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ABSTRACT

An objective tropical cloud regime classification based on daytime averaged cloud-top pressure and
optical thickness information from the International Satellite Cloud Climatology Project (ISCCP) is com-
bined with precipitation and latent heating characteristics derived using the Tropical Rainfall Measuring
Mission (TRMM) Precipitation Radar (PR). TRMM precipitation information is stratified into the ISCCP
regimes in the tropical western Pacific (TWP), revealing the following three major precipitation regimes: a
heavy (12 mm day ') precipitation regime dominated by stratiform precipitation and top-heavy latent
heating; a regime with moderate (5 mm day ') precipitation amounts, mostly convective in nature with
more midlevel latent heating; and a low (2 mm day ') precipitation regime with a relatively large rain
contribution from shallow convection, compared to the other regimes. Although three of the ISCCP cloud
regimes are linked to the more convective, moderate precipitation regime, only one of the cloud regimes is
associated with the more stratiform, top-heavy latent heating regime, making the ISCCP regimes a poten-
tially useful tool for the further study of this dynamically important tropical weather state. Similarly, only
one cloud regime is associated with the more shallow convective precipitation regime.

In terms of the TWP, precipitation and latent heating are dominated by the relatively infrequent (15%)
occurrence of the strongly precipitating top-heavy latent heating state and by the frequent (>30%) occur-
rence of one of the more moderately precipitating convective states. The low precipitation/shallow cumulus
regime occurs often (i.e., 25% of the time) but does not contribute strongly to the overall precipitation and
latent heating. Each of these regimes also shows distinct geographical patterns in the TWP, thus providing
insight into the distribution of convective and stratiform rain across the tropics. This study confirms the
potential usefulness of the objective regime classification based on ISCCP, and it opens several new avenues

for studying the interaction of convection with the large-scale tropical circulation.

1. Introduction

The weather and climate of the tropics are driven by
the interaction of large-scale circulation features and
convection. The mean tropical climate and its seasonal
variation are characterized by easily distinguishable mi-
grating bands of high values of precipitation in the in-
tertropical convergence zone (ITCZ). The largest inter-
annual tropical variation, the El Nifio-Southern Oscil-
lation (ENSO) phenomenon, is associated with the
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movement of regions of active convection between the
tropical western and central Pacific Ocean. On in-
traseasonal time scales, the Madden-Julian oscillation
(MJO; Madden and Julian 1971, 1972) is characterized
by eastward migrating regions of strong convection in
the Indian and western Pacific Oceans. On shorter or
weather time scales, convectively coupled waves and
tropical cyclones are all easily identifiable by their con-
vection and precipitation signatures. These examples
highlight the intricate coupling of the tropical circula-
tion with convection and its associated cloud and pre-
cipitation signatures.

The key to the interaction of convection with the
large-scale circulation is the diabatic heating associated
with condensation, evaporation, and radiative and
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transport processes in convectively driven cloud sys-
tems and its vertical and horizontal distribution
throughout the tropics. It is well known that variations
in the vertical structure of diabatic heating lead to
variations in the dynamical “response” to this heating
(e.g., Geisler 1981; Hartmann et al. 1984; DeMaria
1985; Sui and Lau 1989; Wu et al. 2000; Chiang et al.
2001; Lin et al. 2004). Given the importance of diabatic
heating variations, it is not surprising that a large num-
ber of studies have attempted to elucidate those struc-
tures from observations such as in situ sounding arrays
(e.g., Reed and Recker 1971; Yanai et al. 1973; Nitta
and Esbensen 1974; Thompson et al. 1979; Johnson
1984; McBride et al. 1989; Frank et al. 1996) and, more
recently, satellite observations (e.g., Schumacher et al.
2004; Shige et al. 2004; Tao et al. 2006). Although the
vertical structure of diabatic heating is generally com-
plex, the simplification into a convective and stratiform
heating mode (e.g., Houze 1982, 1989; Mapes and
Houze 1995; Houze 1997; Schumacher et al. 2004) has
proven useful for the first-order conceptual description
of convective systems and their interaction with the
large-scale circulation.

A recent analysis of data from the International Sat-
ellite Cloud Climatology Project (ISCCP; Schiffer and
Rossow 1983; Rossow and Schiffer 1999) has revealed
that tropical weather and climate can be usefully sum-
marized by a small set of recurring weather states as
identified by their cloud signatures (Jakob and Tseli-
oudis 2003; Rossow et al. 2005). Agreeing with this idea
are Mapes et al. (2006), who have more recently put
forth the idea that tropical convective systems on all
scales are composed of a limited set of “stretched build-
ing blocks.” Although the importance of such regime or
building block separation for the understanding of
tropical climate remains a matter of discussion, at a
minimum it provides a possibility for studying its char-
acteristics in a simplified framework. It furthermore
moves the study of convection in the tropics from one
dominated by geography (e.g., west Pacific versus east
Pacific) to one dominated by phenomena (e.g., cloud
distributions as defined by the ISCCP regimes). This in
turn enables the use of a variety of data sources to
thoroughly describe and understand the characteristics
of the individual regimes, and to use that knowledge to
study their respective influence on tropical climate.
This has been explored by Jakob et al. (2005), who
examined the radiative and thermodynamic character-
istics of the ISCCP regimes in the tropical western Pa-
cific (TWP) using the rich data sources of the Atmo-
spheric Radiation Measurement Program (ARM;
Stokes and Schwartz 1994; Ackerman and Stokes 2003)
in the region. Because of measurement limitations, this
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study was unable to characterize one of the most im-
portant aspects of the ISCCP regimes—their precipita-
tion and hence, their latent heating behavior. The first
aim of the present study is to better describe these re-
gime characteristics using additional data.

A recent data source for the study of tropical pre-
cipitation and tropical latent heating is the National
Aeronautics and Space Administration (NASA) Tropi-
cal Rainfall Measuring Mission (TRMM) satellite
(Simpson et al. 1988; Kummerow et al. 1998). Recently,
Schumacher and Houze (2003a) and Schumacher et al.
(2004) have used TRMM data to describe tropical pre-
cipitation and its related latent heating profile charac-
teristics. They showed that the percent of total rain that
is stratiform varies between 20% and 60% across the
tropics. Using simple assumptions about the different
latent heating structures in the convective and strati-
form regions of convective systems, they used the rain
fraction information to elucidate the geographic varia-
tions in the height of maximum heating associated with
tropical convective systems. Because of the sampling
characteristics of TRMM, the analysis from each of the
studies above had to be limited to time scales of a sea-
son or longer.

Following the strategy used by Jakob et al. (2005) for
ARM data, the regime separation proposed by Rossow
et al. (2005) will be used to study the mean character-
istics of precipitation identified in Schumacher and
Houze (2003a) in the context of the ISCCP regimes.
For example, we can explore the relationship between
an individual ISCCP regime and its precipitation/latent
heating characteristics in an attempt to understand the
observed long-time mean geographic variations in
stratiform precipitation fraction as a variation in the
occurrence of the different ISCCP regimes. Further-
more, we can identify those cloud regimes that contrib-
ute the most to the precipitation and latent heating in a
particular region. This in turn can provide a focus for
further research and potential guidance for the devel-
opment of climate and numerical weather prediction
(NWP) models in which convection and the resulting
cloud fields are unresolved and therefore need to be
parameterized.

It is the second aim of this study to exploit the rela-
tionships between the ISCCP regimes and TRMM-
derived latent heating characteristics to better under-
stand the observed distribution of convective and strati-
form precipitation in the tropics.

To achieve the aims outlined above, this study com-
bines the information from the currently separate ISCCP
and TRMM analyses of Rossow et al. (2005) and
Schumacher and Houze (2003a). Daily averaged data
from both sources are used to establish the precipita-
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tion and latent heating characteristics of the ISCCP-
based cloud regimes and then to describe observed
mean precipitation patterns in terms of the ISCCP re-
gimes. For both practical reasons and to highlight the
methodological aspects of the study, we limit this first
attempt at combining the two data sources to the TWP.
A comparison of the Jakob et al. (2005) and Rossow et
al. (2005) studies shows that the TWP contains all of the
regimes observed in the entire tropics but stratocumu-
lus. An application of the findings of this exploratory
study of the wider tropics is left for future research.

Section 2 describes the data sources used and the
methodology for combining them. Section 3 establishes
the relation of the tropical ISCCP regimes to TRMM-
derived precipitation and provides a description of the
precipitation characteristics of each regime. The infor-
mation gathered is then used to better understand the
geographic distribution of precipitation in the TWP.
Section 4 studies the vertical structure of latent heating
in each of the regimes and establishes the contributions
of each of the regimes to the long-term mean latent
heating in the TWP. Section 5 discusses the relevance of
the findings of this study and future research avenues
resulting from them, followed by concluding remarks in
section 6.

2. Data sources

a. ISCCP-based cloud regimes

This study uses the ISCCP-based cloud regimes de-
rived by Rossow et al. (2005) to describe tropical
weather states. Those regimes were derived by applying
a cluster analysis to ISCCP joint histograms of cloud-
top pressure (CTP) and cloud optical thickness (7). The
area and period covered were 15°N-15°S and July
1983-December 2001, respectively. In this study, the
focus will be on the TWP region, defined as 10°N-10°S,
130°-170°E. This region contains 128 ISCCP grid
points, each representing an area of about 280 X 280
km?. Because these data will be matched with data from
the TRMM satellite, the study period covers 1998-2003.
Each of the ISCCP grid points in the TWP area is as-
signed to a regime for each day of the study period by
finding the minimum Euclidian distance of its daytime
mean CTP-1 histogram to the six tropical regime mean
histograms defined in Rossow et al. (2005). Figure 1
shows the resulting 6-yr regime mean histograms for
the TWP.

The regime mean histograms provide a characteriza-
tion of the cloud fields associated with each regime
based on the ISCCP retrievals. Characteristics of the
regimes will be briefly summarized here. [Readers are
referred to the studies of Jakob and Tselioudis (2003)
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and Rossow et al. (2005) for more information.] The
first regime (Fig. 1, top left) is characterized by large
amounts of optically thick clouds with high tops. This
signature likely indicates large systems with significant
stratiform cloud coverage [convectively active deep
cloud (CD)].The CD regime occurs with a relative fre-
quency of occurrence (RFO) of 15% over the TWP in
the study period. The second regime (Fig. 1, top
middle) also exhibits a significant amount of deep cloud
(top right quadrant of the CTP-r histogram), but the
majority of the cloud occurrence is accounted for by
optically thinner high-top clouds with CTP and 7 values
typically found in cirrus [convectively active cirrus
(CQ)]. The RFO of the CC regime is 11%. The third
regime (Fig. 1, top right) still exhibits a fair amount of
deep convective cloud but in general, the CTP-r distri-
bution is fairly broad. This broadness can be inter-
preted as a mixture of different cloud types (MIX) in a
convectively active region with no strong generation of
large cirrus or anvil clouds. MIX is the most common
regime in the TWP (RFO = 33%).

The remaining three regimes have been identified as
largely convectively suppressed because of the small
frequency of occurrence of thick high-top clouds. The
first of these regimes (Fig. 1, bottom left) is dominated
by large amounts of very thin cirrus [suppressed thin
cirrus (STC)]. The STC regime has an RFO of 14%. It
is worth noting that the separation of the STC and MIX
regimes in this TWP-only study is weaker than that
found for the entire tropics in Rossow et al. (2005). This
may explain why the earlier TWP-only study by Jakob
and Tselioudis (2003) did not identify the MIX regime
at all. The second and most frequent (RFO = 25%)
suppressed regime (Fig. 1, bottom middle) is dominated
by shallow clouds with low coverage and low optical
thickness, most likely trade cumuli [suppressed shallow
cloud with low coverage (SSCL)] The SSCL regime is
distinct from the final suppressed regime (Fig. 1, bot-
tom right), which also shows a predominance of low
clouds but with much higher areal coverage and optical
thickness. This third regime is likely a stratocumulus
regime [suppressed shallow cloud with high coverage
(SSCH)]. The SSCH regime is very rare in the TWP
(RFO = 2%).

Before combining the ISCCP regime information
with precipitation characteristics derived from TRMM,
it is worth presenting the geographic distribution of the
occurrence of each of the regimes in the TWP, which is
summarized in Fig. 2. The deep convective regimes
(CD and CC; top panels) occur relatively infrequently.
The higher occurrence of both the CD and CC regimes
markedly follows the outline of the warmest SSTs. Both
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F1G. 1. Mean CTP-r frequency distributions (%) for the six tropical ISCCP cloud regimes averaged for the TWP for 1998-2003.

regimes are less likely to occur over land and over the
colder equatorial SSTs in the eastern part of the do-
main. The most frequently occurring regimes are MIX
and SSCL. Figure 2 reveals that they occur in quite
separate geographic regions. The (presumably) more
convectively active MIX regime shows relative maxima
over the island of New Guinea (NG) and over the
ocean in the extension of the ITCZ in the northeastern
part of the domain. The land maximum has to be in-
terpreted with caution for a number of reasons. The
daytime-only character of the ISCCP data limits its use-
fulness in land regions with strong diurnal variations. In
addition, NG has significant orography. Because the
vertical coordinate in the ISCCP analysis is pressure,
low clouds overlying high mountains can easily be in-
terpreted as midlevel top clouds, which feature promi-
nently in the MIX regime. For these reasons, we con-
sidered removing land from the rest of the analysis but
only 6 of the 128 grid points in the study area are fully
covered by land and, therefore, they do not greatly in-
fluence the overall statistics. However, it needs to be

stressed that when geographic distributions are shown,
the interpretation of the results over land ought to be
treated cautiously. The SSCL regime is also widespread
in comparison to the active CC and CD regimes. As
shown by Rossow et al. (2005), this regime typifies sup-
pressed trade cumulus conditions. Therefore, it is no
surprise to see its maxima of occurrence over the rela-
tively colder equatorial SSTs in the eastern part of the
domain.

The STC regime (Fig. 2, middle right) occurs pre-
dominantly between the active branches of the ITCZ
seen in the CD regime. This pattern might indicate an
important role of the convectively active regions in gen-
erating the conditions in which thin cirrus can be preva-
lent away from the convection itself. The SSCH regime
(Fig. 2, bottom right) is extremely rare in the study
area, with a single maximum of occurrence at the south-
ern tip of NG. While certainly interesting, the rarity of
this regime makes it impossible to study in the region
chosen here so the regime will be omitted from further
analysis.
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Fi1G. 2. Relative frequency of occurrence of the six tropical ISCCP cloud regimes in the TWP area for 1998-2003.

b. TRMM precipitation radar data and algorithms

This study uses observations from 1998 to 2003 from
the precipitation radar (PR) onboard the TRMM sat-
ellite. From January 1998 to August 2001, the PR had a
swath width of 215 km and a horizontal footprint of 4.3
km at nadir. The satellite was boosted to a higher alti-
tude in August 2001 to conserve fuel, after which the
PR had a swath width of 240 km and a footprint of 5 km
at nadir. The vertical resolution of the PR remained 250
m at nadir. The PR operates at Ku band (2.17-cm wave-
length) with a sensitivity 17-dBZ preboost and 18- dBZ
postboost, which corresponds to a rain rate of approxi-
mately 0.4-0.5 mm h~!. Shimizu et al. (2003) showed
that besides the expected postboost degradation in sen-
sitivity of 1.2 dB, there were no other significant dis-
continuities in PR observations at the time of the boost.
In addition, the TRMM satellite has a precessing orbit
so it samples the full diurnal cycle within a 47-day pe-
riod. Further details on the PR and the TRMM satellite
can be found in Kummerow et al. (1998) and Kozu et al.
(2001).

The radar echo observed by the PR is subdivided into

convective and stratiform rain types in TRMM product
2A23 (Awaka et al. 1997). The convective classification
refers to areas of young, active convection where stron-
ger vertical air motions predominate and precipitation
particles increase in mass through coalescence and/or
riming (Houze 1993). The stratiform classification rep-
resents areas where weaker vertical air motions pre-
dominate and precipitation particles increase in mass
primarily through vapor deposition above the 0°C level
and decrease in mass through evaporation below the
0°C level. Echo is classified as convective if it has a
reflectivity of at least 39 dBZ at low levels or if it shows
a strongly peaked reflectivity from surrounding pixels.
Echo is classified as stratiform if a bright band is
present or if it has more horizontally homogeneous
near-surface reflectivities. It is labeled as shallow iso-
lated (hereafter shallow) when its top is at least 1 km
below the 0°C level, and it is not attached to deeper
echo. This echo category is considered shallow convec-
tive because it most likely represents only warm rain
processes (Schumacher and Houze 2003b).

For each rain type, attenuation-corrected reflectivity
observations from TRMM product 2A25 (Iguchi et al.
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2000) were categorized by height (500-m increments
from 1 to 15 km) and reflectivity (2- dBZ bins from 16
to 60 dBZ) at 2.5° X 2.5° resolution in daily files. The
resulting histograms have 28 latitude bins, 144 longi-
tude bins, 28 height bins, and 23 reflectivity bins. Note
that the daily histograms are composed of data from
only 1-2 overpasses and that each overpass will only
cover part of the grid box. Our analysis is based on
histograms compiled from the version 5 (VS5) orbital
data mined by the TRMM Science Data and Informa-
tion System (TSDIS). Although version 6 (V6) intro-
duced some significant changes to the PR’s rain profil-
ing algorithm, oceanic reflectivity distributions (the raw
material for our calculations) remain similar between
V5 and V6. In addition, the PR rain-type algorithm
experienced relatively small modifications. Therefore,
the following results should not be overly sensitive to a
change in dataset version.

The daily PR reflectivity histograms were matched to
the ISCCP regimes existing in the 2.5° X 2.5° box each
day from 1998 to 2003. There is a small geographical
offset between the TRMM PR and ISCCP grids, but the
effect of the offset is small. In addition, the PR obser-
vations can be from any time of day, whereas the
ISCCP regimes are only classified for daylight observa-
tions. However, the ISCCP regimes tend to have per-
sistence on the order of a day (Jakob et al. 2005), which
limits sampling error from temporal offsets. Finally, be-
cause of the relatively narrow swath of the TRMM PR,
not all daily ISCCP grid points contain PR observa-
tions. After matching the ISCCP and TRMM datasets,
the total number of available samples is slightly more
than 155000 (compared to a possible 280 000). With
this large overall sample size, all regimes apart from the
omitted SSCH regime are well described, with the
smallest regime sample (CC) containing about 17 800
matching daily grids. The final PR histograms represent
the cumulative reflectivity distributions for each cloud
regime over the 6-yr period of interest.

The binned reflectivity at 2-km altitude for each
cloud regime was then converted to rain rate using ini-
tial TRMM convective and stratiform near-surface re-
flectivity rain-rate (Z-R) relations (Z = 148R'> and
Z = 276R"*, respectively). The convective Z-R rela-
tion was also applied to the shallow echo distribution.
The 6-yr average convective, stratiform, and shallow
rain rate in each grid box was then multiplied by the
probability of rain for each rain type and the number of
hours in the 6-yr period to obtain the deep convective,
stratiform, and shallow convective rain amounts. These
rain amounts were used as inputs in estimating the la-
tent heating profile for each regime (see Schumacher et
al. 2004 for more details on the latent heating calcula-
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tion). The choice of Z-R relation(s) could have an im-
pact on the relative contributions of convective and
stratiform rainfall and the resulting latent heating pro-
files. However, based on sensitivity tests performed in
Schumacher and Houze (2003a), we expect the impact
to be small, especially when comparing rain rates and
latent heating profiles between regimes.

3. Surface precipitation characteristics of the TWP
ISCCP cloud regimes

Having identified the ISCCP-based cloud regimes
and matched them with TRMM PR observations on a
daily basis for each TWP grid point, the precipitation
characteristics of each ISCCP regime in the TWP can
be described in a statistical sense for the 6-yr period.
The first precipitation characteristic to be analyzed is
the fractional area coverage in a grid box (2.5° X 2.5°)
with the three main TRMM precipitation types, that is,
deep convective, stratiform, and shallow convective.
This fraction is calculated by dividing the number of PR
pixels identified in a rain-type category by the total
number of PR pixels in a grid box, including those clas-
sified as nonprecipitating. These calculated daily mean
gridbox area fractions are matched with the daily
ISCCP-based regimes to arrive at rain-type frequency
distributions for each cloud regime (Fig. 3). The num-
bers in each panel indicate the regime sample size. Me-
dian deep convective precipitation area fractions (Fig.
3, left) are below 0.02 for all regimes. They are largest
for the CD regime and smallest for the SSCL regime,
with the other three regimes showing intermediate val-
ues. In all regimes the frequency distributions are
skewed, with long tails toward larger fractions. The
largest fractions are exhibited by the CD regime with
values close to 0.1 near the 95th percentile. The con-
vective precipitation area fractions in Fig. 3 are highly
consistent with the convective areas observed by air-
craft in the west Pacific during the Tropical Ocean and
Global Atmosphere Coupled Ocean—-Atmosphere Re-
sponse Experiment (TOGA COARE; Yuter and
Houze 1998).

The CD regime displays the largest stratiform pre-
cipitation area fraction of all the regimes (Fig. 3,
middle). The median CD value is near 0.1, more than
twice that of any other regime. The CD regime differs
even more from the others in its above-median values.
Over 25% of the samples in this regime show a strati-
form precipitation area fraction of greater than 0.2, and
the 95th percentile lies around the 0.5 fractional area
coverage. The CC, MIX, and STC regimes again show
strong similarities among each other but have signifi-
cantly lower stratiform precipitation area fractions than
the CD regime. Typical median values are below 0.05,
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and the 75th percentile for these regimes does not ex-
ceed 0.1, which is the median value for the CD regime.
The smallest stratiform precipitation coverage is found
in the SSCL regime with a median close to zero, with
few values above 0.1. The distribution of stratiform pre-
cipitation areas observed by Yuter and Houze (1998)
during TOGA COARE is generally consistent with this
study; however, the values in Fig. 3 are lower than those
reported by Yuter and Houze. The two likely reasons
for this difference are that the aircraft missions during
TOGA COARE preferentially sampled large meso-
scale convective systems, and the sensitivity of the PR
limits its ability to sense large regions of weak echo,
<17 dBZ, associated with stratiform rain. Schumacher
and Houze (2000) noted that the PR missed <3% of
near-surface rain observed by a ground radar on Kwa-
jalein in the Marshall Islands, but it missed 45% of
near-surface rain area. Thus, the stratiform precipita-
tion area fractions in Fig. 3 are applicable for compari-
sons between regimes, but the absolute values are po-
tentially underestimated by up to a factor of 2.

The shallow isolated precipitation category exhibits
very small area coverage across all the regimes. The
area coverage by shallow convective precipitation in-
creases steadily from CD to SSCL regimes. Median,
75th, and 95th percentile values in the SSCL regime are
roughly double those of the CD regime, with the other
regimes falling in between. Even in the SSCL regime,
there are only a few values greater than 0.01. The low
area coverage in the shallow category is not surprising
because shallow precipitation tends to occur in regions
with low cloud fraction, such as trade cumulus, in which
only a small fraction of clouds tends to precipitate. The
4.3-5-km footprint and 17-18- dBZ sensitivity thresh-
old of the TRMM radar will also likely lead to an un-
dersampling of shallow convective precipitation be-
cause shallow isolated cells tend to be smaller than the
PR’s footprint with weak reflectivity.

Figure 4 displays the regime- and grid-box averaged
daily precipitation and its stratification into the deep
convective, stratiform, and shallow convective precipi-
tation categories. The largest within-regime daily rain-
fall amounts are associated with the CD regime at
nearly 12 mm day *. The CC and MIX regimes exhibit
daily rainfall rates of less than half that of the CD re-
gime (~5.5 mm day'). The lowest rain rates are found
in the suppressed STC (~4 mm day ') and SSCL (~2.3
mm day ') regimes. In addition to the amount of pre-
cipitation, the CD regime is the only regime in which
the stratiform rain amount dominates precipitation,
with a split of 54% stratiform to 44% deep convective
(the residual 2% resides in the shallow component).
The precipitation amounts in all other regimes are
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FIG. 4. Surface gridbox average rain rates (mm day ') for each
ISCCP cloud regime. Bar shading indicates precipitation category:
shallow convective (black), deep convective (dark gray), and
stratiform (light gray). The numbers displayed in the bars are the
percentage fraction of the total rain for the (top) stratiform and
(bottom) deep convective component.
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dominated by the deep convective component. The
dominance of this component increases gradually from
54% in the CC regime to 60% in the SSCL regime. At
the same time, the stratiform contribution reduces from
44% in the CC regime to 33% in the SSCL regime. The
only significant contribution to rainfall from shallow
convective precipitation occurs in the SSCL regime,
where 7% of the rainfall comes from shallow isolated
cells. The rainfall amounts discussed above confirm in
broad terms the earlier finding from area fraction sta-
tistics that the five ISCCP-based cloud regimes fall into
three broad precipitation categories.

To gain further insight into the precipitation charac-
teristics of the cloud regimes and to begin evaluating
their relative contribution to the overall distribution of
precipitation by rain type (deep convective, stratiform,
and shallow convective), it is worthwhile to examine
some of the relationships between different precipita-
tion characteristics found by Schumacher and Houze
(2003a, their Figs. 5 and 6) by ISCCP-based cloud re-
gimes. For this purpose, scatterplots of stratiform rain
fraction (the amount of stratiform precipitation divided
by total precipitation) versus stratiform area fraction
(the area of stratiform precipitation divided by total
precipitation area), rain accumulation, and convective
and stratiform rain rates are shown in Fig. 5. The figure
is constructed in the following way: the mean precipi-
tation characteristics for each regime’s grid point are
calculated for each of the 128 grid boxes in the study
area. To ensure sufficient sampling, a minimum of 9000
raining PR pixels per regime at a given grid point within
the 6-yr study period was required. This threshold ex-
cluded 20 grid boxes for the STC regime in the vicinity
of NG, where the regime shows a very low frequency of
occurrence (cf. Fig. 2). Therefore, each regime, with the
exception of STC, contributes 128 points to each scat-
terplot (108 in the case of STC). Points contributed by
the different regimes are indicated by different colors.
Horizontal and vertical lines denote average TWP val-
ues.

As in earlier studies (cf. Schumacher and Houze
2003a) stratiform rain fraction is well correlated with
stratiform area fraction (Fig. 5, top left). Note that the
definition of stratiform area fraction here differs from
that of the gridbox area fractions shown in Fig. 3, which
represented the percent of the grid covered by a certain
rain type. Stratiform area fractions in Fig. 5 range 55%-—
90% with stratiform rain fraction varying 20%-70%.
The relationship appears near linear, especially for be-
low-average fractions. The data distribute well by ISCCP-
based cloud regime, in particular at high and low val-
ues, which are dominated by the CD and SSCL re-
gimes, respectively. Intermediate values are populated
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by the other three ISCCP regimes, with a small ten-
dency for the STC regime to lie in the transition region
from SSCL to MIX and CC. This strong separation of
the data by regime underlines the potential usefulness
of the ISCCP-based regime definition for furthering the
understanding of tropical cloud and precipitation sys-
tems and their interaction with the large-scale circula-
tion. This will be further discussed in section 5.

Next, the conditional convective and stratiform rain
rates, that is, the amount of rain falling in each rain type
when it is raining will be investigated. Figure 5 (bottom)
shows the deep convective (left) and stratiform (right)
rain rates as a function of stratiform rain fraction de-
lineated by regime. Increasing convective rain rates are
generally associated with increasing stratiform rain
fractions, although there is some scatter in that rela-
tionship. Somewhat counterintuitively, this indicates
that as deep convection rains more heavily, an increas-
ingly larger percentage of the total rain falls in the
stratiform region. Stratiform rain rate also increases
with an increasing stratiform rain fraction. Thus, large
stratiform rain fractions are likely the result of both
larger stratiform area fractions and higher stratiform
rain rates. Interestingly the ISCCP-based regimes sepa-
rate reasonably strongly by rain rates. The CD regime
shows the highest deep convective and stratiform rain
rates on average (8.8 and 1.9 mm h™', respectively),
whereas the SSCL regime shows the lowest on average
(6.9 and 1.5 mm h™'), with the higher rain-rate outliers
located over NG. These outliers suggest that some of
the ISCCP regimes may have different precipitation
characteristics over land. While the CD and SSCL re-
gimes populate exclusive areas in the phase space of the
rain-rate diagrams, the STC, MIX, and CC regimes
show strong overlap in the intermediate rain-rate
range.

The final relationship with stratiform rain fraction
examined in Fig. 5 is the total grid-mean rain accumu-
lation (top right). The rain accumulation is calculated
as the total mean precipitation over the 6 years of the
study that a regime contributes at a grid point, ex-
pressed in mm day~'. This measure gives an indication
of the overall importance of a regime to precipitation in
the TWP region. As is evident from Fig. 5, two regimes
contribute predominantly to precipitation in the TWP,
namely the CD and the MIX regimes. They are the only
two regimes showing contributions larger that 1 mm
day ! at almost all grid points, whereas the other re-
gimes rarely exceed that threshold. It is also evident
that the “physics” of precipitation between the two im-
portant regimes is very different; the CD regime shows
very large stratiform rain fractions, whereas those in
the MIX regime are generally below average. This has
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clear implications for the latent heating characteristics
of the two regimes, which will be further investigated in
the next section.

Having established the contribution each regime
makes to TWP precipitation, it is worthwhile to exam-
ine the spatial distribution of that contribution. This
expands the findings in Fig. 5 (top right) geographically
and enables further insight into the mean distributions
of convective and stratiform precipitation derived in
Schumacher and Houze (2003a). Figure 6 shows the
spatial distribution of the deep convective and strati-
form precipitation in the TWP (top panels) and the
precipitation distributions by regime. For both rain
types, precipitation is at the maximum in the ITCZ
regions north and south of the equator and over NG. In
the northern ITCZ, convective and stratiform precipi-
tation contribute roughly equally to the total, while

south of the equator, the convective component domi-
nates. Can the regime separation shine more light on
the reasons for this difference?

As was apparent in Fig. 5, the CD and MIX regimes
make the largest contributions to TWP precipitation
but for very different reasons. The CD regime occurs
relatively infrequently (cf. Fig. 2), but it produces large
amounts of precipitation with a large stratiform com-
ponent (cf. Fig. 4). The MIX regime, on the other hand,
produces less precipitation when present, but it occurs
more frequently. The main difference between the pre-
cipitation behavior north and south of the equator can,
therefore, be interpreted as a difference in regime oc-
currence, with the MIX regime dominating south of the
equator (especially in the convective rain field),
whereas the CD regime has a more significant influence
to the north. One exception to this north-south differ-
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ence is the large rain accumulations seen just north of
NG in the CD regime. It is possible that this pattern
represents the diurnal northward propagation of ma-
turing convective systems off the coast of NG (Liberti
et al. 2001).

Although the CD and MIX regimes account for two-
thirds of the precipitation in the TWP, the other three
regimes each contribute roughly equally to the remain-
ing third. The CC regime also makes a small but no-
ticeable contribution to the north—south difference by

exhibiting a maximum in mostly convective precipita-
tion east of NG. Also noteworthy is the widespread
character of the rainfall contribution of CC and STC
over the ocean, and the dominance of the MIX and, to
some extent, the SSCL in the precipitation over NG. As
discussed earlier, the results over land have to be inter-
preted with great caution because of the daytime-only
averaging and the ambiguous regime definition over
orography. The SSCL rain pattern is very different
from the SSCL RFO pattern in Fig. 2. In particular, the
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relatively high amounts of shallow cumulus over cooler
SST regions do not produce much rain.

4. The vertical structure of precipitation and latent
heating of the TWP ISCCP cloud regimes

The previous section discussed the surface precipita-
tion characteristics of the ISCCP-based cloud regimes
and elucidated their relative contribution to total rain-
fall in the TWP. The aim of this section is to extend the
results at the surface to the vertical structure of the
precipitation signatures of the ISCCP regimes as well as
their latent heating structure based on TRMM PR data.

Figure 7 shows the distribution of radar echo tops
within each regime (left panels) and for the entire TWP
region, taking into account regime RFO (right panels)
for deep convective (top), stratiform (middle), and
shallow convective (bottom) precipitation. The within-
regime profiles of echo top represent the number of
echo tops identified in 0.5-km height bins in a particular
regime normalized by the total number of PR pixels
(both precipitating and nonprecipitating) that were ob-
served in that regime. The TWP-wide values represent
the echo top counts within a regime normalized by the
total number of PR pixels across all regimes.

In the within-regime distribution of convective echo
tops (top left), it is evident that the CD regime shows
the largest echo coverage and the highest tops. The
peak of echo height occurrence in this regime is at
about 6-7 km with a fairly broad distribution up to
heights of 10 km. The deeper convection is likely a
factor in the larger convective rain rates observed in
this regime. The CC and MIX regimes are very similar
to one another with peaks at about 6 km. The STC
regime shows a transition to fewer convective echoes
with even lower tops. The SSCL regime shows the least
convective echo tops with a broad peak between 4 and
6 km. Once normalized with regime RFO, the largest
contribution to deep convective echo in the TWP is
made by the MIX regime, followed by the CD regime.
The distinct difference in echo top height between the
two regimes is less obvious than in the within-regime
figure; however, the MIX regime shows relatively more
low convective echo tops. Furthermore, the CD regime
still shows a preference for higher peaks than any of the
other regimes. The CC, STC, and SSCL regimes con-
tribute very similar amounts to TWP convective ech-
oes, with the SSCL regime contributing slightly more
low echo tops than the three other regimes.

Within-regime stratiform echo coverage is largest in
the CD regime with a strong peak around 6 km, which
is just above the melting layer and the radar brightband
region. It should be noted that weaker echo and cloud
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exist many kilometers above this height in stratiform
rain regions. The drop-off in frequency is likely the
result of the lack of sensitivity of the TRMM PR to the
smaller particles aloft because the ISCCP histograms
for the CD regime (cf. Fig. 1) show very large coverage
with high-top clouds. All but the SSCL regime show a
peak in echo frequency between 5-6 km, albeit with an
overall much smaller frequency. Once normalized by
regime RFO, the CD regime still makes the largest
contribution to stratiform echo in the TWP region, but
the contribution from the MIX regime is also significant
(albeit with fewer high echo tops). All other regimes
make only a small contribution to stratiform rain oc-
currence.

Within-regime shallow convective echo top fre-
quency shows a consistent peak near 3 km and is domi-
nated by the SSCL regime. After normalization with
regime RFO, the SSCL and MIX regimes contribute
similar amounts to shallow echo coverage in the TWP.
This indicates that both of these regimes contain shal-
low precipitating cumulus clouds consistent with their
cloud-top distribution, as revealed by the ISCCP
CTP- histograms (cf. Fig. 1).

Readers may have noted that some echo tops in the
deep convective and stratiform distributions are less
than 4 km, and they may be considered shallow by the
TRMM PR rain-type algorithm. However, these echo
tops represent convection that is attached to deeper
convection, and they are considered shallow noniso-
lated in version 6 of TRMM product 2A23. Shallow
nonisolated echo is often overlain by deeper cloud (Ca-
sey et al. 2007), making comparisons with ISCCP-
derived regimes unfeasible. Therefore, the shallow iso-
lated classification was considered most representative
of precipitating shallow cumulus, and the shallow
nonisolated echoes were left in their respective deep
convective and stratiform classifications.

With the different echo top distributions and rainfall
amounts, it can be expected that the cloud regimes
make different contributions to the profile of latent
heating. Given the importance of the latter for the in-
teraction of convection with the large-scale tropical cir-
culation, it is worth estimating the latent heating pro-
files of each regime and the overall contribution each
regime makes to TWP latent heating. For this purpose,
the method of Schumacher et al. (2004) is applied to
each regime. The approach is to assume an idealized
latent heating profile shape for each type of precipita-
tion (deep convective, stratiform, and shallow convec-
tive), then use rain amount observations to determine
the magnitude of the heating. For example, in a region
with 50% deep convective and 50% stratiform rain, the
idealized deep convective and stratiform heating pro-
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files would be averaged to obtain the appropriate ver-
tical structure. The observed total rainfall would then
be used to determine how much heating (K day ™) is
actually occurring. It should be noted that this method
does not account for the latent heating and cooling as-
sociated with nonprecipitating cumulus clouds, which
may affect the distribution of latent heating at low lev-
els. Figure 8 shows the within-regime and TWP-
averaged profiles of latent heating for each cloud re-
gime.

The earlier findings of this study translate well into
the within-regime latent heating profiles (Fig. 8, left).
The CD regime, the only regime dominated by strati-
form precipitation, has the largest gridbox mean latent
heating with a peak magnitude of almost 9 K day ! at
around 7 km. It is also the only regime with significant
cooling below 2 km, brought about by the evaporative
cooling in the stratiform mode. All other regimes show
profiles more typical of a convective mode with a bow-
shaped profile. The level of maximum heating in these
regimes is lower than in the CD regime, and it de-
creases with decreasing convective activity. The CC and
MIX regimes show peak heating of 3-4 K day ' at
around 6.5 km, which reduces to less than 2 K day ' at
just below 6 km in the SSCL regime.

Having identified the within-regime latent heating
characteristics, this knowledge can again be applied to
elucidate the contribution of each regime to mean TWP
latent heating. The CD and MIX regimes, as expected,
dominate with peak heating of 1.4 and 1.1 K day ',
respectively. However, there are noticeable differences
in the vertical structure of the heating in those two
regimes. The CD regime peak occurs up to 1 km higher
than in the MIX regime. Heating above about 5 km is

significantly larger in the CD regime, owing to its large
stratiform component. Below 5 km, the MIX regime
contributes larger heating rates with the CD regime
showing cooling below about 2 km. These vertical
structure differences have potentially significant conse-
quences for the interaction of these regimes with dy-
namical features of the tropics. In addition to differ-
ences in the vertical shape, Fig. 8 also reveals large
differences in magnitude when present, with infrequent
but strong heating due to the CD regime, and frequent
but weak heating in the MIX regime. Each of the other
three regimes (CC, STC, and SSCL) contribute much
smaller amounts to latent heating in the TWP; although
taken together, they have a similar magnitude to the
CD and MIX regimes. The vertical shape of heating in
these regimes is similar to the MIX regime, confirming
their predominantly convective character. When all of
the TWP regime latent heating profiles are summed,
the resulting profile (not shown) is similar to the mean
diabatic heating profile observed during TOGA
COARE using sounding budgets (Lin and Johnson
1996, their Fig. 11).

5. Discussion

The combination of the ISCCP cloud regime infor-
mation with TRMM PR precipitation and latent heat-
ing information has led to a number of interesting find-
ings and potentially opens up new avenues for further
research. Although the stratification of the data when
distributing the TRMM information by ISCCP regime
may seem obvious, the results in the previous sections
are far from trivial and have implications for the
ISCCP-based interpretation of tropical cloudiness. The
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ISCCP regimes have been derived by a simple statisti-
cal algorithm with no a priori information other than
the daytime average CTP-r histograms (Jakob and Tse-
lioudis 2003; Rossow et al. 2005), yet early studies have
revealed strong links between the ISCCP regimes and
the Madden—Julian oscillation (MJO; e.g., Rossow et al.
2005; Hoglund 2005). That independent data—TRMM
in this case—stratify “sensibly” further highlights the
potential for using the ISCCP regimes to better under-
stand tropical weather and climate. For example, the
separation of latent heating when using the ISCCP re-
gimes provides opportunities for using the long-term
global ISCCP information (>20 yr) as a proxy, enabling
the construction of long-term datasets of latent heating.
These in turn could be used in furthering our under-
standing of the interactions of the tropical circulation
with convection or for constructing datasets for the
evaluation of the representation of latent heating in
GCMs.

This study has revealed that among the five ISCCP
regimes used here, three major precipitation and latent
heating “states” exist on the scale of 2.5° X 2.5°, with
the CD regime representing the first; the CC, MIX, and
STC regimes representing the second; and the SSCL
regime representing the third. An intriguing question
resulting from this finding is whether it is an artifact of
separation driven by the ISCCP regimes or whether at
that scale nature does in fact produce such a small set of
precipitation “regimes.” Recent work by Caine et al.
(2007, manuscript submitted to Mon. Wea. Rev.) has
revealed four precipitation regimes in the Darwin re-
gion based on an objective classification of three-
dimensional radar images. When linking those four pre-
cipitation regimes to the same ISCCP-based regimes,
they found a separation into three major precipitation
states that are very similar to the ones revealed here.
Note that the existence of only three precipitation re-
gimes does not invalidate the larger number of regimes
found in the ISCCP data. The latter are based on short-
wave and infrared radiation information, and precipi-
tation is only one of the many characteristics of the
regimes. Jakob et al. (2005) have shown that other char-
acteristics such as surface radiation or water vapor also
distribute into a larger number of regimes.

Of the three precipitation states, only one (the CD
regime) shows a dominance of stratiform over convec-
tive precipitation. It is well established (see references
in the introduction) that systems with predominant
stratiform heating interact strongly and differently from
purely convective systems with the tropical circulation.
Using the knowledge provided by this study, therefore,
opens up opportunities for studying such interactions
using the ISCCP-based regimes.
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Several of the findings of this study could potentially
also contribute to the development of models, in par-
ticular GCMs in which convection is a process acting on
scales smaller than the grid size and hence requires
parameterization. If the three precipitation/latent heat
regimes found here are in fact the most typically occur-
ring, this needs to be considered when constructing pa-
rameterizations. Current cumulus parameterizations
distinguish between shallow and deep convection, and
some recent efforts have been focused on including a
third type to represent clouds of medium vertical extent
(cumulus congestus). The results of this study indicate
that, at least in the TWP, latent heating is in fact
strongly influenced by a regime with significant strati-
form components, a situation only poorly catered for in
current parameterizations. It appears important to in-
clude this convection regime in existing models.

The results of this study provide an opportunity to
examine if current models realistically simulate the la-
tent heating characteristics of tropical convection.
Through the use of the ISCCP simulator (Klein and
Jakob 1999; Webb et al. 2001), it is possible to examine
the ISCCP regimes in models (e.g., Williams and Tse-
lioudis 2007). Once the model regimes have been de-
termined, the model’s latent heating structures can be
stratified into them and the results compared to those
here. This should reveal the model’s ability to represent
not only mean structures, but also the very important
differences in magnitude and shape of the heating
structures between regimes. This, combined with the
further elucidation of the ISCCP regime—circulation in-
teractions advocated above, might lead to a better un-
derstanding of well-documented long-term model
flaws, such as the inability to simulate the MJO.

A very direct finding of this study is an improved
understanding of the previously reported stratiform/
convective precipitation distribution in the tropics (e.g.,
Schumacher and Houze 2003a). It has been shown here
that the ratio of the two components of precipitation is
strongly regime dependent. With that information, it
was possible to explain the difference in this ratio in the
TWP north and south of the equator through a differ-
ence in the frequency of occurrence of the different
cloud and convective regimes.

Because its focus was on establishing a methodology
and evaluating its usefulness, this study has been lim-
ited to the TWP. Naturally, the conclusions that can be
drawn for the precipitation behavior are limited to that
region only. The overall success of establishing rela-
tionships between the ISCCP-based cloud regimes and
TRMM precipitation information provides opportuni-
ties for an extension of the study to other regions of the
tropics in future work.
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6. Concluding remarks

This study combined ISCCP-based information on
tropical cloud mixtures with precipitation and latent
heating profile estimates from the TRMM PR. The pur-
pose of the study was twofold: 1) to investigate and
describe the precipitation and latent heating character-
istics of the cloud regimes, and 2) to use the knowledge
acquired to better understand the observed distribu-
tions of convective and stratiform precipitation. This
initial study was limited to the TWP region to mainly
focus on the methodology of combining ISCCP and
TRMM observations and to determine if there is any
value in doing so. Despite the geographic limitation of
the study, several important findings have resulted.

1) TRMM-derived precipitation and latent heating in-
formation stratifies well in the ISCCP-cloud regime
space.

2) Within the five ISCCP regimes present, there are
three major classes of precipitation characteristics: a
strongly precipitating class dominated by the strati-
form rainfall component represented by the CD re-
gime; a moderately precipitating class dominated by
the convective component represented by the CC,
MIX, and STC regimes; and a weakly precipitating
class represented by the SSCL regime.

3) Precipitation and latent heating in the TWP are
dominated by two regimes with very different heat-
ing characteristics: the CD regime occurs relatively
infrequently but with strong top-heavy latent heat-
ing profiles, and the MIX regime occurs frequently
but with weaker, bow-shaped convective latent
heating profiles.

4) The ISCCP CD regime is the only regime in which
the stratiform precipitation component dominates
the overall latent heating profile.

5) Much of the distribution of differences in the split
between stratiform and convective precipitation in
the TWP can be understood through differences in
the frequency of occurrence of the ISCCP cloud re-
gimes.

These findings raise a number of interesting ques-
tions for future research. An obvious extension is the
application of the methodology developed here to the
entire tropics to study if and in what way regional dif-
ferences in precipitation and cloud regimes are associ-
ated with each other. One difficulty with such an ex-
tension lies in the application of the method over land.
As alluded to earlier, the ISCCP data used for regime
definition only exist during sunlit hours. Given the
strong diurnal cycle over land, it is difficult to derive

JOURNAL OF CLIMATE

VOLUME 21

meaningful daily mean cloud regimes. This is com-
pounded by the effects of orography. Nevertheless, ex-
tending the study to the entire tropics is an obvious next
target. The finding that the CD regime is so outstand-
ing, both in amount and shape of latent heating, implies
that this regime warrants further investigation. Early
indications show the CD regime to have very interest-
ing associations with tropical circulations, such as mon-
soons and the MJO (e.g., Hoglund 2005). One of the
recently proposed stretched building blocks for tropical
convection (Mapes et al. 2006) may also show a strong
association with the CD regime. Future work will con-
centrate on providing some more insight into this par-
ticular regime. Other avenues opened by this study are
the application of this technique for model evaluation
of latent heating, and the extrapolation of information
in space and time through the use of the statistical re-
lationships between ISCCP regimes and latent heating.
The study of tropical convection, its interaction with
tropical dynamical features, and their representation in
general circulation models remains at the forefront of
unresolved problems in atmospheric science. This study
has added an additional tool for addressing these prob-
lems.
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