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ABSTRACT

Cold cloud features (CCFs) are defined by grouping six full years of Tropical Rainfall Measuring Mission
(TRMM) infrared pixels with brightness temperature at 10.8-�m wavelength (TB11) less than or equal to 210
and 235 K. Then the precipitation radar (PR)-observed precipitation area and reflectivity profiles inside
CCFs are summarized and compared with the area and minimum temperature of the CCFs. Comparing the
radar with the infrared data, significant regional differences are found, quantified, and used to describe
regional differences in selected properties of deep convective systems in the Tropics. Inside 4 million CCFs,
35% (57%) of cold cloud area with TB11 � 235 K (210 K) have rain detected by the PR near the surface.
Only �1% of the area of TB11 � 210 K have 20 dBZ reaching 14 km. CCFs colder than 210 K occur most
frequently over the west Pacific Ocean, but 20-dBZ echoes extending above 10 km in this region are
disproportionately rare by comparison to many continental regions. Ratios of PR-detected raining area to
area of TB11 � 235 K are higher over central Africa, Argentina, and India than over tropical oceans. After
applying these ratios to the climatological Global Precipitation Index (GPI) tropical rainfall estimates, the
regional distribution is more consistent with the rainfall retrieval from the PR. This suggests that the
discrepancy between GPI- and PR-retrieved rainfall can be partly explained with the nonraining anvil.
Categorization of CCFs based on the minimum TB11, size of CCFs, and 20-dBZ heights demonstrates that
20-dBZ echoes above 17 km occur most frequently over land, while the coldest clouds occur most frequently
over the west Pacific. The vertical distances between the cloud-top heights determined from TB11 and PR
20-dBZ echo-top heights are smaller over land than over ocean and may be considered as another proxy for
convective intensity.

1. Introduction

Deep convection plays a crucial role in precipitation,
heat transfer (Riehl and Malkus 1958), and troposphere–
stratosphere exchange (Holton et al. 1995; Sherwood
and Dessler 2000) in the Tropics. The global and re-
gional characteristics of deep convection have been in-
vestigated using a variety of observing tools including

satellite infrared (IR) images (e.g., Mapes and Houze
1993; Hall and Vonder Haar 1999; Gettelman et al.
2002), microwave measurements (e.g., Mohr and Zipser
1996; Toracinta and Zipser 2001; Jiang et al. 2004; Hong
et al. 2005), and ground-based (e.g., Heymsfield and
Fulton 1988; Cifelli et al. 2002), ship-borne (e.g., De-
Mott and Rutledge 1998), airborne (e.g., Heymsfield et
al. 1996) and space-borne (e.g., Nesbitt et al. 2000; Pe-
tersen and Rutledge 2001; Schumacher and Houze
2003; Cecil et al. 2005; Liu and Zipser 2005; Nesbitt et
al. 2006) radars.

However, various instruments respond to properties
of deep convection in different ways. Cloud-top bright-
ness temperatures from IR images give reliable cloud
coverage with high horizontal and temporal resolution
(Rossow and Schiffer 1999). Studies using radar and
passive microwave observations can give direct indica-

* Current affiliation: Department of Atmospheric Sciences,
University of Illinois at Urbana–Champaign, Urbana, Illinois.

Corresponding author address: Dr. Chuntao Liu, Department
of Meteorology, University of Utah, 135S 1460E, Rm. 819, Salt
Lake City, UT 84112-0110.
E-mail: liuct@met.utah.edu

1 FEBRUARY 2007 L I U E T A L . 489

© 2007 American Meteorological Society

JCLI4023



tions of the intensity of convection. However, few stud-
ies have quantitatively investigated the relationship be-
tween high, cold anvil clouds and the intensity of the
convection that produced them. Combining IR images
and ground-based, shipborne, and airborne radars have
provided case studies of convection and clouds (e.g.,
Heymsfield and Fulton 1988; Heymsfield et al. 1996;
Cifelli et al. 2002; Cifelli et al. 2007), but the limited
temporal or spatial coverage necessarily confines them
to a small sample of tropical deep convection.

Liu and Zipser (2005) and Zipser et al. (2006), by
focusing on observations that are direct indicators of
the intensity of convection, find that intense convection
in the Tropics is concentrated over land areas. Yet stud-
ies using IR as a primary data source (e.g., Gettelman et
al. 2002) often find that the tropical west Pacific Ocean
has the greatest concentration of cold, high clouds. The
question arises whether these are contradictory results,
or whether they can be explained as observations of
different aspects of deep convective cloud systems that
may have different properties.

The Tropical Rainfall Measuring Mission (TRMM)
satellite (Kummerow et al. 1998) measures collocated
visible and infrared radiances from the Visible and In-
frared Scanner (VIRS), microwave radiance from the
TRMM Microwave Imager (TMI), radar reflectivity
from the Precipitation Radar (PR), and flashes from
the Lightning Imager Sensor (LIS). It provides a
unique opportunity to investigate tropical deep convec-
tive systems from two different perspectives aboard
TRMM: IR images from VIRS and radar reflectivity
from the PR using six years of TRMM measurements.
To be specific, in this paper we address the following
questions:

1) It is known that there are surface rainfall retrieval
biases between estimates from IR-only techniques
and radar-only techniques (e.g., McCollum et al.
2000). As shown in Figs. 1a,b, 6-yr-averaged
monthly rainfall from the Global Precipitation In-
dex (GPI; Joyce and Arkin 1997) overestimates the
surface rainfall over the west Pacific and central Af-

FIG. 1. The 6-yr (1998–2004; see text) average of monthly rain rate estimates from (a) GPI, (b) TRMM 3A25,
and (c) GPI after corrected with ratio of anvil area (see section 3a).
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rica, and underestimates the surface rainfall over the
east Pacific relative to the climatology of TRMM PR
retrievals (3A25). By examining the near-surface
rain detected by the PR inside a cold cloud area in
VIRS IR images, we believe that the results will help
elucidate the discrepancies between IR and PR rain-
fall retrievals on a regional basis.

2) Do deeper and colder clouds always indicate more
intense convection? Where can we find the coldest
clouds in the Tropics? How far below the IR cloud
top is the radar echo top, and how are the differ-
ences distributed globally? We will use the VIRS
and PR database to calculate these differences and
seek physical explanations for the observations.

First, six years of TRMM VIRS and PR data are
matched at PR resolution within the PR orbit swath.
Then cold cloud features are defined based on the
VIRS IR temperature. Finally, the statistics of PR re-
flectivity and IR temperature features and their differ-
ences are summarized and compared. Section 2 de-
scribes the definitions, data, and analysis method. Re-
sults and discussion are given in section 3.

2. Data and methods

This section first introduces how deep convective sys-
tems are defined with TRMM VIRS data and then de-
scribes the TRMM data combination, grouping, and
construction of the University of Utah TRMM data-
base.

a. Definitions of deep convection from TRMM
VIRS

The traditional way to define deep convection from
IR measurements is finding pixels with brightness tem-
peratures colder than a given temperature threshold
from IR images. This threshold could be 208 K (Mapes
and Houze 1993; Chen et al. 1996; Hall and Vonder
Haar 1999), 210 K (Zuidema 2003), 218 K (Machado et
al. 1998), 230 K (Tian et al. 2004), or cold point tropo-
pause temperature (Gettelman et al. 2002). This
method detects convective clouds reaching high alti-
tude with cold brightness temperature at IR wave-
lengths. However, besides the convective region, cold
nonraining anvil clouds or thick cirrus are included in
the definition as well. One primary advantage of
TRMM observations is that not only may the area of
cold clouds be defined for any brightness temperature
threshold at IR wavelength, but also the raining area
and radar reflectivity vertical structure details beneath
the IR cloud tops may be obtained. This is demon-
strated in an example in Fig. 2. VIRS measures de-
pressed brightness temperatures at 10.8-�m wavelength
(TB11) from above deep convection. The large optical
depth of precipitation-sized ice particles in the convec-
tive clouds causes strong depression of brightness tem-
peratures at TMI 85 GHz and thus appears as low po-
larization corrected temperature (PCT; Spencer et al.
1989). High vertical resolution (�250 m) radar reflec-
tivity from the PR provides detailed vertical structure
of the storm including the anvil region. Intense convec-

FIG. 2. Example of the definitions of precipitation features (Nesbitt et al. 2000) and cold cloud features (CCF � 210 K)
from a TRMM orbit over Argentina in 1998. Thin dashed line is the TRMM 2A12 (retrieved from TMI) rainfall rate. Thin
solid line is the TRMM 2A25 (retrieved from PR) rainfall rate.
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tion, able to produce more condensate in the mixed-
phase and cold-phase region and thus loft more and/or
larger ice particles to higher altitude, has increased ra-
dar reflectivity at altitude, as well as increased scatter-
ing of 85-GHz radiance out of the TMI field of view.
Thus, intense convection contains higher PR high echo-
top heights (ETHs) and lower 85-GHz PCTs relative to
weaker convection (Nesbitt et al. 2000). Also there are
two independent surface rain estimates available: the
retrieval from PR near-surface reflectivity with the
rain-profiling algorithm (2A25: Iguchi et al. 2000) and
the retrieval from TMI brightness temperatures at dif-
ferent wavelength with the Goddard-profiling algo-
rithm (2A12: Kummerow et al. 2001).

Our approach utilizes two temperature thresholds to
define cold cloud features (CCFs) with the following
steps:

• First, the VIRS pixels (2 � 2 km at nadir) are
matched with PR pixels (4.3 � 4.3 km at nadir) within
the PR swath.

• Second, the contiguous pixels with TB11 colder than
210 or 235 K are grouped as CCFs (see example in
Fig. 2). At least four pixels are required for each
CCF, so cold clouds with area less than 75 km2 below
each threshold are not considered.

• Within the area of each CCF, properties of precipi-
tation and convective intensity of the CCF are sum-
marized with the following variables: area of the
cloud reaching high altitudes inferred by the number
of pixels with TB11 � 210 and 235 K; area of the CCF
with large amount of total column ice inferred by
TMI 85-GHz PCT � 250, 225, and 200 K; and area
inside CCF detected by PR at different altitudes in-
ferred by the number of pixels with PR 20 dBZ at 6,
10, and 14 km. Here 20 dBZ is arbitrarily chosen for
keeping a constant lower limit of PR reflectivity be-
fore and after the TRMM satellite orbit boosting
in August 2001. Because of the sixth-power de-
pendence of radar reflectivity on particle size, echoes
of 20 dBZ are considerably stronger than any-
thing observed in cirrus clouds and essentially assure
that there are large, precipitation-sized particles
present at altitude, evidence of strong convective up-
drafts; number of pixels with surface rain rate �0 mm
h�1 from TRMM 2A25 and 2A12 retrievals; total
flash counts from the LIS; minimum TB11; minimum
TMI 85-GHz PCT, 37-GHz PCT; maximum height
(MSL/above earth ellipsoid) of PR 20, 30, and 40
dBZ.

• Last, horizontal wind components and thermody-
namic variables including temperatures, and geopo-
tential heights at standard pressure levels for each

CCF, are obtained by temporal and spatial interpo-
lation of National Centers for Environmental Predic-
tion (NCEP) reanalysis data to the time and geo-
graphic center of each CCF.

After applying the definition to the version 6 TRMM
data from 1998 to 2004, CCFs are identified and their
properties recorded in the University of Utah database.
Owing to instrument problems in September and Oc-
tober 2002 and the satellite orbit boost in August 2001,
some VIRS measurements are missing or not reliable.
For these reasons, the 6-yr data from 1998–2001 and
2003–04 are used in this study, replacing August 2001
with August 2002 data.

b. University of Utah TRMM database

The University of Utah TRMM database is devel-
oped based on the framework of precipitation features
(PFs) defined by Nesbitt et al. (2000). Using this defi-
nition, global distribution of storms with LIS-detected
lightning (Cecil et al. 2005), deep convection reaching
the tropical tropopause layer (Liu and Zipser 2005),
rainfall production and convective organization (Nes-
bitt et al. 2006), and extreme thunderstorms (Zipser et
al. 2006) have been studied. With NCEP data, grid-
level data processing and adding a definition of CCFs,
current database construction represents three levels of
processing of the TRMM data, as shown in Fig. 3.

• Level-1 data are produced with a combination of the
version-6 1B01, 1B11, 2A12 (Kummerow et al. 2001),
2A23, 2A25 (Iguchi et al. 2000), and LIS granules,
TMI–PR–LIS–VIRS nearest-neighbor collocation,
TMI–PR parallax correction [in the collocation pro-
cedure, the TMI data are shifted one scan (�14 km)
toward the satellite to account for the “parallax” be-
tween the two instruments caused by the PR and
TMI difference in viewing angles] and PF and CCF
grouping (see example in Fig. 2). The output data are
saved for each satellite orbit.

• Using level-1 data, the statistics, such as volumetric
rain, flash counts, and maximum height of 20 dBZ,
etc., for each PF and CCF are derived. Then, collo-
cations with NCEP–National Center for Atmo-
spheric Research (NCAR) reanalysis (Kistler et al.
2001) parameters and monthly combination of orbital
data are performed to obtain the level-2 PF and CCF
data.

• To process level-3 data, first the monthly statistics of
PF properties in level-2 data are derived on a 1° � 1°
grid. Then, the precipitation estimates from GPI
(Joyce and Arkin 1997), Global Precipitation
Climatology Centre (GPCC; Rudolf 1993), Global
Precipitation Climatology Project (GPCP; Huff-
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man et al. 2001), and TRMM 3A25 and 3B43 are
included. After combination, level-3 PF data include
the precipitation estimates from different sources and
the statistics of PFs that contributed to the precipita-
tion on 1° � 1° grids. Using a similar procedure,
level-3 CCF data are produced with the statistics of
CCFs on a 5° � 5° grid.

3. Results and discussion

Within the dataset, a total of 4 154 988 CCFs were
grouped with TB11 � 235 K, and 724 993 CCFs were
grouped with TB11 � 210 K between 36°N and 36°S.
The area of 20-dBZ radar echo at different altitudes,
cold TMI 85-GHz PCT, and surface rain from CCFs
from the full database and the subset from 20°N to 20°S
are listed in Table 1. From 20°N to 20°S, only 0.93% of
TB11 � 210 K area have any 20-dBZ echo reaching 14
km. This compares with the finding of �0.5 � 0.25%
Tropics with TB11 area colder than the cold point tropo-
pause reported by Gettelman et al. (2002) and
�0.008% fractional coverage in the Tropics with 20-
dBZ echo above 14 km reported by Liu and Zipser

(2005). Only 35% (57%) of the area of clouds with TB11

� 235 K (210 K) have rain detected by the PR. Note
that the PR reflectivity threshold of 17 dBZ (Kum-
merow et al. 1998) would omit some of the light rain
area in the CCFs. The TMI detects a slightly larger
raining area (40% under TB11 � 235 K and 65% under
TB11 � 210 K). It is reasonable to relate the regional
differences in the fraction of TB11 � 235 K nonraining
area to the regional differences in rainfall estimations
from IR and radar. Therefore, we now examine the
global distribution of the ratio of PR-detected precipi-
tation area to the cold cloud coverage.

a. Nonraining cold clouds and their impact on GPI

To obtain the global distribution of the cold cloud,
the area with TB11� 235 K inside the PR swath is ac-
cumulated in 5° � 5° boxes from the CCF database.
Then, the accumulated areas are normalized with
TRMM 3A25 total pixel numbers to remove the
TRMM sampling bias with latitude. Finally, the per-
centage contribution of each 5° � 5° box is calculated
by dividing by the total from all the boxes (Fig. 4a).
This procedure is applied to pixels with PR 2A25 rain

FIG. 3. University of Utah TRMM database construction flowchart.
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inside CCFs to get the distribution of raining area un-
der 235 K (Fig. 4b). The differences are expressed as a
ratio of the accumulated raining area to the accumu-
lated cold cloud area in Fig. 4d. A first look of the
distributions of 235-K clouds in Fig. 4a and raining area
in Fig. 4b seem similar. There is a large contribution of
both cold cloud and raining area in the tropical west
Pacific, the Amazon, Central Africa, and the ITCZ
oceans. However, there are large differences in the pro-
portion of raining area shown in Fig. 4d. A smaller
proportion of raining area is found over Central Africa,
Argentina, India, the northern boundary of the ITCZ
of both the east Pacific and the Atlantic. Larger pro-
portions of raining area are found over the southern
boundary of the ITCZ, especially over the Atlantic.

The differences of GPI and radar precipitation esti-
mates may come from four sources: 1) overestimation
of GPI due to the nonraining area under 235 K clouds;
2) unrealistic assumed constant rainfall rate in GPI
while actual mean conditional rain rates vary (e.g., Nes-
bitt et al. 2006); 3) rainfall from clouds warmer than 235
K; and 4) errors in the PR rainfall algorithm. Here we
only focus on the first possibility, evaluating the impact
of the nonraining area to the rainfall estimates by GPI.

A rough correction with two steps is applied to a 6-yr
average of GPI monthly rain in Fig. 1. First, GPI
monthly rain is simply multiplied by the raining area
ratio from Fig. 4d. Then normalizing with total rain
volume from 3A25, the total amount of rain is consis-
tent with the 3A25. After the correction, correlation
between GPI and 3A25 increases from 0.88 to 0.92 (Fig.
5). The corrected GPI shows less overestimation over
Africa, while showing little change over the east Pacific
and Atlantic ITCZ (Fig. 1c). This implies that nonrain-
ing anvil could be one main reason for some of the
discrepancy between GPI and 3A25 over land regions
where the ratio of anvil area to raining area is higher.

Explicit regional differences in nonraining anvil area
are shown more clearly in Fig. 6. The raw differences
between GPI and PR rainfall (Fig. 6a) are large and
mostly of the same sign. Normalization (Fig. 6b) of GPI
simply reduces GPI by a constant percentage. Correc-
tion for nonraining anvil (Fig. 6c) tends to reduce the
extremes of both signs. (This is consistent with Fig. 5,
which shows that the correction reduces the number of
outliers.) Figure 6d shows that the correction generally
increases the GPI estimates over oceans and reduces
them over land, generally consistent with known biases
of GPI.

However, it is also clear that this result is only one of
the reasons for the differences between GPI and radar
rainfall estimates. To improve the unrealistic constant
rainfall rate in GPI, some IR rainfall estimation tech-
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FIG. 4. (a) Global distribution of area of TB11 � 235 K from CCFs (�235 K). The area in each 5° � 5° bin has
been divided by TRMM 3A25 total pixel number to remove the sampling bias. Units are percent. (b) As in (a) but
for the area with PR 2A25 rain from CCFs (�235 K). (c) As in (b), but for the area without PR 2A25 rain. (d)
Ratio of area with PR 2A25 rain to area of TB11 � 235 K in 5° � 5° bins.

FIG. 5. (a) Scatter diagram of the 6-yr average monthly rain from GPI and TRMM 3A25 in 1° � 1° boxes
between 20°S and 20°N. (b) Similar to (a) except applying a correction to the TB11 � 235 K ratio from Fig. 4d to
the GPI rain.
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niques (e.g., Vicente et al. 1998) directly relate cloud-
top temperatures to the surface rainfall rates. However,
the global applicability of these relations needs inves-
tigation because precipitation systems vary significantly
in different regions (Nesbitt et al. 2006). Next, we ex-
amine relationships between the vertical structure of
deep convection and cloud-top temperature on a re-
gional basis.

b. Global distribution of deep convection top
viewed by PR and VIRS

Using the same procedure as for TB11 � 235 K, the
global distribution of area with TB11 � 210 K and PR 20
dBZ reaching 6 km, 10 km, and 14 km is generated
from the CCF database (TB11 � 235 K) and shown in
Fig. 7. While large areas of cold cloud area are found
both over ocean and land; the CCFs with the largest
fractional area of 20-dBZ echoes extending above 10
km and especially above 14 km are found over land.

There is a large fractional area of 210-K clouds over the
west Pacific. However, 20-dBZ echoes above 10 km
cover a relatively small fractional area in this region.

To investigate the CCF database (TB11 � 210 K) fur-
ther, it is categorized by rarity of minimum TB11, 210-K
area, maximum 20-dBZ height, and the area of 20 dBZ
at 10 km. The locations of CCFs in each category are
shown with different colors in Fig. 8. Apparently, the
coldest and largest 210-K area CCFs are found fre-
quently over the west Pacific. Consistent with Fig. 7,
more CCFs with 20-dBZ echo reaching very high alti-
tude occur over land. The coldest CCFs are found more
frequently over the northern west Pacific (Fig. 8a), but
the largest cold cloud areas are found over the southern
west Pacific (Fig. 8c). Large areas of 20 dBZ at 10 km
indicate large and intense convective systems. Central
Africa, Argentina, Texas, and the Bay of Bengal with
large areas of 20 dBZ at 10 km are consistent with the
locations of strongest thunderstorms (Zipser et al.

FIG. 6. Differences between (a) unadjusted GPI and 3A25 rain; (b) normalized GPI and 3A25 rain; (c) nor-
malized GPI corrected for fractional area with IR Tb � 235 K without PR-detected near-surface rainfall and 3A25
rain; and (d) net adjustment in normalized GPI rain resulting from correcting for nonraining areas IR Tb � 235 K.
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2006). The seasonal cycle of the most extreme CCFs
from Fig. 8 is shown in Fig. 9. There is an obvious
seasonal migration of the African and Indian monsoon
systems. The highest 20-dBZ tops favor land, while the
coldest clouds favor the tropical west Pacific. It is in-
teresting to note that most of the coldest clouds in the
equatorial west Pacific occur in northern winter and
spring when the tropopause is higher than in other sea-
sons.

To quantify the height difference between the cloud
top indicated by the coldest IR temperature and the
20-dBZ echo top, cloud-top heights of CCFs (TB11 �

210 K) are calculated with the minimum TB11 using the
NCEP reanalysis temperature profile. Then, the dis-
tance to the CCF’s maximum 20-dBZ height is aver-
aged in 5° � 5° boxes. This procedure is duplicated for
different seasons and shown in Fig. 10. In general, the
distances between cloud top and the 20-dBZ top are
smaller over land than over ocean. Central Africa has
the smallest distances. The largest distances are over

the Indian Ocean during northern summer and spring,
SPCZ southern summer, and west Pacific northern
summer.

We should note that the TRMM PR swath width (215
km before orbit boost and 247 km after) necessarily
cuts off some of the CCFs at the swath edge. Therefore,
it is possible that convective cores can be outside the
PR swath. Also, the distance between the 20-dBZ top
and the IR top will vary with stage of the life cycle of
the convection. The distances shown in Fig. 10 there-
fore represent a statistical mean taking into account
these factors for each region.

Despite these caveats, there are such clear distinc-
tions between regions in Fig. 10 that we believe smaller
differences between the 20-dBZ top and the IR top are
indicative of cloud systems containing stronger convec-
tive cores, lofting larger particles closer to cloud top,
where they are detectable by the PR. For example, con-
vection in Central Africa is generally stronger than that
in equatorial South America, a conclusion reached by

FIG. 7. (a) Global distribution of the relative contribution from different regions to the total area of TB11 � 210
K, and area of PR 20 dBZ reaching (b) 14, (c) 10, and (d) 6 km within those CCFs (�210 K) between 35°N and
35°S. The area in each 5° � 5° bin has been divided by TRMM 3A25 total pixel number to remove the sampling
bias. The values in each panel add up to 100%. Units are %.
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others (Petersen and Rutledge 2001; Petersen et al.
2005). Some of the seasonal variations (not shown) are
also consistent with previous studies, for example, the
inferred stronger storms in eastern India during the
premonsoon months [March–May (MAM)] than during
the heart of the monsoon rains in June–August (JJA).

c. Discussion

In the previous sections, the differences in the global
distribution of properties of deep convection viewed
from IR and radar are shown. On average, only one-
third of the area occupied by clouds �235 K has rain
detected by radar. A relatively larger proportion of
nonraining clouds occurs over Central Africa than over
most oceans. Speculation is that intense deep convec-
tion over Central Africa may create larger anvils in
proportion to rain area than the relatively weaker con-

vection over oceans (e.g., Nesbitt et al. 2000; Cecil et al.
2005). However, further investigation is needed to sup-
port this speculation. Over the west Pacific, there is a
large area of IR-detected cold clouds, but a smaller area
proportion of radar echoes above 10 km. The radar
echo top extends closer to the height of the cloud top
inferred from IR brightness temperature over land than
over ocean.

While deep convective towers with powerful updrafts
may overshoot the level of neutral buoyancy (LNB)
considerably, extensive cirrus anvils produced from
those clouds will generally spread out close to the LNB.
In most of the deep Tropics, the LNB varies rather little
(not shown). It is generally higher in the tropical west
Pacific than elsewhere, which may account for the
abundant high clouds there. Using the NCEP thermo-
dynamic data in the vicinity of CCFs, we construct sche-

FIG. 8. Location of CCFs (�210 K) categorized by coldest TB11, maximum 20-dBZ height, size of Tb � 210 K, and size
of 20 dBZ reaching 10 km. Rarity of the events are represented with green (�top 10%), orange (�top 1%), purple (�top
0.1%), and black (�top 0.01%) symbols.
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matic diagrams of the perceived contrasts between
CCFs over Central Africa and the tropical west Pacific.
Figure 11 shows different distributions of the LNB in
the two regions; we assume that the CCFs of interest
occur with LNB near the modal values of 14.18 km for
Africa and 14.44 km for the Pacific.

In Fig. 12, we contrast assumed “typical” convective
systems over Central Africa and the tropical west Pa-
cific, using the statistics for each region summarized in
Table 2.

There is abundant evidence that typical updrafts are
much stronger over Congo (Zipser et al. 2006), lofting
larger particles high into the storm, resulting in the 20-
dBZ radar echo tops exceeding 14 km over 5 times the
area as over the tropical Pacific (Liu and Zipser 2005).
This is still a tiny fraction of the area of �210 K IR tops.
It is commonly observed that intense storms have anvils
that are optically thick compared with geometrical

thickness, which we speculate accounts for comparable
coverage of cold IR tops while fractional area of radar-
detected rain is less over Central Africa. Higher cloud
bases over land are inferred to result in greater evapo-
ration of rain (McCollum et al. 2000), while abundant
warm rain regions and less subcloud evaporation add to
the rain area over oceans.

In addition to the discussion above, these results sug-
gest the following:

• “Deep” convection is sometimes used as a synonym
for “intense” convection. This is probably not accu-
rate because the same deep cold cloud may be gen-
erated from different convective intensities in differ-
ent environments. (cf. Nesbitt et al. 2006).

• When using the TRMM radar profiles to study the
vertical structure of cloud systems in the troposphere,
it is important to remember that there is a large depth
of ice clouds undetectable by the PR. Especially over

FIG. 9. Color- and symbol-coded seasonal cycle of the most extreme events (purple and black categories in Fig. 8).
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ocean, the distance between cloud top and maximum
20-dBZ height is often 6 km or even greater.

• Based upon the regional and seasonal variability in
this study, relating tropical deep convection to tropo-
sphere–stratosphere exchange may require further
understanding of the intensity of convective systems
impacting the tropical tropopause layer (TTL; 14–18
km from Sherwood and Dessler 2000). Other things
being equal, the more intense the convection, the
closer the radar echo top is likely to be to the IR top,
and the larger the potential for mass exchange in the
TTL (Liu and Zipser 2005).

• These findings may explain the land ocean differ-
ences in mesoscale convective complex (MCC; Mad-
dox 1980) populations (reported by Laing and Fritsch

1997), which were found to occur mostly over land,
and radar-defined monsoon covective system (MCS)
populations (Nesbitt et al. 2006), which were found to
occur with relative equity over land and ocean. De-
spite cold CCFs present over land and ocean, the
results of this paper indicate that strong and/or long-
lasting convective system updrafts (found preferen-
tially over land) may be necessary to spread sufficient
condensate into anvils to meet the MCC size, dura-
tion, and shape criteria.

4. Summary

Using six years of TRMM VIRS and PR measure-
ments, clouds colder than 235 K are grouped, and the

FIG. 10. The mean differences of cloud-top height calculated from minimum TB11 and the maximum 20-dBZ
echo-top height for CCFs (�210 K with 2A25 rain) in 5° � 5° boxes and their seasonal variations. Units are height
differences in km that the 20-dBZ echo top is below the IR top height.
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characteristics of convection from IR and PR observa-
tions are summarized. After separating the cold cloud
with and without rain detected by the PR, there are
large differences between the proportional nonraining
cloud amounts over land and that over ocean. Rain
estimates of GPI are corrected with raining area ratios.
Better distribution consistency suggests that part of the

discrepancy between rain estimates of GPI and TRMM
3A25 may be explained by the nonraining cold clouds
(i.e., anvils). The global distribution of area of clouds
with IR Tb � 210 K, and 20-dBZ radar echo at 10 and
14 km, shows that large areas of cold clouds are found
over the west Pacific, while the radar echoes reaching
high altitudes are detected mostly over land. The cold-

FIG. 12. Schematic of the structure of deep convection (CCF with TB11 � 210 K) over Central Africa and the
northwestern tropical Pacific, demonstrating differences between typical strong systems in the two regions. Modal
values of LNB are as in Fig. 11. Heights derived from IR observations, 20- and 40-dBZ echo-top heights; relative
coverage of radar echoes �20 dBZ at 6, 10, and 14 km are taken from the 6-yr database of TRMM CCFs discussed
in the text.

FIG. 11. Relative frequency of level of neutral buoyancy in Central Africa (Congo, 10°S–
5°N, 15°–30°E) and the northwestern tropical Pacific (0°–15°N, 135°–170°E). The modal
values are 14.18 and 14.44 km, respectively.
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est clouds cover the largest area in the Tropics over the
west Pacific. However, the systems with largest area of
20 dBZ at and above 10 km are mostly over continental
regions, especially Central Africa. Mean distances be-
tween IR-inferred cloud tops and radar echo tops are
greater over ocean than over land. The smallest dis-
tance was found over Central Africa. We hypothesize
that high LNB over the west Pacific permits even weak
convection to produce deep cold clouds without 20-
dBZ echoes above 10 km. Over land, convection with
strong updrafts may lift large particles to high altitudes
and overshoot large distances from the LNB to cause
cold cloud-top temperature and high radar reflectivity
above 10 km.
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