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Abstract: This study analyses the spatiotemporal variability of meteorological drought over Africa
and its nine climate subregions from an ensemble of 19 multisource datasets (gauge-based, satellite-
based and reanalysis) over the period 1983–2014. The standardized precipitation index (SPI) is used
to represent drought on a 3-month scale. We analyse various drought characteristics (duration, events,
frequency, intensity, and severity) for all drought months, and moderate, severe, and extreme drought
conditions. The results show that drought occurs across the continent, with the equatorial regions
displaying more negative SPI values, especially for moderate and severe droughts. On the other
hand, Eastern Sahara and Western Southern Africa portray less negative SPI values. The study also
reveals that extreme drought months have the largest interannual variability, followed by all drought
months and severe drought months. The trend analysis of SPI shows a significantly increasing trend
in drought episodes over most regions of Africa, especially tropical areas. Drought characteristics
vary greatly across different regions of Africa, with some areas experiencing longer and more severe
droughts than others. The equatorial region has the highest number of drought events, with longer
durations for severe and extreme drought months. The Eastern Sahara region has a low number
of drought events but with longer durations for moderate, severe, and extreme drought months,
leading to an overall higher drought severity over the area. In contrast, Western Southern Africa and
Madagascar display a consistently low drought severity for all categories. The study demonstrates the
importance of conducting drought analysis for different drought levels instead of using all drought
months. Drought management and adaptation strategies need to enhance community resilience to
changing drought situations and consider drought variability in order to mitigate different impacts
of drought across the continent.

Keywords: climate change; precipitation extremes; drought; gauge-based products; satellite products;
reanalysis products; Africa

1. Introduction

Africa is facing an imminent socioeconomic threat due to the increasing intensity
and frequency of extreme weather and climate events, which are expected to worsen
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with global warming [1]. Studies indicate that all African subregions experienced an
increase in temperature in the past 60 years [2]. Many developing countries in Africa
rely on rainfed agriculture for food production and as a source of livelihood. Hence,
they are vulnerable to the effects of climate change [3]. Parts of the continent, such as
Southern Africa, have observed and projected an increase in aridity and agricultural and
ecological droughts [1,4]. According to Kedir [5], an increase in drought will slow the
realisation of sustainable development goals and threaten to roll back the gains made
under millennium development goals. The situation is further complicated by Africa’s
fast-growing population that requires more resources to support itself, thus calling for
efforts in building resilience against environmental shocks. As such, there is an urgent
need for collective efforts in drought adaptation and mitigation to reduce the impacts of
drought on agriculture, ecosystems, and human well-being. Hence, understanding the
spatiotemporal variability of drought in Africa is essential to provide accurate and reliable
information for decision-makers to develop effective adaptation strategies.

One of the major challenges in understanding drought variability in Africa is the
limited observed station data [6], particularly in arid and semiarid lands (ASALs). This
compromises drought studies, making monitoring and predicting drought occurrence
and variability challenging. Satellite estimates have become increasingly important in
filling data gaps [7]. Furthermore, initiatives such as the Enhancing National Climate Ser-
vices (ENACTS) and EUMETSAT Africa Forum are working with national meteorological
services to address this shortcoming and to migrate Africa to the latest satellite data use [6].

Studies of meteorological drought variability using multisource datasets (such as
station-based, satellite-based, and reanalysis data) are important in addressing the data
constraint that is common across Africa. Using various data sources to provide a more
comprehensive picture of drought patterns allows for more reliable and accurate assess-
ments of drought variability, and reduces the biases resulting from relying on a single or
a few datasets [8,9]. This approach can help bridge the gap between scientific research
and practical applications by providing decision-makers with more accurate and reliable
information to develop effective drought mitigation and adaptation strategies. In addition,
researchers also employ climate models to understand historical and projected drought
patterns and characteristics.

The Greater Horn of Africa is one of the continent’s most prone areas to drought [10]
and has recently received considerable scientific and humanitarian attention [11], having
five-consecutive failed rain seasons. The region’s precipitation is on a downward trend [12,13],
with strong variability in seasonal, annual, and decadal precipitation and an increasing trend
in droughts [14]. The region and the Sahel have recorded the most prolonged and intense
droughts across the continent for the period 1900–2013 [15]. Haile et al. [16] reported an
overall increasing drought tendency across the Horn of Africa from 1964 to 2015. In a recent
study, Omondi and Lin [13] investigated the trend of drought characteristics over East Africa
in the last 120 years. The study equally reported an increase in drought area extent after the
1980s and linked it to the general increase in temperature and potential evapotranspiration.

West Africa’s climate varies highly due to the influence of the Sahara and the Atlantic
Ocean. The Sahel experienced severe droughts in the 1970s and 1980s [17]. Recent stud-
ies have observed moderate to severe droughts from 1989 to 2019 in West Africa [18,19].
According to Addi et al. [19], the standardized precipitation index (SPI) in Accra, Ghana, re-
duced significantly during the November–March dry season, indicating increased drought
trends from 1980 to 2014. North Africa (consisting of the Mediterranean and Sahara regions)
recorded multiyear droughts that add stress to an already water-strained arid land, posing
a great challenge to agriculture [20], forcing farmers to tap into groundwater to irrigate
crops. Belhassan [20] reported more widespread, prolonged, and frequent droughts in
Northern Africa in the recent four decades, attributing it to climate variability.

Southern Africa has witnessed droughts in recent years following a reduction in pre-
cipitation in the region [1,21]. Nxumalo et al. [21] investigated the variability of meteoro-
logical drought in South Africa and its impact on wheat farming. The study noted that



Atmosphere 2023, 14, 1052 3 of 25

frequent droughts strongly impact the country’s western part and dominate the coastal areas.
Pascale et al. [22] projected an increase in drought in the 21st century in South Africa. They
noted that human-driven activities had increased the probability of the 2015–2017 precipitation
deficit and the associated drought by a factor of five to six.

This study analyses the spatial and temporal variability of meteorological drought
and its characteristics across Africa using multisource datasets. The reliance on multiple
datasets and providing a comprehensive study across Africa has not been done in previous
studies. Additionally, this study analyses different levels of droughts over Africa, pro-
viding a continental-scale understanding of drought variability and allowing for regional
intercomparison of drought variability. The significance of this study lies in the use of
multiple datasets, which is crucial for reducing biases [9]. The results of this study provide
critical information for identifying and implementing relevant adaptation measures and
can serve as a reference for model evaluation and projection studies, making it a valuable
contribution to the field of drought research.

2. Study Area, Data, and Methods
2.1. Study Area

The African continent has a diverse landscape, reaching up to 5895 m above sea level at
its highest point (Mount Kilimanjaro in Tanzania). The continent is dotted with numerous
rivers and lakes, while its periphery is bordered by vast water bodies: the Atlantic Ocean
to the west, the Indian Ocean to the east, and the Mediterranean and the Red Seas to the
north. The water bodies play a major role in influencing meteorological conditions in
various parts of Africa [23,24]. The latest climatological demarcation for Africa [25] divides
the continent into nine climate subregions, namely, Mediterranean (MED), Sahara (SAH),
Western Africa (WAF), Central Africa (CAF), Northern Eastern Africa (NEAF), Southern
Eastern Africa (SEAF), Western Southern Africa (WSAF), Eastern Southern Africa (ESAF),
and Madagascar (MDG) (Figure A1). This study analyses drought conditions based on
these demarcations.

The continent’s precipitation variability is strongly influenced by teleconnections,
mainly ENSO. The intertropical convergence zone (ITCZ) mainly influences precipitation
seasonality; precipitation to the northern hemisphere (NH) during boreal summer (June,
July, and August; JJA) and to the southern hemisphere (SH) during boreal winter (December,
January, and February; DJF) [26], and twice across the equator. This leads to two wet seasons
a year in equatorial Africa during the boreal spring (March, April, and May; MAM), and
autumn (September, October, and November; SON). However, changes in the onset and
cessation of the rainy seasons, and the distribution and intensity of precipitation result
in dry spells and drought episodes of varying intensity and severity in different parts of
the continent [27]. In addition, shifts in large-scale atmospheric circulation contribute to
distinct precipitation patterns [28]. It is observed that these changes have become erratic
and frequent in recent decades [1].

2.2. Data

Each precipitation product has its strengths and weaknesses in reproducing mean and
extreme precipitation [29]. This study considers three data types: gauge-based, satellite-
based and reanalysis. Gauge-based data are usually regarded as “ground truth”. However,
the weather/gauge stations are of low density and spatially unevenly distributed in most
areas across Africa, especially in the sub-Saharan region. In addition, many weather
stations tend not to be continuously operational due to poor maintenance of the data
recording equipment [30]. The variation in the number of gauge stations with time affects,
for instance, the coherence of results of precipitation trends, thus limiting the quality of
the observed data [31–33]. Furthermore, a considerable challenge is that observed datasets
from the few stations in the sub-Saharan region tend to be so expensive to be acquired since
they are hardly shared with researchers to support scientific research [34]. Thus, satellite
and reanalysis datasets remain accessible sources of precipitation products. Satellite-based



Atmosphere 2023, 14, 1052 4 of 25

datasets generally have higher resolution, thus providing an alternative data source over
regions with sparsely-distributed weather stations [35]. It should be noted that some
satellite datasets incorporate ground observations in their data [35,36]. Reanalysis data
offers improved model estimates without spatial and temporal gaps using data assimilation
techniques to combine forecast model outputs with observations. Thus, their applicability
in regions with scarce data is vital [37,38].

This study uses daily precipitation datasets from the Frequent Rainfall Observations
on GridS (FROGS) database. The FROGS project collects observed precipitation datasets
from different sources and makes them available in a uniform format and at a uniform
spatial resolution to facilitate research involving those datasets and their applications [29].
The project’s products are processed from their native resolutions to a 1◦ × 1◦ resolution
grid using a bilinear regridding function.

Since the datasets have varying time spans, this study considers a common period
of 1983–2014 in order to have the longest period with the maximum number of datasets
possible. Nineteen (19) datasets (Table 1) have data covering these 32 years. The daily data
are converted to monthly-accumulated precipitation amounts and used for further analyses.

Table 1. List of datasets used in this study was downloaded from FROGS. The datasets are categorised
under station-based data, satellite-based data, and reanalysis data. All datasets are regridded by
FROGS to a 1◦ × 1◦.

Category No. Dataset Temporal Coverage Native Resolution References

Station-based

1 CPC_v1.0 1979–2020 0.5◦ × 0.5◦ [39]
2 GPCC_FDD_v2018 1982–2016 1◦ × 1◦ [40]
3 GPCC_FDD_v2020 1982–2019 1◦ × 1◦ [41]
4 REGEN_ALL_2019 1950–2016 1◦ × 1◦

[42]5 REGEN_LONG_2019 1950–2016 1◦ × 1◦

Satellite-based

6 ARC2 1983–2020 0.1◦ × 0.1◦ [43]
7 CHIRP_v1.0 1981–2020 0.05◦ × 0.05◦

[44]8 CHIRPS_v2.0 1981–2020 0.25◦ × 0.25◦

9 PERSIANN_CCS_CDR 1983–2020 0.04◦ × 0.04◦ [45]
10 PERSIANN-CDR_v1_r1 1983–2020 0.25◦ × 0.25◦ [46]
11 TAMSAT_v2 1983–2017 0.0375◦ × 0.0375◦

[47]12 TAMSAT_v3 1983–2020 0.0375◦ × 0.0375◦

Reanalysis

13 CFSR 1979–2019 0.5◦ × 0.5◦ [48]
14 ERA5 1979–2020 0.25◦ × 0.25◦ [49]
15 ERA-I 1979–2018 0.75◦ × 0.75◦ [50]
16 GSWP3 1901–2014 0.25◦ × 0.25◦ [51]
17 JRA-55 1958–2019 0.5625◦ × 0.5625◦ [52]
18 MERRA1 1979–2015 0.25◦ × 0.25◦ [53]
19 MERRA2 1980–2019 0.625◦ × 0.5◦ [54]

2.3. Methods

The SPI and drought characteristics are first computed for each dataset (Table 1); then
the ensemble mean of the datasets is calculated and analysed.

2.3.1. Standardized Precipitation Index

Scientists have developed various indices to characterise drought, each with unique
attributes, advantages, and disadvantages. In this study, rather than evaluating the ability
of various drought indicators, we focus on understanding drought characteristics in Africa.

The SPI [55,56] is among the most used indices for assessing drought. It specifically
addresses the intensity of meteorological drought [55]. Meteorological drought is a pre-
cipitation deficit relative to the expected amount for a specific location and period of time
which negatively impacts water supply and agricultural production. The precipitation
deficit is a fundamental, intuitive metric for drought. However, interpreting the magnitude
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of the precipitation deficit can be challenging because the precipitation average varies
widely over geographical regions and temporal scales. Furthermore, the precipitation
deficit/excess is evaluated relative to some climatological norm for the location. Thus, the
challenge of drought definition lies not in the raw measurement of hydrometeorological
data but in the objective assessment of the observations. SPI addresses this challenge by
comparing the precipitation total for a chosen interval against a cumulative probability
distribution for the precipitation data over identical time intervals.

The SPI assigns a single numeric value (number of standard deviations that the
observed value would deviate from the long-term mean) to the precipitation that can be
compared across regions with markedly different climates for any accumulation timescale
(e.g., 3, 6, or 12 months). The negative (positive) SPI values correspond to drier (wetter)
periods than normal. The magnitude of the departure from the mean is a probabilistic
measure of the severity of a wet or dry event.

In comparison to other indices such as the Palmer severity drought index, SPI uses
precipitation only and characterises drought or abnormal wetness at different time scales
that correspond to the time availability of different water resources, such as soil moisture,
snowpack, groundwater, river discharge, and reservoir storage. Thus, SPI is more compara-
ble across regions with different climatic conditions than other indices. However, the index
does not account for evapotranspiration as a measure of water supply only, which limits its
ability to capture the effect of increased temperatures (associated with climate change) on
moisture demand and availability. The negative range of SPI is arbitrarily divided into four
categories (Table 2). Drought variability analyses are conducted for all drought months
and for moderate, severe, and extreme drought months.

Table 2. Classification of drought level from SPI values [55].

SPI Values Drought Level Classification

–1.0 > SPI all drought
–1.0 ≥ SPI > –1.5 moderate drought
–1.5 ≥ SPI > –2 severe drought

–2.0 ≥ SPI extreme drought

When deriving SPI, the choice of a time scale (or an aggregation level) can be linked
to the relevance of the drought analysis for hydrometeorological applications. This work
focuses on the 3-month time scale (SPI-3) because we are interested in meteorological
drought which is relevant for rainfed agricultural practices. On short timescales, SPI is
closely related to soil moisture, while at longer timescales (e.g., 6–9 and 12–24 months), SPI
can be related to groundwater and reservoir storage, which is relevant to water resources
or hydrological applications. As mentioned in Section 2.1, depending on the subregion of
the study area, the wet and dry seasons can occur during DJF, MAM, JJA, and SON seasons.
For instance, JJA and DJF are dry seasons in areas along the equator [12,57]. Therefore, the
results of our analysis based on a 3-month time scale are relevant for monitoring changes
in soil moisture conditions due to seasonal variation in rainfall.

A 3-month SPI compares the precipitation for three consecutive months with the
same three consecutive months during all the previous years of available data. The SPI
(Equation (1)) at these time scales reflects precipitation patterns.

SPI =
(PRE − PRE

)
σPRE

(1)

where PRE is monthly-accumulated precipitation, PRE is mean precipitation, and σPRE is
the standard deviation of precipitation.

SPI-3 is computed using the in-built function in the NCAR command language (NCL).
The NCL calculates SPI by fitting the monthly precipitation values to a gamma distribution.
Then, a transformation is performed such that the derived SPI values follow a normal
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distribution. It should be noted that months 1 to 2 have no values for SPI-3 since the
3-month period starts on month 3.

The cumulative precipitation (Xt
i,j) for the jth month in the ith year based on the time

scale (t) is given by Equation (2):

Xt
i,j = ∑t−1

k=0(xi, j−k) (2)

The next step involved fitting the cumulative density function (CDF) of the gamma
distribution to Xt

i,j using Equation (3). According to Gutmann [58], the distribution (Γ being
the gamma function) is ordinarily applied in SPI calculations directly or in its location
parameter extended version, the Pearson type III distribution.

g(x) =
1

βαΓ(α)
xα−1e

−x
β (3)

where α and β are shape and scale parameters, respectively, and x is the precipitation
amount (where x > 0). Γ(α) is the gamma function. The gamma distribution optimally fits
with long-term precipitation trends [59]. According to Wilks [60], α and β can be better
estimated by using an iterative procedure in some conditions.

The CDF (G(x)) can be calculated as (Equation (4)):

G(x) =
∫ x

0
g(x)dx (4)

To take into account the possibility of having zeros in the precipitation series, the CDF
of the gamma distribution with x = 0 can be modified as (Equation (5)):

H(x) = q + (1 − q) G(x) (5)

where q refers to the probability of zero precipitation.
The last step involves normalising the cumulative probability distribution to produce

the SPI (Equation (6)).

SPI =



−
(

s − c0+c1s+c2s2

1+w1s+w2s2+w3s3

)
, s =

√
ln
(

1
(H(x))2

)
f or 0 < H(x) < 0.5

s − c0+c1s+c2s2

1+w1s+w2s2+w3s3 , s =

√
ln
(

1
(1.0−H(x))2

)
f or 0.5 < H(x) < 1

(6)

where c0 = 2.515517, c1 = 0.802853, c2 = 0.010328, w1 = 1.432788, w2 = 0.189269, and
w3 = 0.001308.

2.3.2. Drought Characteristics

Drought variability is evaluated using several drought characteristics. Table 3 lists the
drought characteristics considered in this study and their computation equation [61]. The
characteristics are computed for each drought level (Table 2).
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Table 3. Drought characteristics used in the study, where drought months are months with SPI ≤ −1.
D: drought duration (month); de: duration of eth drought event; e: number of drought events; n: number
of drought months; F: frequency (%); N: total number of months; I: drought intensity; SPIi: SPI value
during ith drought month; S: drought severity; A: drought area (%); p: number of pixels with SPI ≤ −1;
and P: total number of pixels.

Drought Characteristic Equation

Drought duration D =∑n
i=1 de

e
Drought frequency F = n

N × 100

Drought intensity I = 1
n

n

∑
i=1

SPIi

Drought severity S = D × I
Drought impact area A =∑n

i=1 p
P × 100

2.3.3. Trend Analysis

The magnitude of linear change in the SPI-3 time series is calculated using the
Theil–Sen slope estimator [62]. We also use the nonparametric Mann–Kendall (MK)
test [63,64] to estimate the normalised test statistics, Z, of the time series, which repre-
sents the trend of the SPI-3 change. The Z < 0 and Z > 0 indicate decreasing and increasing
trends, respectively. We use a Student’s t-test to calculate the statistical significance of the
trend at a 95% confidence level. Several of the existing literature have applied the Theil–Sen
slope estimator and the MK test (e.g., [4,65–69]).

3. Results
3.1. Spatial and Temporal Analysis of Drought Months

Figure 1 shows the spatial distribution of SPI-3 for the different categories of drought
months (Table 2) over Africa from 1983 to 2014. The results reveal that although drought
occurs in most parts of the continent, it is more common in the equatorial regions. These are
the regions with more negative SPI values. Figure 1a shows SPI values with more negative
values in WAF, CAF, NEAF, and parts of SEAF for all months, whereas Eastern SAH and
WSAF show less negative SPI values indicating less dry conditions. The same is observed,
though on a larger scale, during moderate, severe, and extreme drought periods, with SPI
index values going as low as −2.7 during extreme drought months (Figure 1d). The most
prevalent drought in the region is moderate to severe, covering most of Africa except for
SAH and a few places around WSAF, where SPI values are less negative (yellowish colour).
Extreme drought is pronounced in the equatorial region. Parts of NEAF and SEAF record
more drought conditions. MDG and most of ESAF experience more moderate to severe
drought than other drought classes.

A comparison of all drought months, and moderate, severe, and extreme drought
months spatial distribution demonstrates that all drought months do not depict the drought
distribution and intensity of the different drought levels. For example, more negative
SPI values over CAF are more pronounced during moderate and severe droughts than
during extreme drought months. Therefore, it is important to analyse drought at different
drought levels.

Figure 2 displays the interannual variability of SPI-3 for all drought months and
different drought categories across the nine regions of Africa. Drought variability affects
planning, mitigation actions, and resilience of the communities to adapt to the changing
drought situation. The interannual variability of drought months differs across all re-
gions. The highest interannual variability is recorded during the extreme drought periods
(red line). Moderate drought months (green line) have the least interannual variability. A
few years stand out with the largest variability across the regions, such as 1988, 2003, and
2013. Extreme drought events are observed in the MED region during 1996, while SAH
and WAF experience extreme droughts in 1985 and 1990, respectively. NEAF and WAF
experience multiple occurrences of extreme droughts during the study period.
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Figure 2. Interannual variability of drought from the ensemble mean of SPI-3 over the subregions
of Africa during 1983–2014. (a) MED; (b) SAH; (c) WAF; (d) CAF; (e) NEAF; (f) SEAF; (g) WSAF;
(h) ESAF; and (i) MDG. Black, red, blue, and green represent all, moderate, severe, and extreme
drought months, respectively. The shadings are the maximum and minimum SPI values from the
individual datasets.
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Table 4 presents the trend analysis of SPI for all drought months, and moderate,
severe, and extreme drought months over the subregions of Africa. The analysis reveals an
increasing trend in SPI for mostly all drought categories, especially in the tropical areas
of WAF, CAF, SEAF, and ESAF. Analysing the magnitude of linear change (slope), CAF
shows the largest positive change (0.322) for all drought months, while the region with the
least positive change is MDG (0.089). For moderate droughts, MED and WSAF present the
largest positive change (0.061). These values indicate an increase in moderate droughts
over time in these regions. The region with the lowest linear change for moderate droughts
is MDG (0.016), indicating a slight increase in moderate droughts over time. WSAF shows
the highest increasing change for severe droughts (0.073), while MDG shows a decreasing
change of −0.028, indicating a slight decrease in severe droughts over time. For extreme
droughts, CAF displays the largest increasing linear change of 0.252, while WAF and MDG
show a decrease in extreme drought (−0.028 and −0.035, respectively).

Table 4. Trend analysis of drought months over the climate subregions of Africa using the modified
Mann—Kendall test and the Theil–Sen slope estimator. Slope is the magnitude of linear-trend change
(scale: ×10–3), and positive and negative values of Z represent increasing and decreasing trends,
respectively, and p is the statistical significance at a 95% confidence level.

MED SAH WAF CAF NEAF SEAF WSAF ESAF MDG

All
Slope 0.290 0.222 0.322 0.377 0.232 0.358 0.337 0.349 0.089

Z 4.027 5.538 0.900 3.458 1.518 4.309 6.755 5.016 1.215
p 0.000 0.000 0.368 0.001 0.129 0.000 0.000 0.000 0.224

Moderate
Slope 0.061 0.036 0.039 0.031 0.035 0.043 0.061 0.051 0.016

Z 4.782 5.007 3.220 10.213 2.786 3.762 5.739 4.774 1.157
p 0.000 0.000 0.001 0.000 0.005 0.000 0.000 0.000 0.247

Severe
Slope 0.046 0.032 0.023 0.032 0.025 0.026 0.073 0.050 −0.028

Z 1.949 4.821 1.180 2.795 1.439 2.600 4.543 4.289 −0.696
p 0.051 0.000 0.238 0.005 0.150 0.009 0.000 0.000 0.486

Extreme
Slope 0.113 0.154 −0.028 0.252 0.083 0.161 0.093 0.240 −0.035

Z 2.864 4.995 −1.065 3.907 0.539 3.183 1.677 2.885 −0.103
p 0.004 0.000 0.287 0.000 0.590 0.001 0.093 0.004 0.918

Analysing the trend in SPI (Z), WSAF shows the largest increasing trend for all drought
months (6.755), while WAF shows the smallest increasing trend (0.900), followed by MDG
(1.215). CAF shows the highest increasing trend for moderate drought (10.213), while SAH
shows the largest increasing trend for severe (4.821) and extreme drought (4.995). While
different regions stand out as the area with the highest increasing trend for different drought
categories, MDG has the smallest increase for moderate drought (1.157) and decreasing
trends for severe (−0.696) and extreme (−0.103) drought.

The trend analysis for all drought months and different drought categories over differ-
ent regions of Africa shows varying levels of increasing or decreasing drought episodes
over time.

3.2. Analysis of Drought Characteristics

This section presents the spatiotemporal characteristics of drought for all drought
months and moderate, severe, and extreme drought months.

3.2.1. Drought Duration

Figure 3 shows the spatial distribution of drought duration over Africa. For all drought
months, the longest drought duration is observed along the equatorial region, except the
eastern part of NEAF. This observation is also true during extreme drought events, only
that the area during extreme drought events expands to cover more areas along the tropical
region. In contrast, CAF experiences long drought duration for all drought months and
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extreme drought months, while the Eastern SAH experiences long drought duration for
moderate, severe, and extreme drought months. Extreme drought months exhibit large
values within the equatorial regions (WAF, CAF, NEAF, and SEAF). In contrast, WSAF
and ESAF exhibit the shortest extreme drought conditions, potentially due to seasonal
precipitation patterns that modulate drought conditions frequently. Overall, drought
duration varies greatly across different regions of Africa with some areas experiencing
longer and more severe droughts than others.
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Figure 3. Spatial distribution of drought duration (months) over Africa during 1983–2014 averaged
from the gauge-based, satellite-based, and reanalysis data for different drought categories. (a) All;
(b) moderate; (c) severe; and (d) extreme drought. The demarcations in (a) delineate the climate
subregions of Africa.

Table 5 shows the drought duration averaged over different regions of Africa for
different drought categories. The average drought duration for all drought months is
longer in CAF, WSAF, and NEAF than in other regions. MDG presents the shortest drought
duration for all drought categories (1.29, 1.23, and 1.38 months for moderate, severe, and
extreme drought, respectively). On the other hand, SAH displays the longest duration for
moderate and severe drought (1.44 and 1.37 months, respectively), while CAF presents
the longest duration for extreme drought (1.85 months). SAH, WAF, CAF, and NEAF
generally have longer drought durations. Overall, the duration of severe drought is shorter
(average of 1.31 months) compared to moderate and extreme drought (average of 1.36 and
1.57 months, respectively), suggesting that moderate and extreme droughts tend to last
longer than severe droughts.
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Table 5. Drought duration (months year–1) averaged over the climate subregions of Africa for all,
moderate, severe, and extreme drought months during 1983–2014. Mean represents the ensemble
mean of all datasets, and max and min are the upper and lower bound of the uncertainty range,
respectively, obtained from the maximum and minimum duration from the individual datasets.

MED SAH WAF CAF NEAF SEAF WSAF ESAF MDG

All
Max 2.11 2.39 2.69 3.87 2.95 2.57 2.26 2.27 2.14

Mean 2.03 1.97 2.20 2.39 2.24 2.15 1.98 2.05 1.89
Min 1.88 1.77 1.88 1.97 1.94 1.91 1.72 1.77 1.72

Moderate
Max 1.40 1.72 1.51 1.59 1.48 1.50 1.40 1.41 1.39

Mean 1.34 1.44 1.35 1.38 1.39 1.36 1.32 1.34 1.29
Min 1.30 1.31 1.27 1.26 1.30 1.27 1.27 1.26 1.18

Severe
Max 1.33 1.52 1.44 1.59 1.50 1.44 1.35 1.39 1.28

Mean 1.28 1.37 1.31 1.35 1.34 1.31 1.26 1.29 1.23
Min 1.24 1.27 1.20 1.25 1.25 1.22 1.22 1.21 1.18

Extreme
Max 1.59 2.07 2.41 2.70 2.07 1.74 1.58 1.66 1.58

Mean 1.40 1.60 1.71 1.85 1.72 1.57 1.45 1.44 1.38
Min 1.31 1.45 1.35 1.53 1.39 1.39 1.26 1.24 1.16

3.2.2. Drought Events

Figure 4 shows the distribution of drought events over Africa. Eastern SAH has the
lowest number of events, while regions such as MED, WAF, SEAF, WSAF, ESAF, and MDG
have a high number of drought events. However, these regions also have short drought
durations (Figure 3). In addition, CAF and NEAF have a low number of events but with a
longer duration. Overall, the number of drought events varies across regions. The results
suggest that extreme droughts are the most persistent and impactful over the equatorial
region, with long durations (Figure 3d) and high numbers of events (Figure 4d). Despite
having a generally long drought duration, Eastern SAH has a low number of drought
events. In contrast, the low number of events in CAF, but with a long duration for all and
extreme drought months, poses a high risk to the region’s agriculture and water resources.

Table 6 shows the drought events averaged over different regions of Africa for different
drought categories. The number of drought events decreases from moderate to severe
and extreme droughts. For all drought months, MDG and CAF present the highest and
lowest number of drought events (30.39 and 24.05 events, respectively). Compared with
the drought duration (Table 5), the results indicate a high number of drought occurrences
in MDG but with a short duration, while the opposite is noted over CAF. For moderate
drought, the number of drought events ranges from 20.53 events (SAH) to 26.31 events
(MDG). For severe droughts, the highest and lowest number of drought events occur in
MED (12.23 events) and SAH (8.29 events), respectively. WAF shows the highest number of
drought events (5.11 events) for extreme drought, while SAH shows the lowest number of
events (3.09 events). These results suggest that drought events are most frequent in regions
such as MDG and MED and that most regions experience more moderate drought (average
of 24.09 events).
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Figure 4. Spatial distribution of drought events over Africa during 1983–2014 averaged from the
gauge-based, satellite-based, and reanalysis data for different drought categories. (a) All; (b) moderate;
(c) severe; and (d) extreme drought. The demarcations in (a) delineate the climate subregions of Africa.

Table 6. Drought events (year–1) averaged over the climate subregions of Africa for all, moderate,
severe, and extreme drought months during 1983–2014. Mean represents the ensemble mean of all
datasets, and max and min are the upper and lower bound of the uncertainty range, respectively,
obtained from the maximum and minimum duration from the individual datasets.

MED SAH WAF CAF NEAF SEAF WSAF ESAF MDG

All
Max 30.62 34.29 30.90 28.78 28.67 29.76 31.42 30.88 33.89

Mean 29.21 22.61 25.99 24.05 25.64 27.72 27.80 28.35 30.39
Min 25.69 12.22 21.56 17.87 22.36 24.86 24.97 24.45 19.89

Moderate
Max 28.00 31.57 26.20 26.60 26.91 27.23 29.17 28.88 29.87

Mean 25.97 20.53 23.09 22.36 23.41 25.19 24.54 25.46 26.31
Min 22.14 10.87 19.58 18.36 21.39 22.48 22.18 20.48 17.72

Severe
Max 13.25 12.77 12.93 12.23 12.44 13.04 12.84 13.04 13.76

Mean 12.23 8.29 11.20 10.67 10.78 11.67 11.19 11.69 12.03
Min 9.09 4.18 8.92 8.34 7.43 8.22 8.01 8.41 7.65

Extreme
Max 6.58 5.17 7.06 7.78 6.38 7.37 5.75 6.54 6.45

Mean 4.85 3.09 5.11 4.74 4.43 4.75 4.47 4.61 4.61
Min 2.23 1.70 3.29 2.18 1.65 1.79 2.37 2.19 2.14

3.2.3. Drought Frequency

Figure 5 shows the drought frequency in Africa. The drought frequencies of moderate,
severe, and extreme drought months reflect distribution from all drought months. In addition,
the spatial distribution of drought events and frequency generally agrees. In analysing the
frequency of drought events in Africa, we find that the lowest frequency occurs in the Eastern
SAH and WSAF. This is interesting because WSAF is known to be a dry region [68]. The results
indicate that although this region is arid, it does not experience many drought occurrences.
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The spatial distributions show high frequency over most regions of Africa (including MED,
WAF, CAF, NEAF, SEAF, Southern WSAF, ESAF, and MDG). In addition, the southern tip of
Africa displays a high frequency of moderate and severe droughts. However, compared to
drought duration (Figure 3) and events (Figure 4), it is evident that although they have a high
drought frequency, the events have a short duration. This implies that the regions experience
frequent droughts but with short-term impacts.
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Figure 5. Spatial distribution of drought frequency (%) over Africa during 1983–2014 averaged
from the gauge-based, satellite-based, and reanalysis data for different drought categories. (a) All;
(b) moderate; (c) severe; and (d) extreme drought. The demarcations in (a) delineate the climate
subregions of Africa.

Table 7 shows the drought frequency averaged over different regions of Africa for
different drought categories during 1983–2014. Drought frequency for moderate, severe,
and extreme droughts ranges from 7.74 (SAH) to 9.13% (MED), 2.93 (SAH) to 4.10% (MED),
and 1.23 (SAH) to 2.24% (CAF), respectively. The analysis of drought frequency across
Africa reveals some interesting patterns. Specifically, the results show that SAH has the
lowest drought frequency for all categories (7.74, 2.93, and 1.23% for moderate, severe, and
extreme droughts, respectively), while MED has the highest frequency for all categories
(9.13 and 4.10% for moderate and severe drought, respectively) except for extreme drought
months (where CAF has the highest frequency of 2.24%). Compared with the drought
duration results (Table 5), SAH displays longer drought durations for moderate and severe
drought (1.44 and 1.37 events, respectively) and among the longest for extreme drought
(1.60 events). This indicates that the drought occurrences in SAH are less frequent but
with longer duration. The opposite is observed for MED. Analysing the different drought
categories, the results indicate that moderate droughts are the most frequent across all
regions (with an average of 8.56% per year), suggesting that although Africa is prone to
drought, most droughts experienced are moderate. CAF shows a unique trend where
moderate drought frequency is among the lowest (8.12%) but extreme drought frequency
is the highest (2.24%).
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Table 7. Drought frequency (% year–1) averaged over the climate subregions of Africa for all,
moderate, severe, and extreme drought months during 1983–2014. Mean represents the ensemble
mean of all datasets, and max and min are the upper and lower bound of the uncertainty range,
respectively, obtained from the maximum and minimum duration from the individual datasets.

MED SAH WAF CAF NEAF SEAF WSAF ESAF MDG

All
Max 16.47 18.99 16.08 17.03 16.38 16.20 16.09 16.61 16.21

Mean 15.39 11.75 14.63 14.49 14.60 15.24 14.30 15.03 14.87
Min 12.96 5.67 12.78 12.21 11.86 12.98 11.85 12.39 11.06

Moderate
Max 10.14 12.86 9.50 10.45 10.14 10.52 10.40 10.30 10.05

Mean 9.13 7.74 8.16 8.12 8.53 8.99 8.53 8.94 8.92
Min 7.74 3.92 6.77 6.45 7.58 7.51 7.47 6.84 5.48

Severe
Max 4.42 4.57 4.23 4.78 4.47 4.39 4.23 4.46 4.60

Mean 4.10 2.93 3.83 3.75 3.77 3.97 3.69 3.95 3.88
Min 2.94 1.54 3.08 2.94 2.69 2.84 2.54 2.67 2.34

Extreme
Max 2.41 2.12 3.99 4.00 3.06 2.91 2.22 2.62 2.27

Mean 1.75 1.23 2.20 2.24 1.94 1.89 1.67 1.71 1.62
Min 0.78 0.63 1.51 0.98 0.79 0.69 0.90 0.72 0.66

3.2.4. Drought Intensity

Figure 6 shows the spatial distribution of drought intensity across Africa. Interpreta-
tion of drought intensity and severity is based on the magnitude rather than the negative
sign. For instance, the more negative the value, the higher the drought intensity. The results
show that drought intensity varies greatly across Africa and for different drought categories.
CAF and part of WAF stand out as having high intensity for all drought months. On the
other hand, WSAF and ESAF show low drought intensity for all drought months and
extreme drought months. In general, extreme drought months tend to have higher intensity
over the tropical regions, while higher intensities are observed over most regions of Africa,
except SAH, for moderate and severe droughts. In addition, Eastern SAH consistently
displays lower intensity for all drought categories.
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Figure 6. Spatial distribution of drought intensity over Africa during 1983–2014 averaged from the
gauge-based, satellite-based, and reanalysis data for different drought categories. (a) All; (b) moderate;
(c) severe; and (d) extreme drought. The demarcations in (a) delineate the climate subregions of Africa.
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Table 8 shows the drought intensity averaged over different regions of Africa. The
drought intensity for moderate, severe, and extreme drought months ranges from −1.20 to
−1.22, −1.69 to −1.71, and −2.36 to −2.45 (CAF), respectively. This suggests that although
extreme droughts have the lowest frequency of occurrence, they have the highest impact
when they do occur.

Table 8. Drought intensity (year–1) averaged over the climate subregions of Africa for all, moderate,
severe, and extreme drought months during 1983–2014. Mean represents the ensemble mean of all
datasets, and max and min are the upper and lower bound of the uncertainty range, respectively,
obtained from the maximum and minimum duration from the individual datasets.

MED SAH WAF CAF NEAF SEAF WSAF ESAF MDG

All
Max −1.41 −1.29 −1.49 −1.44 −1.43 −1.38 −1.42 −1.39 −1.38

Mean −1.50 −1.42 −1.56 −1.56 −1.52 −1.51 −1.51 −1.50 −1.50
Min −1.57 −1.57 −1.71 −1.73 −1.62 −1.63 −1.58 −1.63 −1.63

Moderate
Max −1.21 −1.17 −1.22 −1.21 −1.21 −1.21 −1.20 −1.21 −1.21

Mean −1.22 −1.20 −1.22 −1.22 −1.22 −1.22 −1.22 −1.22 −1.22
Min −1.23 −1.22 −1.23 −1.23 −1.23 −1.23 −1.23 −1.23 −1.23

Severe
Max −1.69 −1.67 −1.70 −1.70 −1.70 −1.69 −1.69 −1.69 −1.69

Mean −1.71 −1.69 −1.71 −1.71 −1.71 −1.71 −1.71 −1.71 −1.71
Min −1.72 −1.71 −1.73 −1.73 −1.72 −1.72 −1.72 −1.73 −1.73

Extreme
Max −2.29 −2.28 −2.38 −2.29 −2.30 −2.28 −2.34 −2.27 −2.28

Mean −2.36 −2.41 −2.43 −2.45 −2.43 −2.36 −2.40 −2.37 −2.39
Min −2.49 −2.63 −2.51 −2.79 −2.58 −2.44 −2.58 −2.48 −2.50

3.2.5. Drought Severity

The spatial distribution of drought severity over Africa (Figure 7) reveals some interesting
patterns. All drought months show high severity over CAF and parts of WAF, NEAF, and
SEAF, while Eastern SAH and WSAF exhibit low intensity. Moderate and severe drought
months show high severity over Eastern SAH, while the rest of the continent experiences
relatively much lower drought severity. Extreme drought months tend to have higher inten-
sity over the equatorial region. MDG depicts low severity for all drought categories. The
severity of drought events is consistent with duration and intensity, with regions such as CAF
showing high severity due to long durations and high intensity. The severity of moderate
and severe drought in Eastern SAH indicates that although the intensity over the region is
lower, the drought occurrences have a long duration. These findings help identify areas of
high vulnerability and aid in developing targeted drought mitigation strategies.

Table 9 shows the drought severity averaged over different regions of Africa. The
results show that drought severity varies across different regions of the continent and
impacts all regions of Africa. Moderate, severe, and extreme drought has the smallest and
largest severity in MDG (−1.58) and SAH (−1.73), MDG (−2.10) and SAH (−2.33), and
MED (−3.33) and CAF (−4.61), respectively. MDG has the lowest severity for moderate
and severe droughts (and second lowest for all drought and extreme drought months),
indicating that it is the region least affected by drought. On the other hand, SAH has the
highest severity for moderate and severe drought months, suggesting that this region is
more prone to moderate and severe droughts. Additionally, CAF has the highest severity for
extreme drought months, followed by NEAF (−4.23) and WAF (−4.19), indicating that these
regions are more vulnerable to extreme drought conditions. Overall, the drought severity
has a consistent pattern with the drought duration (Table 5) and intensity (Table 8) results,
highlighting the importance of monitoring both factors to accurately assess drought severity
in Africa. The results show that droughts in Africa can have strong impacts, especially
when they reach extreme drought levels. Therefore, monitoring drought conditions and
implementing appropriate measures to mitigate their effects is important.
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Table 9. Drought severity (year–1) averaged over the climate subregions of Africa for all, moderate,
severe, and extreme drought months during 1983–2014. Mean represents the ensemble mean of all
datasets, and max and min are the upper and lower bound of the uncertainty range, respectively,
obtained from the maximum and minimum duration from the individual datasets.

MED SAH WAF CAF NEAF SEAF WSAF ESAF MDG

All
Max −2.65 −2.40 −2.93 −2.94 −2.78 −2.64 −2.45 −2.46 −2.41

Mean −3.05 −2.82 −3.43 −3.76 −3.43 −3.27 −3.00 −3.11 −2.85
Min −3.34 −3.37 −4.41 −6.32 −4.78 −3.99 −3.51 −3.81 −3.71

Moderate
Max −1.58 −1.60 −1.55 −1.55 −1.59 −1.57 −1.56 −1.54 −1.43

Mean −1.64 −1.73 −1.65 −1.69 −1.70 −1.67 −1.62 −1.64 −1.58
Min −1.70 −2.08 −1.85 −1.95 −1.81 −1.83 −1.71 −1.72 −1.68

Severe
Max −2.11 −2.14 −2.06 −2.14 −2.14 −2.13 −2.07 −2.07 −2.01

Mean −2.20 −2.33 −2.25 −2.32 −2.29 −2.25 −2.16 −2.22 −2.10
Min −2.29 −2.57 −2.46 −2.73 −2.56 −2.46 −2.30 −2.38 −2.19

Extreme
Max −3.07 −3.33 −3.27 −3.69 −3.30 −3.28 −2.99 −2.96 −2.77

Mean −3.33 −3.93 −4.19 −4.61 −4.23 −3.76 −3.54 −3.49 −3.34
Min −3.99 −5.01 −5.88 −7.25 −5.43 −4.22 −4.10 −4.26 −3.89

The results demonstrate that analysing all drought months without considering the
different drought categories can lead to wrong conclusions. This reflects the importance of
analysing drought at different levels to better understand the situation.
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3.2.6. Drought Impact Area

The drought impact area (see Table 3 for the equation) displays the percentage area of
a subregion that experiences a certain level of drought.

Figure 8 shows the interannual variability of drought impact areas for all drought
months. The impact of drought events on different regions of Africa shows a large vari-
ability in terms of the affected area. MDG has the largest variability (standard deviation of
13.06%), while SAH has the smallest variability (standard deviation of 7.76%). The maxi-
mum drought impact area ranges from 68.34 (ESAF) to 39.73% (CAF), while the minimum
drought impact area ranges from 0.00 (MDG) to 1.14% (CAF). The mean impact area for
MED, SAH, WAF, CAF, NEAF, SEAF, WSAF, ESAF, and MDG is 15.16, 11.23, 14.52, 14.67,
14.81, 15.38, 14.20, 14.97, and 14.93%, respectively.
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Figure 8. Percentage of Africa’s subregions experiencing drought months. The black line is the mean
of all the datasets and the grey shading shows the uncertainty range using maximum–minimum
values from the individual datasets. Trend is the magnitude of linear change (% year–1; scale: ×10–2)
calculated using the Theil–Sen slope estimator. (a) MED; (b) SAH; (c) WAF; (d) CAF; (e) NEAF;
(f) SEAF; (g) WSAF; (h) ESAF; and (i) MDG.

All regions regularly experience a 50% impact area but with a decreasing trend,
ranging from −1.843% (ESAF) to −3.084% (WSAF), except for MDG, which displays an
increasing trend of 0.311%. The impact of drought is less severe in the SAH and CAF
regions, while more impact is noted for the MDG, MED, and WAF regions. Specifically,
WSAF experiences a high impact from 1988 to 1995, which reduces from 2003 to 2008. On
the other hand, NEAF experiences a high impact of above 50% during 1999, compared to
other years during the study period. These findings indicate that the impact of drought
events varies extensively across the different regions of Africa.

Figure 9 shows the interannual variability of drought impact areas for moderate drought
months. The analysis reveals a high degree of variability, with MDG and CAF presenting
the largest and smallest variability of 6.64 and 3.54%, respectively. The maximum drought
impact area ranges from 19.91 (CAF) to 30.99% (ESAF), while the minimum drought impact
area ranges from 0.00 (MDG) to 0.87% (CAF). This means that apart from MDG, all other
regions have at least one pixel that experiences moderate drought during all months of the
study period. The mean impact area ranges from 7.42 (SAH) to 9.21% (MED). The maximum
drought impact area for severe drought is smaller than that for moderate drought.
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Figure 9. Percentage of Africa’s subregions experiencing moderate drought conditions. The green
line is the mean of all the datasets and the shading shows the uncertainty range using maximum–
minimum values from the individual datasets. Trend is the magnitude of linear change (% year–1;
scale: ×10–2) calculated using the Theil–Sen slope estimator. (a) MED; (b) SAH; (c) WAF; (d) CAF;
(e) NEAF; (f) SEAF; (g) WSAF; (h) ESAF; and (i) MDG.

The trends indicate that all regions show a decreasing drought impact area except
for MDG (0.069%). CAF displays the smallest decreasing trend (−0.394%), while WSAF
displays the largest (−1.458%).

MED experiences several occurrences of drought impact areas larger than 20%, notably
in 1992, 1996, 1999, and 2001. Interestingly SAH only experiences 2 months that barely
reach 20%. WAF shows a drought impact area of more than 20% in late 2001. CAF does not
experience drought impact areas of more than 20%. NEAF shows a drought impact area
greater than 20% in 1984, 1994, and 2011. SEAF experiences a drought impact area of more
than 20% in 1993, 1996/1997, 1998, 2000, and 2005/2006. WSAF shows a drought impact
area greater than 20% in 1983, 1992, 1993, 1994, and 2000/2001. ESAF displays a drought
impact area greater than 20% in 1992, 1994, and 1998. MDG experiences a drought impact
area greater than 20% in 1985, 1991, 1993, 1995, 1996, 2000, 2013, and 2014.

Figure 10 shows the interannual variability of drought impact areas for severe drought
months. The variability ranges from 2.47 (SAH) to 4.46% (MED) and the mean ranges from
2.81 (SAH) to 4.16% (MED). CAF and WSAF present the smallest and largest maximum
drought impact area of 11.29% and 26.07%, respectively. Apart from SAH, WAF, CAF, and
WSAF that have minimum drought impact areas of 0.10, 0.02, 0.10, and 0.04%, respectively;
all other regions have minimum drought impact areas of 0.00%.

The trends for severe drought conditions also show an increasing drought area for
MDG (0.188%). ESAF and WSAF show the smallest (−0.605%) and largest (−0.957%)
decreasing trend, respectively.

Severe drought conditions are recurrent in all regions of Africa. Each year, at least one
pixel in each region experiences severe drought, highlighting the severity and persistence
of the problem across the continent.
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Figure 10. Percentage of Africa’s subregions experiencing severe drought conditions. The blue line is
the mean of all the datasets and the shading shows the uncertainty range using maximum–minimum
values from the individual datasets. Trend is the magnitude of linear change (% year–1; scale: ×10–2)
calculated using the Theil–Sen slope estimator. (a) MED; (b) SAH; (c) WAF; (d) CAF; (e) NEAF;
(f) SEAF; (g) WSAF; (h) ESAF; and (i) MDG.

Figure 11 shows the interannual variability of drought impact areas for extreme
drought months. The mean and variability of drought impact areas range from 1.00 (SAH)
to 2.36% (CAF) and 1.68 (SAH) to 3.39% (WAF), respectively. MED presents the largest
maximum drought impact area (30.41%), while CAF shows the smallest maximum drought
impact area (15.11%). All regions have a minimum drought impact area of 0.00%, except for
CAF (0.01%). The maximum drought impact area for extreme drought is generally larger
than that for severe drought.
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Figure 11. Percentage of Africa’s subregions experiencing extreme drought conditions. The red line is
the mean of all the datasets and the shading shows the uncertainty range using maximum–minimum
values from the individual datasets. Trend is the magnitude of linear change (% year–1; scale: ×10–2)
calculated using the Theil–Sen slope estimator. (a) MED; (b) SAH; (c) WAF; (d) CAF; (e) NEAF;
(f) SEAF; (g) WSAF; (h) ESAF; and (i) MDG.
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MDG also shows an increasing drought impact area trend (0.054%) for extreme
drought, while MED and WAF show the smallest (−0.433%) and largest (−1.140%) decreas-
ing trend, respectively.

The impact area for extreme drought conditions is relatively low (with an average of
1.90%) compared to moderate and severe drought conditions. MED experiences extreme
drought around the 2000s, and WSAF experiences extreme drought around 1989 and 1995.

The average drought impact area is largest for moderate drought, followed by severe
and extreme drought conditions. Moderate drought also displays the largest variability,
while extreme drought presents the smallest variability. Considering the maximum drought
impact area, we note that severe drought has the smallest maximum drought-impact area.
Moderate and extreme droughts have the largest impact over different regions (MED, WAF,
and WSAF for extreme drought months).

Moderate droughts have an overall larger drought impact area decreasing trend,
followed by severe and extreme droughts. WSAF displays the largest decreasing trend for
moderate and severe drought, while WAF shows the largest decreasing trend for extreme
drought. Although a linear trend calculated during the whole study period might not
accurately portray the actual trend (since the trend might not be linear), the results provide
information about the magnitude of the linear change during the study period.

4. Discussion

Our results indicate larger SPI-3 values over CAF and NEAF than across Eastern SAH and
WSAF, which are consistent with recent literature. For instance, the global disaster alert and
coordination system (GDACS) reported a drought that started in mid-January 2021 and lasted
for a total of seven (7) months in the CAF region [70]. Furthermore, across parts of SEAF and
ESAF, the drought, which started by the end of March 2022, lasted twelve (12) months [71].

Generally, our results based on a 3-month time scale align with the need for monitoring
soil-moisture changes over time and are critical for deciding when to plant crops, especially
in a rainfed cropping system [72]. Only 5% of the cultivated area in sub-Saharan Africa is
irrigated [73], while CAF, SAH, WSAF, and other sub-Saharan African regions depend on a
rainfed cropping system [74,75]. The SPI-3-based results indicate the susceptibility of such
regions to a reduction in crop yields. On average, yields of crops from rainfed areas are
2.7 times less than those from irrigated areas [76]. Due to climate variability, precipitation is
progressively becoming unpredictable with increasing frequency of drought events, thereby
compounding the vulnerability of smallholder farmers to low crop yields. One option for
farmers in drought-prone areas is to adopt irrigation. However, irrigation entails equipment
and accessories installation, and operation and maintenance costs. Unfortunately, most
farmers cannot afford these costs, which explains why irrigation is limited across sub-
Saharan Africa [77]. Farmers can also adopt drought-resistant crops in regions such as
CAF, SAH, and WSAF. Furthermore, given the uncertainty in yield-gap closure, another
option would be for the government in drought-prone areas to promote nonfarm income-
generating activities for the local citizens [74,78].

One limitation of the approach used in this study is that the standardisation of pre-
cipitation to derive SPI lacks the capability of distinguishing regions that can be more
drought-prone than others [79]. Ideally, two equal SPI values from different regions cannot
be taken to mean a similar precipitation deficit [79]. Furthermore, regional differences in
precipitation variability mean that some regions have lower long-term mean precipita-
tion totals than other areas. In fact, spatial variation in the long-term precipitation mean
can show the various types of climates, thereby indicating differences in susceptibility to
droughts. Areas with low precipitation can be characterised by a low standard deviation
(indicating low precipitation variability; see Figure A2), leading to large SPI values. On
the other hand, areas with large precipitation totals and high intermittency tend to be
characterised by a large precipitation standard deviation (indicating high variability) and
these lead to small SPI values. The influence of precipitation variability on SPIs is more
pronounced with low (e.g., 1-, 2-, and 3-month) time scales [79]. Therefore, caution should
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be taken when interpreting the SPI values. Furthermore, readers should be careful when
interpreting results over regions such as SAH, since these regions have a lack of data and
thus very limited evidence [1].

5. Conclusions

Africa is strongly affected by precipitation variability and its extremes. This study
employs the SPI technique to analyse the spatiotemporal variability of different drought
levels over Africa and its nine climate subregions from an ensemble of multisource datasets
(gauge-based, satellite-based and reanalysis). The present study does not attempt to explain
the mechanism for drought formation but instead analyses various drought characteristics
(duration, events, frequency, intensity, and severity) for all drought months and moderate,
severe, and extreme drought conditions across Africa.

The study demonstrates that drought events occur across the continent, with equatorial
regions experiencing smaller SPI values for all drought months, while Eastern SAH and
WSAF have larger SPI values for moderate drought months. Eastern SAH and WSAF
regions show higher SPI values for severe and extreme drought months, while the rest
of the continent has evenly distributed small SPI values. The interannual variability of
drought levels shows that drought variability differs across all regions, with extreme
drought months having the largest interannual variability, followed by all and severe
drought months. The trend analysis of SPI shows significantly increasing drought trends in
most regions of Africa, especially in WAF, CAF, SEAF, and ESAF. Drought duration varies
greatly across different regions of Africa, with some areas experiencing longer and more
severe droughts than others. The equatorial regions of Africa experience more frequent and
severe drought events than other regions, with longer durations and smaller SPI values.

MDG experiences the lowest impact of drought for moderate and severe drought
categories (and second lowest for all and extreme drought months). On the other hand,
SAH is strongly impacted by moderate and severe drought conditions while experiencing
the lowest extreme drought months compared to other regions, suggesting that severe and
extreme droughts are less frequent but more severe in this region. Meanwhile, CAF receives
the highest drought impact for extreme drought conditions, followed by NEAF and WAF.
The CAF region experiences a low number of drought events but with long duration for all
and extreme drought months. Overall, we note that the findings from all drought months
do not accurately portray the situation observed for different drought levels.

This work highlights the importance of analysing drought at different drought levels
to accurately portray the extent of drought impact. The findings have implications for
the planning and managing of droughts and the adaptation strategies needed to enhance
community resilience to changing drought situations, particularly in regions with high
population density and agricultural activities. These strategies should prioritise the early
detection and prediction of drought events and the development of adaptive measures to
minimise the impact of drought on vulnerable communities and ecosystems. In addition, it
is important to continue monitoring drought-prone regions to better understand the factors
contributing to drought variability and to develop effective strategies to reduce the impacts
of drought on communities and the environment.

Author Contributions: Conceptualization: K.T.C.L.K.S., B.O.A., C.O. and V.O.; methodology:
K.T.C.L.K.S., B.O.A., C.O. and V.O.; visualization: K.T.C.L.K.S.; validation: X.Z., C.O. and V.O.;
formal analysis: K.T.C.L.K.S., B.O.A. and Z.W.S.; data curation: K.T.C.L.K.S.; writing—original draft
preparation: K.T.C.L.K.S., B.O.A. and V.O.; writing—review and editing: X.Z., C.O. and Z.W.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research is funded by project number 560120054. This research was supported by
the Brain Pool program funded by the Ministry of Science and ICT through the National Research
Foundation of Korea (NRF-2022H1D3A2A02063155).



Atmosphere 2023, 14, 1052 22 of 25

Data Availability Statement: FROGS: https://doi.org/10.14768/06337394-73A9-407C-9997-0E380
DAC5598 (accessed on 6 September 2022). NCL: https://www.ncl.ucar.edu/. SPI-NCL: https://
www.ncl.ucar.edu/Document/Functions/Built-in/dim_spi_n.shtml.

Acknowledgments: The authors thank the developers of the FROGS database for making their data
openly available.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Appendix A.1. Study Area

Atmosphere 2023, 14, x FOR PEER REVIEW  23  of  27 
 

 

Funding: This research is funded by project number 560120054. This research was supported by the 

Brain Pool program funded by the Ministry of Science and ICT through the National Research Foun-

dation of Korea (NRF-2022H1D3A2A02063155). 

Data  Availability  Statement:  FROGS:  https://doi.org/10.14768/06337394–73A9-407C-9997-

0E380DAC5598  (accessed  on  6  September  2022).  NCL:  https://www.ncl.ucar.edu/.  SPI-NCL: 

https://www.ncl.ucar.edu/Document/Functions/Built-in/dim_spi_n.shtml. 

Acknowledgments: The authors thank the developers of the FROGS database for making their data 

openly available. 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 

Study Area 

 

Figure A1. Map of Africa and its 9 subregions (delineated by blue boxes). The background colour 

shows the terrain elevation (m) and the inset shows the geographical position of the African conti-

nent  (red  box). MED: Mediterranean;  SAH:  Sahara; WAF: Western Africa; CAF: Central Africa; 

NEAF: Northern Eastern Africa; SEAF: Southern Eastern Africa; WSAF: Western Southern Africa; 

ESAF: Eastern Southern Africa; and MDG: Madagascar. 

   

Figure A1. Map of Africa and its 9 subregions (delineated by blue boxes). The background colour
shows the terrain elevation (m) and the inset shows the geographical position of the African con-
tinent (red box). MED: Mediterranean; SAH: Sahara; WAF: Western Africa; CAF: Central Africa;
NEAF: Northern Eastern Africa; SEAF: Southern Eastern Africa; WSAF: Western Southern Africa;
ESAF: Eastern Southern Africa; and MDG: Madagascar.
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