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Abstract: This study reveals rainfall variability and trends in the African continent using TAMSAT
data from 1983 to 2020. In the study, a Mann-Kendall (MK) test and Sen’s slope estimator were
used to analyze rainfall trends and their magnitude, respectively, under monthly, seasonal, and
annual timeframes as an indication of climate change using different natural and geographical
contexts (i.e., sub-regions, climate zones, major river basins, and countries). The study finds that the
highest annual rainfall trends were recorded in Rwanda (11.97 mm/year), the Gulf of Guinea (river
basin 8.71 mm/year), the tropical rainforest climate zone (8.21 mm/year), and the Central African
region (6.84 mm/year), while Mozambique (—0.437 mm/year), the subtropical northern desert
(0.80 mm/year), the west coast river basin of South Africa (—0.360 mm/year), and the Northern
Africa region (1.07 mm/year) show the lowest annual rainfall trends. There is a statistically significant
increase in the rainfall in the countries of Africa’s northern and central regions, while there is no
statistically significant change in the countries of the southern and eastern regions. In terms of climate
zones, in the tropical northern desert climates, tropical northern peninsulas, and tropical grasslands,
there is a significant increase in rainfall over the entire timeframe of the month, season, and year. This
implies that increased rainfall will have a positive effect on the food security of the countries in those
climatic zones. Since a large percentage of Africa’s agriculture is based only on rainfall (i.e., rain-fed
agriculture), increasing trends in rainfall can assist climate resilience and adaptation, while declining
rainfall trends can badly affect it. This information can be crucial for decision-makers concerned with
effective crop planning and water resource management. The rainfall variability and trend analysis
of this study provide important information to decision-makers that need to effectively mitigate
drought and flood risk.

Keywords: rainfall variability; rainfall trend; TAMSAT data; climate change; climate hazard; Africa

1. Introduction

There has been a clear change in the global climate in recent decades that could
significantly impact environmental, social, and economic sustainability [1-3]. The changes
in spatial and temporal variability of rainfall have been observed in various parts of the
world [4]. In 2021, for example, almost all the continents experienced severe flooding
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with both positive and negative impacts [5]. The unprecedented droughts accompanied
by severe wildfires experienced between 2020 and 2021 across the United States, Brazil’s
Amazon rainforest, Australia, and Europe are an indication of the negative impacts of
reducing rainfall [6-9]. Furthermore, the variability in rainfall can have a significant impact
on ecosystems and their biodiversity, positively or negatively [10-12].

Climate variability directly impacts agriculture and poses a significant threat to food
security and livelihoods, especially in poor or developing countries [13]. Many recent
studies have shown an increase in rainfall over countries around the world and notably a
decrease in rainfall over southern Africa [14-21]. Africa has been identified by various stud-
ies as increasingly vulnerable to climate change and variability, with one of the significant
impacts being the reduction in agricultural production due to the continent’s low adaptive
capacity [20,22]. About 80% of the total human population in Africa is dependent on
agriculture or agricultural products, while in most African countries, the fiscal contribution
of the agricultural sector to GDP is more than 40% [23].

Rainfall and temperature are the major determinants of climate variability. A sig-
nificant increase or decrease in rainfall can also be detected by long-term changes in the
monsoon system [24,25]. However, Africa receives rainfall over two major monsoons:
The West African monsoon (WAM) and the East African monsoon (EAM). During the
WAM, winds blow southwest from the North Atlantic Ocean, keeping the Inter-Tropical
Convergence Zone (ITCZ) above the equator, and WAM usually occurs from June to Septem-
ber [26,27]. West African Sahel became known as having the region’s most devastating
drought because of changes in WAM conditions during the 1970s and 1980s [28,29]. During
the EAM seasons, the ITCZ is located south of the equator, with long-duration rain from
March to May and short duration rain from October to December in the central, southern,
and eastern parts of Africa [24,30].

In addition to the two major monsoon seasons, WAM and EAM, the IPCC Atlas (IPCC,
2013 [2]) introduced another four rainfall seasons, Mar-Apr-May (MAM), Jun-Jul-Aug
(JJA), Sep—Oct-Nov (SON), and Dec—Jan-Feb (DJF) in order to study and compare the
climate variability effectively across geographies. Moreover, various studies [31-34] have
shown that the rainfall variability in Africa is more sensitive to large-scale climatic variables,
such as “El Nifo-Southern Oscillation (ENSO)”, La Nifia-Southern Oscillation (ENSO),
Indian Ocean Depot (IOD), and ITCZ.

Rainfall variability and its trends are important for water resource management, climate
variability assessment, and determining changes in its impacts on water resources [35,36]. The
foremost obstacle to a detailed rainfall trend analysis using data measured from field-
based meteorological stations covering the entire African continent is the unavailability of
adequate long-term and spatially represented climatic data [20,37]. Station-based rainfall
measurements for large areas are unavailable at high intensities with spatial frequencies [38],
a situation that renders low-quality data. The rainfall trend studies conducted with high-
quality data can form a basis to manage climate impacts better [39]. There have been
several studies on long-term variability in rainfall parameters and trends covering mosaics
of Africa, most of which are based on a particular region, river basin, country, or a region
of a country [40,41]. The most commonly used climatic data for those studies are location-
specific or climatic models with coarser spatial resolution. However, only a handful of
studies have been conducted using satellite estimated rainfall data to derive the rainfall
trends [42,43].

Rainfall estimates based on satellite or hybrid (satellite and ground data) provide
a practical and complementary alternative to ground data in the absence of long-term
field-measured rainfall data [20]. On the other hand, the use of high-resolution raster
rainfall data, generated using either satellite estimates or models, is appropriate for a
variety of analyses, including those of the rainfall trends and of the drought monitoring,
by the capturing of spatial variability of a considered geographical area [44]. Satellite-
based rainfall estimates have the advantage of providing full spatial coverage of the
particular area, using a variety of algorithms [45-48]. The well-known major precipitation
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products available globally and regionally that can be used successfully for the above
approach are the Tropical Rainfall Measuring Mission (TRMM,; [49]), Global Precipitation
Climatology Center (GPCC; [50]), Asian Precipitation-Highly-Resolved Observational Data
Integration Towards Evaluation (APHRODITE; [51]), Global Precipitation Measurement
(GPM,; [52]), Precipitation Estimation from Remotely Sensed Information using Artificial
Neural Networks (PERSIANN; [53]), Climate Hazards Group InfraRed Precipitation with
Stations data (CHIRPS; [54]), and Tropical Applications of Meteorology Using Satellite Data
and Ground-Based Observations (TAMSAT; [42,44]).

Long-term rainfall variability and trend studies provide significant support for identi-
fying areas with significant changes in rainfall patterns. However, such studies have not
been undertaken in such a way as to cover the entire African continent, and if such studies
had been conducted, they would have been more helpful to the development of policy-
making and implementation processes in all fields. Besides, identifying continental-wide
long-term rainfall variability and trends by considering spatial and temporal variability
would greatly help agro-meteorologists and disaster management decision-makers and
practitioners. It would further enhance African governments’ capabilities in drought/flood
monitoring, decision-making on crop diversification (i.e., essential strategy in food se-
curity), and infrastructure development, among several other applications. The rainfall
variability is widely known to affect food security, with the worst scenario of reducing food
availability and causing malnutrition [55]. Furthermore, rainfall variability can significantly
increase hunger in countries with high rainfall variability, sensitive agriculture systems,
and subsistence agriculture dependence for their livelihoods. Africa is most affected by
rainfall variability, as rain-fed agriculture accounts for more than 90% of Africa’s total
agriculture [56-59].

Moreover, we contend that a study that covers the whole of Africa using a single
dataset, such as TAMSAT, will provide a better overall rainfall distribution perspective,
rather than identifying rainfall trends that cover small areas, especially using limited rainfall
gauge data. When using a raster rainfall dataset that covers a large area at once, importantly,
if data has some errors, it will distribute in the entire dataset evenly to minimize the impact
of spatial outliers. Furthermore, rainfall trend studies covering the whole African continent
are almost non-existent. This reflects the fact that studies in remote and data-deficient areas
where much of the agricultural activities are limited, and as a result, areas in many parts of
Africa are vulnerable to climate change and variability. Africa’s rural areas are at greater
risk of climate variability due to inadequate studies and information to develop strategies
for risk management and climate resilience.

Intending to provide a successful solution to the aforementioned challenges, this
study focuses on the African continent-wide analysis of long-term rainfall variability
and trends based on TAMSAT data, using diverse geographical contexts (country, major
river basins, regions, and climatic zones) and timeframes (monthly, seasonal and annual).
Furthermore, this study investigates whether rainfall will vary significantly over time in
different geographical units under the influence of different monsoons. A pathway to
use rainfall variability and trends towards climate change resilience and adaptation is
also discussed from multiple perspectives, such as agricultural crop diversification, water
management, infrastructure development, and biodiversity conservation.

2. Materials and Methods
2.1. Study Area: African Continent

The African continent is located in the equatorial and subtropical latitudes of the
Northern and Southern Hemispheres, having many different climatic conditions. Africa’s
climate includes tropical (desert, rainforest, grassland, and semi-arid) and subtropical
(humid and desert) climate zones, as depicted in Figure 1a. It also experiences tropical
monsoon seasons and consists of subtropical highlands. Africa is the largest tropical region
among all continents of the Earth, and different vegetation is found in various ecosystems,
including rainforests, tropical deserts, savannah, and grasslands [60]. As indicated in
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Figure 1a, there are 25 major river basins in Africa, according to the United Nations” Food
and Agriculture Organization [61]. Africa covers a total land area of 30.4 million square
kilometres, 7500 km from north to south and 7300 km east-west covering 37°21'00"N-
34°51'15""S, 17°31'13"W-51°27'52"E [62].
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Figure 1. Study area: African continent. (a) climate zone and major river basins. (b) five regions and
countries.

There are 68 countries in five sub-regions of the African continent (Figure 1b). The
United Nations geoscheme (https:/ /unstats.un.org/unsd/methodology/m49/, accessed
on 4 April 2021), world atlas of Africa (https://www.worldatlas.com/geography/regions-
of-africa.html, accessed on 4 June 2021) as well as the African Union (http://www.west-
africa-brief.org/content/en/six-regions-african-union, accessed on 4 August 2021), have
identified the five regions of Africa as Northern, Central (Middle), Western, Eastern, and
Southern, with some changes of the number of countries in each region. The regional classi-
fication for the African continent, classified according to the United Nations geoscheme and
World Atlas of Africa, was used for this study as most previous studies have also adapted
the same African regions [63].

2.2. Data

Many studies have emphasized that rainfall products produced by the TAMSAT team
at the University of Reading in the UK are more suitable than their surrogates for study in
Africa, given the availability of the above rainfall estimates, TAMSAT’s level of accuracy,
its spatial resolution, and its widespread use for trend analysis [30,64—66]. The gridded
TAMSAT rainfall products are based on high-resolution Meteosat thermal infrared (TIR)
observations and data gathered through rainfall stations [67]. Furthermore, TAMSAT
rainfall products provide a valuable basis for a more successful study of long-term rainfall
trends as they are available from 1983 to the present, covering all of Africa at 4 km spatial
resolution [43]. The TAMSAT data have been generated using the Meteosat data and
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integrated ground data through an explorative calibration approach. Until 2009, TAMSAT
data were only available for the Northern, Southern, and some parts of East African regions,
but updated data from 1983 to date with calibrated measurement data entries for all of
Africa are now available [42]. A systematic statistical assessment shows that the TAMSAT
daily datasets are comparable to other remotely-sensed rainfall datasets and can be used
for various applications with high accuracy. Although the suitability of TAMSAT data as
aforestated, has been shown through various studies, in some instances overestimation
and underestimation of rainfall can be identified. It might be due to the use of infrared
data for TAMSAT rainfall estimates instead of Synthetic Aperture Radar (SAR) data [42].
Furthermore, the study by Ross (2016) concludes that TAMSAT data are well suited for risk
assessments and long-term changes in rainfall. Henceforth, this study uses TAMSAT daily
rainfall estimates from 1983 to 2020 as the main input rainfall data into our models.

African country and region boundaries were freely downloaded from the World
Bank official boundary data catalogue (https://datacatalog.worldbank.org/dataset/world-
bank-official-boundaries, accessed on 2 April 2021). The major river basins boundaries
were downloaded from the FAO data catalogue (https://data.apps.fao.org/map/catalog/,
accessed on 16 April 2021) considering its high accuracy. The main reason for that high
accuracy is that the basin boundaries are extracted from hydrologically-corrected elevation
data (WWF HydroSHEDS and Hydro1K). The climate zone map of Africa was generated
using a raster dataset (https://www.britannica.com/place/Africa/Climate, accessed on 16
April 2021).

2.3. Methodology
2.3.1. Rainfall Data Pre-Processing

TAMSAT version 3.0 [41] daily rainfall data was downloaded from the University of
Reading Research Data Archive from 1983 to 2020. Downloaded data are available as a
single layer of NetCDF (Network Normal Data Format) file format 365 layers per year, with
13 880 layers for 38 years. These data layers were converted to a Tagged Image Format
(.TIFF) using R-Studio software, as TIFF data could be handled more conveniently in the
Geographical Information System (GIS).

Rainfall data for different periods of the month, season, and year were generated by
aggregating daily TAMSAT data for the respective periods, and since this rainfall data can
be obtained from the raster data format, the data accumulation process uses a geospatial
data analysis method called cell statistics available in GIS. Since different geographical
units, such as countries, river basins, regions, and meteorological zones, were used in this
study, the average rainfall for each unit was calculated on monthly, seasonal, and annual
bases. In order to calculate the spatial average of each geographic unit, the zonal average
method was used. Subsequently, Mann-Kendall’s test and Sen’s slope estimate as defined
below were used to analyze rainfall trends at different timeframes (i.e., monthly, seasonally,
and annually) and geographical units (i.e., sub-regions, climate zones, major river basins,
and countries).

2.3.2. Mann—Kendall’s Trend Test

The Mann-Kendall (MK) non-parametric test was adopted in this study as it is
commonly used to monitor the trends in inter alia, rainfall, temperature, and river dis-
charge [68-70]. Positive values of the trend test’s results indicate an increase in the pa-
rameters over time, while the negative values show a decreasing trend [71,72]. The trend
analysis is performed in two stages, the first being the MK test, which examines whether
there is a uniform linear increase or decrease tendency. Secondly, the slope of the linear
trend created through the test is estimated using the non-parametric Sen’s slope estimate,
which gives a quantitative representation of the increase or decrease of the considered
parameters.
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In addition to the MK trend test, the linear regression method is widely used for trend
analysis since it is parametric, and the need for a dataset of a normally-distributed time
series to perform the test can be considered a weakness. However, among the various
time-series trend detection tests, the MK test has become the most commonly-used trend
test due to its simplicity, ability to handle non-normal and missing data distribution, and
ability to control the effects of outliers and eliminate gross data errors. Furthermore, the
trend test can be used for different time frames, such as monthly, seasonal, or annual.

The MK trend test has been done in a series, where  is the length of the sample, x;
and x; are fromi=1,2,... n—1landj=i+1,... n. The MK statistics “S” can be calculated
by the following Equations (1) and (2).

n-1 ,
S = Y. sgn(xj—x) 1)
=1 =1
+1,> (xj Xi),
sgn (xj—x;) =4 0,= (xj—x;), 2)

If the number of records used for the test is greater than 10 (N > 10), then the average
distribution statistic is approximately equal to zero, and the variance of “S” is calculated
using Equation (3). Usually, more than 10 records are used to analyze the trend of the time
series. o )
nn—1)2n+5) — /" t(i)(i—1)(2i +5)

®G)

18
where ¢; is the number of records specified in sample 7, then, MK’s statistics Zc (standard
average deviation) for N > 10 can be calculated with values of “S” and Var(S) using Equation

(4).

Var(s) =

A, S>0,

Var(S)

Zc = 0, S=0, @)
St 5 <.
Var(S)”

Zc is used to assess whether there is a statistically significant trend or not. A positive
Zc value depicts an increasing trend, while the negative Zc data gives a decreasing trend
for the period. Since the test is two-tailed, | Zc| > zx/2, the null hypothesis is rejected,
while « is the significance level for the test. Positive values of Zc show an increasing trend,
and negative values denote a decreasing trend for the particular parameter.

In this study, the two-tailed MK trend test was used to identify annual and monthly
rainfall trends for countries, river basins, climatic zones, and provinces in the African
Continent with a 5% significance and 95% confidence level.

2.3.3. Sen’s Slope Estimate

Since the MK test shows either positive or negative increases, Sen’s slope estimate can
be used as a statistical test together with the MK test to determine the magnitude of that
decrease or increase the trend. Sen’s slope shows the increase and decrease of the slope
magnitude corresponding to the MK values. If a linear trend in the dataset is considered,
the true slope is estimated using a simple non-parametric and systematic procedure [73].

Slope pairs can be calculated for all data using the following Equation (5):

x]-—xk

Ti = ik

fori=1,23,....... n,j>k, 5)
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where, Ti is the slope and x;, and x; are the data values at time j and k, respectively. The
mean of the n values of Ti is encoded as Sen’s slope estimator (Qi7) and is calculated using
Equation (6).

(T(n+1/2))r nis odd,
Qi = , (6)
% (T(n/z) + T(n+2)/2), n is even

3. Results

The section focuses on detailed statistical presentations of annual rainfall for different
geographical units, in the form of climate zones, major river basins, regions, and countries,
and analyzes spatial and temporal changes in long-term monthly, seasonal, and annual
rainfall at the continental scale.

3.1. Long-Term Monthly Rainfall Distribution in Africa

Although Africa has two monsoon seasons, WAM and EAM, the spatial propagation
of monthly rainfall varies gradually across months (Figure 2). From June to September
(i.e., WAM) the heavy rainfall occurs above the equator from west to east and this period
usually receives the highest rainfall, which is more than 250 mm per month. On the other
hand, Figure 2 depicts that EAM activation causes increases in rainfall south of the equator
from March to May and from November to December.

However, countries above northern latitudes (15°N) receive less than 35 mm of rainfall
each month throughout the year, with zero rainfall in most months, and countries below
the equator do not receive more than 35 mm of rainfall during six months (i.e., May to
September). Furthermore, countries around southern latitudes (15°S) experience severe
dry weather from June to August, especially in Madagascar, which experiences up to
seven months of dry weather. The most striking finding of a change in monthly rainfall is
that Madagascar and the coastal countries of Northeast Africa receive significantly higher
rainfall from December to March.

3.2. Long-Term Seasonal Rainfall Distribution

In order to study seasonal rainfall behavior, as depicted in Figure 3, daily TAMSAT
data were accumulated into the timeframe of December—February (DJF), March-May
(MAM), June-August (JJA), and September-November (SON). As represented in the long-
term spatial distribution of seasonal rainfall in Figure 3b,d, the western and eastern regions
receive more than 1000 mm of rainfall in some parts in JJA and DJE while the northern
and southern regions receive less than 130 mm of rainfall in all four seasons. Madagascar
receives high rainfall during the DJF season, while only countries between 0-15°N latitudes
from the equator receive high rainfall during the JJA season (Figure 3b). The other note-
worthy finding is that almost all the countries in Central Africa, except Chad, receive more
than 350 mm of rain in all four seasons, while the countries around 15°S latitude receive
zero rainfall in JJA (Figure 3b). Despite the spatial distribution of monthly and seasonal
rainfall, a detailed study of their trends is more appropriate to gain a clearer understanding
of their long-term rainfall variability. Therefore, in this study, the annual rainfall variability
and trends were also discussed as indicating climate change.
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Figure 2. Spatial distribution of monthly average rainfall (mm) across Africa from 1983 to 2020.
(a) January, (b) February, (c) March, (d) April, (e) May, (f) June, (g) July (h) August, (i) September,
(j) October, (k) November and (1) December.
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Figure 3. Spatial distribution of seasonal average rainfall (mm) across Africa from 1983 to 2020.
(a) March-April-May (MAM), (b) June-July—-August (JJA), (c) September—October-November (SON)
and (d) December-January-February (DJF).
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3.3. Long-Term Annual Rainfall Distribution

Long-term seasonal rainfall studies have shown that regions closest to the equator
receive higher rainfall in both the September-November and March-May timeframes. The
main reason for this is that ITCZ covers areas close to the equator twice a year (Bimodal
rainfall). The spatial distribution of long-term average annual rainfall is close to that of
monsoon rainfall. As represented in Figure 4, Africa’s highest average annual rainfall
is over 2000 mm, which is received near the equator. As the ITCZ shifts away from the
equator, a sharp decrease in annual rainfall is observed, and the main reason is being that
those areas receive rainfall only in one monsoon season (unimodal rainfall). Even though
more than 80% of the area in Northern Africa receives less than 250 mm of average annual
rainfall, Southern Africa received relatively higher rainfall compared to Northern Africa.

equator

N

A

158

Rainfall (mm)

B <250

[ >250 <650
30S [ |>650< 1000
— I >1000 < 1500
B >1500 <2000
I >2000

0 500 1000 1500 2000 km

Figure 4. Spatial distribution of annual average rainfall (mm) across Africa from 1983 to 2020.

3.4. Country-Level Annual Rainfall Variability from 1983 to 2020

Annual rainfall varies across countries because of climatic variability over time. In
order to understand these changes, it is appropriate to represent the spatial distribution of
rainfall over time. Figure 5 shows the spatial distribution of all countries in Africa using the
country’s average rainfall values calculated for each year from 1983 to 2020. Theoretically,



Remote Sens. 2022, 14, 96

10 of 26

rainfall can be divided into any number of classes, but Figure 4 shows six classes that
are generated using the percentile classification approach to detect temporal variation in
annual rainfall at the country level. The percentile classification approach was used to
classify country-level rainfall data, taking into account 2090 data records calculated to cover
54 countries from 1983 to 2020 into categories of 10%, 30%, 50%, 70%, 90%, and 90-100%.

2015 Lo 2016 L7 2017

2011 2012
N A - Northern Africa | <100
A B - Western Africa | >100 <350
C - Middle Afl"i'ca T 1>350 <775
T T ] D - Eastern Africa | >775 <1100
(] 5000 10000 km E - Southern Africa o
I >1100 1700
Country boundary —— Regions boundary I >1700

Figure 5. Changes in African countries” annual average rainfall from 1983 to 2020.

However, the remarkable thing that the above classification methodology can identify
is that after the year 2000 it has been confirmed that the annual rainfall in most countries
of Central Africa exceeds the 1700 mm rainfall limit. Moreover, the countries of Algeria,
Tunisia, Mali, Niger, and Western Sahara in the North and East African regions show a
clear increase in annual average rainfall. Overall, the peculiarity shown is that countries in
the Southern African region and most other countries except Egypt, Libya, and Madagascar
show an increase in annual average rainfall. It is essential to analyze further whether this
increase is significant or not, as it will be of great help in determining climate resilience in
Africa.
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3.5. Time-Series Rainfall Variability Comparison of Countries with Reference to African Regions

Figure 6 shows the variation in annual average rainfall from 1983 to 2020 in the
northern, western, central, and southern regions of Africa together with the countries
which belong to the same region. Furthermore, rainfall variability usually shows different
patterns, but overall expresses a tendency to increase in rainfall. About 70% (n = 11) of the
countries in the western region (Figure 6a) have an average annual rainfall higher than
the average in that region. However, the number of countries belonging to the northern
(Figure 6d) and southern regions (Figure 6¢) is relatively low, and approximately 50% (1 = 5)
of the countries can be identified as both above and below the annual average rainfall in
their region.
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Figure 6. Time-series rainfall representation of African countries belonging to a particular region
in between 1983 and 2020. (a) Western region, (b) Central region, (c) Southern region, (d) Northern
region and (e) Eastern region.

In the Central Africa region (Figure 6b), only Chad and Angola have lower than
average annual rainfall in the region, especially in Chad, which has as low as 700-1000 mm
compared to other countries of the region. Rainfall in the African countries of the Eastern
region (Figure 6e) shows a mixed behavior of the rainfall variability, with rainfall patterns in
different countries tending to coincide with each other compared to other regions. However,
between 40% and 60% (n = 6 and n = 8) of the countries of East Africa have fallen on both
sides of the region’s average rainfall.
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3.6. Descriptive Statistics

A detailed analysis of rainfall variability across all geographical regions, including
country, major river basins, climate zone and regions of Africa (Tables 1, 2, A1l and A2)
indicates that tropical rainforests in central Africa receive maximum annual rainfall (more
than 2000 mm), while the northern part of the Northern African region receives the min-
imum rainfall (less than 140 mm). However, some countries, river basins, and climate
zones in Western, Eastern, and Southern Africa are experiencing declining rainfall. Out
of the total 48 countries studied, 22 countries receive less than 750 mm of rainfall (desert
to arid), and only 11 countries receive more than 1250 mm of rainfall (Tropical), while 15
countries receive between 750 and 1250 mm of rainfall (semi-arid to semi-humid). The
highest recorded annual average rainfall in an African country in the last 37 years was
3075.2 mm in Liberia (in 1984), and the lowest in Western Sahara was 18.7 mm (in 1992).

Table 1. Descriptive statistics for annual rainfall (in mm) for Africa’s climate zones from TAMSAT
data (1983 to 2020).

Climate Zone Average  Max Min STD CV  Median
Tropical Grass Land 1120.4 1294.3 861.0 883 79 11419
Sub-tropical North Desert 246.2 400.9 1784 464 18.8 240.5
Tropical Northern Desert 74.1 108.6 38.2 14.9 201 718
Tropical Northern Semi-arid 445.1 542.9 2939 515 116 4453
Tropical Rainforest 1793.0 2108.6 1325.0 165.7 9.2 1820.0
Southern Tropical Semi-arid 810.5 9714 611.0 84.1 104 817.0
Southern Tropical Desert 271.3 514.1 1389 87.6 323 2491
Sothern Sub-Tropical Desert 400.7 521.3 2895 523 13.1  396.0
Sothern Sub-Tropical Humid 549.9 641.6 4452 489 8.9 550.4
Tropical Grass Land (MA ¥) 1146.1 1418.0 886.0 1352 11.8 1140.1
Tropical Northern Semi-arid (MA *) ~ 523.9 771.0 268.0 1163 222 529.0
Northern Sub-tropical Humid 4479 662.6 317.0 829 185 4414
Tropical Rainforest (MA ¥) 1411.1 1779.9 9106 179.2 127 1402.8
* Madagascar (MA).

The most striking feature of the detailed statistical analysis is that almost all countries,
river basins, and climatic zones in the Northern and Southern African regions, which
receive significantly less rainfall, have a higher (>15) Coefficient of Variance (CV). This
indicates that there is a high probability of occurrence of extreme rainfall (either low or
high) in those regions. Furthermore, the analysis shows that only eight countries had
CV values of less than 10, with 18 counties having CV values of more than 15, but the
highest number of countries with 22 had CV values between 10 and 15 (Table A1). The
extraordinary representation is that the CV value of the Namibian coastal basin is about
159.7, which is the largest among all the geographies. One other important point to note
in the study of Africa’s rainfall variability is that the majority of the area in Central Africa
receives rainfall above 2000 mm, and the CV value is less than 10, indicating that they
exhibit stable tropical climates in accordance with the Képpen climate classification [74].

According to the standard classification of CV, rainfall received for nine river basins
out of 25 have high variability, which indicates a higher probability for extreme weather
events. However, Niger, Nile, and Senegal river basins receive 666.93 mm, 651.98 mm, and
492.57 mm average rainfalls, respectively, with low CV values, indicating steady rainfall
patterns. In particular, the study of spatial and temporal variability in rainfall can provide
an overall perspective of the rainfall variability over the entire African continent.
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Table 2. Descriptive statistics for Africa’s annual rainfall (in mm) for major river basins from TAMSAT
data (1983 to 2020).

River Basins Average  Max Min STD CV Median
Africa, East Central Coast 817.3 1110.9 580.3 126.7 155 7782
Africa, Indian Ocean Coast 649.0 1036.3 3733 1576 422 6669
Africa, North Interior 734 112.3 41.1 15.3 372 73.6
Africa, North West Coast 166.8 293.7 86.4 41.4 479 1624
Africa, Red Sea-Aden Coast 201.9 375.6 102.7  56.0 545 1874
Africa, South Interior 499.4 804.9 2856 1184 415 4689
Africa, West Coast 1527.6 1787.6 1120.9 140.0 125 1532.7
Angola, Coast 912.6 1151.1 7179 1138 158 9424
Congo 1538.5 1740.0 1184.1 1304 85 1573.7
Gulf of Guinea 1871.1 2233.2 12341 2194 17.8 1892.0
Lake Chad 356.0 431.6 2595 419 11.8 364.4
Limpopo 451.2 656.3 266.0 1014 381 456.2
Madagascar 1211.6 1501.9 9455 1326 14.0 1203.3
Mediterranean South Coast 292.6 399.7 2181 474 21.7 284.0
Namibia, Coast 116.5 346.1 40.8 65.2 159.7 110.4
Niger 666.9 755.8 519.3 447 6.7 671.5
Nile 652.0 763.1 4863  61.1 94 659.0
Orange 304.9 452.2 196.7 559 18.3 300.4
Rift Valley 734.1 983.4 5326 994 18.7 714.0
Senegal 492.6 578.8 4042 429 8.7  489.6
Shebelli-Juba 488.4 1015.6 308.7 1506 488 454.7
South Africa, South Coast 560.2 656.6 4512  46.8 104 5615
South Africa, West Coast 183.1 290.9 1135 489 431 1694
Volta 959.3 1101.7 689.7 745 10.8 961.2
Zambezi 884.2 1050.1 643.6 1000 11.3 895.7

4. Discussion

This section focuses mainly on interpreting rainfall variability and trends for the
different timeframes (monthly, seasonal and annual) and geographical units (regions,
climate zones, river basins, and countries) used in the study.

4.1. Annual and Monthly Rainfall Trend of African Regions

The annual rainfall variability generated by the MK trend test for the northern, eastern,
central, southern, and western regions is shown in Figure 7. The MK trend test results
show that there is a significant increase in rainfall in all the African regions. Subsequently,
Sen’s slope analysis confirms that the maximum annual rainfall increase is 6.84 mm/year
in the Central Region, and the lowest increase of 1.07 mm/year is in the Northern region.
Although the relative magnitude of the annual increase in rainfall in the Northern region is
small (1.07 mm/year), the most favorable condition is the statistically significant increase
in rainfall. The other important finding is that the annual rainfall trend at the regional level
is increasing as high as 4.62 mm/year in the Eastern region.

Even though a clear increase in annual rainfall can be identified as earlier described, a
detailed investigation of future changes in long-term monthly rainfall trends can provide the
information needed to properly implement approaches to food security, such as agricultural
crop and water management. Figure 8 shows the spatial distribution of Kendall’s Tau
(uniform tendency in a linear increase or decrease) and Sen’s slope values (positive and
negative values indicate increasing and decreasing trends, respectively) of the monthly
rainfall in Africa at the regional level. The important point in the monthly rainfall trends
analysis is that in most months, except January, July, September, and October, there is an
increase in rainfall in every region at different scales. The northern, eastern, and southern
regions also showed a decrease in rainfall during January, July, September, and October,
respectively, but it did not show a statistically significant decrease in rainfall as per the MK
trend test results.
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Figure 7. Annual rainfall trend for regions in Africa (a) Central region, (b) Eastern region, (c) Northern
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Figure 8. Kendall’s Tau (colour gradient) and Sen’s slope (numbers) for monthly rainfall trends for
five African regions between 1983 and 2020. (a) January, (b) February, (c) March, (d) April, (e) May,
(f) June, (g) July, (h) August, (i) September, (j) October, (k) November and (1) December.
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The farmers should pay careful attention to their agricultural activities during the West
African Monsoon (WAM) as there is a high potential of increasing the drought vulnerability
due to declining rainfall in the southern region during the WAM season. However, during
the East African monsoon, especially during the long (March-May) and short (October—
December) rainy seasons, almost all the regions (except the southern region in October)
show an increasing trend in rainfall. The other major finding of this monthly data analysis
is that the increase in rainfall in any given month does not exceed 1 mm/month, indicative
of high drought vulnerability.

4.2. Annual and Monthly Rainfall Trend of Climatic Zones

In Africa, 13 climate zones can be identified as Tropical Grass Land, Sub-tropical North
Desert, Tropical Northern Desert, Tropical Northern Semi-arid, Tropical Rainforest, South-
ern Tropical Semi-arid, Southern Tropical Desert, Southern Sub-Tropical Desert, Southern
Sub-Tropical Humid, Tropical Grass Land Madagascar, Tropical Northern Semi-arid Mada-
gascar, Northern Sub-tropical Humid and Tropical Rainforest Madagascar. Through this
study, the rainfall behavior of the climate zone of the African mainland and Madagascar
was studied separately. Figure 9 shows Kendall’s Tau, Sen slope, and p-value of the an-
nual rainfall trend analysis for each climate zone, except Tropical Rainforest Madagascar.
As per Figure 9, except for the climate zones of Sub-tropical North Desert (b), Southern
Sub-Tropical Humid (i), Northern Sub-tropical Humid (1), and Madagascar (i, k), there
is a statistically significant rainfall trend in all the other zones. The Tropical Rainforest
(Figure 9e zone shows the maximum annual increase in rainfall of 8.21 mm/year and
followed by an increase of 5.32 mm/year, 3.17 mm/year, 2.85 mm/year, and 2.50 mm/year
in the Tropical Grass Land (a), Tropical Northern Semi-arid (d), Southern Tropical Desert
(g), and Southern Tropical Semi-arid zones (f), respectively. This implies that these climate
zones have become wetter, and in some cases, experience extreme weather events of floods,
which destroy infrastructure and animal habitats and result in loss of human and animal
life, while in other cases the increases in rainfall suggest that they have potentially become
more productive.
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Figure 9. Annual rainfall trend for different climate zones (a) Tropical Grass Land, (b) Sub-tropical
North Desert, (c) Tropical Northern Desert, (d) Tropical Northern Semi-arid, (e) Tropical Rainforest,
(f) Southern Tropical Semi-arid, (g) Southern Tropical Desert, (h) Southern Sub-Tropical Desert,
(i) Southern Sun-Tropical Humid, (j) Tropical Grass Land—Madagascar, (k) Tropical Northern Semi-
arid—Madagascar and, (1) Northern Sub-Tropical Humid in Africa, including Madagascar.
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Different trends can be identified when analyzing the monthly rainfall variability
in the climatic zones, as shown in Figure 10. The implication is that during the West
African Monsoon (WAM), from June to October, the climate zones south of 15° S latitudes
(i.e., Southern Tropical Semi-arid, Southern Tropical Desert, Southern Sub-Tropical Desert,
and Sub-Tropical Humid) show a tendency to decrease rainfall (Kendall’s tau < —0.06).
However, especially during the East African Monsoon (EAM), it can be pointed out that
almost all climate zones have an increasing trend in rainfall. In both WAM and EAM, most
climate zones above 15°S latitude each month shows an increasing trend in rainfall with a
statistical significance. However, the monthly rainfall trend is less than 1 mm/month.
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Figure 10. Kendall’s Tau (colour gradient) and Sen’s slope (numbers) for monthly rainfall trends
in different climate zones of Africa including Madagascar between 1983 and 2020. (a) January,
(b) February, (c) March, (d) April, (e) May, (f) June, (g) July (h) August, (i) September, (j) October,
(k) November and (1) December.

4.3. Annual Rainfall Trend in Major River Basins and Countries

The previous sections analyzed and interpreted the annual, monthly, and seasonal
rainfall trends for all the geographical units, including river basins and countries. Since
the seasonal rainfall increases were shown for the Gulf monthly intervals represent rainfall
trends for short and medium timeframes, the analysis of annual rainfall variability provides
trends for the long timeframe, critical for long-term planning. Figure 11 provides more
insights into the spatial distribution of annual rainfall trends at the river basin and country
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level, while Tables 3 and 4 show Kendal’s Tau values, Sen’s slopes, and p-values of each
river basin and country.
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Figure 11. Annual rainfall trend with Kendall’s Tau (colour gradient) and Sen’s slope (numbers)
between 1983 and 2020. (a) major river basins, and (b) countries of Africa.

Except for the West Coast river basin of Africa, all the other river basins show an
increasing rainfall trend with about 50% of those river basins showing a statistically signifi-
cant increase (Table 3). The two river basins called the Gulf of Guinea and the Congo show
the highest annual rainfall increases of 8.713 mm/year and 8.512 mm/ year, respectively.
Furthermore, the analysis suggests that the increased rainfall in the river basins in the
Sothern and Eastern regions is less than in the river basins in the northern, western, and
central regions. The study reveals that although the maximum annual rainfall increases
were shown for the Gulf of Guinea and the Congo basins, the strongest annual rainfall
increase trend emerged in the Nile and Lake Chad river basins in the northern tropical
desert and tropical northern semi-arid climate zone. Interpreting the spatial distribution of
rainfall trend of river basins, the overall increase in rainfall in coastal regions, except the
western and northeastern coasts, is significantly less than inland river basins.

Table 3. Kendall’s Tau, p-value, and Sen’s slope for annual rainfall (1983-2020) for major African
river basins. Bold numbers in p-values represent the statistically significant trend.

Basin Name Kendall’s Tau p-Value Sen’s Slope
Africa, East Central Coast 0.147 0.205 2.036
Africa, Indian Ocean Coast 0.087 0.381 1.619
Africa, North Interior 0.441 <0.001 0.842
Africa, North West Coast 0.198 0.087 1.141
Africa, Red Sea—Gulf of Aden Coast 0.447 <0.001 2.658
Africa, South Interior 0.315 0.006 4977
Africa, West Coast 0.168 0.147 2.962

Angola, Coast 0.330 0.001 5.112
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Table 3. Cont.

Basin Name Kendall’s Tau p-Value Sen’s Slope
Congo 0.565 <0.001 8.512
Gulf of Guinea 0.321 0.005 8.713
Lake Chad 0.679 <0.001 2.895
Limpopo 0.222 0.055 3.184
Madagascar 0.156 0.178 2.643
Mediterranean South Coast 0.171 0.139 1.158
Namibia, Coast 0.084 0.472 0.506
Niger 0.453 <0.001 2.161
Nile 0.610 <0.001 4.124
Orange 0.324 0.005 2.200
Rift Valley 0.426 0.001 5.394
Senegal 0.309 0.007 1.825
Shebelli—Juba 0.360 0.002 6.182
South Africa, South Coast 0.075 0.522 0.367
South Africa, West Coast —0.081 0.507 —0.360
Volta 0.120 0.301 1.005
Zambezi 0.198 0.087 2.558

Analysis of rainfall trends from river basin to country level finds that the number
of countries showing a statistically significant increase in trend is about 68% (Table 4).
South Sudan and Chad show the highest rainfall trend of 0.61 and 0.62, respectively.
However, the increase in annual rainfall of those two countries is shown to be more
variable at 2.84 mm/year and 5.93 mm/year (Table 4), as the two countries are located in
two different climate zones. Additionally, the Kendall’s Tau (Zc) value of more than 0.41
in Angola, Burundi, Central African Republic, Chad, Congo, Ethiopia, Mali, Mauritania,
Niger, Rwanda, South Sudan, Sudan, Uganda, and the Democratic Republic of the
Congo indicates that those countries have the statistically significant increasing trends
in rainfall.

Table 4. Kendall’s Tau, p-value, and Sen’s slope for annual rainfall for African countries (1983-2020).
Bold numbers in p-values represent the statistically significant trend.

Country ,I;a e;ldall s p-Value Sen’s Slope Country ,Iél e:ldall s p-Value Sen’s Slope
Mozambique —0.027 0.794 —0.437 South Africa  0.261 0.024 1.389
Malawi —0.021 0.842 —0.238 Kenya 0.264 0.022 4.800
Ghana 0.051 0.666 1.116 Nigeria 0.291 0.012 2.241
Togo 0.105 0.367 1.802 Benin 0.306 0.008 3.318
Tunisia 0.108 0.168 0.663 Botswana 0.315 0.006 4.261
Sierra Leone 0.117 0.314 3.950 Cameroon 0.336 0.004 5.656
Zimbabwe 0.126 0.278 2.592 Burkina Faso  0.342 0.003 1.900
Morocco 0.135 0.244 1.267 Gabon 0.348 0.003 11.041
Cote d'Ivoire 0.138 0.234 2.230 Algeria 0.366 <0.001 1.070
Madagascar 0.156 0.178 2.638 Somalia 0.387 0.001 4.816
Eritrea 0177 0.126 1.278 Mauritania 0.435 <0.000 1.207
Western Sahara 0.186 0.108 0.493 Ethiopia 0.444 <0.001 6.003
Guinea 0.201 0.082 2.468 Mali 0.468 <0.001 1.826
Liberia 0.207 0.073 8.787 Angola 0.477 <0.001 6.442
Gambia 0.213 0.045 1.908 Congo 0.477 <0.001 10.046
Egypt 0.216 0.061 0.378 Rwanda 0.480 <0.001 11.973

Zambia 0.237 0.040 3.197 Burundi 0.483 <0.001 10.262
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Table 4. Cont.

Country ,II; ?dall s p-Value Sen’s Slope Country ,Iél eli\dall s p-Value Sen’s Slope
Zambia 0.237 0.040 2.923 Sudan 0.483 <0.001 1.872
Equatorial Guinea 0.240 0.038 10.842 Niger 0.526 <0.001 1.444

Libya 0.240 0.038 0.479 CAR** 0.550 <0.001 11.167
Namibia 0.246 0.033 2.988 DRC *** 0.565 <0.001 8.777

URT * 0.249 0.031 4.369 Uganda 0.598 <0.001 11.152
Senegal 0.252 0.029 1.757 Chad 0.607 <0.001 2.847

South Sudan 0.619 <0.001 5.937

* United Republic of Tanzania (URT), ** Central African Republic (CAR), *** Democratic Republic of the Congo
(DRQ).

The magnitude of annual rainfall trends in Equatorial Guinea, Gabon, Congo, Rwanda,
Burundi, Central African Republic, and Uganda increased by more than 10 mm/year, and
those are countries particularly prone to receiving rain from both West African Monsoon
and East African monsoon. All of these countries belong to the climate zones of tropical
rainforests and tropical grasslands. Notably, the coastal countries of the Western African
region generally received high rainfall with high intensity, but the rainfall trends in those
countries did not increase significantly.

4.4. Seasonal Rainfall Trends by Regions, Climatic Zones, River Basins, and Countries of Africa

Although the annual and monthly rainfall trends show long-term and short-term
patterns, seasonal trend analysis is more suitable for monitoring medium or inter-annual
trends. Thus, the analysis of rainfall trends during four seasons March-May (MAM),
June-August (JJA), September-November (SON), and December—January (DJF) for the
four geographical units of regions, climate zones, major river basins, and countries in this
study are shown in Figure 12. The most important indication is that during the JJA and
SON seasons, areas below 15° S latitude show a decrease in rainfall compared to all other
regions. Despite this declining trend, it is essential to note that this declining trend is not
statistically significant.

Furthermore, the studies conducted by [75-77] have shown that some countries
in East Africa have experienced a decrease in rainfall during the JJA period, and this
study further confirms that there is a negative rainfall trend in countries adjacent to
South Africa, such as Zimbabwe, Zambia, Malawi, and Mozambique. Even in the DJF, a
declining rainfall trend can be detected in Malawi, Mozambique, and Madagascar, while
there is a significant decrease in rainfall in the southern part of Eastern Africa during
the MAM period. According to this seasonal rainfall occurrence, there is a significant
increase in the rainfall in all seasons, especially in the northern areas of the Western and
Northern African regions, and this finding has been confirmed by a study conducted
through rainfall gauge data [78]. The most important point to highlight in the seasonal
rainfall trends analysis of all these geographical units is the significant increase in rainfall
over all countries, river basins, and climate zones in Central Africa, rendering them
wetter over the years.
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Figure 12. Kendall’s Tau (colour gradient) and Sen’s slope (numbers) as seasonal rainfall (MAM-
March-May, JJA—June-August, SON—September-November, DJF—December-February) trends in
between 1983 and 2020. (a) Regions in MAM, (b) regions in JJA, (c) regions in SON, (d) regions in
DJE (e) River basins in MAM, (f) River basins in JJA, (g) River basins in SON, (h) River basins in DJF,
(i) Climate zones in MAM, (j) Climate zones in JJA, (k) Climate zones in SON, (1) Climate zones in
DJF, (m) Countries in MAM, (n) Countries in JJA, (o) Countries in SON, (p) Countries in DJF.

5. Conclusions

Rainfall variability and trends across major climatic zones, regions, major river basins
and countries in African Continent have been studied using TAMSAT data with a spatial
resolution of 4 km. Very few studies on rainfall variability and trends in Africa have been
conducted and they have primarily focused on the regional or local geographical context.
Moreover, almost no studies cover the long-term variability and trend of rainfall over a
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wide range of periods (monthly, seasonal, and annual) and in different geographical units
(regions, climate zones, major river basins, and countries).

The analysis of the variability of monthly rainfall at the pixel level from 1983 to
2020 shows explicitly that any countries above 15°N and Below 15°S latitudes do not
receive significant rainfall in any month. Countries located above 15°N latitudes do not
receive more than 35 mm of rainfall in any month of the year. Country-level annual rainfall
variability indicates that after 2000, the annual rainfall in most of the countries in the Central
African region exceeded 1700 mm. However, Algeria, Tunisia, Mali, Niger, and Western
Sahara in the Northern and Eastern African regions show an apparent increase in annual
average rainfall from 1983 to 2020. The main conclusions drawn from the study of rainfall
variability are that there is a significant increase in rainfall in the northern countries, but no
significant change in the countries of the southern and eastern regions. In the countries and
regions where this increase in annual rainfall occurs, agricultural crop diversification and
systematic water management will have the potential to increase food production more
efficiently towards food security.

The rainfall trend analysis of this study clearly shows a significant increase in annual
rainfall at the national level from 1983 to 2020 in almost all regions, except the southern and
eastern regions. On the other hand, the analysis of the rainfall trend at the regional level
has identified an increasing trend in all regions, which can be cited as having a positive
impact on agriculture. Furthermore, the study has revealed that countries in the climate
zones of Tropical northern desert, Tropical northern semi-arid, and tropical grasslands,
where there is the majority of rain-fed agriculture, show a significantly increasing trend
in rainfall over all periods of the month, season, and year. Therefore, the increase in
rainfall will positively affect the countries’ food insecurity in those climate zones. Moreover,
another important finding is that the Sahel region is showing an increase in rainfall, despite
the severe drought in the recent past of the region. Since a large percentage of Africa’s
agriculture are rain-dependent, the increasing rainfall trend has a positive effect on climate
resilience and adaptation in those areas.

It is important to realize that the southern parts of the Eastern and Southern African
regions show trends opposite to those of northern and central Africa. In particular, many
of the timeframes considered for this study and the analysis of all geographical units
show decreasing rainfall trends. In contrast, the occurrence of frequent flooding in Central
African countries may become greater than in the Eastern and Southern African regions, as
annual rainfall increases in all the timeframes. Given this, it should be noted that increased
rainfall could also hurt food security and climate change tolerance efforts. Despite the
increase in rainfall in Western African countries, it is not significant there as it is in other
regions.

The findings of this study may help different sectors, such as agriculture, disaster risk
reduction, biodiversity conservation, infrastructure development, and climate resilience
to enhance respective activities towards the wellbeing of humans and the environment.
Furthermore, they are also useful for policy-makers and decision-makers in determining
the implications of respective climate adaptation policies. It is recommended to perform
country-level comprehensive analysis on flood and drought occurrences to enhance rele-
vant policies in respective countries that indicate increasing or decreasing rainfall trends.
Changes in rainfall trends across the African continent identified in this study might be
due to changes in long-term atmospheric circulation and monsoon patterns. Thus, it is
recommended to conduct a detailed study to explore courses on changes in the rainfall
trends.
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Appendix A

Table Al. Descriptive statistics for annual rainfall (in mm) for countries from TAMSAT data (1983
to 2020).

Country Average Max Min STD cv Median
Algeria 121.3 186.6 75.5 23.0 19.0 120.1
Angola 1026.4 1253.6 826.4 106.8 10.4 1017.5
Benin 1083.2 1266.7 736.7 104.9 9.7 1076.7
Botswana 371.2 657.1 198.9 115.8 31.2 345.8
Burkina Faso 739.4 852.7 581.6 52.4 7.1 731.6
Burundi 968.6 1263.7 700.2 148.6 15.3 955.0
Cameroon 1670.3 1909.1 1193.0 153.7 9.2 1708.2
Central African Republic ** 1439.9 1721.6 1036.2 167.6 11.6 1486.0
Chad 309.9 386.1 206.6 40.7 13.1 315.6
Congo 1665.5 2074.5 1141.3 189.4 11.4 1663.7
Céte d’Ivoire 1276.4 1538.0 834.7 152.4 11.9 1263.2
Democratic Republic of the Congo *** 1611.2 1807.3 1266.1 130.8 8.1 1644.2
Egypt 39.1 74.2 22.5 12.1 31.0 37.7
Equatorial Guinea 22235 2700.6 1420.4 309.3 13.9 2271.2
Eritrea 326.7 443.1 188.3 54.2 16.6 329.3
Ethiopia 816.1 1088.3 561.4 1111 13.6 816.7
Gabon 1825.4 23129 1169.1 254.3 13.9 1899.4
Gambia 770.6 921.0 580.4 80.3 10.4 773.7
Ghana 1195.4 1413.8 776.2 136.4 11.4 1211.9
Guinea 1706.2 1901.5 1523.0 92.1 5.4 1728.1
Kenya 571.0 1001.9 356.4 152.2 26.7 517.6
Lesotho 702.9 860.3 551.5 81.2 11.5 697.7
Liberia 2381.2 3075.2 1653.8 325.0 13.6 2377.5
Libya 61.9 115.0 29.8 16.0 259 62.4
Madagascar 1205.8 1503.8 947.8 132.3 11.0 1195.7
Malawi 939.0 1193.1 699.8 126.4 13.5 946.3



https://www.tamsat.org.uk/data
https://datacatalog.worldbank.org/dataset/world-bank-official-boundaries
https://data.apps.fao.org/map/catalog/
https://www.britannica.com/place/Africa/Climate

Remote Sens. 2022, 14, 96

23 of 26

Table Al. Cont.

Country Average Max Min STD cv Median
Mali 307.8 371.0 239.8 32.3 10.5 304.4
Mauritania 111.2 166.6 65.2 229 20.6 107.9
Morocco 299.9 581.2 157.9 87.3 29.1 299.0
Mozambique 807.6 1076.7 577.0 121.5 15.1 808.2
Namibia 2439 497.7 122.3 86.6 355 234.9
Niger 1415 177.7 79.9 23.2 16.4 143.7
Nigeria 1189.5 1338.0 865.7 84.4 7.1 1196.0
Rwanda 909.3 1248.6 554.2 174.8 19.2 923.1
Senegal 607.3 728.9 456.2 61.3 10.1 606.2
Sierra Leone 2561.0 2841.0 2214.5 175.8 6.9 2556.4
Somalia 311.2 690.7 172.6 109.2 35.1 291.3
South Africa 415.4 517.9 317.4 45.6 11.0 415.9
South Sudan 1011.3 1146.1 842.8 82.0 8.1 1013.3
Sudan 237.6 2934 138.3 33.7 14.2 242.3
Swaziland 712.4 1065.7 408.9 130.6 18.3 719.1
Togo 1213.2 1414.9 813.1 122.3 10.1 1222.7
Tunisia 255.0 328.8 178.1 37.2 14.6 252.1
Uganda 1262.5 1531.1 980.0 148.6 11.8 1254.5
United Republic of Tanzania * 872.3 1218.6 671.7 132.4 15.2 858.9
Western Sahara 55.1 100.9 18.7 19.3 35.0 55.1
Zambia 981.3 1163.6 742.3 100.9 10.3 992.2
Zimbabwe 601.4 840.6 382.0 120.1 20.0 589.7
* United Republic of Tanzania (URT), ** Central African Republic (CAR), *** Democratic Republic of the Congo
(DRO).
Table A2. Descriptive statistics for annual rainfall (in mm) for regions from TAMSAT data (1983 to
2020).
Region Average Max Min STD Ccv Median
Central 1243.65 1414.44 941.79 111.81 8.99 1258.47
Western 625.89 709.36 464.51 46.27 7.39 626.00
Eastern 786.97 991.73 619.35 86.40 10.98 784.34
Northern 136.06 181.98 83.92 19.34 14.21 137.67
Southern 361.34 539.34 238.74 64.35 17.81 346.92
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