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Abstract

This study evaluates the role of MCSs in the total rainfall distribution as a function of season from a climatological perspec-
tive (1998-2014) over sub-Saharan northern Africa and examines how the diurnal cycle of rainfall changes with season.
Tropical Rainfall Measuring Mission (TRMM) 3B42V7 rainfall estimates and European Centre for Medium-Range Weather
Forecasts ERA-Interim reanalysis are used to evaluate the climatology. The percentages of the full TRMM precipitation
delivered by MCSs have meridional structures in spring, fall and winter, ranging from 0 to 80% across sub-Saharan north-
ern Africa, while the percentages are homogenous in summer (> 80%). The diurnal cycles of MCS-associated precipitation
coincide with the full TRMM rainfall. Attributes of MCSs, including size, count, and intensity, vary synchronously with the
diurnal cycle of rainfall. The diurnal peaks are classified into three categories: single afternoon peak, continuous afternoon
peak, and nocturnal peak. Single afternoon peaks dominate in spring and fall while continuous afternoon and nocturnal
peaks are more common in summer, indicating the seasonality of the diurnal cycle. The continuous afternoon peak combines
rainfall from two system types—one locally-generated and one propagating. The seasonality of the diurnal cycle is related
to the seasonality of MCS lifetimes, and propagation speeds and directions. The moisture component of the MSE profile
contributes to the instability most in summer when convection is more frequent. Low-level temperature, which is related to
surface warming and sensible heat fluxes, influences the instability more during winter and spring.

Keywords MCS - Diurnal cycle of precipitation - SAHEL rainfall - African wave disturbances - African easterly waves -
West Africa - Moist static energy

1 Introduction

Improved precipitation prediction over sub-Saharan northern
Africa is important because this region experiences intense
rainfall events that impact agriculture and the economic
infrastructure, and regularly threaten lives. It is critical to
understand the diurnal cycle of precipitation for simulating
and predicting both total rainfall and extreme rainfall events
in this region.

Heavy rainfall over sub-Saharan northern Africa is usu-
ally related to the generation of mesoscale convective sys-
tems (MCSs). Past studies (Laurent et al. 1998; Laing et al.
1999; Mathon et al. 2002; Mohr 2004) indicate that MCSs
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contribute up to 95% of the boreal summer rainfall over this
region, and the diurnal cycle of rainfall is associated with
MCS activity.

While previous studies diagnose the role of MCSs in total
rainfall, they consider only individual, or a small number, of
summer seasons. One purpose of this study is to evaluate the
role of MCSs in the total rainfall distribution as a function
of season from a climatological perspective (1998-2014).
Our analysis domain is a large interior region of sub-Saharan
northern Africa, including the Sahel. In addition, we exam-
ine how the diurnal cycle of rainfall changes with season
over the annual cycle, and evaluate the role of MCSs in
this change. These results expand on previous studies that
are limited to the summer season, as only a few case stud-
ies have focused on dry season (Knippertz and Fink 2008,
2009). Thus, to our knowledge, this is the first attempt to
comprehensively analyze MCSs and the diurnal cycle of
rainfall over the annual cycle for the interior region of sub-
Saharan northern Africa.
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Previous studies of MCS activity and its relationship
to the diurnal cycle of rainfall over Africa are reviewed in
Sect. 2. Section 3 presents the data and methodology used
in this paper. Results are discussed in Sect. 4, followed by
conclusions in Sect. 5.

2 Background

MCSs are commonly identified by the areal extent and inten-
sity of precipitation. For example, Houze (1993) defined a
MCS as a cloud system that connects with an ensemble of
thunderstorms and produces a contiguous area of precipita-
tion with a horizontal scale of 100 km or more in at least
one direction. Mohr and Zipser (1996) defined an MCS as
an area of 2000 km? or more with a brightness temperature
at or below 225 K. Later studies (Nesbitt et al. 2000; Nesbitt
and Zipser 2003; Jackson et al. 2009) adopt this definition.

The characteristics of mesoscale convection over Africa
are generally not as well understood compared to convection
over other continents. Due to limitations of the meteoro-
logical network in Africa, satellite data remains the primary
source of observations. Precipitation observations from
NASA'’s Tropical Rainfall Measurement Mission (TRMM,
Huffman et al. 2007) satellite have been used in a number
of studies of MCSs. For example, Nesbitt and Zipser (2003)
identified individual storms within the combined TRMM
dataset and found that the most intense precipitation features
of MCSs peak around 1500 LT.

The MCSs over Africa are associated with the studies
of rainfall. Past studies (Laurent et al. 1998; Laing et al.
1999; Mathon et al. 2002; Mohr 2004) indicate that MCSs
contribute up to 95% of the boreal summer rainfall over
this region, and the diurnal cycle of rainfall is associated
with MCS activity. The diurnal cycle of rainfall across West
Africa has peaks in late afternoon to early evening (Yang
and Slingo 2001). Mohr (2004) examined the diurnal cycle
of precipitation in sub-Saharan Africa for May—September,
1998-2001, concluding that the mean wet season diurnal
cycle of precipitation evolves from a bimodal, highly-varia-
ble diurnal cycle north of 15°N to a unimodal, diurnal cycle
with much less variability south of 10°N. In contrast, Zhang
et al. (2016a) showed most regions of West Africa (98% in
the climatology and 78% in 2006) have a single diurnal peak
of rainfall either in the afternoon or at night.

Past studies examine MCS characteristics and diagnose
their role in producing summer rainfall (Laurent et al. 1998;
Laing et al. 1999; Mathon et al. 2002; Mohr 2004), while
only a few case studies expand into the dry seasons. Knip-
pertz and Fink (2008) provided synoptic and dynamical
analysis during the dry seasons of 2003/04, while Knip-
pertz and Fink (2009) presented a statistical evaluation
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of dry-season wet events covering 23 dry seasons during
1979/80-2001/02.

Mohr (2004) investigated the diurnal variability of rain-
fall and found that it is primarily influenced by the frequency
and life cycles of organized convective systems. As for the
initiation of MCSs, numerous studies highlight the role of
topography for African MCSs as mountain ranges help to
initiate long-lived MCSs (Burpee 1972; Hodges and Thorn-
croft 1997; Laing et al. 2008). Large-scale topography plays
a critical role in the spatial and diurnal patterns of convec-
tion, lightning, and rainfall (Jackson et al. 2009). Even mod-
est rises in regional elevation can also provide the focal point
for the initiation of convection (Vizy and Cook 2017). Con-
vection can be triggered by heating over the elevated terrain,
and/or at low-level convergent frontal boundaries such as
those associated with sea/land breezes, lake breezes (Laing
et al. 2011), gust fronts/cold pool outflow boundaries (Tay-
lor et al. 2013; Birch et al. 2014a, b; Maurer et al. 2016), or
the inter-tropical front (ITF; Eldridge 1957; Vizy and Cook
2017), which separates moisture-laden air flowing off the
tropical Atlantic into West Africa from the dry, northerly
Sahel/Saharan flow.

MCS initiation and development are also associated with
atmospheric instability. The geographic and diurnal variabil-
ity of moist convection over Africa reflects the importance
of CAPE and vertical wind shear in the development of the
systems (Hodges and Thorncroft 1997; Mohr and Thorncroft
2006; Laing et al. 2008; Janiga and Thorncroft 2014). Zhang
et al. (2016a, b) concluded that afternoon rainfall peaks are
associated with an unstable atmosphere, and that nocturnal
rainfall peaks are associated with the westward propagation
of rainfall systems.

Besides, convection over Africa is related with large-scale
jets and waves. For example, past studies (Fortune 1980;
Landsea and Gray 1992; Cook 1999; Crétat et al. 2015; Gaye
et al. 2005; Hsieh and Cook 2005, 2007, 2008; Hopsch et al.
2010) indicate that the mid-tropospheric African easterly
jet and African easterly waves (AEWs) play a role on the
rainfall over Africa. AEWs influence the evolution of con-
vection (Payne and McGarry 1977; Machado et al. 1993).
Meanwhile, MCSs tend to occur ahead of or concurrent with
the AEW trough (Reed et al. 1977; Duvel 1989; Diedhiou
et al. 1999; Fink and Reiner 2003). Vertical shear related
to the African easterly jet influences the location of intense
convective systems (Mohr and Thorncroft 2006; Laing et al.
2008). Pu and Cook (2010, 2012) found the low-level West
African westerly jet is associated with the moisture transport
from the Atlantic onto the West African and influences the
Sahel rainfall variations.

MCSs propagate after they are generated when the sys-
tem remains in air that is potentially unstable enough that
the outflows can trigger new convection. Laing et al. (2008)
found that precipitating convective systems initiated over
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elevated terrain propagate westward over sub-Saharan Africa
and undergo cycles of regeneration. Organized convection
in Africa consists of coherent sequences or episodes that
span an average distance of about 1000 km and last about
25 h with the phase speed of 10-20 m/s. Laing et al. (2011)
investigate coherent episodes of convection resulting from
the regeneration of convection while propagating westward.
These episodes have an average duration of 17.6-h and a
span of 673-km; most have zonal phase speeds of 8—16 m/s.
Vizy and Cook (2017) indicate that MCSs originated dur-
ing the afternoon have phase spends range between 8 and
14 m/s while the MCS phase speed is 7 m/s for nighttime
genesis events.

In summary, a large portion of warm season rainfall over
Africa has been associated with MCSs in previous studies.
Either afternoon or nocturnal peaks are found in the diurnal
cycle depending on location. Here we examine the role of
MCSs in the diurnal cycle of rainfall from a more climato-
logical view (1998-2014). We consider the seasonality of
the diurnal cycle of precipitation, and how are MCSs related
to these seasonal changes.

3 Datasets and methodology

The analysis domain for this study extends from 0°-30°E
and 8°N-16°N (Fig. 1). This domain is selected because
it is a large land region of sub-Saharan northern Africa
that is removed from prominent mountain ranges that have
elevations over 2000 km, such as the Ethiopian Highlands
(35-40°E, 8-14°N), and the coast. However, our domain
still includes elevated terrain, such as the Marrah Mountains
(26.5°E, 15.5°N) and the Jos Plateau (7-10°E, 10-12°N).
The primary MCS-identification method for this study
uses NASA TRMM 3B42V7 merged high quality (HQ)/
Infrared (IR) rainfall estimates (Huffman et al. 2007).
TRMM 3B42V7 is a high resolution (0.25°) product that

Fig.1 Terrain elevation
(meters) from the US Geo-
logical Survey (USGS) digital
elevation model (DEM) interpo-
lated to 30-km resolution. The
yellow box denotes the analysis
region. Black contours show
country outlines

provides 3-hourly, multi-satellite rainfall estimates from
January 1998 to present using the TRMM 3B42 algorithm.

MCSs are identified in the 3-hourly TRMM 3B42V7
using a two-step procedure that is based loosely on past
MCS estimates (e.g., Maddox 1980; Houze 1993; Laing and
Fritsch 1993; Mohr and Zipser 1996; Hodges and Thorncroft
1997; Laing et al. 1999; Mohr et al. 1999; Jirak et al. 2003).
The first step is to select precipitation features for each 3-h
timestep using a threshold rain rate, which is 25 mm/day.
We test the sensitivity to this choice by assuming different
thresholds, such as 10 and 50 mm/day. The threshold value
chosen does not make a large difference in the number of
MCSs identified, nor change the patterns of MCSs. In the
TRMM 3B42V7 rainfall, 70-90% of sub-Saharan Northern
African rainfall occurs at or above the 25 mm/day rate, so
the selection of this threshold produces MCS counts that are
roughly consistent with estimates from other studies (Mohr
et al. 1999; Mathon et al. 2002). We also use a higher thresh-
old, 100 mm/day, to evaluate the dependence of the results
on the choice of the threshold and to understand if the most
extreme rainfall events exhibit similar seasonal and diurnal
cycles.

The second step in the MCS identification process is to
apply a contiguous-area size criterion. Since past studies
(e.g., Houze 1993; Mohr and Zipser 1996; Nesbitt and Zipser
2003) suggest that MCSs have minimum contiguous areas of
about 2000 km?, we require that there be at least three adja-
cent grid cells that meet the rainfall threshold in order to be
identified as an MCS. At the resolution of TRMM 3B42V7
this corresponds to an area of 2000-2300 km?, depending
on latitude.

The University of Utah precipitation and cloud feature
database (UtahPF; Nesbitt et al. 2000, 2006; Liu et al. 2008)
was also considered for comparison. While UtahPF is valua-
ble for examining precipitation features and providing infor-
mation for evaluating MCS characteristics (Nesbitt et al.
2000, 2006; Liu et al. 2008; Liu and Zipser 2009; Jiang and
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Zipser 2010; Jiang et al. 2011), this database is not designed
for analyzing the spatial distribution of rainfall, which is the
purpose of this study.

To better understand various characteristics of MCSs, we
examine MCSs from two aspects. One is based on MCS
counts, and the other is based on precipitation rates. Table 1
lists the acronyms and descriptions utilized for the analysis
of TRMM 3B42V7 rainfall datasets. The term MCS-precip-
itation refers to TRMM 3B42V7 rainfall in the adjacent grid
cells of identified MCSs.

The 6-hourly European Centre for Medium-Range
Weather Forecasts ERA-Interim reanalysis (ERAI; Dee et al.
2011) is used to evaluate the atmospheric dynamics fields.

In our analysis of seasonality, four seasons defined are
boreal winter from November—March (NDJFEM), spring from
April-May (AM), summer from June—September (JJAS),
and autumn, represented by October (Oct). These seasons
were chosen by examining the percentage of the full TRMM
precipitation delivered by MCSs in individual months (not
shown) and combining months with similar spatial distribu-
tions. The NDJFM mean is selected as winter months since
the percentage of the full TRMM precipitation delivered by
MCS:s in these months is below than 10% over more than
half of analysis domain, with higher percentages (>50%)
located over the southern part of the analysis domain. April
and May are similar. Specifically, the percentage is above
50% over more than half of the domain and low percentages
(<30%) occur in the vicinity of (15°E, 15°N). In June—Sep-
tember, a high percentage (80% or above) of the full TRMM
precipitation is delivered by MCSs over more than 90% of
the domain. October is chosen to represent fall, and is simi-
lar to April-May.

4 Results
4.1 Sensitivity to MCS selection criteria

Figure 2 shows the total number of MCSs over the sub-
Saharan northern Africa domain (18°W—43°E, 4-25°N) for
the T25 and T100 counts for 1998-2014. The MCSs’ spatial
distributions are similar in the two different estimates. The
total number of MCSs decreases with increasing latitude,

\ AN N,
15E 20E 25E 30E 35E 40E

15W 10W 5W 0 5E 10E

— | 1 1 1
750 1000 1250 1500 2000 2500

0 250 500

15W 10W 50 SE

| ] [ I —
0 50 100 150 200 250 300 400 500

Fig.2 Total number of MCSs from TRMM 3B42V7 using a the
25 mm/day threshold and b the 100 mm/day threshold. Black con-
tours show country outlines

with a strong meridional gradient concentrated over the
Sahel between 10°N and 16°N, depending on longitude. In
both datasets, maxima are located along the Atlantic coast
of Guinea, Sierra Leone, and Liberia, near the Jos Pla-
teau (7-10°E, 10—12°N), west of the Cameroon Highlands
(~ 10°E, 7°N), and over the Ethiopian Highlands (35-40°E,
8—14°N).

While there is similarity in the spatial distributions, the
total numbers of MCSs in the T25 count and the T100 count
vary considerably. The maximum of the T25 count exceeds
2500 MCSs while the T100 count has a maximum of around
500.

Differences between the MCS criteria can be better
understood by examining one period of a typical summer
day, namely, August 16, 2006. We tested other days in mul-
tiple years and found similar results. Figure 3a shows the

Table 1 Acronyms and

Description

o o Acronym
descriptions utilized for the
analysis of TRMM 3B42V7 T25 count
rainfall datasets S
T25 precipitation
T100 count
T100 precipitation

Count of TRMM 3B42V7 MCSs when applying a 25 mm/day threshold
Estimated TRMM 3B42V7 precipitation associated with T25 count MCSs
Count of TRMM 3B42V7 MCSs when applying a 100 mm/day threshold
Estimated TRMM 3B42V7 precipitation associated with T100 count MCSs

full TRMM precipitation Total TRMM 3B42V7 precipitation, including rainfall associated with

MCSs and other rainfall event types
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Fig.3 Spatial distribution of precipitation (mm/day) at 00Z 16
August 2006 for the a full TRMM precipitation, b T25 precipitation,
and ¢ T100 precipitation. Thick black contours show country out-
lines, while the thin black contours show terrain elevation contoured
every 500 m from the USGS DEM interpolated to 30-km resolution

November — March

full TRMM precipitation at 00Z 16 August 2006, and MCS-
related precipitation using the T25 and T100 criteria are
shown in Fig. 3b, c, respectively. The T25 criterion produces
26 MCS events over the entire region shown in Fig. 3b,
while the T100 criterion (Fig. 3¢) produces 12 MCSs, which
is 46% of the T25 count. In the full TRMM precipitation
(Fig. 3a), heavy rainfall events such as the maximum over
northern Cameroon (~ 15°E, 10°N) are captured by both the
T25 and T100 precipitation (Fig. 3b, c). The most notable
difference between T25 precipitation and T100 precipitation
is the areal extent of the rainfall, and hence the total rainfall
associated with MCS activity, as the 25-mm/day threshold
yields MCSs with broader areal coverage and higher total
precipitation.

4.2 Seasonal variations of MCSs

Figure 4 shows the spatial distribution of the percentage of
the full TRMM precipitation delivered by MCSs identified
using the T25 threshold for four seasons along with wind
vectors (m/s) at 925 hPa from the ERAI reanalysis. Nota-
ble differences between JJAS (Fig. 4c) and the other three
seasons are the absences of strong zonal and meridional
gradients. The percentage of rainfall associated with T25
MCSs during the summer season over most of the analy-
sis region is greater than 80%, with the largest percentages
in southwestern Niger (~3°E, 14°N), consistent with other
observational studies (Laurent et al. 1998; Mohr et al. 1999;
Mohr 2004). Southwesterly monsoon flow intensifies in
summer and advances northward across the Sahel to 18°N.
The sufficient moist monsoon inflow supports the initiation

0O 10 20 30 40 50 60 70 80 90

Fig.4 Percentage of the full TRMM precipitation delivered by T25 precipitation (shaded) for a November—March, b April-May, ¢ June-Sep-
tember, and d October. Vectors represent winds (m/s) at 925 hPa from the ERAI reanalysis. Thick black contours show country outlines
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and development of organized precipitation systems during
the course of the wet season, helping to explain why a large
percentage (> 80%) of the rainfall is associated with MCSs
in Fig. 4c.

Boreal winter and summer are markedly different in terms
of both the spatial patterns and the percentage of rainfall
associated with MCSs. During the winter (Fig. 4a), maxima
(70%) are located near the Jos Plateau (~7.5°E, 9°N) and
over southern Togo and Benin (~3°E, 9°N), which means
MCSs play an critical role in rainfall even in winter. Large
percentages (greater than 60%) are located farther south (i.e.,
near 8°N) and west (i.e., west of 10°E), decreasing from
70 to 0% with increasing latitude and, to a lesser extent,
longitude. Percentages are lower (30-50%) from southern
Chad to southwestern Sudan (16-30°E, 8—11°N). Percent-
ages are below 20% in many areas in southern Niger, central
Chad, and western Sudan (6-30°E, 13—-16°N), where few
rainfall events occur in winter. These spatial distributions are
associated with the Harmattan, which is the dry period (i.e.,
November—March) over Saharan and sub-Saharan north-
ern Africa. The Harmattan is characterized by an intensi-
fication of the dry, northeasterly low-level trade winds and
increased transport of atmospheric dust over sub-Saharan
northern Africa (Mbourou et al. 1997; Schwanghart and
Schiitt 2008). Low-level climatological convective available
potential energy (CAPE) values are less than 100 J/kg in the
analysis region, indicating insufficient potential instability
in winter. This stability is associated with low atmospheric
moisture content over the domain, helping to explain the
low frequency of rainfall events and organized MCS systems
shown in Fig. 4a.

Unlike the solstitial seasons, differences between boreal
spring (AM; Fig. 4b) and fall (Oct; Fig. 4d) distributions are
relatively minor. Both seasons have maxima over 80% and
meridional gradients of percentages. The largest coherent
maxima (80-90%) for both transition seasons occur in Nige-
ria (3—12°E, 8-12°N), southern Chad (16-22°E, 8—12°N),
and southwestern Sudan (24-30°E, 8-12°N), while the low-
est values (0-30%) occur to the west of Lake Chad (~ 14°E,
13.5°N). During these transition seasons, the spatial patterns
are associated with the advance (April-May) and retreat
(October) of the West African monsoon system (Sultan and
Janicot 2003; Issa Lélé and Lamb 2010). During the spring,
the persistent Harmattan winds (dry northeasterly trades)
relax and retreat north of 14°N over the Sahel while the trop-
ical southerly/southwesterly monsoon flow becomes better
established over Nigeria, Benin, and Togo, and, to a lesser
extent, southeastern Chad, Central African Republic, and
western Sudan. Conversely, in October the tropical south-
westerly flow diminishes (Fig. 4d) while the northeasterly
trades intensify north of 15°N, ushering in drier air over the
Sahel. The Harmattan winds are associated with low CAPE
(<600 J/kg) over the northern part of the domain (13—-16°N)
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where low percentages of rainfall are associated with MCSs
because of the insufficient potential instability. The south-
erly/southwesterly monsoon flow is associated with moder-
ate instability (CAPE values of 1000-1800 J/kg), contribut-
ing to the high percentages (> 80%).

There are some differences between spring and fall. No
area has a percentage greater than 90% during spring, but
in fall this percentage is exceeded over the Marrah Moun-
tains of western Sudan (26.5°E, 15.5°N) and the Bodélé
depression of Chad (17°E, 15°N). The southerly/south-
westerly monsoon flow also differs between spring and fall.
The monsoon flow is stronger and more westerly in spring.
Moisture transport associated with the southwesterly mon-
soon flow from the Congo Basin may support MCS develop-
ment in spring. Nicholls and Mohr (2010) indicate that the
well-organized MCSs over the Cameroon and the Central
African Republic locate well south of the surface baroclinic
zone. Additional work is still needed to better understand
the regional interactions between the Congo Basin and the
West Africa.

Figure 4 highlights the importance of studying MCSs in
other seasons besides summer. Although the percentages of
MCS rainfall are highest in summer in many areas, there are
still regions where very large percentages of the total rainfall
come from MCSs in other seasons. From the discussion of
Fig. 4, the intensity and position of the Harmattan winds
and the tropical southerly/southwesterly monsoon flow are
related to the seasonality of MCS activity and their spatial
distribution.

Figure 5 shows spatial distributions of the percentage of
the full TRMM precipitation delivered by T100 precipita-
tion for the same seasonal averages. The spatial patterns are
roughly similar to those using the T25 threshold (Fig. 4)
but, of course, the percentages are considerably lower. For
example, MCS-related precipitation percentages in winter
over the Jos Plateau (~7.5°E, 9°N) range from 30 to 50% for
T100 MCSs compared to 70-80% for T25 MCSs. Similarly,
during summer, T100 percentages range between 60 and
70%, while they are over 80% for T25 MCSs.

T100 precipitation percentages over the Marrah Moun-
tains (26.5°E, 15.5°N) and Bodélé depression of Chad
(17°E, 15°N) in October are close to the T25 precipitation
percentages in these regions, ranging from 70 to 90% and
50-80%, respectively. This indicates that the majority of
the rainfall in these regions is associated with very intense
systems. Similarly strong T100 activity is not apparent in
the April-May average (Fig. 5b), although spring and fall
are both transition seasons. However, an examination of
April percentages shows high T100 precipitation percent-
ages of 70% over (29°E, 14.5°N), on the east of the Marrah
Mountains. In May, percentages of 70% occur near 27°E
and 15.5°N, north of the Marrah Mountains, and at 14°E
and 15.5°N near the Bodélé depression. These are lower
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Fig.5 Percentage of the full TRMM precipitation delivered by T100 precipitation (shaded) for a November—March, b April-May, ¢ June-Sep-
tember, and d October. Vectors represent winds (m/s) at 925 hPa from the ERAI reanalysis. Thick black contours show country outlines

than the maxima of 90% in October. The orography of the
Marrah Mountains may play an influential role in helping
to trigger/organize convection, while surface heating and/
or the surrounding topography may be influential over the
Bodélé depression.

4.3 Diurnal cycles

Figures 4 and 5 show that the percentage of precipitation
related to MCS activity has a strong meridional gradient
in the winter, spring, and fall. Because of this meridional
dependence, we examine the diurnal cycle every 2° of lati-
tude over the 0-30°E domain shown in Fig. la.

The black lines in Fig. 6 indicate the percentage of the full
TRMM precipitation that falls in each 3-h time period. The
percentage that is delivered by T25 and T100 MCSs is indi-
cated by the red and green lines, respectively. Figure 6a—d
show percentages for the four seasons defined above in a
northern area (0-30°E, 14-16°N), and Fig. 6e—h show
percentages in each season for a southern area (0-30°E,
10—12°N). Northern and southern areas are selected to rep-
resent the northern and southern parts of our domain.

In general, in all seasons and locations, the percentages
of T25 and T100 precipitation have diurnal cycles that are
similar to the full TRMM precipitation. T25 and T100 pre-
cipitation contribute to the full TRMM rainfall through-
out the year, but the contribution is greatest in summer
and smallest in winter. In winter, the contribution of T25
MCSs to the full TRMM precipitation is 0-30% in the
north and ~60% in the south. In both transition seasons,
T25 precipitation contributes 65-80% of the full TRMM

rainfall. In summer, the percentages range from 80 to 93%
for the T25 metric, and the contribution of T100 MCSs is
around half of the T25 MCS contribution.

To better understand the diurnal cycle of MCSs, we
examine the diurnal cycles of MCS count, size, and inten-
sity. Does the daily precipitation peak occur because more
MCSs occur at that time, or is it because MCSs are larger
and/or stronger? Results are shown for T25 MCSs, but the
results are similar for T100 MCSs.

Figure 7 displays the climatological diurnal cycles
of the T25 MCS count over the northern and southern
regions in each season. The climatological T25 MCS count
is calculated by averaging the number of T25 MCSs over
1998-2014 at each 3-h time period and then averaged over
northern and southern regions. The count of T25 MCSs
has an afternoon maximum, at 15Z or 18Z, in all four sea-
sons in both regions. MCS numbers increase from 06Z or
09Z, reach a maximum in the afternoon (15Z or 18Z), and
then decrease until the morning of the following day. In
general, the diurnal cycle of T25 MCS sizes coincides with
the diurnal cycle of T25 precipitation shown in Fig. 6.
The count of MCSs is large when rainfall rates are high,
showing that the count of MCSs is one of the reasons for
the diurnal precipitation peaks. The count of MCSs is low-
est in winter and highest in summer. Spring and fall have
similar diurnal cycles of MCS counts.

There is a marked difference in MCS counts between
the two domains. The count in the northern region is only
about 16% of the count in the southern region in spring
and fall (Fig. 7b, d), but it is 30-40% during the wet season
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Fig.6 Percentage of full TRMM precipitation (black), T25 precipita-
tion (red) and T100 precipitation (green) at each time period in the
sum of full TRMM precipitation at all time periods for November—
March (a, e), April-May (b, f), June—September (c, g) and October

(Fig. 7¢). The count in winter (Fig. 7a) is so low that we
cannot obtain useful information.

The diurnal cycles of MCS rainfall intensity (i.e., maxi-
mum rainfall rate) and size are also examined (not shown).
The results are similar to those for the diurnal cycle of
MCS count shown in Fig. 7, indicating that the size, inten-
sity and number of T25 MCSs all contribute to the diur-
nal cycle of T25 precipitation. These three attributes are
closely linked in the dynamics of MCSs, and they are also
associated with the seasonal and meridional variability
of MCSs.

Zhang et al. (2016a) examined the climatological diurnal
cycle of rainfall in summer over part of our analysis region,
and found that averaging over large regions can obscure the
nature of regional diurnal cycles of precipitation. To avoid
such misunderstanding, we examine the climatological diur-
nal cycle of rainfall area-averaged over 1°x1° grid boxes
from 0° to 30°E and 8°N to 16°N for the four seasons, simi-
lar to Fig. 4 in Zhang et al. (2016a). Summer and fall are
shown in Fig. 8a, b respectively. Distributions for spring are
similar to fall.

We classify the precipitation diurnal cycles into the fol-
lowing three categories: single afternoon peak, continuous
afternoon peak, and nocturnal peak. They are represented
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(d, h) over northern (a—d) and southern (e-h) areas. Northern area
and southern area are selected as (0-30°E, 14-16°N) and (0-30°E,
10-12°N) separately

by the different colors in Fig. 8. The features and criteria of
three categories are summarized as follows:

&

Single afternoon peak (pink): maximum rainfall occurs
in the afternoon (15Z or 18Z). The rainfall decreases by
more than 50% from the peak hour to midnight (00Z).
Continuous afternoon peak (green): maximum rainfall
occurs in the afternoon (15Z or 18Z), and the rainfall
rate decreases by less than 50% from the peak hour to
midnight (00Z). This can indicate that the rainfall peak
persists until midnight with a flat or slightly declining
slope from afternoon to the midnight. One special case
is also considered as a continuous afternoon peak. The
maximum rainfall occurs at night but afternoon rainfall
is more than 90% of the maximum rainfall, indicating
the rainfall peak starts from afternoon and persists to
midnight.

Nocturnal peak (blue): maximum rainfall occurs at 217,
00Z, or 03Z without a high (>90% of the maximum
rainfall) rainfall rate in the afternoon.

=

°

These criteria provide an overall assessment of the geo-
graphical distribution of the diurnal cycle types, but the
classification of the individual 1° boxes is sensitive to the
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Fig.7 The climatological diurnal cycle of the T25 MCS count over the northern (0-30°E, 14—-16°N; black) and southern (0-30°E, 10-12°N;
red) domains for a November—March, b April-May, ¢ June—September, and d October

specification of the criteria because adjacent locations have
similar diurnal cycles at this fine-scale resolution.

Some of the boxes have very low rainfall rates and, as a
result, diurnal cycles that are barely discernible. Examples
include rainfall at (9—17°E, 16°N) in Fig. 8a and to the north
of 12°N in Fig. 8b. We do not consider these regions, and to
filter them out 1° boxes with maximum rainfall rates below
1 mm/day are neglected. Table 2 shows numbers and per-
centages of the remaining 1° boxes with single afternoon
peaks, continuous afternoon peaks, and nocturnal rainfall
peaks.

In spring and fall, diurnal cycles with single afternoon
peaks are most common, occurring in more than 45% of the
1° boxes, while continuous afternoon and nocturnal peaks
are more rare (11 and 16%, respectively). In contrast, regions
with continuous afternoon peaks rise to 32% in summer,
and they are more common than regions with single after-
noon peaks (24%). However, regions with nocturnal peaks
are the most common in summer, occurring in 41.5% of the

1° boxes. This clearly shows that local diurnal precipitation
cycles vary seasonally.

Zhang et al. (2016a, b) found that nocturnal rainfall peaks
occur primarily in two regions (2°E-5°E; 9°N-11.5°N and
2°E-5°E; 13.5°N-16.5°N) in summer, which agrees with
Fig. 8a, and that they are associated with propagating sys-
tems downstream of topography or afternoon precipitation
maxima. A number of previous studies (Shinoda et al. 1999;
Laing et al. 2008) have shown that nocturnal peaks are due
to propagating systems that originate over topography or
in association with the inter-tropical front downstream
of regions with gradually sloping terrain (Vizy and Cook
2017).

Here we focus on the physical mechanisms responsible
for the two types of afternoon peaks, and the seasonality of
the diurnal cycles. We choose two regions for closer analy-
sis, denoted by the boxes in Fig. 8a. One region (27-30°E,
8—10°N), which is referred to as SP, is dominated by sum-
mertime single afternoon rainfall peaks, while the other
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Fig.8 Diurnal cycle of climatological a summer and b fall rain-
fall (mm/day) area-averaged for 1°x1° grid boxes over the region
bounded by 0°-30°E, 8°N-16°N. The x-axis of each panel ranges
from 00 Z to 24 Z at 3 h intervals. Boxes denote region with predomi-

region (17-26°E, 8—10°N), referred to as CP, is domi-
nated by summertime continuous afternoon peaks. They
are located in the southern part of the analysis region to
maximize the number of seasons with rainfall. Although the
SP and CP regions are not completely uniform in terms of
their diurnal cycles chosen by the above criteria, the diurnal
cycles in the analysis regions are similar. In the analysis,
the dependence of the results on the choice of averaging
regions is tested.
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nant single afternoon peak (27-30°E, 8-10°N) and predominant con-
tinuous afternoon peak (17-26°E, 8-10°N). Grid boxes with noctur-
nal rainfall peaks, single afternoon peaks, and continuous afternoon
peaks are shaded in blue, pink, and green respectively

Both the SP and the CP regions have summertime afternoon
rainfall peaks, but their persistence is different. We explore the
reason for this difference in persistence by comparing the verti-
cal profiles of moist static energy (MSE) over the two domains.
MSE measures atmospheric stability, and it is defined as the
sum of the sensible, latent, and geopotential heat contents of
a parcel according to

MSE = ¢,T+ Lq+ gz D
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Table 2 Numbers and percentages of 1° boxes with single afternoon
peaks, continuous afternoon peaks, and nocturnal rainfall peaks
exceeding 1 mm/day

Season Single afternoon peak  Continuous Nocturnal peak
afternoon
peak
Winter 3 (0.7%) 0 (0%) 2 (0.7%)
Spring 85 (50%) 18 (11%) 45 (16%)
Summer 68 (24%) 90 (32%) 116 (41.5%)
Fall 127 (45.5%) 15 (5%) 25 (8%)

In (1), ¢, is the specific heat of air at constant pressure, T
is the air temperature, L is the latent heat of water vaporiza-
tion, q is the specific humidity, g is gravitational accelera-
tion, and z is the geopotential height. MSE profiles can dis-
criminate the individual roles of temperature and moisture
in generating convective instability.

Figure 9a shows profiles of MSE at 18Z from the 6-hourly
ERALI reanalysis averaged over summer rainy days for the
SP (solid line) and CP (dashed line) regions. Rainy days are
selected as dates with daily-averaged rainfall rates of 3 mm/
day or greater in the TRMM 3B42 time series. We tested
the rainfall threshold from 0 to 5 mm/day. The MSE profiles
are not sensitive for the rainfall threshold. 18Z is chosen
since it is the time when the single afternoon peaks start
to dissipate while the continuous afternoon peaks persist.
Later time periods, such as 00Z, yield similar results, and
the results are also not sensitive to the choice of the rainfall
threshold. Figure 9b, ¢ display the Lq and ¢, T components
of MSE, respectively.

The total MSE profiles, and each component, are similar
in the two regions. The gz component of MSE (not shown)
is the same over the two domains as well. This indicates that
locally-generated instabilities are not responsible for the dif-
ferences in the diurnal cycle.

Since the differences between the SP and CP diurnal
cycles are not explained by differences in locally-generated
instability, we hypothesize that they are related to propagat-
ing systems. Figure 10a—d show climatological Hovmoller
diagrams of the TRMM 3-hourly rainfall climatology aver-
aged from 8°N-10°N for typical weeks in winter, spring,
summer, and fall, respectively. The locations of the CP and
SP regions in Fig. 8 are indicated in Fig. 10c. In winter
(Fig. 10a), the number of rainfall events and the volumetric
rainfall rates are small. A few rain-producing systems are
generated around the Jos Plateau (~7.5°E) and the Ethiopian
Highlands (35-40°E), showing the influence of topography
in initiating MCSs (Hodges and Thorncroft 1997; Mohr
et al. 1999; Mohr 2004, and; Fink et al. 2006).

A relationship to topography is also evident in the other
seasons (Fig. 10b—d), as rainfall systems form over the
Ethiopian Highlands (35-40°E, 8—10°N) in the afternoon
of each day in the climatology from May 11 to October 14.
Two types of rainfall systems influence the diurnal cycle of
rainfall over the analysis region. One is long-lived systems
originating over the Ethiopian Highlands, and the other is
more locally-generated rainfall systems. We consider each
type and its contribution to the seasonality of the diurnal
cycle.

In spring (Fig. 10b), systems generated over the Ethiopian
Highlands persist for 12—15 h and they have propagation

(a) MSE (b) (c) cpT
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Fig.9 Profiles of a the MSE, b Lq, and ¢ ¢, T at 18Z for summer rainy days over the SP (solid line) and CP regions (dashed line) from the ERAI

reanalysis. Units are 10° J/kg
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Fig. 10 Climatological Hovmoller diagrams of TRMM 3-hourly
rainfall (mm/day) averaged from 8°N-10°N for a January 16-22, b
May 11-17, ¢ August 5-11, and d October 8—14. Red lines denote the

speeds of 5 m/s on average. The propagations of these sys-
tems start from 38°E and end at 34°E. They do not propagate
to the analysis regions (east of 30°E) so they do not influ-
ence the diurnal cycle of rainfall in the spring. One reason
that limits the duration of propagation may be insufficient
moisture in spring compared with summer in association
with the position and intensity of the monsoon flow. Within
the analysis domain, most springtime MCSs start at noon
and dissipate at night with lifetimes of around 9 h. These
MCSs are the sources of the single afternoon peaks, which
are dominant in Table 2. For instance, one system initiates at
127 on May 13 at 15°E and propagates westward to 11°E at
21Z. On the other hand, some MCSs have a lifetime longer
than 12 h, such as the MCS initiated at 12Z on May 11 at
24°E. These MCSs generate rainfall at night, and they are
the source of the continuous afternoon peaks and nocturnal
peaks. In spring, MCSs with long lifetimes are in a minority
compared with these short-lived MCSs.

In summer, both the distance and duration of MCS propa-
gation increases. The speed of propagation in summer is
around 15 m/s, which agrees with past studies (Shinoda et al.
1999; Laing et al. 2011). As seen in Fig. 10c, the rainfall
systems that form over the Ethiopian Highlands (35—40°E,
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boundaries of the SP (27-30°E, 8-10°N) and CP (17-26°E, 8-10°N)
domains. Solid black lines denote 00Z while dashed black lines
denote 127 at each day

8-10°N) persist for longer than 12 h, and 4% of these rainfall
systems impact the analysis domains. For example, an MCS
forms over the Ethiopian Highlands at 37°E in the late even-
ing of August 5 and persists longer than one day. It moves
westward 10° of longitude and contributes to the rainfall in
the SP region. Due to the distance between the SP region and
the Ethiopian Highlands, MCS systems from the Ethiopian
Highlands arrive the SP region after 12Z and bring after-
noon rainfall. Differences in MCS characteristics in spring
and summer may be related to differences in the downstream
monsoon inflow. For example, the monsoon inflow and the
cold-pool outflow from MCSs can generate low-level con-
vergence, helping to trigger new cells and lengthen MCS
lifetimes (Marsham et al. 2013a; Garcia-Carreras et al.
2013; Provod et al. 2016). As shown in Fig. 4, the monsoon
inflow is strongest and advances northward across the Sahel
to 18°N in summer, supporting summer MCS development
and maintenance.

In the SP region, MCSs normally form at 12Z and propa-
gate westward after the initiations. According to the speed
of propagation, the MCSs emerge from the western bound-
ary of the SP region (27°E) and enter the CP region around
midnight. Propagating rainfall systems from the SP region
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bring nocturnal rainfall to the CP region. In addition to prop-
agating systems, MCSs are locally generated over the CP
region. Bongo Massif (22°E, 8°N) of northeastern Central
African Republic is likely important for locally generated
convections. Rainfall over the CP region combines locally
generated MCSs’ rainfall in the afternoon and propagat-
ing systems’ rainfall at night. Thus, the afternoon peaks in
the CP region do not dissipate immediately but persist to
midnight. In other words, the continuous afternoon peak
combines rainfall from two individual system types—one
locally-generated and one propagating. Continuous after-
noon peaks shown in Fig. 8 are unlikely to occur without
propagating systems.

The situation in fall is similar to spring, as shown in
Fig. 10d. The speed of MCS propagation, 10—12 m/s, is
slower than in summer, and the typical MCS lifetime is
less than a half day compared with 2 days in summer. Most
MCSs develop at around 127 and dissipate before midnight,
forming the single afternoon rainfall peak. A few MCSs live
longer than 12 h bringing continuous afternoon peaks and
nocturnal peaks. The number of long-lived MCSs is low
causing the low percentages of continuous afternoon peaks
(5%) and nocturnal peaks (8%) in Table 2.

Past studies (Tuttle and Carbone 2004; Miyakawa and
Satomura 2006) show that MCSs propagate not only zon-
ally but also meridionally. Figure 10 addresses only zonal
propagation. Figure 11a, b show climatological Hovmoller
diagrams of the TRMM 3-hourly rainfall averaged over
20-23°E for typical weeks in spring and summer, respec-
tively. We examined other longitudes in our analysis domain,
such as 27-30°E. Similar results was found. In spring
(Fig. 11a), the MCSs also have a southward propagation
component. For example, the MCS that formed at noon on
May 11 propagates southward from 10°N to 5°N over 12 h.
Combing this southward component with the westward
propagation shown in Fig. 10, the propagation direction
tends to be southwestward in spring. The MCSs propagate
across the southern boundary (8°N) of the analysis domain,
which is shown as the red line in Fig. 11a.

In contrast to spring, MCSs do not have a strong south-
ward propagation component in summer (Fig. 11b). This
result reveals that the direction of propagation also changes
seasonally. The direction of propagation influences the loca-
tion of nocturnal precipitation and contributes to the pat-
tern of the diurnal cycle. This difference in the direction of
propagation is likely to be related to the wind at 600 hPa,
where the easterlies are stronger in summer than in spring,
especially over 11-16°N. There is also a stronger northerly
component of the large-scale flow in spring. The seasonal
variation of propagation direction corresponds with changes
in the direction of the large-scale background flow.

Although the MSE profiles in Fig. 9a do not show obvi-
ous differences between the SP and CP domains, MSE
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Fig. 11 Climatological Hovmoller diagrams of TRMM 3-hourly
rainfall (mm/day) averaged between 20°E-23°E for a May 11-17
and b August 5-11 from 1998 to 2014. Solid black lines denote 00Z
while dashed black lines denote 127 at each day. Red lines denote the
southern boundaries (8°N) of CP (17-26°E, 8-10°N) domain

profiles are useful for understanding the seasonality of MCS
lifetimes and propagation features. Figure 12a—c show the
area-averaged (17-30°E, 8—10°N) ERALI vertical profiles at
18Z of total MSE, Lq, and cpT, respectively, for each of
the four seasons. The averaging region (17-30°E, 8—10°N)
includes both CP and SP regions. The smaller subsets of the
region, such as (20-25°E, 8—-10°N), are examined for averag-
ing to reduce the risk of obscuring results by averaging over
too large of a region. Results of smaller subsets are similar
with Fig. 12. Similar with Fig. 9, 18Z is chosen because this
is the critical time when the afternoon peak either dissipates
or persists to midnight. Table 3 shows the 600 hPa—900 hPa
difference of MSE, Lq, and cpT for the winter, spring, sum-
mer and fall in Fig. 12 to provide an estimate of the vertical
profile slopes in Fig. 12. The variations of the geopotential
term (gz; not shown) are found to be not relevant.

The MSE profile in winter (Fig. 12a) is nearly neutral
from 600 to 900 hPa. MSE profiles in spring, summer,
and fall indicate a decrease in MSE with increasing height
from the surface, indicating the atmosphere is unstable
and the potential for convection has increased. Combin-
ing Fig. 12b and Table 3 indicates that the contribution
to instability (as measured by MSE) is largest from the
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Fig. 12 Profiles of average ERA-Interim a total MSE, b Lq, and ¢ c,Tat18Z in winter (black), spring (red), summer (green) and fall (blue) over

(17-30°E, 8—10°N). Units are 10° J/kg

Table 3 The differences of MSE, Lq and cpT at 600 hPa and 900 hPa
in winter, spring, summer and fall in Fig. 12. Units are 10° J/kg

MSE Lq c,T
Winter (black) —1.05 —8.76 —25.796
Spring (red) —10.98 —18.68 —26.03
Summer (green) —11.69 —24.94 —-20.17
Fall (blue) —13.26 —24.52 —22.18

moisture component, Lq, in the summer and fall; this con-
tribution is minimal in winter. The moist southwesterly
monsoon flow advances northward in spring and retreats
southward in fall, providing more moisture to support
long-lived MCSs in the warm season. Long-lived propa-
gating rainfall systems bring nocturnal rainfall and form
continuous afternoon and nocturnal rainfall peaks. In con-
trast, the dry northeasterly air of the Harmattan develops in
the fall and weakens in spring, inhibiting MCS longevity.

In contrast, the thermal component of MSE, cpT, is
more important for producing low-level instability during
winter and spring, and it is less influential during the sum-
mer. Higher temperatures near the surface promote rising
motion, increasing atmospheric instability and promoting
MCS formation. Temperature and moisture fluxes within
the planetary boundary layer can affect CAPE, atmos-
pheric instability, and associated rainfall events (Alapaty
et al. 1997; Pielke 2001; Holt et al. 2006). Despite the
similarity of the transition seasons, cpT is more influential
in determining instability during the spring, while Lq is
more influential during boreal autumn.
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5 Conclusions

Heavy rainfall events over sub-Saharan northern Africa are
usually related to MCSs. While previous studies diagnose
the role of MCSs in total rainfall, they consider only indi-
vidual, or a small number, of summer seasons. We evaluate
the role of MCSs in the total rainfall distribution as a func-
tion of season from a climatological perspective over sub-
Saharan northern Africa and examine how the diurnal cycle
of rainfall changes with season.

MCSs are defined here as events that have a contiguous
spatial area encompassed by the 25 mm/day rainfall con-
tour that is greater than 2000 km? in the 3-hourly TRMM
3B42V7 rainfall estimates (Huffman et al. 2007). Another
rainfall threshold, 100 mm/day, is examined to understand
the features of intense MCSs. Our selections of MCSs with
the rainfall thresholds, 25 mm/day and 100 mm/day, are
referred to as T25 and T100, respectively.

The conclusions are summarized as follows:

e MCSs identified from TRMM 3B42V7 observations
using 2 rainfall intensity criteria (T25 and T100) show
similar spatial distributions, the MCS counts are differ-
ent. The most notable difference between T25 precipi-
tation and T100 precipitation is the areal extent of the
rainfall, and hence the total rainfall associated with MCS
activity.

e The percentage of the full TRMM precipitation deliv-
ered by T25 MCSs varies meridionally from 0 to 80%
over sub-Saharan northern Africa in the spring, fall and
winter, while the percentages are homogenous in sum-
mer (>80%). The intense rainfall events captured in the
T100 MCS count are mostly similar. However, there is a
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maximum in the T100 rainfall during the transient sea-
sons over the Marrah Mountains and Bodélé depression
of Chad that does not occur in the T25 rainfall. This indi-
cates that the majority of the rainfall that falls over these
areas is associated with very intense systems.

e Diurnal cycles of MCS-related precipitation are coinci-
dent with the diurnal cycles of the full TRMM rainfall
in all four seasons. The contribution of T25 MCSs to the
full TRMM precipitation is 0-60% in winter and 80-93%
in summer. In both transition seasons, T25 precipitation
contributes 65-80% of the full TRMM rainfall. The con-
tribution of T100 MCSs is around half of the T25 MCS
contribution year around. The diurnal cycles of MCS
size, count and intensity are the same as the diurnal cycle
of rainfall.

e The diurnal cycles can be classified into three categories:
single afternoon peak, continuous afternoon peak, and
nocturnal peak. The diurnal cycle types vary seasonally.
Diurnal cycles with single afternoon peaks are most com-
mon in spring and fall, with over 45% of our analysis
region experiencing a single afternoon peak in transition
seasons. Continuous afternoon peaks are more common
than single afternoon peaks in summer, and nocturnal
peaks are the most common in summer.

e The continuous afternoon peak combines rainfall from
two system types — one locally-generated and one propa-
gating. The seasonality of the diurnal cycle is related
to the seasonality of MCS lifetimes, propagation speeds
and directions. In dry seasons, most MCSs start at noon
and dissipate with short lifetimes and low propagation
speeds, so they cannot generate the nighttime rainfall
that leads to continuous afternoon peaks and nocturnal
peaks. In wet seasons, MCS lifetimes are longer and the
speeds of propagations are higher. Long-lived westward
propagating MCSs contribute to the continuous after-
noon peaks and the nocturnal peaks.

e Moisture static energy (MSE) profiles cannot explain the
distribution of different types of diurnal cycles within a
season, but they do help explain seasonality. An MSE
analysis shows the atmosphere is unstable in spring, sum-
mer and fall, increasing the potential for convection. The
moisture component of MSE, Lq, provides the largest
contribution to the instability in the summer and fall.
Seasonal variations of the southwesterly monsoon flow
and dry northeasterly air of the Harmattan influence the
moisture component. In contrast, the temperature com-
ponent, ¢,T, is more influential in generating instability
during the winter and spring seasons.

This work indicates that an understanding of MCS forma-
tion and propagation characteristics is essential for under-
standing both the diurnal cycles of rainfall and the season-
ality of rainfall over northern Africa. Extending studies of

MCSs beyond summer is necessary to better understand
African weather and climate, contributing to an improved
ability to predict extreme rainfall events over Africa.
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