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Summary

This study reports the findings of TRMM (Tropical Rainfall
Measuring Mission) satellite data analyses undertaken to in-
vestigate differences in intensity and depth of precipitating
systems in the transition region from continental to mari-
time environments in West Africa during the rainy season
of June to September in 1998–2004. The results of this
study are interpreted in the context of regional thermody-
namic variables such as equivalent potential temperature and
equivalent convective available potential energy to discern
the processes governing storm development. Over con-
tinental West Africa, convective-type precipitating storms
exhibit a substantially larger vertical extent compared to the
ones over the eastern Atlantic Ocean. In contrast, the strati-
form precipitating systems show similar vertical reflectivity
patterns, depth and intensity over both land and adjacent
ocean in West Africa. The differences in the attributes of
storms, as they move from the continent to the ocean, can
be partly explained in terms of the surface-atmosphere in-
teractions that provide the necessary transports of energy
and water vapor from the surface to the cloud layer.

1. Introduction

Much of the rainfall over West Africa and ad-
jacent Atlantic Ocean is the result of organized
convection. The characteristics of West Africa
mesoscale convective systems (MCSs) have been
studied using geostationary satellites (Hodges and

Thorncroft, 1997; Diedhiou et al., 1999) and
radars during field campaigns such as the GARP
(Global Atmospheric Research Program) Atlantic
Tropical Experiment (GATE), (Reed, 1977; Houze
and Betts, 1981). Based on these and limited
field work (e.g. Roux, 1988), it is now established
that most of the rainfall in West Africa is associ-
ated with linear or more amorphous MCSs whose
spatial extent can reach 500 km (Lebel et al.,
2003). Typical MSCs tend to last 12 h (unless they
become Cape Verde tropical cyclones) and some
squall lines can persist for 2 days (Laing and
Fritsch, 1997; Redelsperger et al., 2002). Meso-
scale organized convection is often associated
with the African Easterly Jet and tends to oc-
cur in regions of synoptic-scale low-level conver-
gence (Cook, 1999; Lebel et al., 2003). In general,
substantial atmospheric instability due to warm,
moisture-rich boundary-layer air, and strong low-
level vertical wind shear are the necessary condi-
tions to sustain the propagation of squall lines in
West Africa (Rotunno et al., 1988; Rowell and
Milford, 1993;Weisman andRotunno, 2004). Over
the West African land area, MSCs move faster due
to the stronger African Easterly Jet and have
shorter lifetimes compared to the ones over the east
Atlantic Ocean (Hodges and Thorncroft, 1997).



Despite the extensive research carried out over
West Africa during the last four decades, limited
knowledge still exists on the dynamics, thermo-
dynamics, and microphysical characteristics of
precipitating storms as they migrate from conti-
nental to maritime environments.
The launching of the TRMM (Tropical Rainfall

Measuring Mission) satellite during 1997 started
a new era of space borne precipitation research
(Simpson et al., 1988). With the TRMM data it is
now possible to investigate the vertical attributes
of precipitation systems using reflectivity profiles
derived from the Precipitation Radar (PR) aboard
the satellite (Kummerow et al., 2000; Kozu et al.,
2001). TRMM-derived vertical profiles of pre-
cipitation and hydrometeors indicate in which
layers of the atmosphere diabatic heating occurs
(Lin et al., 2004; Schumacher et al., 2004).
Knowledge of the vertical distribution of diabatic
heating is crucial to establish the energy balance
of the tropical atmosphere. The TRMM PR prod-
ucts also allow establishing a distinction between
convective or stratiform rainfall (Schumacher and
Houze, 2003). Such distinction is important be-
cause of the resulting different relationships be-
tween radar reflectivity, Z, and rain rates, R (Z–R
relationships), that can be defined for the estima-
tion of spatial rainfall (Steiner and Houze, 1997).
The Z is expressed in the units of mm6m�3. For
practical purposes, in this study and elsewhere
the decibel (dB) units are used because of the
large range in Z values. Z can be interpreted as a
range-independent measure of radar backscatter
intensity. If all scatterers are spherical drops too
small to reach the Mie scattering regime (about
3mm in diameter for the case of the PR) then Z
equals the integral of the 6th power of the droplet
diameter, D. In practice, Z is an equivalent reflec-
tivity. R is the rain rate at the level of the Z mea-
surement, although it is often applied at the surface.
Because Z is proportional to the 6th power ofD and
R is proportional to the 3–4th power of D, the Z–
R relationships are not necessarily exact. Never-
theless radars are widely used, even in space, with
the primary purpose of estimating rain rates.
Utilizing TRMM data, the attributes of convec-

tion and precipitation-type designation (Houze,
1997) in remote regions such as the Congo Basin
in central Africa and the Amazon region in South
America can be studied. For instance, compared
to the Amazon region, the Congo Basin experi-

ences deeper storms with higher reflectivity val-
ues above the freezing level (e.g. at 7 km), higher
fraction of convective-type rainfall, stronger
85-GHz ice scattering signature, and more light-
ning activity (Boccippio et al., 2000; Petersen
and Rutledge, 2001; Toracinta et al., 2002; Sealy
et al., 2003; Geerts and Dejene, 2005; Petersen
et al., 2006; Schumacher and Houze, 2006). The
identified storm attributes indicate that precipi-
tation systems over the Congo Basin exhibit
characteristics of tropical continental convection
whereas those over the Amazon show similar as-
pects of maritime convection (Cecil and Zipser,
2002; Toracinta et al., 2002; Nesbitt and Zipser,
2003). In essence, the term maritime refers to the
characteristic rain drop size distribution, which in
turn is governed by the number of cloud conden-
sation nuclei. Several studies (Stith et al., 2002;
Williams et al., 2002) have documented Amazo-
nian cloud droplet spectra similar to those ob-
served over maritime environments, especially
during easterly flow regimes (Halverson et al.,
2002). The fundamental reason of the difference
between Amazonian and Congo storms is that
the low-level Easterly Trade winds proceed unim-
peded from the Atlantic into the Amazon whereas
the access of these winds into the Congo Basin is
blocked by the elevated terrain of East Africa.

Several TRMM-PR-based studies have focused
on sub-Saharan Africa. For example, Adeyewa and
Nakamura (2003) showed that the TRMM-PR
climatological rainfall patterns in Africa exhibit
a significant difference, compared to rain gauges
and other satellite-derived rainfall estimates. This
difference is seasonally- and regionally-dependent
and it is smallest in the wet season of the north-
ern savanna region. Nicholson et al. (2003) per-
formed a similar comparison, and found that the
TRMM PR rainfall tends to exceed rain gauge
rainfall in West Africa. Given this uncertainty,
Geerts and Dejene (2005) did not examine the
TRMM-PR surface rainfall, and instead studied
the vertical features of precipitating systems over
Africa as inferred from the TRMM PR data.
They found that in all African regions, but espe-
cially in the Sahel and northern savannas, storms
exhibit high echo tops, high hydrometeor load-
ing aloft, and a low-level evaporation signature.
Also, their work revealed a strong diurnal modu-
lation of storms in the Sahel and northern savan-
nas where they are most common around sunset.
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Schumacher and Houze (2006) recently investi-
gated stratiform-precipitation production over sub-
Saharan Africa and the eastern Atlantic Ocean.
They showed that the east Atlantic Ocean has
more rainfall arising from shallow storms, while
sub-Saharan Africa experiences more non-pre-
cipitating anvils. In an investigation of the tem-
poral variability of precipitation in sub-Saharan
Africa, Mohr (2004) concluded that the diurnal
rainfall cycle is strongly influenced by organized
convection.
The thermodynamics and microphysical char-

acteristics of storms in West Africa and eastern
Atlantic Ocean remain poorly understood. The
TRMM data sets provide a unique opportunity
to investigate the spatial and temporal character-
istics of storms over a region of the world where
ground-based rainfall measurements remain
sparse. Therefore, the main goal of the present
study is to investigate differences in radar reflec-
tivity of precipitating storms in both West Africa
and downstream maritime environments. Seven
years of TRMM PR data are used for the rainy
season (June–September). The results of this
study are interpreted in the context of regional
thermodynamic variables such as equivalent po-
tential temperature and ‘‘equivalent’’ convective
available potential energy (CAPEe) as these var-
iables exert influences on storm development.
In previous studies (Geerts and Dejene, 2005), a
methodology was developed for binning indivi-
dual TRMM PR precipitation profiles in terms of
time of day, region, and criteria such as season
and surface rain rates. The emphasis of earlier
studies was to identify the vertical features of
storms and associated diurnal precipitation vari-
ability in several regions of Africa. The present in-
vestigation adopts a similar methodology as that
included in Geerts and Dejene (2005) but focuses
on different regions in West Africa to consider the
climatological attributes of storms in the zonal
belt stretching from sub-Sahara Africa to the ad-
jacent Atlantic Ocean.

2. Research methodology

2.1 Data sources

The data included in this study came from two
sources. The TRMM data are one source. Before
August 2001 the TRMM satellite orbited at an

altitude of about 350 km above mean sea level.
After August 2001 the satellite orbiting altitude
became 403 km above mean sea level. The satel-
lite carries a 13.8-GHz precipitation radar (PR),
the multi-frequency TRMM imager (TMI), the
Visible and Infrared Scanner (VIRS), the lightning
imaging sensor (LIS), and the clouds and Earth’s
radiant energy system (CERES) (Kummerow et al.,
1998). Since December 1997, measurements made
with the TRMM radar and passive microwave
radiometer are providing uninterrupted data sets
of rainfall rate and vertical attributes of precip-
itating systems. The TRMM satellite follows a
non-Sun-synchronous orbit, specifically designed
such that at any location all times of the day have
a roughly equal overpass chance. Thus, a suf-
ficiently long composite of TRMM data will rep-
resent the full diurnal cycle and will enable
studies of the diurnal variability of precipitation.
The PR range resolution is 250m. Thus, for
zenith beams the vertical resolution of the reflec-
tivity profile is 250m. However, at high (>15�)
inclination angles the vertical resolution de-
creases to 1000m due to the relatively large foot-
print size (Heymsfield et al., 2000). Because the
low inclination angles allow for a higher reso-
lution in the vertical profile, only measurements
made at inclinations of �12� from nadir were in-
cluded in the analyses presented here. Before the
TRMM satellite was boosted to a new orbiting
altitude, the horizontal resolution of the PR was
about 4.3 km at nadir and about 5 km at the
maximum inclination of 17� (Kummerow et al.,
1998). After the TRMM satellite was boosted,
the horizontal resolution at nadir became 5 km.
The above-mentioned uncertainty in surface rain-
fall applies to both ends of the rain rate spectrum.
At the low end, the limited horizontal and low
radar sensitivity (17 dBZ) prevent the observa-
tion of isolated and small (<5 km in diameter)
storm cells (Heymsfield et al., 2000). This limita-
tion can introduce an underestimate of surface
rainfall by as much as 25%, mostly in regions out-
side of deep convection (Sauvageot et al., 1999).
However, an improvement of surface rainfall es-
timates has resulted from the implementation of
a correction for the effect of non-uniform beam
filling (Durden et al., 1998). The PR-based
reflectivity profiles included in the present study
were corrected for attenuation by heavy rain
using the surface reference technique (Iguchi and
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Meneghini, 1994). The TRMM 2A25-volumetric
radar reflectivities, surface rain rates (Iguchi et al.,
2000), and rain type (Awaka et al., 1997), and the
TRMM PR 3B42 monthly-mean surface rain rate
are the primary datasets used in this study.
The second source of information was the

National Center for Environmental Prediction
(NCEP)–National Center for Atmospheric Re-
search (NCAR) global re-analysis data set
(Kalnay et al., 1996). Thermodynamic variables
were determined from the NCEP reanalysis to
aid with the interpretation of TRMM data anal-
yses and the associated results included in the
present study.

2.2 Data processing

Seven years (from 1998 to 2004) of data were
included to derive vertical profiles of reflectivity
over West Africa and the eastern Atlantic Ocean
(Fig. 1) during the course of the rainy season cor-
responding to the months of June to September.
The full vertical resolution of the 2A25 PR (250m)
data was considered as this study focused on the
reflectivity profile of precipitating systems. The
3-hour temporal resolution was chosen to capture
the diurnal variation in rainfall, while maintain-
ing statistical significance by using a relatively
large sample size. Here the temporal resolution
relates to the data bin size. The choice of tem-
poral resolution was based on the results report-
ed by Negri et al. (2002). Based on 3 years of
TRMM data they concluded that, because of spa-
tially inconsistent sampling, the 1-hour temporal

resolution is inadequate to describe the diurnal
cycle of precipitation. More recently, Hirose
et al. (2007) determined that the currently avail-
able 8 years of TRMM data allow a depiction
of the diurnal cycle of precipitation at 1-hour
resolution in areas as small as 0.2� � 0.2� blocks
(�20� 20 km2). This is more optimistic than
Negri et al. (2002), who used only 3 years of
data. Given that the blocks used here are larg-
er than 20� 20 km2, our results are statistically
robust. The relatively large region (Fig. 1) se-
lected for this study permitted the use of a 3-hour
temporal sampling to adequately capture impor-
tant features in the diurnal variability of precipi-
tating systems. The results are reported in local
solar time.

To study changes in the characteristics of pre-
cipitating storms along a zonal transect from
continental West Africa to the Atlantic Ocean, dif-
ferences in reflectivity profiles were investigated
for the following three regions, from east to west
(Fig. 1): I) Continental West Africa (5� W–20� E),
II) coastal West Africa (17.2–5�W), and III) east-
ern Atlantic Ocean (25.0–17.2�W). These regions
share a common meridional extent (4.5–17.5�N).
This study focuses on east-west variations. Most
of the rainfall, and thus most of the reflectiv-
ity profiles in this study, occur in a narrow belt
between 6 and 10�N (Fig. 1), corresponding
to the belt of most frequent wet-season MCSs
and highest sea surface temperature offshore,
ranging between 27 and 28 �C (Fontaine and
Janicot, 1996). This regional classification was
mainly based on the expected distinct attributes

Fig. 1. Map of West Africa illustrating the
three regions (marked with the boxes) estab-
lished for the present study. The shaded con-
tours represent the average precipitation
patterns (in mm) estimated for the months of
June to September during 1998–2004 using
TRMM 3B42
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of storms associated with easterly waves that move
from the continent to the ocean (Reed, 1977).
Figure 1 shows the spatially average rainfall pat-
terns estimated for themonths of June to September
during 1998–2004 using TRMM 3B42 data.
The frequency distribution of the TRMM PR

reflectivity as a function of altitude was estimat-
ed for the available satellite data in each region.
The estimated frequency distribution for a given
reflectivity, Z, at a certain altitude, z, was normal-
ized in such a manner that the sum of all fre-
quencies amounted to 100% (Yuter and Houze,
1995). In each region, the estimated frequency
distribution was grouped into stratiform and con-
vective regimes based on the rain data type des-
ignation of the 2A25 TRMM data algorithm
(version 6). Here we will contrast characteristic
storm intensity and depth for both convective and
stratiform regimes.
Following Geerts and Dejene (2005), several

indices were defined to identify differences in ver-
tical storm characteristics for the regions consid-
ered in the present study. The evaporative index
(EI) was defined to evaluate the differences in the
potential rates of low-level evaporation of rain-
fall. The EI was estimated as the difference in
reflectivity between the altitudes of 4.0 km, the
highest level unambiguously below the radar
bright band (Battan, 1973), and 2.0 km. To iden-
tify the presence of the bright band and deter-
mine the decay of reflectivity above the bright
band, the stratiform index (SI) was defined as the
difference in reflectivity between the altitudes of
7.0 and 4.5 km. Both EI and SI were estimated
for individual reflectivity profiles and were ex-
pressed in dBZ units. Reflectivity values below
the PR threshold sensitivity (17 dBZ) were not in-
cluded in the EI and SI calculations. Also, the
hydrometeor precipitable water (HPW) was esti-
mated as the integral of water content in the at-
mospheric column from the surface to the top of
the atmosphere (1).

HPW ¼ 1

�1

ðTop
0

�ðzÞqðzÞ dz ð1Þ

�1 and �(z) are water and air density (kgm�3),
respectively. The vertical distribution of water
vapor mixing ratio (g kg�1), q(z), was estimated
based on reported algorithms (Battan, 1973) re-
lating reflectivity (Z) to q(z), applicable to sum-
mertime precipitation (in North America). The

units of HPW are depth (m or mm) of the water
column. From the surface to 4.5 km, where rain is
assumed to occur, qðzÞ was estimated using (2a).
Relationship (2b) was considered in the qðzÞ cal-
culations for altitudes greater than 4.5 km, where
snow is assumed to occur.

qðzÞ ¼ 0:0032 Z0:55 exp

�
z

8

�
ð2aÞ

qðzÞ ¼ 0:0068 Z0:45 exp

�
z

8

�
ð2bÞ

In (2) z represents altitude (in km) and Z is the
reflectivity (expressed in mm6m�3, in dB units,
dBZ). Additionally, to discern the precipitation
efficiency (Hobbs et al., 1980) of the storms for
the identified three regions, the storm productiv-
ity index (SPI, units of hour�1) was defined as
the ratio of the surface rain rate (in mm per hour)
over the HPW generated by a given storm.

To examine thermodynamic differences among
the storms in the identified regions, the NCEP–
NCAR re-analysis data were used to interpret
the main observations deduced from the 2A25
TRMM data. For each region, CAPEe (in J kg�1)
was estimated for the months of June to September,
based on profiles of monthly-mean temperature and
humidity. The CAPEe values were estimated using
relationship (3) (Petersen and Rutledge, 2001).

CAPEe ¼ Rd

ðLNBe

LFCe

ð��e � �e;sfcÞdlnp ð3Þ

LFCe is the level of free convection, LNBe is the
level of neutral buoyancy, �e is the equivalent
potential temperature. ��e and �e,sfc are the sat-
uration equivalent potential temperature and the
surface equivalent potential temperature, respec-
tively. The variable p is the pressure (in Pascal)
and Rd is the specific gas constant for dry air
(287 J kg�1 K�1). Positive parcel buoyancy occurs
at levels where �e,sfc exceeds the local �e� (i.e.
between LNBe and LFCe, Petersen and Rutledge,
2001).

3. Results and discussion

3.1 Diurnal variability in the characteristics
of precipitating storms

In West Africa and adjoining areas of eastern
Atlantic Ocean strong convection occurs during
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the months of June to September, especially along
the latitudinal belt of the Inter-tropical Conver-
gence Zone (ITCZ) (Fontaine and Janicot, 1996).
The dynamics of precipitating systems are lo-
cally invigorated by diurnally varying surface
energy fluxes and lower tropospheric wind shear.
The horizontal and vertical extent of the identi-
fied storms and their duration varied depend-
ing on factors such as proximity to the moisture
sources, heat capacity of the location, and pres-
ence of the African Easterly Jet. Thus, to inves-
tigate the evolution of precipitating systems in
the transition region from continental West Africa
to eastern Atlantic Ocean, we first analyzed the
diurnal variability of the vertical attributes of pre-
cipitating storms over the three study regions. A
diurnal delay (relative to local solar noon) in the
vertical radar reflectivity of the identified storms
was evident in all three regions (Figs. 2, 3 and 4).
A time lag in the changes of the reflectivity pro-

file was observed along the transect going from
continental to oceanic regions. Strong and deep
echoes occurred mostly during 15–21 h (local
time, LT) over continental West Africa (Fig. 2).
Over coastal West Africa, the maximum reflec-
tivity values took place during 18–24 LT (Fig. 3).
On the other hand, over the eastern Atlantic Ocean,
the diurnal precipitation cycle had a smaller am-
plitude and deep echoes occurred mostly during
06-12 LT (Fig. 4). The peaks in the low-level (shal-
low) convection also showed a time lag from con-
tinental West Africa to eastern Atlantic Ocean.
Shallow convection was most frequent during
9–12 LT, 12–15 LTand 15–18 LTover continental
West Africa, coastal West Africa and eastern
Atlantic Ocean, respectively. The deeper storms
over continental and coastal West Africa were
most likely triggered by daytime surface heating
and water vapor transport over the continental re-
gions. In the summer, water vapor advection from

Fig. 2. Diurnal variation of frequency distri-
bution of reflectivity for continental West
Africa [units (2 dBZ)�1 (250m)�1]. The nor-
malized frequencies are expressed as a differ-
ence from the normalized 24 h mean values.
The bar on the right hand side of the figure
provides the scale for the estimated frequen-
cies
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the south peaks at night in West Africa (Cook,
1999; Paeth and Friederichs, 2004). Additionally,
there might be distinct differences in the cloud
microphysical properties between the continental
and maritime atmospheres of West Africa. Over
the continental areas terrigenous materials may
provide the necessary cloud condensation nuclei.
In contrast, over the central Atlantic Ocean sea-
salt aerosols and dust act as the principal nuclea-
tion agents. The early morning maximum of deep
echoes over the ocean (Fig. 4) is consistent with
results from previous studies (Geerts and Dejene,
2005; Schumacher and Houze, 2006). Offshore
MCSs often form near midnight and reach their
maximum intensity in the morning (Hodges and
Thorncroft, 1997). Furthermore, the present re-
sults suggest that storm systems that develop over
coastal West Africa in the evening period are fre-
quently sustained by the favorable nocturnal mar-
ine environment after exiting the coast.

3.2 Regional variability of the vertical storm
characteristics

Regional differences in the vertical structure of
precipitating storms were evident along the es-
tablished transect from the continental region
of West Africa to the eastern Atlantic Ocean.
For stratiform-type precipitation, the frequency
distribution for all regions exhibited similar pat-
terns (Fig. 5), and the average reflectivity profiles
in stratiform precipitation were remarkably simi-
lar in the three regions (Fig. 6). Schumacher and
Houze (2006) also found similar patterns in the
same region during a different time period. A sig-
nature of stratiform precipitation is the presence
of a bright band which was observed at an alti-
tude of about 4.5 km in all three regions (Fig. 6).
Compared to continental West Africa, echo tops
were about 1 km lower over the eastern Atlantic
Ocean. Additionally, the isolines below the freez-
ing level were shifted to lower reflectivities for

Fig. 3. As Fig. 2, but for coastal West Africa
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the stratiform-type precipitation over continental
West Africa, suggesting low-level evaporation over
the region (Hirose and Nakamura, 2004; Geerts
and Dejene, 2005). Low-level evaporation was
deduced from the more frequent occurrence of
higher reflectivities near the 4-km level as com-
pared to closer to the ground. The angle of tilt was
systematic such that it was almost vertical (with
no much tilt) for coastal West Africa and the tilt
to higher reflectivities significantly increased for
eastern Atlantic Ocean, indicating low-level rain-
drop growth or dominance of warm rain process-
es over the region.
Convective storms became less deep and less

intense over the ocean (Figs. 5 and 6). The im-
plication is that maritime convection had a low-
er hydrometeor content above the freezing level
than continental storms in West Africa. The re-
flectivity frequency occurrences of convective
storms over the three regions (Fig. 5) show that
shallow convection progressively became more

common from continental West Africa to the east-
ern Atlantic Ocean, consistent with the TRMM-
PR study reported by Schumacher and Houze
(2006). The high frequency occurrence of reflec-
tivities ranging from 20 to 30 dBZ at low ele-
vation suggested that light convective rain, for
instance from cumulus congestus, was relatively
common over the eastern Atlantic Ocean. As a re-
sult, the mean reflectivity profile for oceanic con-
vection exhibited lower values compared to that
over the adjacent continent (Fig. 6). In order to
further define and contrast the vertical variations
of reflectivity, the mean profile and the frequency
distribution for reflectivities exceeding certain
threshold levels (i.e. 17, 27, and 37 dBZ) were
determined (Fig. 7). The mean profiles were cal-
culated by taking the mean of all reflectivities
(in Z units) for each level. Note that the reflec-
tivity profiles present the probabilities, varying
with height, that at least a certain reflectivity
value (exceeding 17, 27, or 37 dBZ) can be found

Fig. 4. As Fig. 2, but for eastern Atlantic
Ocean
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when it rains on the ground (the 17 dBZ thresh-
old includes all measurable intensities of pre-
cipitation, 27 dBZ includes moderate and heavy
precipitation, and 37 dBZ includes only heavy
precipitation; the profiles depict the typical ver-
tical structure of precipitating systems). The fre-
quency of the lowest reflectivity threshold at low
levels was much greater over the eastern Atlantic
Ocean, and the rapid decay of this threshold with
height indicates that many systems were shallow.
The echo frequency over continental West Africa
decreased towards the ground for all threshold
reflectivity levels, suggesting evaporation or break-
up of raindrops (Fig. 7). In contrast, the echo
frequency (reflectivity count) over coastal West
Africa and eastern Atlantic Ocean increased from
just below the freezing level down to near the
ground. This indicated that raindrops grow as they

Fig. 5. Ensemble probability density functions
estimated based on the relationship of reflec-
tivity as a function of altitude for the regions
identified in Fig. 1. The left and right panels of
figures report result for stratiform (S)- and
convective (C)-type precipitation, respectively,
during June to September (1998–2004). The
results are based on the TRMM 2A25 data
(1998–2004). The bar on the right hand side
of the figure provides the scale for the esti-
mated probabilities

Fig. 6. Ensemble average reflectivity as a function of
altitude for the regions identified in Fig. 1 during June to
September (1998–2004)

Vertical attributes of precipitation systems



move towards ground, implying a dominance of
warm-rain processes and low-level cloud base
over the eastern Atlantic Ocean.

Key differences were also revealed in various
precipitation indices estimated for the three re-
gions (Fig. 8). Precipitation systems over conti-
nental West Africa had the higher evaporative
index (EI) compared with the east Atlantic Ocean,
indicating higher evaporation of water drops be-
fore reaching the ground. The EI decreased sub-
stantially along the land-to-ocean transect, with
the lowest value over the eastern Atlantic Ocean.
The negative EI there is likely due to the low-
level growth of raindrops by the collision-coales-
cence process. The stratiform signature (SI) was
high in all regions with less regional variability,
suggesting that a high proportion of stratiform
precipitation exists in all the regions. Continental
West Africa tended to have deeper storms with
higher HPW, and therefore also had a low SPI
value (i.e. a relatively high water volume aloft
for a given surface rain rate). On the other hand,
storms over the eastern Atlantic Ocean were
more efficient rain producers (higher SPI) due

Fig. 7. Frequency distribution of reflectivity values plotted
against altitude. Three thresholds reflectivity values chosen
for the analyses included (a) 17, (b) 27 and (c) 37 dBZ. The
frequencies were normalized by the number of rain profiles
in each region

Fig. 8. Average values of the indices estimated to define the
characteristics of precipitating systems in West Africa. The
SI is the evaporation index (in dBZ), SI is the stratiform
index (in dBZ), HPW is the hydrometeor precipitable water
(in mm), and CAPEe is the equivalent convective available
energy (in J kg�1)

J. D. Fuentes et al.



to lower HPW associated with shallow precipi-
tating systems.
The highest CAPEe values were estimated for

the continental West Africa, followed closely
by coastal West Africa (Fig. 9). On average, the
eastern Atlantic Ocean had much lower CAPEe

values. The differences in the CAPE values are
mostly associated with the higher values of LNBe

for continental and coastal West Africa. The con-
tinental and coastal West Africa regions had
higher LNBe levels (150 hPa) than for the eastern
Atlantic Ocean (200 hPa). These CAPEe results
are consistent with the more frequent occur-
rences of PR echoes recorded at the upper levels
in those regions (Figs. 5 and 7). In general, the
relatively weaker storms and higher warm-rain
fraction over the eastern Atlantic Ocean were con-
sistent with the lower values of CAPEe compared
with the continental and coastal West Africa.

4. Discussion and conclusions

This study described the regional and diurnal var-
iability of the vertical attributes of precipitating
systems along the continental-maritime transition
region in West Africa. The diurnal peak in max-
imum vertical storm structure occurred between
15 and 21 LT in continental West Africa, and
12–15 h later over the eastern Atlantic Ocean.
Shallow convection over these regions also
showed a westward time lag, peaking at 9–12
LT, 12–15 LT and 15–18 LT over continental

West Africa, coastal West Africa and eastern
Atlantic Ocean, respectively.

In West Africa, organized convection generally
moves westward. From the TRMM data source it
is not clear whether the MSCs, peaking in the
evening over land, were the same as those ob-
served into the earlymorning over water. However,
such offshore storm travel has been previous-
ly documented (Hodges and Thorncroft, 1997).
Convective storms exhibited different attributes
along the investigated land-to-ocean transect. For
example, in the eastern Atlantic Ocean storms
were shallower and had lower integrated hydrom-
eteor content (Fig. 8). This difference applies
mostly to those parts of storms classified as con-
vective. Over continental West Africa, the strati-
form precipitation did not differ much from those
over the adjacent ocean (Fig. 5).

Furthermore, the echo strength from 4 km down
to the ground increased for the eastern Atlantic
Ocean and decreased for continental West Africa
(Fig. 6). These profiles can be explained by low-
level evaporation and=or raindrop break-up over
continental West Africa as opposed to low-level
drop size growth over the eastern Atlantic Ocean
due to a much lower cloud base there. The higher
cloud base, more intense low-level evaporation,
and deeper convection observed over the conti-
nent likely result from surface-atmosphere inter-
actions, specifically the high sensible heat fluxes
over land. Over land, such interactions affect the
surface energy and moisture balance with a con-

Fig. 9. Vertical profiles of ��e (curved lines)
plotted as a function of pressure (log coordi-
nate) for various regions. The vertical lines are
corresponding values of �e derived from the
temperature and specific humidity at 1000 hPa.
Data are based on NCEP–NCAR re-analysis
data

Vertical attributes of precipitation systems



sequent impact on the availability of energy to
enhance convection. In addition, the occurrence of
raindrop break-up, as suggested by the decrease
in echo-frequency towards the ground, may be
caused by the differences in cloud condensation
processes resulting from the different aerosol types
prevailing over land and ocean (e.g. Williams
et al., 2002). Warm-rain processes likely domi-
nated over the eastern Atlantic Ocean as a result
of the growth or increase in hydrometeor content
at low elevation. The frequency isolines of re-
flectivity below the freezing level tilted to lower
reflectivity values over continental West Africa,
indicating a low proportion of shallow precipita-
tion clouds, and=or low-level evaporation. The
isolines gradually tilted to higher reflectivity val-
ues towards the surface from coastal to eastern
Atlantic Ocean, suggesting low-level rain drop
growth. Over the eastern Atlantic Ocean purely
warm rain clouds were more likely to occur than
over land (Fig. 5).
The intensity and depth of convective storms

systematically decreased from continental West
Africa to the eastern Atlantic Ocean. The region-
al changes in the vertical characteristics of pre-
cipitating storms, observed using the TRMM PR
2A25 data, are consistent with the changes in
CAPEe of the basic environment estimated from
NCEP–NCAR re-analysis data.
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