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ABSTRACT

Convective systems in sub-Saharan Africa were defined from measurements by the Tropical Rainfall Measuring
Mission satellite Microwave Imager at 85 GHz for four wet seasons, May–September 1998–2001. By applying
a convective–stratiform discrimination algorithm to each convective system, the pixels within were designated
as convective or stratiform cloud, life cycle ages assigned, and rainfall rates calculated. The years 1998 and
1999 were wetter than the long-term (1898–2000) mean, while 2000 and 2001 were drier. The wetter years had
about 10% more convective systems than the drier years, but the size and intensity distributions for the wetter
and drier years were virtually identical.

The wet season diurnal cycle of precipitation in the study area varied regionally, intraseasonally, and inter-
annually. Analysis of precipitation versus time revealed different diurnal cycles for each of the three 108 zones
south of the Sahara Desert. The diurnal cycle was bimodal north of 108N and unimodal south of 108N. The
bimodal diurnal cycle was more pronounced north of 158N. Diurnal cycles in each zone exhibited regional and
seasonal variability of about 10% per four-hour time block. In wetter years the regional mean diurnal cycle was
unimodal, but in drier years it was bimodal. The variability of the diurnal cycle appeared to be primarily influenced
by variability in the frequency and life cycle of organized convective systems and thus the physical and dynamical
factors responsible for their development.

1. Introduction

Dynamical weather/climate prediction models have
had limited success in simulating the diurnal, seasonal,
and annual cycles of precipitation in sub-Saharan Af-
rica. One problem is that many processes and state var-
iables controlling the interactions between the African
land surface, the atmosphere, and the ocean are typically
not well observed or described. Global studies of the
diurnal cycles of the Tropics by Yang and Slingo (2001)
and Nesbitt and Zipser (2003) note an early-morning
peak in precipitation in sub-Saharan Africa, similar to
the diurnal cycle of the tropical oceans. The principal
hypothesis to explain this phenomenon is the life cycle
of organized convective systems: that they originate in
the late afternoon, reach their maximum extent, and then
decay throughout the night.

In addition to temporal variability, precipitation in
sub-Saharan Africa has significant spatial variability.
The seasonal cycle drives the pronounced meridional
gradient of precipitation from the Guinea Coast to the
Sahara Desert. In a study of precipitation fluctuations
during the 1980s, Nicholson (1993) acknowledges this

Corresponding author address: Karen I. Mohr, Department of
Earth and Atmospheric Sciences, The University at Albany, SUNY,
Albany, NY 12222.
E-mail: mohr@atmos.albany.edu

gradient by dividing sub-Saharan Africa into 5 precip-
itation zones, approximately 38 in width. Within these
zones, Hodges and Thorncroft (1997) find a potentially
important source of variability, the propagation of or-
ganized convective systems away from favored initia-
tion locations. From the 1992 Hydrological–Atmospher-
ic Pilot Experiment-Sahel (HAPEX-Sahel) surface ob-
servations, Taylor and Lebel (1998) detected mesoscale
precipitation gradients that persisted from a few days
to a month. They mention frequency of convective sys-
tem passage and a positive land–atmosphere feedback
as mechanisms for this phenomenon. Because the sea-
sonal cycle and highly variable environmental condi-
tions influence the development of convective systems
in sub-Saharan Africa, the diurnal cycle of precipitation
would also be dynamic, possessing both temporal and
spatial variability on a variety of scales.

There is a gap in the African climate literature be-
tween studies of interannual variability of convection
such as Desbois et al. (1988) and Mathon et al. (2002)
and studies diagnosing the diurnal cycle (e.g., Rowell
and Milford 1993; Shinoda et al. 1999). Global studies
such as Yang and Slingo (2001) and even the regional
studies cited previously diagnose a single African di-
urnal cycle. Shinoda et al. (1999) make one additional
distinction, diurnal cycles during wetter than average
versus drier than average years. Global studies neces-
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FIG. 1. (a) Land cover in the study area, approximately 38–218N, 178W–308E; Bdlf [ broadleaf. (b)
Topography in the study area. Scale is not linear. Areas of significant relief: 1–Guinea Highlands, 2–Aı̈r
Mountains, 3–Jos Plateau, 4–Cameroon Highlands, 5–Dhafur Mountains. The northern branch of the Niger
River is at 6.

sarily cannot examine regional or temporal variations
in detail. This study explores the links between con-
vective variability and the diurnal cycle in sub-Saharan
Africa, using a database that covers seasonal and/or in-
terannual variations in the diurnal cycle over the entire
region west of the Ethiopian highlands and south of the
Sahara Desert, a larger area and/or longer time period
than previous efforts.

The Tropical Rainfall Measuring Mission (TRMM)
satellite was launched in 1997 to provide high-resolution
observations of rainfall and related variables in the Trop-
ics. The TRMM data for four wet seasons (May–Sep-
tember) 1998–2001 is used to define and analyze the
diurnal cycle in the study region. The diurnal cycle of
precipitation in sub-Saharan Africa is a particularly
poorly simulated feature by dynamical models. Docu-
menting changes in the diurnal cycle with respect to
time and space should advance the body of work de-
scribing the key physical processes involved in African
precipitation cycles.

2. Background

Maps of the study area are in Fig. 1. Figure 1 was
derived from U.S. Geological Survey land cover clas-
sification maps of the region available from the Africa
Data Dissemination Service (available online at http://
edcsnw4.cr.usgs.gov/adds/index.php). The grid between
58 and 208N contains 15 latitude–longitude boxes, and
there are three zones, each 58 in width, that contain a
predominant land cover. The zone north of 158N con-
tains semidesert and desert biomes. Between 158 and
108N, the land cover is principally savanna. Savanna
with a high proportion of trees and woody shrubs is
termed ‘‘woody savanna’’ (Bailey 1998). Patches of
woody savanna occur in the middle zone, but in the
zone south of 108N, the woody savanna is continuous.
In this coastal zone, particularly west of 58E, evergreen
broadleaf forest naturally occurs. The land cover clas-
sifications in Fig. 1 make no distinction between de-
graded and old-growth broadleaf forest, and the text will
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refer to this zone containing both broadleaf forest and
woody savanna as ‘‘forest.’’ The layout of land cover
in sub-Saharan Africa makes it possible to compare land
cover zones of roughly the same size.

Because the area in Fig. 1 is large and does not have
a dense, organized ground-observing network, remote
sensing is frequently used to conduct regional studies
of convection and precipitation. The studies by Duvel
(1989), Machado et al. (1992, 1993), Laing and Fritsch
(1993), Hodges and Thorncroft (1997), and Mathon and
Laurent (2001) use IR remote sensing while the studies
of Mohr et al. (1999), Nesbitt et al. (2000), and Peterson
and Rutledge (2001) use microwave remote sensing. In
both sets of studies, large, organized convective systems
are an important feature of the wet season hydrologic
cycle in sub-Saharan Africa. Large convective systems
contribute more to regional cloud cover and precipita-
tion than their share of the convective system popula-
tion, although the contribution attributed to organized
convective systems is higher in the IR studies than in
the microwave studies.

Differences in the physics of IR and microwave re-
mote sensing complicate the comparison of results be-
tween studies using the other technique. Nonraining an-
vil tops may be much larger than precipitating cloud,
and very cold cloud-top temperatures may be observed
long after active convection has peaked in intensity or
even ceased. Toracinta et al. (1996) have several ex-
amples of the latter phenomenon. It is entirely possible,
if not probable, that some organized convective systems
with very cold cloud tops observed by IR sensors are
much smaller and weaker systems when analyzed using
microwave retrieval techniques. Over time and space,
differences in system classification by IR and micro-
wave-based retrieval schemes would lead to discrep-
ancies in calculated precipitation contributions with re-
spect to system size. Conceivably, this would also affect
the derivation of the diurnal cycle, especially in the early
morning since decaying systems are most likely to be
analyzed differently. Because microwave remote-sens-
ing techniques can more accurately distinguish between
raining and nonraining cloud, the study database is de-
veloped from TRMM Microwave Imager (TMI) mea-
surements.

3. Data and methods

a. Processing of TRMM data products

From November 1997 to late August 2001, the
TRMM satellite flew at an altitude of approximately 350
km. The satellite was raised to an altitude of approxi-
mately 402 km to extend its operational lifetime. The
original altitude permitted TRMM to precess through
the diurnal cycle at a given geolocation in 46.4 days.
After August 2001, the precession through the diurnal
cycle increased slightly to 47.5 days. Kummerow et al.
(1998) provide details on the complete instrument pack-

age on TRMM. This study uses orbital data products
(1B11) from the TMI dual-polarized 85.5-GHz channel.
The 1B11 data product is ungridded, thus preserving
the sensor resolution (4.6 km 3 6.95 km). At TRMM’s
original altitude, the TMI swath was 759 km wide. Both
the swath width and the sensor footprint increased
slightly after the altitude boost in August 2001. Because
a very small percentage of the study data occurred after
the altitude boost, all data are treated as if they have
essentially the same resolution.

Negri et al. (2002) conducted a detailed study of the
potential biases in constructing the diurnal cycle of pre-
cipitation by TRMM for the Amazon basin. The spatial–
temporal resolution of the analysis in this study was
based on their conclusions. Negri et al. conclude that
eliminating hourly variations in the TMI sampling pat-
tern requires the accumulation (or averaging) over 4 h
of local time. For a 58 3 58 box, Negri et al. found
sampling errors for the TMI to be on the order of 10%.
This study uses 4-h accumulation and, in the analysis
of diurnal cycles, limits the use of the 108 meridional
segments in Fig. 1 to assessing regional variability.

The surface emissivity at 85.5 GHz can vary with
land surface type (e.g., water, sand, moist or dry veg-
etation) for TMI’s oblique viewing angle (498). Spencer
et al. (1989) use differences in the polarization of the
radiation emitted from the heterogeneous surface to de-
rive a polarization-corrected temperature (PCT). The
PCT mostly eliminates emissivity discontinuities due to
the surface type.

PCT 5 1.8 3 T85 2 0.8 3 T8585 V H (1)

The T85V and T85H refer to the vertically and horizon-
tally polarized 85-GHz brightness temperatures. Mohr
and Zipser (1996) and Nesbitt et al. (2000) successfully
use the PCT to identify convective systems and compare
differences in intensity between land-based and ocean-
based systems. The PCT will be applied in a similar
manner to analyze convective system properties in this
study.

All 85-GHz TMI data from all TRMM orbits over
the study area for May–September 1998–2001 were
converted to PCT and then processed through a pattern-
recognition algorithm. The algorithm identified all con-
tiguous pixels with PCTs less than or equal to a contour
PCT of 255 K. This contour temperature was chosen
for consistency with the convective/stratiform discrim-
ination algorithm described in the next section. The time
and date of the TRMM overpass, cloud cluster location,
cloud cluster size, and a histogram of the PCTs of the
pixels were recorded for each cloud cluster and then
stored in a relational database. Only cloud clusters
whose centroids were located over land were retained
in the database and then subjected to the convective–
stratiform discrimination algorithm. After the applica-
tion of the second algorithm, the areas and rain rates of
each cloud type were added to the database.
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FIG. 2. The solid curves are the conical scan of the TMI radiometer,
and the circles (pixels) are the footprints. The pixel 0 represents
T85min. The spatial gradients are calculated using the pixels numbered
1–4 around pixel 0. The distance Dx between the centers (X ) of
consecutive pixels on the same scan is 4.6 km. The distance aDx
between pixels in the same position but on different scans is 13.9
km where a 5 3.02. Adapted from Fig. 2 in PIWD.

TABLE 1. Classification of convective and stratiform cloud using T85min and the T85 gradient. Rain-rate coefficients are derived
empirically in PIWD.

Cloud type T85 gradient 85-GHz minimum Rain rate (mm h21)

Young Cb . 1 K km21dT85
dr

255 K . T85min . 210 K 0.25(255 2 T85min)

Mature Cb . 1 K km21dT85
dr

T85min , 210 K 11.25 1 0.35(210 2 T85min)

Decaying Cb , 1 K km21dT85
dr

255 K . T85min 0.12(255 2 T85min)

Stratiform N/A N/A 0.12(260 2 T85min)

b. Convective–stratiform discrimination algorithm

The 4.6 km 3 6.95 km resolution of the TMI makes
it possible to perform convective-scale analysis on cloud
lines and clusters. Prabhakara et al. (2000), henceforth
referred to as PIWD, developed a convective–stratiform
discrimination algorithm that uses horizontal gradients
of T85 to identify individual cumulonimbus clouds
(Cbs) within an area of depressed brightness tempera-
tures. Pixels not associated with Cbs are classified as
stratiform cloud.

Using TRMM precipitation radar (PR) and TMI scans
of the same mesoscale convective systems (MCSs),
PIWD show that local minima in T85 correspond rough-
ly to maxima in the PR rain map. The local minima in
T85 represent Cbs. A local minimum, T85min, occurs
whenever the central pixel of three consecutive pixels
on the same TMI scan is colder than the pixels to its
east and west. In Fig. 2, the pixel numbered ‘‘0’’ is
classified as T85min if and only if it is colder than pixels
1 and 2. By calculating the mean of the absolute values
of the T85 gradients | | around each Cb, theydT85/dr

could infer the spatial structure and type of hydrome-
teors most likely to be producing the ice-scattering sig-
nature around T85min. The T85 gradient is calculated as
follows:

dT85 1
5 Dx(T85 1 T85 )1 2)dr 45 pt

1 (a 1 1)T8501 aDx(T85 1 T85 ) 2 .3 44 2aDx

(2)

Figure 2 illustrates the position of pixels numbered
1–4 relative to T85min (pixel 0). The average distance
between pixel centers on the same scan (Dx) is 4.6 km,
and aDx is the distance, 13.9 km, between pixels on
different scans with the same scan position. In a further
modification to the original PIWD algorithm, a T85 gra-
dient is also calculated from pixels 0–2 (R. Iacovazzi
2002, personal communication) as follows,

dT85 1
5 Dx(T85 1 T85 2 2T85 ). (3)1 2 0)dr 23 pt

The larger of the two T85 gradients, 3 points and 5
points, becomes the representative T85 gradient around
T85min. In Table 1 are the criteria PIWD developed that
use the T85 gradient and T85min to distinguish among
convectively active young, mature, and decaying Cbs.
Using the information from the PR, PIWD derive an
average rain rate for each class of Cb. The rain rates
listed in Table 1 represent the average rain rate of pixels
0–4. Those pixels not associated with a Cb are assigned
the stratiform rain rate.

In Figure 3 the locations of Cbs are superimposed
over the contour plots of PCT for representative con-
vective systems. Note that many of the plus (1) signs
indicating young Cbs are on the edges of the cloud
shield where outflow from older Cbs is triggering new
Cbs. A large number of plus signs occur within the cloud
shield. In the numerous contour plots (not shown) gen-
erated in the course of the research, this is a common
phenomenon. It appears that the PIWD criteria for a
young Cb do not produce a unique solution because two
different fields of hydrometeors above the freezing level
could produce the same T85 gradient: 1) a mixture of
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FIG. 3. Contour plots of T85 for two TRMM overpasses in Sep
1998. Mature Cbs are indicated with asterisks (*), young/weak Cbs
with plus signs (1), and decaying Cbs with crosses (3). Some Cbs
are uncontoured because they are below the resolution of the con-
touring software.

graupel, snow, and cloud ice with a significant volume
of supercooled water that would be typical of new con-
vection, and 2) a mixture of snow and cloud ice, with
a small volume of graupel that could occur in mature,
but weak, convection. Hence, the PIWD ‘‘young’’ clas-
sification will be amended to a ‘‘young/weak’’ classi-
fication. The mature Cbs invariably coincide with the
coldest ice-scattering cores, and decaying Cbs appear
in the expected places as well. The PIWD convective–
stratiform discrimination algorithm appears to be a use-
ful first-order classification for cloud clusters and lines
identified from 85-GHz ice-scattering features.

4. Diagnosis of selected population characteristics
1998–2001

a. Geographic distribution

The Joint Institute for the Study of the Atmosphere
and Ocean at the University of Washington, Seattle,
displays plotted time series of African precipitation in-
dices (available online at http://tao.atmos.washington.
edu/datapsets/). West Africa demonstrates decadal-scale
variability in regional precipitation, with the years since
the late sixties constituting a dry period (time series not
shown). Some higher-frequency variation is observed.
In the West African Sahel (northern third of the study
area), the years 1998 and 1999 are wetter than the long-
term mean (1898–2000) whereas the years 2000 and
2001 are drier than the long-term mean. In the Gulf of
Guinea region (southern third of the study area), 1999
is wetter than the long-term mean, and 2000 and 2001
are drier. Although 1998 is drier than the long-term
mean it has a smaller negative anomaly than 2000 and
2001. In the context of the recent dry trend, the study
database covers two wetter years and two drier years.

The convective systems in the study database were
sorted into boxes by latitude and longitude. In Fig. 1a,
the width of the savanna and forest biomes is approx-
imately 58. In Fig. 4, for each year in the database
(1998–2001), the number of clusters observed in each
box was divided by the total number of systems ob-
served. The percentages for all 4 yr are plotted in each
box (1998 and 1999 on the top line, 2000 and 2001 on
the bottom line) to facilitate year-to-year comparisons.
The percentages plotted in Fig. 4 correspond to the zonal
layout of the major biomes in Fig. 1a and a meridional
decrease in vegetation density. The geographic distri-
bution of convective systems is essentially the same
during the wetter years 1998 and 1999 and the drier
years 2000 and 2001. There are no pronounced direc-
tional shifts (northward, eastward, etc.) of the convec-
tive system population between the wetter and drier
years.

b. Size and intensity distributions

Table 2 contains the total number of convective sys-
tems detected by TRMM for each year in the database
and the number of convective systems in each age/in-
tensity category. The age/intensity categories were as-
signed to each convective system using the PIWD al-
gorithm. Mature systems had at least one mature Cb.
Young/weak systems had no mature Cbs and at least
one young/weak Cb. Systems that met neither of these
criteria were assigned to the decaying/stratiform cate-
gory. In the far right-hand column of Table 2 is a com-
parison of the two wetter years (1998 and 1999) and
the two drier years (2000 and 2001). The two wetter
years had on the order of 10% more convective systems
detectable by TRMM than the drier years. Because
TRMM makes discrete observations, it is not possible
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FIG. 4. Geographic distribution of convective systems for 1998–2001. The number of convective
systems observed in each box was divided by the total number of systems observed that year in
the study area. Only land-based systems were counted in boxes straddling the coast. Percentages
do not add up to 100% because a few systems in the database were observed south of 58N or
north of 208N. Years 1998 and 1999 are plotted on the top line, 2000 and 2001 on the bottom
line.

TABLE 2. Convective systems detectable by TRMM in the study area. The ‘‘wet vs dry’’ column is the percent difference in system
frequency between the two wetter years (1998 and 1999) and the two drier years (2000 and 2001).

System type 1998 1999 2000 2001 Wet vs dry

Young/weak
Mature
Decaying/stratiform
Total
Overpasses

13 277
5531
2525

21 333
1330

14 983
6111
2793

23 887
1332

12 327
5598
2398

20 323
1332

12 062
5138
2382

19 582
1439*

14%
8%

10%
12%

* Altitude boost in Aug 2001.

to say how many convective systems changed age/in-
tensity categories afterward. Even if the geographic dis-
tributions of convective systems were stable for 1998–
2001 (Fig. 4), the actual numbers of convective systems
did indeed vary from year to year (Table 2) in each
latitude–longitude box.

More precipitation would occur in wetter years if con-
vective systems were larger and/or more intense in wet-
ter years. Figure 5 is a series of cumulative frequency
distributions for (a) total system area for all convective
systems, (b) area of mature Cbs, (c) area of decaying
Cb/stratiform cloud, (d) average PCT of mature Cbs in
mature convective systems. Figures 5b,d were calcu-
lated using mature convective systems only, and Fig.
5c represents all convective systems having the appli-
cable cloud types. In all of the graphs in Fig. 5, the
distributions lie on top of each other. There is no sta-
tistically significant difference in the size or intensity
characteristics of the convective system population be-
tween the wetter (1998, 1999) and drier (2000, 2001)
years. The range of sizes and average PCT is the same
as well. There are 10% more convective systems with
a total system area greater than 1000 km2, but large
convective systems constitute the same fraction of the

population in the wetter years as they do in the drier
years. From Figs. 4 and 5 and Table 2, the only differ-
ence between the two wetter and two drier years ob-
served by TRMM is the frequency of occurrence of
convective systems. It appears that the years 1998 and
1999 had more precipitation than 2000 and 2001 be-
cause more convective systems developed and not be-
cause they tended to be bigger and/or more intense.

c. Contribution to precipitation from organized
convective systems

Previous studies using IR or microwave remote sens-
ing have emphasized the contribution to precipitation
in sub-Saharan Africa from organized convective sys-
tems. A wetter year will have a higher frequency of
organized convective systems than a drier year. For the
purposes of this paper, the term organized convective
system refers to convective systems that have at least
four mature Cbs and reach the 90th percentile for total
system size and/or the 10th percentile for lowest average
PCT of mature Cbs. To reach such a large size or cold
average PCT, dynamic and thermodynamic interactions
among multiple Cbs in various life cycle stages would
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FIG. 5. Cumulative frequency distributions for (a) total system area (all convective systems), (b) area of mature Cbs, (c) area of decaying
Cb/stratiform cloud, (d) average PCT of mature Cbs in mature convective systems.

be required, hence the adjective ‘‘organized.’’ In the
cumulative frequency distributions in Fig. 5, the 90th
percentile for total system size is approximately 1000
km2, and the 10th percentile for average PCT of mature
Cbs is approximately 150 K. A convective system was
classified as organized if it was greater than 1000 km2

or had four or more mature CBs with an average PCT
colder than 150 K or both. Of all the convective systems
meeting one or more of the criteria, about 45% met the
size but not intensity criterion, 40% met the intensity
but not size criterion, and 15% met both criteria. The
convective systems meeting both criteria were counted
only once.

Table 3 is the contribution to total precipitation for
each month by organized convective systems. The vol-
umetric rainfall (mm h21 km2) contribution from each
convective system was based on the PIWD algorithm
in Table 1. The contributions were summed for each
latitude–longitude box (Fig. 1). Except for May, orga-
nized convective systems contribute a greater share of
the precipitation in the savanna zone (108–158N) than
in the semidesert (.158N) or forest (,108N) zones.
Conversely, the forest zone has the lowest zonal average
contribution from organized convective systems June–
September. The progression of the ITCZ ensures that
the northernmost semidesert zone has the largest sea-

sonal variability with respect to organized convective
systems. In the semidesert zone, the contribution by
organized convective systems ranges from 34% in May
to 74% in August. In August, the peak of the wet season
in the semidesert zone, the 74% is an average of indi-
vidual boxes ranging from 46% (.228E) to 83%
(.88W). Across the savanna zone, the contribution from
organized convective systems varies from 1%–15%, less
than half the zonal variability of the semidesert. Zonal
variability in the forest is lowest in May and June
(,10%), and highest in July and August (,20%).

Precipitation contributions from organized convective
systems are 10%–15% higher in the savanna than in the
forest. Figure 6 reveals two possibilities for this differ-
ence. In June and September, the forest had 40% more
convective systems and 30% more organized convective
systems than the savanna, but the organized convective
systems comprised only 8% of the forest convective
system population compared to 12% in the savanna. In
July and August, the forest has 10% fewer organized
convective systems even though it has 20% more con-
vective systems than the savanna. The organized con-
vective systems comprise only 6% of the forest con-
vective system population versus 10% in the savanna.
Even when there are fewer organized convective sys-
tems in the savanna, they remain a larger share of its
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TABLE 3. Percent of total precipitation for 1998–2001 contributed by organized convective systems. Land cover in the .158N zone is
semidesert, 108–158N savanna, ,108N forest.

,88W 88W–28E 28–128E 128–228E .228E Zone

May
.158N

108–158N
108N.

28%
60%
71%

26%
64%
68%

24%
76%
77%

39%
64%
74%

52%
58%
73%

34%
66%
74%

Jun
.158N

108–158N
108N.

58%
84%
72%

58%
82%
68%

40%
85%
77%

40%
77%
69%

67%
70%
70%

53%
81%
72%

Jul
.158N

108–158N
108N.

73%
76%
53%

72%
81%
48%

62%
82%
58%

50%
80%
67%

52%
71%
65%

66%
79%
62%

Aug
.158N

108–158N
108N.

83%
76%
52%

75%
73%
60%

74%
83%
63%

65%
81%
67%

46%
70%
64%

74%
77%
64%

Sep
.158N

108–158N
108N.

81%
82%
67%

73%
80%
65%

51%
83%
71%

78%
83%
70%

71%
81%
71%

73%
82%
70%

FIG. 6. The number of organized convective systems occurring in
the savanna (108–158N) and forest (south of 108N) zones by month
for 1998–2001. The labels above the savanna series bars are the
percent difference between the savanna and forest.

convective system population compared to the other
zones.

5. Variability of the diurnal cycle

Global studies Yang and Slingo (2001) and Nesbitt
and Zipser (2003) derive a regional composite diurnal
cycle for sub-Saharan Africa, leaving the task of finding
subregional variations to smaller-scale studies. The dis-
tributions in Fig. 7 were compiled from all convective
systems in the study database, and 4-h local time blocks

were established to reduce temporal sampling bias from
TRMM (Negri et al. 2002). Figure 7a depicts the typical
continental diurnal cycle, with a peak in convective ac-
tivity between 1400–1800 local time (LT). Subtle
monthly differences are apparent. A higher percentage
of May and August convective systems were observed
in the 1400–1800 LT block than in June, July, and Sep-
tember. Conversely, May and August have the fewest
late-night/early-morning convective systems. The peaks
in convective activity (Fig. 7a) and precipitation (Fig.
7b) do not coincide. As in Fig. 7a, there are noticeable
monthly differences in Fig. 7b. Precipitation peaks in
the 1800–2200 LT block for May and August compared
to the 2200–0200 LT block in June and the 0200–0600
LT block in July and September. The fraction of pre-
cipitation in the two time blocks covering 2200 to 0600
LT is higher in June, July, and September than in May
and August.

Figure 8 contains the mean wet season diurnal cycle
of precipitation for each of the zones of this study: the
semidesert zone (.158N), savanna zone (108–158N),
and forest zone (,108N). For each zone, the diurnal
cycle is in the form of a high–low graph where the zonal
mean is plotted as a square with vertical bars stretching
from the lowest value to the highest value. The means
were calculated from the percent of total precipitation
in each longitude box (five values) for the entire wet
season, and the high–low bars were derived from the
maximum and minimum values in the five boxes across
the zone. The high–low bars depict the variability of
the diurnal cycles within each zone. From north to south,
the diurnal cycle progressively flattens, and the mag-
nitudes of the high–low bars decrease. The semidesert
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FIG. 7. (a) The frequency of occurrence of convective systems and
(b) percent of total precipitation occurring in 4-h local time blocks
by month.

and savanna zones have two pronounced peaks, with
one peak in the early evening and the second in the
early morning. Diurnal cycles with two peaks were also
observed in studies of precipitation in Niger by Shinoda
et al. (1999) and Mathon et al. (2002). In contrast to
the semidesert and savanna zones, the forest zone’s di-
urnal cycle has only one peak, peaking at 1800–2200
LT. The value in the 1800–2200 LT block is only slightly
higher than the value in the 2200–0200 LT block, com-
pared to the sharp decreases in the 2200–0200 LT blocks
of the other two zones.

The comparison of wetter versus drier years in the
previous section revealed differences in the frequency
of organized systems but not in the size and intensity
distribution of the convective system population as a
whole. Figures 7 and 8 are compiled from all 4 yr of
data, thereby combining the wetter and drier years. In
Fig. 9, each year is plotted separately to see if the dif-
ferences in system frequency might result in different
diurnal cycles. The diurnal cycles of the wetter years

are distinctly different from the drier years. The wetter
years have only one peak, analogous to the forest zone
cycle, and the drier years have two peaks, analogous to
the semidesert and savanna zone cycles. The diurnal
cycles of the wetter years peak at 2200–0200 LT, one
box later than the first peak in the drier years. The wetter
years have more pronounced single peaks than the forest
zone diurnal cycle in Fig. 8c where the values for 1800–
2200 and 2200–0200 LT are similar. The shape and
magnitude of the peaks in the drier years most closely
resemble the savanna zone’s cycle. The diurnal cycle
for 2000 does not decrease as sharply between 1800–
2200 and 2200–0200 LT as in 2001. It is worth recalling
that 2000 also had more precipitation than 2001 (Table
2).

6. Discussion

Figures 7–9 demonstrate variability in the diurnal cy-
cle intraseasonally, regionally, and interannually, re-
spectively. The evidence presented in section 4 pointed
to the frequency of convective systems as being the
principal difference between the wetter years (1998 and
1999) and the drier years (2000 and 2001) in this study.
This section attempts to make some links between con-
vective population characteristics and the variability of
the diurnal cycle.

The diurnal cycles of precipitation in Figs. 7–9 do
not distinguish among the contributions made by con-
vective systems defined as young/weak, mature, or de-
caying/stratiform. In Fig. 10a, the frequency of occur-
rence of each system type has its own diurnal cycle.
The plots of the young/weak and mature convective
systems are similar to each other, with peaks greater
than 30% at 1400–1800 LT, and comparable to Fig. 7a.
The decaying/stratiform plot peaks at 0200–0600 LT,
and the plot of the organized convective systems has a
bimodal shape most similar to the savanna diurnal cycle
in Fig. 8b. In Fig. 10b, the 50th percentile for total
system area rises slightly from 1400–1800 to 1800–
2200 LT then levels off. The 90th percentile rises con-
tinuously from 1400–1800 to 0200–0600 LT, with the
largest increase between 1400–1800 and 1800–2200 LT.
It appears from Fig. 10 that the organized convective
systems reach maturity after 1800 LT with the largest
ones lasting until early morning and that the frequency
of organized convective systems is the principal control
on the diurnal cycle of precipitation. From June to July,
the number of organized convective systems in the forest
zone declines by 2% but there is a 10% zonal average
reduction in precipitation, with reductions as large as
20% in individual latitude–longitude boxes. A small
percentage increase in the number of organized con-
vective systems can be expected to produce a much
larger percentage increase in precipitation in the late-
evening/early-morning time blocks. The midafternoon
time block is likely to increase also but less dramatically.

Figure 7 depicts the seasonal variability of the diurnal
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FIG. 8. The wet season diurnal cycle of precipitation for zones
(a) .158N, (b) 158–108N, (c) ,108N. For each zone, the diurnal
cycle is in the form of a high–low graph where the zonal mean
is plotted as a square with vertical bars stretching from the lowest
value in the zone to the highest.

cycle for the entire study area, and Fig. 8 contains the
diurnal cycles of the three land cover zones for the entire
wet season. The high–low bars of Fig. 8 imply seasonal
variability, and the bars in Fig. 7 encompass zonal and
meridional variability. None of the diurnal cycles in Fig.
7 precisely replicate any of the diurnal cycles of the
zones in Fig. 8, although the broad peaks from 2200–
0600 LT in June, July, and September in Fig. 7 coincide
with the location of the ITCZ and a high frequency of
organized convective systems in the savanna zone. The
rest of the discussion will thus center on organized con-
vective systems and their possible roles in diurnal cycle
variability.

May and August have conspicuous peaks at 1800–
2200 LT. In May the ITCZ is in the forest zone, in
August, the semidesert zone. Two possibilities for the
May/August diurnal cycles come to mind, a greater con-
tribution from shorter-lived organized convective sys-
tems and from convective systems originating in the late
afternoon (1400–1800). Rowell and Milford (1993)
show that the mean lifetime of squall lines decreases

both north and south of the zone (108–158N) defined as
the savanna zone in this study, although the decrease in
mean lifetime is greater north of 158N than south of
108N. From a dynamical perspective it is worth noting
that in the summer, the climatological axis of the African
easterly jet is in the savanna zone, increasing the chanc-
es a propagating convective system will be long-lived
(Rotunno et al. 1988; Cook 1999). Since long-lived con-
vective systems spread precipitation over a larger span
of time and space, the higher frequency of long-lived
convective systems in the savanna zone would minimize
zonal differences. In addition to longevity, the size of
an organized convective system would affect how it
spreads precipitation over time and space, so it is worth
noting that organized convective systems tend to be
larger in the forest zone than in the other zones (size
distributions by zone not shown).

Small convective systems make a nonnegligible con-
tribution to precipitation in the semidesert forest zone
in May and in the forest zone in August. Mohr et al.
(2003) simulated convective systems in forest, savanna,
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FIG. 9. Diurnal cycles of precipitation for each year in the study
database for the entire study area. Wetter years (1998 and 1999) use
black lines, and drier years (2000 and 2001) use gray lines.

FIG. 10. (a) The frequency of occurrence by system type vs time.
(b) The 50th and 90th percentiles for total system area of convective
systems in the study database, sorted by selected time blocks.

and semidesert environments, demonstrating that land
surface conditions influenced the timing and intensity
of modeled convective lines. The boundary layer of the
forest environment was moister (2–3 g kg21) and shal-
lower (by one model layer) than the savanna environ-
ment. Heavy rain from both small and organized con-
vective systems developed several hours earlier in the
day in the forest than in the savanna. In Rowell and
Milford’s study, short-lived (,4 h) squall lines typical
of the semidesert zone originated and dissipated mainly
within the 1800–2200 LT time block. While the forest
zone appears to dominate May’s diurnal cycle, August
weighs the contributions from small convective systems
and shorter-lived organized convective systems in the
forest and semidesert versus longer-lived organized con-
vective systems in the savanna. The former would have
the effect of skewing August’s peak toward earlier in
the evening compared to July or September.

Comparing the magnitudes of seasonal changes to
zonal variability in the diurnal cycle, the savanna and
forest zones have seasonal changes of about 10% and
zonal variability of about 1%. Both the zonal and sea-
sonal differences in the semidesert zone are about 10%.
Topography (Fig. 1b) has been a major player in pre-
vious studies (Rowell and Milford 1993; Hodges and
Thorncroft 1997) of the life cycle organized convective
systems thus making it important in the zonal variability
of the diurnal cycle as well. In Rowell and Milford,
organized convective systems north of 158N originate
near the Aı̈r Mountains or the northern branch of the
Niger River, in the early evening and often decaying
soon afterward. Between 108–158N, organized convec-
tive systems tend to generate near the Jos Plateau in the
late afternoon, decaying sometime around midnight.
Other triggering sites include the Dhafur Mountains and
the Guinea Highlands (Hodges and Thorncroft 1997).

The Cameroon Highlands is the most likely generation
region for organized convective systems south of 108N.
For the highly variable semidesert zone, Fig. 11 illus-
trates the differences in the diurnal cycles for the lati-
tude–longitude box containing the Aı̈r Mountains and
the two boxes west of it. Progressively westward from
the Aı̈r Mountains, the value in the 1800–2200 LT box
decreases while the value in the 0200–0600 LT box
increases. Note that individual boxes have more lopsid-
ed two-peak diurnal cycles than the composite cycle in
Fig. 8a. Because the total amount of precipitation in the
semidesert zone is considerably less than the zones south
of it, when even a few long-lived organized convective
systems reach the western boxes in the early morning,
they can contribute a large enough share of precipitation
to create the second peak in the composite semidesert
diurnal cycle. In the savanna zone, there is a similar but
more subdued shift from a peak at 1800–2200 LT to a
peak at 0200–0600 LT west of the Jos Plateau.

Using the 30-dBZ heights from the TRMM PR, Nes-
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FIG. 11. The diurnal cycles of precipitation for three selected lat–
lon boxes within the semidesert zone. The 28–128E box contains the
Aı̈r Mountains, a principal generation area for organized convective
systems in this zone.

bitt and Zipser (2003) show how storm intensity changes
diurnally. The shape of the bimodal savanna and semi-
desert diurnal cycles in Figs. 8 and 10a parallel the
documented life cycle of organized systems in the Sahel
(e.g., Rowell and Milford 1993; Hodges and Thorncroft
1997). The greatest share of intense convective precip-
itation occurs after genesis (1800–2200 LT), and the
greatest share of stratiform precipitation occurs before
lysis in the early morning (0200–0600 LT). The broad
peak of the forest zone reflects a greater contribution
from small convective systems and differences in the
life cycles of organized convective systems in the more
humid environment south of the African easterly jet.
The broad peaks of the monthly diurnal cycles of Fig.
7 would then be the result of merging the contributions
of all zones. The late, single peak of the wetter years
in Fig. 9 reflects increases in convective systems of all
sizes but particularly of organized convective systems.
Even after averaging, it is apparent that the life cycle
of organized convective systems shifts the peak in pre-
cipitation to later in the evening than the peak in the
frequency of all convective systems. The evidence of
this study implies that variability in the diurnal cycle
of sub-Saharan Africa can be largely attributed to var-
iability in the frequency and life cycle of organized
convective systems and thus the physical and dynamical
factors responsible for their development.

7. Summary

This study used 4 yr of TRMM data (1998–2001) to
analyze the relationship between variability in the di-
urnal cycle of precipitation and the nature of the con-
vective system population of sub-Saharan Africa. The
study database was derived from four wet seasons,
May–September, of 85-GHz data from the TRMM Mi-
crowave Imager. Convective systems were defined from

contiguous 85-GHz pixels of 255 K or colder. Using a
discrimination algorithm developed by Prabhakara et al.
(2000), pixels were classified as convective (young/
weak, mature, or decaying) or stratiform cloud from the
spatial temperature gradients within each convective
system. Information on all convective systems detected
such as location and size was stored in a relational da-
tabase. sub-Saharan Africa was divided into 15 boxes
at 108 3 58 and three 58 zones containing a principal
land cover, semidesert (.158N), savanna (108–158N),
and forest (,108N). These divisions were intended to
detect the influences of topography and land cover.

The study time period contained two wetter than av-
erage years (1998, 1999) and two drier than average
years (2000, 2001). The only population characteristic
distinguishing the wetter years from the drier years was
frequency of occurrence of convective systems because
the size and intensity distributions for the wetter and
drier years were virtually identical. The wetter years
had about 10% more convective systems than the drier
years. Even if large and/or intense convective systems
represented the same percentage of the convective sys-
tem population in both the wetter years and drier years,
there were more of them in the wetter years. In a mul-
tiyear study of West African precipitation datasets, Sealy
et al. (2003) attribute precipitation anomalies to varia-
tions in stratiform rain. A reduction in the frequency of
organized convective systems necessarily means a pro-
portionately larger reduction in the amount of stratiform
rain. At the upper end of the logarithmic size distri-
bution, the fraction of stratiform cloud increases sig-
nificantly, and the increases in total system area are
principally from increases in stratiform cloud area (cf.
Fig. 3). Extrapolating from the study database, a 1%–
2% reduction in the number of organized convective
systems would produce as much as a 10%–20% reduc-
tion in precipitation.

From north to south, the mean wet season diurnal
cycle of precipitation evolves from a bimodal, highly
variable diurnal cycle north of 158N to a unimodal,
much less variable diurnal cycle south of 108N. Both
zonal variability and the seasonal cycle produced chang-
es on the order of 10% in the diurnal cycle. These chang-
es were most noticeable in certain time blocks (1800–
2200 and 0200–0600 LT) and in the semidesert zone
north of 108N. The characteristics of the organized con-
vective system population seem to be more important
to understanding the variability of the diurnal cycle than
the characteristics of the general convective system pop-
ulation. The frequency of organized convective systems
is strongly tied to the seasonal cycle and will vary from
year to year to a greater degree than the frequency of
all convective systems. The influence of small convec-
tive systems is limited, applying mainly to certain
months (e.g., May) and certain areas (e.g., the forest
zone). The organized convective system is the integra-
tion of physical (topography and land cover) and dy-
namical (e.g., African easterly jet, monsoon circulation)
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factors at a near-GCM grid scale. This should allow
researchers to focus on a small subset of the convective
system population and their particular environments to
explain most of the variability in precipitation cycles.

Previous work on diagnosing the West African diurnal
cycle compiled a single representative diurnal cycle.
This study reveals that there are different diurnal cycles
for each of the three 108 zones south of the Sahara
Desert. There are also differences interannually between
the diurnal cycles of wetter and drier years. The regional
and temporal variability of diurnal cycles in sub-Saharan
Africa may give some pause to dynamical modelers, but
improved simulation of organized convective systems
should alleviate this problem. Detailed process studies
of land–atmosphere interaction at a variety of scales
coupled with ground and satellite observations should
help improve the description of the key physical pro-
cesses and variables by which the African land surface
affects the development of organized convective sys-
tems.
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