N

N
N

HAL

open science

Major role of water bodies on diurnal precipitation

regimes in Eastern Africa.

Pierre Camberlin, Wilson Gitau, Olivier Planchon, Vincent Dubreuil, Beatriz
M. Funatsu, Nathalie Philippon

» To cite this version:

Pierre Camberlin, Wilson Gitau, Olivier Planchon, Vincent Dubreuil, Beatriz M. Funatsu, et al..
Major role of water bodies on diurnal precipitation regimes in Eastern Africa.. International Journal

of Climatology, 2018, 38 (2), pp.613-629. 10.1002/joc.5197 . hal-01700808

HAL Id: hal-01700808
https://hal.science/hal-01700808v1
Submitted on 8 Feb 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Auto':iiition
HAL Authorization


https://hal.science/hal-01700808v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

1 Major role of water bodies on diurnal precipitation regimes in eastern Africa

4 Pierre Camberlin (1), Wilson Gitau (2), Olivier Planchon (3), Vincent Dubreuil (3),

5 Beatriz M. Funatsu (3), Nathalie Philippon (4)

8 (1) Centre de Recherches de Climatologie / Biogéosciences, UMR 6282 CNRS / Univ. Bourgogne

9 Franche-Comté, 21000 Dijon, France
10 (2) Department of Meteorology, University of Nairobi
11 (3) LETG Rennes COSTEL / UMR 6554 CNRS / Univ. Rennes 2, 35000 Rennes, France
12 (4) Univ. Grenoble Alpes, CNRS, IRD, IGE, F-38000 Grenoble, France
13
14
15 International Journal of Climatology
16 Preprint version
17
18
19

20 Camberlin P., Gitau W., Planchon O., Dubreuil V., Funatsu B.M., Philippon N. 2018. Major role of water bodies on

21 diurnal precipitation regimes in Eastern Africa. International Journal of Climatology, 38, 2, 613-629



22

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

39

40

41

42

43

44
45
46
47
48
49
50

51

52

Abstract

Mean diurnal rainfall regimes over Eastern Africa (also referred to as the Greater Horn of Africa) are
studied based on 3-hourly data from the TRMM 3B42 data set, averaged over a 17-yr period (1998-
2014). The consistency with long-term mean raingauge data, available for partly independent periods,
varies from good (Sudan, Ethiopia, Eritrea, Somalia) to very good (Kenya, Tanzania, Uganda). Over sea
(Indian Ocean and Red Sea), the diurnal rainfall distribution is quite uniform; however, a morning peak
dominates and there is evidence of offshore phase propagation south of the equator. Over land, both
rainfall frequency and rainfall amounts show a dominant afternoon maximum (1500 to 1800 East
African Time). However many inland regions show a delayed rainfall maximum (evening, nighttime or
morning). The evening to nighttime maximum found over some land areas is associated with a phase
propagation from areas showing an afternoon peak. This occurs west of high ground areas (Sudan and
parts of the Great Lakes region) and in belts parallel to the seashores (Eritrea, northeastern Ethiopia,
Somalia and eastern Kenya). The latter provide indirect evidence that sea breeze effects can be
detected at unexpectedly great distances from the coast (up to 300-400 km) in parts of eastern Africa.
A remarkable ring of early afternoon (1500) maxima is found around most lakes, although some east-
west asymmetries occur. Over the lakes, a morning or late night maximum is mostly found. It is
generally inversely related to the distance to the shorelines for the larger lakes, but over the mid-size

lakes it is replaced by or competes with a late afternoon to evening maximum.
Key words

Horn of Africa, East Africa, Lake Victoria, Indian Ocean, rainfall, diurnal cycle, sea breeze, lakes

1. Introduction

The spatial distribution of rainfall over Eastern Africa is inherently complex. It is strongly controlled by
terrain (Ethiopian and Kenya Highlands, East African Rift system) and water bodies (Indian Ocean and
Red Sea to the east, and many lakes, including Lake Victoria, the world’s second largest lake). These
features interact with large-scale wind flows, resulting in local convergence / divergence and upslope
/ downslope circulation, all playing a major role on rainfall patterns (Beltrando, 1990 ; Mukabana and
Pielke, 1996 ; Nicholson and Yin, 2002 ; Thiery et al., 2015 ; Cattani et al., 2016). These topographical
features also influence the diurnal rainfall distribution, yet to date no comprehensive study has ever

been carried out on this aspect for Eastern Africa as a whole.
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In the tropics, land masses generally exhibit a strong afternoon maximum, associated with convection
generated by daytime land surface heating (e.g., Meisner and Arkin, 1987 ; Yang and Slingo, 2001).
Tropical oceans show more uniform diurnal rainfall distributions, although a nighttime or morning
maximum often prevails (Hendon and Woodberry, 1993; Janowiak et al., 1994). Dai (2001) noted that
over the tropical oceans, showery precipitation is most frequent from midnight to 0400 local solar time
(LST), and maritime thunderstorms around midnight. Yang and Smith (2006) and Yang et al. (2008)
noted that oceanic rainfall in convergence zones often shows a secondary late afternoon maximum
besides the dominant late evening to early morning maximum. Nesbitt and Zipser (2003) noticed that
over sea the morning maximum is due to more frequent mesoscale convective systems (MCS), whereas
over land the MCS diurnal cycles vary significantly depending on environmental conditions. Non-MCS
convection results in an afternoon peak, often triggered by relief. Over neighboring plains the
afternoon maximum is not always prominent due to possible slope breezes and late drifts of major
convective cells born over the highlands (Shinoda et al. 1999 ; Laing et al. 2008 ; Yaodong et al., 2008).
Funatsu et al. (2012) observed that southern Amazonia convection is maximal near 1500 local time
and minimal around 0700, with few significant differences between forested and deforested areas.
Kikuchi and Wang (2008), distinguished three tropical diurnal cycle regimes. Both the oceanic regimes
(small amplitude and early morning peak around 0600-0900 LST) and the continental regimes (large
amplitude, afternoon peak around 1500-1800 LST) show little spatial phase propagation. By contrast
the coastal regime shows a large amplitude and phase propagation of about 10 m.s%, both inland and

offshore.

Regional and local studies on diurnal rainfall regimes over eastern Africa are few. Over Eastern
Equatorial Africa, the only studies specifically dedicated to diurnal rainfall distribution were those by
Tomsett (1975) and Asnani and Kinuthia (1979), using in situ rainfall records. They distinguished ten
different diurnal patterns, strongly determined by the interaction between the synoptic scale flow and
the mesoscale circulation induced by orography, like along the eastern slopes of the East African
highlands and around Lake Victoria. The original diurnal regimes of Lake Victoria were actually noticed
earlier by Flohn and Fraedrich (1966), who found that due to diverging lake breezes, the lake was
cloudless at daytime, while the convergence of nocturnal land breezes accounted for a late night to
early morning maximum in thunderstorm activity over the lake, slightly shifted westward by the large-
scale easterlies. Analysis of cold cloud occurrences for 1983-1990 period confirmed the morning
maximum of convective activity over Lake Victoria (Ba and Nicholson, 1998), in agreement with in-situ

lakeshore rainfall data (Datta, 1981). An afternoon maximum is evident east of the lake.
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Over Kenya, numerical simulations (Mukabana and Pielke, 1996) showed that differential heating and
cooling of the terrestrial surface at day- and night-time between elevated and lowland areas, and
between land and water bodies resulted in extensive breeze systems, contributing to rainfall regimes
variations. Laing et al. (2011) noted that in equatorial Africa many MCSs form in the afternoon and
move westward from the East African mountains. They also noted that along the Indian Ocean, a line
of high cold cloud parallels the coast between 1400 and 1500 LST and moves inland in the evening.
They attributed this pattern to land-ocean temperature contrast and associated breezes, but since it
was at the margin of their study area it was not further analyzed. Along the Tanzania coast, Sumner
(1982, 1984) documented the diurnal variations of breeze systems and their interaction with the
monsoon. He found a late morning to early afternoon peak, shifted to the early morning during the
northerly monsoon. Similar morning maxima are found on the Kenya coast (Okoola, 1978 ; Camberlin

and Planchon, 1997).

In the northern part of Eastern Africa, diurnal rainfall variations are very imperfectly known, except for
some studies of specific locations within the Ethiopian Highlands. Pedgley (1971) found a pronounced
afternoon maximum both at Asmara in Eritrea (over 30% of rainfall occurrence from 1500 to 1800 local
time) and Addis-Ababa in Ethiopia (where the rains are however more scattered across the day). The
afternoon maximum also predominates further west over much of Sudan (Pedgley, 1969). However,
in eastern Sudan, rainfall occurrence often peaks later at night or early morning, with a secondary
maximum in the afternoon. Pedgley (1969) hypothesized that this could either be due to increased
convergence within the Intertropical Convergence Zone (ITCZ), as a result of stronger nocturnal winds,
or a relative afternoon subsidence over the Sudan plains connected to the strong convective activity
over the nearby Ethiopian Highlands. The night maximum would therefore result from the westward
drift of convective cells, embedded in the upper-tropospheric easterlies. In the Upper Blue Nile basin
in Ethiopia, Haile et al. (2013) and Rientjes et al. (2013) compared hourly rainfall variations from
CMORPH and TRMM satellite estimates to automatic weather stations for the year 2007. Both the
rainfall occurrence and conditional mean rain rate were highest between 1500 and 1800 LST.
Exceptions were found, especially in the Lake Tana Basin where a midnight and early morning
maximum occurs. About 70% of the variance in the spatial distribution of nocturnal rainfall is explained

by the distance to the center of Lake Tana (Haile et al., 2009).

Between the global or continental scale studies and the fragmentary ones carried out at local scale,
there is a definitive lack of any study on diurnal rainfall regimes for the whole Eastern Africa. Yet, the
complex patterns of land, sea, lakes and relief found across Eastern Africa (Fig.1) introduce many
discontinuities in the land surface which generate daytime temperature gradients modulating

atmospheric circulation and convective activity. In particular, it is unknown whether the morphology
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of the coasts (bordered by mountain ranges along the Red Sea and Gulf of Aden, and by extensive

plains south of Cape Guardafui) influences diurnal rainfall regimes.

The objective of this study is therefore to provide a broad-scale mapping of diurnal rainfall variations
over Eastern Africa, also referred to as the Greater Horn of Africa (GHA). Rainfall regimes from satellite
estimates are compared to in situ data of rainfall occurrence and rainfall amounts. Emphasis is put on
the potential role played by water bodies (sea and lakes), both locally and remotely through sea/lake
breezes. The study also explores diurnal phase propagation based on mean rainfall patterns. Section 2
presents the data (satellite estimates and in situ records) and the methods used to describe the diurnal
cycles. Section 3 shows the general patterns of the diurnal peak rainfall (sections 3.1 and 3.2), then the

specific contribution of water bodies (section 3.3). A discussion is provided in section 4.
2. Data and methods

The study makes use of the 3-hourly TRMM Multi-satellite Precipitation Analysis (TMPA) 3B42 rainfall
data base (Huffman et al., 2007), version 7, at a 0.25° resolution. TMPA 3B42 (hereafter TRMM) is a
multi-satellite product, incorporating microwave and infrared precipitation estimates, calibrated with
monthly raingauge data, developed by the Mesoscale Atmospheric Processes Laboratory at NASA
Goddard Space Flight Center. Version 7 improves upon previous versions of TRMM rainfall estimates
by incorporating additional microwave and infrared data, revising the relationship between radar
reflectivity and rainfall rates, the detection of surface clutter over high ground, and the use of better
reference data bases for the passive microwave algorithm and the bias corrections (Huffman and

Bolvin, 2013 ; Zulkafli et al., 2014).

Data are extracted for the period 1998-2014 and for the region from 28°E to 52°E and 12°S to 23°N
(Fig.1). This covers the GHA, including Djibouti, Eritrea, Ethiopia, Somalia, Kenya, Uganda, Rwanda,
Burundi, Tanzania, much of Sudan and South Sudan. 17-yr averages of 3-hr rainfall amounts and 3-hr
rainfall occurrences are computed. The whole year is considered in the computation, since seasonal

variations in diurnal rainfall phases are quite small (see supporting information S1 and S2).

TRMM data have been shown to reproduce quite efficiently observed spatial patterns and diurnal
variations of rainfall in several parts of the tropics. For Western Africa, Pfeifroth et al. (2016) found
that TRMM 3B42 rainfall estimates well captured the observed diurnal cycles of precipitation and their
variability, with a slight delay (up to 2 hours) of evening peak precipitation. For Eastern Africa, TRMM

3B42 was found to perform very well in reproducing rainfall patterns (Cattani et al., 2016). With
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regards to the diurnal cycles, a validation has been made only over the Lake Victoria and upper Blue

Nile areas, where a good agreement exists with ground observations (Haile et al., 2013).

Comparisons are made with early published data of in situ mean hourly rainfall occurrence in Sudan,
Eritrea and Ethiopia (Pedgley 1969 and 1971), mainly for the period 1951-1966. Three-hour station
data from these studies are resampled to match the TRMM time sampling. For Kenya, Uganda and
Tanzania, mean percentage hourly distribution of rainfall amounts at a number of stations are
obtained from Tomsett (1975), averaged over 6 to 26 years, mostly in the 1950s and 1960s. For
northern Somalia, hourly rainfall data are collected from 5 automatic weather stations set up as part
of the Somalia Water and Land Information Management (SWALIM) project. They cover 2 to 5 years
within the period 2008-2015. Three-hour averages of rainfall amounts matching the TRMM time

sampling are computed for the Kenya, Tanzania, Uganda and Somalia stations.

All times are expressed in East African Time (EAT, i.e. GMT+3). In the notations below, 0300 refer to
the 3-hr period from 0130 to 0430 EAT, 0600 to the period from 0430 to 0730, and so on. Phase
variations are investigated by mapping the timing of precipitation maximum and by showing time-
space plots of 3-hr frequencies of rainfall occurrences or 3-hr mean rainfall amounts. A comparison
between mean diurnal rainfall regimes for land and lake areas is done to infer the influence of the
latter on rainfall distribution, and its dependence to the size of the lakes. Additionally, composite
diurnal rainfall regimes are plotted as a function of the distance to the coastline to detect propagative

features possibly associated with sea breezes.

3. Results
3.1 Diurnal rainfall phases

The diurnal rainfall patterns are first documented by plotting the 3-hr period during which the rainfall
is most frequent (as a number of observations with rainfall of at least 1 mm) (Fig.2a) and the 3-hr
period which records the highest mean rainfall amounts (Fig.2b). The two maps are quite similar, hence

they will not be discussed separately.

Over land, diurnal rainfall regimes show a dominant peak in the early or late afternoon (1500 or 1800
EAT), suggesting an effect of daytime convection as over many other tropical land areas. The early
afternoon maximum is mostly found (1) in a narrow belt along the coast (up to about 100 km inland,
suggesting a relationship with sea breezes, see below), (2) close to some lake shores (e.g., in the
periphery of lake Tanganyika), (3) in inland depressions far from the coast (e.g., in a crescent south of

the Ethiopian Highlands) and (4) marginally over isolated mountain peaks. The late afternoon
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maximum is more widespread. For the region as a whole, 41.5% of the land grid-points show a
maximum rainfall occurrence at 1800 EAT (Fig.2, central histogram). Over the Indian Ocean, an early
morning peak generally prevails (often at 0600), but the amplitude of the diurnal cycle is much smaller
than inland (coefficient of variation around 2-6%, as against 7-15% over most land areas, see also

supporting information S3).
However, there are 3 main discrepancies from this general pattern:

(i) Large inland areas, at some distance from the coast, exhibit a nighttime maximum (red to dark blue
colours on Fig.2). Mainly located in lowland areas or gently sloping plateaus, they include northern

Sudan, northeastern Ethiopia, parts of inland Somalia and east-central Kenya.

(ii) A few inland areas, like over the ocean, display a late night / early morning maximum (0600 to
0900): some areas southwest of the Ethiopian Highlands, Lake Victoria and Lake Tanganyika. Other
lakes often singularize by their regimes, with an evening or nighttime peak. An asymmetry is also
obvious between lakeshores, especially for Lake Victoria where an afternoon peak dominates along
the eastern shores, shifting to a morning one on the western shores (see also Lake Tanganyika and

Lake Turkana).

(iii) Over sea surfaces, the early morning peak is often delayed to 0900 or 1200 close to the coast (Red
Sea and Gulf of Aden, Tanzania and Kenya coasts), although caution should be exerted over coastal
areas due to the fact that TRMM rainfall estimates use different algorithms over land and sea
(McCollum and Ferraro, 2005), and the diurnal amplitude is small over the ocean. Further offshore,

the area 200-600 km off the Tanzania coast is an exception by showing an afternoon maximum.

Interestingly, there are several instances of apparent long-distance phase propagations of the diurnal
signal from the coastlines (arrows on Fig.2). A westward propagation (arrow A) is evident from the
Eritrean coast to northern Sudan (early afternoon maximum along the coast, shifting to 1800 west of
the highlands), then to the night over the Nile plains, (over a distance of about 400-600 km). Similar
shifts from 1500 to 0300 occur:

- southwestward from the Red Sea coast in eastern Eritrea to central Ethiopia, over about 500 km

across the Afar depression (arrow B);

- in Somalia and Kenya both southward from the Gulf of Aden (arrow C) and northwestward from

the Indian Ocean coast (arrows D & E), over distances of 300 to 500 km.

Less clear phase propagation can be found further inland, mainly from east to west, e.g. from central

Ethiopia to South-Eastern Sudan (arrow F), or from the Western Kenya Highlands to Lake Victoria and
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then Rwanda (arrow G). Note that over the southern part of the Indian Ocean sector there is an

apparent propagation of the rainfall phase both offshore and onshore.

A zoom on 3 regions (northwestern GHA, Equatorial GHA, and Somalia) enables a comparison with in
situ data and a preliminary discussion of possible mechanisms. Note that the spatial sampling of in situ
data is not fully satisfactory, with more stations in regions showing an afternoon peak. In northwestern
GHA (western Ethiopia, Eritrea, Nile plains, Fig.3), there is a fair agreement between in situ records of
the time of most frequent rainfall occurrence published by Pedgley (1969 and 1971 ; blue lines on side
panels) and TRMM data (bars). Correlations between in-situ data and TRMM are statistically significant
(P=0.95) at 56% of the stations, excluding En-Nahud and Kosti where the diurnal cycle is quite flat. An
afternoon maximum dominates, especially over the Ethiopian and Eritrean highlands, generally
peaking at 1800 or sometimes earlier (Asmara and Addis-Ababa, panels 10-11). Valleys make an
exception (e.g. along the Blue Nile from Lake Tana, where the phase is often delayed to 2100). This
likely reflects the development of daytime convective cells over elevated ground and their later shift
to the valleys, as noted by Rientjes et al. (2013). A conspicuous feature is that the maximum rainfall
occurrence is delayed to the night over much of the northern Sudan plains (e.g. Khartoum, panel 1), in
agreement with Pedgley (1969). The apparent propagation suggests a westward drift of the MCS
developed from daytime convection over the Eritrean and Ethiopian highlands, as a result of the upper-
tropospheric summer easterlies (see supporting information S4). This is also found further south,
although the night maximum is often masked out by the afternoon peak which becomes dominant in
the Nile plains south of 12°N. At Kosti (13°N, panel 4) there is a double peak where the afternoon
maximum is not strong enough to override the nighttime maximum. Dots on figure 3 show a secondary
afternoon maximum over much of the northern plains, suggesting daytime convection combined to
MCS drifts from the highlands. This propagative signal can actually be tracked back to the Red Sea

coast, with an early maximum (1500) possibly associated with the sea breeze front.

Over equatorial GHA (Fig.4), where the pattern of terrain and waterbodies is very complex, TRMM
mean 3-hr percentage rainfall amounts are in excellent agreement with in situ data from Tomsett
(1975) although the periods for calculating the mean regimes are completely different. Correlations
between in-situ data and TRMM are statistically significant (P=0.95) at all the 18 stations (average
correlation: 0.91). A late afternoon maximum (1800) again dominates over land. This 3-hr period often
accounts for a very large proportion of the daily rainfall amounts, exceeding 35% in pixels with a plus
sign on figure 4 (e.g., Kisumu, panel 5). The peak rainfall is found earlier (1500) at the periphery (mainly
to the west) of water bodies, including both the Indian Ocean (in a 100 to 150-km wide inland corridor)
and many of the lakes, for instance to the west of lakes Victoria, Albert, Edward and Malawi/Nyassa,

and all around Lake Tanganyika. The early afternoon peak is also found in northern Kenya (except over
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Lake Turkana) and over or slightly west of high ground areas, e.g. above 1400 m in Tanzania and near
Mt Kenya (Nanyuki, panel 12). The location of these early afternoon rainfall maxima suggests an
interaction between topography and the mid-tropospheric easterly flow, dominant during the main
rainy seasons (March-May and October-December, see supporting information S4). However, in two

types of regions the afternoon maximum does not prevail:

(i) Over the water bodies themselves (lakes, Indian Ocean in a 150-km wide alongshore corridor), early
morning maxima dominate (0600 or 0900). Along the coastline and some western lakeshores the peak
is often delayed to 1200, like in Malindi, Mombasa and Dar-es-Salaam (panels 15, 17, 18). Reciprocally,
the peak occurs earlier (0300) over the eastern part of Lake Victoria, southeastern part of Lake

Tanganyika and northeastern parts of Lake Malawi/Nyassa.

(i) A few inland areas display evening or nighttime maxima. This is most obvious across eastern Kenya,
showing belts parallel to the Indian Ocean where the rainfall phase is gradually delayed as the distance
from the ocean increases. This pattern is absent further south in Tanzania. More scattered evening
peak areas are found in central Tanzania and northern Uganda (Lake Kyoga area south of Gulu, panel
2). They are mainly located in depressions or to the east of mountain ranges. It is suggested that
daytime convection is detracted by nearby ascending slope breezes, and that the maximum results

from the advection of convective systems developed in the afternoon further east.

Finally, figure 5 provides a zoom on the Somalia peninsula. There is a fair agreement between TRMM
and the SWALIM automatic in situ rainfall recordings (side panels), with an average correlation of 0.77
(significant at P=0.95) when we exclude Galcaio (panel 5) where the in-situ record is very short (2 years)
and the rainfall very low (150 mm.yrt). The resulting diurnal pattern is quite simple: an early afternoon
maximum prevails alongshore, in a 100 to 150-km wide strip. Further inland the phase shifts to the
late afternoon (e.g. at Borama, Hargeisa and Burao, panels 1-3), then to the evening and the night as
ones moves away from the coast. A broad area of early morning peak (0300) is found in Ogaden
(eastern Ethiopia) and southern Somaliland, and the maximum is even found as late as 0600 near 6°N-
44°E, 450km from the coast. The pattern, more or less parallel to the coasts, suggests that the diurnal
cycle could be controlled by a propagation of sea breeze fronts from both the Gulf of Aden, in the
north, and the Indian Ocean in the east. The inland nighttime maximum often cohabits with an

afternoon one, weak (Garowe, panel 4) or occasionally stronger like further south (5°N-44°N).
3.2 Maps and cross-sections of 3-hour rainfall occurrence

In order to better show the distribution of rainfall within the day, 3-hourly maps of mean rainfall
occurrence have been plotted (Fig.6). Rainfall occurrence is at its lowest at noon. It strongly increases

at 1500 EAT. The areas of most frequent rainfall occurrence are clearly co-located with the main
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mountain ranges, suggesting their role on daytime convection. At 1800 convective cells become bigger
and/or drift (in slightly different directions depending on the large-scale flow), with rainfall occurrence
exceeding 15-20% over highland areas. Later in the evening (2100) and at night (2400 and 0300), the
areas of high rainfall occurrence generally shift westwards and gradually decay. The wet area in the
southwestern Ethiopian Highlands makes an exception for it is still very active at night, though also
showing a westward drift towards the nearby plains in the following morning. Lowlands are quite dry,
except in southern Tanzania, South Sudan and at a small distance of the coast in Kenya and southern
Somalia. A line of medium rainfall occurrence (5 to 9%) parallel to the east African coast actually
develops at 1200 and moves inland during the afternoon and evening, gradually decaying. The main
lakes, especially Lake Victoria, show a markedly different cycle. They are generally rain-free in the
afternoon, but a strong maximum develops in the second part of the night and the morning. Over the
Indian Ocean, there is much less diurnal variation than over land. However, rainfall occurrence
generally peaks in the morning as discussed above, with a secondary maximum off the coasts of Kenya

and Tanzania around 1500.

As a way to mask out spatial variations in mean rainfall amounts (e.g. between the drier lowlands and
wetter highlands), figure 7 displays rainfall occurrences for each 3-hr period as a percentage of all local
rainfall occurrences. This better shows the generalized pattern of propagative rainfall lines from the
Indian Ocean and Red Sea coasts (at 1200) to the interior. This apparent propagation can be tracked
till 0300-0600 in some inland areas of Kenya and Somalia, and from the Red Sea towards the Nile Valley
in northern Sudan. Propagation is also evident over Lake Victoria from the eastern to the western shore

from 0300 to 1200.

Two time-longitude plots are drawn to further analyze the propagative patterns and their relationship

with terrain.

The first plot (1.5°S, Fig.8), between the Indian Ocean and the Western Rift Valley, emphasizes the
contrast between the uniform distribution of rainfall occurrence over the ocean and that found over
land areas and Lake Victoria. Areas over and to the west of the highest ground (Western Rift, 29.5°E,
and Western Kenya Highlands, 35.5°E) display the characteristic afternoon rainfall maximum. Evidence
of downwind (westward) propagation is found. Afternoon maxima (slightly earlier) are also found west
of Lake Victoria (31°E) and near the Indian Ocean coast (41°E), from where the phase is similarly
delayed as one moves westwards, generating a nighttime maximum near 38°E. However it appears
that this maximum results from an (apparent) propagation from both the east (Indian Ocean coast)
and the west (Central Kenya highlands). Different phase speeds on either side of 39°E also suggest

different mechanisms, possibly sea breeze front displacement to the east and convective cells
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movement to the west (see discussion below). The morning maximum of Lake Victoria (32°E) is
distinctive. In this sector, a westward drift is also conspicuous, possibly in continuity with the
convective systems developed in the Western Kenya Highlands in the afternoon, drifting westward and
then reactivating over Lake Victoria in the early morning. Some systems might even propagate further
west over the Western Rift Highlands where daytime convection may rejuvenate them. However, the
different apparent phase speeds (4.1 and 9.9 m.s? respectively) suggest different mechanisms, or

propagations in different directions.

The second plot (15°N, Fig.9) depicts the Red Sea- Eritrea- Sudan area, again with strong evidence of
the effect of relief on rainfall timing. Highlands on both sides of the Red Sea (over 2000 m in Eritrea
and Yemen) display an overwhelming afternoon maximum (1500 to 1800 EAT), with no rain at all
between 0300 and 1200. The later maximum on the Yemenite side (1800 as against 1500 for the
African side) could be due to a later exposition to the sun’s rays, delaying slope breezes, or to different
interactions between breezes and mid-tropospheric winds. Convective systems developed over Eritrea
clearly shift westward (at about 10 m.s?), resulting in a strong maximum around midnight at 36°E on
the foothills. Further west, the nighttime maximum is still obvious, but a large share of rainfall occurs
at other times of the day, and there is no more evidence of a propagation, suggesting other
mechanisms are at work. In sharp contrast with the highlands, the (dry) Red Sea shows a weak double
peak regime, with morning rainfall typical of many maritime areas, and an evening peak likely resulting
from the drift of systems developed in the highlands. For the Yemen highlands, rain structures

propagate both westward and eastward.
3.3 Role of waterbodies on land diurnal rainfall regimes

A closer attention is paid to the role of water bodies (first maritime areas, then lakes) on the diurnal
rainfall distribution, both over these surfaces and over the nearby land areas. Figure 10 shows the
mean frequency of 3-hr rainfall occurrence (relative to the local total rainfall occurrence) over the
continent, as a function of the distance to the nearest maritime coastline, all latitudes combined from
12°S to 23°N. Two diurnal cycles are displayed for legibility, and three months are retained in addition
to the yearly average to detect possible seasonal changes. For all plots, a remarkable pattern is shown
where, starting from the vicinity of the coast, rainfall occurrence is low before 1000 EAT, then rapidly
reaches a mid-afternoon maximum (1500) followed by an almost as rapid decrease (rainfall occurrence
<12% well before 2100). A similar pattern is found further inland, but with a gradual delay such that
the maximum occurs at 1800 at 50-150 km from the coast, 2400 at 250-300 km, 0300 at around 300-
400 km, and is still faintly visible at 0600 beyond 400 km from the coast. The switch to drier conditions

later in the day is very clear, with a constant propagation rate (7-8 m.s?) in April and October, the main
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rainy seasons in Somalia and Kenya, from the coast to at least 300 km inland. Beyond 250-300 km from
the coast, in April and October, the nighttime maximum resulting from this propagative feature
coexists with a local afternoon maximum (1500-1800), which becomes dominant beyond about 400
km. This pattern evidently points to two different mechanisms accounting for diurnal rainfall
variations: local convection driven by daytime surface heating, and rainfall activity along the sea breeze
front, whose inland penetration can be associated with the sharp late afternoon rainfall decrease close
to the coast, then gradually later inland. If the propagative pattern shown on figure 10 can be
interpreted as a result of sea breeze penetration, it points to a very deep (and unexpected) effect

inland (see discussion in section 4).

The analysis now considers inland water bodies. East African lakes of different sizes have been
selected, ranging from 230 km? for Lake Manyara to 68 800 km? for Lake Victoria (Fig.11). Their mean
diurnal regimes (in mm.hr?, bars on the left panels) are plotted individually and as an average for all
East African lake pixels (bottom right panel). In the computations, mixed land-lake pixels (at least 25%
of water) have been included. For the largest lakes the computation has also been done for the full
lake pixels (>75% water). However, the results being similar for the two thresholds (Fig.11), the regimes
will not be discussed separately. A morning maximum is obvious for the largest lakes only (Victoria,
Tanganyika, both at 0900). Over the northern part of lake Malawi (Nyassa), it is slightly earlier (0300
to 0600), as for other elongated, narrow Rift lakes such as Rukwa and Albert (see discussion below).
For the smaller lakes, an afternoon maximum appears, giving double-peak regimes (Eyasi, Manyara,
Ziway, Abaya, and even the larger Lake Turkana) or almost single-peak regimes (Edward, Tana, Kyoga,
Kivu). In these cases, the afternoon maximum is late compared to other inland areas, or even shifted
to the evening (e.g., Lake Kyoga). The spatial average, dominated by the Great Lakes (especially Lake
Victoria) confirms the inverted patterns between land and lake regimes, with the dominating morning

maximum for lakes contrasting with the afternoon one for land (dashed line with squares).

Since the lake size seems to matter, lake pixels are now stratified according to their distance to the
nearest lakeshore (Fig.12). 3-hr rainfall amounts for sea and land pixels are also plotted for
comparison. At 0300, there is little effect of the distance to the lakeshore. The contrast with the land
pixels is small as well. At 0600, while rainfall decreases over the land, it strongly increases over the
lakes at more than 80 km from the lakeshores. The gradient further increases at 0900, and is still strong
at 1200. A dramatic change occurs at 1500: while rainfall away from the shores collapses, it increases
over land. Areas close to lakeshores start to be affected by the rainfall increase from 1800. This pattern
persists in the early night, gradually weakening. These results, especially the quick transition between
1200 and 1500, suggest that local circulations, whose strength and extent are related to the lake size,

are instrumental in shaping the diurnal regimes over the lakes. While the cooler surface of the lakes is
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detrimental to convection during the day, the drift of systems generated over nearby land areas can
explain the frequent early evening maximum on the shores (cf. also figures 2-3). As discussed above,
given the east-west asymmetries related to interactions between breezes and synoptic-scale winds,

this analysis could be further refined by separating eastern and western lakeshores.

On the whole, evidence is found of two types of lake regimes: a late afternoon regime, associated with
the propagation of convective systems from non-lake areas, mostly over small lakes and lakeshores,
and a late night to morning regime, restricted to the larger lakes, associated with a nighttime

convergence and uplift over the lake surface.
4. Discussion

TRMM 3-hourly data show that GHA land areas, as in most other tropical regions, generally exhibit a
clear afternoon maximum (at 1500 or 1800 EAT), explained by the predominant convective rains and

their initiation by daytime surface heating.

However, it is noteworthy that extensive areas depart from this pattern. Although some of these
peculiar features have been shown in earlier studies based on a few station records, several new

patterns are revealed and are now discussed for a more complete interpretation.
(1) Role of the sea-land interface on diurnal rainfall regimes

One of the key findings is the major role of the sea-land interface as a determinant to diurnal rainfall
variations in the GHA, not only along the coast but at a long distance from it. This is evident in the
gradual delay in the rainfall maximum from the early afternoon to the evening and sometimes the
night hours as one moves inland. It is suggested to reflect the inland progression of the sea breeze and
associated convective activity along the breeze front, as documented before in other tropical regions
(Carbone et al., 2000 ; Mori et al., 2004 ; Zhou and Wang, 2006 ; Kikuchi and Wang, 2008). This feature
has never been shown earlier for the GHA, for which little information is available on sea breezes and
their role on rainfall regimes. Previous studies point to a morning precipitation maximum at coastal
stations of Kenya and Tanzania (Asnani and Kinuthia, 1979 ; Sumner, 1984 ; Camberlin and Planchon,
1997). Our study shows that the coastal morning peak quickly shifts to an early afternoon peak a few
kilometers inland. The morning peak is generally attributed to the onset of the sea breeze. Then its
subsequent penetration over the continent, as the land surface heats up, results in progressively later
rainfall peaks. The orientation of the coastline with respect to dominant winds is important (Sumner,
1982). The inland propagation along much of the Tanzanian coast, where the winds often parallel the

coast (supporting information S4), is limited to the afternoon hours (Fig.2).Further north in Kenya and
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Somalia, where winds during the rainy seasons are onshore and orthogonal to the coastline, the phase

propagation extends further inland into the night, suggesting a deeper sea breeze penetration.

In the Red Sea area, previous studies on sea breezes are even scantier. In summer along the Sudanese
coast, WRF simulations show an afternoon sea breeze of 3-8 m.s%, replaced at night by a land breeze
(Davis et al., 2015). Our results indicate that the sea breeze penetration is likely to explain the
progressive delay in the rainfall phase from the coastline to the interior in the Afar region, and south
of the Gulf of Aden. Further north in northern Eritrea and Sudan, it is uneasy to separate the westward
drift of afternoon convective storms initiated over the highlands, from the effect of the sea breeze

penetration (similarly westwards).

The rainfall phase propagation from the coast raises the question of the maximum inland extent of sea
breezes in the GHA. In Kenya, Nganga and Masumba (1988) detect them 120 km away from the coast.
Our study suggests that their penetration reach 300-500 km from the coast in Eritrea, the Afar region,
Somalia and eastern Kenya. This is not at odds with numerical and observational results over various
tropical regions. In the Guianas and around the Amazon delta, the sea breeze penetrates up to at least
100 km inland (Snow 1976; Molion 1987). In north-eastern Brazil, sea-breeze fronts identified by
remote sensing at the warmest time of the day penetrate up to 100 km inland during the late dry
season, because of high land—sea temperature differences (Planchon et al., 2006). In Saudi Arabia, the
strong desert heating results in a deep inland penetration of the sea breeze of over 225 km (Steedman
and Ashour, 1976). Sea breeze penetrations of 250 km were reported in Pakistan (Holmes, 1972), and
of over 200 km in flat areas of Australia (Physick and Smith, 1985 ; Planchon, 1995), with possible
penetrations of up to 500 km (Clarke, 1984 ; Garratt and Physick, 1985). South of the Persian Gulf, Zhu
and Atkinson (2004) obtained a simulated penetration of over 250 km. Over Sumatra Island, Mori et
al. (2004), using TRMM data, found both offshore and onshore propagations of diurnal rainfall phases.
The onshore propagation, substantiated by upper-air dynamics, can be tracked over 400 km, with a

peak rainfall at 1500 LST near the coast, gradually delayed to 0600 in the east.

Several factors support a deep inland penetration of sea breezes in the GHA: (i) the low latitude, which
restricts wind deviation due to the Coriolis force ; (ii) the relatively flat surfaces, at least over southern
Somalia, eastern Kenya and the Afar depression; and (iii) the strong sea-land temperature contrast :
maximum temperatures over northeastern Kenya are in the range of 33-37°C during the rainy seasons,
while the coastal Indian Ocean reaches 27-29°C. A land-sea temperature gradient over 5°C is required
for a deep sea breeze penetration (Miller et al. 2003). The smaller effect of the Coriolis force makes
this threshold even lower (4°C) in the tropics (Okoola 1978; Cautenet and Rosset 1989), as against 6°C

at higher latitudes. The deep inland phase propagation is also suggested to result from both advection
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processes due to large-scale circulation and mesoscale gravity currents (Clarke, 1984) generating a new

convergence ahead of the initial cloud system.

Over the open sea bordering East Africa, while the diurnal distribution of the rains is more uniform,
there is evidence of offshore propagation. This is mostly south of the equator, with a 50-km wide
coastal belt showing a morning peak (0900) then a mid-afternoon peak (1500) further offshore, as
plausibly related to land breezes then gravity waves propagation. We hypothesize that the better
developed offshore propagation south of 3°S results from both the warmer sea surface temperatures
and the direction of the prevailing winds, crossing the seashore at a small angle. Further north off the
Southern Somalian coast, the predominantly onshore winds during the rainy seasons (supporting
information S4, March-May and October-December) are detrimental to land breezes. Offshore phase
propagations were found in many tropical regions, including Indonesia (Mori et al., 2004 , Teo et al.

2011) the Bay of Bengal, Central America and West Africa (Yang and Slingo, 2001 ; Biasutti et al. 2012).
(2) Other nighttime inland maxima

Many nighttime maxima can be related to rainfall systems associated with sea breeze propagation, as
discussed above, but some cases exist of other mechanisms. Instances of a nighttime maximum have
been found in other inland tropical regions, such as southwestern Amazonia (Rickenbach, 2004), the
Himalaya (Sahany et al., 2010) and the Khorat Plateau in Thailand (Takahashi et al., 2010). In the
Amazonian case, a post-midnight secondary maximum was attributed to nocturnal convective events,
many of which are traced to squall lines propagating westward thousands of kilometers from their
origin, i.e. the sea breeze front developed in northeast Brazil (Kousky, 1980; Garstang et al., 1994 ;
Machado et al., 2014). The late night/early morning peak over the Himalaya foothills was suggested to
be associated with the convergence of katabatic winds and the southwesterly monsoon (Sahany et al.,

2010). We consider that these two mechanisms also operate in the GHA.

Nighttime maxima observed in northern and central Sudan clearly result from the westward shift of
MCS generated over the Ethiopian and Eritrean Highlands. This was suggested by El-Fandy (1949) and
Pedgley (1969), then confirmed by Desbois et al. (1988). South Sudan is similarly affected, but in-situ
convective systems also develop which result in a dominant afternoon rainfall peak (section 3.1). Laing
et al. (2008) actually found that the lee of the Ethiopian Highlands, east of 31°E, was the birthplace for
25% of cold cloud streaks occurring over Northern tropical Africa between 5 and 15°N. A nighttime to
early morning maximum is also found over southeastern Sudan, northwestern Kenya (around Lake

Turkana) and nearby Ethiopia. It results either from the drift of MCS generated over the Southern
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Ethiopian Highlands (as suggested by the phase propagation from the north-east) or from the

nighttime convergence of katabatic flows from the Ethiopian and Kenya-Uganda Highlands.

Further south, Asnani and Kinuthia (1979) found that stations on the eastern slopes of the Kenya and
Tanzania Highlands, like Nairobi, had a nighttime maximum, instead of the usual late afternoon one as
expected inland. As discussed above, this nighttime maximum may partly be related to convective
systems generated along the sea breeze front and later advected further inland. However, Asnani and
Kinuthia (1979) suggested that it was rather a result of the downslope flow opposed to the easterly
tradewinds. It is safe to consider that the two mechanisms either combine (convergence between
katabatic winds and the easterly flow, possibly reinforced by the sea breeze) or operate at different
times to explain the nighttime maximum. The January pattern (Fig.52a), in which southern Kenya
shows a discontinuity between the diurnal phase associated with a propagation from the coast, and
the nighttime maximum northeast of Mt Kilimanjaro and southeast of Mt Kenya, actually suggests that

katabatic winds are an important player.

(3) Role of inland water bodies and lake breezes

The largest East African lake, Lake Victoria, is known for its specific diurnal cycle of precipitation (Flohn
and Fraedrich, 1966 ; Datta, 1981 ; Ba and Nicholson, 1998 ; Nicholson and Yin, 2002). Nicholson and
Yin (2002) found similarities over Lake Tanganyika. TMPA 3B42 data confirmed a strong morning peak
over these two lakes. Several other large- and medium-size lakes in the region exhibit a nighttime or
morning maximum. Numerical climate modeling of the East African Great Lakes region (Thiery et al.,
2015) found precipitation occurring mostly at night and morning hours over the lakes (0300-1200 EAT),
in agreement with our results. However, the precipitation maximum they found for the surrounding

land, around local noon (1000-1500) is too early and fits neither TRMM nor in-situ observations.

Except for the smallest lakes, the share of morning and late night rainfall is proportional to the distance
from the lakeshores, a feature consistent with observations by Haile et al. (2009) for Lake Tana
(Ethiopia). The lake surface remains cool in the afternoon while convection develops over the heated
surrounding land areas. The lake breeze which develops results in subsidence over the lake, thus
promoting dry conditions. This has been well shown for Lake Victoria (Flohn and Fraedrich, 1966;
Anyah et al., 2006; Thiery et al. 2015), but it may also apply to large lakes such as Lake Tanganyika over
which strong diurnal wind changes are found. However, Lake Tanganyika being a Rift lake, about half
of its diurnal wind variation is due to slope breezes, and one quarter is strictly due to the thermal lake

effect (lake breeze) (Savijarvi, 1997). East of Lake Victoria, strong interactions exist with the slope
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winds of the nearby highlands (Kayiranga, 1991; Anyah et al., 2006; Thiery et al. 2015). West of the
lake, the afternoon lake breeze also combines with slope winds (Dhonneur, 1985) to explain the mid-
afternoon maximum, then the late afternoon peak further west, as the breeze front shifts westward,
aided by the large-scale easterlies. A similar combination occurs in the Spanish eastern Pyrenees (Llasat
and Puigcerver, 1997) where combined sea and slope breezes enhance convection. The late night /
early morning rainfall maximum is explained by the instability over the relatively warm lake, enhanced

by the converging land breezes.

Over small-size lakes, such a convergence may be too weak to generate a rainfall peak. The diurnal
regime is therefore characterized by an evening maximum resulting from the drift of convective
systems generated over the nearby land areas. Crosman and Horel (2010) noted that while lake
breezes associated with large lakes (d > 100 km) have similar characteristics to sea breezes, this does
not apply to small water bodies due in part to shoreline curvature effects. A bimodal regime, including
both a morning peak and an afternoon peak, was found over several relatively small east African lakes
(e.g., Abaya, Ziway, Eyasi, Manyara, which cover between 250 and 1150 km?). This sharp morning
maximum, given the small size of these lakes, is puzzling. Although Tian and Peters-Lidard (2007) in
the USA reported systematically-positive errors in TRMM 3B42 (version 6) over inland water bodies,
this was not confirmed by Paiva et al. (2011) for Amazonia where relatively small water bodies (rivers)
exhibit specific diurnal regimes (lowest rainfall during the afternoon, highest at night and early
morning), opposite to those of land areas. Medium-size lakes such as Malawi, Rukwa and Albert show
a nighttime (0300 EAT) maximum (Fig. 11). Their small width, compared to Lake Victoria and
Tanganyika where the maximum occurs at 0900, makes the nighttime convergence of land breezes

less durable, with a faster cooling of the lake surface than over bigger lakes.

As a result of the dominant easterly winds over much of the Great Lakes region, a notable feature is
the asymmetrical pattern of the phase of diurnal rainfall regimes around the main water bodies. The
nighttime-morning maximum is deflected westwards of the lake surface. This is conspicuous for Lake
Victoria (Anyah et al., 2006) but it is also visible over Lake Tanganyika, Rukwa, Malawi, Albert and
Turkana (Fig.2). For Lake Tanganyika, late night to early morning convection is frequent along the

western lakeshore (Nicholson and Yin, 2002).

5. Conclusion

This study highlighted the potential of 3-hourly rainfall estimates from the TRMM 3B42 product, which

compare favorably with independent in-situ data, to document the patterns of diurnal precipitation
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variations in eastern Africa. Maps of the diurnal rainfall phase based on 17-yr (1998-2014) averages
show evidence of an important spatial complexity strongly controlled by geographical features
(orography and water bodies), with relatively little seasonal changes. Besides a confirmation of the
role of relief and Lake Victoria on diurnal regimes, the study provided for the first time evidence of a
strong diurnal modulation of the rains in areas never investigated before, such as Somalia and the

eastern part of Ethiopia.

Over the region as a whole, 70% of the annual rainfall amount falls between 1330 and 0130 over land
areas (lake surfaces excluded). Land surfaces display an overwhelming afternoon maximum, with a late
afternoon peak (1800 EAT) at 41.5% of the pixels. The phase occurs slightly earlier (1500) along land
strips (about 100-km wide) bordering most of the Indian Ocean coast as well as many of the Great
Lakes, as shown by rings of mid-afternoon maxima around most water bodies. This suggests a key role
of the daytime sea and lake breezes in controlling convection over these regions. Reciprocally, the
phase is delayed to the evening or even nighttime hours in some regions further inland such as eastern
Ethiopia, northeastern Kenya, the Afar depression and the northern Nile plains. The gradual delay in
the rainfall phase from the coast to the hinterland, most developed in lowland areas, sometimes at
unexpectedly long distances from the coast (300-500 km), is likely associated with sea breeze
propagation combined, in some regions, with downslope winds. Propagating mesoscale systems
developed over high ground areas during the afternoon, also account for the late (nighttime) maximum

found in a few parts of the GHA, like northern Sudan.

The diurnal rainfall distribution over the Indian Ocean and the Red Sea is much more uniform.
However, a morning peak dominates close to the coast (and at some coastal locations), especially
south of the equator. Phase propagation is evident south of 3°S, resulting in a weak afternoon
maximum further offshore. Lakes themselves demarcate from land surfaces by their diurnal regimes.
The larger ones (Victoria, Tanganyika, Malawi/Nyassa) show a dominant late night / early morning
maximum, more evident as the distance to the lakeshore increases. It was shown in previous studies
to be related to nighttime convergence of land breezes over the relatively warm lake surfaces, possibly
aided by downslope breezes. It is found that smaller lakes also display specific diurnal regimes: a
morning peak frequently combines with a late afternoon one resulting from the propagation of
convective cells generated over the surrounding warmer land areas. Further work, considering the
actual propagation of cloud systems or the use of limited area climate modelling, is required to fully
assess the mechanisms explaining the phase shifts in diurnal precipitation regimes from the coastlines

or the highlands and the interaction between sea-land-lake breezes and the large-scale winds.
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Supporting information
Appendix S1: Seasonal variations of diurnal rainfall phases

Figure S2: Diurnal phase of peak rainfall in Eastern Africa for the months of January, April, July and
October. Areas left blank are those where mean rainfall is less than 0.02 mm.hr? (about 15 mm.mth?)
or where the maximum 3-hr rainfall does not exceed 17% of the monthly total. Solid lines: 1000 (white)

and 2200 m (grey) elevation contours
Figure S3: Percentage rainfall occurrence during the wettest 3-hr period.

Figure S4: Seasonal wind flows over Eastern Africa : meridional cross-section of 500 hPa wind
direction (arrows pointing to the left denote easterly winds) and wind speed, along 35.25°E (a) and

44.25°E (b), and 925hPa streamlines for March-May (c), June-September (d) and October-December
(e).
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Figure Captions

Figure 1: Location map and relief of Eastern Africa (elevation in meters). 1: Lake Albert ; 2 : Lake

Kyoga ; 3 : Lake Edward

Figure 2: 3-hour period during which precipitation is (a) most frequent and (b) most abundant,
TRMM data (1998-2014, whole year). 3 EAT stands for the period between 0130 and 0430 East
African Time. Arrows show the most apparent phase propagations (see text). Solid lines: 1000 (white)
and 2200 m (grey) elevation contours. Areas where mean rainfall frequency does not exceed 0.5% in
any 3-hr period (a) or mean annual rainfall is below 80 mm (b) are left blank. Central histogram:
percentage of grid-points as a function of the 3-hour period during which rainfall is most frequent (in

red: land grid-points only)

Figure 3: Same as Fig.2a but for the region covering Sudan, South Sudan, western Ethiopia and
western Eritrea. Dots indicate a secondary maximum at 1500 or 1800 EAT. White lines: 800 and 1500
m contour lines. Side panels: percentage of all local rainfall occurrences in each 3-hour period at the
stations located on map, with bars showing TRMM data and blue lines showing in situ rainfall records

(period 1951-1966, depending on stations ; Pedgley, 1969 and 1971).

Figure 4: Same as Fig.2b but for the region covering Kenya, Tanzania, Uganda, Rwanda and Burundi.
White lines: 700 and 1400 m contour lines. Pluses: over 35% of total precipitation recorded in the
wettest 3-hr period. Side panels: percentage of rainfall amounts in each 3-hour period at stations
located by squares, with bars showing TRMM data and blue lines showing in situ rainfall records (6-

to 26-yr averages, depending on stations; Tomsett, 1975).

Figure 5: Same as Fig.2b but for Somalia and south-eastern Ethiopia. White lines: 500 and 1000 m
contour lines. Side panels: percentage of rainfall amounts in each 3-hour period at stations located
by squares, with bars showing TRMM data and blue lines in situ rainfall records (SWALIM stations)

for the period 2008-2015 depending on stations (only 2 years are available for Burao and Galcaio).

Figure 6: Raw rainfall occurrence for each 3-hour period, all months together (average for 1998-

2014). White contours : over 25%.

Figure 7: Rainfall occurrence in each 3-hour period, as a percentage of all local rainfall occurrences,
all months together. Areas where the maximum raw rainfall occurrence over any 3-hr period does

not exceed 0.5% are left blank.
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Figure 8: Time-longitude plot of diurnal rainfall occurrence along 1.5°S. Top : elevation cross-section.
Bottom : percentage of local rainfall occurrence during each 3-hr period. For convenience, two
consecutive diurnal cycles are plotted. Heavy grey lines show approximate propagation and

corresponding speeds.

Figure 9: Time-longitude plot of diurnal rainfall occurrence along 15°N. Top : elevation cross-section.
Bottom : percentage of local rainfall occurrence during each 3-hr period. For convenience, two

consecutive diurnal cycles are plotted.

Figure 10: Distribution of rainfall in each 3-hr period (percentage of total rainfall occurrences at each
location) as a function to the inland distance to the nearest coastline (12°S to 23°N). From left to

right : Annual average, April, July, October. Plots show two consecutive diurnal cycles.

Figure 11: Mean diurnal rainfall regimes over the main lakes of Eastern Africa, ordered according to
their size. Colours refer to the wettest 3-hr period, as in figure 2. Bars use all grid-points having at
least 25 % of lake surface, and lines with stars use grid-points having over 75% of lake surface (larger
lakes only). Captions indicate the mean altitude of the lake surface and the total surface area
considered in the computation, which may slightly differ from actual lake sizes due to TRMM data
resolution. Last panel: averages for all lakes, with the dashed line and squares showing the

corresponding cycle for all land grid-points.

Figure 12: Percentage of local daily rainfall in each 3-hr period, for lake and non-lake (sea and land)

pixels. Lake pixels are stratified according to the distance to the nearest shore (i.e., full land pixel).
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826 Figure 1: Location map and relief of Eastern Africa (elevation in meters).
827 1: Lake Albert ; 2 : Lake Kyoga ; 3 : Lake Edward
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830  Figure 2: 3-hour period during which precipitation is (a) most frequent and (b) most abundant, TRMM data
831 (1998-2014, whole year). 3 EAT stands for the period between 0130 and 0430 East African Time. Arrows show
832 the most apparent phase propagations (see text). Black lines: 1000 m (thin) and 2200 m (thick) elevation
833  contours. Areas where mean rainfall frequency does not exceed 0.5% in any 3-hr period (a) or mean annual
834 rainfall is below 80 mm (b) are left blank. Central histogram: percentage of grid-points as a function of the 3-
835 hour period during which rainfall is most frequent (in red: land grid-points only)
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838
839 Figure 3: Same as Fig.2a but for the region covering Sudan, South Sudan, western Ethiopia and western Eritrea.

840 Dots indicate a secondary maximum at 1500 or 1800 EAT. White lines: 800 and 1500 m contour lines. Side
841 panels: percentage of all local rainfall occurrences in each 3-hour period at the stations located on map, with
842 bars showing TRMM data and blue lines showing in situ rainfall records (period 1951-1966, depending on
843 stations ; Pedgley, 1969 and 1971).
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847 Figure 4: Same as Fig.2b but for the region covering Kenya, Tanzania, Uganda, Rwanda and Burundi. White
848 lines: 700 and 1400 m contour lines. Pluses: over 35% of total precipitation recorded in the wettest 3-hr period.
849 Side panels: percentage of rainfall amounts in each 3-hour period at stations located by squares, with bars
850 showing TRMM data and blue lines showing in situ rainfall records (6- to 26-yr averages, depending on stations;
851 Tomsett, 1975).
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857 Figure 5: Same as Fig.2b but for Somalia and south-eastern Ethiopia. White lines: 500 and 1000 m contour lines.
858  Side panels: percentage of rainfall amounts in each 3-hour period at stations located by squares, with bars
859 showing TRMM data and blue lines in situ rainfall records (SWALIM stations) for the period 2008-2015

860 depending on stations (only 2 years are available for Burao and Galcaio).
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863  Figure 6 : Raw rainfall occurrence for each 3-hour period, all months together (average for 1998-2014). Black

864 lines: 1000 m (thin) and 2200 m (thick) elevation contours.
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866 Figure 7 : Rainfall occurrence in each 3-hour period, as a percentage of all local rainfall occurrences, all months
867 together. Areas where the maximum raw rainfall occurrence over any 3-hr period does not exceed 0.5% are left

868 blank. Black lines: 1000 m (thin) and 2200 m (thick) elevation contours.
869

1200 EAT

0000 EAT 0300 EAT 0800 EAT
3 - —r T

30°E 45°E



870

TRANSECT ALONG 1.5S
Frequency of rainfall occurrences per 3-hr period (% of daily total)

T T T T
W.Kenya Highl. Coastline
L. Victoria Indian Ocean .

4000

T T T

T
W.Rift

e

3000

2000
1000 _
0 1 I 1 1 1 1 1 1

0300
0600 -
0900 (-
1200
1500
1800
2100
2400
0300
0600
0900

1500
1800
2100
2400
0300

Elevation (m

%
40

30

20

Time (EAT)

30 32 34 36 38 40 42 44 46
871 Longitude (°E)
872 Figure 8: Time-longitude plot of diurnal rainfall occurrence along 1.5°S. Top : elevation cross-section. Bottom :
873 percentage of local rainfall occurrence during each 3-hr period. For convenience, two consecutive diurnal
874 cycles are plotted. Heavy grey lines show approximate propagation and corresponding speeds.
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877 Figure 9 : Time-longitude plot of diurnal rainfall occurrence along 15°N. Top : elevation cross-section. Bottom :
878 percentage of local rainfall occurrence during each 3-hr period. For convenience, two consecutive diurnal
879 cycles are plotted.
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884 Figure 10 : Distribution of rainfall in each 3-hr period (percentage of total rainfall occurrences at each location)
885 as a function to the inland distance to the nearest coastline (12°S to 23°N). From left to right : Annual average,
886 April, July, October. Plots show two consecutive diurnal cycles.
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Figure 11 : Mean diurnal rainfall regimes over the main lakes of Eastern Africa, ordered according to their size.
Colours refer to the wettest 3-hr period, as in figure 2. Bars use all grid-points having at least 25 % of lake
surface, and lines with stars use grid-points having over 75% of lake surface (larger lakes only). Captions
indicate the mean altitude of the lake surface and the total surface area considered in the computation, which
may slightly differ from actual lake sizes due to TRMM data resolution. Lower right panel: averages for all lakes,
with the red line and squares showing the corresponding cycle for all land grid-points. Right panel: location
map; black lines: 1000 (thin) and 2200 m (thick) elevation contours.
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Figure 12 : Percentage of local daily rainfall in each 3-hr
period, for lake and non-lake (sea and land) pixels. Lake
pixels are stratified according to the distance to the
nearest shore (i.e., full land pixel).



