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ABSTRACT

The Tropical Rainfall Measuring Mission (TRMM) 2A25 radar reflectivity profiles and derived surface
rain rates are used to describe the vertical structure of precipitation systems in Africa. Five years of data are
used in both the boreal and austral summer rainy seasons. A number of climate regions are isolated and
compared. To place the composite reflectivity profiles in context, they are contrasted against TRMM 2A25
observations over the Amazon.

In all of tropical Africa, precipitation systems tend to be deeper and more intense than in the Amazon,
and shallow warm-rain events are less common. In all African regions, but especially in the Sahel and
northern Savanna, storms are characterized by high echo tops, high hydrometeor loading aloft, little indi-
cation of a radar brightband maximum at the freezing level, and evidence for low-level evaporation.

Storms in Africa are generally most common, and deepest, in the late afternoon, and weaker shallow
systems are relatively more common around noon. The diurnal modulation is regionally variable. The
amplitude of the diurnal cycle of the mean echo top height decreases from the arid margins of the zenithal
rain region toward the equatorial region, and is smallest in the Amazon. A secondary predawn (0000–0600
LT) maximum occurs in the Congo, in terms of rainfall frequency, rainfall intensity, and echo tops. The
storm intensity indicators generally peak a few hours later in the Sahel and northern Savanna than in other
regions in Africa.

The difference between all African regions and the Amazon, and the relatively smaller differences
between regions in Africa, can be understood in terms of the climatological humidity, CAPE, and low-level
shear values.

1. Introduction

Spaceborne rainfall estimation has evolved dramati-
cally over the last two decades (e.g., Huffman et al.
1997). Spaceborne techniques, usually guided by rain
gauge data, have been developed based on IR bright-
ness temperatures (e.g., Vicente et al. 1996), multifre-
quency passive microwave radiances (e.g., Kummerow
and Giglio 1994), or a combination of these two. Obvi-
ously IR-based techniques have weaknesses, in particu-
lar because the anvil of large convective systems is
much larger than the precipitation shafts underneath,
and the anvil topography is more uniform. Upwelling
microwave radiation, emitted or scattered by hydrom-
eteors at all levels in the precipitation column, is more
sensitive to these underlying precipitation shafts.

A new era of spaceborne precipitation research
started in late November 1997 with the launch of the

Tropical Rainfall Measuring Mission (TRMM) satellite
(Kummerow et al. 2000). The TRMM satellite instru-
ment package includes a 13.8-GHz (2.2-cm) radar, the
Precipitation Radar (PR; Kummerow et al. 1998). Ra-
dar reflectivity data, especially its vertical structure, can
be used to improve surface rainfall estimation (e.g.,
Ferreira et al. 2001). Large differences exist between
passive microwave and radar-based rain-rate estimates,
mainly on an instantaneous basis, but also cumulatively
(Kummerow et al. 2000).

Spaceborne radar data can be used also to character-
ize the horizontal and vertical structure of precipitation
systems. Precipitation Radar reflectivity maps docu-
ment the horizontal structure of storms and yield infor-
mation about mesoscale organization, which links to
storm longevity (e.g., Heymsfield et al. 2000). Espe-
cially intriguing is the PR’s ability to describe the ver-
tical structure of storms in detail, on account of the
PR’s near-vertical incidence. The vertical profile of re-
flectivity can be used to estimate the profiles of radia-
tive and latent heating (Jensen and Del Genio 2003): as
storms develop and decay, they leave behind footprints
of condensational heating and evaporative cooling at
various levels in the troposphere, and these are an im-
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portant component in the tropical general circulation
(e.g., Mapes and Houze 1993).

This paper focuses on the vertical structure of pre-
cipitation systems. Most tropical precipitation systems
are deep, but a significant portion of tropical rainfall
results from shallow systems with tops near the freezing
level (Petty 1999; Johnson et al. 1999; Berg et al. 2002).
The fraction of the rainfall from shallow systems, either
cumuli congesti or shallow nimbostratus, is poorly un-
derstood, and it probably varies significantly regionally
and seasonally.

A fundamental distinction exists between convective
and stratiform precipitation regions within deep pre-
cipitation systems (Houze 1997). In stratiform regions,
hydrometeors fall from the upper-cloud layers while
they grow, and they produce a distinct reflectivity maxi-
mum at the freezing level (FL), known as the bright
band (Houze 1993). In essence this bright band is due to
the wet coating of melting snowflakes (Battan 1973). In
regions of deep convection, a bright band is absent,
because the melting of heavily rimed hydrometeors oc-
curs over a deeper layer, and the changes in fall speed
are smaller. Also, reflectivity decays more slowly with
height above the FL, when compared with that in strati-
form regions. The rain type distinction is important be-
cause different rain types have different Z–R (reflec-
tivity–rain-rate) relationships (e.g., Steiner and Houze
1997), and different profiles of latent heating. The
above-mentioned discrepancy between passive micro-
wave and radar-based rain-rate estimates appears to be
related to differences in vertical structure of precipita-
tion systems, specifically their depth and convective/
stratiform nature (Masunaga et al. 2002).

The TRMM PR data, in conjunction with passive mi-
crowave and lightning data collected aboard the
TRMM satellite, have revealed remarkable differences
between continental and maritime precipitation sys-
tems in the Tropics (e.g., Toracinta et al. 2002; Cecil
and Zipser 2002; Nesbitt and Zipser 2003). Maritime
systems tend to have less lightning, less ice aloft, more
stratiform characteristics, and they are less diurnally
modulated, as compared to continental systems. A
comparison between two equatorial wet regions, the
Congo and the Amazon basins, revealed that the
Congo has deeper storms, a higher reflectivity above
the FL in storms (for example, at 7 km), a stronger
85-GHz ice scattering signature, and also more light-
ning activity, as compared to the Amazon (Boccippio et
al. 2000; Petersen and Rutledge 2001; Toracinta et al.
2002). Essentially precipitation systems over the Amazon
are more maritime in nature than those over the Congo.

This study describes the vertical structure of precipi-
tation systems in Africa in more detail. The focus is on
regional differences in Africa, but a comparison with
the Amazon Basin is included, in order to provide a
context. Storm systems in the Amazon have been stud-
ied in some depth (e.g., Stith et al. 2002; Petersen et al.
2002; Sorooshian et al. 2002), in part thanks to the

TRMM Large-Scale Biosphere–Atmosphere (LBA)
field campaign in the Amazon. To our knowledge none
of the TRMM-based precipitation studies has focused
on regional variations in Africa, except two. These two
(Adeyewa and Nakamura 2003; Nicholson et al. 2003)
compare TRMM-based rainfall estimates to those
based on other satellite data and rain gauges. Clearly
much research has been conducted into rainfall vari-
ability in Africa using other data sources (e.g., Lebel
and Amani 1999; Nicholson et al. 2000), but this is be-
yond the scope of the current study, which focuses on
the vertical structure of precipitation systems. That
structure has been described for some isolated cases, all
large convective systems in West Africa, mainly based
on ground-based radar data (e.g., Roux et al. 1984;
Chalon et al. 1988; Roux and Sun 1990), but these stud-
ies do not represent a climatology of precipitation sys-
tems. In short, the typical vertical structure of precipi-
tation systems in various climate regions of Africa re-
mains undocumented. This is the motivation for the
present study, which aims to describe the regional, di-
urnal, and seasonal variations of the vertical structure
of precipitation systems in Africa, and to interpret
these variations in terms of typical stability and shear
profiles. Specifically, we aim to answer whether the ver-
tical structure of precipitation systems, and its diurnal
variation, is different in the distinct climatic zones of
Africa, and different from that in the Amazon Basin.

The broader impact of this study is obvious: the
economy of most African countries primarily depends
on agriculture, and agriculture in Africa is highly de-
pendent on the performance of precipitation. To better
understand rainfall variability, the vertical structure
and evolution of precipitation-generating systems
needs to be documented, and this information has been
unavailable in Africa, in part because of the lack of
scanning radar networks. Thus TRMM has come to fill
one data void over Africa. This study will also provide
a climatological and regional context for the detailed
observations of precipitation systems in West Africa, to
be collected during the African Monsoon Multidisci-
plinary Analysis (AMMA, whose field phase is to be
conducted in 2006; see online at http://www.joss.ucar.
edu/amma).

Following a description of the data sources and
analysis method (section 2), the vertical structure of
African precipitating systems is presented (section 3).
An analysis of the diurnal variation of TRMM PR sur-
face precipitation and storm structure follows in section
4, and the findings of this study are interpreted in the
context of regional variations of climatological values
of humidity, wind shear, and stability in section 5.

2. Analysis method

a. Data source

The TRMM satellite follows a 35°-inclination non-
sun-synchronous low-earth orbit (Kummerow et al.
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1998). Its orbit altitude was about 350 km above the
earth before August 2001, and 403 km afterwards. Its
instruments include a four-frequency microwave radi-
ometer and a 13.8-GHz radar (the PR). The TRMM
radar and passive microwave radiometers have been
building a superbly calibrated dataset of rainfall rate
and vertical structure of precipitating systems over land
and ocean since December 1997. The nonsynchronicity
with the sun is rather unique compared to other earth
observing satellites, and it is important, because over
time it enables the deduction of the diurnal variability.

Spaceborne radar observations are superior to
ground-based radar data for the description of the
storm vertical structure, because of the near-nadir van-
tage point (Heymsfield et al. 2000; Hirose and Naka-
mura 2002). They are superior also to a network of
ground radars for regional precipitation climatology
studies, because there are no range-related problems
such as variable resolution, variable minimum echo
height, and variable sensitivity, nor are there regional
variations in radar calibration (Anagnostou et al. 2001).
The drawback of the spaceborne radar observations is
the data scarcity: the TRMM PR swath, 220 km wide,
visits the same location only once or twice a day (Negri
et al. 2002).

The PR’s minimum detectable signal is about 17 dBZ
(Iguchi et al. 2000). Assuming uniform beam filling, this
implies a rain rate of about 0.3 mm h�1 (Fisher 2004).
The horizontal resolution of the PR is about 4.3 km at
nadir, before the orbit boost (5.7 km after the boost).
This allows the TRMM PR to observe precipitation sys-
tems larger than about 10 km2 (Wilcox and Ra-
manathan 2001). Sauvageot et al. (1999) use a ground-
based radar to show that less than a quarter of all rain
cells in Niger, Africa, have diameters larger than 5 km.
If this finding applies generally in Africa, then clearly
the storms analyzed in this study are mainly the larger
ones: the effects of limited horizontal resolution and
low sensitivity combine to exclude isolated, small storm
cells from the PR’s view (Heymsfield et al. 2000). An
attempt has been made to correct for this nonuniform
beam-filling effect on PR-based surface rain estimation
(Durden et al. 1998), but reflectivity profiles are not
“corrected.” All this suggests that the present study is
biased toward the larger precipitation systems, but
then, they carry the bulk of the rain [e.g., Fig. 9.1 in
Houze (1993)].

The PR’s range resolution is 250 m. Therefore its
vertical resolution is 250 m at nadir, decreasing to about
1.6 km (Gaussian weighted) at the outer incidence
angle (17°). Because this study focuses on the vertical
structure, only the profiles with an incidence angle less
than 5° on either side of nadir are included.

The primary dataset for this study is the TRMM-PR
2A25 volumetric radar reflectivity and surface rainfall
rate (Kummerow et al. 1998). The 2A25 equivalent re-
flectivity profiles are corrected for attenuation by heavy
rain, mainly using the surface reference technique (Igu-

chi and Meneghini 1994), and the rain rates are cor-
rected for nonuniform beam filling (Iguchi et al. 2000).
The 2A25 surface rain rate is estimated from the near-
surface reflectivity, assuming a Z–R relationship spe-
cific to the rain type: Z � 148R1.55 for convective and Z
� 276R1.49 for stratiform precipitation. The rain type is
defined based on both horizontal and vertical storm
structure information, in the 2A23 algorithm. The 2A23
rain type classification itself is not used in this work.
This study focuses on the vertical structure of precipi-
tation profiles, irrespective of their classification. Cer-
tainly the shape of the reflectivity profiles will reveal
stratiform or convective characteristics (Houze 1997;
Geerts and Dawei 2004b), but the profiles are not a
priori classified.

This study only considers those reflectivity profiles
with path-integrated attenuation, that is, with detect-
able scatterers above the ground. A threshold of 17
dBZ is imposed, even though the 2A25 dataset includes
reflectivity values down to 15 dBZ. These are referred
to as the precipitation profiles. Most but not all of the
precipitation profiles are also surface rain profiles.
There is a number “virga” profiles, with echoes stron-
ger than 17 dBZ at some level, but no detectable rain
reaching the surface (2A25 surface rain rate equals
zero). The fraction of virga profiles is generally less
than 20%. The 2A25 reflectivity data are composited as
a function of height. This is the height above the stan-
dard geoid, which is very close to mean sea level. Es-
pecially for the African continent it is important to note
that the height shown is not above ground level.

The TRMM 3B42 daily 1° � 1° data are also used in
this study to describe the basic seasonal swing of pre-
cipitation over Africa. The 3B42 dataset is based on a
combination of infrared (IR), passive microwave, and
radar data from TRMM and IR data from the geosta-
tionary satellites. Finally, for the interpretation of the
TRMM data, we use the National Centers for Environ-
mental Prediction (NCEP)– National Center for Atmo-
spheric Research (NCAR) global reanalysis dataset,
which is based on upper-air and satellite data (Kalnay
et al. 1996). We use monthly mean values of atmo-
spheric variables for the period 1968–96. We obtained
these data through the Web site of the U.S. Climate
Diagnostics Center (available online at http://www.cdc.
noaa.gov).

b. Regional classification

The seasonal march of precipitation in Africa is well
established (Fig. 1). Regions between 10° and 25° lati-
tude experience a single wet season peaking shortly
after the summer solstice. Precipitation is rare outside
of this 3–5-month-long wet season. Regions near the
equator tend to have two peaks, at or shortly after the
equinoxes, with otherwise little seasonal variation in
rainfall.

To make regional comparisons, Africa is categorized
into nine broad climatic regions (Table 1). Those re-
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