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Abstract

An integrated satellite precipitation estimation dataset, namely, the Climate
Prediction Center morphing method (CMORPH), was used to analyze preci-
pitation regimes across Equatorial Africa between 3°S - 1°N and 24°E - 42°E
from 2000 to 2014. This region includes the Rift Valley, part of the Congo
Forest, and the Lake Victoria (LV) basin, the second largest lake in the area of
the world. Hovméller diagrams were obtained for all organized convective
systems to estimate their spans, duration, and phase speeds. The analysis in-
cluded 33,189 episodes of westward propagating convective systems. Within
the study area, lake and land breezes tend to trigger convection and precipita-
tion over LV as well as mountain-valley circulation trigger thunderstorms
over the mountains east of LV and western Rift Valley. The statistics of con-
vective systems streaks on longitude-time diagrams were obtained for yearly
frequencies of starting and ending longitudes and times among other mor-
phologic variables. Results indicate organized precipitation episodes tend to
move westward across Rift valley and Congo forest with an average phase
speed of 10.3 m-s™'. More than 50% of them are triggered over LV and prop-
agate more than 600 km at an average phase speed of 12.1 m-s™'. These con-
vective systems tend to produce high rainfall rates hundreds of kilometers
away into the Congo Forest. Half of all episodes of organized convection
analyzed have phase speeds between 8 m-s™ and 16 m-s™/, lasting 8 hr to 16
hr. Most precipitating systems start east of LV and west of Rift Valley in the
afternoon to early morning and propagates less than 400 km. Finally, hourly
precipitation accumulation and lightning density analysis indicate three pre-
ferable regions for convective initiation: 1) The mountain range east of LV; 2)
Midwest of LV, and; 3) The Congo Forest mountain range.
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1. Introduction

Precipitation estimation from integrating passive microwave (PMW) and IR
sensors onboard geostationary and polar orbit satellites is an important data
source to study deep convection in tropical areas where rain gauges and weather
radar measurements are sparse. This work analyzes the spatial-temporal evolu-
tion of precipitating systems in Equatorial Africa with satellite rainfall estimates
of the Climate Prediction Center morphing method—CMORPH as in [1]. This
method is based on PMW and IR measurements with an 8-km and half-hour
time-spatial resolution. It has been successfully used in several studies in South
America by [2]-[7]. In the present study, CMORPH datasets are used to analyze
the diurnal cycle of convection and respective dynamic and thermodynamic
footprints from the Rift Valley to the Congo Forest with an emphasis on the
mesoscale system induced by the lake and mountain-valley circulations by Lake
Victory and the Easterlies.

Lake Victoria (LV) is the second-largest freshwater lake on the planet (Figure
1(a)) about 400 km long (north-south) and 250 km wide (west-east) covering an
area of 68,800 km* with an average lake depth of 40 m. So, the LV area is large
enough to impact the local climate [8]. LV watershed outlet is at White Nilo near
Jinja and Uganda and is composed of 17 tributaries. The main tributary is the
Kagera River according to [9]. [10] estimated that the total water volume of LV
is composed of streamflow contributions from tributaries (20%) and direct pre-
cipitation over LV (80%).

Fishing, transportation, and tourism are the main socio-economic activities of
LV. These activities are hindered and highly affected by severe thunderstorms
that form over LV between late afternoon and early morning. These supercells
yield high rainfall rates, wind gusts, and lake waves that claim the lives of thou-
sands of people every year according to local authorities. The National Lake
Rescue Institute indicates that LV is the region with the highest death toll per
square kilometer of the planet.

According to [11], the spatial maximum lightning flash density estimated
from the Wide Lightning Location Network (WWLLN) database is centered at
2°S and 28°E over Congo Forest in equatorial Africa. Their results also indicate a
lower secondary maximum eastward over LV in most years between 2005 and
2013. There are few studies on the diurnal cycle of LV thunderstorms. [12]
Chamberlain et al (2013) analyzed cloud fraction frequencies of IR brightness
temperatures < 210 K at a 3-hr time interval and found a maximum cloud frac-
tion northwest of LV in the early morning and east of LV in the late afternoon.
[13] performed the 150-year Hadley Centre regional model HadRM3P simula-
tion runs over Lake Victoria. Simulations reproduced a lake-land breeze circula-
tion with maximum precipitation over LV with a positive bias. They recom-
mended using higher resolution runs coupled with two-way interaction between
LV and its surroundings to improve the accuracy of lake surface temperature
(LST).
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Figure 1. Topographic map of Africa adapted from NASA/JPL/NIMA (a) and yearly
CMORPH precipitation average field (mm) between 2000 and 2014 (b). Red and black
rectangles show CMORPH and time-longitude areas, respectively. Longitudes, latitudes,
countries, geographic contours, and color scale are indicated. Bodies of water and moun-
tains in (a) in blue and greyscale, respectively. Source (a):
https://photojournal.jpl.nasa.gov/catalog/PTIA04965.

[10] and [14] correlated satellite IR data with rain gauges to estimate precipi-
tation over LV between 1956 and 1978 and they both obtaining similar spatial
distribution patterns. [14] indicated inflows and outflows from tributaries of LV
watershed are much less than evaporation and precipitation over LV.

Mesoscale convective systems over Central Africa propagate westward hun-
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dreds of kilometers as the ones in Amazonian analyzed by [3]. Some are embed-
ded in eastward-propagating Kelvin wave trains. According to [15], these sys-
tems have a large interannual variability. High (low) Kelvin wave activity over
Africa tends to occur during dry (wet) years. [16] indicates that their phase
speeds decrease from 24 m-s™' in the Pacific and western Atlantic to 14 m-s™ in
tropical Africa. Kelvin wave patterns are not usual in Hovmoller diagrams. So,
this work analysis all westward propagating systems, the majority of the precipi-
tating episodes.

The diurnal cycle of convective systems, their frequencies, phase speeds, spans,
and duration over the highest convective part of Congo Forest and Rift Valley
are studied with CMORPH hourly-rainfall estimates between January 2000 and
December 2014 and Hovmoller time-longitude diagrams between 3°S to 1°N
(Figure 1(a)). Hovmoller diagrams were used to estimate the starting longitude
of the precipitating systems, their duration, and span. They were also useful to
infer the underlying dynamics and thermodynamics of mesoscale convective
systems.

CMORPH is one of the most complete, longest, and highest resolution data-
sets available to study spatial-temporal features of deep convection over Equa-
torial Africa. This research focuses on deep convection in the LV region and in-
teractions with easterlies and downstream impacts in Congo Forest. This study
analyzes daily, monthly, and yearly CMORPH spatial patterns of rainfall accu-
mulation in Equatorial Africa and respective lighting imaging sensor (LIS) data
onboard the EOS TRMM satellite. The latter records the time and location of a
flash at 0.1° spatial resolution with high detection efficiency [17]. Indeed, the
Congo region has one of the highest concentrations of lightning strikes on Earth
according to [11] though there is another local high lightning strike concentra-
tion.

[18] showed even small areas as Wheeler Lake in northern Alabama influ-
ences the local climate. They studied mesoscale circulation induced by the lake.
Lake breezes were highly sensitive to the synoptic circulation that produced
complex circulation and changed rainfall patterns, humidity, and solar irra-
diance. Furthermore, [19] showed lakes with a diameter > 100 km induced
sea-breeze-like lake-breeze circulation. Wind speeds inland extent and the depth
of lake breezes tend to decrease with the decrease of lake diameter (25 km to 10
km). Moreover, the sensitivity of these variables is highest in the afternoon
through mid to late morning. Lakes smaller than 10 km have no significant ef-
fects on local circulation. The depth of lake-breeze is insensitive to lake size
when heat fluxes are low and environmental stability is high according to [19]
and [20]. The LV breeze is similar to a sea breeze given its large area, indepen-
dently of the thermodynamic stability and heat fluxes. Its impact inland is highest
between dawn to early morning. This direct circulation triggers thunderstorms in-
teracting with eastward propagating weather systems as seen in Section 3.

[21] studied Great Lakes breezes and observed convection along the lake-breeze
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fronts and severe thunderstorms, occasionally. [22] conducted numerical simu-
lations of an idealized lake shape and preferred convergence and divergence re-
gions for different wind conditions to explain snowfall and rainfall patterns over
the Great Lakes region, much higher downstream from lakes due to the high
gradient between the lake and air temperature, especially in winter. [23] ob-
served a similar precipitation lake effect over Lake Champlain in Vermont, USA.
[24] studied topography effects on lake-breeze in Salt Lake Valley that intensified
the lake-breeze with 600 m to 800 m deep boundary layers. [25] observed the same
effect in the Itaipt lake region, Parand, Brazil, with an upslope topography inten-
sifying lake-breeze with divergence over the lake during the daytime.

LV, Malawi, and Tanganyika in Eastern Africa are affected by local to large-scale
circulation. Differential solar irradiance heating over land and water strengths
local circulation. [26] showed lake hydrodynamics redistributed surface water
temperature according to wind patterns. [27] showed 5-day rainfall accumula-
tion distribution highly sensitive to air temperature variation. Previous studies
demonstrated lake surface temperature changes in rainfall patterns. Their
coupled atmosphere-lake model yielded more realistic circulation. Their results
have also shown an LST pattern with an eastward temperature gradient opposite
to the lake bathymetry with lower lake depth westward and higher ones east-
ward. Simulations of rainfall patterns with LST yielded better results than ob-
served ones.

[28] studied the temporal variability of rainfall in the LV watershed and ob-
tained long-term monthly rainfall averages in LV between 1903 and 2006. The
number of weather stations increased from 1903 to 1975. Unfortunately, the
number of weather stations has decreased since 1976. The west side of the lake
shows higher rainfall accumulation with a maximum in April, November, and
December. Rainfall accumulation decreases away from LV. Drier conditions do-
minate at the south side of LV between June and August while the northeast side
precipitation is maximum between April and August. Monthly precipitation ac-
cumulation is highest in April all around LV. Other studies have shown maxi-
mum rainfall accumulation between March and May and October and Decem-
ber with rainfall patterns similar to CMORPH (Figure 2). [29] showed CMORPH
rainfall spatial-temporal distribution pattern over Nile Watershed was fairly
good but tended to overestimate precipitation under complex topography, though
with better performance over the equatorial region (~3°S to 1°N). CMORPH
overestimation precipitation up to 200 mm-yr! in Rift Valley in central LV and
underestimation it between 50 mm-yr' and 250 mm-yr' east and south of
mountains west of LV as in [29]. A CMORPH precipitation climatology with
complete datasets from 2000 to 2014 is present in this study for LV watershed

and surroundings (Figure 1(a)).

2. Methodology

CMORPH and LIS datasets between 2000 and 2014 are used to obtain a precipi-
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tation climatology within the larger domain and Hovmoller diagrams within a
smaller subdomain centered in LV in Equatorial Africa (Figure 1(a)). A brief

description of the datasets is presented below.
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Figure 2. Monthly CMORPH precipitation average field (mm) from January 2000 to December 2014. Latitudes, longitudes, geo-
graphy boundaries are shown. Color scales are indicated.

2.1. The CMORPH Technique

CMORPH provides high spatial (~8 km) and temporal (30 min.) rainfall estima-
tion globally from 60°S to 60°N. This method combines passive microwave
(PMW) rainfall rate estimation with IR advection described by [1]. The mean
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difference between CMORPH and other satellite-based rainfall estimation me-
thods (e.g., TRMM) is the use of an IR estimated wind vector for advecting rain-
fall rates. Figure 1(b) shows the study area with CMORPH yearly rainfall aver-
age in Equatorial Africa between 2000 and 2014. Hourly, daily, monthly, and
yearly precipitation accumulation was obtained to analyze precipitation regimes

and frequencies for different precipitation accumulation thresholds.

2.2. Hovméller Diagrams

The coherence, longevity, and length analysis of convective systems over Equa-
torial Africa and Lake Victoria from time-longitude diagrams of hourly-CMORPH
rainfall estimation are similar to the ones for Amazon Basin described in [3].
That is, 2D autocorrelation functions rectangular in one direction and cosine-
weighted in the perpendicular direction are fitted to the rainfall data in Hovmoller
space. It is stepped through all 1-hour per 0.2° all positions. So, contiguous fits
define the coherent span, duration, and propagation characteristics for each rain
streak [3].

A rainfall and correlation minimum thresholds are required to the fit to be-
come part of the statistics. The analysis area was selected considering the genesis
of most convective systems triggered east of Lake Victoria. An autocorrelation
function was fitted to each rainfall streak in the Hovméller diagram to obtain its
span, duration, and phase speed. The autocorrelation function is rectangular
along with a given rain streak and cosine-weighted perpendicular to it. This
function is stepped through all time-longitude positions at 0.16° and 30-min.
steps to obtain contiguous rain streak with autocorrelation > 0.35 as in [30] [4]
[31]. Hourly time-longitude streaks slanted eastward and westward indicates
propagating convective systems. In general, stationary ones start in the daytime
around Lake Victoria between evening and early morning. The latter yields
stronger winds and higher precipitation over the LV and surroundings. Episodes
of organized convection with mean hourly precipitation rate > 0.1 mm-h™" were
considered to compute spans, duration, and phase speeds. Convective systems
starting between 24°E and 27°E were not included in the analysis just the ones
longer than 300 km. Episodes starting before 27°E and ending after 24°E were

considered in the statistics.

2.3. Lightning Imaging Sensor (LIS)

The diurnal cycle of lightning and the total number of flashes per pentad from
1998 to 2013 were obtained from LIS climatology datasets at 0.1° spatial resolu-
tion available for Equatorial Africa. The time of maximum rainfall and lightning
activity are in phase and are highly correlated according to [32]. The LIS has also
been used to evaluate other lighting networks such as the WWLLN [33].

3. Results and Discussion

The precipitation climatology and precipitation frequencies for arbitrary thre-
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sholds are analyzed in this Section. A total of 33,189 episodes of organized con-
vective were obtained from Hovmoller diagrams between 2000 and 2014 to

compute their spans, durations, and phase speeds.

3.1. CMORPH Rainfall Climatology

The yearly precipitation average in Fig 1b indicates higher precipitation accu-
mulation (>4000 mm-yr™') in Congo Forest and lower (< 200 mm-yr™) accumu-
lation eastward from the Rift Valley and mountains (Figure 1(b)). Secondary
maxima are located over LV (3000 mm-yr™') and other lakes: Tanganyika (6.3°S,
29.6°E), Rukwa (7.9°S, 32.3°E), Mweru (8.9°S, 28.8°E), Kivu (2.0°S, 29.2°E),
Edward (0.3°S, 29.6°E), Albert (1.7°N, 30.9°E), Kwanja (1.8°N, 32.8°E), Kyoga
(1.5°N, 32.9°E), and Kojweri (1.6°N, 33.2°E). Higher precipitation over lakes in
the region is caused by differential heating and local circulation as in [34] and
[26]. A few instances of these heavy rainfall episodes over LV are shown in Sec-
tion 3.2 where the Easterlies tend to displace the precipitation maximum west-
ward.

Monthly precipitation average fields are shown in Figure 2 for Equatorial
Africa. The region can be divided into north and south regions by the 0° latitude
passing just north of LV and into west and east regions by the 33°E longitude
passing in the middle of LV. There is a sharp contrast between monthly precipi-
tation between the east region (very dry) and wet (very wet) especially between
June and September and between September and November, respectively. The
annual north-south march of the Intertropical Convergence Zone (ITCZ) is also
apparent. Maximum monthly precipitation occurs in April, May, and October
further north November, December, and January further south, and in It is fur-
ther north in April and further south in December. Monthly precipitation over
LV is higher in March, April (maximum), and May, and lower in June, July
(minimum). Thus, precipitation accumulation is related to the LV annual cycle
of solar diabatic heating of the Equatorial region in the Southern Hemisphere.
According to [35], the main mode of moisture transport is by the mean zonal
flow estimated in —11 m-s*-kg™ while transients are null in the region. The ver-
tically integrated divergence of water or the atmospheric branch of the hydro-
logical cycle varies from about —1000 mm-yr™' on the east side and 1000 m-yr™
in the east between December and January while between June and August it is
about 2000 m-yr! in the entire region. This moisture divergence is in conjunc-
tion with a prevailing southeast flow of moisture from continental Africa. Less
low precipitation accumulation at the east of LV between March and May and
between October and December is associated with the prevailing northeast flow
of moisture from the Indian Ocean. Precipitation is higher over the ocean close
to shore between March and April. Thus, the monthly spatial-temporal precipi-
tation patterns in the analysis area are consistent with the general circulation
and thermodynamics modified by local circulation induced by differential heat-
ing close to lakes, especially in LV and its surroundings as is analyzed in the next

Sections.
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3.2. CMORPH Hourly Rainfall Frequency

Frequencies of CMORPH hourly precipitation accumulation thresholds of 1.0
mm, 2.0 mm, 5.0 mm, 10.0 mm, and 20.0 mm were obtained between 2000 and
2014. Figure 3 shows hourly spatial frequencies of hourly precipitation accumu-

lation > 1.0 mm in April when the precipitation is maximum, over LV (Figure 2).
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Figure 3. Hourly frequency average (%) of CMORPH hourly rainfall rate > 1 mm-hr™ for April between 2000 and 2014. Latitudes,
longitudes, geography boundaries, time (x100 UTC), and color scale are shown.

A persistent maximum frequency over Lake Victoria can be seen from 2200
UTC to 0800 UTC the next day. Similar hourly precipitation frequency patterns

are observed for other precipitation thresholds and months but a band of higher
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frequencies following the ITCZ. Convection west of the Rift Valley occurs be-
tween mid-afternoon and evening, while over the lakes is triggered between
evening and early morning (Figure 3).

Other surrounding lakes have high hourly precipitation accumulation fre-
quencies between 0400 UTC and 0600 UTC. While the frequency of hourly pre-
cipitation accumulation over Lake Victoria is a minimum between 1200 UTC
(1500 LT) and 1800 UTC (2100 LT), it is maximum at its east and over Congo
Forest. Hourly frequency of hourly precipitation accumulation increases over
the mountains ~35°E between 1200 UTC and 1800 UTC associated with val-
ley-mountain circulation [27]. As convection progresses westward in the night
hours, it decays downwind over Lake Victoria, but it intensifies again induced by
lake-land breeze circulation.

The maximum convective activity over Lake Victoria occurs westward late in
the evening and early morning and dissipates before reaching its west border.
An almost stationary north-south line of higher hourly precipitation frequency
is over Congo Forest between 1200 UTC and 2200 UTC associated with the di-
urnal cycle of convection. Figure 4 shows frequencies of hourly precipitation
accumulation > 20 mm at 0300 UTC in April and 0400 UTC in November when
frequencies are maxima over LV, respectively. Most intense episodes of convec-
tion occur in the southwest border of LV in March, May, October, and Novem-
ber (not shown). Figure 5 shows an instance of westward propagating episodes
of convection. The Hovmoller diagram indicates six more intense episodes of
convection starting over Lake Victoria between 28 April and 7 May 2010. As will
be seen, their underlying thermodynamics can be inferred from spatial-temporal

characteristics.

3.3. Organized Convection Features

Long-lasting westward propagating streaks of organized convection move across
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Figure 4. Similar to Figure 3 but for CMORPH hourly rainfall rate > 20 mm hr-1 for 0300 UTC on April (left) and 0400 UTC in

November (right).
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Figure 5. Hovmoller time-longitude diagram of hourly GMOPRH precipitation averaged between latitudes
3°S and 1°N (Figure 1(a)) from 0000 UTC on 28 April to 0000 UTC on 07 May 2010. Longitudes, dates, and
color scale are indicated. Numbers indicate the sequence of organized convection starting over Lake Victoria.
The corresponding topographic map (Figure 1(a)) is shown below the diagram. Bodies of water in blue,
mountains in greyscale.

Equatorial Africa and over LV within the rectangle of Figure 1(a). These sys-
tems tend to last more than 50 hr. in March, April, October, and November as
indicated by Hovméller diagram analysis. Short-lived intense convective systems
are located over southwest Lake Victoria between 0300 UTC and 0600 UTC in
March, April, October, and November (Figure 4 and Figure 5). Widespread
convection over Congo Forest is maximum in early to midafternoon as induced
by the diurnal cycle of solar diabatic heating.

Figure 6 shows the time-longitude diagram for a one-hour rainfall accumula-
tion average in a 48-hr period computed with CMORPH rainfall estimation in
the Equatorial Africa domain (Figure 1) between latitudes 3°S to 1°N from 2000

to 2014. It indicates the diurnal cycle of convection. Widespread deep convec-
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tion across Equatorial Africa starts over mountain ranges triggered by differen-
tial heating late in the afternoon and evening. As it propagates westward, land
breeze convergence and evaporation over LV re-intensifies convection over the
western edge of Rift Valley as it propagates towards Congo Forest at faster phase
speed though and so lower precipitation accumulation between 32°E and 29°E
during the morning before diabatic heating increases. Differential heating over
mountains triggers deep convection rapidly at the west edge of the Rift Valley in
the early afternoon, a plausible explanation for high precipitation accumulation
in Congo Forest.

Organized convection can be affected by equatorial waves as described by [36]
and [37]. Local diabatic heating and evapotranspiration are thermodynamically
reinforced by Equatorial Africa waves such as internal gravity waves, Kelvin, and
Rossby waves as in [38]. The Indian Ocean is the main water vapor source to the
western Rift Valley as well as LV evaporation and rainforest evapotranspiration.
These variable spatial-temporal mechanisms are secondary to the diurnal cycle
of diabatic heating over Lake Victoria. In general, equatorial waves phased
locked with organized convection and boundary layer easterlies fluxes. Topo-
graphic features tend to amplify (mountains) and to reduce (valleys) precipita-
tion. Furthermore, Kelvin waves might augment easterly moisture advection
since its propagation is preceded by easterly low-level anomalies followed by
low-level westerly anomalies by increasing convergence and so triggering thun-
derstorms in the Congo basin according to [39].

Organized convection varies in duration, phase speed, and span. Some are in-
termittent with variable phase speed and span. Intermittent precipitating pat-
terns propagate eastward transversally to westward prevailing moving systems
similar to a Kelvin wave moving by the region, constructively interacting with
the diurnal cycle over Equatorial Africa, including LV night convection. They
are much less frequent than Rossby waves [15]. [40] and [41] indicate Kelvin
equatorial waves propagate eastward rapidly by creating easterly trade winds as-
sociated with direct thermal circulation (Walker type) with updrafts over heat
sources and downdrafts eastward.

The diurnal cycle becomes less of a defined pattern during the propagation of
Kelvin wave trains. They tend to dry the environment around weather systems.
Seemingly chaotic precipitation patterns in Equatorial Africa become more or-
ganized by equatorial wave effects and easterlies thermodynamic forcing. There
are also fewer westerly waves propagating through Equatorial Africa. Some west-
ward barotropic waves are intense and long-lived as indicated by precipitation
streaks in Figure 5. For instance, the one starting at 34.5°E on 30 April 2010
propagates over 1000 km to Rift Valley and Congo Forest. Convection intensifies
during the diurnal cycle in Equatorial Africa. This wave pattern can be asso-
ciated with a 5-day Rossby-Haurwitz wave [42].

The mountain range east of LV tends to intensify moving Rossby waves.

Westward waves such as Kelvin and Madden-Julian oscillation (MJO) can excite
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Rossby waves by reducing stability and increasing lower troposphere conver-
gence [43]. Figure 6 time-longitude diagram of one-hour CMORPH precipita-
tion accumulation estimation averaged in a 48-hr period in the Equatorial Africa
domain shown in Figure 1 between latitudes 3°S to 1°N from 2000 to 2014.
Maximum precipitation is west of Rift Valley. A second maximum is in East LV
at 3°S and 1°N, where easterlies waves pass through. Convection is weak be-
tween LV and Congo Forest. However, it intensifies just west of Rift Valley in
association with the diurnal cycle of diabatic differential heating.

Lakes as small as 10-km in diameter alter the rainfall distribution around
them [19]. Precipitation is maximum east of LV and over mountains ~34.5°E
and LV ~32°E. A high precipitation pattern in the west of Rift Valley is caused
by the diurnal cycle through with phase shift. High precipitation is over LV at
nighttime and early morning. There are two other high precipitation cores asso-
ciated with 850-hPa easterly waves in the late afternoon. Indeed, the average
850-hPa wind field shows a broader band of easterlies in the latitudinal domain
all year long with variable intensity (not shown).

The precipitation maximum west of Rift Valley in Figure 6 coincides with
downstream the watershed, upstream the mean 850-hPa wind field. There are
secondary precipitation peaks over LV, 12-hr ahead of the one at the west of Rift
Valley, and over the mountain range east of LV. Minima precipitation occurs in
the morning and afternoon hours west of Rift Valley and LV, respectively. The
seasonal variation of the diurnal cycle is remarkable with significant differences

in amplitude, but almost no difference in phase (not shown).

200001-201412 LATITUDE LIMITS: -3.0 0.5

24E 25E 26E 27E 28E 29E 30E 31E 32E 33E 34E 35E 36E 37E 38E 39E 40E 41E 42E
0.05 0.1 0.15 02 025 03 04 05 06 07 08 09 1 1.2 1.5

Figure 6. Hovmoller time-longitude diagram for one-hour rainfall accumulation average
in a 24-hr period computed with CMORPH rainfall estimation in Equatorial Africa do-
main (Figure 1) between latitudes 3°S to 1°N from 2000 to 2014. Longitudes, hour (x100
UTC), and color scale are indicated.
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The frequency of hourly rainfall greater than 1 mm is highest with 50% (30%)
frequency in fall and spring west of Rift Valley (LV) and minimum in June with
about 20% (12%) frequency west of Rift Valley (LV). Extremely dry conditions
with low precipitation frequency year around east of 36°E. Figure 4 shows an
example of the diurnal cycle of frequencies of hourly rainfall greater than 1 mm
between 0000 UTC on 28 April and 0000 UTC on 07 May 2010. Other months
have similar patterns (not shown). Figure 7 shows the diurnal cycle of LIS
lightning strikes highly correlated with the CMORPH rainfall climatology. The
maximum number of flashes is between 0500 UTC and 0800 UTC over LV just
east of the maximum in precipitation. This small spatial lag might be caused by
LIS smoothing method. The instances shown in this section illustrate the main
features of organized convection over Equatorial Africa. A complete statistic of
all propagating convective systems from 2000 to 2014 is shown in the section

below.
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Figure 7. Frequency distribution of duration (top), phase speed (middle), and span (bot-
tom) of westward episodes of organized convection in Equatorial Africa (Figure 1) be-
tween December 2000 and 2014. A total of 33,189 episodes were computed. IU indicated
in abscissas.

3.4. Span, Phase Speed, and Duration Statistics

Figure 8 shows the frequency distribution of duration, phase speed, and span of
all westward propagating episodes of organized convection between 2000 and
2014. Frequencies are higher between March and May and between October and
November and lower in July and August linked to ITCZ. Since there are 5 - 10
eastward propagating episodes a year number, they were included in the present
study. The average span, phase speed, and duration of westward episodes are 332
km, 10.3 m-s™, and 10.7 hr, respectively. The frequencies of phase speeds < 6 m-s™,
between 6 m-s™ to 10 m-s™ and > 30 m-s™ are 17%, 40% and 0.5%, respectively,
while of spans < 300 km and > 500 km are 50 % and 6%, respectively, and dura-
tions between 8 hr to 16 hr, > 20 hr and < 5 hr are 50%, 5% and 8%, respectively.

There were 3515 episodes with spans > 600 km (Figure 8(d)) caused by the
merging of smaller span episodes with a correlation > 0.35. These longer-span
episodes are caused by longer equatorial waves triggering short-lived convective
rainfall that dissipates and intensifies, later on, depending on the location to
where they move. These longer span episodes have average phase speed and du-
ration of 12.1 m-s™! and 19 hr, respectively. They have lower phase speeds than
the ones under synoptic-scale forcing and start in between LV and Congo Forest
in association with local circulation and the diurnal heating cycle.

Spans < 500 km tend to propagate faster, though the contrary depends on un-
derlying dynamic and thermodynamic conditions. The mean phase speed of ep-
isodes with spans > 600 km is higher than those < 500 km in the span. The fre-
quency spectrum of phase speeds is broader (narrower) for longer (shorter) du-

rations and spans, but there are some episodes with higher phase speeds and
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Figure 8. Frequency distribution of starting and ending longitudes (deg.) of organized convection in Equa-
torial Africa (Figure 1) for all spans (a) and spans > 600 km (b) between latitudes 0.5°S to 3.0°N, starting
times (c) and frequency of spans (d).

long spans and durations.

Westward propagating episodes in Equatorial Africa starting in the late after-
noon in east LV strengths early morning over LV and trigger convection west of
Lake Kivu during the afternoon. Over LV and west of the Rift Valley, the epi-
sodes tend to increase phase speeds given less friction force over LV’s large water
surface and almost flat terrains west of Lake Kivu.

LV evaporation advected westward increases rainfall over Congo Forest dur-
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ing the afternoon (not shown) due to convectively coupled equatorial waves
[41]. Easterlies barotropic energy advection coupled with the diurnal cycle might
yield deep convection over Congo Forest [44]. The maximum precipitation over
Congo Forest is at the same latitude band of LV. Less precipitation is outside of
this latitude band by almost half the one over Congo Forest.

Therefore, LV evaporation intensifies convection associated with passing equa-
torial waves, increasing precipitation accumulation by 70% west of it. Many
short-span episodes start west of LV strength over it and dissipate east of LV.
The cold pool of thunderstorms reaches the western edge of Rift valley early to
middle afternoon and triggers new ones. These episodes are separate in the
Hovmoller diagram because they dissipate between LV and western of Rift Val-
ley, although one is related to the other.

About 50% and 30% of the convective episodes with spans > 600 km (about
the distance between middle LV to Congo Forest) start over LV and east of LV,
respectively, and trigger convection also in Congo Forest. It can be inferred from
Figure 8 the association between rainfall over LV and Congo Forest through
equatorial Rossby waves. About 30% of the convective episodes initiating east of
LV yield rainfall over it. Episodes initiated over LV (24%) induced rainfall west
of Lake Kivu by passing waves (Figure 9). It is an area of low precipitation be-
tween LV (32°E) and East of Congo Forest (29°E) as seen in Figure 1(a).
Another evidence that episodes triggered over LV generally have a greater im-
pact over Congo Forest during the afternoon is the associated phase speed and
timing, enough for them to reach Congo Forest during the afternoon.

Additionally, when considering spans > 600 km, the correlation between a
Hovmoller streak passing over LV and east of Congo Forest is greater than 0.35.
All episodes beginning in the afternoon east of LV (30%) intensifies mountain
breezes east of LV. Later, they trigger thunderstorms over it at dawn. About 30%
of the episodes were triggered between late evening and dawn over LV or just
east of it (Figure 8(a)). Local circulation triggers 30% of westward episodes and
might trigger thunderstorms over Congo Forest. This interesting result shows
how large lakes such as LV can influence rainfall patterns hundreds of kilome-
ters away. Some studies have shown lakes larger than 100 km yield lake breezes

similar to sea breezes propagating hundreds of kilometers away from them.

4. Conclusions

New hourly high spatial-temporal resolution satellite-derived precipitation da-
tasets by CMORPH between 2000 and 2014 were used in this present work to
study organized convection in Equatorial Africa with emphasis on Lake Victoria,
a very important body of water in Africa. The results indicate the impact of the
LV in climate hundreds of kilometers away in the Congo Forest. Hovmoller
analysis indicates three main triggering areas of organized convection: 1) over
mountain ranges east of LV, triggered by differential heating during afternoon as
observed in the CMORPH rainfall field and the LIS lightning flash density field;
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Figure 9. Hourly lightning density of flashes (km™-yr™!) average field in Equatorial Africa. Longitudes, latitudes, geographic

boundaries, time, and color scale are shown. Source: NASA, http://lightning.nsstc.nasa.gov/data/data lis-vhr-climatolo

2) west of LV, triggered by the interaction between local circulation, mountain

breeze and land breeze induced during dawn and; 3) west of western Rift Valley.

Episodes of organized convection triggered by equatorial waves passing by LV

are longer than 600 km in the span. They strengthen over LV and impact thun-
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derstorms to Congo Forest with the highest incidence of lightning. Hovmaoller
time-longitude diagrams were used to compute starting and ending longitudes,
span, phase speeds, and duration of organized convection, a total of 33,189 rain
streaks in Equatorial Africa in 15 years. Westward propagating episodes are do-
minant features with the average span, phase speed, and duration of 332 km,
10.3 m-s™, and 10.7 hr., respectively. Episodes with spans > 600 km have average
phase speed and duration of 12.1 m-s™ and 19 hr, respectively.

These long-lived transient systems in Equatorial Africa are triggered by east-
west differential diabatic heating where systems such as cold fronts and cyclones
are absent. Phase speeds tend to increase east of LV and decrease west of LV to
Congo Forest. The results suggest LV impacts Congo Forest given its large water
surface. Convergence in west LV tends to decrease phase speeds. Further work
on high-resolution mesoscale numerical simulation of local circulation and very

deep convection in LV will be published elsewhere.
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