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ABSTRACT

Deep convection over the Indo—Pacific oceanic warm pool in the Tropical Ocean Global Atmosphere Coupled
Ocean—Atmosphere Response Experiment (TOGA COARE) occurred in cloud clusters, which grouped together
in regions favoring their occurrence. These large groups of cloud clusters produced large-scale regions of sat-
ellite-observed cold cloud-top temperature. This paper investigates the manner in which the cloud clusters were
organized on time and space scales ranging from the seasonal mean pattern over the whole warm-pool region
to the scale of individual cloud clusters and their relationship to the large-scale circulation and sea surface
temperature (SST).

The dominant convective variability was associated with the intraseasonal oscillation (ISO). A large eastward
propagating ensemble of cloud clusters marked the ISO’s progress. The meridional structure of the ISO was
strongly affected by the seasonal cycle with a southward shift from the Northern Hemisphere in October—
November to the Southem Hemisphere in January—February. The SST had an intraseasonal signal in lagged
quadrature with the cold cloudiness and rainfall in COARE. The SST increased (decreased) during the convec-
tively suppressed (active) phases of the ISO. Enhanced low-level westerly winds occurred toward the later stages
of the enhanced-convection periods of the ISO, though not always centered at the equator. The strongest west-
erlies tended to be located between two synoptic-scale cyclonic gyres, which were often not symmetric about
the equator in the low-level wind field. This asymmetry in the anomalous equatorial low-level westerlies may
have different implications for the oceanic response in the coupled atmosphere—ocean system than those centered
on the equator. The cyclonic gyres contained highly concentrated deep convection, and, in four cases, the gyres
developed into tropical cyclones.

Within the envelope marking the convectively active phase of the ISO, cloud clusters were frequently con-
centrated into westward-propagating disturbances with a local periodicity of ~2 days. These 2-day disturbances
have been identified in earlier spectral studies and appear to be related to westward propagating inertio—gravity
waves. In COARE, they typically contained numerous cloud clusters, which underwent a distinct diurnal cycle.
Most of the cloud clusters embedded in the 2-day disturbances moved westward, though some were stationary,
and a few moved eastward. A cloud-cluster tracking program identified groups of clusters (time clusters) that
exhibited continuity in time and space. In the most convectively active period of the ISO, the tracking program
identified almost the entire ISO cloud ensemble as a long-lasting, trackable superconvective system. This ob-
servation indicates the lack of a distinct scale-separation between convection and large-scale disturbances during
the most intense convective periods in COARE.
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1. Introduction

The Intensive Observation Period (IOP) of the
Tropical Ocean Global Atmosphere Coupled Ocean—
Atmosphere Response Experiment (TOGA COARE)
was conducted from 1 November 1992 through 28 Feb-
ruary 1993. The overall objective of COARE was to
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achieve a better understanding of the physical mecha-
nisms for the coupling of the ocean and the atmosphere
in the western Pacific warm-pool region. To describe
and understand the principal processes that organize
atmospheric convection in the warm-pool region was
one of the specific scientific goals of COARE (Webster
and Lukas 1992).

Deep convective phenomena in the warm-pool re-
gion exhibit a broad spectrum of temporal and spatial
scales. The most prominent large-scale feature is the
convective variability associated with the tropical in-
traseasonal oscillation (ISO), which has a 30-60 day
timescale. The ISO may interact upscale with the El
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Nifio Southern Oscillation (ENSO), which dominates
the interannual-scale variability of the atmosphere—
ocean coupled system (Lau and Shen 1988). It also
interacts with smaller-scale phenomena. In this study,
we use the COARE data to examine the interactions of
the ISO with phenomena of smaller time and space
scales.

Madden and Julian (1971, 1972, 1994) character-
ized the ISO as a slow eastward propagation of anom-
alous equatorial westerlies and easterlies in the lower
and upper troposphere (e.g., 850 and 200 mb), respec-
tively. Accompanying the eastward propagation of
anomalous zonal wind is an eastward propagation of a
large-scale region of anomalously frequent deep con-
vection (e.g., Lau and Chan 1985; Knutson and Weick-
mann 1987; Rui and Wang 1990). The eastward prop-
agating convective anomaly typically originates in the
Indian Ocean, weakens as it moves across the maritime
continent,' and reamplifies in the western Pacific
warm-pool region. Although theories have attempted
to explain the ISO in terms of mobile wave-CISK?
(Lau et al. 1989), evaporation—wind feedback (Eman-
uel 1987; Neelin et al. 1987), frictional convergence
in the atmospheric boundary layer (Wang 1988; Salby
et al. 1994), radiative—-convective interaction (Hu and
Randall 1994), and convective discharge—recharge
(Bladé and Hartmann 1993), the mechanisms for this
phenomenon remain unverified.

The deep convection embedded in the large-scale
convective anomaly associated with the ISO exhibits a
rich multiscale temporal and spatial variability (Nak-
azawa 1988; Lau et al. 1991; Sui and Lau 1992; Hen-
don and Liebmann 1994). The amount of deep con-
vection in the Tropics varies, in part, with atmospheric
wave motions. Observations show various connections
between convection and the easterly waves of 3-5 days
(Chang 1970; Reed and Recker 1971), equatorially
trapped Rossby waves (Zangvil and Yanai 1981),
mixed Rossby—gravity waves (Liebmann and Hendon
1990}, Kelvin waves (Wallace and Kousky 1968), and
inertio—gravity waves ( Takayabu 1994). Despite theo-
retical, observational, and modeling attempts to explain
the mechanisms for the coupling of deep convection
and atmospheric waves, it is still unclear whether deep
convection is mainly modulated by the waves or acts
as a forcing source of the waves, or if the two feedback
positively to each other.

The deep convection in the ISO occurs in discrete
mesoscale ‘‘cloud clusters’” similar to those observed
in other parts of the Tropics (e.g., Martin and Schreiner
1981). When many cloud clusters group together, the
whole pattern of clusters may reflect the organizing

! The term “‘maritime continent’’ refers to Indonesia and Malaysia
(Ramage 1971).

2CISK refers to ‘‘conditional instability of the second kind”’
(Charney and Eliassen 1964).
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structure of large-scale waves (Chang 1970). Naka-
zawa (1988) found superimposed structures in the
cloud patterns in which westward-moving cloud clus-
ters were embedded within a large-scale eastward-
propagating ‘‘super cluster.”” Little is yet known re-
garding how the grouping of clusters into westward and
eastward propagating envelopes is related to wave
structures or other aspects of the large-scale circulation.

Sometimes the large-scale convective anomalies
within the ISO are associated with intermittent, strong,
low-level westerly wind anomalies in the equatorial
warm-pool region where the climatological mean low-
level and surface winds are weak. These wind anom-
alies last for a few days to 2—3 weeks and are known
as “‘westerly wind bursts”” (WWB) (Wyrtki 1975;
Nitta and Motoki 1987; Murakami and Sumathipala
1989). The onset of a WWB is often coincident with
the convectively active phase of the ISO over the east-
ern Indian Ocean and the western Pacific (Sui and Lau
1992). A long-lasting WWB in the equatorial region
can lead to formation of a double-cyclone pair nearly
symmetric about the equator (Keen 1987; Chen 1993).
On shorter timescales (a few days or less), the WWB
and associated convective activity are not as well doc-
umented. The cause of the WWB and its interactions
with convection on various temporal and spatial scales
are unknown.

Many previous studies of the large-scale tropical at-
mosphere often have described ‘‘convection’’ in terms
of spatial and temporal patterns of average (or total)
satellite-observed cloudiness. The mean cloudiness pat-
terns obscure the fact that convection occurs in cloud
clusters, that is, intermittently and on much smaller
scales. Williams and Houze (1987) and Mapes and
Houze (1993) examined the size distribution of cloud
clusters in the tropical warm-pool region as a function
of location and on various timescales, including the di-
urnal cycle and intraseasonal variation. They also
tracked the cloud clusters in time to reveal patterns of
formation, movement, merging, splitting, and dissipa-
tion. Using both infrared (IR ) and visible satellite data,
Machado et al. (1992) studied the spatial distribution
and impact of vertical extent of cloud clusters on the
size distribution over tropical Africa and the Atlantic
Ocean. These techniques for studying the detailed spec-
trum of cloud cluster variability provide insight into the
processes that lead to the mean cloudiness patterns and
hence to linkage between large- and small-scale pro-
cesses in the tropical climate system. In an idealized
modeling study, Raymond (1994) suggested that the
large-scale tropical circulation is sensitive to the fine
precipitation structure of convective systems.

In this paper, we examine the distribution and vari-
ability of convection, wind, and sea surface tempera-
ture (SST) in the warm-pool region during the COARE
IOP. We analyze the satellite-observed cloud data in
terms of both the continuous ‘‘mean cloudiness’’ and
discrete ‘‘cloud cluster’” points of view and attempt to
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show the relationship between these two perspectives.
By this method, we attempt to connect the sometimes
disparate ‘‘mesoscale’’ and ‘large scale’’ views of the
convective process in the Tropics. Our analysis covers
the range of time and space scales from the seasonal
average fields, through intraseasonal variability, down
to individual mesoscale cloud clusters. Observations
concerning some planetary aspects of the COARE IOP
are given in Gutzler et al. (1994). As we proceed down
scale, we can see how one scale of convective activity
relates to the next. The objectives of this study are 1)
to describe the multiscale variability of deep convec-
tion in relation to the large-scale atmospheric circula-
tion and SST in the warm-pool region and, by so doing,
2) to provide a large-scale context for studies concen-
trating on specific processes such as air—sea fluxes and
mesoscale structure and organization of individual con-
vective systems during the COARE IOP.

Section 2 includes a description of the datasets and
a brief outline of the cloud cluster finding and track-
ing algorithms used in this study. Section 3 examines
the seasonal mean patterns of deep convection, SST,
and wind fields (section 3a) and how the convection
underwent a slow intraseasonal variation (sections
3b and 3c). Section 3 will also review the primary
characteristics of the deep convective clouds them-
selves: their size distribution and their diurnal vari-
ation (sections 3d and 3e). Section 4 describes the
multiscale organizations of the deep convection and
large-scale circulations from intraseasonal scale to
mesoscale. Section 5 examines how the individual
cloud clusters group together to determine the total
cloudiness. Section 6 puts forward some discussions
on possible mechanisms and implications of the ob-
servations and conclusions.

2. Data, methods, and definitions
a. Data sources

The primary data used in this study are hourly infra-
red (IR) satellite images from the Japanese Geosyn-
chronous Meteorological Satellite (GMS) provided by
the Australian Bureau of Meteorology, with about 10-
km resolution (highest resolution approximately 9 km
at the subsatellite point), the European Centre for Me-
dium-Range Forecasts (ECMWF) uninitialized global
wind analysis fields at 0000 and 1200 UTC, and the
National Meteorological Center (NMC) analyzed
monthly mean SST. These data are supplemented by
sounding data from the National Center for Atmo-
spheric Research (NCAR ) integrated sounding system
(ISS, Parsons et al. 1994), the TOGA Tropical At-
mosphere and Ocean (TAO) buoy data (McPhaden
1993), the Microwave Sounding Unit (MSU) esti-
mated precipitation (Spencer 1993), NOAA WP-3D
aircraft lower-fuselage radar, and MIT radar on R/V
Vickers. The observational domains of TOGA COARE
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FiG. 1. Observational domains during the intensive observing pe-
riod (JIOP) of TOGA COARE. The large-scale domain (LSA), the
outer sounding array (OSA), the aircraft accessible array (AAA), and
the intensive flux array (IFA) are outlined. The key refers to the
symbols used to represent the observational platforms.

are identified in Fig. 1, including the COARE LSA
(large-scale array) and its subdomains OSA (outer
sounding array), AAA (aircraft accessible array), and
IFA (intensive flux array).

b. IR temperature threshold selection

Infrared temperature threshold selection for tropical
deep convection was summarized in Mapes and Houze
(1993). Machado et al. (1992) showed that, for pixel
reflectivity (defined by the visible channel radiance)
larger than 0.8, the cloud coverage is almost unchanged
between thresholds 253 K and 230 K, which means that
most of the highly reflective (optically thick) clouds
selected by 253 K have tops at higher altitude (IR tem-
perature < 230 K). In this study, we use 235 K to
indicate the overall high cloudiness associated with
deep convection. Arkin and Meisner (1987) have also
used 235 K as the threshold IR temperature for the
GOES (Geostationary Operational Environmental Sat-
ellite) precipitation index (GPI). A colder threshold of
208 K is used to characterize the very cold cloud clus-
ters. The 208 K threshold is a closer approximation to
the boundary of the precipitating core of tropical con-
vective systems. The choice of 208 K, while arbitrary,
is a rather conservative indicator of precipitating deep
convection. For example, this definition was used to
select cloud clusters for intensive sampling by radar-
bearing COARE aircraft, which never failed to find a
radar echo (rain) area of at least comparable size to the
associated region of 208 K cloud top. The recent results
of Liu et al. (1995), using data from passive microwave
satellite sensors that sense precipitation more directly, in-
dicate that ~90%—-95% of <208 K patches ( ~3000 km?,
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the size of the SSM/I 19-GHz footprint) overlie SSM/I-
derived precipitation within that SSM/I pixel. These tem-
perature thresholds, however, are arbitrary and we do not
use them to estimate precipitation amount.

c. Percent high cloudiness

We present mean cloudiness patterns in terms of the
percent high cloudiness (PHC), which is the fractional
coverage (in time or space) of cloud with IR temper-
ature less than a given threshold. The daily, weekly,
and monthly PHC are calculated as the percentage of
images colder than the threshold temperature at each
pixel. PHC,p;s and PHC,35 will be used to denote the
fractional coverage of clouds with IR temperatures of
<208 K and <235 K, respectively.

d. Cloud cluster identification

We define a cloud cluster as a closed contour of a
threshold IR temperature in a GMS image. An objec-
tive technique to identify and track connected cloud
clusters of a specified IR temperature threshold was
developed by Williams and Houze (1987) and further
applied and extended by Mapes and Houze (1993).
The algorithm is described in detail in those studies.
To identify a cluster at a particular time, connected
areas of cold cloudiness (called line clusters) are found
within each line (row) of the data array containing one
satellite image. The line clusters on two successive
lines must share a column (not merely touch diago-
nally) to be considered connected. Each cloud cluster
is summarized by its area and centroid position. An IR
temperature threshold of 208 K defines the cloud clus-
ters identified in this study. We used this method to
identify all such cloud clusters in the field of view of
the GMS and the COARE domains (Fig. 1).

e. Large-scale wind field

The twice daily (0000 and 1200 UTC) ECMWF
wind analysis field is used to describe the large-scale
circulation over the warm-pool region. Monthly mean
and weekly mean wind fields are calculated from the
ECMWF global wind analysis with 2.5° X 2.5° grid
resolution. Wind measurements from the soundings
and TAO buoy within the OSA and IFA are used to
describe large-scale conditions over the IFA.

. Definitions of terms describing satellite-observed
cloud patterns

Since we use several terms to describe the satellite-
observed cloud patterns associated with deep convec-
tion, and since these terms tend to sound somewhat
similar, we present the following list of definitions to
aid in the discussion of results in subsequent sections
of this paper. Some of these terms have already ap-
peared, while others will be introduced later.
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Cloud cluster—A cloud cluster is a region of cold
cloud tops surrounded by a single closed contour of a
threshold IR temperature in a GMS image. For a low
threshold IR temperature, which roughly outlines a pre-
cipitation area, a cloud cluster corresponds to what is
commonly called a ‘‘mesoscale convective system’’
(MCS, Houze 1993, 334).

Time cluster— A time cluster is a set of cloud clus-
ters that exhibits temporal and spatial continuity across
at least two frames of satellite imagery. Because cloud
clusters can split and merge, a single time cluster may
consist of several cloud clusters in any given frame. If
the time cluster consists of a group of cloud clusters,
the overall group must exhibit a specified amount of
close proximity in space and continuity in time. The
members of a time cluster may form, dissipate, merge,
or split during the lifetime of the time cluster.

Supercluster—Nakazawa (1988) coined the term
“‘super cluster’”” to describe eastward-propagating
cloud ensembles with a horizontal scale of several
thousand kilometers, within which are embedded west-
ward-moving individual cloud clusters. Mapes and
Houze (1993) suggested a quantitative definition of a
supercluster; they defined a supercluster as a time clus-
ter exceeding two days in duration.

Superconvective system—As will be discussed in
section 5, we find that many spatially large time clusters
do not last as long as two days, and are not necessarily
eastward propagating. For this reason, we introduce the
term of a superconvective system (SCS), defined as a
time cluster whose maximum instantaneous size (pos-
sibly comprised of several cloud clusters, as noted
above) exceeds a total area of 9 X 10* km?. No min-
imum lifetime criterion is imposed. The lifetimes of
SCSs range from several hours to a few days. The su-
percluster, defined above, is a special long-lived case
of the more general SCS.

ISO cloud ensemble (ICE ) — An ISO has a convec-
tively active phase and a convectively suppressed
phase. We call the cloud population constituting the
convectively active phase of the ISO the ISO cloud
ensemble (ICE).

3. Overview of deep convection, SST, and
atmospheric circulation during the COARE IOP

a. Four-month mean high cloudiness, SST,
and wind fields

The mean distributions of PHC, 850- and 200-mb
winds, and SST over the warm-pool region during the
four months of the IOP (November 1992 through Feb-
ruary 1993) provide a background against which
higher-frequency variability took place. Here we ex-
amine the mean large-scale features of these fields in
the GMS domain (80°E-160°W), which spans the
eastern Indian Ocean and western Pacific. Figure 2
shows the PHC,ys and PHC,;; for the IOP over the
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at an average phase speed of ~4.5 m s™'. Convection
was very active over the COARE region (140°E—180°)
between mid-December and the beginning of January.
Shortly after this time (about 20 January), the third
ICE appeared over the eastern Indian Ocean, while the
anomalous convection declined over the western and
central Pacific. ISO3 propagated eastward slightly

faster than ISO2 at ~6.5 m s ' (Fig. 3a) and passed.

through the COARE region in late January to early
February. Both ISO2 and ISO3 produced westerly wind
bursts over the western Pacific (WWB2 and WWB3 in
Fig. 3b).

Just as remarkable as the eastward propagating ac-
tive convective episodes are the eastward propagating
suppressed cloudiness episodes, which are identifiable
in Fig. 3a as the areas with very low PHCys. Such
suppressed episodes, accompanied by anomalous east-
erlies (Fig. 3b), passed through the COARE domain
twice during the IOP. The first passage was from mid-
November through early December, the second from
mid- to late January. During these two suppressed pe-
riods, very few intense, long-lasting mesoscale con-
vective systems occurred in the COARE domain. The
physical relationship of the anomalous low-level east-
erly wind to the suppression of the deep convection
remains unclear.

Another conspicuous feature of Fig. 3a is that west-
ward propagating synoptic-scale convective distur-
bances were superimposed on the large-scale eastward
propagating signals of active convection. The most no-
ticeable are three tropical cyclones (Elsie, Gay, and
Hunt), which all formed in the Northern Hemispheric
part of the LSA in the wake of ISO1 (E, G, and H in
Fig. 3a).

c. Time series over the IFA

The intraseasonal variation of cloudiness and wind
seen in Fig. 3 provides a large-scale context in which
to view the time series of conditions in the IFA, which
was the center of operations in the COARE IOP (Fig.
1). Figure 4 shows time series of cloudiness, rain,
wind, SST, and humidity in the region of the IFA. Five-

.day running means of PHC,35 (Fig. 4a), MSU-derived
precipitation (Fig. 4b), tropospheric RH and zonal
wind component u (Figs. 4c and 4d, see Lin and John-
son 1996), and TAO surface RH, zonal wind, and SST
(Figs. 4e, 41, and 4g) all show the three active phases
of ISO1, 2, and 3 (seen in Fig. 3a), as well as the two
intervening suppressed phases. The GMS IR high
cloudiness and MSU-derived precipitation (two inde-
pendent measurements ) are consistent in the timing and
intensity of convective events over the IFA.

The IOP began at the time of the active phase of
ISO1 over the COARE domain (early to mid-Novem-
ber in Fig. 3). From 13 November to 8 December, the
IFA was in the suppressed phase of the ISO. The deep
convective activity started to increase over the IFA on
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9 December, and four successive large convective sys-
tems developed within or near the IFA (Fig. 4a). After
a short break period from 17-19 December, the IFA
returned to a much more continuous intensive convec-
tive period, which lasted from 20 December through
the first few days of January (Figs. 4a and 4b). The
suppressed phase of ISO2 lasted from 6 to 26 January.
The convective events in mid-January were not related
to the ISO, as will be discussed in section 4c. The onset
of the convectively active phase of ISO3 was not as
clearly defined over the IFA as the previous one, since
the third ICE ‘‘jumped’” over the IFA (Fig. 3a). The
ISO3 active phase lasted through most of February.
However, as we will see in section 4b, most of the
convective activity was east and south of the IFA.

The upper-tropospheric and surface humidity fields
showed a consistent intraseasonal variation in the 5-
day running means (Figs. 4c and 4e). During the first
suppressed phase, an upper-tropospheric dry tongue
(above 700 mb) dominated the IFA (Fig. 4c). The
lower-tropospheric RH (between 950 and 700 mb) in-
creased slowly from late November through early De-
cember. This increase of RH in the lower troposphere
preceded the beginning of the transition period in deep
convection (early to mid-December) before the onset
of the active phase of ISO2. The upper-tropospheric
moisture increased rapidly as soon as the first few con-
vective systems broke out during the transition period
(9-16 December). The upper-level RH peaks coin-
cided with the deep convection and precipitation over
the IFA (Figs. 4a—c). As in the case of PHC,;5 and
MSU-derived precipitation, the signal of RH for the
ISO3 transition—onset period in late January is not very
clear in the IFA.

The vertical cross section of zonal wind (Fig. 4d)
indicates three persistent low-level westerly periods as-
sociated with the three convectively active phases of
the ISO. ISO2 was the only nearly complete cycle cap-
tured over the IFA. The WWB2 first appeared near the
surface from 11 to 16 December, which is shown in
both the TAO buoy and the sounding data (Figs. 4d
and 4f). Although the 5-day running means show a
continuous increase of low-level westerly wind, the
surface westerlies measured on the TAO buoy were
fluctuating and dropped back to less than 1-2 ms™'
from 17-19 December, while the PHC,;5 indicated a
short break in convection. The westerlies gradually ex-
tended into a deep layer (from surface to near 200 mb)
and reached a maximum intensity at 850 mb around 1
January. The upper-level easterlies began to intensify
at the same time as the low-level westerlies. The peaks
of the 850-mb westerlies and the 100-mb easterlies
lagged behind the most intense convection and precip-
itation over the IFA by several days. In January, during
the suppressed phase of the ISO, the IFA was charac-
terized by anomalously strong low-level easterlies and
upper-level westerlies.
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The SST during the COARE IOP (Fig. 4g) is in
lagged quadrature with the high cloudiness and rainfall
(Figs. 4a and 4b). The SST increased (decreased) dur-
ing the convectively suppressed (active) phases of the
ISO. Although the result shown here is from a single
TAO buoy in the IFA, observations from other buoys
in the western Pacific are consistent (Zhang 1996). The
relatively low SST in the active phase of the ISO is
partly due to the reduced incoming solar radiation, en-
hanced evaporation and mixing, and deposition of cold
fresh water at the ocean surface by deep convection.

The intraseasonal variation can also be found in the
Convective Available Potential Energy (CAPE) cal-
culated from the COARE sounding data. During the
suppressed phases of the ISO, the boundary-layer in-
tegrated CAPE in the IFA was generally ~500 J kg '
higher than in the convectively active phases (Brown
1994). An increase of CAPE with time (change in
CAPE up to 1000 J kg ' or more) was also found dur-
ing the suppressed phases in several ISS sites over the
COARE LSA (David Parsons, personal communica-
tion, 1995).

d. Size distribution of cloud clusters

The representation of high cloudiness as PHC (Figs.
2, 3a, 4a) is a good way to indicate the overall amount
of cloudiness in a given area and/or time period. How-
ever it does not indicate how the cloudiness arose. For
this purpose, one must delineate and characterize the
phenomena producing the cloudiness. Most of the high
cloudiness in the COARE region is produced by dis-
crete mesoscale convective systems, which we repre-
sent as cloud clusters (defined in section 2f). The en-
semble properties of the cloud clusters are thus an im-
portant element of a complete climatology of tropical
convection.

Figure 5 shows the cumulative fraction of the total
sampled cloud area in the GMS domain accounted for
by the 208 K cloud clusters up to the indicated size for
1986-—-1987 (dotted line), 1987-1988 (dashed line),
1988-1989 (dot—dashed line), and 1992-1993 (solid
line). The thin horizontal lines divide the size distri-
bution into size quartiles, each quartile contributing an
equal amount (25%) to the total area of cloud top
colder than 208 K. The overall size distribution of the
cloud clusters for the IOP is similar to the previous 3-
yr climatology of Mapes and Houze (1993). The
boundaries for the quartiles are class 1 (<6800 km” in
area or < ~80 km in dimension), class 2 (6800-
28 300 km? or ~80—170 km), class 3 (28 300-92 800
km? or ~170-300 km), and class 4 (>92 800 km?, or
> ~300 km). Previous studies of tropical cloud clus-
ters (Williams and Houze 1987; Machado et al. 1992;
Mapes and Houze 1993) show that cluster sizes are
nearly lognormally distributed but deviate from the log-
normality in both the smallest and largest ends of the
distribution.
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FiG. 5. Cumulative size distributions of 208 K cloud clusters. Frac-
tion of the total sampled cloud area that is accounted for by the 208
K cloud clusters up to the indicated size for 1986—1987 (dotted line),
19871988 (dashed line), 1988—1989 (dot—dashed line), and 1992
1993 (solid line). The thin horizontal lines divide the size distribution
into size quartiles, each quartile contributing an equal amount to the
total area of cloud top colder than 208 K.

The population of cloud clusters in the three COARE
domains (IFA, AAA, and LSA in Fig. 1) is shown in
time series in Fig. 6. Each dot represents an occurrence
of a cloud cluster with a specific size, expressed as
equivalent radius R, = (A/7) "%, where A is the cluster
area on an hourly GMS IR image. Horizontal lines
mark the boundaries of the size class quartiles defined
by Fig. 5, which are slightly different than the classi-
fication used for the COARE IOP aircraft missions
(Chen et al. 1995). The small class 1 cloud systems
were present on more than 80% of the IOP days in the
IFA (Fig. 6a), whereas class 4 systems occurred within
the IFA on only ~10% of the IOP days.

The different large-scale regimes, including two sup-
pressed phases (from mid-November to early Decem-
ber and mid-January) and two active phases (mid-De-
cember to early January and February) of deep con-
vection associated with the ISO, are apparent in the
total number of cloud clusters shown in Fig. 6. This
variation is much more pronounced in the larger clus-
ters than the smaller clusters. Most of the very large
clusters were found only during the active phases of the
ISO. The cloud population in other years has a similar
behavior (Mapes and Houze 1993).

e. The diurnal variation of cloudiness

Figure 7 shows the diurnal cycle of area covered by
<208 K cloudiness during the COARE IOP in a region
bounded by 10°N—-10°S, 152°E-180° subdivided ac-
cording to cloud cluster size. This domain avoids the
large islands so that the diurnal cycle in Fig. 7 comes
primarily from oceanic cloud clusters. The diurnal cy-
cle of the total area of cold cloud coverage is stratified
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in Fig. 7 according to the four cluster-size quartiles
(Fig. 5). This stratification shows that the diurnal cycle
of the cloud clusters in the COARE IOP was size de-
pendent. The amplitude of diurnal variation increases
with the size of each cluster quartile. The area covered
by the smallest clusters (class 1) had a very small am-
plitude of diurnal variation, while the largest clusters
had a strong diurnal variation with a peak in the early
morning hours and a minimum in the afternoon. The
amplitude (dawn to dusk ratio ) was nearly 10:1, some-
what larger than that found in the Mapes and Houze
(1993) study. The diurnal behavior of these large con-
vective systems will be discussed in section 5.

4. ISO and 2-day disturbances as revealed by total
high cloudiness in relation to the large-scale
wind field

a. Multiscale approach

Figures 3, 4, and 6 showed that the ISO dominated
the atmospheric variability over the warm pool during
the COARE IOP. Three enhanced-cloudiness phases

were separated by two suppressed-cloudiness phases
(Fig. 3a). The wind varied in conjunction with the con-
vectively active and suppressed phases of the ISO
(Figs. 3b, 4d, and 4f), with westerly wind bursts
(WWB2 and 3) occurring in connection with ISO2 and
3. In this section, we examine more closely how the
total cloudiness (e.g., as represented by PHC) related
to variations in the large-scale wind field during each
of the ISO events by proceeding down scales in both
time and space.

We will first break the IOP mean cloud pattern of
Fig. 2 down into weekly segments to see how the geo-
graphic structures of overall cloudiness and wind over
the entire tropical Indo—Pacific region change as the
ISO proceeds (section 4b). In section 4c, we will pres-
ent high-resolution time—longitude sections of total
high cloudiness and wind data to emphasize synoptic-
scale and mesoscale features that are filtered out in the
weekly patterns. In section 5, we will break the total
(mean) cloudiness patterns down into individual cloud
clusters to investigate how the clusters group together
in time and space to make up the large-scale cloud pat-
terns. By focusing on successively smaller time and
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F1G. 7. Diurnal cycle of the accumulated cloudy area covered by
the 208 K cloud clusters over the domain of 10°N—-10°S, 152°E—180°
for each of the four size classes.

space scales in these following discussions, we show
how deep convective activity in the Tropics is the prod-
uct of coherent group variability of smaller-scale con-
vective systems.

b. Weekly high cloudiness and wind: Horizontal
structure of the ISO

Figure 8 shows weekly maps of PHCys and mean
ECMWF wind analysis at 850 mb. These maps em-
phasize the horizontal variability of deep convection
and large-scale circulation during COARE. In addition
to the zonal propagation of the ISO seen in the time—
longitude plots (Fig. 3), the weekly maps show the
meridional structure of the ISO and other large-scale
disturbances. Tropical cyclones and other large-scale
vortices, the Australian monsoon, and westerly wind
bursts are all more clearly described by the weekly
maps. The mean central locations of the three ISO
cloud ensembles are marked as ICE1, 2, and 3 on the
weekly maps in Fig. 8. Features evident in Fig. 8 but
not seen in the four-month mean fields of PHC and
wind of Fig. 2 or in the time—longitude format of Fig.
3 are as follows.

1) The seasonal cycle strongly affected the meridi-
onal structure of the ISO. The maximum PHC and
strongest westerlies migrated from the Northern Hemi-
sphere in October—November (Figs. 8a—f) to the
Southern Hemisphere in January-February (Figs. 8k—
s). ICEl was north of the equator (0°—10°N, in Figs.
8a—d). ICE2 and ICE3 gradually shifted to south of
the equator (5°—10°S, Figs. 8h—~p) during the Austral
summer. Hendon and Salby (1994) and Takayabu
(1994) noted a similar southward seasonal shift in
other years.

2) The ICE interacted with the ITCZ and the SPCZ.
Convection was active in the ITCZ near the dateline
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during the suppressed phases of the ISO over the west-
ern and central Pacific region (Figs. 8a, 8f, 8m-o0) and
was suppressed during the active phase of each ISO
(Figs. 8c, 8i—j, and 8q). The ITCZ and the SPCZ tend
to reestablish quickly after the ICE has diminished.

3) Westerly wind bursts during COARE had a wide
range of spatial and temporal scales and were not al-
ways associated with the ISO. Murakami and Suma-
thipala (1989) and Sui and Lau (1992) showed that the
WWBs can vary from several days to several weeks.
COARE included events lasting from one week (150°—
170°E in Fig. 8d and 170°E-180° in Fig. 8g) to almost
three weeks (Figs. 8j—1 and 8p—r). Although the phys-
ical nature of interaction between WWBs and deep
convection on these spatial and temporal scales is the
subject of debate, the collocations of the two are evi-
dent.

4) Rossby-wave-like disturbances (double cyclonic
gyres straddling a belt of strong westerlies) were evi-
dent in all three events of ISO but not necessarily cen-
tered on the equator. Such cyclonic gyres occurred both
over the eastern Indian Ocean (80°—-90°E, in Figs. 8f,
8m, and 8n) and the western Pacific (Figs. 8g, 8j, 8k,
and 8s). The high cloudiness tended to be strongly en-
hanced in the gyres and in the enhanced westerlies ly-
ing between the gyres. In a numerical modeling study,
Lau et al. (1989) suggested that a cyclonic vortex pair
straddling the equator is associated with the Rossby
modes generated at the development stage of the Kel-
vin mode disturbances. Previous observations show
that the cyclonic gyres can develop into double-cyclone
pairs on both sides of the equator when the WWB and
the gyres are nearly symmetric about the equator (Keen
1987; Chen 1993). During COARE, the cyclonic gyres
were often not symmetric about the equator (e.g., Figs.
8k and 8s), and COARE contained no examples of
double-cyclone pairs. In fact, the observed WWBs and
the most intense convection in COARE were usually
not symmetric about the equator, suggesting substantial
non-Kelvin components. This asymmetry of WWB can
also induce a rather different oceanic dynamical re-
sponse than those centered on the equator.

5) The development of tropical cyclones Elsie, Gay,
Hunt, and Kina were closely related to near-equatorial
westerlies and their associated gyres. WWB1 (150°E,
Fig. 8b), associated with the ISO1, was centered
slightly north of the equator. The cyclonic gyre north
of the westerlies became cyclone Elsie (Figs. 8b and
8c). The twice daily ECMWF wind analyses reveal
that the near-equatorial westerlies associated with Elsie
were a precursor to a short period WWB over the
COARE LSA (Fig. 8d). This relatively short-lived
WWB and associated cyclonic circulation north of the
westerlies spawned the tropical cyclones Gay and Hunt
(~150°-170°E, Fig. 8¢). WWB2 (160°E in Fig. 8;j),
associated with the ISO2, was centered at 3°S. As a
result, in this case, the Southern Hemisphere cyclonic
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eastward-propagating convective and zonal wind
anomalies.

c. Synoptic-scale and mesoscale features

To reveal synoptic-scale (one to several days) and
mesoscale (a few hours to a day) variability, Fig. 9
shows high-resolution time—longitude sections of total
high cloudiness and 850-mb wind. At each time and
longitude, the color indicates the fraction of a 10° lat-
itude band (5°N-5°S for November; 0°—10°S for De-
cember, January, and February) that was covered by
cloudiness with IR temperature less than 208 K. The
wind vectors are the daily (average of 0000 and 1200
UTC) ECMWEF wind analysis at 850 mb averaged over
the same 10° latitude band.

In November (Fig. 9a), the deep convection was rel-
atively active in the wake of ISO1 earlier (also see Figs.
8c and 8d) and became suppressed over the LSA in the
second half of the month (Figs. 8¢—g). The subsequent
development of two large convective systems during
10-11 November (Fig. 9a) coincided with a ~5-day
period of strong surface-to-midtropospheric westerly
wind seen in Figs. 4d and 4f. The maximum meridio-
nally averaged westerly wind at 850 mb was 20 m s~
(Fig. 9a), while the actual local wind measured by the
ISS site in Nauru (~165°E) reached over 30 ms™’.
Inspection of the twice daily ECMWF wind analysis
(not shown) indicates that this relatively short WWB
may have been related to tropical cyclone Elsie (Figs.
8b and 8c). The IFA and OSA (150°-165°E) were
relatively suppressed from 13 November to 9 Decem-
ber (Figs. 9a and 9b), except for isolated deep con-
vective clouds and a few relatively short-lived meso-
scale convective systems in late November.

In the COARE IFA longitude, December (Fig. 9b)
brought a striking transition from a period of substan-
tially suppressed convection to some of the most active
convection in COARE. During the suppressed phase of
1ISO2 (mid-November to 9 December), the low-level
wind was generally weak over most of the LSA (140°—
180°E). Starting 8—10 December, moderate westerlies
associated with the eastward propagating ICE2 ap-
proached the IFA from the west, while strong low-level
easterlies developed east of the IFA. The suppressed
period in the IFA was interrupted on 10 December by
four westward-propagating groups of cloud clusters
across the longitude of the IFA during 10-16 Decem-
ber. Meanwhile, low-level westerlies started to increase
to the west of the IFA (Fig. 9b).

A seemingly sudden onset of convective activity and
strengthening westerlies near 140°-170°E is seen on
20 December. Throughout the period 20—31 Decem-
ber, the westerlies strengthened and extended eastward
as ICE2 slowly propagated eastward. At the end of the
month, the westerlies spanned a longitudinal sector
from 140°E to 170°W, with maximum amplitude (av-
eraged over the 0°—10°S latitude band) greater than 20
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m s~!. This strong westerly period constituted WWB2,
which was the best defined WWB in COARE. ICE2
remained near the leading edge of the westerly region
as it propagated eastward (Fig. 9b). WWB2 and ICE2
provide an excellent opportunity for case studies of the
interaction between the convection and the wind field.

The IFA and LSA were suppressed for most of Jan-
uary (Fig. 9¢), except for a short period of convective
activity in the middle of the month (17-19 January,
see Figs. 4a, 4b, and 6). The zonal winds in the
COARE longitudes swung from westerly to easterly as
ISO2 receded toward the east and ISO3 approached
from the west. The ICE3 cloudiness seems to disappear
near 130°E because it dropped south of the 0°—10°S
latitude band displayed in Fig. 9c (see Figs. 8o and 8p).
Despite this shortcoming of Fig. 9¢, ICE3 did ‘‘jump”’
over the IFA (Figs. 8n—p). Anomalous low-level east-
erlies predominated along with a lack of deep convec-
tion in the IFA in January. Several large, relatively iso-
lated, convective systems (developed within the ITCZ)
propagated into the COARE domain from the northeast
and some redeveloped within the LSA.

ICE3 became quasistationary over the western Pa-
cific region near the date line in early February (Fig.
9d), and the LSA remained under the strong westerly
regime (WWB3) to the west of ICE3. WWB3 and the
deep convection actually shifted westward from 9 to
28 February (Fig. 9d) in the form of westward-prop-
agating Rossby-wave-like disturbances in the wind
field shown in Figs. 8r—s.

Especially striking in Fig. 9 are westward-propagat-
ing disturbances with a local periodicity of ~2 days
(e.g., 9—19 December in Fig. 9b and 1-9 February in
Fig. 9d). The 2-day disturbances occurred in all the
ICEs (e.g., throughout all of December in Fig. 9b in
ICE2 and from late January to late February in Fig.
9d). These disturbances gave rise to a ~2-day vari-
ability of IR temperatures in the time series over the
IFA (Fig. 10).

Figure 10 illustrates the vertical structure of the
~2-day variation of total cloudiness. Contours are
the percent area covered by infrared cloud-top tem-
peratures in 5 K intervals over the IFA during the
periods of 9—17 December and 20-28 December.
Temperature axis is inverted to make it resemble a
height coordinate. Eight well-defined events with a
near 2-day period can be seen (i.e., 9, 11, 13, and 15
December in Fig. 10a and 20, 22, 24, and 26 Decem-
ber in Fig. 10b). Typically these systems began as a
rapid development of very cold clouds. They subse-
quently weakened and left long-lasting large decay-
ing (warmer) cloud shields, which persisted through
the next day. The low-6, downdrafts produced by
these large convective systems may prevent new con-
vection from developing in the second day by ‘‘shut-
ting off ’’ the boundary layer. A slow boundary-layer
recovery time (up to ~18 h) is observed by Parsons
et al. (1994) in the wake of a convective system dur-
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in the next section that the 2-day variation in IR tem-
peratures is associated in part with westward propa-
gating disturbances with a distinct diurnal modula-
tion, which have a near 2-day periodicity at a given
location.

5. Cloud clusters in relation to the ISO and
2-day disturbances

This section examines the cloud entities com-
prising the total cloudiness patterns seen in Figs.
2, 3, 8, and 9. The basic cloud entity in this dis-
cussion is the cloud cluster, which we have de-
fined as a closed contour surrounding a spatially
contiguous region of cloud-top temperature < 208
K in an IR satellite image (section 2b and d). In this
section, we investigate how cloud clusters group to-
gether in time and space to produce the regions of
anomalous high cloudiness associated with the ISO
and 2-day disturbances noted at the end of the last
section.

a. Cloud clusters of December 1992

Figure 11 is a time—longitude plot of all cloud clus-
ters between the equator and 10°S (except in Figs. 11b
and 11d, which includes clusters between 1°N and
10°S) during December 1992 (cf. Fig. 9b). Boxes in
Fig. 11a indicate regions that are examined in greater
detail in Figs. 11b—e. Each cloud cluster is indicated
at the position of its centroid by an oval. The size of
each oval is proportional to the actual size of the cloud
cluster (cloud clusters smaller than 2000 km? are not
plotted). Chains of cloud clusters show the life cycles
of particular convective systems that consist of these
cloud clusters. The east—west progression of the chains
indicates the zonal component of their motions. Note
that the zonal motion of these satellite-observed cloud
clusters may differ from the motion of the intense con-
vective components within each cloud cluster.

The general band of enhanced cloudiness from the
upper left to lower right indicates the progression of
ICE2, which became particularly intense after 20 De-
cember near 160°-180°E. As ICE2 migrated discontin-
uously eastward from the eastern Indian Ocean to the
central Pacific, the patterns formed by the cloud clus-
ters within ICE2 were highly variable. However, Fig.
11 reveals certain systematic features within this large-
scale ensemble. The myriad of individual clusters in
Fig. 11a was not a random distribution. Within the en-
velope of the ICE2, westward propagating streaks of
the cloud clusters, with a periodicity of ~2 days, are
apparent, especially during middle to late December.
These wavelike disturbances consisted of groups of
westward propagating (and some eastward-propagat-
ing) cloud clusters.

Figures 11b and 11c show that these disturbances
propagated westward at 10—15 m s ™' over a zonal dis-
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FiG. 11. Time-longitude diagrams of cloud clusters (IR tempera-
ture < 208 K) centered between 0° and 10°S (1°N and 10°S for b and
d), (a) December 1992, (b) and (c) enhanced windows for 8—19 and
20-31 December, and (d)—(e) enhanced windows for 11-17 and 22—
28 December. The date marker is at 0000 UTC (or 1100 LST at
156°E). Sizes of each oval are proportional to the sizes of actual cloud
clusters. Arrows and numbers in (d) indicate the location and date of
each aircraft mission during 12—15 December 1992. A, B, and C in
(e) indicate three convective systems.

tance of 2000—4000 km. At a fixed longitude, the pas-
sage of these disturbances accounts for the 2-day pe-
riodicity of cloudiness noted in the spectral studies of
Lau et al. (1991), Sui and Lau (1992), Hendon and
Liebmann (1994), and Takayabu (1994). Nakazawa
(1988) suggested that the westward propagating cloud-
iness anomalies were embedded in larger-scale intra-
seasonal eastward propagating convective anomalies.
However, he postulated that the westward propagating
feature was a single cloud cluster (or a single convec-
tive system). Figures 11b and 11c show that a west-
ward propagating 2-day disturbance was typically
made up of a fluctuating group of separate convective
systems whose lifetimes were individually much less
than the 2-day disturbance in which they occur. Cloud
clusters within the 2-day disturbances went through se-
quential growth, splits, mergers, dissipation, and rede-
velopment within the same zonal disturbance with a
horizontal scale of thousands of kilometers. This cloud-
cluster ensemble structure of the westward propagating
2-day disturbances differs from Nakazawa’s descrip-
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tion of the streak of cold cloudiness as a single west-
ward moving cluster. ,

Cloud clusters are highly intermittent in space and
time and they are subject to diurnal variability (Fig. 7).
Careful inspection of the GMS IR images and COARE
aircraft and ship radar data indicates that the cloud clus-
ters correspond to contiguous precipitation areas of
100-200 km?* and were generally part (or a snapshot)
of convective systems. The patterns are complicated by
the fact that each individual convective system has a
complex lifecycle, which involves some combination
of movement, merging, splitting, strengthening, weak-
ening, and dissipation. The behavior of individual con-
vective systems is affected by environmental winds
(e.g., LeMone et al. 1984; Rotunno et al. 1988), which
were fluctuating locally, cold-pool dynamics (e.g., Zip-
ser 1969) and other convective triggering mechanisms,
gravity wave dynamics (Bretherton and Smolarkiewicz
1989; Mapes 1993), local distributions of atmospheric
humidity and sea surface conditions, and other factors
distinct from the dynamics of the 2-day disturbances in
which the clusters were embedded.

Although the westward propagating disturbances
flourished within ICEs, they were also evident at other
times, for example, 10—11 November (150°-165°E,
Fig. 9a). In December, 208 K cloudiness shows a sim-
ilar 2-day interval east of the date line (Fig. 9b), which
was not part of ICE2. This observation suggests that
the westward propagating 2-day wave-like distur-
bances are not uniquely related to the intraseasonal os-
cillation.

b. Cloud clusters during the onset of westerlies

Figure 11b and its further enlargement Fig. 11d show
that a series of westward propagating cloud clusters, or
groups of cloud clusters, affected the COARE longi-
tudes during mid-December in the early stage of the
development of the intense convection and strong low-
level westerlies of the December westerly wind burst
over the COARE domain (Fig. 9b). Figure 11d indi-
cates that, in some cases, the cloud clusters comprising
the 2-day westward propagating disturbances moved at
the same speed as the overall disturbance, while at
other times the centroids of the cloud clusters were zon-
ally stationary or even moved eastward (e.g., on 14 and
15 December). These observations suggest that the 2-
day wave has an existence and intrinsic scale beyond
its embedded deep convection structures or, in other
words, that it contains a clear-air signal in addition to
its convective cloudiness signal with comparable time
and space scales for the cloudy and clear regions. Per-
haps a very careful examination of thermodynamic data
from this period could illuminate the mechanism of or-
ganization of the convection by the 2-day wave.

Three well-defined examples of the westward prop-
agating 2-day disturbances occurred between 140° and
165°E (in the vicinity of the IFA) on 11-15 December.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 53, No. 10

Four COARE aircraft missions sampled two of these
disturbances. Arrows in Fig. 11d show the location of
the aircraft at the approximate midtimes of the four
flights. The flights were in four separated convective
systems.

Figures 12a and 12b show both satellite and radar
views of two of the cloud clusters sampled by the
COARE aircraft. Airborne radar data obtained with the
NOAA WP-3D aircraft lower-fuselage radar on 12 De-
cember (Fig. 12a) showed that the cloud cluster in Fig.
11d represented a typical large tropical oceanic cloud
cluster (Houze and Betts 1981). This cloud cluster had
a leading region of convective precipitation (more in-
tense spots of echo on its southwest side in Fig. 12a)
and a trailing region of stratiform precipitation (rela-
tively uniform weak-moderate echoes on the northeast
side in Fig. 12a). The leading-line—trailing-stratiform
echo structure was maintained by discrete redevelop-
ment, not continuous propagation. The 12 December
system died during the time of the diurnal minimum in
the early afternoon of 13 December. New convection
broke out along a convective cloud line in the vicinity
of the dissipated 12 December convective system and
tracked slowly northwestward as it grew and intensified
(Figs. 12a—b). The precipitation patterns of the 13 De-
cember system were more complex with multiple con-
vective and stratiform regions (Fig. 12b). In both pan-
els, the radar indicates large contiguous rain areas com-
parable to the T < 208 K areas, which are enhanced
in red. ] ‘

The cloud clusters in the néxt 2-day disturbance in
the vicinity of the IFA (150°~165°E) on 14-15 De-
cember formed a very complex pattern in the time—
longitude plot shown in Fig. 11d. Aircraft sampled two
individual convective systems on 14-15 December
(arrows in Fig. 11d), respectively. The cloud clusters
on these two days did not form as a continuous pattern
in time—longitude space as did the cloud clusters on
12—13 December.

The airborne radar data obtained on all four flights
(12—-15 December) repeatedly showed precipitation
patterns typical of mesoscale precipitation features, as
previously reported by Leary and Houze (1979) and
many others. The mesoscale precipitation features were
individually ~100-200 km in dimension. Often these
mesoscale precipitation features were juxtaposed so
closely that they combined to form contiguous or
nearly contiguous precipitation over a region several
hundred kilometers in dimension (Fig. 12b). In the
cloud clusters observed by aircraft, the satellite-ob-
served cloud shields with 7 < 208 K reached class 4
in size (Fig. 5) and corresponded closely to the large
precipitation area formed by the juxtaposed mesoscale
precipitation features. Two of the four convective sys-
tems (13 and 15 December) investigated by aircraft
were class 4 in size. Note that even at this extreme size,
these convective systems all had lifetimes of less than
one day.
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The effect of the diurnal cycle on the cloud clusters
is clearly evident. Each of the four aircraft-sampled
convective systems died out during the time of the di-
urnal minimum (~0000-0300 UTC or 1100-1400
LST, see Fig. 7). Most of them were enhanced with a
large areal extent at ~1800 UTC (0400 LST). Such
diurnal behavior is found in almost all of the large con-
vective systems.

¢. Cloud clusters during the westerly wind burst

Figures 11c and 11e focus on the intense convection
of late December. During this period, ICE2 became
very intense and the lower-tropospheric westerlies
spanned over 40° of longitude (Fig. 9b). The ovals
making up ICE2 in Fig. 11c and 1le are larger and
much more numerous than those in Fig. 11d. Despite
the strong westerly flow, the chains of ovals in Figs.
11c and 1le indicate that a great many cloud clusters
(more than 60%) tended to track westward, presum-
ably by discrete propagation or successive redevelop-
ment. Again, the diurnal effect is apparent, and the
clusters are more pronounced around 1800 UTC (early
morning) than at 0600 UTC (afternoon) on each day.
Four 2-day westward-propagating disturbances (i.e.,
2122, 23-24, 25-26, and 27-28 December) were
still evident, though less clear than those in Fig. 11d,
during this period.

During the most convectively active period shown
in Fig. 11e, the ovals representing cloud cluster cen-
troids tend to jump around rather erratically (especially
system B on 24 December). The reason is that as cloud
clusters merge and split from one satellite image to the
next, centroids can move discontinuously. This fre-
quent merging and splitting is an early indication that
the convection of late December was so active that the
scale-separation between MCSs, with typical scales of
~100-200 km, and the larger scales (1000’s of km)
began to break down.

The horizontal structures of three convective systems
A, B, and C (as indicated in Fig. 11e) are illustrated in
Fig. 13, which shows satellite IR images every 6 hours
(except panels a, b) for two days. The three convective
systems were extremely large, tangled, and complex,
and there is ambiguity about where one ended and the
next began. The colder cloud tops suggest considerable
substructure on the 100-200-km scale, the size of
mesoscale precipitation features (Leary and Houze
1979). Figure 12c shows a radar echo in a portion of
the convective system B, two hours after the time of
Fig. 13c. It shows that a large contiguous region of
precipitation underlay the region of cloud-top temper-
ature < 208 K, extending to and presumably beyond
the range of the MIT radar on R/V Vickers. Viewing
of the ship radar data in time lapse reveals that con-
vective system B contained several mesoscale precip-
itation features ~100-200 km in dimension. At some
times these precipitation features were separated. At
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other times, they merged and interacted, like that
shown in Fig. 12¢. The rain area covered a region
> 350 km in dimension, corresponding roughly to the
region of IR temperature < 208 K. However, close
inspection of sequences of radar images reveals that the
~100-200 km features were present as regions of
higher reflectivity within the general large rain area.

The diurnal cycle of various cloud-top temperatures
is well demonstrated in Fig. 13. There were many more
large blue areas (220-235 K) than red (<208 K) dur-
ing the local afternoon (Figs. 13b and 13f). The 208
K area was dominant during predawn hours (Figs. 13d
and 13h). This behavior is consistent with Fig. 10,
which shows that convective systems began as the ex-
pansion of very cold cloud tops in the first day (e.g.,
A in Fig. 13a and C in Figs. 13f—h) and weakened to
become a large region of decaying warmer cloud tops
(e.g., A and B in Figs. 13b and 13f) during the follow-
ing afternoon. Convective system B developed 10° to
the west of A (Fig. 13b) and ‘intensified to maximum
areal extent at the time of diurnal maximum in the early
morning (Fig. 13d). Convective system C developed
in a relatively clear region where convective system A
was active two days earlier and dissipated near 168°E
(Fig. 13b). Such behavior of convective systems was
quite common within ICE2.

d. Time clusters and superconvective
systems (SCSs )

To gain more insight into the organization of giant
clusters and the characteristics of groups of cloud clus-
ters within ICEs and the 2-day disturbances, we applied
the tracking program of Williams and Houze (1987) to
the four months of satellite IR data over the entire GMS
domain. This program identifies and follows time clus-
ters defined in section 2f. A time cluster is a set of cloud
clusters (defined by the 208 K IR temperature thresh-
old, section 2b) that exhibit time continuity through a
series of satellite images. The criterion for time conti-
nuity was developed by Williams and Houze (1987)
and retained by Mapes and Houze (1993). If the area
of overlap of any two cloud clusters from one satellite
image to the next (typically 1 hour apart) exceeds 5000 -
km?, or if it exceeds 50% of the area of either cloud
cluster, then the time continuity is established. Note
that a time cluster may consist of one or more cloud
clusters at a given time.

Figure 14 shows the lifetime versus the maximum
size achieved by each time cluster during the COARE
IOP over the entire GMS domain. The maximum size
is expressed as a characteristic linear dimension (the
square root of ‘the area of IR temperature < 208 K
cloud extent at the time of the maximum extent). Al-
though maximum size is not very well correlated with
lifetime, the likelihood that a time cluster will exceed
a particular lifetime increases with increasing maxi-
mum time-cluster size (the upper limit of the point
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F1G. 14. Scatterplot of time cluster sizes versus lifetime over the
warm pool (entire GMS domain in Fig. 2) during the COARE JOP.
Each dot represents a particular time cluster with the maximum size
reached during its lifetime.

spread in Fig. 14 increases more or less linearly with
increasing maximum time-cluster size). Small, short-
lived time clusters are the most numerous, but the few
time clusters with very long duration and very large
maximum size contain a sizable fraction of the total
208 K and colder cloud-top area. In particular, time
clusters lasting over 48 hours (including five tropical
cyclones) constituted some 15% of the total time clus-
ter cloud coverage. Mapes and Houze (1993) termed
these long-lived (>2 days) trackable entities super-
clusters (section 2f). Time clusters lasting over 24
hours constituted ~30% of the total time cluster cloud
coverage. Note that small cloud clusters with the 208
K area less than 5000 km?, which constituted about
20% of the total 208 K cloud coverage, are not included
in the cloud coverage of the time clusters in Fig. 14.

Figure 14 includes many time clusters with a maxi-
mum size exceeding 300 km in dimension, which is the
threshold that distinguishes the upper quartile (Class
4) of cloud clusters (Fig. 5). However, many of these
large time clusters were of relatively short duration (12
hours or less). To describe these large time clusters,
we define, without regard to duration, a superconvec-
tive system (SCS, section 2f) as any time cluster that
achieves a maximum size > 300 km in dimension
(right-hand portion of Fig. 14). This size criterion is
the same as that used to define a class 4 cloud cluster
(exceeding 9 X 10* km? in area, see Fig. 5). Note that
every class 4 cluster (largest size quartile) is part of an
SCS. The superclusters, which had lifetimes exceeding
2 days, were a subgroup of SCSs (upper right portion
of Fig. 14).

Williams and Houze (1987) and Mapes and Houze
(1993) have found that giant cloud clusters start to de-
viate from a lognormal distribution when they reach
300 km in dimension. The deviation from lognormality
suggests that 300 km is the typical limit of the size of
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upper-level cloud tops of an individual cloud system
(Lopéz 1977). A scale of 300 km is approximately the
maximum horizontal distance that ice particles can
travel from their convective-cell sources before falling
out. SCSs whose maximum size exceed 300 km were
invariably composed of multiple MCSs.

The cloud clusters within an SCS may either split
from a common parent cluster or merge with each other
during the lifetime of the SCS. However, an SCS can
have a variety of structures and behaviors: it can be
either a westward or eastward propagating time cluster,
it may consist of one or several distinct cloud clusters,
and its lifetime can be from several hours to a few days.
These SCSs are best described by some examples from
COARE.

e. Time clusters of December 1992

Figures 15a and 15b are time—longitude plots of time
clusters (including only the cloud clusters > 5000 km®
in area) for the same middle and late December periods
examined in Figs. 11d and 11le within the same basic
domains. The latitude band in Fig. 15a extends to 3°N
in order to include the entire lifecycles of three large
time clusters between 140°-165°E on 11-13 Decem-
ber. In Fig. 15, an oval is plotted at the centroid of all
the cloud clusters making up a time cluster present at
each hour. The size of the oval is the sum of the area
covered by the member clusters of the time cluster at
that time. Each oval thus represents an instantaneous
time cluster. SCSs are labeled with a subscript accord-
ing to the date of their initiation.

The overall westward propagation speed of the 2-
day disturbances (identified in Fig. 11d, propagating
from 165°E to 135°E during 11-17 December) is
~10-15 m s™'. Figure 15a indicates that this mean
motion consists of discrete regeneration of a new time
cluster to the west (hundreds of km away) of the old
time cluster during the daytime hours (diurnal mini-
mum of T < 208 K area, see Fig. 7) and a nearly sta-
tionary or even eastward-moving centroid of the con-
vective area during the night to dawn hours (diurnal
maximum of T < 208 K area) in which the time cluster
expands rapidly. This diurnal modulation is more ap-
parent in Fig. 15a than Fig. 11d.

All three 2-day disturbances in Fig. 15a exhibit this
diurnal behavior. Each of these 2-day disturbances con-
sisted of a few SCSs plus many smaller time clusters.
Within each of the 2-day disturbances, some of these
SCSs (e.g., SCS,y, SCSyjp, and SCS,;) propagated
westward up to 15 m s™', some were nearly stationary,
while others moved slightly eastward (e.g., SCS,j,,
SCS,4, SCS;5, and SCS¢) during the time of diurnal
maximum of convective activity (1200-2000 UTC,
i.e., night to dawn hours) when the cloud clusters
within SCSs were expanding outward from the centroid
in all directions. In almost all of these westward-prop-
agating disturbances, SCSs were separated by the di-
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urnal minimum of cold cloudiness in the daytime hours
on each day.

Figure 15b shows a transition to a somewhat differ-
ent behavior than that seen in Fig. 15a. During 22-24
December, the westward propagating 2-day distur-
bances were still evident. Four SCSs (SCS,,, SCS,,,
SCSy;, and SCS,,) had a behavior similar to that seen
in Fig. 15a. However, the size of these SCSs was vis-
ibly larger than those in Fig. 15a as the convective ac-
tivity increased. During the most active phase of the
1SO2, in late December, the cloud clusters were so nu-
merous and overlapping that the tracking program
tracked almost the entire ICE2 as a 5-day long super-
cluster. SCS,, reached its maximum area (>1.2 X 10°
km?) on 28 December at 165°~175°E. This long-lasting
eastward propagating time cluster satisfied the defini-
tion of a supercluster by the criteria of both Nakazawa
(1988) and Mapes and Houze (1993). Between 25 and
28 December, the centroid of this supercluster drifted,
somewhat erratically, eastward slowly at ~1 ms™', a
typical speed for the ISO during its slow passage over
the climatologically convective region of the western
Pacific.

The observations presented here raise an important
question. What is the natural scale of convective or-
ganization over the western Pacific warm pool? From
the examinations of the satellite IR images at various
resolutions, it is surprisingly difficult to say. One can
identify individual precipitating convective cells in ra-
dar data (e.g., Fig. 12). However, attempts to follow
such a cell through its lifecycle to obtain a description
of the prototype member of the ensemble of cumulo-
nimbus is almost impossible since initially well-defined
cells and convective line segments eventually lose their
identity and merge into larger, longer-lived mesoscale
contiguous areas of precipitation. For this reason, con-
vective meteorology in recent decades has come to con-
sider mesoscale convective systems (MCSs, e.g.,
Houze 1993 and many others) as a fundamental unit of
convective precipitation. The MCS consists of both
convective and stratiform precipitation regions, but
within these regions the identities of individual cells
often get lost. One of the most important mechanisms
in the MCS is the boundary-layer cold pool that is
formed by the collective effects of convective down-
drafts in an MCS. This cold pool triggers the devel-
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opment of new convective cells at its edges, thus main-
taining the continuity of the system.

The time cluster tracking technique is a similar
attempt to follow a single MCS or SCS through its
lifecycle in order to obtain a prototype for a statis-
tical treatment of the ensemble of MCSs whose col-
lective effects interact with some larger-scale dis-
turbances such as the 2-day wave and the ISO. In
some cases, the MCSs and SCSs can be distin-
guished from the large-scale disturbances (Fig. 15a)
in which they are embedded. However, Fig. 15b
suggests that, in some other situations, this effort
can also fail. Initially distinct MCSs merge and split
so freely that they lose their individual identities
during the most convectively active period in late
December. The organizing mechanism in these en-
sembles of cloud clusters remains substantially un-
known but almost certainly involves more than the
boundary-layer cold pool dynamics that organize
convective cells into MCSs.

6. Conclusions

We have provided an overview of deep convection
and large-scale flow over the eastern Indian Ocean and
the western Pacific warm-pool region during TOGA
COARE. Three episodes of the intraseasonal oscilla-
tion (ISO) were strong modulators of the frequency of
deep convection in the COARE domain. The eastward-
propagating ISO was superimposed on the seasonal cy-
cle and interacted with other climatological features
such as the ITCZ and the SPCZ over the western Pacific
(Fig. 8). Within the envelope marking the convectively
active phase of the ISO, cloud clusters were frequently
organized into westward-propagating 2-day distur-
bances, with a strong diurnal signal superimposed on
them. These multiscale characteristics of deep convec-
tion and its relation to the large-scale circulation, as
well as some implications for further theoretical studies
of tropical convection and equatorial waves, are sum-
marized as follows.

1) Most of the deep convection in COARE occurred
in three convectively active periods separated by two
suppressed periods (Figs. 3, 4a, and 4b). The fre-
quency of deep convection during the active phase of
the ISO was nearly ten times that of the suppressed
phase. During the suppressed phases of the ISO, the
SST in the COARE IFA increased to a significantly
higher value than in the active phases (Fig. 4g), as was
the case for the boundary-layer integrated CAPE
(Brown 1994; David Parsons, personal communica-
tion, 1995). The near absence of deep convection over
a large portion of the tropical western Pacific (Figs. 8e,
8g, and 81) sometimes lasted for as long as ten days or
more (Figs. 4a and 4b). This is of particular concern
regarding the assumption that is often made in theo-
retical and modeling studies: the Tropics is always in
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a state of convective quasi-equilibrium. Under this as-
sumption, the convective instability is removed by deep
convection continuously so that the tropical atmo-
sphere remains in a nearly equilibrium state ( very small
changes in CAPE) on timescales longer than convec-
tive scale (~1 day or less). The validity of such as-
sumptions clearly depends on the time and space scales
of the phenomena being investigated. The suppressed
convection periods, which lasted several days or more
(much longer than the convective scale), are a subject
of further investigation.

2) The anomalous cloudiness associated with the
convectively active phases of the ISO coincided with
(but led slightly ) enhanced low-level equatorial west-
erlies (e.g., Figs. 3, 4a, 4d, 8j, 8n, 9b, 9d). Convection
was, however, suppressed when anomalously strong
equatorial low-level easterlies predominated over the
west Pacific warm-pool region near the equator (Figs.
4a, 4f, 8n, 9¢). This observation suggests that the oc-
currence of enhanced convection in the ISO cannot be
explained solely in terms of increased low-level wind
speed, which increases the heat fluxes from the ocean

- surface. Other factors, such as advection of cooler and

drier boundary-layer air from the region of the equa-
torial eastern Pacific SST cold tongue, may explain the
lack of deep convection in the anomalous low-level
easterlies. This indicates that there may not be a simple
relationship between low-level wind speed and deep
convection on the ISO time and space scales.

3) Rossby-wave-like disturbances (cyclonic gyres
straddling the equator) were commonly observed in
connection with episodes of persistent enhanced con-
vection over the eastern Indian and western Pacific
Oceans, where the ISO cloud ensemble (ICE) was
most prominent. A region of anomalous westerlies,
termed as westerly wind burst (WWB), and enhanced
convection tended to be located between the gyres.
These Rossby-wave-like disturbances were important
in explaining the high cloudiness patterns in COARE.
When this type of disturbance forms, the eastward-
propagating ICE retrogrades westward (e.g., late Feb-
ruary, Figs. 8s and 9d). These gyres sometimes cul-
minate in the development of tropical cyclones. Four
such cyclones formed during COARE. Furthermore, in
contrast to the theoretical explanation of the ISO based
on the Kelvin wave dynamics, the observed WWBs and
the most intense convection in COARE were usually
not symmetric about the equator, suggesting substantial
non-Kelvin components. This asymmetry of WWB can
also induce a rather different oceanic dynamical re-
sponse than those centered on the equator.

4) Within the active phase of the ISO, the convec-
tion was frequently concentrated into westward-prop-
agating disturbances with a local periodicity of ~2
days (Figs. 9 and 11). Each of the 2-day disturbances
consisted of a number of time clusters, which are
groups of cloud clusters that exhibited continuity in
time and space (Figs. 11d and 15a). These westward-
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propagating 2-day disturbances were not simply a foot-
print of a single cloud cluster, as suggested by Naka-
zawa (1988). Rather, it was an envelope of numerous
cloud clusters and time clusters of various sizes, which
usually have a lifetime shorter than 2 days. The ob-
served spatial scale of these 2-day cloud cluster enve-
lopes was ~2000 km, with an average westward prop-
agation speed of 10—15 m s ~'. This mean motion often
consists of discrete regeneration of a new time cluster
to the west (hundreds of km away) of an old time clus-
ter during the daytime hours (diurnal minimum of cold
cloud-top area, see Fig. 7) and a nearly stationary or
even eastward-moving centroid of the growing cloud
clusters during the night to dawn hours (diurnal max-
imum of cold cloud-top area).

The observed 2-day disturbances have the charac-
teristics of an atmospheric wave with an intrinsic scale
beyond its embedded deep convection structures. It
contains a clear-air signal in addition to its convective
cloudiness signal with comparable time and space
scales for the cloudy and clear regions. Takayabu
(1994) also found a 2-day westward propagating peak
in space—time spectra in the very cold clouds over the
central Pacific region and identified this mode with
westward propagating inertio—gravity waves. In a nu-
merical modeling study, Yoshizaki (1991) showed that
the eastward propagating inertio—gravity mode has a
meridional structure much less favorable than the west-
ward propagating inertio—gravity mode for organizing
near-equatorial convection.

The dispersion relation derived from the linear shal-
low water equations (Matsuno 1966) predicts that
equatorially trapped inertio-gravity waves with a 20
m s~' phase speed should have a period of ~2 days.
The moist atmospheric dynamics (Gill 1982) and mean
flow structure may explain the slower phase speed in
the observed 2-day disturbances if they were inertio-
gravity waves. In addition, the diurnal cycle of con-
vective systems (near stationary during the night to
dawn hours) may have also contributed to the overall
slower phase speed (Fig. 15a). Although the upward
motion associated with the waves may not be strong
enough to provide sufficient uplifting to trigger the con-
vection, it may destabilize the lower troposphere to
make it more favorable for convection. The relation-
ship between convection and equatorial waves such as
the 2-day westward propagating inertio—gravity waves
is not well understood. It is nevertheless clear that the
deep convective activity in the equatorial warm pool
region is modulated strongly by the wavelike distur-
bances as shown in this study.

5) The eastward propagating ICE was made up of
numerous cloud and time clusters that often grouped
together on larger time and space scales. Most of the
time clusters within an ICE are MCSs and SCSs (Figs.
11d, 11e, and 15). In some cases, the MCSs and SCSs
can be distinguished from the large-scale disturbances
(e.g., Fig. 15a) in which they are embedded. However,
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in the most convectively active period of the ISO (late
December), cloud clusters became so large and nu-
merous that, for a few days, the tracking program iden-
tified almost the entire ICE as a long-lasting, single
trackable SCS or a supercluster (Fig. 15b). This ob-
servation indicates the lack of a distinct scale-separa-
tion between convection and large-scale disturbances
during the most intense convective periods in COARE.
It raises an important question concerning cumulus pa-
rameterizations in the current regional and global nu-
merical models with various grid resolutions.

6) The diurnal cycle of large cloud clusters strongly
affected the behavior of the large-scale cloud cluster
ensemble in both intraseasonal and 2-day disturbances.
Both the westward growth of a new cloud cluster within
a 2-day wave and the eastward regeneration of another
2-day wave envelope within the ICE all appeared to be
intermittent, partly as a result of the diurnal cycle of
the cloud clusters (Figs. 11b—e, 13, and 15a). Such
superimposition of the diurnal cycle of the large con-
vective systems and the large-scale disturbances was
disrupted by the land—sea circulation induced diurnal
cycle over the regions of the maritime continent where
the ICE usually appears to be weakened. The mecha-
nism of the diurnal cycle of the convective systems
over the open ocean and its implication to the ISO and
2-day disturbances will be examined extensively in a
forthcoming paper (S. Chen and R. Houze Jr. 1996,
manuscript submitted to Quart. J. Roy. Meteor. Soc.).

7) Large-scale environmental conditions were evi-
dently crucial to promote (inhibit) convection during
the active (suppressed ) phase of the ISO. The vigorous
grouping of cloud clusters in the ICE may be partly due
to the ‘‘gregarious convection’’ effect (Mapes 1993),
which predicts that new cloud clusters are favored in
the vicinity of older cloud clusters, which tend to de-
stabilize their surroundings. In addition, convectively
generated cold pools trigger new convection in the im-
mediate vicinity of older cloud clusters. However, the
cloud clusters did not show this chain reaction effect
in the suppressed phases of the ISO—class 3 and 4
cloud clusters were not absent during these periods,
rather they were only infrequent (e.g., Fig. 9a). This
result suggests that favorable large-scale environmental
conditions are needed for the grouping effect of clus-
ters.

The multiscale interactive processes among tropical
deep convection, large-scale flow, moisture distribu-
tions in the troposphere and boundary layer, and con-
ditions at the ocean surface were quite complex in
COARE. The interaction between deep convection and
the large-scale circulation (e.g., enhanced low-level
westerlies, moistening of mid- to upper level by con-
vection, Fig. 4) appears to have been a positive feed-
back process during the active phases of the ISO. Such
positive feedback was apparently overwhelmed by the
inhibition of deep convection in the suppressed phases
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of the ISO. It may not be hard to postulate the positive
feedback processes. Perhaps the key to understanding
intraseasonal variability lies in an understanding of
why convection is so restricted in suppressed periods.
Even though bulk instability measures (e.g., CAPE)
are maximum, even though surface wind speed can be
substantial (easterlies in January), and even though
SST is at its highest, convection does not form in a
widespread way in suppressed periods. These interac-
tive processes between convection and its tropical at-
mospheric and oceanic environments remain the sub-
ject of active investigation.
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