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Abstract

Africa is experiencing widespread extreme precipitation. However, the continent remains understudied regarding extreme
precipitation variation, particularly at high temporal resolution. This study assessed the changes in spatial distribution, fre-
quency, and intensity of half-hourly violent precipitation (> 50 mm/h) in Africa during 2011-2020. The data were sourced
from the Integrated MultisatellitE Retrievals for Global Precipitation Measurement (IMERG) program. The results reflect
that the 50-60 mm/h precipitation category was the most densely spatially distributed with less-discernable interannual
changes. There was a strong interannual variation in the spatial distribution of the 60—70 mm/h and > 70 mm/h precipita-
tion categories. There was a general decrease in the frequency of occurrence of violent precipitation in all regions, except
in North Africa (NA). Among the study regions, NA had the broadest precipitation intensity distribution extended to high
values and consequently, on average, the most intense violent precipitation, followed by Southern Africa (SA) and Southwest
Indian Ocean (SWIO). The regions in the tropics, i.e., West Africa (WA), Central Africa (CA), and East Africa (EA), had
a relatively narrow intense violent precipitation distribution. The results further illustrate that the strength of climate vari-
ability modes has a strong influence in the distribution, frequency, and intensity of violent precipitation over the continent
particularly the >70 mm/h precipitation category. This study underscores a need for a strengthened capacity in forecasting
climate variability modes impacting on Africa, augmentation of continental precipitation observation network, and improved
extreme precipitation adaptation infrastructure.
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1 Introduction making the last decade (2011-2020) the warmest since the

establishment of meteorological observations. In Africa,
Africa is already experiencing widespread impacts from  this relatively warm period was accompanied by wide-
anthropogenic climate change (Trisos et al. 2022). The  spread climate extremes, including flood-inducing extreme
global and Africa’s annual average temperatures were  precipitation (Diasso and Njau 2015, 2016; Meque 2017;
warm, reaching previous years records and setting new ones, Ogwang 2018; Ogwang et al. 2019; World Meteorological
Organization (WMO) 2012, 2013, 2014, 2015a, b, 2016,
2017, 2018, 2019, 2020a, b, 2021a, b). In the last 2 dec-
ades (2002-2021), floods and droughts represented 55% of
natural hazard events in Africa, but floods occurring dispro-
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impacted by it due to limited extreme climate adaptation
infrastructure (Donat et al. 2013; Ford et al. 2015; Nasri
et al. 2016; Zahiri et al. 2016; Fowler et al. 2021; Munyai
et al. 2021; Palmer et al. 2023). The most affected regions in
the last decade were West Africa (WA), Central Africa (CA),
and East Africa (EA). The widespread extreme precipita-
tion events led to floods that caused many human fatalities,
injuries and displacements, infrastructure and properties
damage, crop and livestock losses, and outbreak of water-
borne diseases (Diasso and Njau 2015, 2016; Meque 2017;
Ogwang 2018, Ogwang et al. 2019; WMO 2012, 2013,
2014, 2015a, b, 2016, 2017, 2018, 2019, 2020a, b, 2021a,
b; CRED 2022; Kimutai et al. 2022).

With the warming climate, extreme daily precipitation
frequency and intensity are reported to have increased in
most continents since 1950 (Westra et al. 2014; Fowler
et al. 2021; Gimeno et al. 2022). However, some studies
suggested that the rise in frequency of extreme rainfall was
much greater than the increase in intensity (Fowler et al.
2021; Gimeno et al. 2022). As the climate is still warm-
ing, extreme precipitation is expected to become even more
frequent, reaching new records throughout the twenty-
first century (Gimeno et al. 2022). The global mean of the
twentieth and early twenty-first century rate of increase in
annual maximum daily precipitation intensity was recently
estimated to be 5.9-7.7%/°C of globally averaged near-
surface atmospheric temperature rise (Westra et al. 2014;
Schumacher 2018). The general circulation models’ (GCMs)
outputs also indicate that extreme precipitation intensities
will increase with global warming (Westra et al. 2014).
The global increase of extreme precipitation with global
warming is based on the understanding of the increase in
capacity of the atmosphere to hold more water vapor. This
relationship is explained by the Clausius—Clapeyron (CC)
equation, which determines the saturation specific humidity
of the atmosphere to be dependent on temperature, increas-
ing at a rate of 7%/°C of warming near the Earth’s surface
(Westra et al. 2014; Schumacher 2018; Fowler et al. 2021;
Tabari 2020; Gimeno et al. 2022). However, the scaling rate
of extreme precipitation with surface temperature is not one
directional. Water availability also plays a vital role in the
moisture—temperature relationship, where a negative scaling
rate of extreme precipitation (due to dry conditions) with
warming surface temperatures has been observed in some
places (Fowler et al. 2021; Tabari 2020). In Africa, the inter-
annual variation of extreme precipitation is modulated by the
variation of various interacting complex climate variability
modes, operating at regional and global scales. Several stud-
ies have provided descriptions of their mechanisms, dynam-
ics, and impacts over various regions of the continent (e.g.,
Hurrell et al. 2003; Donat et al. 2013; Sylla et al. 2013;
Preethi et al. 2015; Efon et al. 2016; Funk et al. 2016; Chen
et al. 2019; Kuete et al. 2019; Djebbar et al. 2020; Quagraine
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et al. 2020; Sazib et al. 2020; Ficchi et al. 2021; Moihamette
et al. 2022; Palmer et al. 2023).

Extreme daily precipitation frequency and intensity
changes have been studied in most continents (Westra et al.
2014; Fowler et al. 2021; Gimeno et al. 2022; McBride
et al. 2022), including at sub-daily (primarily hourly) tem-
poral resolution (Fowler et al. 2021). However, Africa,
due to its inadequate observation networks, remains rela-
tively understudied regarding extreme precipitation varia-
tion, particularly at high temporal resolution. Considering
that short-duration extreme rainfall can cause flash floods
which are often coupled with disasters (Westra et al. 2014;
Kimambo et al. 2019; Fowler et al. 2021), it is imperative
that all potential or possible data sources be analysed with
regards to the prevalence of these events. Previous studies
have assessed the increasing frequency of ENSO events in
recent decades. However, the changes in the strength of El
Nifo (La Nifia) events impact on extreme precipitation have
not been considered much (Dogar et al. 2017).

This study investigated the interannual changes in spatial
distribution, frequency, and intensity of half-hourly violent
precipitation (> 50 mm/h) (Wang et al. 2021) in Africa dur-
ing the warmest decade (2011-2020), using IMERG data
from the Global Precipitation Measurement (GPM) mission
(Huffman et al. 2018, 2019; Zhou et al. 2019). According
to our knowledge, this is the first time these data have been
utilised in Africa for such analysis. This period includes the
occurrence of exceptionally strong El Nifio and La Nifia
events on record (WMO 2012, 2013, 2016). Consequently,
the study also examined the influence of the strength of cli-
mate variability modes on the frequency and intensity of
violent precipitation over the African continent.

2 Material and Methods

2.1 Integrated Multisatellite Retrievals for GPM
(IMERG)

This study used Final Precipitation Level 3 half-hourly data
from the GPM mission. GPM is an international network of
satellites of low Earth orbit carrying passive microwave sen-
sors and geosynchronous Earth orbit with infrared sensors.
The GPM program is a successor of the Tropical Rainfall
Measuring Mission (TRIMM) which was decommissioned
in April 2015. Precipitation estimates from the GPM satel-
lites constellation are merged by the Integrated Multi-sat-
ellite Retrievals for GPM (IMERG) algorithm produced by
the U.S. GPM Science Team to produce a multi-satellite
precipitation product of 0.1°x0.1° (roughly 10X 10 km) and
30 min resolution. This study used data produced by the
current version of IMERG Version 06B. The final/research
version of IMERG data is adjusted to the large area-mean
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Table 1 African study regions geographic demarcations

Region Longitude range Latitude range
NA 19° W-38°E 39° N-20° N
WA 19° W-15°E 20° N-0°
EA 15°E-53°E 20° N-0°
CA 8°E-42.5°E 0°-15° S
SA 11°E-425°E 15°8-35°S
SWIO 42.5° E-60° E 10.5° S-26° S
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Fig. 1 The six study regions of Africa: NA, WA, CA, EA, SA, and
the SWIO

of the gauge analysis, from areas with adequate coverage of
surface observations to provide regionalization and bias cor-
rection to the satellite estimates (Huffman et al. 2018, 2019;
Zhou et al. 2019). The data were sourced from the NASA
GES DISC website (Huffman et al. 2019). Further compari-
son of the IMERG data with ground-based rain gauge data
was not conducted.

2.2 Study Regions

The analysis of IMERG data was conducted within the
African domain, bounded by 19° W-60° E longitude and
39° N-35° S latitude. For the objective of regional analy-
sis, Africa was divided into six regions, i.e., NA (North-
ern Africa), WA (Western Africa), CA (Central Africa),
EA (Eastern Africa), SA (Southern Africa), and the SWIO
(Southwest Indian Ocean). Table 1 and Fig. 1 show the
regions and their demarcations. The boundaries of these
study regions include the adjacent ocean along the coastlines
according to the rectangular demarcation blocks.
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2.3 Data Analysis

The 30 min resolution daily period data sets within the
African domain (19° W-60° E, 39° N-35° S) were joined
to make ten annual data sets from 2011 to 2020. Then,
the precipitation data that were less than 50 mm/h were
filtered out to produce data sets of violent precipitation
(=50 mm/h) (Wang et al. 2021). From these data sets,
three categories of violent precipitation were prepared
through data filtering, i.e., 50—60 mm/h, 60—-70 mm/h,
and > 70 mm/h. To present an impression of the spatial
distribution, annual spatial distribution maps from 2011
to 2020 were drawn using bubble plots for each event in
a specific violent precipitation category. The maps were
cropped to only display precipitation within the African
mainland and Southwest Indian Ocean islands.

For violent precipitation frequency analysis, annual vio-
lent precipitation data for each precipitation category were
subjected to regional filtering using the defined regional
demarcations (geographic coordinates) to create annual
data frames of the six regions. The number of occurrences
of violent precipitation in each category, year, and region
was counted (by determining the size of the precipitation
column) from 2011 to 2020. Line graphs were plotted
to display the annual variation in the occurrence of vio-
lent precipitation in each category and region. Precipita-
tion intensity analysis was then determined from annual
violent precipitation data sets covering the study period
2011-2020. Regional data frames were created through
filtering using the defined regional demarcations (geo-
graphic coordinates) and the regional data were subjected
to quartile analysis through creation of boxplots.

Trends of the frequencies of events in the different
violent precipitation categories were determined over the
10-year analysis period. Because the temporal variation of
precipitation cannot be regarded as normally distributed,
especially for drier regions, as well as the relatively short
time series, a non-parametric approach was applied. The
Mann—Kendall rank statistic (Kendall 1975) was applied
to determine whether trends were significant at the 5%
level of confidence. To use this test, we need to consider
only the relative values of all terms in the series x; under
analysis. The series x; are then replaced by their ranks k;,
such that each term is assigned a number ranging from 1 to
N, the total number of terms in the data series, that reflects
its magnitude relative to the magnitudes of all other terms.
We then compute the statistic P for the series: Compare
the rank of the first term to those of all the later terms in
the series. Count up the later terms whose value exceed
the present term and denote this number by 7; and so on.
P is then given by the sum
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-1
P=Yn, (1)
i=1

The statistic 7 is derived from N and P by the relation

- _ 4
TNN-D @)

7 is distributed as a Gaussian normal distribution for all N
larger than about 10. It can be used as the basis of a signifi-
cance test by comparison with the values

AN + 10
“”=Oi@”§W%?B’ 3)

where 7, is the desired probability point of the Gaussian
normal distribution appropriate to a two-tailed test.

Consequently, the Sen’s slope estimator, due to its robust-
ness against outliers, was used to estimate the trend magni-
tudes (Agarwal et al. 2021; Ray et al. 2021).

3 Results and Discussion
3.1 Spatial Distribution
3.1.1 General Spatial Distribution

As can be expected, the violent precipitation is most densely
spatially distributed in the tropical region, where annual
precipitation is the highest, then extending southward in
a northwest-to-southeast orientation to include the SWIO
region (Figs. 2, 3 and 4). This extension generally follows
the spatial pattern of thunderstorm cloud bands commonly
known as tropical temperate troughs (TTT) (Washington
and Todd 1999; Satyaban et al. 2012; Macron et al. 2014).
This orientation is more distinguishable in the precipita-
tion categories 60—70 mm/h and > 70 mm/h (Figs. 3 and 4).
Along the east coast of the mainland the violent precipita-
tion extends southward to the south coast. In contrast, the
occurrence of violent precipitation was less dense along the
north coast of the continent. The 50-60 mm/h category was
the most densely spatially distributed with less-discernable
interannual changes (Fig. 2). There is a strong interannual
variation in the spatial distribution of the 60-70 mm/h
and > 70 mm/h categories, with the > 70 mm/h category
annual variation most distinguishable (Figs. 3 and 4).

3.1.2 Influence of ENSO and Tropical Cyclones on Spatial
Distribution.

The years 2011 and 2012 were under the influence of La

Nifia conditions, with the 2011 La Nifia event reported
to be the strongest in 60 years (WMO 2012, 2013). The
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La Nifia condition moderated into ENSO-neutral in 2013
(WMO 2014, 2015a). The La Nifia (EI Nifio) conditions are
associated with anomalously wet (dry) conditions over the
WA, CA, SA, and SWIO regions (Joly and Voldoire 2009;
Preethi et al. 2015; Randriamahefasoa and Reason 2015;
Howard et al. 2019; Quagraine et al. 2020; Sazib et al. 2020;
Ficchi et al. 2021; Moihamette et al. 2022); hence, the dens-
est precipitation spatial distribution in these regions in the
three years (Figs. 2, 3 and 4). In 2014, the conditions were
ENSO-neutral but near El Nifio (WMO 2015b), and the con-
ditions advanced to an El Nifio in 2015 which was reported
to be one of the exceptionally strong events on record (WMO
2016), persisting into the early months of 2016 (WMO
2017). In EA, El Niflo (La Nifia) conditions result in wetter
(drier) short and long rains (Palmer et al. 2023), in contrast
with the regions mentioned above. Accordingly, the spatial
distribution density of violent precipitation, especially the
6070 mm/h and > 70 mm/h categories, increased in 2014,
2015, and 2016 in the EA region and decreased in the WA,
CA, SA, and SWIO regions (Figs. 3 and 4). In 2017 and
2018, the spatial distribution of violent precipitation was less
dense at WA, CA, SA, and SWIO (Figs. 3 and 4), because of
weak La Nifa conditions that prevailed during that period
(WMO 2018, 2019). In 2019, the distribution in WA and
CA was also less dense and the precipitation extended to
the EA region (Figs. 3 and 4), as a result of El Nifio condi-
tions (WMO 2020a, b). However, the distribution of vio-
lent precipitation was denser over the SWIO and the eastern
part of the SA region (Figs. 3 and 4). Both regions were
severely impacted by cyclones and tropical storms as the
SWIO region experienced a record-breaking active cyclone
season in 2019 (WMO 2020a, b). Later, the distribution was
less dense in 2020 at WA, CA, SA, and SWIO because of
weak La Nifia conditions that developed towards the end of
the year (WMO 2021a, b).

3.2 Annual Frequency

The WA, SWIO, and SA regions had the highest frequen-
cies of occurrence of violent precipitation over the analysis
period, regardless of category (Fig. Sa—c). WA experienced
the highest occurrence in the categories 50-60 mm/h and
60-70 mm/h, followed by SWIO, and then the SA region
(Fig. 5a and b). In the category of >70 mm/h, SWIO had
the most occurrences, followed by WA, then SA (Fig. 5c).
The violent precipitation occurrence in the three regions
was highest in the period 2011-2013, with the peak in 2013
(Fig. 5). In the years 2011 and 2012, the climate was under
the influence of strong La Nifia conditions and torrential
rainfalls that caused floods were reported in the three regions
(WMO 2012, 2013). The year 2013 was ENSO-neutral;
however, heavy falls were reported in some areas in the
three regions (WMO 2014, 2015a). In 2014, the conditions
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Fig.2 The annual spatial distribution of half-hourly violent precipitation during 2011-2020 in Africa in the category 50-60 mm/h
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Fig.3 The annual spatial distribution of half-hourly violent precipitation during 2011-2020 in Africa in the category 60—70 mm/h

were ENSO-neutral but near El Nifio (WMO 2015b), and the
conditions advanced to an exceptionally strong El Nifio in
2015 (WMO 2016), which continued into the early months
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of 2016 (WMO 2017). As a probable result, there were sharp
continuous declines in the annual frequencies of violent pre-
cipitation in all three categories, reaching lower levels in
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Fig.4 The annual spatial distribution of half-hourly violent precipitation during 2011-2020 in Africa in the category >70 mm/h
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WA and SWIO in the years 2015 and 2017, respectively. In
SA, there was no marked change in the annual frequencies
of violent precipitation in the three categories from 2013 to
2015; however, there was a slight progressive drop to 2017
(Fig. 5a—c). The violent precipitation annual frequency in
the three categories increased in 2016 in WA, and then, it
gradually declined till 2019 and slightly increased again in
2020. The frequencies of events in the 50-60 mm/h cat-
egory in WA was still clearly above the ones in SWIO and
SA regions (Fig. 5a). In SWIO, the frequencies in catego-
ries 50-60 mm/h and 60-70 mm/h increased in 2018, after
which they declined until 2020 (Fig. 5a and b), and the cat-
egory > 70 mm/h increased from 2017 to 2020 (Fig. 5¢).
In year 2018, the violent precipitation events in the three
categories in SA increased and reached a peak in 2019 after
which they declined in 2020 (Fig. Sa—c). The increase in
the occurrence of violent precipitation in SA and SWIO in
2018 may have been influenced by the weak La Nifia condi-
tions that started late in 2017 and extended into 2018 (WMO
2018, 2019). The further increase in 2019, particularly in
the >70 mm/h category, was probably caused by the record-
breaking active tropical cyclone season in the SWIO, when
several tropical cyclones and storms impacted the SWIO and
SA regions (WMO 2020a, b). The decrease in the occur-
rence of violent precipitation in 2020 may be due to the
weak EI Nifio conditions which were prevailing early in the
year (WMO 2021a, b).

@ Springer

The NA, CA, and EA regions observed lesser occurrence
of violent precipitation than the other regions mentioned
above. Of these three regions, CA dominated with the occur-
rence of violent precipitation in the category 50-60 mm/h,
followed by NA and then EA (Fig. 5a). In the categories
60—70 mm/h and > 70 mm/h, NA recorded the highest occur-
rence of violent precipitation, followed by CA, then EA
(Fig. 5b and c). The annual frequency of violent precipita-
tion in the CA and EA regions generally decreased in the
three categories from 2011 to 2020. Nonetheless, there were
some small increases in CA and EA; in CA, they occurred
in 2016, 2018 and 2019, and in EA, they occurred in 2015,
2018, and 2020. Contrarily, the annual frequency of violent
precipitation in NA generally increased in the three catego-
ries from 2011 to 2020, but with 2 years of relatively low
frequencies in 2017 and 2020 (Fig. 5a—c).

The 2015/2016 exceptionally strong El Nifio probably
influenced the increase in violent precipitation in 2015 in
EA (Diasso and Njau 2016; WMO 2016, 2017). The devel-
opment of the positive phase of the Indian Ocean Dipole
(IOD) in 2018 and 2019 resulted in more extreme rainfall
accompanied by floods and mudslides in the CA and EA
regions (Ogwang et al. 2019; WMO 2020a, b; Moihamette
et al. 2022; Palmer et al. 2023). The positive phase of IOD
probably resulted in the increase in the occurrence of violent
precipitation in CA in 2018 and 2019 (Fig. 5a—c). There was
a widespread upsurge in frequency and intensity of extreme
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precipitation in EA during this period, with some sites in
EA which recorded historical records of extreme precipi-
tation in 2017-2020 (Chang’a et al. 2020). The frequency
change in NA is generally positive over the analysis period.
The seasonal winter extreme precipitation in NA region is
influenced by the negative phase of North Atlantic Oscilla-
tion (NAO) (Djebbar et al. 2020). El Nifio (La Nifia) condi-
tions induce negative (positive) NAO-like patterns over the
North Atlantic region which result in wet (dry) anomalies
over southern Europe and NA, and the strength of the ENSO
event determines the strength of the climate impact (Dogar
et al. 2017). Hence, the low occurrence of violent precipita-
tion in 2011 and 2012 (La Nifia years) and peak occurrence
in 2015 and 2019 (EI Nifio years) (Fig. 5a—c). The drop in
the annual frequency of violent precipitation in the three
categories in NA in 2017 and 2020 could be due to both
years recording weak seasonal average negative values of
NAO (Climate Prediction Center (CPC) 2023).

Following on the above and considering the climatologi-
cally short analysis period of a decade, trends in the frequen-
cies of violent storm events are most probably determined
by seasonal/annual teleconnection patterns, e.g., ENSO, than
long-term climate change. Nonetheless, some significant
trends could be determined at the 5% level of significance,
reflecting the temporal variation of ENSO and NAO. Table 2
presents the Sen’s slope for trend magnitude and Mann—Ken-
dal results for statistical significance at the 5% level for the
different precipitation magnitude categories and regions. For
the 50-60 mm/h precipitation category, the only statistically
significant increase is in the NA region at+ 892 events/year,
while significant decreases occurred in the WA, EA, CA,
and SWIO regions of —2361 events/year, — 325 events/year,
— 304 events/year, and — 1254 events/year, respectively.
Other significant trends are: for the 60-70 mm/h category,
NA: +434 events/year, WA: — 1404 events/year, EA: —226
events/year, and the >70 mm/h category a similar pattern
with NA: + 585 events/year, WA: — 1393 events/year and
CA: —228 events/year.

Table2 Sens’s slope and Mann—Kendall results for the precipitation
categories 50-60 mm/h, 60-70 mm/h, and > 70 mm/h

CA EA NA SA SWIO WA
50-60 mm/h

—303.5% —325.0% —+892.3* 4265 —1254.0%* -2361.3*
60-70 mm/h

—2255% —170.0% +4343* +143 -781.5 —1404.0%
>70 mm/h

—227.9*% -=175.0 +584.7* +1104 -1150.1 —1393.0*

The numeric figures indicate the trends in annual frequency over
the full analysis period (2011-2020), and the asterisk symbols (*)
whether statistically significant at the 5% level of significance,
according to the Mann—Kendall test
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3.3 Precipitation Intensity

By the definition of violent precipitation (>50 mm/h) (Wang
et al. 2021), the minimum intensity was 50 mm/h through-
out the study period at all regions (Fig. 6). The precipita-
tion intensity distribution in NA gradually increased from
2011 and reached the maximum in 2014, with the 25th and
75th quartile reaching 55.8 and 83.4 mm/h, respectively. In
2015, the year was dominated by a strong positive NAO
(CPC 2023), and the intensity distribution dropped to a mini-
mum, with the 25th and 75th quartile at 53.8 and 70.4 mm/h,
respectively. Then, for the rest of the following years, the
25th and 75th quartile approached 54.4 and 75 mm/h,
respectively. In WA, the precipitation intensity distribution
remained comparable from 2011 to 2013, with the 25th and
75th quartile values at about 54 and 69 mm/h, respectively.
In 2014, it dropped and narrowed, with 25th and 75th quar-
tile values at 53.5 and 67 mm/h, respectively. Then, in 2015,
it dropped and narrowed further to a minimum, with 25th
and 75th quartile values at 52.8 and 63.4 mm/h, respectively.
In 2016, there was an upward shift with the 25th and 75th
quartile values reaching 53.5 and 67.3 mm/h, respectively.
Then, there was a drop in 2017 that was roughly maintained
up until 2020, with 25th and 75th quartile values at about 53
and 64 mm/h, respectively. In CA, the precipitation inten-
sity distribution remained relatively unchanged from 2011
to 2013, with the 25th and 75th quartile values at around
54 and 69 mm/h, respectively. In 2014, the 75th quartile
shifted slightly up to 69.7 mm/h. From 2015 to 2020, the
precipitation intensity distribution narrowed with the 75th
quartile varying between 63 and 66.7 mm/h. The year 2017
had the smallest distribution, with the 25th and 75th quartile
values at around 52.6 and 63.1 mm/h, respectively. In EA,
the precipitation intensity distribution remained roughly at
about 53 and 64 mm/h from 2011 to 2014 for the 25th and
75th quartile, with only a drop in the 75th quartile to about
62 mm/h in 2012. In 2015, the 75th quartile rose to the maxi-
mum of about 65.7 mm/h and dropped in 2016 to around
62 mm/h. In 2017, the precipitation intensity distribution
dropped and narrowed to a minimum, with the 25th and 75th
quartile values at about 52.2 and 60.6 mm/h, respectively. In
2018, it rose and widened, with the 25th and 75th quartile
values at about 52.8 and 63.6 mm/h, respectively. In 2019,
it dropped and narrowed, with the 25th and 75th quartile
values at about 52.2 and 60.9 mm/h, respectively. Then,
the distribution increased and widened in 2020, with the
25th and 75th quartile values at about 53.2 and 65.7 mm/h,
respectively. The precipitation intensity distribution in SA
gradually increased from 2011 and reached the maximum
in 2013, with the 25th and 75th quartile reaching 55.3
and 77.9 mm/h, respectively. From 2014 to 2017, it nar-
rowed down with 2017 distribution at minimum, with the
25th and 75th quartile values at about 53.5 and 67.2 mm/h,
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Fig. 6 Precipitation intensity distribution in NA, WA, CA, EA, SA, and SWIO regions during 2011-2020

respectively. From 2018 to 2020, it shifted up slightly and
broadened, with 2019 most broad, with the 25th and 75th
quartile reaching 55.2 and 76.2 mm/h, respectively. Like
the case in SA, the precipitation intensity distribution in
SWIO steadily increased from 2011 and reached the maxi-
mum in 2014, with the 25th and 75th quartile reaching 55.2
and 75.3 mm/h, respectively. From 2014 to 2017, it dropped
and narrowed down with 2017 distribution at minimum,
with the 25th and 75th quartile values at about 53.3 and
68.2 mm/h, respectively. From 2018 to 2020, it shifted up
slightly and broadened, with 2020 most broad, with the 25th
and 75th quartile reaching 54.6 and 72.1 mm/h, respectively.
Among the study regions, NA had the broadest precipitation

@ Springer

intensity distribution and consequently, on average, the most
intense violent precipitation, followed by SA and SWIO.
The regions in the tropics, i.e., WA, CA, and EA, had a
narrow intense violent precipitation distribution. Figure 6
also reflects that regions which experience anomalous wet
conditions during La Nifia conditions, i.e., WA, CA, SA, and
SWIO, experienced a broad precipitation intensity distribu-
tion extended to high values during the 2011/2012 season
of exceptionally strong La Nifia conditions and a narrow
distribution during the 2015/2016 season of exceptionally
strong El Nifio conditions. The EA region which experi-
ences anomalous wet conditions during El Nifio conditions
(Palmer et al. 2023), experienced a broad precipitation
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intensity distribution extended to high values during the
2015/2016 a season of exceptionally strong El Nifio condi-
tions, and a relatively narrow distribution in the 2011/2012
season with exceptionally strong La Nifia conditions.

4 Summary and Conclusion

This study established a comparative analysis of the spatial
distribution, frequency, and intensity of violent precipitation
in different regions of Africa over the 2011-2020 decade.
The results obtained reflected that violent precipitation is
spatially most densely distributed in the tropical regions,
extending southward in the northwest-to-southeast orien-
tation stretching out to the adjacent SWIO region. Along
the east coast of the mainland, this precipitation extends
southward to the south coast. The results also indicated
violent precipitation was less dense in the extreme north
of the continent. The 50-60 mm/h precipitation category
was found to be the most densely spatially distributed with
less-discernable interannual changes, while the 60—70 mm/h
and > 70 mm/h categories have a strong interannual varia-
tion in spatial distribution. The study established that the
strengths of ENSO events in most probability have a strong
influence in the distribution of violent precipitation over the
continent, particularly the most intense violent precipita-
tion; with regions that are characteristically anomalous wet
(dry) during the La Nifia (El Nifio) season showing a higher
(lower) density during a strong La Nifia (EI Nifio) season,
conversely, regions that are characteristically anomalous wet
(dry) during the El Nifio (La Nifia) season showing a higher
(lower) density during a strong El Nifio (La Nifia) season.
The results also demonstrated that a strong tropical cyclone
season in the SWIO region contributes strongly to a dense
distribution of violent precipitation in SA and SWIO.

This study indicated that the WA, SWIO and SA regions
dominate with the occurrence of violent precipitation,
with WA leading with events in the 50-60 mm/h and
60-70 mm/h precipitation categories, followed by SWIO
and then the SA region. The SWIO has the largest occur-
rence of precipitation > 70 mm/h, being an oceanic region
with occasional strong mid-latitude and tropical cyclonic
circulations, followed by WA, then SA. The NA, CA,
and EA regions experience lesser occurrence of violent
precipitation. The CA dominates with the precipitation
category 50-60 mm/h, followed by NA and then EA. In
the categories 60—70 mm/h and > 70 mm/h, NA leads, fol-
lowed by CA and then EA. The results also show that the
magnitudes of the ENSO events have a strong influence in
the frequency of violent precipitation over the continent,
particularly the most intense violent precipitation; with
regions that are characteristically anomalous wet (dry)
during the La Nifia (El Nifio) season showing a higher
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(lower) frequency during a strong La Nifia (El Nifio) sea-
son, conversely, regions that are characteristically anoma-
lous wet (dry) during the El Nifio (La Nifia) season show-
ing a higher (lower) frequency during a strong El Nifio
(La Nifia) season. The trends in frequencies of events in
the distribution categories largely reflect the influence of
phases of the ENSO and NAO teleconnection patterns.
Those regions which are anomalously wet during La Nifia
reflect negative trends due to the exceptionally strong La
Nifia seasons occurring at the beginning of the analysis
period, while in the NA region, the positive trends reflect
the NAO phase being more negative towards the end of
the period.

The results of this study reflected that among the study
regions, NA has the broadest precipitation intensity distribu-
tion and, on average, the most intense violent precipitation,
followed by SA and SWIO. The regions in the tropics, i.e.,
WA, CA, and EA, have a narrow intense violent precipita-
tion distribution. The results further illustrated that regions
which experience anomalous wet (dry) conditions during La
Nifia conditions, i.e., WA, CA, SA, and SWIO, experience
a broad precipitation intensity distribution extended to high
values during exceptionally strong La Nifia conditions and
a narrow distribution during exceptionally strong El Nifio
conditions. The EA region which experiences anomalous
wet conditions during El Nifio conditions experiences a
broad precipitation intensity distribution extended to high
values during exceptionally strong El Nifio conditions, and a
relatively narrow distribution during exceptionally strong La
Nifia conditions. This extension to high values of precipita-
tion intensity distribution increases the likelihood of occur-
rence of flash floods and associated disasters, particularly to
low-lying terrains like coastal areas.

This study illustrates the value or usefulness of remotely
sensed data like GPM (IMERG), particularly in regions
like Africa that are poorly covered by in-situ ground-based
observation instruments. Though the IMERG data are cor-
rected for bias using ground-based rain gauges, some stud-
ies have indicated that the comparison of the IMERG data
against rain gauge data is poor in some regions. Hence, fur-
ther comparison of the IMERG data with ground-based rain
gauge data is recommended in Africa in futures studies. The
results of this research provide for the first time the informa-
tion on the relative spatial distribution, frequency, and inten-
sity of high temporal resolution extreme precipitation over
the African continent. This information is critical for pol-
icy-makers for identifying and ranking susceptible regions
to extreme short-duration precipitation (which can induce
flash floods) for prioritization for observation and adapta-
tion infrastructure establishment. This study also illustrated
the influence of the strength of climate variability modes
on the frequency and intensity of extreme short-duration
precipitation. The study underscores a need for strengthened
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capacity in forecasting of climate variability modes in Africa
for extreme precipitation preparedness and augmentation of
continental precipitation observation network.
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