 are given for all cases
(all events) as well as two classifications of echo type,
sub-MCS and MCS. The sub-MCS category refers to
features whose adjacent convective precipitation echoes
are <100 km in horizontal scale, whereas MCS features
contain adjacent convective echoes =100 km in scale
[following the definition of Houze (1993)]. RR98 note
that while the sub-MCS classification is the most com-
mon (occurring 56% of the time), the MCS category
contributes by far the most rainfall (84%). The COARE
al events curve shows a broad maximum between 2
and 8 km, with a weak peak at 5.5 km. DeMott and
Rutledge (1998a) show that this distribution is similar
for al three cruises of the Vickers, but the peak is slight-
ly lower (4-5 km) for cruise 1, when conditions were
less disturbed, than the last two cruises, which had peaks
near 7-8 km. The sub-M CS and M CS subdivisions show
that the broad maximum consists of two populations: a
shallow echo type (sub-MCS) with a peak at 3.5 km
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and a deeper echo type (MCS) with a peak at 7.5 km
(MCS also exhibits a secondary peak at 2.5 km). These
results indicate that, on average, isolated (sub-MCS)
convective features are shallower than those organized
on the MCS scale. The shallow clouds are most prev-
alent during the inactive or suppressed phase of the 30—
60-day intraseasonal oscillation (1SO) when the large-
scale vertical motion is weak or downward (Figs. 9 and
11, later).

Also shown in Fig. 2 is the frequency distribution of
maximum echo height derived from reflectivity data
from the C-band radar aboard the R/ Oceanographer
during GATE (Houze and Cheng 1977).# The most com-
mon radar-echo top in GATE is between 2 and 3 km
with a weak secondary maximum near 5 km. Also, the
GATE echo heights are shifted to somewhat |ower val-
ues than those in COARE. Since instantaneous heights
often differ from maximum heights attained by echoes,
some of the differences in the GATE and COARE fre-
guency distributions can be attributed to differencesin
processing procedures. For example, al else being the
same, a frequency distribution of maximum echo height
(GATE) should be skewed to higher values than a dis-
tribution of instantaneous heights (COARE) for the
same population. But this is just the opposite of what
is observed in Fig. 2. Therefore, another explanation is
needed, which will be dealt with momentarily. On the
other hand, the greater sensitivity of the MIT radar
might be expected to lead to ataller echo population in
COARE than GATE. Also, while the GATE and
COARE data were both obtained with C-band (5 cm)
radars, there are differences in the radar characteristics
(minimum detectable signal, beamwidth, etc.) as well
as the time of observations (COARE data are for all
times of day; GATE echoes are tracked from 1200
UTCQ). Itishardtojudge theimpact of all of thesefactors
on the frequency distributions.

However, returning to the skewing of the COARE
distribution to higher echo heights, there may be asim-
ple explanation not related to the radar characteristics
or analysis techniques. Specifically, the existence of a
greater percentage of deeper echo tops in COARE than
GATE is consistent with the ~3 K higher SST and ~2
km higher tropopause over the western Pacific warm
pool than in GATE.® The deeper cloudsin COARE than
GATE are aso reflected in a higher level of the peak
in the mean apparent heat source Q, for COARE (near
6 km) as opposed to 4 km for GATE (Lin and Johnson
1996b).

4Houze and Cheng (1977) tagged each echo present at 1200 UTC
and tracked it back and forth in time to the maximum height attained
in its lifetime.

5 Higher SSTs do not automatically imply deeper clouds. For ex-
ample, water loading, vertical wind shear, etc., can affect the ultimate
heights of clouds. However, the higher tropopause in COARE is one
indication that clouds there grow to higher levels.
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Despite these differences between GATE and
COARE frequency distributions, there is one important
commonality: both show significant populations of echo
tops in the midtroposphere. For both GATE and the
subdivided COARE distributions, there are peaks at the
shallow end (between 2 and 3.5 km) and in the mid-
troposphere (between 5 and 7.5 km). However, irre-
spective of the actual locations of these peaks, we con-
clude that the overall midlevel echo maximum, repre-
senting cumulus congestus clouds, constitutes a signif-
icant fraction of the tropical cloud population.
Specifically, congestus clouds with tops between 4.5 and
9.5 km represent 57% of the precipitating convective
clouds in COARE. Despite the difference in analysis
techniques, these results compare favorably with those
of Houze and Cheng (1977), where 60% of GATE radar-
echo topsfell between 4 and 9 km. For the GATE results
(Houze and Cheng 1977), there is actually avery minor
third peak near 11 km. A similar third peak cannot be
seen in the COARE data, but since those results are for
convective features and, as mentioned earlier, there can
be more than one echo in some of the tall features, deep
echoes are somewhat undercounted in the COARE dis-
tributions. Whether the third peak exists prominently or
not in the frequency distributions, deep convection is
well known as a ubiquitous feature of the Tropics.

While tall echoes appear to be insignificant in terms
of their numbers in Fig. 2, they are not insignificant
when viewed in terms of percent contribution to total
convectiverainfall (Cheng and Houze 1979). Thisresult
isshown in Fig. 3. Both GATE (Cheng and Houze 1979)
and COARE (RR98) show very prominent convective
rainfall peaks for echoes with tops between 12 and 16
km (near the tropopause). Cheng and Houze (1979) at-
tribute the two peaksat 12 and 16 km in GATE to clouds
that do not and do, respectively, overshoot the tropo-
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pause. These deep echoes are few in number, but they
contribute significantly to the total rainfall (Houze and
Cheng 1977; Lopez 1978; Houze and Betts 1981; RR98;
DeMott and Rutledge 1998b). There is also alarge con-
tribution to total convective rainfall by echoeswith tops
between 8 and 12 km. These peaks correspond to the
large population of midlevel clouds, the taller of which
produce proportionately more rainfall. However, it is
important to note that for the entire population of
COARE clouds as sampled by the ship radar, cumulus
congestus clouds (defined here as echoes with tops be-
tween 4.5 and 9.5 km) contribute over one-quarter
(28%) of the total convective rainfall over the warm
pool. A similar result (30%) is obtained for echo tops
between 4 and 9 km in GATE (Cheng and Houze 1979).
For the sub-MCS category, many of which represent
isolated cells, the fraction is even greater, 52%, or over
half the total convective rainfall of that category. In
other words, many of the isolated cells in COARE are
of the congestus cloud variety that often produce heavy
rain, presumably due in part to the effective warm-rain
processes over the exceptionally warm ocean in this part
of the world. Of course, the deepest of these clouds
glaciate so that ice processes are also important in their
rainfall production.

To summarize, analyses of GATE and COARE radar-
echo tops reveal a substantial contribution by cumulus
congestus cloudsto thetotal cloud population. However,
considering that the C-band radars do not detect non-
precipitating clouds, it is not clear how populous the
congestus are in relation to shallow cumulus. They are
certainly more abundant than cumulonimbus (Fig. 2),
even though the latter contribute a greater fraction of
the total rainfall (Fig. 3). But just how do they compare
to the large numbers of shallow, nonprecipitating cu-
muli? In order to establish a crude comparison, the non-
precipitating component is estimated based on two as-
sumptions of shallow cumulus densities for the COARE
region, 1 and 10 clouds (10?2 km?)~* These estimates
are intended to roughly represent shallow cumulus den-
sities based on GATE **fair-weather” conditions (Nich-
olls and LeMone 1980), where an average cumulus di-
ameter of 1 km isassumed. Williamset al. (1996) report
that the shallow, nonprecipitating clouds during rela-
tively undisturbed conditions in COARE were similar
to the GATE fair-weather cloud fields. Of course, the
shallow cumulus field is modified by disturbances such
that the IOP-mean population is difficult to determine
accurately. A plot of these two estimates of shallow
cumulus populations is shown in in Fig. 4 along with
the COARE all events curve for radar-echo tops. Two
peaks can be seen, corresponding to shallow cumulus
and cumulus congestus clouds. Had the subdivided sub-
MCS and MCS populations been plotted in Fig. 4 in-
stead, the two peaks would even be more distinct since
the sub-MCS maximum near 3.5 km (Fig. 2) would
blend in with the shallow cumulus peak and the MCS
maximum near 7.5 km would be more isolated. Since
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Fic. 4. Average number of clouds in the MIT radar area (solid
curves) and percent of convectiverainfall (dashed curve) asafunction
of convective feature height. The frequency distribution of precipi-
tating convective features, containing a congestus peak (marked
CONGESTUS), isfrom Fig. 2. The percent contribution to convective
rainfall, with a peak at the cumulonimbus end (marked CUMULO-
NIMBUS) is from Fig. 3. Two cumulus distributions (marked CU-
MULUS), based on shallow cloud densities of 1 and 10 (102 km?)-%,
are estimated from information and data in Williams et a. (1996)
and Nicholls and LeMone (1980).

deep echoes are few in number, they do not show up
as a peak in the number frequency in Fig. 4. But since
deep echoes are undercounted due to multiple echoes
in tall convective features, a complete count may ac-
tually show athird peak in the upper troposphereif Fig.
4 were a plot of the frequency distribution of echo in-
stead of feature heights. Regardless, cumulonimbus are
important to the total rainfall, and to emphasi ze this, we
depict them in Fig. 4 by plotting the COARE all events
curve for percent convective rainfall (Fig. 3). Figure 4
is meant to illustrate that cumuli, congestus clouds, and
cumulonimbi are all important components of the trop-
ical cloud spectrum, the first two for their abundance
and the last for the rainfall they produce. We next ex-
amine in some detail how these cloud populationsrelate
to the thermal stratification of the tropical atmosphere.

b. Sounding data and related analyses

Plots of the static stability over the TOGA COARE
IFA during the 10P and for the GATE easterly wave
composite of Thompson et al. (1979) are shown in Figs.
5a and 5b (computed using 25-mb data in both cases).
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The COARE results (Fig. 5a) indicate three levels of
enhanced stability, corresponding to the trade wind in-
version (2 km), the 0°C level (~5 km), and the tropo-
pause (~16 km). The weakest of the three, near the 0°C
level, is related to the effects of melting (Johnson et al.
1996). The GATE composite easterly wave data also
exhibit a three-layer structure (Fig. 5b), although the
upper two peaks are at slightly lower levels, correspond-
ing to the fact that the 0°C level is about 0.5 km lower
and the tropopause ~2 km lower in GATE (presumably
due to the lower SSTs in the eastern Atlantic).® Also,
note that the trade stable layer in the GATE composite
is strongest in the easterly wave ridge region, consistent
with the maxima in low-level divergence and cumulus
detrainment in that position (Thompson et al. 1979;
Johnson 1980). These three stable layers generally cor-
respond to the two peaks in the frequency distribution
of radar-echo tops (Fig. 4) and the cumulonimbus pop-
ulation. Specifically, the GATE peak near 2 km and the
COARE sub-MCS peak near 3.5 km in Fig. 2 corre-
spond to the trade wind stable layer, allowing for some
overshooting. The tropopause, of course, marks the up-
per limit of cumulonimbus growth. The weakest of the
three stable layers (near the melting level) has a broad
echo-top peak associated with it (the COARE all events
curvein Fig. 2), but a somewhat sharper peak ~2.5 km
above it in the COARE MCS curve.

The correspondence between the three stable layers
and radar-echo tops suggests a cause and effect rela-
tionship. In particular, it is proposed that the stable lay-
ers are of sufficient strength to retard or limit cloud
growth, especialy under conditions of weak low-level
forcing (e.g., Johnson et al. 1996; Zuidema 1998). It is
well known that the trade wind inversion (where the
temperature actually increases with height) and tropo-
pause severely inhibit cloud growth, leading to detrain-
ment near those levels (Malkus 1958; Malkus and Riehl
1964). However, the trade stable layers in COARE and
GATE (Fig. 5) do not typically exist astrue temperature
inversions. Nevertheless, they do have large populations
of tradelike, precipitating cumuli associated with them,
as indicated in Fig. 2, and abundant nonprecipitating
shallow cumuli as illustrated in Fig. 4. In a study of
clouds during day 261 of GATE, Warner et al. (1980)
noted that stable layers at 2.2 and 5 km acted as ** bar-
riers’ to penetration by cumuli, with considerable strat-
iform debris observed near the 5-km level.

Let us briefly consider the shallow cumulus popula-
tion in more detail. Further analysis of this cloud pop-
ulation by Johnson and Lin (1997) indicates the exis-
tence of two types of shallow cumulus during the
COARE |OP. One type occurs during high-wind periods
or westerly wind bursts. At those times, substantial ** ap-

6 The fields in Fig. 5b are smoother than those in Fig. 5a because
only eight wave categories are analyzed in the former as opposed to
480 observation times in the latter.
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FiG. 5. (a) Time series from 1 Nov 1992 to 28 Feb 1993 of dT/dz computed by averaging 25-
mb gridded data (1° horizontal resolution) over the COARE intensive flux array. Darker shading
indicates regions of greater stability with a contour interval of 0.5 K km~*. Dashed line indicates
0°C level (Johnson et al. 1996). (b) As in (a) except for eight categories of Thompson et al.
(1979) composite easterly wave (4 = wave trough, 8 = wave ridge).

parent moistening’” [negative Q,, following Yanai et al.
(1973)] is found near cloud base in association with
“subinversion” (Esbensen 1978) or ‘“‘forced” (Stull
1985) type cumuli that are largely a manifestation of
overshooting, mechanically driven, boundary layer ed-

dies. In contrast, during suppressed, light-wind periods,
slightly deeper cumuli [“inversion penetrating’”’ after
Esbensen (1978) or ‘‘active’” after Stull (1985)] are
found with apparent moistening peaking in the upper
part of the cloud layer (similar to the Atlantic trades,
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Nitta and Esbensen 1974). Latent heating plays an im-
portant role in the evolution of the active trade cumulus
clouds. Higher SST (by 1 K) and weaker wind shear
during the latter periods likely contributed to the more
active cumulus at that time. These two populations of
trade cumulus, forced and active, have been depicted in
aconceptual model of thetrade-to-1TCZ cloud transition
by Randall (1980).

The stable layers near the 0°C level are the weakest
of the three in Fig. 5 for both COARE and GATE.
Seemingly, therefore, they might not be expected to
significantly impact cloud development. However, there
is evidence to indicate otherwise. In particular, it has
been demonstrated that deep convection penetrating
even relatively weak stable layers can lead to enhanced
detrainment and moistening near those levels (Breth-
erton and Smolarkiewicz 1989; Taylor and Baker 1991,
Raymond et al. 1991; Raymond and Blyth 1992). The
peak in ““cloudy layers’ near the 0°C level inferred from
COARE relative humidity data by Mapes and Zuidema
(1996) supports thisidea. Similar midlevel cloud layers
or cloud shelves have been observed on trans-Pacific
aircraft flights by Malkus and Riehl (1964), in the east-
ern Atlantic (Thompson et al. 1979), and in recent space
shuttle lidar measurements over the western Pacific
(Platt et al. 1999). The relatively weak melting-layer
inversions can limit cloud growth because warm-pool
cumulus congestus clouds are often strongly entraining
and heavily loaded with precipitation, so that their buoy-
ancy is often weak (Betts 1982; Xu and Emanuel 1989).
Entrainment is effective in restricting cloud growth over
the warm pool because of frequent midlevel dryness
due to dry intrusions from the subtropics (Parsons et al.
1994; Numaguti et al. 1995; Yoneyama and Fujitani
1995; Mapes and Zuidema 1996).

Recently, Zuidema (1998) has used the buoyancy-
sorting model of Raymond and Blyth (1992) to inves-
tigate cumulus detrainment profiles in the COARE re-
gion. Neglecting the effects of freezing, she finds a
trimodal structure to the detrainment for COARE
clouds (Fig. 6). This figure contains curves for three
assumptions of maximum parcel hydrometeor mixing
ratios: 1, 3, and 5 g kg~*. As the maximum condensate
carried within the parcel isincreased, the parcel buoy-
ancy decreases, leading to decreased detrainment at
pressures below 750 mb and increased detrainment at
pressures greater than 750 mb. The calculation with 1-
g kg=* hydrometeor mixing ratio, which is represen-
tative of condensate loading for shallow clouds, has a
detrainment peak near 800 mb reflecting the effects of
the trade stable layer. A midlevel detrainment peak is
diagnosed near 400 mb (~7.5 km), very close to the
peak in the MCS radar-echo top distribution (Fig. 2).
While there is not a one-to-one correspondence be-
tween detrainment and echo top, the peak in the MCS
curve in Fig. 2 near 7.5 km suggests that processes
contributing to enhanced detrainment near that level
(Fig. 6) may also contribute to restricting cloud growth
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Fic. 6. Frequency distribution of the outflow levels of the total
ensemble of diluted parcels for 485 soundings from Kapingamarangi,
assuming liquid water condensation only. Dotted, solid, and dashed
lines denote liquid water parcel maxima of 5, 3, and 1 g kg%, re-
spectively (Zuidema 1998).

to that level, particularly for strongly entraining and
heavily precipitation-laden congestus clouds that are
common over the warm pool. Zuidema (1998) shows
that if freezing is included when the temperature falls
below 0°C, the midlevel peak vanishes, owing to the
buoyancy-enhancing effects of thelatent heat of fusion.
However, many of the warm-pool congestus clouds
may not glaciate until they reach temperatures of
~—15°C (the approximate 400-mb temperature), such
that detrainment near and below this level is common.
Thisargument is consistent with recent numerical mod-
eling studies for COARE clouds, which indicate sub-
stantial concentrations of supercooled rain at temper-
atures as low as —10° to —15°C (W. Petersen 1997,
personal communication). Therefore, the detrainment
distribution in Fig. 6 may well be relevant to popu-
lations of nonglaciating congestus clouds in COARE.
Typical photographs of the precipitating cumulus and
cumulus congestus populations are shown in Fig. 7
(cumulusin Fig. 7a and congestus in Figs. 7b—d). Cu-
mulus congestus clouds that do eventually glaciate get
an additional boost of buoyancy and rise to higher
altitudes, perhaps even the tropopause.

3. Temporal variability of radar-echo populations

A time series of divergence over the IFA reveads ev-
idence of the three prominent radar-echo populations
(Fig. 8). Most prominent is the divergence peak near
200 mb associated with deep cumulonimbus. Upper-
level divergence is strongest during December, when
there is pronounced low-level convergence accompa
nying the onset of an intense westerly wind burst (Gutz-
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Fic. 7. Photographs taken from R/V Vickers of (a) cumulus with detrainment near cloud top on 29 or 30 Nov 1992 (by Charlotte
DeMott); (b) and (c) cumulus congestus on 6-8 Feb 1993 (by Robert Cifelli); and (d) cumulus congestus on 28 Nov 1992 (by Charlotte
DeMott).

ler et al. 1994; Lin and Johnson 1996a). Divergence
peaks in the low to midtroposphere, presumably rep-
resenting detrainment from cumulus and cumulus con-
gestus clouds, are weaker and more sporadic, but they
do exist.

In order to more closely examine the divergence max-
imaand their relationship to radar-echo tops, time series
of the number of shallow, medium, and deep radar ech-
oes have been prepared for the three cruises of the R/V
Vickers and compared to fields of sounding-derived var-

iables. To illustrate these relationships, we present re-
sults for cruises 1 and 2 (10 November—10 December
and 20 December—19 January). Results for cruise 3 (not
shown) reveal similar relationships. Time series of the
number of clouds within a 120-km radius of the MIT
radar in three echo-top categories (low or cumulus, 0—4
km; middle or congestus, 5-9 km; high or cumulonim-
bus, 11-16 km) are shown in Fig. 9 along with atime
series of the SST at the Improved Meteorological sur-
face mooring (IMET) (Weller and Anderson 1996). Pe-
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Fic. 8. Four-month time series of horizontal divergence over COARE IFA (5-day running
means). Units are 10-¢ s1; positive values are shaded.

riods when MCS-scale organization is present are de-
noted by solid segments in Fig. 9 (although some sub-
MCS elements may also occur at these times), whereas
periods of only sub-MCS echoes are denoted by dotted
segments. Except for periods of disturbed weather on
22-25 November and 5-10 December (note increased
numbers of deep clouds at thosetimes), thereisagenera
increasing trend in the number of cumulus and conges-
tus clouds throughout the period, many of which arein
the form of isolated cells. This period is generally char-
acterized by light I1FA-averaged rainfall, mostly clear
skies, and increasing SST [Lin and Johnson (1996b) and
bottom panel of Fig. 9]. Apart from the disturbed pe-
riods, there is a large (~1°-3°C) diurnal range in SST
during cruise 1 asaresult of very light winds and mostly
clear skies (Weller and Anderson 1996; Soloviev and
Lukas 1997). Shallow, precipitating clouds are most
abundant when the diurnal cycle is large, and many of
these clouds occur during the afternoon near the time
of maximum SST (Rickenbach and Rutledge 1997; Sui
et al. 1997).

The time series of vertical motion for the correspond-
ing period (Fig. 10a) shows that mid- to lower-tropo-
spheric subsidence prevails, except for the disturbed pe-
riods. Thus, the shallow cumulus and cumulus congestus
clouds grow into a subsiding environment, much like
trade cumulus regimes. As the cumulus and congestus
populations increased toward the end of the period (Fig.
9), the divergence maximum near and just above the
0°C level strengthened (Fig. 10b), suggesting increased
detrainment from these echo tops. Correspondingly, the
moisture in the lower troposphere increased and the
moist layer deepened, as indicated by the time series of

relative humidity (Fig. 10c).” This moistening evidently
served to precondition the atmosphere for deep con-
vection prior to the December westerly wind burst
[Johnson and Lin 1997 (see time series of apparent
moisture sink Q, in their Fig. 5); Godfrey et al. 1998;
Lau and Sui 1997]. The trade stable layer is seen to rise
throughout the period (Fig. 10d) as the populations of
shallow cumulus increased (Fig. 9).

The evolution of the three radar-echo types and SST
during cruise 2 is shown in Fig. 11. The period begins
with low SSTsasaresult of thelate-December westerly
wind burst, with a corresponding decrease in cumu-
lonimbi, whose numbers reach zero by the end of the
month. The reduction in deep echoes is consistent with
low to midtroposphere drying during that period (Fig.
12c). However, the drying appears to be at odds with
concurrent mean upward motion (Fig. 12a). This ap-
parent inconsistency is explained by the occurrence of
frequent dry intrusions from the subtropics during this
time (Fig. 10 of Mapes and Zuidema 1996). Shallow,
precipitating clouds virtually disappear at the end of
December when the SST is near its minimum, coin-
cident with the westerly wind burst (Lin and Johnson
1996a). However, nonprecipitating shallow cumulus
are abundant at this time (Johnson and Lin 1997). Dur-
ing the first half of January there is an increase in the
number of cumulus and congestus clouds as the SST

”Values of relative humidity (RH) at low levels may have a low
bias of ~5% or more due to problems with the rawinsonde humidity
sensors. However, this bias should not affect interpretations of the
temporal behavior of RH shown in Figs. 10c and 12c.
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Fic. 9. Daily-averaged number of low or cumulus (0—4 km), middle or congestus (5-9 km),
and high or cumulonimbus (11-16 km) radar-echo tops for cruise 1 of the R/V Vickers, and SST
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convective echoes organized on the MCS scale (>100 km) and dotted segments to periods when

only sub-MCS or isolated cells existed.

increases (Fig. 11), with an associated general moist-
ening of the lowest 3 km of the troposphere (Fig. 12c).
Congestus clouds are most prevalent when there is
MCS organization and cumulonimbus activity (Fig.
11). This result is consistent with a corresponding
strengthening of the 0°C stable layer at these times
(Fig. 12d) from enhanced melting (Johnson et al.
1996). It also helps to explain why the MCS curve in
Fig. 2 displays such a prominent peak near 7.5 km. In
effect, the MCS-scale events self-modify their cloud-
height distribution by producing melting-related stable
layersthat enhance the congestus population. However,

Figs. 9 and 11 indicate that congestus clouds exist even
when the stable layer is weak (Figs. 10 and 12), sug-
gesting that such clouds can exist independent of the
0°C stable layer, presumably due to the effects of water
loading and entrainment. In this regard, the 0°C stable
layer is viewed as enhancing the congestus popula-
tions.

As in cruise 1, most of the cruise 2 clouds during
the period of large diurnal SST variation (indicative
of clear skies and light winds) are of the sub-MCS or
isolated cell type, with a peak in echo tops near 3.5
km (Fig. 2). The height of maximum divergence in-
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creases through this period (Fig. 12b), suggesting a for thetime periods of cruises 1 and 2 of the R/V Vickers
deepening cloud field. Also, the height of the trade yield the following results.

stable layer increases (Fig. 12d) asthe SST and number . Cumulus cloud populations are modulated on the SO

of cumuli increase during the first half of January. and shorter timescales; shallow and deep cumulus

Finally, at the end of the period the number of tall vary the most.

echoes increases, accompanied by deepening lower- « Precipitating shallow cumuli are suppressed during

tropospheric convergence, upward motion, and mois- the westerly wind burst, then increase as the SST in-

ture (Figs. 12a—<). creases; the trade stable layer rises as the SST in-
In summary, time series of radar and sounding data creases.
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Fic. 11. Asin Fig. 9 except for cruise 2 of R/V Vickers.

» Congestus clouds are prevalent at all times, increase
asthe SST increases, and along with shallow cumulus,
moisten the lower troposphere, thus preconditioning
it for deep convection. The congestus population
peaks at times of MCS organization and when the 0°C
stable layer is strongest.

Thediurnal cycle of SST islarge when shallow cumuli
are abundant (shallow cumuli peak in the afternoon;
Rickenbach and Rutledge 1997; Sui et al. 1997); deep
convection suppresses the diurnal cycle of SST.

4. Other corroborating results

The existence of a trimodal population of tropical
cloudsis supported by recent aircraft observations, lidar

measurements, wind profiler analyses, and cloud-re-
solving modeling results. The National Aeronauticsand
Space Administration (NASA) DC-8 aircraft was used
in 1991 to measure vertical distributions of water vapor,
ozone, and other trace constituents over the tropical
North Pacific Ocean (Newell et al. 1996). They detected
a peak in the number of layers of water vapor—rich,
ozone-poor air (indicative of convective transport from
the boundary layer) between 4 and 6 km. These obser-
vations suggest enhanced detrainment in the midtro-
posphere, which may correspond to the cumulus con-
gestus detrainment discussed earlier.

The lidar studies are still in progress, so detailed
results are not yet available. The first relevant obser-
vations were taken during COARE from the Cloud
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Lidar System aboard the NASA ER-2 aircraft (Spin-
hirne et al. 1996). Preliminary resultsindicate multiple
cloud layers over the warm pool, but three layers stand
out: one at the cirrus level (near the tropopause), one
in the midtroposphere (5-8 km), and another between
2 and 3 km (J. Spinhirne 1997, personal communica-
tion).

A recently constructed climatology of the meridional
wind at Christmas Island (2°N, 157°W) based on 50-
MHz wind profiler measurements (Gage et al. 1997)
reveals a midlevel divergence maximum outside the

Northern Hemisphere ITCZ at 5°-10°N. Gage et al.
point out that satellite rainfall estimate studies indicate
substantial warm-rain processes in the ITCZ near the
longitudes of Christmas Island and that the midlevel
divergence may be a signature of divergence from the
numerous warm-rain (congestus) cells.

In a cloud-resolving numerical modeling study of the
diurnal variation of deep convection in COARE, Liu
and Moncrieff (1998) have reported a trimodal distri-
bution of the fractional cloudiness, with peaks near 2,
6—7, and 13-14 km. Their results are consistent with
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to the tropopause at the top of the figure. (lower) |OP-mean precipitation rates based on three techniques: NCEP reanalysis, GOES Precipitation
Index (GPI), and multiquadric objective analysis (MQD). The latter two are computed only from 10°N to 10°S. (b) Conceptual model of
tropical cumulus cloud distributions from 30°N to 30°S based on |OP-mean radar data and thermal stratification shown in (a). Three main

the trimodal distribution of detrainment shown in Fig.
6 (from Zuidema 1998).

5. Revised conceptual model of tropical clouds

The results of this study point to a revised picture of
the distribution of tropical cumulus clouds and associ-
ated inversions and stable layers. To put the findings
into proper context with COARE data, we first present

a north—south cross section of stability (dT/dz) and the
mean meridional wind (v) from 30°N to 30°S within the
longitude band centered over the IFA (150°-170°E) for
the IOP (Fig. 134). This cross section is based upon a
gridded analysis of the sounding data within and sur-
rounding the COARE domain at 2° horizontal and 10-
mb vertical resolution (Ciesielski et al. 1997). Asin Fig.
5, three stable layers are again evident, but there are
important north—south variations in all of them. As ex-
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Fic. 13. (Continued) cloud types are indicated: shallow cumulus, cumulus congestus, and cu-
mulonimbus. Within the shallow cumulus classification, there are two subdivisions: forced and
active cumulus. Three stable layers are indicated: the trade inversion, the 0°C layer, and the
tropopause. Shelf clouds and cloud debris near the trade and 0°C stable layers represent detrainment
there. Cirrus anvils occur near the tropopause. Considerable overshooting of the trade and 0°C
stablelayersoccursin the equatorial trough zone. Arrowsindicate meridional circulation. Although
double ITCZ is indicated, representing |OP-mean, this structure is transient over the warm pool

and a single ITCZ often exists.

pected, the trade inversion is strongest between 20° and
30° but still extends across the equator. The trade in-
version is quasi-horizontal across the equator, consistent
with the findings of Kloesel and Albrecht (1989) and
Schubert et al. (1995). Actually, there appears to be a
slight dip in the height of the inversion near the equator.
This dip is consistent with the idea advanced by Schu-
bert et al. (1995) that a dynamical adjustment and
spreading of the inversion takes place along isentropes,
which in the lower troposphere dip slightly downward
across the equator (e.g., Fig. 7.6 of Peixoto and Oort
1992).

The 0°C stable layer is confined to the tropical lati-
tudes, reflecting the fact that it is closely linked to deep
convective activity and melting (Johnson et al. 1996).
This connection can be seen by referring to the lower
panel of Fig. 13a, where |IOP-mean distributions of pre-
cipitation are presented based on three techniques: the
National Centers for Environmental Prediction (NCEP)
reanalysis (Kalhay et al. 1996), the Geostationary Op-
erational Environmental Satellite (GOES) precipitation
index (Arkin and Meisner 1987), and a budget-derived
estimate based on a multiquadric objective analysis of
sounding data (Ciesielski et al. 1997). All precipitation
estimates suggest a double-ITCZ structure in the mean,

although the amplitudes and latitudes of the peaks vary
somewhat from one technique to another. Also notable
in Fig. 13a is a deep layer of steep lapse rates in the
upper troposphere, which is collocated with deep equa-
torial convection. The tropopause has its maximum
height near 100 mb or 16.5 km near the equator. Since
COARE occurred during boreal winter, the position of
the weakest trade stable layer, the center of the 0°C
stable layer, the maximum rainfall, and the highest tro-
popause are shifted south of the equator. This shift is
consistent with the mean meridional flow; that is, the v
= 0 line at the surface and aloft is near 5°S. A peak in
the divergent meridional flow occurs between 150 and
200 mb, with a primary maximum in convergent v at
the surface and a secondary one between 300 and 400
mb.

Using the fields in Fig. 13a as a guide, a revised
depiction of tropical cloud distributionsis shownin Fig.
13b. The major revision from the conceptual model in
Fig. 1 is the addition of a third cloud population, cu-
mulus congestus. Numerous congestus clouds overshoot
the 0°C stable layer by 1 to 2 km, but in many cases
not sufficiently to glaciate. In instances where they do
glaciate, they can have sufficient buoyancy to rise to
the tropopause (Zuidema 1998). In addition, enhanced
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detrainment from cumulonimbi can occur near 0°C be-
cause of the increased stability there (Bretherton and
Smolarkiewicz 1989; Taylor and Baker; Raymond and
Blyth 1992; Mapes and Zuidema 1996). This detrain-
ment leads to enhanced cloud layers or shelf clouds near
the 0°C level, which have been reported in the tropical
western Pacific research flights of Malkus and Riehl
(1964), are suggested in the relative humidity analyses
of Mapes and Zuidema (1996) (their Fig. 18), and appear
in the cloud-resolving modeling results of Liu and Mon-
crieff (1998). Since the cross section in Fig. 13aisin
the western Pacific, stratocumulus regimes are not in-
dicated in the poleward extremes of Fig. 13b. Also, for
clarity, mesoscale convective systems, along with their
associated stratiform precipitation regions (Houze 1977,
Zipser 1977), have been omitted from Fig. 13b.
Figure 13b shows congestus clouds and the 0°C stable
layers generally confined to the deep Tropics. These
features vary temporally on the timescal e of the 30—60-
day oscillation, as discussed in section 3. The stable
layer near the 0°C level is strongest at times of deep
convective activity and MCS-scale organization (cf.
Figs. 10d and 9, Figs. 12d and 11). This relationship is
consistent with the idea that cooling by melting snow
and ice is an important mechanism for the production
of stable layers near the 0°C level (e.g., Findeisen 1940;
Stewart et al. 1984; Willis and Heymsfield 1989). In
other words, many of the stable layers during these pe-
riods may be the remnant effects of melting in preex-
isting convection (Johnson et al. 1996). The abundance
of congestus clouds within the MCS category (Fig. 2),
with a peak in echo tops at 7.5 km, may reflect the
impact of stronger 0°C stable layers at these times. At
other times the 0°C stable layer, present in a weaker
form, may berelated to the remote effects of convection,
as suggested by Johnson et al. (1996) and Mapes and
Zuidema (1996). One possihility is that, similar to the
trade inversion, the 0°C stable layer can be dynamically
extended into the deep Tropics from the ITCZ bands to
the north and south. Results from computations using
methods similar to those employed in Schubert et al.
(1995), involving observed melting-induced cooling
profiles within two relatively narrow zonal ITCZ bands
at 10°N and S, show that after 3 days there is aremote
effect in the cloud-free region along the equator, namely,
an increase in stability of 1.5 C° km~* near the 0°C
level. Another possibility is that the stable layers are
the result of gravity waves or ‘‘buoyancy bores” em-
anating from deep convection. Mapes (1993) and Mapes
and Houze (1995) showed that the stratiform component
to the heating produces a bore that moves away from
the heat source at 2025 m s-* characterized by sinking
motion aloft and rising motion at low levels, which
leaves in its wake a layer of enhanced stability in the
midtroposphere several hundred kilometers long. Fi-
nally, there is also the possibility that some of the 0°C
stable layers are areflection of radiative stabilization of
dry intrusions in the midtroposphere that were com-
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monplace over the warm pool (Mapes and Zuidema
1996).

Also depicted in Fig. 13b is a quasi-horizontal trade
inversion in the subtropics transitioning to a stable layer
in the Tropics, although its height is shown to decrease
dlightly near the equator. COARE observations suggest
this behavior, athough it is not clear how representative
it is of the entire Tropics. An equatorward deepening
of the trade wind layer between 30° and 15°, as depicted
in Fig. 1, is not evident in this north—south section over
the western Pecific (except, perhaps a slight deepening
between 30° and 20°S). To some extent, the equatorward
deepening in Fig. 1 (Simpson 1992) is intended to por-
tray the structure along trade wind trajectories (e.g.,
Riehl et al. 1951; Makus 1958), but the observations
of Gutnick (1958) also show a north-to-south increase
in the trade inversion depth over the western North At-
lantic. Also, the results of von Ficker (1936) [also see
Fig. 5.7 of Riehl 1979] in the eastern Atlantic show the
height of the trade inversion base increasing all the way
to the equator. Apparently, this behavior is not char-
acteristic of the western Pacific, at least during the pe-
riod of COARE.

As the trade stable layer weakens equatorward, over-
shooting of this layer by shallow cumuli [indicated by
detached cloud elements above the layer, following
Malkus (1954, 1958)] progressively increases toward
the equator (note peak in sub-MCS echo heights at 3.5
km in Fig. 2). In addition, two types of shallow, trade
cumuli are indicated: one very shallow or forced, rep-
resenting overshooting, mechanically driven boundary
layer eddies; and the other deeper or active, wherelatent
heating plays an important role in their evolution (Es-
bensen 1978; Randall 1980; Stull 1985; Johnson and
Lin 1997). Also, Malkus and Riehl (1964) report nu-
merous cloud shelves near 2—2.5 km attached to con-
gestus and cumulonimbus clouds in the tropical western
Pacific, which are illustrated in Fig. 13b.

The cloud distributions shown in Fig. 13b are based
on |OP-mean fields. The two tall towers are positioned
at the approximate latitudes of maximum | OP-mean up-
ward motion (Lin and Johnson 1996a) and precipitation
(Fig. 13a). We caution that this pattern is not represen-
tative of all timesduring the |OP: variationstoit occured
with regularity.

6. Summary and conclusions

Observations from the recent TOGA COARE have
provided new evidence concerning the distribution of
tropical clouds. Cumulus echo-top statistics from the
5-cm radar aboard the R/V Vickersindicate that cumulus
congestus clouds are the most abundant of all precipi-
tating clouds in COARE. Specifically, congestus with
tops between 4.5 and 9.5 km represent 57% of the pre-
cipitating convective clouds in COARE. Radar studies
from GATE reveal asimilar result. When combined with
photographic estimates of the nonprecipitating cumulus
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population, it is suggested that the overall cumulus
cloud distribution ishimodal, abundant shallow cumulus
and cumulus congestus. But these are not the two modes
that are often argued to be present based on studies of
cloud-base mass fluxes, detrainment, etc., namely, shal-
low and deep clouds. Therefore, we have conflicting
views:. radar and photographic data show shallow cu-
mulus and congestus clouds to be the most abundant
types, but other studies (budgets, etc.) have led to con-
ceptual models that emphasize shallow cumuli and cu-
mulonimbi (e.g., Fig. 1) as the two prominent cloud
types. The point we want to make in the paper is that
all three cloud types—cumulus, congestus, and cumu-
lonimbus—are important components of the tropical
convective cloud spectrum. Also, these cloud types are
associated with trimodal distributions of divergence,
cloud detrainment, and fractional cloudinessin the Trop-
ics.

The peaks in the distributions of these three cloud
types are in close proximity to prominent stable layers
that exist over the Pacific warm pool and the tropical
eastern Atlantic: near 2 km (the trade stable layer), ~5
km (near 0°C), and ~15-16 km (the tropopause). These
stable layers serve to inhibit cloud growth and promote
cloud detrainment. Capping of cloud growth, with some
overshooting, is well known for the trade stable layer
and tropopause. However, it is less well known for the
0°C stablelayer. But recent cloud modeling studies (e.g.,
Zuidema 1998) indicate that while the stable layer near
the 0°C level is relatively weak, it can contribute to an
enhancement of detrainment just above it (near 7.5 km
or 400 mb) for those congestus clouds that do not gla-
ciate (evidently a common occurrence over the warm
pool). The existence of a peak in the frequency distri-
bution of echo tops near this level at times of organi-
zation of convection on the MCS (=100 km)scale sug-
gests that processes that contribute to enhanced detrain-
ment near that level may also contribute to restricting
cloud growth to that level. While vigorous, undilute
updrafts in cumulonimbi are not stopped by the 0°C
stablelayers, many congestus clouds over the warm pool
are heavily loaded with precipitation and strongly en-
training, such that the increased stability near 0°C can
inhibit cloud growth. This assertion is supported by oth-
er COARE radar studies (Uyedaet al. 1995; Hildebrand
1998), which report a close association between the 0°C
level and the vertical structure and growth of convection
over thewarm pool. It is also supported by recent cloud-
resolving modeling experiments showing atrimodal dis-
tribution of fractional cloudiness over the warm pool,
with peaks near 2, 67, and 13-14 km (Liu and Mon-
crieff 1998).

Evidence of enhanced detrainment near the trade and
0°C stable layers can also be found in the cloud pho-
tographic analyses of Malkus and Riehl (1964) and in
much more recent aircraft lidar measurements, which
indicate frequent cloud layers near these two levels, as
well as the tropopause. It is plausible that the 0°C-level
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detrainment may produce many of the midlevel clouds
in the Tropics, thereby modulating the radiative heating
of the tropical atmosphere.

The three cloud populations are found to vary sig-
nificantly on the timescale of the 30—-60-day intrasea-
sonal oscillation. During mid to late November and early
December of TOGA COARE the frequency of cumulus
and congestus clouds increased as seen by the MIT radar
aboard the R/V Vickers as the SST rose. Correspond-
ingly, there was a deepening of the moist layer in the
lower troposphere in the presence of large-scale sub-
sidence. The increasing shallow and midlevel echo pop-
ulations played an important role in preconditioning the
atmosphere for deep convection that occurred in mid-
December just prior to the strongest of the COARE
westerly wind bursts. In late December and early Jan-
uary, asthe SST decreased due to high winds, increased
evaporation, ocean mixing, and increased cloudiness,
the number of deep echoes and shallow, precipitating
cumuli decreased to nearly zero. However, nonprecip-
itating shallow cumuli, particularly those of the forced
type representing overshooting boundary layer eddies,
were abundant during the westerly wind bursts (Johnson
and Lin 1997). Then, asthe SST rose again toward mid-
January, the numbers of precipitating cumulus and con-
gestus clouds increased and a remoistening of the lower
troposphere occurred.

Although the cumulus congestus clouds are not as
heavily raining as their deep cumulonimbus counter-
parts, they do produce a substantial fraction of the total
rainfall over the warm pool. Congestus with tops bel ow
10 km contribute 28% of total convective rainfall in
COARE. For the sub-MCS category (cloud systems
having contiguous precipitation echoes <100 kmin hor-
izontal scale), the fraction is even greater, 52%, or over
half the total convective rainfall of that category. In
other words, many of the isolated cells in COARE are
of the congestus cloud variety, which often produce
heavy rain, presumably in part due to the effective
warm-rain processes over the exceptionally warm ocean
in this part of the world. Of course, ice processes are
important for the deeper portion of the congestus cloud
spectrum.

While evidence has been presented from COARE and
GATE concerning the importance of three convective
cloud types—cumulus, congestus, and cumulonimbus—
further work is needed to understand the nature of each
of these cloud types and their dynamical, hydrological,
and radiative significance. What factors determine the
relative abundance of the three cloud types in different
atmospheric regimes? Do they vary on seasonal, annual,
and interannual [El Nifio—Southern Oscillation (ENSO)]
timescal es? To what extent do shallow cumulusand con-
gestus clouds detrain near the trade and 0°C stable lay-
ers, respectively, and contribute to debris and layer
clouds at those level s? What are the subsequent impacts
on the atmospheric water vapor and radiative fields?
How sensitive are the ultimate heights of congestus
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clouds to glaciation and at what levels do congestus
clouds in the Tropics typically glaciate? How do the
radar resultsin this study, which pertain to precipitation-
sized particles, compare to satellite-based estimates of
cloud populations, which pertain to cloud-sized particles
often covering much larger areas? It is hoped that these
and other questions can be addressed with data from
COARE, future field programs on tropical convection,
and cloud modeling efforts.
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