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Diurnal variation and life-cycle of deep convective systems over the tropical
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SUMMARY
Satellite infrared data and in situ surface measurements from the Tropical Ocean Global Atmosphere Coupled
Ocean-Atmosphere Response Experiment (TOGA C O M E ) are used to examine the diurnal variations of deep
convection in two distinct large-scale flow regimes over the western Pacific warm pool. Large-scale atmospheric
dynamic and radiative processes strongly affect the life-cycle of deep convective systems in the tropics. The
observed diurnal variation of tropical cloud systems suggests that diurnal heating of the tropical atmosphere and
ocean surfaces provides favoured conditions in the afternoon for the formation of cloud systems and, as the cloud
systems grow and decay with time, the diurnal cycle of cloudiness reflects the life-cycle (initiation, growth, and
dissipation) of cloud systems.
During the convectively suppressed phases of the intra-seasonal oscillation (ISO), the cloud systems are
spatially small and their lifetimes are generally short (< 3 h). They form, reach maximum size, and die preferentially
in the afternoon, at the time of day when the ocean surface and overlying atmospheric surface layer are warmest
from solar heating.
During the convectively active phases of the ISO, the cold cloud coverage is dominated by spatially large,
long-lived cloud systems. They tend to form in the afternoon (1400-1900 LST) and reach a maximum areal extent
of very cold cloud tops (< 208 K) before dawn (00004l600 LST). As part of their life-cycle, the subsequent decay
of these large systems extends into the next day; the satellite-observed maximum cloud coverage is dominated by
successively warmer cloud tops, from 208-235 K in the early afternoon (- 1400 LST) to 235-260 K in the early
evening (- 1800 LST). Meanwhile the frequency of small cloud systems exhibits two peaks-one in the afternoon
and the other in the predawn hours. The latter is evidently triggered by outflows from the large convective systems.
The life-cycle of the large, long-lasting convective systems introduces horizontal variability into the pattern
of observed cold cloud tops during the active phases of the KO. Because the life-cycle of large convective systems
can take up to a day, they leave the boundary layer filled with air of lower moist-static energy and a cloud
canopy that partially shades the ocean surface from the sunlight the following day. So the day after a major
large convective system, the surface conditions do not favour another round of convection; therefore, convection
occurs in neighbouring regions unaffected by the previous convective systems. We call this spatially selective
behaviour of the large systems diurnal dancing.The boundary-layer recovery phase leads to a tendency for the large
systems to occur every other day at a given location. This 2-day periodicity appears to phase-lock with westwardpropagating equatorial inertiwgravity waves of similar frequency. The combination of the diurnal surface-cloudradiation interaction and equatorial inertic-gravity waves may explain the observed westward-propagating 2-day
disturbances in cold cloud tops over the warm pool.
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INTRODUCTION

The diurnal cycle of radiative forcing ultimately causes diurnal variations in the
cloudiness observed over the tropics. The diurnal variations of tropical deep convection
exhibit a wide range of different behaviour regionally. The nature of these variations
depends on the nature of the underlying surface. Over land and near coastlines the thermal
properties of the land surface and the land-sea-breeze circulation induced by the contrast
between the land and ocean surfaces can explain much of the diurnal cycle of clouds
and precipitation. Over the open ocean the thermal properties of the ocean surface and
overlying atmospheric boundary layer undergo a diurnal variation that is relatively weak
compared with that of land surfaces. Their role in forcing of deep convection has largely
been ignored in the literature. The mechanism responsible for the diurnal cycle in tropical
oceanic deep convection has remained poorly understood.
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Besides the nature of the underlying surface, an additional factor affecting the diurnal
cycle of cloudiness over the open ocean is the life-cycle of cloud systems. The lifetime
of many large convective systems is > 12 h. If the formation of these convective systems
occurs preferentially at a particular time of day, the climatological diurnal cycle of cloudiness reflects to a large extent the life-cycle of the individual cloud systems making up the
cloud patterns over large areas and long time periods. The diurnal maximum of the cold
cloud cover does not necessarily coincide in time with the diurnal forcing of the initiation
of the deep convection. An example is the diurnal cycle of satellite-observed cold cloud
top in the vicinity of Borneo during the Asian winter monsoon (Houze et al. 1981). Over
the sea, just north of Borneo, mesoscale convective systems form in the late evening as
the land breeze converges offshore with the north-easterly flow from the Asian continent.
The maximum coverage by cold cloud top over the sea occurs, on average, in the morning,
when the mesoscale convective systems formed in the evening reach their maximum areal
extent. A similar convective behaviour is also found in the region of Java Island/Sea (Murakami 1983). Without knowledge of the typical life-cycle of the cloud systems in these
regions, the morning maximum of the area covered by cold cloud tops would be hard to
understand.
Regional studies of other parts of the tropics, e.g. over the eastern Atlantic (Gray and
Jacobson 1977; McGarry and Reed 1978), over the western Pacific (Gray and Jacobson
1977; Albright et al. 1985), and over tropical Africa and the Atlantic Ocean (Duvell989;
Machado et al. 1993), reported various diurnal behaviours in terms of observed times
and amplitudes of the diurnal maximum and minimum occurrence of precipitation and/or
cold cloud cover. These regional differences are probably related to the specific regional
environment that influences the initiation and life-cycle of the cloud systems.
Recent satellite infrared and passive microwave data as well as ship and buoy raingauges show that, over most of earth’s tropical oceans, there are a predawn maximum
and afternoon minimum in the cold cloud cover and surface rainfall (e.g. Janowiak et
al. 1994). Early studies have indicated an important feature over the western Pacific: the
diurnal cycle of deep convection is dependent on the size of the cloud systems. Gray and
Jacobson (1977) found that the heavy rain events contributed to the night-time maximum
precipitation, while lighter rain events occur throughout the day. They speculated that
these intense rain events were from relatively large, organized convective systems. This
size dependence of the diurnal cycle was later quantified by Mapes and Houze (1993) and
Chen et al. (1996). They have shown that the largest quartile of cloud cluster population
contributed most to the diurnal cycle of cold cloud-top coverage over the western Pacific
warm-pool region.
In this study we investigate the diurnal cycle of the cold cloud-top coverage over the
tropical ocean, far from any land or coastline influences. Our goal is to understand the
mechanism(s) responsible for the diurnal cycle of tropical oceanic deep convection. We
will present observational evidence from the Tropical Ocean Global Atmosphere Coupled
Ocean-Atmosphere Response Experiment (TOGA COARE) that the diurnal cycle of cloud
cover over the open ocean reflects the life-cycle behaviour of the convective systems,
especially the spatially large convective systems that dominate the diurnal cycle of cold
cloud cover. In addition, we will show observational evidence that the solar heating of
the atmosphere and ocean surfaces provides a favourable starting point in the afternoon
for the daily cycle of convective system formation and growth. As these large systems
decay, the residual cloud shield and boundary-layer modification by downdraughts from
the large convective systems disfavour the occurrence of major convective systems two
days in a row at the same location. We hypothesize that the spatial variability of cloudiness
introduced by this latter effect contributes to the 2-day oscillation of cold cloud cover
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seen in time-longitude maps of satellite images over the western Pacific warm pool (e.g.
Takayabu 1994; Chen et al. 1996).
In pursuing these objectives we draw on past studies that have attempted to explain
the diurnal variability of cold cloud cover over the tropical ocean. Since observations have
shown that the mean diurnal cycle of cold cloud cover and precipitation have a night-time
maximum and daytime minimum over the ocean, which seems out of phase with the solar
heating of the ocean surface, the diurnal cycle of oceanic deep convection has usually been
considered as merely a result of cloud-radiation interaction. The focus, therefore, has
been limited to the atmospheric radiative processes that enhance deep convection during
the night and suppress it during the day. Gray and Jacobson (1977) emphasized radiative
processes that favour deep convection at night. They hypothesized that the atmosphere
surrounding organized cloud systems adjusts to its large radiative cooling at night through
extra subsidence, whereas during the day solar heating reduces tropospheric radiation
loss. The extra night-time subsidence increases low-level convergence into the adjacent
cloud system, which enhances the intensity of the cloud systems. On the other hand,
Randall et al. (1991) emphasized radiative processes that disfavour the formation and
growth of cloud systems during the day. They concluded that the solar absorption by
upper-tropospheric clouds stabilizes the troposphere during the afternoon. Both of these
hypothetical mechanisms for explaining the diurnal cycle of tropical deep convection
assume the pre-existence of the large cloud systems. How the cloud systems form, grow,
and dissipate and how they interact with the ocean surface and atmospheric boundary
layer were not taken into account, In our view, the studies based solely on cloud-radiation
interaction can only partially explain the diurnal variability of deep convection over the
tropical ocean. A complete explanation must take into account the life-cycle of the cloud
systems and the diurnal solar heating of the ocean surface and atmospheric boundary layer.
Section 2 describes the data, cloud cluster identification, and cluster-tracking algorithms used in this study. Section 3 presents satellite-observed diurnal variation of cloud
coverage of various cloud-top temperatures and the diurnal behaviour of oceanic convection in two distinct large-scale flow regimes. Section 4 examines the life-cycle of
convective systems and how their initiation, growth, and dissipation affect the diurnal cycle of total cloudiness over the tropical ocean. Section 5 examines the diurnal variation
of the atmospheric and oceanic surface conditions in relation to the diurnal cycle of deep
convection. We propose a conceptual model of the interplay among the diurnal cycle of
deep convection, 2-day waves, and the intra-seasonal oscillation (ISO) in section 6.
2. DATAAND METHODS OF ANALYSIS
(a) Data

We use hourly infrared (IR) images from the Japanese Geosynchronous Meteorological Satellite (GMS) with about 10 km resolution (re-sampled from the original 5 km
pixel size with highest resolution of 4 km at the subsatellite point 0" and 140"E) as
the primary data set to examine the diurnal variation of cold cloud tops over the IndoPacific warm-pool region (80"E-lWW and 20"N-2OoS). Some detailed analyses are only
for the COARE domain (152"-180"E and 1O"N-10"s). The Microwave Sounding Unit
(MSU) estimated precipitation (Spencer 1993) is used to characterize the precipitation
during TOGA COARE. Surface measurements from the TOGA TAO (Tropical Atmosphere and Ocean) buoys and the IMET (Improved METeorological instruments) on the
WHO1 (Woods Hole Oceanographic Institution) buoy collected during TOGA COARE
(November 1992-February 1993) are analysed to examine the surface diurnal variations.
Figure 1shows the areas of the TOGA COARE Large-Scale Array (=A) and Intense Flux
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Figure 1 . The TOGA COARE domain. The Intense Flux Array (IFA) and Large-ScaleArray (LSA) are outlined.
The dashed line at 152"E is the western boundary for the LSA used in some of the analyses. Stars indicate the
locations of five TOGA TAO moored buoys with raingauge measurements of surface rainfall used in Janowiak et
al. (1994). W o of the five buoys (circled) were used in the analysis of diurnal surface temperature variation. The
triangle indicates the location of the IMET moored buoy.

Array (IFA, Webster and Lukas 1992) and locations of the TAO and WHO1 buoys. Details
about the instruments and the calibrations of the surface data are given in McPhaden (1993)
and Weller and Anderson (1996).
(b) Per cent high cloudiness
We present four-month average satellite-observed cloud coverage in terms of the per
cent high cloudiness (PHC), which is the fractional coverage (in time or space) of cloud
with IR temperature less than a given threshold. The four-month-average hourly PHC is
calculated as the percentage of images colder than the threshold temperature at each pixel.
PHC208,PHC235-208,and PHC260-235will be used to denote the fractional coverage of
clouds with IR temperature < 208 K, 208-235 K, and 235-260 K, respectively.
( c ) Cloud cluster identification and tracking
We define a cloud cluster as a region at an instant of time within a single closed
isotherm of threshold temperature Khresh in which the infrared cloud-top temperature is
<
To identify a cluster at a particular time, connected segments of cold cloudiness
(cloud-top temperature < Thresh) are found within each line (latitude row) of the data array
containing one satellite image. A connected segment of c Thresh is called a line cluster. The
line clusters in two successive lines must share a column (not merely touch diagonally) to
be considered connected from one line to the next. A set of line clusters connected from
one line to the next constitutes one cloud cluster. Each cloud cluster is then characterized
by its area and centroid position. In this study we use an infrared temperature threshold of
&hresh = 208 K to identify all the cloud clusters in the field of view of the GMS domain
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during TOGA COARE. The 208 K threshold is a close approximation to the boundary of
the precipitating core of tropical deep convective systems over the western Pacific. While
arbitrary, it is a rather conservative indicator of precipitating deep convection.
We use the term time cluster (or convective system) to refer to a set of one or more
cloud clusters that exhibit time continuity through a series of satellite images. To identify the life history of a convective system, we use the objective technique developed by
Williams and Houze (1987) and further applied by Mapes and Houze (1993) and Chen et
al. (1996) to track cloud clusters, or groups of clusters, in time and space. According to
this technique, time continuity is established if the area of overlap of cloud clusters from
one satellite image to the next (usually 1 h apart) exceeds 5000 km2, or if it exceeds 50%
of the area of either cloud cluster. This technique takes into account mergers and splits of
cloud clusters as the set of clusters tracked from one image to the next.

3. DIURNAL
VARIATION OF CLOUD-TOP TEMPERATURES AND SURFACE

RAINFALL

( a ) Geographical variation of cloud-top temperature by time of day
Figure 2 shows PHC208 over the GMS domain every six hours. The contrast between
land and ocean is remarkable. During the afternoon a relative maximum of cold cloud
cover occurs over the maritime continent and the land mass of northern Australia, while
a relative minimum occurs over the open ocean (Fig. 2(d)). During the morning hours the
land masses are almost cold cloud-free, whereas the relative maximum shifts to the open
ocean (Fig. 2(b)). Figure 3 shows a higher IR temperature threshold (208 K < T < 235 K).
Figures 2 and 3 show the strikingly opposite behaviour over the ocean. The times of day of
maximum and minimum of moderate cloud-top temperature (PHC235-208)
are the reverse
of those exhibited by the very cold cloud tops (PHC208)for oceanic regions. For example,
over the ocean, the PHCzo8 decreases from 1530 to 0330 UTC in the western-central Pacific
(Figs. 2(a)-(c)) and from 2130 to 0930 UTC in the eastern Indian Ocean (Figs. 2(b)-(d)),
whereas the PHC235-208increases at the same time (Fig. 3). Over the land, PHCzo8and
PHC235-208
go up and down almost simultaneously and the cold cloud tops are more intense
and shorter-lived than over the ocean. The maritime continent is filled with cold cloud tops
during the day and free of cold clouds at night. We will show later that these differences
can be explained by the life-cycle behaviour of cloud systems within various large-scale
environments.
The diurnal PHC deviations (from daily mean) for three different IR temperature
thresholds for both land (maritime continent and northern Australia) and ocean (152"180"E, 10"s-10'")
are shown in Fig. 4.The oceanic domain is comparable (but slightly
smaller in order to exclude the large islands of Papua New Guinea) with the C O M E
LSA (Fig. 1). Over the ocean, the area covered by very cold cloud tops (< 208 K) peaks
in the early morning (0300-0600 LST). It is followed by an increase in area covered by
successively warmer cloud tops (PHC235-208and PHC2m-235)after sunrise and through
the afternoon. A similar phase lag was found in some other satellite observations (e.g.
Hartmann and Recker 1986; Fu et al. 1990; Hendon and Woodberry 1993; Machado et al.
1993). This phase lag from very cold to warmer cloud tops is also evident over land, but it
extends over a much shorter time period (a few hours). The amplitude of the diurnal cycle
is much greater over land than open ocean. The increase of sequentially warmer cloud
tops is an indication of deep convection in the later, weakening stage of its life-cycle. The
difference in the diurnal cycle of the PHC between land and open ocean suggests that
the diurnal cycle of cloud-top temperature over land is associated with the life-cycle of a
qualitatively different type of convective system than those occurring over the ocean.
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Figure 4. Diurnal variations (deviation from daily mean) of per cent high cloudiness (PHC) for three different
infrared temperature thresholds. (a) Over land (maritime continent, northern Australia) and (b) over Ocean (152"180"E and 10"N-10"s).
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Figure 5. Diurnal frequency distribution of light, medium, and heavy rainfall from five optical rainguages on
the TOGA TAO moored buoys (see Fig. 1) during TOGA COARE. (From Janowiak et al. 1994. Reprinted with
permission from the American Meteorological Society.)

(b) The diurnal cycle of surface rainfall over the ocean
Using five raingauge measurements from TAO moored buoys located within the
TOGA COARE domain (Fig. l),Janowiak et al. (1994) found a pronounced diurnal cycle in the surface rainfall (Fig. 5 ) . They separated the rain events into three categories:
heavy-the highest 10% of 3-hourly rainfall amount (> 44 mm), medium-the middle
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58% ( 4 4 4 mm), and light-the lowest 32% (1-3 mm). All three categories have a diurnal
maximum frequency in early morning (0030-0600 LST). This result is similar to previous
rainfall observations from small islands and atolls, which presumably represent oceanic
precipitation over the western Pacific (Gray and Jacobson 1977). The predawn maximum
of precipitation has also been confirmed by the rainfall estimate from radar reflectivity
data during TOGA COARE (Sui et al. 1997). The heavy rainfall events have the largest
amplitude of the diurnal variation (Fig. 5). Both the time of the diurnal maximum and the
amplitude of the diurnal cycle of the surface rainfall are consistent with the behaviour of
the very cold cloud-top temperature (PHCZm)over the ocean shown in Fig. 4(b). The coldest cloud tops and the heaviest rain events have the strongest diurnal cycle with a predawn
maximum. Janowiak et al. (1994) also showed that about 50% of the total precipitation
was contributed by the heaviest 10-15% rain events during TOGA COARE.
( c ) The diurnal cycle of cloud-top temperature for the convectively suppressed and
active phases of the I S 0
Most of the widespread deep convection and precipitation in TOGA COARE occurred
during the convectively active phases of the IS0 (Rickenbach 1995; Chen et al. 1996). The
overall diurnal cycle of cold cloud tops and rainfall (Figs. 4(b) and 5) was dominated by
the characteristics of these active phases. To examine the diurnal cycle of cloud systems
in different large-scale regimes, we divide the COARE intensive observing period into
convectively active and suppressed periods of the ISO. Figure 6 shows the population of
cloud clusters and the MSU-derived daily precipitation over the IFA (see Fig. 1)during
TOGA COARE. Each dot in Fig. 6(a) represents an occurrence of a cloud cluster with a
size expressed as horizontal dimension (square root of its area). Horizontal lines mark the
boundaries of the four size classes (i.e. class 1 < 80 km, class 2 80-170 km, class 3
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170-300 km, and class 4 > 300 km) defined in Chen et al. (1996). The two different
convective regimes are defined as follows:
Convectively suppressed: No cloud systems are greater than class 2 in size and the
MSU-derived daily precipitation < 4 mm day-'.
Convectively active: Occurrence of large class 3 and 4 convective systems.
Because some intense convective activity occurred in the IFA in association with non-ISOrelated synoptic disturbances (e.g. 10-12 November and 17-19 January), care was taken
to avoid partitioning individual days that could be unrepresentative of the ISO. Instead of
selecting all individual days that met the above conditions based on Fig. 6, our strategy
of separating the two distinct regimes was to select continuous periods dominated by the
overall large-scale characteristics of the IS0 described in sections 3 and 4 of Chen et
al. (1996) and in which all the days met the above criteria. Two full cycles of the I S 0
were observed at the IFA during TOGA COARE. The first suppressed period was from 13
November to 8 December followed by an active period from 9 December to early January.
Chen et al. (1 996) gave a detailed description of large-scale conditions (is. wind, moisture,
and sea surface temperature (SST)) associated with these periods and readers are referred
to that paper for details. The second suppressed period was in January. However, because
of 3-4 days of missing IR data (11-14 January) and an intense convective event associated
with a synoptic-scale disturbance from the intertropical convergence zone (e.g. 17-19
January), we only use part of the data (20-28 January) from the second suppressed period.
The onset of the last active phase of the IS0 over the IFA was unclear in early February,
and widespread deep convective activity occurred over the IFA only after 9 February (cf.
Figs. 8(n)-(q) and 9(d) of Chen et al. 1996).
Figure 7 shows the frequency of occurrence of the IR cloud-top temperature (within
each 5 K bin) over the IFA as a function of time of day for convectively suppressed and
active periods, indicated by open and solid bars in Fig. 6, respectively. Figure 7(a) consists
of data from two suppressed periods (13 November4 December and 20-28 January) and
Fig. 7(b) from two active periods (9-31 December and 10-25 February).
During the convectively suppressed phases of the ISO, cloud systems tended to be
small in horizontal extent, but not absent (Fig. 6(a)). The coldest cloud tops (200-230 K)
occurred at about 1200-1500 LST (Fig. 7(a)), when the ocean surface and/or overlying
atmospheric surface layer was at its warmest (as will be shown in section 5). The maximum
cloud-top height dropped off after that time. The afternoon maximum of cold cloud tops
indicates that the small cloud systems followed the solar cycle very closely.
During the convectively active phases of the ISO, the frequency of occurrence of
cloud-top temperature over the IFA also exhibited a strong diurnal variation (Fig. 7(b));
however, it was a more complex and less intuitive variation than that seen during the
suppressed phases. The high cloudiness was dominated by spatially larger cloud systems
(Fig. 6(a)). As we will show in the next section, these large cloud systems were deeper, with
widespread cold cloud tops, and longer-lived than those in the suppressed periods. The long
lifetime of these large systems is crucial to understanding the mean diurnal variation of
cloud-top temperatures during the activephase of the I S 0 (Fig. 7(b)). The highest (coldest)
cloud tops (< 190 K) produced by these systems tended to occur during the predawn hours
(0000-0600 LST). The most frequently occurring cold cloud-top temperature was 200220 K during these hours. After 0600 LST, the most frequently occurring temperature value
increased steadily, reaching a peak of 240-260 K between 1800-2000 LST.
As documented in early case studies, this gradual increase in cloud-top temperature
in the frequency distribution was mostly from the decaying (or collapsing) of the predawn
cold cloud shields of the large systems. Churchill and Houze (1984) showed a gradual
increase of cloud-top temperature and area of cloud shields as a cloud cluster decayed near
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Figure 8. The diurnal cycle of the accumulated cloudy area covered by the 208 K cloud clusters over the domain
of 152"-180"E and 10"N-1O0S, for each of the four size classes defined in Fig. qa). (From Chen et al. 1996.)

important for the reason that the suppressed periods can last as long as the active periods
in time. The small cloud systems in the suppressed periods may only account for a small
fraction of the total high cloudiness and precipitation, but they are the most numerous and
occur frequently.
The diurnal variation of IR cloud-top temperatures shown in Figs. 4(b) and 7(b) poses
a problem for the satellite observations using a particular temperature threshold to detect
'deep convection'. For instance, using different IR temperature thresholds to represent deep
convection will result in a different diurnal signal (e.g. Short and Wallace 1980; Albrecht
et al. 1985; Meisner and Arkin 1987). The difference in various satellite observations of
the diurnal cycle of tropical deep convection is often caused by using different criteria for
deep convection (e.g. different IR temperature thresholds) among different studies.

( d ) The diurnal cycle of total area covered by cloud clusters of different sizes
A cloud cluster (or system) is defined here as a region enclosed by a contour of
IR temperature of 208 K (section 2(c)). Figure 8 shows the total area of cold cloud tops
covered by each quartile (or class, Fig. 6(a)). The amplitude of the diurnal cycle varies
strongly with cloud cluster sizes. The area covered by the smallest clusters (class 1) had a
very small amplitude of diurnal variation, while the largest clusters (class 4) had a strong
diurnal variation with a peak in the early morning hours and a minimum in the afternoon.
Similar diurnal behaviour has been seen in other y.ears (Mapes and Houze 1993). The
amplitude (dawn-to-dusk ratio) was nearly 10:l for the largest cloud clusters in TOGA
COARE.
In comparing Figs. 4(b), 5 , and 7, it is clear that not only the overall mean diurnal
cycle of the oceanic convection is dominated by deep convection in the active phases of the
ISO, but also this diurnal cycle is dominated by the largest cloud systems (Fig. 8) which
occurred mostly during the active phases (Fig. 6(a)), The size dependence of the diurnal
cycle further indicates that the life-cycle behaviour of the large convective systems may
play a key role in the observed mean diurnal variation of cold cloud tops over the tropical
ocean.
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OF CONVECTIVE
4. LIFE-CYCLE

SYSTEMS AND DIURNAL VARIATION OF CLOUDINESS

(a) Lifetime of convective systems
The diurnal behaviour of the cloud clusters seen in Fig. 8 demonstrates that it is the
clusters with the largest horizontal extent that dominate the diurnal cycle of cloud-top
temperature. Since these large cloud systems occur primarily in the active phases of the
IS0 and seldom occur in the suppressed phases (Fig. 6(a)), it is reasonable to interpret
the different diurnal variations of cloud-top temperature in Fig. 7(a) (suppressed) and 7(b)
(active) in terms of the different life-cycle behaviour of the convective systems with various
horizontal dimensions.
We use the tracking of cloud clusters in time and space (section 2(c)) to gain insight
into the life-cycles of the convective systems affecting the diurnal cycle of area covered
by cold cloud tops. Figure 9 shows the frequency of occurrence of tracked time clusters
(or convective systems) as a function of their lifetime and maximum size. The distribution
includes all the time clusters occurring in the GMS domain during TOGA COARE. The
lifetime is the time period from the beginning to the end of a trackable convective system.
The maximum horizontal size is the square root of the net area of IR temperature < 208 K,
which is the sum of the area of all the individual clusters making up the time cluster, at
the time of the maximum areal extent of the time clusters. The tendency for convective
systems with greater horizontal dimension to have a longer lifetime is clearly evident in
Fig. 9. The peak frequency of time clusters exceeding a particular lifetime increased with
increasing maximum size more or less linearly; however, the distribution has a considerable
variability (breadth of the envelope of contours in Fig. 9). The overwhelming majority of
the time clusters with small maximum size lasted only 1-3 h. Most of the largest group
of time clusters (> 300 km in horizontal dimension, named super convective systems by
Chen et al. (1996)) have a lifetime between 8-20 h. There were some very long-lasting
super convective systems (less frequent than the lowest plotted frequency contour 5 in
Fig. 9) that lasted more than a few days (see Chen et al. 1996).
In the case of time clusters with very large horizontal dimension, the times obtained
from Fig. 9 are a considerable underestimate of the true convective system lifetime since
the time clusters were defined by the area of cloud tops < 208 K. The convective system
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may not have totally dissipated, but the tracking algorithm dropped it when its cloud tops
became warmer than 208 K. Hence, the lifetimes of these large convective systems could
have been longer than 8-20 h.
( b ) Life-cycle effects in diurnal variation
A time cluster is defined as a trackable individual or group of cloud clusters (section 2(c)), which may undergo mergers and splits. Figure 9 shows that although the lifetime
of a time cluster tends to increase with its maximum horizontal dimension, there is a wide
spread of lifetimes for any given size. (There were 12 721 time clusters found over the
GMS domain (Fig. 2) during TOGA COARE.) This spread is a result of the chaotic or
random nature of the merging and splitting processes. The merging and splitting, which
occur during the lifetime of a time cluster, also implies that, at any given time, a time
cluster contains cloud clusters in various stages of development. However, cloud clusters
in their formative and early-mature stages dominate the early stage of a time cluster, while
cloud clusters in their late-mature and dissipating stages dominate the late stage of a time
cluster. Thus, in a statistical sense, we can track the life-cycle of a time cluster.
The life-cycle of a convective system (time cluster) includes initiation, growth, and
decay stages. The tendency for systematic diurnal behaviour, such as the time of day of
formation and lifetime of convective systems, will affect the statistics of the diurnal cycle.
Figures 10-13 show the times of day for beginning, maximum areal extent, and ending
of time clusters in four different size groups. The size criterion used to define the four size
groups is the maximum size of a time cluster reached during its lifetime. Most of the largest
time clusters (or super convective systems > 300 km in horizontal dimension at the time of
maximum areal extent) first appeared in the afternoon (Fig. 13(a)), at the time of maximum
of solar heating at the surface. They generally started out as horizontally small, but deep,
convective clouds in the afternoon. They reached their maximum areal extent during the
night and early morning hours (Fig. 13(b)). Most of them experienced a rapid decay right
after sunrise and died out during the daytime (Fig. 13(c)). The time needed for most of these
large time clusters to reach their maximum area extent (mature stage) was indeed between
6 1 2 h as shown in Fig. 14. The time lag between the starting and mature stages can be
viewed as a life-cycle effect on the observed diurnal cycle of the total area of cold cloud
tops. Such a life-cycle effect on the observed diurnal cycle is not unique to the tropics.
Wallace (1975) found that, during the summer season over the central United States when
and where large convective systems occur, the total precipitation frequency had a maximum
before dawn (- 0400 LST), while the ‘severe storm’ occurred most frequently several hours
earlier during the late afternoon-evening and light precipitation had its highest frequency
after sunrise.
The smaller time clusters (maximum horizontal dimension < 80 km) had two preferred starting times: afternoon and predawn (Fig. lO(a)). The lifetimes for most of these
small cloud systems are only a few hours (-1-3 h, Fig. 9). As a result, the times of day for
their maximum areal extent and dissipation also show two consistent peaks (Figs. 10(b)
and (c)). This result is not surprising given that some small systems form in the afternoon
for the same reason that the large systems do, while other small systems are spawned by
either splitting off from large systems or being triggered by cold pools of large systems
in the boundary layer during the night and early morning hours when the large systems
are most active. The diurnal cycle of smaller systems is evidently modified by the large
convective systems during the convectively active periods. In fact, the predawn peak for
the smaller systems was not observed during the convectively suppressed phases of the
IS0 when large systems were mostly absent (Fig 7(a)).
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The diurnal cycle of tropical deep convection is complicated by the fact that the
cloud population has different horizontal sizes and lifetimes. The life-cycle for the two
middle size groups (Figs. 11 and 12) are less well correlated with the diurnal solar cycle.
Many time clusters in these two size groups can start or end virtually anytime of day.
The tendency for time clusters to start during the day and reach maximum areal extent
during the night becomes greater as the horizontal size increases (Fig 12). They both
exhibited a predawn maximum, but the diurnal amplitude of the class 2 and 3 clusters is
smaller than the other two classes. Thus, although the cloud systems in the two middle size
groups contribute about 50% of the total area covered by cold cloud tops < 208 K (Chen
et al. 1996), they do not contribute much to the diurnal variation of the cold cloud tops
(Fig. 8). This behaviour partly explains why the amplitude of the diurnal cycle of the mean
tropical deep convection is much smaller over ocean than over land. The surface forcing
of convection over the open ocean is not as strong as over the land surface, partly because
the convective system itself can affect the ocean surface (e.g. convective downdraughts)
more effectively than the land. The triggering of oceanic deep convection is often tied to
convective activity, such as cold pools from convective systems, which can occur anytime
of day. Furthermore, the evolution of organized convective systems is largely controlled
by the dynamic and thermodynamic processes.
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(c) Implicationfor cloud-radiation interaction mechanisms
Hypotheses of cloud-radiation interaction have been offered to explain daytime minimum and night-time maximum in cold cloud cover. Randall et al. (1991) hypothesized
that absorption of solar radiation by upper-level clouds stabilizes the troposphere during
the day. Gray and Jacobson (1977) suggested that differential long-wave cooling between
cloudy and clear regions enhances the deep convective systems during the night. Others
(e.g. Dudhia 1989; Xu and Randall 1995) emphasize that the long-wave cooling destabilizes the atmosphere and enhances convective activity. However, the long-wave radiation
operates both day and night, which by itself will not contribute to the diurnal variation.
Recently cloud modelling studies have examined the effect of cloud-radiation interaction on deep convection and precipitation (Fu et al. 1995; Xu and Randall 1995; Tao et
al. 1996). Simulations of mesoscale convective systems under daytime conditions (both
short-wave and long-wave radiation) produce &7% (depending on the model) less surface rainfall than those under night-time conditions (long-wave radiation only). However,
this difference is too small to account for the observed diurnal cycle of precipitation of
25-100% (difference in rainfall between 0700 and 1900 LST) over the convectively
active regions in the tropics, estimated from the Special Sensor Microwaveflmager data
(Janowiak et al. 1994).
Furthermore, deep convective systems, once formed, will go through a growth and
decay process that is largely controlled by non-radiative processes (e.g. dynamic, thermodynamic, cloud physical, and boundary layer). The cloud-radiation interaction mechanisms can only modulate the life cycle of these convective systems. Numerical modelling
studies have shown that it usually takes more than several hours for the convective systems
to organize and reach their mature stage, even without the radiative process in the models
(e.g. Tao and Simpson 1989; Chen and Frank 1993). Several numerical model simulations
have shown that the stronger the large-scale dynamic forcing (e.g. imposed uplifting), the
weaker the radiative effect is on the structure and life-cycle of convective systems (Miller
and Frank 1993; Tao et al. 1996). The two distinct diurnal cycles in the convectively
suppressed and active phases of the IS0 (Fig. 7) reflect two different predominant cloud
populations within the two large-scale flow regimes. The lack of large convective systems
in the suppressed phases is obviously a result of large-scale dynamic process associated
with the ISO, not radiative process.
The cloud-radiation based hypotheses can only partly explain the diurnal variation
of tropical oceanic deep convection. They do not explain why the convective systems with
large horizontal extent, which contribute most to the observed night-to-dawn maximum
in cold cloud cover and precipitation, usually start during the day (Fig. 13(a)). Nor do
they explain the afternoon maximum frequency of occurrence in cold cloud tops during
the suppressed phases of the ISO, when the predominantly small cloud systems follow the
solar heating cycle (Fig. 7(a)). The question is, then, why do oceanic convective clouds
form preferably in the afternoon, at odds with all the unfavourable atmospheric radiative
processes? We propose that the systematic daytime formation of convective clouds over
the warm pool is connected with the only favourable daytime forcing of deep convection,
namely, diurnal solar heating of the ocean surface and the atmospheric boundary layer.

-

-

VARIATION OF SURFACE CONDITIONS
5. DIURNAL

In this section we present some observational evidence of the diurnal cycle in surface
variables relevant to convective variability. These observations suggest that the phase of
the diurnal cycle in certain surface and near-surface thermal variables are in favour of the
afternoon initiation of convective systems (Figs. lO(a) and 13(a)).
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Figure 15. Diurnal variations of the sea surface temperature (SST), skin temperature (Tskln),
surface air temperature (Td,r),water vapour specific humidity (4)and equivalent potential temperature (&) measured by the IMET
buoy (location marked in Fig. 1) for (a) and @) the suppressed periods and (c) and (d) the active periods, as defined
in the text and indicated in Fig. 6 . Vertical bars indicate the mean standard deviation for each variable.

Until recently, the diurnal variation of SST and surface air temperature (Tair)were
thought to be negligible over the tropical oceans, Spectral analysis of surface data from the
TOGA TAO and the IMET moored buoys, however, shows a clear diurnal peak in Tairas
well as in SST (Zhang 1995). The observed diurnal variation of SST and Taircan be as large
as 1-2 degC over the western Pacific (Lukas 1991; Chen et al. 1995; Weller and Anderson
1996). The same characteristics of the diurnal cycle in Tairare found in data collected by
different types of instruments (M. McPhaden (1996), personal communication). There is
no clear signal of the diurnal cycle, however, in the surface water vapour specific humidity
(Young et al. 1992; Zhang 1995).
To examine the diurnal variation of surface conditions in relation to atmospheric
deep convection, we divided the surface measurements from the IMET buoy into the
convectively suppressed and active periods of the ISO, the same way we did for the IR
cloud-top temperature over the IFA in Fig. 7. Figure 15 shows the diurnal cycle of SST,
Tair,skin sea surface temperature (T&), water vapour specific humidity (4)and equivalent
potential temperature (0,) measured at the IMET buoy for the convectively suppressed and
active periods of the IS0 (as indicated in Fig. 6). The SST is a bulk sea surface temperature
measured at 0.45 m below the sea surface (Weller and Anderson 1996). T,, is calculated
using a warm layer and cool skin correction of Fairall et al. (1996). The vertical error bars
indicate the mean standard deviation for each surface variable, computed from the diurnal
variation (subtracting daily mean from each hourly data).
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The diurnal cycle in SST and Tskin is driven by diurnal solar heating but modulated by
other factors. Surface wind, either directly related to local deep convection or indirectly
as part of large-scale atmospheric responses to convection, enhances vertical mixing in
the ocean surface layer, redistributes the incoming solar energy over a larger water mass,
and therefore reduces the SST diurnal cycle. The cloud radiative effect at the surface is to
reduce the diurnal cycle in SST, because it reduces the daytime solar heating. Convective
downdraughts often cool and dry the boundary-layer and surface air (Zipser 1969, 1977)
and, therefore, increase the air-sea temperature and humidity differences and enhance the
air-sea heat fluxes. Air-sea fluxes can also be enhanced by convectively induced wind
gusts. These convective effects tend to decrease SST and, thus, amplify (reduce) the SST
diurnal cycle if they occur at night (day). The effects of precipitation on the diurnal cycle
are the most complicated (Anderson et al. 1996) and also depend on whether the rainfall
occurs during the day or night.
and SST exhibit similar
Despite all these complex effects, the diurnal cycles of Tskin
diurnal peaks at 1200 and 1400 LST, but quite different amplitudes in the suppressed (1.2 degC and 0.7 degC, Fig. 15(a)) and active (- 0.6 degC and 0.3 degC, Fig. 15(c))
phases of the ISO. The smaller amplitudes in the active phase of the IS0 are likely due
to the effect of strong surface wind (e.g. Lukas 1991; Zhang 1995; Weller and Anderson
1996). Webster et al. (1996) showed that the SST diurnal cycle diminishes when the
surface wind speed > 10 m s-l. Although the surface winds were generally strong during
the active phase of the ISO, they varied over a broad range from < 1to > 10 m s-' (Weller
and Anderson 1996). It is not surprising that average Tskin and SST still exhibit a diurnal
cycle during the active periods. The results in Fig. 15 are consistent with observations over
other parts of the tropical ocean. The diurnal cycle of SST 0.5-1.0 degC was observed
near the coast of north Africa under clear sky and light winds (Halpern and Reed 1976)
and 0.3 degC (from daily minimum to maximum) under disturbed conditions over the
eastern Atlantic Ocean (Reed and Lewis 1980).
Tair
has a diurnal minimum at 0600 LST and increases rapidly after sunrise and reaches
the diurnal maximum slightly before Tskin. Cool convective downdraughts from the daytime
convection produce a cooling signature in Tairin the afternoon of the suppressed days
(Figs. 7(a) and 15(a)), whereas they decrease Tairsignificantly before dawn during the
active periods, when the large convective systems reached maximum strength at night
(Figs. 7(b) and 15(b)). The convectively generated cold pools associated with organized
convective systems can reduce Tairby as much as 4-5 degC (Parsons et al. 1994; Young et
al. 1995; LeMone et al. 1995), similar to values found in GATE* (Houze 1977; Johnson
and Nicholls 1983). The diurnal variation in q is very weak, if any (Figs. 15(b) and (d)), as
found by Young et al. (1992). The diurnal cycle in 19,is practically similar to that of Tair.
The large standard deviations in 0, and Tair
are a result of the variability of the convective
activity.
These results show the consistent feature that all the variables (except q ) reach their
maxima in the afternoon in both the active and suppressed phases of the ISO. These diurnal
maxima indicate that the surface conditions are the most favourable to the formation of
the cloud systems in the afternoon regardless of the IS0 phase.
The above observations raise several questions. First, to what degree is the diurnal
A strong diurnal cycle in SST and Tskincan
cycle in Tailrelated to that in SST and Tskin?
enhance the diurnal cycle in Tairthrough sensible-heat flux. Zhang (1995) observed that
the diurnal cycle in surface sensible-heat flux is quite weak and the diurnal cycle in T,k
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Figure 16. Diurnal variations of the surface air temperature from two TAO buoys (156"E-2"S,1S8"E-Oo, see
Fig. 1 ) for clear sky (solid line) and night-to-dawn convection (minimum cloud-top temperature occurred between 0000-0600 LST, dashed line) conditions during TOGA COARE (courtesy of Chidong Zhang, University of
Washington). Vertical bars indicate the mean standard deviation.

remains significant while that of SST is small during high-wind and clear-sky situations.
Therefore, the diurnal cycle in Tailseems not completely dependent on that in Tskin.The
direct solar absorption by the moist surface air apparently plays a role in the diurnal cycle
of Tair.
Second, to what extent is the diurnal cycle in Taira result of convection? To isolate
the surface diurnal variability with and without the influence of deep convection, Zhang
(1995) composited surface conditions for the non-cloudy ('clear sky') and cloudy days
using data from two TAO buoys (circled buoy locations in Fig. 1) for the four-month
period of TOGA COARE. Under clear skies (solid curve in Fig. 16), the air temperature,
on average, reached a maximum of over 2 9 ° C at about 1600 LST. On days when the
minimum cloud-top temperature occurred between 0000-0600 LST over the TAO buoys,
the diurnal cycle of Tail (dashed curve in Fig. 16) resembled that on the clear days in
timing and amplitude, but the average diurnal maximum is only a little over 28 "C and the
minimum is 27 'C. The convectively induced night-time cooling evidently enhanced the
diurnal cycle in Tailduring the active periods (Fig. 15(c)).
Third, is the diurnal cycle of the surface conditions related to the atmospheric boundary layer that ultimately affects the depth of the convection? Recently Johnson and Dickey
(1996) found that the depth of the atmospheric mixed layer and mean mixed-layer potential
temperature have an apparent diurnal cycle. The mixed layer is deepest in the afternoon and
shallowest at night under light-wind (< 3 m SKI)
conditions, which is consistent with the
surface diurnal cycle in Fig. 15(a) for the suppressed periods. The analysis of atmospheric
boundary-layer conditions for high-wind conditions is not currently available. The strong
surface wind, however, is likely to mix the diurnal surface layer thermodynamic property
into the mixed layer effectively. The diurnal cycle of Tairmay be an important indicator of
the mixed layer.
DANCING: IMPLICATIONS
OF THE DIURNAL CYCLE OF LARGE CONVECTIVE
6. DIURNAL
SYSTEMS FOR THE 2-DAY DISTURBANCES I N THE Is0

A recently observed characteristic of the diurnal cycle of tropical convective systems
over the open ocean is that the diurnal cycle exhibits a systematic spatial variability. Chen
et al. (1996) showed evidence that new convective systems jogged around the old systems
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to form in relatively clear regions from one day to the next (Chen et al. 1996, Fig. 13).
Unlike the strong daytime surface heating over land and the strong constraints of land-sea
breezes along a coastline, the diurnal forcing or triggering of deep convection is relatively
weak and strongly affected by the convection itself (e.g. cold-pool spreading (Houze and
Betts 1981)). The boundary-layer recovery time is quite slow after an intense convective
event (Parsons et aZ. 1994; Young et al. 1995), which can disrupt regular diurnal forcing
of convection over the same area where intense convective activity occurred the previous
day. Hence, the initiation of new convection exhibits spatially selective behaviour.
In this section we propose a conceptual model that demonstrates the interplay between
the diurnal cycle of large convective systems and the large-scale disturbances over the
western Pacific warm pool. The active phases of the IS0 provide a broad envelope in
which spatially large deep convective systems can form (Chen et al. 1996). These large
systems undergo strong diurnal variation (Figs. 8 and 13). However, the specific location
of the widespread deep convective systems varies from one day to the next. We call this
spatially selective behaviour diurnal dancing and, as the large systems move from one part
of the dance floor (i.e. the warm pool) to another, they do so in a pattern that is in harmony
with other physical processes within their large-scale environment.

(a) 2-day cycle of surface-cloud-radiation interaction
The diurnal variation of oceanic deep convection is dominated by the largest group
of convective systems (> 300 km in horizontal dimension, Fig. 8), which have a rather
distinct diurnal life-cycle behaviour (Fig. 13, section 4(b)). Chen et al. (1996) showed
that most of these systems were found in the convectively active phases of the I S 0 during
TOGA COARE. We have also seen that these large systems can significantly modulate the
atmospheric surface-layer temperature (Fig. 16).
The diurnal cycle of large tropical convective systems behaves differently over the
open ocean than in a coastal region where the convective system occurs every night in
more or less the same place just offshore, because the formation of the convection is
strongly forced by the local circulation that is tied to the topography (see Fig. 9 of Houze
et al. (1981)). Over the open ocean the convection is free to form where conditions are
optimal. When a large convective system occurs over a relatively long portion of a day
(Fig. 13), it makes the conditions at that location less favourable for convection on the
second day. There were only nine super convective systems observed over the IFA during
TOGA COARE (class 4, see Fig. 6(a)) and all (except one on 19 January) occurred in the
convectively active phases of the ISO. The IFA covers a very small area compared with
the horizontal scale of the ISO, and the convective centre of the active phase in mid-to-late
February was mostly south-east of the IFA (Chen at al. 1996).
Figure 17 shows a time series of IR cloud-top temperature histogram and surface
conditions over the IFA from 11-16 December, a period when three super convective
systems occurred over the IFA. There is a significant signal of diurnal heating in surface
temperatures. Tairincreases rapidly in late morning and reaches the diurnal maximum at
noon or early afternoon on 11, 13, and 15 December, before the formation of the super
convective systems on each day. There are diurnal peaks (- 0.5-1.0 degC) in Tskinand
small, but noticeable, peaks in SST (at 0.45 m) at the same time. The bi-diurnal cycle
is the most prominent feature of the cloud-top temperatures and Tair.After each intense
convective event, convective systems did not occur the following day. Tair dropped 46 degC during night-to-dawn hours at the time of the super convective systems growing
rapidly. Tairwent through a long recovery process (7 18 h) in each of these events. The
convective systems developed as soon as the surface conditions recovered on the third day.
They all formed in the afternoon, after Tsknand Tairreached the diurnal maximum. Each
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of the super convective systems went through a similar life-cycle-maximum cold cloud
tops during night-to-dawn and a gradual increase in cloud-top temperatures extending into
the next day. The signal in q is less clear. However, there is a sign of dry air at the surface
associated with the last two systems (13 and 15 December), similar to the cases described
by Zipser (1969), and q increased slowly in both cases. 13, had bi-diurnal peaks on 11,
13, and 15 December similar to Tair.Almost exactly the same 2-day cycles are found in
the other three super convective systems (22-26 December) in IR cloud-top temperature
(Chen et al. 1996) and surface temperatures (Weller and Anderson 1996).
To summarize the diurnal behaviour of the very large cloud systems seen in Figs. 13,
16 and 17, we describe schematically the life-cycle of a large convective system and its
interaction with the atmospheric surface layer over a 2-day period (Fig. 18). The first
cross-section describes the formation of the large convective systems in the afternoon
(Fig. 13(a)). A large system usually takes about 6-12 h to grow and reach its maximum
areal extent of cloud-top temperature < 208 K (Fig. 14). The predawn cross-section sketch
on the second day illustrates this mature stage of the cold cloud tops (Fig. 13(b)). The
durations of the large systems were 8-20 h (Fig. 9). They usually decay after sunrise
(Fig. 13(c)). As the large systems age, the cloud tops continue to expand; however, they
become warmer as a result of absorbing solar radiation and/or collapsing (Lilly 1988).
This life-cycle behaviour of an oceanic cloud cluster was documented by Churchill and
Houze (1984, see their Fig. 17). The cross-section for the afternoon of the second day in
Fig. 18 illustrates the increased cloud-top temperature of the cloud deck generated during
the previous night. This warming of the widespread cloud tops would account for most of
the maximum frequency of warmer cloud-top temperatures in the afternoon (Figs. 3 and
4(b)), although shallow convective clouds may also contribute part of it.
While the maximum area of cold cloud top develops during the night, low moiststatic-energy downdraughts from the widespread nocturnal cloud systems spread over
the ocean surface and radically change the character of the atmospheric boundary layer
(Zipser 1977). The boundary layer is slow to recover to its undisturbed condition after each
intense convective event (Fig. 17(b)). LeMone et al. (1995) found that an individual parcel
of downdraught air requires 3 h to become modified by surface fluxes, but that sustained
infusion of downdraught air into the boundary layer by continued convection can produce
a long-lasting cold pool. Houze (1977) found the boundary-layer recovery time to be > 9 h
at a fixed location after the passage of a squall line over the eastern Atlantic. Parsons et
al. (1994) and Young et al. (1995) found the recovery time to be up to 12-18 h or longer
in the wake of convective systems in TOGA COARE. In addition, the remaining large
cloud shield during the day can reduce the effectiveness of the solar heating in warming
the sea surface and atmospheric boundary layer. This behaviour of the surface temperature
on days following a widespread convective event, as a result of cooling by downdraughts
and shading by the lingering upper-level cloud deck over the open ocean, is corroborated
by measurements at the IMET buoy (Fig. 17(b)).
In addition to the modification of the surface conditions by the convective systems,
the short-wave absorption by the long-lasting mid- to upper-level cloud deck warms the
upper troposphere and thus stabilizes the free atmosphere (Lilly 1988; Randall et al. 1991),
further disfavouring new deep convection. Hence, the new deep convection does not readily
initiate at the same location on Day 2 as a result of stabilizing effects in both the atmospheric
surface layer and the mid- to upper-level cloud deck.
Many cloud systems never develop beyond the stage of the first cross-section in
Fig. 18, especially during the convectively suppressed phases of the ISO. These are the
smallest group of cloud systems represented in Fig. 10. Since they form, mature, and die
out so quickly, their short life-cycle (< 1-3 h) only contributes to the first peak in the
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afternoon (Figs. lO(a)-(c)). Meanwhile other cloud systems continue to grow; however,
this developing stage of a convective-system life-cycle can be terminated anytime between
the first and third cross-sections in Fig. 18, which may explain the relatively shorter lifetime
and less distinct diurnal cycle of the two mid-size groups (Figs. 11and 12) compared with
the largest group (Fig. 13).
( b ) Spatial variability of the diurnal cycle of large convective systems over the open
ocean: the diurnal dance
The bi-diurnal cycles such as those seen in Fig. 17 are offset in time from one location
to another such that, over the whole region, the diurnal cycle of cold cloudiness emerges
as the dominant signal (see Figs. 7(b) and 8). Figure 19(a) suggests a way in which both
the diurnal and bi-diurnal cycles can coexist. It emphasizes the active phase of the ISO,
when the large convective systems occur most frequently. The large convective system that
develops on Day 1goes through a life-cycle similar to the one in Fig. 18. The convective
systems on Day 2 are most likely to form in a relatively clear region adjacent to the
dissipating old system from Day 1. The large convective system on Day 2 also follows
the life-cycle shown in Fig. 18. By Day 3 the surface and boundary-layer conditions in
the region covered by convection on Day 1have recovered and it is now ready for another
round of convection, which can be triggered by the outflows of the Day 2 convection.
A checkerboard pattern of convective systems develops in the time-longitude space of
Fig. 19(a). A time series of cloud-top temperature at a given longitude will have a 2day cycle, consistent with Fig. 17. However, the overall average by the time of day from
Fig. 19(a) will have a diurnal cycle in the area of cold cloud tops (solid circles) similar to
the curve for large cloud systems (class 4) in Fig. 8 and a maximum area of warmer cloud
tops during the day (Figs. 4(b) and 7(b)).
( c ) Waves and diurnal dancing
Takayabu (1994) proposed that the 2-day disturbances seen in satellite IR data may
be a result of the equatorial inertio-gravity wave. The theoretical models of Matsuno
(1966) and Gill (1982) predict both eastward- and westward-propagating inertio-gravity
waves. While the westward-propagating mode has been identified in satellite-observed cold
cloudiness (Nakazawa 1988; Lau et aE. 1991; Takayabu 1994; Hendon and Liebmann 1994;
Chen et al. 1996), the eastward-propagating mode has never been observed. In a numerical
modelling study, Yoshizaki (1991) showed that the eastward-propagating inertio-gravity
mode has a meridional structure much less favourable than the westward-propagating
inertio-gravity mode for organizing near-equatorial convection.
Using a cluster-tracking method, Chen et al. (1996) found that the westwardpropagating disturbances (within the eastward-propagating ISO) were not simply a footprint of a single westward-moving cluster as suggested by Nakazawa (1988), rather, they
were envelopes of numerous time clusters (or convective systems). Although there is a
strong westward bias, large convective systems often formed on both west and east sides
of an old convective system with a distinct diurnal cycle (see Figs. ll(d)-(e) and 13 of
Chen et al. 1996). From the results presented in sections 4,5 and 6(a), we propose that these
observed structures in the cold cloudiness patterns can be interpreted as a combination of
2-day inertio-gravity waves and the diurnal dancing. The bi-diurnal cycle produced by the
diurnal dancing of deep convection evidently helps select the 2-day inertio-gravity wave
as the dominant mode.
Figure 19(b) shows the modification of the diurnal dancing seen in Fig. 19(a) that
appears to arise as the waves sweep across the warm pool. The waves give rise to an envelope
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Figure 19. Schematic of the time-longitude variation of cold cloud tops of large convective systems during the
active phases of the intra-seasonal oscillation (ISO). (a) Spatial variation of the large convective systems within the
envelope of the IS0 caused by the diurnal behaviour of these large systems alone (solid circles < 208 K, dashed
circles 235-260 K). The smallest circle represents the early stage of the system (first afternoon cross-section in
Fig. 18), the largest circle represents the mature stage with the maximum areal extent of cold cloud tops (predawn
cross-section in Fig. 18), and the dashed circles represent the warmer cloud deck (last cross-section in Fig. 18). (b)
The westward-propagating speed of ‘2-day’ equatorial hertiegravity waves is added to the westward displacement
of the starting location of a new convective system. The pattern in (b) is the sum of the effects of the ISO, 2-day
waves, and the diurnal cycle of large convective systems. This superposition accounts for much of the observed
cold cloudiness patterns seen in satellite infrared data (e.g. Chen et al. 1996).

.-.,

of favoured convective activity in time-longitude space. This envelope leads to the filling
in of the regions between diurnally driven large cloud systems along westward-propagating
phase lines. The cloudiness in Fig. 19(b) thus is concentrated into westward-propagating
bands as opposed to the checkerboard pattern of pure diurnal dancing in Fig. 19(a). The
pattern in Fig. 19(b), resulting from the combination of waves and the diurnal variation,
is much closer to the bands of observed cold cloudiness in Figs. 9 and 11 of Chen et
al. (1996) than Fig. 19(a). It also accounts for a peculiarity in the observed pattern: the
‘motion’ of the westward-propagating disturbances consisted of discrete regeneration of
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waves and the IS0 (Fig. 19(b)) is disrupted. This may partly explain why the anomalous convective activity associated with the IS0 was not as prominent over the maritime
continent as over the open ocean (Chen et al. 1996).
( d ) Implications for modelling of diurnal variation of oceanic deep convection
The spatial variability of the diurnal behaviour of large convective systems raises the
question of whether the current cloud-resolving models with very limited areal coverage
can be used to test the mechanisms of the diurnal variation of the tropical deep convection
over the open ocean. The domain size in most modelling studies ( e g Miller and Frank
1993; Fu et al. 1995; Xu and Randall 1995) is about the same as (or, in some cases, even
smaller than) a single large convective system itself, which is too small to resolve the realistic life-cycle and the spatially varying diurnal behaviour of the large convective systems.
The cloud-radiation interaction mechanisms (e.g. Gray and Jacobson 1977; Randall et al.
1991) are likely to produce a moderate night-time-maximum and daytime-minimum oscillating ‘convectivesystem’ in the model, but may not be able to reproduce the preferred
afternoon initiation of new convective systems in a relatively clear region and the diurnal
dancing, without including the oceanic surface diurnal variations in the model.
7.

CONCLUSIONS

To understand the mechanism(s) responsible for the diurnal variation of tropical deep
convection over the open ocean of the western Pacific warm pool, one must consider both
the life-cycle of individual cloud systems making up the cloud population and the diurnal
heating of the atmosphere and ocean surfaces. The diurnal variation of satellite-observed
cold cloud-top temperatures is explained mostly by the various life-cycle behaviour of
convective systems over the western Pacific warm pool. The diurnal heating of the ocean
surface and overlying atmospheric boundary layer during the day provides a preferred
starting time for convective systems in the afternoon. Some of these convective systems,
under optimal environmental conditions, continue to grow and reach their mature stage
sometime later during the night and early morning. The diurnal variation of cloud cover is
thus a combination of the diurnal radiative forcing and convective life-cycle effects. The
mechanism for the diurnal cycle of tropical oceanic deep convection is a rather complex
surface-cloud-radiation interaction-not just a cloud-radiation interaction.
Large-scale dynamic processes have strong effects on the life-cycle behaviour of
convective systems in the tropics. During the convectively suppressed phases of the intraseasonal oscillation (ISO), the cloud population is dominated by spatially small cloud
systems with cloud-top temperature < 208 K (mostly < 80 km in horizontal dimension,
see Fig. 6(a)) and small clouds with cloud tops warmer than 208 K. These small cloud
systems form almost exclusively in the afternoon, when the ocean surface and overlying
atmospheric surface layer are warmest (cf. Figs. 7(a) and 15(a)). The lifetimes of the small
cloud systems are generally short (< 1-3 h), so they also reach their maximum size and die
out in the afternoon, which will result in an afternoon maximum of cold cloud cover. This
diurnal behaviour of the small cloud systems is similar to that observed over the tropical
land masses (Fig. 4(a)).
The convectively active phases of the IS0 dominate the overall mean diurnal cycle
of the cold cloud cover over the warm pool, and the spatially large convective systems
(> 300 km in horizontal dimension at the time of their maximum areal extent) dominate the diurnal variation of the satellite-observed cloud-top temperature during the active
phases (Figs. 7(b) and 8). Like the small convective systems, the largest group of convective systems (super convective systems) has a strong tendency to form in the afternoon
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(Figs. 13(a) and IS), when the surface conditions are most favourable (Figs. 15(c) and (d)).
However, since the large systems undergo life-cycles 1 day, they reach their maximum
areal extent of very cold cloud tops during night-to-dawn hours (Figs. 13(b) qnd 18) and
subsequently decay after sunrise (Fig. 13(c)). During the daylight hours of the bext day, as
part of the cloud-system life-cycle, the cloud top continues to expand, but becomes warmer
as a result of solar absorption and/or collapsing. Consequently, the area of very cold cloud
tops (< 208 K) diminishes after sunrise, while the area of warmer cloud tops increases.
The area covered by cloud tops in the 208-235 K range maximizes at 1400 LST, with
still warmer cloud tops (235-260 K) reaching maximum areal coverage at 1800 LST
(Figs. 4(b) and 7(b)).
The life-cycle of individual cloud systems is inseparable from the mean diurnal cycle
of cloud cover. Because the lifetime of the large convective systems is commensurate with
the diurnal time-scale, the statistics embodied in the mean diurnal cycle of cloud cover
over the warm pool is largely a reflection of the life-cycle of the largest cloud systems. An
important implication of this result is that the statistics of the satellite-observed diurnal
cycle of cloud cover is very sensitive to the IR temperature threshold used to define deep
convection. A better understanding of the life-cycle of cloud systems over different regions
of the tropics can help to improve the interpretation of satellite observations.
The hypotheses of cloud-radiation interaction cannot fully explain the observed diurnal cycle of cold cloud cover and precipitation over the open ocean of the western Pacific.
Although numerical modelling studies indicated that the life-cycle of tropical convective
systems can be modulated by cloud-radiation interaction processes, these processes do not
explain the systematic initial formation of large convective systems during the afternoon.
The course of development of an organized convective system is largely controlled by largescale and mesoscale dynamic and thermodynamic processes, as has been documented in
many previous studies. Sensitivity tests of modelling studies showed that cloud-radiative
processes do not change the basic course of life-cycle and structure of the convective systems significantly once they form (e.g. Fu et al. 1995). Simulations of convective systems
under daytime conditions (both short-wave and long-wave radiation) produce 0-7% less
surface rainfall than those under night-time conditions (long-wave radiation only) (Tao et
al. 1996). However, this difference is too small to explain the observed diurnal cycle of
25-100% in precipitation (Janowiak et al. 1994). Furthermore, during the suppressed
periods, very few of these small cloud systems developed into large organized convective
systems as observed in the active periods, which can be attributed to the lack of large-scale
dynamic forcing of deep convection. During these periods the diurnal maximum of cold
cloud cover is in phase with the maximum solar heating in the early afternoon (Figs. 7(a)
and 10). The hypothesis of the solar absorption suppressing convection during daytime
thus also fails in this case.
The formation of widespread, long-lasting convective systems in synchronization
with the solar heating introduces a spatial variability into the cold cloud pattern during
the active phases of the IS0 over the warm pool. The large convective systems usually
have a long life-cycle (- 1 day); they fill the boundary layer with air of lower moist-static
energy and leave a cloud canopy that partially shades the ocean surface from the sun.
So the day after a major large convective system, the surface conditions do not favour
another round of widespread convection (Figs. 16 and 17). The next day’s convection
therefore tends to occur in regions unaffected by the present convective systems. We
call this spatial variability of the diurnal cycle of the large convective systems diurnal
dancing, which introduces a tendency for the large convective systems to occur every
other day at a given location (Figs. 17 and 19(a)). This bi-diurnal cycle may trigger and
phase-lock with westward-propagating inertio-gravity waves of similar 2-day periodicity
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(Fig. 19(b)). We suggest that this reinforcement of the bi-diurnal convective cycle and
inertio-gravity waves explains the structure of westward-propagating 2-day disturbances
seen in satellite-observed cloud patterns. The interplay among the atmosphere and ocean
surfaces, convective systems, and radiative processes are thus collectively responsible for
the observed temporal and spatial variabilities in tropical oceanic deep convection.
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