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Despite the long-lasting and widespread drought in the Sahel, flood events did punctuate in the past. The concern
about floods remains dwarf on the international research and policy agenda compared to droughts. In this paper,
we elucidate that floods in the Sahel are now becoming more frequent, widespread, and more devastating. We
analyzed gridded daily rainfall data over the period 1981-2020, used photographs and satellite images to depict
flood areas and threats, compiled and studied flood-related statistics over the past two decades, and supported
the results with peer-reviewed literature. Our analysis revealed that the timing of the maximum daily rainfall
occurs from the last week of July to mid-August in the Eastern Sahel, but from the last week of July to the end of
Adaptation August in the Western Sahel. In 2019 and 2020, flash and riverine floods took their toll in Sudan and elsewhere in
Extremes the region in terms of the number of affected people, direct deaths, destroyed and damaged houses and crop-
Sahel lands, contaminated water resources, and disease outbreaks and deaths. Changes in rainfall intensity, human
interventions in the physical environment, and poor urban planning play a major role in driving catastrophic
floods. Emphasis should be put on understanding flood causes and impacts on vulnerable societies, controlling
water-borne diseases, and recognizing the importance of compiling relevant and reliable flood information.
Extreme rainfall in this dry region could be an asset for attenuating the regional water scarcity status if well
harvested and managed. We hope this paper will induce the hydroclimate scholars to carry out more flood
studies for the Sahel. It is only then encumbered meaningful opportunities for flood risk management can start to
unveil.
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1. Introduction

The climate of the Sahel Region, which expands from west to east
Africa (Fig. 1), is renowned for variability and related phenomenal
stressors (Epule et al., 2018). Coping with climate variability and change
in the Sahel, as in other parts of Africa, is beset by challenges such as
limited expertise, preparedness, and resources needed to handle climate
issues (Walsh et al., 1994; Washington et al., 2006).

Although droughts and floods are two phenomena of the same
water cycle, research customarily focuses on either of the two ex-
tremes due to their complexity and differences in temporal and spatial
scales (Ward et al., 2020). The Sahel drought has attracted increasing
interest amongst scholars and policymakers worldwide since its onset

in the early 1970s (Tanaka et al., 1975; Kerr, 1985; Hulme, 2001;
Nicholson et al., 2018). While scientists from Africa are urging the
United Nations to support preparations for imminent droughts in
view of exacerbating climate change (Nature Editorial (NE), 2019;
Padma, 2019), floods in the Sahel went far unacknowledged. In Af-
rica, disasters connected with floods are the most frequent and the
costliest while those related to droughts account for the largest
number of fatalities (WMO, 2020). Until 2018, research on the flood
phenomena in the Sahel was 44% less than that of drought stressors
(Epule et al., 2018). This attitude has, consequently, compounded the
human and environmental vulnerability to floods. Tarhule (2005)
stated that “historical flood records lack comprehensiveness, stan-
dardization, quality control, and scientific rigor.”
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Fig. 1. Map of the countries encompassing the Sahel region.

A plethora of studies has investigated the changing and variable
rainfall observed over the Sahel. Rainfall characteristics are changing in
the Sahel at large from east to west. Daily rainfall data from both ground
observations and satellites indicate an increase in the frequency of
extreme events, the intensity of rain, and the inter-annual variability
(Sulieman and Elagib, 2012; Ly et al., 2013; Zhang et al., 2017). These
results reveal an increasing intensity and occurrence probability of
extreme rainfall rather than a rainfall recovery, roughly since the
beginning of the 21st century, with the intensification being stronger in
the Eastern Sahel than the Western Sahel (Panthou et al., 2018).

Rivers in the Sahel have demonstrated changes in their flows. Ana-
lyses of discharge data of the Senegal and Niger Rivers indicate an
intensification of the hydrological signal in the Western Sahel. Modifi-
cation of the hydrological regimes in these rivers is demonstrated by an
increase in the annual maxima (Wilcox et al., 2018) and a twin-peak
hydrograph (Descroix et al., 2012). In 2010, 2012, and 2013, the
Niger River recorded the highest discharge peaks ever since the 1920s
(Casse and Gosset, 2015). The flows of the Nile River in the Eastern Sahel
show successive above-average anomalies during the 21st century (Taye
and Willems, 2012; Basheer and Elagib, 2019; Basheer et al., 2021;
Elagib et al., 2021a).

Investigations into the occurrence of heavy rainfall and rain-induced
floods and their causes in the Sahel Region are necessary because of the
devastation these events bring to people and properties (e.g., loss of lives
and destruction of houses and infrastructures), as well as to the envi-
ronment and socioeconomic systems (Tarhule, 2005). Floods also cause
interruption to primary health care facilities and services (Abbas and
Routray, 2013).

Therefore, we investigate the flood risk in the African Sahel Region in
light of recent rainfall and river flow tendencies. Outlooks for skillful
flood forecasts and adaptation are remarked. A viewpoint is established
in a hope for guiding individual, societal, and regional activities.

2. Study area

The Sahel is around 3.1 million km? body of land, spanning 5,900 km
across an arid and semi-arid belt of Africa from east to west between the
Saharan desert, the rainforests of Central Africa, and the Guinean Coast
(Fig. 1). The region stretches from Senegal and Gambia on the Atlantic
coast through Mali, Mauritania, Burkina Faso, Nigeria, Niger, Chad, and
Sudan to the northwestern part of Ethiopia and Eritrea on the Red Sea
coast. A total of 407.4 million people were estimated to live in the 11
Sahel countries as of 2014 (Table 1). This population is projected to
reach 597.9 million by 2030. Grassland, shrubs, and small thorny trees
are the main land covers in the region. The importance of the region
originates from its abundant human, cultural and natural resources.

However, risks of climate change, poor soil, growing population, and
increasing pressure on the natural resources challenge the sustainable
development, poverty reduction, and environmental restoration of the
Sahel Region (Mohamed, 2011; Sissoko et al., 2011; Elagib et al.,
2021b). Despite its concomitant vulnerability to the impacts of climatic
variability and land degradation, subsistence agricultural activities
constitute the dominant contributor to the Sahel economy, food secu-
rity, and livelihoods.

3. Materials and methods
3.1. Flood-related statistics

This study used secondary data on the number of affected people,
direct deaths, and destroyed and damaged houses, and disease outbreaks
and deaths related to flood events. Unless otherwise indicated, these
data were compiled from reports of the United Nations Office for the
Coordination of Humanitarian Affairs (OCHA), ReliefWeb, and Flood-
List. Depending on the availability of country-level data, these sources
provide annual situation reports, including statistics on the above-stated
attributes. For this study, a follow-up of the reporting updates was
ensured to obtain the latest statistics. For Sudan, these data were
extracted from OCHA situation reports for the period 1998-2020.
Examining these data enables diagnosing the flood phenomena in terms
of the exposure to danger, harm, or loss, i.e., risk.

3.2. Spatio-temporal maximum daily rainfall

In this research, the Climate Hazards Group InfraRed Precipitation
with Stations (CHIRPS) version 2.0 rainfall product was selected for
assessing extreme events over Sudan and the Sahel. The CHIRPS dataset
is developed and maintained by the U.S. Geological Survey (USGS) and
the Climate Hazards Group of the University of California (Funk et al.,
2015) and was selected for two reasons. First, it has a long daily time
series (1981 to date) with a spatial resolution of around 5 km. Second,
validation results ranked the performance of CHIRPS highest using
multiple rainfall indices across East and Sub-Saharan Africa (Dinku
et al., 2018; Harrison et al., 2019). The maximum rainfall value for each
pixel was calculated and visualized for the Sahel countries and for the
Eastern and Western Sahel over the period from 1981 to 2019.

3.3. Flood inundation photographs and mapping

Photographs, were requested by the authors through personal com-
munications with freelance press photographers, photography hobby-
ists, and colleagues in order to document flood incidents and threats.
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Table 1
Population of the Sahel countries.
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Country Population mid-2014 Percentage from Population Density’ Projected population Mid-2030 Percentage from

(millions) totalAdaptation (persons/kmz) (millions) total
Senegal 13.9 3.4 71 21.8 3.6
Gambia 1.9 0.5 169 3.1 0.5
Mali 15.9 3.9 13 26.3 4.4
Mauritania 4.0 1.0 4 5.6 0.9
Burkina Faso 17.9 4.4 65 28.4 4.7
Nigeria 177.5 43.6 192 261.7 43.8
Niger 18.2 4.5 14 33.8 5.7
Chad 13.3 3.3 10 21.8 3.6
Sudan 38.8 9.5 21 55.1 9.2
Ethiopia 99.5 24.4 87 130.5 21.8
Eritrea 6.5 1.6 56 9.8 1.6
Total 407.4 597.9

§ Source: Haub and Kaneda (2014).

Additionally, Landsat 8 satellite images were retrieved from the United
States Geological Survey (USGS) data center to detect flood areas as
explained below. Cloud cover was a limiting factor in processing the
images and identifying flood areas.

A floodwater detection method (Al Zayed and Elagib, 2017) was used
to identify flood areas in 2019 and 2020. The method utilizes the
Normalized Difference Vegetation Index (NDVI) and the Evaporative
Fraction (EF) to detect water pixels. It is known that water pixels have
negative NDVI values (Pettorelli et al., 2005; Ma et al., 2007) and have
high EF values of ~ 0.75-1.0 (Al Zayed et al., 2016). Both the NDVI and
EF were calculated using Landsat 8 satellite images with a 30-m spatial
resolution. The NDVI was derived from the reflectivity-corrected red
(band 4) and near-infrared (band 5) bands, using the equation (band
5-band 4)/(band 5 + band 4) as described by Vermote et al. (2016). EF
was derived by retrieving the Land Surface Temperature (LST) from the
thermal band (band 10) after radiance conversion based on the meth-
odology of USGS (2019) as follows: EF = (LSTy —-LSTy)/(LSTy-LST.),
where LST}, is the average of three hot pixels taken from the land, LST, is
the average of three cold (water) pixels, and LSTy is the LST pixel value
for the satellite image.

For the 2019 flood event, a total of 146 satellite images covering
Sudan (paths: 171-179; rows: 45-52) were processed for the periods
before and after the rainy event of 9-10 August 2019 that caused
widespread flooding. Nine images were selected and analyzed to capture
flash floodwater considering the cloud-cover and spatial representation
of the Sudanese states. For the 2020 flood event, fifteen satellite images
with minimal cloud cover were selected and processed to capture the
flood along some reaches of the Nile River.

3.4. River water levels

Daily river water level data were obtained for the Khartoum river
gage, located on the Nile in Khartoum City (Sudan’s capital). These data
cover the 1954-2020 period. Each year in this period was classified into
normal, alert, critical, or flooding based on the maximum daily river
water level and the riverine flood alarm thresholds used for Khartoum
gage by the Ministry of Irrigation and Water Resources of Sudan. This
analysis enabled understanding the change in the severity, occurrence,
and frequency of Nile riverine floods.

3.5. Probability and return period of maximum rainfall

Time series of the maximum daily rainfall occurring in a year, as
obtained from CHIRPS, were employed to construct a mathematical
relationship that estimates the rainfall with a given probability of ex-
ceedance and a return period. Two approaches, as described by Man-
sell (2003), were compared. The first approach involves ranking the

data in descending order and using Weibull’s Formula given by Egs. (1)
and (2) bellow.

®

T=— @)

where P is the probability of exceedance, m is the rank, n is the data size,
and T is the return period in years. The maximum rainfall-return period
relationship was plotted in a normal-log form.

In the second approach, the Gumbel distribution form was used as
follows. Gumbel distribution relies on two parameters, namely the mean
(1) and the standard deviation (o) of the data under analysis. The
maximum rainfall for a given return period can be obtained based on the
cumulative distribution.

R:ﬂ+?oy70.5772\/766 3

where y is the reduced variate and is given as

v —ln[—ln(l—%)] @

The probability of a rainfall (r) exceeding a given rainfall (R) is
calculated based on the following equation:

P(r>R) = 1 —exp[—exp(—y)] (5)
where y can be obtained by rearranging Eq.(3) to give
R+05772%86 —p

r= NG

4

(6)
c

Then, the return period of a magnitude of rainfall is obtained using
Eq. (2).

3.6. Meteorological causes of the most recent disastrous floods

To enrich the discussion on the major meteorological factors influ-
encing the flood events, the causes of the 2019 and 2020 floods in Sudan
were linked to the atmospheric moisture budget. The monthly total
columnar water vapor (tcwv), the tropospheric moisture flux, and the
flux divergence were obtained from the European Centre for Medium-
Range Weather Forecasts (ECMWF) product ERA5 (Hersbach et al.,
2020) with a spatial resolution of 0.25°x0.25°. The anomalies for the
2019 and 2020 wet seasons of the above-mentioned variables were
calculated with respect to the 1981-2010 mean.
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3.7. Literature review

Secondary data in the form of published scientific literature were
used to identify the documented flood events during the recent past,
support the present analysis of flood frequency, ascribe the flood in-
cidents and impacts, and explore the existing and potential attempts to
flood forecasting in the region. This literature is cited in the relevant
sections and appropriately detailed in the reference list.

4. Results
4.1. Flood occurrence, distribution, and magnitude

During the period 1981-2019, the CHIRPS data show a highest
rainfall recorded in one day across the Sahel region of 216.9 mm
(Fig. 2a). Out of the 39-year data record, 21 maxima occurred in the
Eastern Sahel while 18 maxima were recorded in the Western Sahel
(Fig. 2b). The CHIRPS data plotted in Fig. 2b show that the maximum
rainfall in the Eastern Sahel, excluding Eritrea, often occurs during the

Journal of Hydrology 599 (2021) 126362

last week of July to mid-August. In Eritrea, the maximum occurs during
mid-March to mid-April. The Western Sahel experiences the maximum
rainfall in the period from the last week of July to the end of August.

Following the peak Sahel drought in the 1980s, the literature has re-
ported flood occurrences across the region in 1995, 1998, 1999, 2002,
2003, 2005, 2006, 2007, 2008, 2012, 2013, 2014, and 2017 (Williams and
Nottage, 2006; Tschakert et al., 2010; Paeth et al., 2011; Samimi et al.,
2012; Boyd et al., 2013; Mahmood et al., 2017; Adegoke et al., 2019). The
spatial distribution of the maximum daily rainfall recorded for these years
is depicted in Fig. 2c. Sahel-wide, this maximum occurs mostly in the far
west, the south-central part, eastern Sudan, or the far east. The highest
daily rainfall recorded during 1981-2019 is displayed in Fig. 2d.

During the first fortnight of August 2019, a heavy rainstorm devel-
oped over a large part of Sudan (top-left corner in Fig. 3). Unlike the
locally unprecedented 200 mm storm of 1988 in Khartoum (Hulme and
Trilsbach, 1989), the extent of wet conditions leading to flooding on the
9th and 10th of August 2019 across Sudan was exceptionally vast
(Fig. 3). Many parts of the country received a high proportion of their
August rain in this storm.
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Fig. 2. CHIRPS-based estimates of maximum rainfall across the Sahel region. a) Temporal evolution, b) day of occurrence, c) spatial distribution for well-known
flood years, and d) highest during 1981-2019. Data for the Eastern Sahel shown in (c) exclude Eritrea, which has different timing of occurrence of maximum

rainfall (see text for detail).
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Based on the Weibull probability formula, the frequency curves of
maximum daily rainfall are shown in Fig. 4. The results are given for the
Eastern, Western, and Entire Sahel region in addition to four selected
Sahelian countries, which have been frequently reported to encounter
flood events. The results in Fig. 4 are compared with those obtained
using the Gumbel distribution function (see Table 2). The table shows
approximately similar results concerning the maximum rainfall at short
return periods. At long return periods, the difference in rainfall esti-
mates between the two approaches diverges.

As for riverine flood events, the Nile River in the eastern part of the
Sahel is a striking case to perceive. For instance, the 67-year long time
series of the maximum water levels of the Blue Nile recorded at the
capital of Sudan (Fig. 5) manifests 27 (40.3%) occurrences of flood
alarms, 18 (26.9%) critical cases, and 19 (28.4%) alert events against
only 3 (4.5%) normal years. The 21st century has so far been unequiv-
ocal in its increasing Nile flows. During the last decade alone, Khartoum
witnessed 8 flood alarms with increasing severity. Comparing Fig. 5 with
Fig. 2c, the synchronous occurrence of extreme rainfall in the Eastern
Sahel and Nile water levels, representing alert, critical, and flooding
events, is evident. In 2020, the Nile water level at Khartoum reached an
unprecedented level (380.65 m asl), which exceeded the peak levels
reached in 1946 (380.1 m asl) and in 1988 (379.94 m asl), as reported by
Davies and Walsh (1997). Subsequent to rainfall in the source region of
the Nile, particularly the Ethiopian Highlands, an exceptionally wide-
spread fluvial flooding developed in Sudan during August and
September. The water levels of all dam reservoirs in Sudan increased,
and some of the Nile River tributaries overflowed (Fig. 6).

4.2. Flood impacts

In the Eastern Sahel, particularly Sudan, not only were the years
2019 and 2020 characteristic of flood impacts, but they were also part of
a state of more than two decades of spatio-temporal losses of property
and lives (Fig. 7). For instance, unusually early rainy season with heavy
and persistent rain in 1999 caused severe and widespread floods in
central Sudan (Williams and Nottage, 2006), affecting 1,841,180 peo-
ple, destroying 30,707 houses, and damaging 64,350 houses (Fig. 7).
Compared to the 1988 flood (Hulme and Trilsbach, 1989; Sutcliffe et al.,
1989), the severity of the 2019 flood event in Sudan did not prompt
immediate and substantial world attention to catalyze relief actions. A
few television networks broadcasted scenes of mass havoc. In the
aftermath, the government of Sudan was challenged by an economic
recession and environmental and health disasters. To place the 2019
flooding in Sudan in the Sahelian context, we compare its impacts with
the well-documented 2007 flood event of the Sahel. In 2007, the west
Sahelian floods affected 429,376 people, displaced 84059, and killed
153 (Boyd et al., 2013). As of 21 November 2019, the 2019 flood
affected 426,300 people, led to the death of 78 people, damaged 35,725
houses, and destroyed 49,535 houses in Sudan alone. The year 2019's
flooding in Sudan disconnected 123 villages in the White Nile State from
access by relief campaigns (Assayha, 2019). In Niger in the Western
Sahel, heavy rains and flooding of the Niger River in 2019 affected
211,366 people, killed 57 people, and damaged 16,375 houses. In 2020,
the Sahel flooding resulted in 2,006,000 affected people, 181,500
destroyed houses, and 417 deaths, with 56.4, 54.5, and 62.3% of these
numbers, respectively, reported across Sudan alone (Fig. 8) from both
fluvial or pluvial floods. Heavy rains and river flooding across Chad,
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Fig. 4. Regional and country-specific frequency curves of the maximum daily rainfall based on the Weibull probability formula. The regression equations represent
the normal-log relationship between the maximum rainfall and the return period. All regressions are at least significant at p = 0.001.

Table 2
Comparison between the estimates of the frequency analysis between Weibull form and Gumbel distribution.
Form/Distribution Parameter Region/Country
Entire Sahel Eastern Sahel WesternSahel Senegal Niger Sudan Ethiopia
Weibull form R (mm) with T = 2 years 128.9 116.8 106.8 110.5 68.5 117.0 179.5
R (mm) with T = 10 years 179.1 168.6 156.6 153.0 92.8 168.0 229.1
R (mm) with T = 40 years 222.3 213.2 199.5 189.6 113.7 211.9 229.1
Gumbel distribution p# (mm) 136.0 125.2 114.9 117.5 72.5 125.3 187.6
o (mm) 28.7 28.4 27.6 23.7 13.5 28.4 28.7
R (mm) with T = 2 years 131.2 120.6 110.3 113.6 70.3 120.7 182.9
R (mm) with T = 10 years 173.4 162.3 150.8 148.4 90.1 162.3 225.0
R (mm) with T = 40 years 205.4 193.8 181.4 174.8 105.0 193.9 256.9
P, of r > 150 mm 0.259 0.168 0.104 0.092 0.000 0.168 1.0
T (years) of r > 150 mm 3.9 6.0 9.7 10.8 - 6.0 1.1
P, of r > 200 mm 0.032 0.019 0.011 0.006 0.000 0.019 0.3
T (years) of r > 200 mm 31.5 52.8 94.3 154.5 - 52.6 3.6

including the capital N’Djamena, in 2020 caused ravages, thus affecting
64,670 households (or 388,000 people), displacing hundreds of thou-
sands of people, destroying hundreds of thousands of hectares of culti-
vated land, washing away thousands of cattle and inundating
storekeepers’ stocks in markets.

Based on Figs. 3 and 7, one can infer that the most disrupted areas in
terms of the number of affected people in Sudan are occasionally located
adjacent to river streams (e.g., Northern, Gezira, White Nile, Khartoum,
Kassala, and Sennar states), densely populated urban centers (the capi-
tal: Khartoum State), and engulfed by huge wadis (e.g., North Kurdofan
State). In 2020, pluvial floods affected North Darfur State the most,
whereas the most affected states as a result of rivers that overflowed
their banks were Khartoum, Blue Nile, Sennar, and Gezira states (Figs. 6
and 8a).

Flash and riverine flood damages pose major threats in the Sahel
Region. Exemplary of these threats are best depicted in Figs. 9 and 10 for
the 2019 and 2020 flood disasters in Sudan, respectively. The Nile
floodwater inundated a large number of farmlands (Fig. 10a-c). The

2020 flash and riverine floods damaged approximately 2.2 million
hectares of croplands in Sudan and, consequently, put vulnerable
households at risk of food insecurity.

An additional salient feature is the health impacts. Due to the
widespread presence of stagnant floodwaters during the flood seasons of
2019 and 2020, mosquitos found breeding grounds. In 2019, a cholera
outbreak in Sudan started in September following the August flash
floods. The first cases were reported in the states adjacent to South
Sudan, likely related to a large number of refugees without access to
clean drinking water or sanitation who mostly rely on open defecation.
The cholera outbreak rapidly spread to more than eight states in Sudan
due to the movement of people. Due to the quick response of the
Sudanese Government in announcing the cholera outbreak, calling for
local and international organizations to provide health and food assis-
tance, the cholera cases were limited. Malaria in Sudan breached the
epidemic threshold in 2019 as over 1.8 million cases were reported. The
collapse of pit-latrines (Fig. 9a), totaling more than 5000 in 2019 and
16,000 in 2020, and the mixture of their contents with floodwater
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(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

represented breeding grounds for several water-borne diseases, such as
cholera. Water resources were extensively damaged in 13 states due to
contamination. Floodwater mixed with solid waste in residential areas
was noticed during the flood of September 2020. Many collection points
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of solid waste inside flood zones were inundated, and waste of different
types mixed with floodwater and represented a source of water pollution
(Fig. 10f). Reported disease outbreaks and casualties across Sudan
during the period from 9 August 2019 to 8 January 2020 were 97 cases
of diphtheria (including 13 deaths), 4225 dengue fever cases (including
13 deaths), 572 rift valley fever cases (11 deaths), 296 chikungunya
cases (including 5 deaths), and 346 cholera cases (11 deaths). In
September 2020, 120 cases of fever attributed to floods (including 8
deaths) were reported in the Northern State in Sudan by the Federal
Ministry of Health (2020a). As a result of lessons learned from the 2019
flood disaster, the Sudanese Government fought to avoid another
cholera outbreak in 2020 by preparing emergency response plans for the
whole country (Fedral Ministry of Health (2020b). In 2020, a special
focus was devoted to the most affected states in the country (Khartoum,
Sennar, and Northern states).

5. Discussion

Albeit in varying magnitude and place of occurrence, the above
findings and data are striking in the sense that floods in the Sahel have
become recurrent, and their impacts have become more devastating. In
the Eastern Sahel, particularly Sudan, pluvial and fluvial flood occur-
rences are not unique in the history of record of the last two centuries
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Fig. 7. Maximum daily rainfall based on CHIRPS estimates (map) and temporal impacts of flood events (bar graphs) during the period 1998-2019 across Sudan. Data
for the Darfur Region were not available, especially during the civil war that broke out in 2003.

(Hulme and Trilsbach, 1989; Sutcliffe et al., 1989; Walsh et al., 1994).
This section traces the possible causal factors associated with the past
flood events in the region, the opportunities for, and the challenges to,
skillful seasonal rainfall or flood forecasts. A hopeful discussion on how
to move forward toward flood risk management is also provided.

5.1. Causes of floods

The rainfall results reported above identify extreme rainfall,
consecutive daily rainfall events, and high river water levels as hydro-
climatic causes of floods. It is to be noted that the rise in the streamflow
of the Nile, i.e., from the Blue Nile and White Nile, subsequent to cu-
mulative rainfall amounts in these regions was the main hydroclimatic
reason for the riverine flood in Sudan in 2020 (Fig. 6). Such concurrent
Nile and flash floods are not unusual in the history of records. A similar
case was reported in the 1988 flood year (Sutcliffe et al., 1989; Walsh
et al., 1994; Davies and Walsh, 1997). One could back the impact

statistics in Fig. 7 with the recurrence analysis of maximum daily rainfall
given in Table 2. The table indicates a maximum daily rainfall of 117.0
mm (based on the Weibull formula) or 120.7 mm (based on Gumbel
distribution) can occur in Sudan at least once in 2 years. Such an amount
of daily rain is extreme for a region with arid and semi-arid climate
conditions that receives a median annual rainfall of 87.2 to 658.4 mm
(Elagib, 2009). A cautionary note should be made here that the absolutes
of return values might have been underestimated due to the use of
CHIRPS. Kpanou et al. (2021) presented proof that CHRIPS has lower
95th percentiles than rain-gauge values due to its algorithm.

The influence of sea surface temperatures on the Sahel interannual
rainfall variability, i.e., the observed characteristics of wet and dry years
in the Sahel, are explained by previous studies (Nicholson and Webster,
2007; Hagos and Cook, 2008). There remains, however, a question of
whether the observed increase in rainfall intensity is influenced by
“large-scale changes in the atmospheric circulation or more local factors
enhancing the convection intensity or both” (Panthou et al., 2014). Cook
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Fig. 8. Flood impacts on people and houses in 2020: a) State-specific statistics for Sudan as of 6 October 2020 and b) Country-specific statistics for the Sahel.

(2008) argues that the future may hold additional important influences.
Multi-decadal satellite observations from the Western Sahel reveal rapid
intensification of mesoscale convective systems, which are suggested to
be strongly related to the global land temperature but weakly related to
the recovery of annual rainfall (Taylor et al., 2017). The influence of
anthropogenic greenhouse-gas and aerosol forcing is also suggested to
have played a role in the recent, as well as the sustenance of, recovery in
the Sahel rainfall (Haarsma et al., 2005; Dong and Sutton, 2015). Ficchi
and Stephens (2019) found an influence of the patterns of variability of
the Indian Ocean Dipole (I0OD) and El Nino-Southern Oscillation (ENSO)
on the timing of the start of the rainy season that translates into changes
in river flood timing in sub-Saharan Africa, particularly East Africa. The
wetter-than-normal rainy season in 2017 over West Africa, including the
Western Sahel, was linked to the propagation of more intense, larger,
and colder mesoscale convective systems across the region (Adegoke
et al., 2019).

Mekonen (2020) attributed the above-average rainfall in the Sahel in
2019, with its largest positive anomalies in Chad and Sudan and drier
conditions along the Guinea and western coastal regions, to persistently
below-average sea surface temperatures off the coast of West Africa.
Later in the year 2019, a record-breaking IOD led to extreme wet con-
ditions in the headwaters of the White Nile (Wainwright et al., 2020).
The extreme rains in the Blue Nile catchment in June-September 2020
could be partly attributed to a developing weak La Nina conditions; La
Nina is known to enhance the rains during the Ethiopian Kiremt rainy
season (June-September). Fig. 11a-d show the mean and anomalous
atmospheric water vapor flux vectors for August 2020 for Sudan and its
surroundings. Fig. 11b reveals anomalous and convergent westerly
moisture flux in the belt 10-14°N, where the climatological moisture flux
is easterly (Fig. 11a). A cyclonic flow in central-west Sudan, which can
be interpreted as a vertically deeper and northward displacement of
westerly monsoon flow, is evident. Fig. 11d exhibits anomalously high
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Fig. 9. Flash flood threats to Khartoum State in 2019. (a) Collapsed pit latrine, (b to d) vehicles trapped in flooded roads, and floodwater surrounded houses and

markets, and (d) inundated residential complexes and play yards.

total columnar water vapor content (tcwv) values that prevailed in the
entire region in August 2020, with strong anomalies in the order of
15-20% in the area of the strongest climatological zonal moisture
gradient between 14° and 18°N (Fig. 11c). It is worth mentioning that
the entire Sahel experienced positive rainfall anomalies during the 2020
West African monsoon season, of which August was the peak month.
Unlike in the first half of the 20th century, wetter Kiremt rains over the
Ethiopian highlands in the more recent period (1969-1999) were
related to anomalous westerly flow across the Sahel (Bahaga et al., 2019
— their Fig. S3). Moreover, a significant positive correlation with the
Atlantic Meridional Oscillation (AMO) emerged. The 2020 Sahel and
Kiremt rains align with this recent multidecadal trend since the AMO
was positive with the largest amplitude in August 2020 (https://psl.no
aa.gov/data/correlation/amon.us.data). While anomalies of moisture
flux weakened in September (not shown in Fig. 11), the troposphere
remained anomalously moist over the region, likely facilitating the
development of convective rainstorms.

The observations reported above with respect to the most recurrently
flood-disrupted areas in Sudan (Figs. 3, 6, 9, and 10) concur with reports
in the literature of the Sahel at large. An increase in the number of flood
events per year has been recently reported, with urban areas suffering
catastrophic consequences (Mahmood et al., 2017; De Risi et al., 2018;
Adegoke et al., 2019; Tazen et al., 2019). Many flood events and impacts
are traced back to proximity to, or settlement in, flood-prone areas (e.g.,
rivers flood plains, wadis, and low-lying areas), clay-silt soil that is
compacted or of low infiltration capacity, inadequate drainage systems,
lack of adaptation experience, poor quality of housing, changes in land
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use, bad governance, weak institutional capacity, and/or poor urban
planning (Hulme and Trilsbach, 1989; Walsh et al., 1994; Tarhule, 2005;
Mahmoud et al., 2014; 2017; De Risi et al., 2018; Horn and Elagib, 2018;
Adegoke et al., 2019; Tazen et al., 2019). In the Eastern Nile, the changes
in land use/cover and degradation of the Upper Blue Nile Basin in
Ethiopia increased high flows and decreased low flows (Bewket and
Sterk, 2005; Woldesenbet et al., 2017).

5.2. Potential for climate and flood projection, forecasting and modeling

Climate projections of the mean changes in Sahel rainfall for the 21st
century remain uncertain even under the latest Coupled Model Inter-
comparison Project Phase 6 (CMIP6) model experiments, although the
ensemble mean rainfall shows a robust increase in the central and
eastern parts (Monerie et al. 2020). Projections indicate a likelihood of
an increase in rainfall intensity over most of the Sahel rather than
lengthening of the wet season (Vizy et al., 2013). Under climate change,
climate model simulations further suggest an increase in the total annual
and the year-to-year variability of the Nile flow in the 21st century (Siam
and Eltahir, 2017). According to recent modeling scenarios, extreme
precipitation events (e.g., extremely and consecutive wet days) are ex-
pected to increase in the future in the Central and Eastern Sahel in
contrast to West Africa (Diedhiou et al., 2018; Aziz et al., 2019; Tegegne
et al., 2020). The likely intensification of extreme and heavy precipita-
tion events in Ethiopia (Tegegne et al., 2020) implies amplification of
the probability of intense runoff and flood risks in the Eastern Sahel.
However, almost all studies are thus far based on global or regional
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Fig. 10. Flash and riverine floods threats to
Sudan in 2020. a) Greenhouses, b) banana
farmlands and c¢) other farmlands, where
cattle egrets foraged for food, inundated
when the Main Nile overran its banks. d)
Floodwater of the Blue Nile in southeastern
Sudan spilled into the streets and reached
residential and built-up areas. e) and f)
White Nile floodwater reached residential
area and garbage collection point, respec-
tively. g) and h) Heavy rains flooded elec-
tricity transmission lines and large open
areas crossed by interstate highways, which
usually lack culverts and block natural
runoff. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)
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climate models that do not explicitly resolve the rain-bearing convective
systems over Africa (e.g., Salih et al., 2018). Here, simulating future
storms at convection-permitting resolution holds large promises in
providing more confidence in predicting future extreme rainfall events,
as shown recently by Kendon et al. (2019) and Finney et al. (2020).
Cumulative rainfall during consecutive rainy days appears to drive
flooding in parts of the Sahel Region, for example, in Niger (Taylor et al.,
2017). In East Africa, the influence of positive and negative phases of both
10D and ENSO can cause a difference in timing of the river flood of more
than three months (Ficchi and Stephens, 2019); thus, skillful IOD and ENSO
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seasonal predictions have a high potential for useful flood predictions. We
notice from the literature for the eastern part of the Sahel (e.g., Khartoum)
that floods took place repeatedly during the first fortnight of August, i.e.,
the peak of the rainy season (Hulme and Trilsbach, 1989; Williams and
Nottage, 2006; Mahmood et al., 2017). Following the drought era, the
Western Sahel zone appears to be confronting severe flood events almost
throughout the first three weeks of August (Tarhule, 2005; Paeth et al.,
2011; Samimi et al., 2012). This information could guide forecasters/pre-
diction experts to improve the skillfulness of models during these periods of
the season to improve the preparedness for flood management.
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Fig. 11. Components of the atmospheric moisture budget in August 2020 in comparison to the climatology of 1981-2010. Moisture flux (vectors) and flux
divergence presented as (a) mean and (b) anomalies. Negative (positive) values denote moisture flux convergence (divergence). (c) and (d) as in (a) and (b) but for
total columnar water vapour content (tcwv). divq is the generic term referring to divergence and convergence of total atmospheric moisture flux.

Patt et al. (2007) concluded that “developing user-specific forecasts
and interactive communication” is key to the success of the programs
intended to utilize climate forecasting in Africa in climate adaptation
and disaster risk reduction. The following part of this section offers an
overview of attempts made to date to provide seasonal rainfall or flood
forecast and modeling for the Sahel region.

The use of data on sea surface temperature anomalies and ENSO to
issue seasonal rainfall predictions has been in practice by the West Af-
rican Climate Outlook Forums since 1998 (Tschakert et al., 2010).
Similarly, these predictors have been in use by the IGAD Climate Pre-
diction and Application Centre (ICPAC) of the Intergovernmental Au-
thority on Development (IGAD) in delivering climate services to Eastern
Africa, including the East African Sahel countries.

For Sahelian catchments in the West African Sahel, Nka et al. (2015)
found significant coherence between flood trends and trends in the
maximum 5-day consecutive rainfall. However, they recommended
using hydrological models to overcome the limitations inherent in the
statistical rainfall-runoff relationship analysis, which overlooks the
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spatial and temporal variability in specific hydrological processes.

Amarnath et al. (2016) used the Hydrologic Modeling System (HEC-
HMS) to simulate the rainfall-runoff processes to improve flood fore-
casting in the Gash River Basin in Ethiopia and Sudan. The HEC-HMS
model was supplemented with a land-use map, Digital Elevation
Model (DEM) inputs, and the Soil Conservation Service (SCS) curve
number (CN) and SCS unit hydrograph (UH) techniques to transform
rainfall into runoff. The simulation performed well for river discharge
values of lower than 200 m3/s. Compared to conventional forecasting
methods, the flood forecast model improved the near real-time appli-
cation by 12 h. However, Amarnath et al. (2016) emphasized the
imperativeness of augmenting the data inputs to the model, such as
catchment characteristics (e.g., evapotranspiration and land-use change
impacts) on the water balance in addition to water abstraction in the
upstream areas.

Recently, Fiorillo and Tarchiani (2017) proposed a Flooding Risk
Evaluation Method (FREM) for small-medium basins based on a
simplified version of the Soil Water Assessment Tool (SWAT), integrated



N.A. Elagib et al.

with remote sensing, Geographic Information Systems (GIS), and field
surveys. Adopted at sub-basin level in Niger, they argued that the
physically-based method is computationally efficient. A similar hydro-
logical method was also used to develop catchment response to climate
and land use changes in the Upper Blue Nile sub-basins in Ethiopia
(Woldesenbet et al., 2018).

The Sudan Ministry of Water Resources and Irrigation developed a
flood forecasting system for the flows of the Gash River (a transboundary
basin shared between Ethiopia, Eritrea, and Sudan) using integrated
satellite-based rainfall estimates and evapotranspiration, GIS, SCS-CN
and SCS-UH, and HEC-HMS to share information on arriving floods
with farmers through smart Information and Communication Technol-
ogy (ICT) in the Gash Delta of Eastern Sudan (Amarnath et al., 2018).
The work demonstrated a high potential for enabling the farmers to
apply this information and manage their decisions for optimizing farm
profits.

Due to scant data, Babker et al. (2020) demonstrated the applica-
bility of the SCS-CN method coupled with GIS, land use/cover maps,
DEM, soil data, and freely accessible gridded rainfall estimates for
estimating the floodwater in the transboundary Baraka River Basin in
Eritrea and Sudan. The approach proved successful for floodwater
harvesting.

Current model-based seasonal forecasting of rainfall does not
explicitly resolve convection, as the spatial resolution is usually too
coarse. Lead-time-dependent bias corrections are thus mandatory (e.g.,
Lorenz et al. 2020). As a reference, the latter authors provide bias-
corrected and spatially disaggregated daily precipitation ensemble
forecasts for the Blue Nile. This attempt holds the promise to develop an
improved ensemble flood forecast for that catchment.

5.3. Way forward

The ability to attribute causes of changing magnitude and frequency
of floods is compounded by several factors, including precipitation ex-
tremes and characteristics, causative mechanisms of storms, changes in
antecedent hydrologic conditions (water storage) and management,
land-use changes, variations and trends in seasonal sea temperatures,
etc. Quantifying these changes provides a crucial information base for
optimizing our response and adaptation (Hirsch and Archfield, 2015;
Sharma et al., 2018).

Climate variability over the last three decades should guide the
management of rainfall-dependent activities and sectors (Conway,
2011). The present analysis should prompt more attention to floods,
side-by-side with the prolonged focus on drought events, in order to
capture the best interventions to manage both climate stressors on the
region. There exist attempts to offer seasonal rainfall or flood forecast
for the Sahel region; however, they remain humble in view of recurring
catastrophic floods. The results of the present investigation on the
timing of occurrence of extreme rainfall in the eastern and western parts
of the Sahel represent possible forward-looking information for flood
prediction. Understanding climate-related impacts and opportunities
helps make societies resilient to future climate variability and change
(Pielke Jr, 2005). However, to make effective adaptation decisions in the
face of uncertain climate predictions, the vulnerability of climate-
dependent decisions and the various means of reducing this vulnera-
bility need to be well understood by the vulnerable societies (Dessai
et al., 2009). Knowledge about future Sahel floods needs to guide rele-
vant adaptation plans. By adapting to the inevitable climate change and
variability, we could substantially reduce the number of those at
increased risk of storm flooding (Parry et al., 1998). However, the lack of
attention to flood risks in the Sahel hinders the development of effective
flood adaptation plans. It is high time now that the effect of mere on-
lookers within the communities of hydrology and climate sciences and
policymaking come into play. Flood in the Sahel is currently viewed as
an abnormality. This unviable attitude results in perceiving rainfall as a
liability rather than a potential asset, exactly similar to the attitude used
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to justify failing to “integrate drought characteristics into the planning
process” (Hulme, 1987). Amid the ever synchrony of dry and wet con-
ditions in the region, concerns about opportunities for floodwater har-
vesting should be stimulated to attenuate water scarcity in the region.

Health-wise, the control measures for cholera are vaccination for
short-term mitigation and securing clean water supply for the affected
regions for long-term prevention. Comprehensive vaccination would
reduce future outbreaks because it treats the asymptomatic carriers, who
would otherwise become a disease source. Control of mosquito-
transmitted diseases is more complicated than cholera. Studies within
the Sahel proved that this vector could migrate with the wind for dis-
tances as far as 300 km to affect other areas (Huestis et al., 2019). Hence,
these diseases could be described as “transboundary” and must be
controlled by inter-regional plans. In the year 2017, the World Health
Organization (WHO) approved the Global Vector Control Response
(GVCR), which should guide actions to prevent diseases and responses to
outbreaks (WHO, 2017). The Ministry of Health of Khartoum State in
Sudan launched an insecticide spraying campaign in cooperation with
localities to combat flies and mosquitoes across the state (Sudan News
Agency, 2020).

All plans and actions toward flood-risk reduction necessitate reliable
information on projected hydroclimate changes (Taylor et al., 2017).
Demand for information to make decisions is high in the region, likewise
in many parts of Africa (Conway, 2011). Updated return periods of river
discharges are imperative to ensure protection against floods and better
river basin management (Wilcox et al., 2018). Relevant and reliable
climate information is needed in managing all climate-sensitive diseases
(Thomson et al., 2011). Unfortunately, the lack of recognition of the
high flood risk and the paucity of data constrain relevant research and
mitigation efforts (Tarhule, 2005).

6. Conclusions

The authors herein adopted a primary and secondary data integra-
tion method to study the recent Sahel pluvial and fluvial flood hazards,
causes, status-quo, and forward-looking plans and actions for reducing
the flood risks in the region. In light of the present investigation, it seems
that the region is as liable to suffer from frequent floods as it is prone to
multi-decadal droughts. The consequent massive flood of 2019 and 2020
in the Sahel, together with a sequence of yearly occurrence of heavy
rainfall events during the past two decades, provide compelling evi-
dence of an increasing risk of floods in the region. Addressing both ex-
tremes through a holistic risk management approach allows for better
identification of relevant tradeoffs and synergies (Ward et al., 2020).
Changes in natural patterns of climate variability and rainfall intensity,
human interference in the physical environment, soil characteristics,
and poor urban planning and governance are key influential factors in
the increase of flood risk. Attempts made to date to communicate timely
seasonal rainfall or flood forecasts remain humble, given that wide-
spread havoc and devastation are becoming commonplace. Unlike
droughts, the looming disaster brought about by the recent frequent
floods in the Sahel is largely omitted worldwide among researchers and
policymakers. Similar to the long-lasting Sahel drought of the 1970s and
1980s, a persistence of the flood risks would not surprise anyone if the
recent history is any guide and given the expected climate change sce-
narios. Against the backdrop of alternating flood and drought risks to
resources (e.g., water, land, and energy) and the environment in the
Sahel zone, overlooking the characteristic flood situation in the hydro-
climate of the Sahel is no longer viable.

7. Data availability statement

The [Flood-related statistics] data that support the findings of this
study are available in/from [UN Office for the Coordination of Hu-
manitarian Affairs], https://reports.unocha.org/en/], ReliefWeb [htt
ps://reliefweb.int/] and FloodList [http://floodlist.com]. The [Climate
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Hazards Group InfraRed Precipitation with Stations (CHIRPS)] data that
support the findings of this study are available in/from [U.S. Geological
Survey (USGS) and the Climate Hazards Group of the University of
California], [https://data.chc.ucsb.edu/products/CHIRPS-2.0/]. The
[Landsat satellite images] data that support the findings of this study are
available from [United States Geological Survey (USGS) data center at
https://earthexplorer.usgs.gov/] with the identifier(s) [Landsat 8 OLI/
TIRS Digital Object Identifier (DOI) number: https://dx.doi.org/10.
5066/F7183556]. The [ERA5 data (Copernicus Climate Change Ser-
vice, 2017)] are available via https://cds.climate.copernicus.eu.
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