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Abstract: Vegetation is vital, and its greening depends on access to water. Thus, precipitation
has a considerable influence on the health and condition of vegetation and its amount and timing
depend on the climatic zone. Therefore, it is extremely important to monitor the state of vegetation
according to the movements of precipitation in climatic zones. Although a lot of research has been
conducted, most of it has not paid much attention to climatic zones in the study of plant health and
precipitation. Thus, this paper aims to study the plant health in five African climatic zones. The linear
regression model, the persistence index (PI), and the Pearson correlation coefficients were applied
for the third generation Normalized Difference Vegetation Index (NDVI3g), with Climate Hazard
Group infrared precipitation and Climate Change Initiative Land Cover for 34 years (1982 to 2015).
This involves identifying plants in danger of extinction or in dramatic decline and the relationship
between vegetation and rainfall by climate zone. The forest type classified as tree cover, broadleaved,
deciduous, closed to open (>15%) has been degraded to 74% of its initial total area. The results also
revealed that, during the study period, the vegetation of the tropical, polar, and warm temperate
zones showed a higher rate of strong improvement. Although arid and boreal zones show a low rate
of strong improvement, they are those that experience a low percentage of strong degradation. The
continental vegetation is drastically decreasing, especially forests, and in areas with low vegetation,
compared to more vegetated areas, there is more emphasis on the conservation of existing plants.
The variability in precipitation is excessively hard to tolerate for more types of vegetation.

Keywords: vegetation change; climate zone; rainfall variability; Africa; NDVI3g; persistence index;
endangered plants types; Climate Change Initiative Land Cover

1. Introduction

Many countries, especially developing countries, depend mainly on agriculture. How-
ever, agriculture is also highly dependent on rainfall due to its particular importance for the
distribution of certain components of vegetation [1–3]. Despite that, rainfall variability is
increasingly becoming a problematic issue that affects food production thus, global hunger
is increasing, especially in the aforementioned countries. Nevertheless, the variability of
vegetation differs from one climatic zone to another, and its density and health are mainly
associated with climate change, human-induced and/or naturally caused. Therefore, simi-
lar climatic zones have similar vegetation characteristics, and this classification remains
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the key driver of vegetation distribution [4]. Furthermore, in some places, the variability of
vegetation and its greening is not related to precipitation variability at all. Therefore, it is
extremely important to use climate zones for the spatial-temporal monitoring of vegetation
changes. In this way, the calculation of the variation of the vegetation greenness remains a
vital element to discover the ecosystem dynamics.

The most widely used method for detecting vegetation greenness is the Normalized
Difference Vegetation Index (NDVI) [5,6]. Linear regression models are widely applied to
discover the relationship between variables [7], and image regression is one of the many
methods used and performed in vegetation studies [8,9]. Linear regression was used to
simulate the NDVI trend for each pixel during the study period. Stow, Daeschner [10]
used this method to calculate the vegetation’s greenness rate of change (GRC). The GRC
is defined as the slope of the smallest power-function linear regression equation for the
interval changes in the seasonally integrated NDVI during a period. The per-pixel strength
of linear association between NDVI and precipitation was determined by calculating the
Pearson product moment correlation coefficient (r) for the 34-year time series of yearly
observations (1982–2015). The correlation coefficients were calculated between NDVI
and precipitation at each pixel during the study period to determine the strength of the
relationship between NDVI and this climatic factor. These correlations represented the
sensitivity of the regional vegetation to this climatic factor [11–14]. Temporal correlations
between NDVI and precipitation were computed to examine the spatial variability of the
relationships between those parameters. This helps not necessarily to know what the
trigger for individual variation was, but to test how vegetation and precipitation varied
over the years.

Considerable studies have been carried out on NDVI–precipitation relationships in
Africa, at continental [15–17] and regional scales, for example in the Sahel [18–20], in
eastern Africa [21], in central Africa [22], in west Africa [23] and in southern Africa [24,25].
However, these studies have generally focused on average seasonal trends or have only
used time series at short intervals. Furthermore, none has assessed its distribution across
the continent through climate zones. Additionally, only a few have adopted a comparative
approach. To address these gaps, this study used a linear trend model with the purpose of
providing a greater understanding on the long-term trajectory (on each pixel) of vegetation
change, precipitation variability, and their relationship in Africa through climate zones.
The main hypothesis is that African vegetation depends strongly on precipitation, which
varies according to climate zone. The specific objectives of this paper are to (1) evaluate
the spatial and temporal vegetation and the precipitation trends in different climate zones
of Africa, (2) assess the change of greenness in relation to precipitation variability in each
climate zone of Africa, and (3) identify the most vulnerable climate zone and vegetation in
danger of extinction in different African climate zones. The results generated in this study
would therefore show the spatial variations and the distribution pattern of vegetation cover
in the different climate zones of Africa. Furthermore, these results will serve as a reference
for future assessments of the vegetation-precipitation relationship in the world. Moreover,
it will provide a deeper understanding of vegetation response to current precipitation
variability and promote the protection of the ecosystem environment. In addition, it will
help us to improve predictions of the future consequences of these rainfall variations on
ecosystems and enhance the sustainability of greening to strengthen efforts under the
impact of rainfall variability in Africa. The remainder of the paper is as follows: the
materials and methods in Section 2; the obtained results in Section 3; a discussion in
Section 4, and the conclusion in Section 5.

2. Materials and Methods
2.1. Study Area

This study was conducted on the African continent, which represents 6% of the
total world’s surface area and 20% of the total world’s land area. Covering an area of
30.3 million km2, it is the second largest in the world in terms of area and population after
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the Asian continent [26–28]. Geographically, Africa ranges from 17.53282º W, 34.822º S to
57.795409º E, 37.340409º N. This makes it the only continent located in the four hemispheres
of the world where the equator and the principal meridian cross. This covers about 54
countries. Africa’s climate is very diverse and results from different climate systems [29],
and these are arranged into five climate zones, namely, tropical, arid, temperate, cold, and
polar climate zones, according to the climate classification by Köppen–Geiger [4]. In Africa,
as a warm and dry continent, rainfall patterns largely determine vegetation patterns due
to the dependency of plants on water availability [30]. According to the land cover (LC)
classification from the European space agency, presented using the LC classification system
developed by FAO [31,32], there are 23 types of vegetation in Africa. Among these, nine
types are forests, six are vegetation in agriculture areas, three types of sparse vegetation,
two types of grasslands, two types of shrubland and one is vegetation in wetlands.

2.2. Datasets

In the continuous monitoring and evaluation of plants evolving on a tremendous
spatial and temporal scale, satellite-based remote sensing has continued to prove its
effectiveness [29,33]. Among the remote sensing datasets products, NDVI is superior
in the use of land degradation and plant health monitoring studies [34,35]. The exceptional
time record for terrestrial vegetation dynamics made Normalized Difference Vegetation
Index-3rd generation (NDVI3g) the most popular [29]. These NDVI3g datasets were created
with an overall NDVI unit level accuracy of 0.005 to solve the problem of calibration loss,
orbit drift, and volcanic eruption. These NDVI3g datasets focus on improving calibration
and cloud masking [36]. Significantly, they have outperformed many other long-term
NDVI datasets [37]. In this regard, the NDVI3g derived from Global Inventory Modeling
and Mapping Studies (GIMMS) at a 1/12º resolution integrating data from the National
Oceanic and Atmospheric Administration (NOAA) Satellites [38] was chosen for use in
this study.

Water and vegetation are closely linked because plants cannot grow or be healthy
without water; this is why precipitation is important in our study. The CHIRPS dataset
was derived from the climate Hazard Group at University of California, with a 0.5 deg
resolution, and was made to answer the problem of geographical coverage [39]. This
dataset combines a 0.05 Climate Hazards group precipitation climatology (CHPClim), TIR-
based satellite precipitation estimates, and in situ rain gauge measurements [40,41]. During
the validation test of the CHIRPS data carried out in West Africa, the CHIRPS products
obtained much better performances than those of Africa Rainfall Climatology version2
(ARC2), with a higher skill, low or zero bias, and fewer random errors. They also performed
better than the tropical applications of meteorology using satellite data (TAMSAT3) in
terms of skill and random error [42]. Based on this, this dataset was chosen for this study.
The 24-year coverage and 300-m-spatial-resolution Climate Change Initiative Land Cover
(CCLC) dataset derived from the European Space Agency [31,43] made it possible to
identify threatened plant species and to determine the fluctuation and succession of all
plants as well as their species in Africa per climate zone.

The other data used in this study are Digital Terrain Elevation Data (DTED) from the
Shuttle Radar Topography Mission (SRTM) [44]. With the intention of determining the
elevation in each climate zone and the altitude in which plants species tend to live, we
used the SRTM 90 m, downloaded from http://srtm.csi.cgiar.org/srtmdata/ (accessed on
14 December 2020), with which the mountain and plain were easily identified.

Lastly, to identify the climate zone of Africa, the new global 37-year (1980–2016) maps
with a 1 km resolution based on the Köppen–Geiger climate classification [4], were used.
These maps are derived from temperature and precipitation and have five climate zones
(Figure 1).

http://srtm.csi.cgiar.org/srtmdata/
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Figure 1. Five climate zones of Africa. This figure is a new figure reusing only some data from [4].

2.3. Methodology
2.3.1. Pre-Processing

The NDVI3g preprocessing involved radiometric correction, geometric correction,
cloud extraction and bad-line removal when producing its half-month dataset [45]. The
precipitation, LC, and Köppen–Geiger climate classification dataset were all resampled to
match the GIMMS data using a bilinear resampling algorithm to preserve the 1/12º spatial
resolution of the NDVI3g data [46].

2.3.2. Data Processing

In this study, 816 images of the 16-day NDVI3g GIMMS, 1/12º, for 34 years from
1982 to 2015 in Africa were used. The maximum value composite (MVC) is important
for noise removal [47]. Therefore, this method was used to transform the bi-monthly
timescale into monthly and annual NDVI3g. Further, a simple linear regression method
was used to retrieve long-term trends in inter-annual variations in vegetation. The years
were considered independent, and the NDVI3g was used as the dependent variable.

The response of NDVI3g to precipitation variability in each of the five climate zones
was expressed as a linearly regressed slope of NDVI3g to the precipitation for each pixel.
Statistically, significant testing at the 0.05 levels for linear regression was performed by the
F-test.

The Persistence index (PI) of NDVI3g is important for categorizing the consistency
of NDVI3g trends [48,49]. Thus, this PI was used to illustrate the evolution of NDVI3g in
each of the five climate zones.

PI =
n

∑
i=1

PI(i) = PI(1) + PI(2) + . . . + PI(n) (1)
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Here, PI is the persistence index, (i) the time being from 1 to n. The linear trends of the
average seasonal NDVI3g are calculated for the periods 1982–1984, 1982–1985, 1982–1986,
. . . , 1982–2015 and denoted as t(i), where I = 1, 2, 3, 4, . . . , 32. A score of 1 was assigned at
PI(I + 1) if t(I + 1) was greater than 80% of t(i); otherwise, the score was zero. The sum of
these scores was then calculated as a PI. The higher the PI, the longer the period of increase
in NDVI3g [49].

3. Results
3.1. Evaluation of Statistical Analysis of NDVI3g from 1982 to 2015

The vegetation of Africa is based on the climate zone where the climate has a different
influence in each zone, resulting from differences in vegetation type and state. Thus, to
better assess the evolution of vegetation through NDVI3g on this continent, it is important
to base ourselves on climate zones. Figure 2 below shows the statistical evaluation of the
annual averaged NDVI3g in Africa, in each of the five climate zones.
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Figure 2. Statistical analysis of Normalized Difference Vegetation Index-3rd generation trends values in all the climate
zones of Africa.

In general, based on the NDVI3g statistical figure above, the increase in vegetation
greening, in the form of NDVI3g values in all climate zones of Africa, can be provided. The
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increase manifested itself in different ways with an exceptionally high change in all climate
zones where their annual average NDVI3g values increased from 0.777 (tropical zone),
0.687 (warm temperate zone), 0.239 (arid zone), 0.253 (boreal or cold zone), and 0.601 (polar
zone) in 1980 to 0.83, 0.698, 0.248, 0.267, and 0.614, respectively, in 2015. Although there has
been uneven vegetation change in each climatic zone, there were astonishing developments
in 2011, when the annual average NDVI3g in all climatic zones peaked compared to other
years.

In Table 1 below, the NDVI and rainfall columns in each of the five climate zones,
the top five NDVI values, and the rainfall values considered special (highest values) were
named from 1 to 5 with a fir green color, and the worst five (smallest NDVI and precipitation
values) also considered special (worst values), in different years were named from 1 (worst)
to 5 with a red color. For each year in every climate zone, we matched NDVI3g with rainfall
to clarify the correlation between them. The correlation column with the same climate
zones shows the relationship between NDVI and rainfall for each year in every climate
zone. For example, the highest NDVI value was found in 2007 and 2011, so a value of 1 in
fir green was assigned to these two years; the worst NDVI was discovered in 1982 and thus
assigned as 1 in red. These were performed for each climate zone. In the same example,
the highest amount of rainfall occurred in 1989, so the year was assigned a 1 in fir green,
and 1994 was the lowest in rainfall, so it was assigned a 1 in red color. Of course, due to
the small number of years (special from 1 to 5) selected in the long period (1982–2015),
some years remained unsigned. Furthermore, the NDVI and rainfall columns overlapped.
Green overlaps signify a correlation. Red overlaps indicate a negative correlation (red
color). Unsigned values overlapped with assigned values suggest no correlation (black),
and the regions where two unsigned values overlap, indicate a corresponding probability.
For example, 1983 was red (last five) in terms of NDVI and precipitation (except boreal
climate zone for precipitation). Thus, the overlap shows good correlation in the four climate
zones. The year 2011 showed a fir green color for all climate zones in terms of NDVI, but
there is no sign of precipitation, so there is no correlation between the two. The year 1982
shows a red color for the NDVI in the tropical climate zone, but shows a fir green color
for precipitation, and the reverse occurred in 2005, so 1982 and 2005 resulted in a negative
(red) correlation.

The NDVI3g and precipitation have been clarified to be very strong from 2004 to 2013
and very low from 1983 to 1987 (excluding 1986 (unsigned) for NDVI3g and 1987(unsigned)
for rainfall), and from 1991 to 1993. However, there is a very strong and very low rainfall
observed for the periods 1997–1999 and 2014–2015, respectively, in the region with no
special NDVI3g. Therefore, regarding the negative and positive correlations, the result
revealed five positive correlations (green) and one negative (red) correlation for the period
1982–1984, six positive correlations for the period 1991–1997, and eight positive correlations
and one negative correlation from 2004 to 2013. Thus, there is no correlation (black color)
for the periods 1985–1990, 1998–2001, and 2014–2015. The polar climate zone obtained the
first evidence of a positive (green) correlation between NDVI3g and rainfall (6 years), 1983,
1992, 1993, 1997, 2012, and 2013. The boreal zone was last, because the positive correlation
(green) was only revealed in two years (2009 and 2010).
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Table 1. The considered special periods during which NDVI3g and rainfall had their highest (five
years) and lowest (five years) values and their correlation. Fir green represents high, and red
represents low. The numbers 1 to 5 indicate high to low Normalized Difference Vegetation Index
(NDVI) and precipitation values (for fir green) and low to high NDVI and precipitation values (for
red) in each climate zone. In the correlation column, green represents a positive correlation, black is
no correlation, and red is a negative correlation.

NDVI3g Rainfall Correlation

Years T WT P B A T WT P B A T WT P B A

1982 1 4 1
1983 4 3 3 1 2 1 3 4 2 1 2 3 4
1984 2 1 1 1 5
1985 3 5
1986 3 1 3
1987 4 4
1988 5 4
1989 4 1 4
1990 5
1991 2
1992 5 1 4 3 2 4 2 3 1 2 3 4
1993 3 2 1 2 3 5
1994 2 1 5
1995 5 2

1997 5 2 3 1 2 6
1998 2
1999 3 5
2000 5 4
2001 2

2004 4 5 5 1
2005 4 5 5
2006 5 3 2 5 5 1 2
2007 1 4
2008 3 2 3 5 5 3
2009 3 2 4 3 4 5
2010 4 1 3 6
2011 1 1 2 1 1
2012 1 3 4 7
2013 4 3 2 8
2014 5
2015 4 5 3

Climate zones: T: Tropical, WT: Warm Temperate, P: Polar, B: Boreal and A: Arid.

3.2. Index of Persistence of NDVI3g

The total sum of the calculated PI scores in tropical and arid climate zones of Africa
were 28 and 27, respectively, signifying a high PI. The PI in the warm temperate, boreal
and polar zones was 24, 23, and 23, respectively, which signifies a low PI.

3.3. Statistical Analysis of the Monthly Mean NDVI3g through the Four Seasons

Table 2 shows the seasonal average for each climate zone in Africa and provides a
better understanding of how greenness has developed in each season. It reflects what we
discerned in the NDVI3g trend analysis.
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Table 2. Statistical Analysis of the mean NDVI3g value throughout four seasons.

Tropical
Zone

Warm
Temperate

Zone
Polar Zone Arid Zone Boreal Zone

(a) Seasonal mean NDVI3g for four seasons in 1982

DJF 0.578 0.58 0.507 0.18 0.208
MAM 0.633 0.597 0.499 0.182 0.204

JJA 0.614 0.478 0.458 0.174 0.191
SON 0.632 0.687 0.482 0.181 0.188

(b) Seasonal mean NDVI3g for four seasons in 2015

DJF 0.589 0.578 0.495 0.184 0.199
MAM 0.625 0.595 0.462 0.181 0.217

JJA 0.615 0.462 0.448 0.171 0.188
SON 0.659 0.445 0.502 0.182 0.196

3.4. Evaluation of Rainfall Dynamics through Time Series
3.4.1. Rainfall Analysis

The analysis of the precipitation distribution illustrated in Figure 3 shows that pre-
cipitation does not match in all climatic zones. Moreover, the increase and decrease in
precipitation do not occur simultaneously for distinct climatic zones. However, in some
years, the climate zones have low or high precipitation, especially for the peaks of 1985,
2010, and 1997 for all climate zones, except the boreal zone, whereas a low value was
common only in 2015 for all climate zones. This reflects the NDVI3g trend by which
precipitation was increasing for all climate zones for the periods 1985–1986, 2010–2011,
and 1996–1997. It should also be noted that the precipitation is high in the tropical zone
as well as the polar zone, very low in the arid zone, low in the boreal zone, and moderate
in the warm temperate zone. This sequence does not coincide with the NDVI3g, where
the tropical zone is followed by the warm temperate zone, and the polar climate zone is in
third place. In addition, the arid zone is the lowest for precipitation and not far from the
boreal zone.

Furthermore, the trends for all climate zones in Figure 3 show small but positive
slopes, where the polar zone slope is the highest (2.28) and the tropical zone slope is the
lowest (0.6). Although it has the smallest slope, it was the only one with a positive intercept
(147.5), which means, unlike all other area, it never runs out of rain. This is reflected
in Figure 4, where there is a decrease in precipitation in tropical zone, especially in the
rainforest zone and parts of Monsoon, which are characterized by a decrease in rainfall at a
rate of −22.46 mm each year. Even though these two parts of tropical zone manifested a
decrease in precipitation, they have the highest precipitation in Africa (1475.1 mm/year)
after the polar zone. Furthermore, part of the tropical zone had the greatest positive trends,
increasing to 19.67 mm/year, especially in the rainforest zone, in South Liberia, South
East Madagascar, and along East Uganda to West Ethiopia. The semi-arid zone of the
tropical zone is generally exhibiting positive trends. Parts of the arid zone, such as the
Arid steppe, hot (BSh), and the semi-arid zone, that is to say the parts bordering tropical
zone, the boreal, and the warm temperate zone in the northwest demonstrates an upward
trend of precipitation at 13.67 mm/year, while the other parts of deserts demonstrate a
near-stable rain pattern. The lowest trend rate in both zones was −19.8 mm/year. The
rate of warm temperate precipitation ranged from −19.8 to 17.91 mm/year. The decline is
mainly identified by its dry summer without a dry season, its dry winter and hot summer,
and its dry winter and warm summer in the low elevation areas of the east-southeastern
part of South Africa, in the middle to northeastern part of Angola (this part experienced a
high degradation trend per NDVI3g), and in North Madagascar, while the increase was
demonstrated in parts of Zambia, Southeast Madagascar, North Morocco, Algeria, and
Tunisia. The boreal zone, in top mountains (1701–4033 m above sea level) over a small area
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between warm tropical and arid zone in the northwest (Central Morocco) and between
warm tropical and polar zones in the southeast (Lesotho in South Africa) demonstrates a
13.67 mm/year increase in the northwest and a −19.8 mm/year decrease in the south. The
polar zone, in the top of the high mountains (2417–5871 m) above warm temperate and
boreal zones (in the south) decreased at −17.77 mm/year and increased at 13.25 mm/year.
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Figure 3. Statistical analysis of mean cumulative rainfall in all the climate zones of Africa from 1982 to 2015.
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Although rainfall appears to have declined in most parts of tropical Africa, such as
south Cameroon, northwest Liberia, west Angola, central to East RD Congo and Equatorial
Guinea (Figure 4a), most of those areas also experience heavy rainfall (Figure 4b).

Table 3 summarizes the information of our study from 1982 to 2015. The bold numbers
are the largest numbers following the rows of elements, while the underlined numbers are
the smallest. As the table shows, the polar climate zone is the one located at the highest
elevation of 5871 m, and receives high annual precipitation of 1559.7 mm. Contrarily, it
is also in an arid climate zone, where the precipitation level is the lowest. An addition to
being an arid zone, it is also the one with the lowest mean NDVI3g value. The highest
NDVI3g value is found in the tropical climate zone.

Table 3. Summary of altitude, annual mean climate, and NDVI3g data from 1982 to 2015.

Tropical
Zone

Warm
Temperate

Zone
Polar Zone Arid Zone Boreal Zone

Elevation
(m)(MSL) −4 to 2675 −3 to 4102 2417 to 5871 −151 to 3330 1701 to 4033

Precipitation
(mm)

1195.23
to

1475.1

852.80
to

1051.18

1213.79
to

1559.7

157.46
to

232.4

532.46
to

797.782
NDVI3g 0.78 to 0.83 0.67 to 0.73 0.58 to 0.63 0.22 to 0.26 0.24 to 0.29

Note: The bold numbers are the biggest numbers following the rows of elements while the underline numbers
are the smallest.

3.4.2. Precipitation Distribution in Climate Zones from 1982 to 2015

The rainfall in the tropical climate zone increased from 1983 (1195.2 mm) to 1989
(1475.1 mm), which are the lowest and highest precipitation values over the 34 years of
the study. After this increase, a sharp decrease was observed from 1989 to 1992, which
was followed by a complex increase until 1999. From 1999 to 2005, there was a complex
decrease, and there was then increase from 2005 to 2008. The rainfall declined from 2008 to
2015. However, during this last period, rain increased for three years (2009–2012), resulting
in a greater amount of vegetation greenness.

In the arid climate zone, rainfall increased from 1984 (157.46 mm) to 1988 (213.58 mm),
which are the lowest and highest precipitation values over the 34 years of the study. After
this increase, it decreased from 1988 to 1992, followed by a complex increase lasting until
1997, a complex decrease from 1997 to 2002, an increase from 2002 to 2006. Further, rainfall
declined from 2006 to 2015. However, during this last period, rains increased for three
years (2007–2010). The year 1984 was the weakest in terms of precipitation, resulting in the
least greenness of vegetation. In decreasing order, the five best years of precipitation were
2006, 1997, 2010, 2012, 1999, and 1988. The worst five years were 1990, 1986, 1992, 1983,
and 1984.

In the warm temperate zone, rainfall increased from 1983 (1195.2 mm) to 1989
(1475.1 mm), which are the lowest and highest precipitation values over 34 years of the
study. After this increase, a sharp decrease was observed from 1989 to 1992, which was
followed by a complex increase lasting until 1999 and a complex decrease from 1999 to
2005. An increase was observed from 2008 to 2009, rainfall declined from 2006 to 2015. The
year 2006 has the highest rainfall, resulting in greater vegetation greenness.

In the boreal climate zone, rainfall decreased from 1983 to its lowest level over the 34
years of the study and increased from 1986 to 1989. After this increase, it decreased from
1989 to 1994 and then increased until 1998. From 1998 to 2001, there was a direct drop and
then an increase from 2001 to 2010. Further, rainfall declined from 2010 to 2015. However,
vegetation greenness in this climate zone showed its best index in 2011, and 2010 had the
highest rainfall.

Precipitation in the polar climate zone increased mainly from 1984 to 1988. After
this increase, a direct decrease was observed from 1988 to 1992, followed by a direct
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increase to its maximum amount in the 34 years of the study in 1997 (1559.7 mm). The
complex precipitation decreased from 1997 to 2015, but was divided into small increases
and decreases: a decrease from 1997 to 1999, an increase from 1999 to 2006, a sharp decrease
from 2006 to 2009, and an increase from 2009 to 2013. A sharp decrease was observed from
2013 to 2014, where precipitation decreased from 1506.1 to 1266.6 mm.

Generally, all climate zones experienced a common reduction in precipitation from
1989 to 1992. This was followed by an increase lasting until 1997 and then a decrease lasting
until 2001. By integrating the complex evolution of precipitation, rainfall can be classified
into two phases, increasing and decreasing respectively, from 1983 to 1989 and from 1989
to 2015 in the tropical zone, from 1983 to 2006 and from 2006 to 2015 in the arid zone, from
1983 to 2006 and from 2006 to 2015 in the warm temperate zone, from 1983 to 2010 and
from 2010 to 2015 in the boreal climate zone, and from 1983 to 1997 and from 1997 to 2015
in the polar climate zone.

3.5. Analysis of Vegetation Trend Dynamics

Based on the linear model results, the NDVI3g trends from 1982 to 2015 for each
pixel value showed (Figure 5) an annual rate of increase up to 0.013 and a decrease down
to −0.014. Astonishingly, the sharp increase up to 0.013 rate per year was found in the
arid climate zone. It is in this climate zone where the maximum and minimum rates of
vegetation have been discovered (Figure 6). In the semi-arid zone (boundary of the desert
hot zone and steppe hot zone) along the Sahel belt, the vegetation shows an increasing
growth rate up to 0.013/year. Looking at the overall climate zones in Africa, there was an
annual increase in verdant vegetation, where the smallest percentage of increase was found
in the temperate zone with 67.6%. We must not overlook the fact that there was a marked
decline down to −0.014 each year in arid, desert, hot (BWh) zones in different countries
such as Angola, North Botswana, Southeast Sudan, and Somalia (Figure 5).
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Figure 5. Overall trends of Annual NDVI3g for 34 years of the study (1982 to 2015). (a) Shows the overall trends of
annual NDVI3g in terms of year; (b) shows classified overall trends into four classes: Strong degradation from −0.014 to
−0.001/year, slight degradation from −0.001 to 0, slight improvement from 0 to 0.001, strong improvement from 0.001 to
0.013/year. Only significant values (<0.05 of p-Value) are mapped. This figure is adapted based on the original figure from
publication [50].
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Figure 6. Overall trends in annual NDVI3g in each of the five climate zones of Africa. (a) the rate of increase and decrease
per year; (b) the statistical results’ area in percentage of greening variation from 1982 to 2015, with St D: Strong Degradation,
Sl D: Slight Degradation, SI: Slight Improvement and St I: Strong Improvement; AZ: Arid Zone, TZ: Tropical Zone, Wt Z:
Warm Temperate, PZ: Polar Zone and BZ: Boreal Zone.

Figure 6 summarizes (a) the overall trends in each climate zone of Africa, showing
a strong degradation (−0.014, −0.007, −0.006, −0.005, and −0.004) moving to a strong
improvement (0.013, 0.009, 0.01, 0.005, and 0.005) in the arid, tropical, temperate, boreal and
polar zones, respectively, and (b) the statistical analysis on the status of vegetation condition
in each climate zone of Africa, following the vegetation variation. From this, 83.3%, 83.1%,
79.4%, 72.9% and 67.6%, experienced improvement in the boreal, arid, tropical, polar and
temperate zones, respectively.

3.6. Change Detection for Each Type of Vegetation per Pixcel Value

Figure 7 shows the areas in % improved and degraded generally in all study area and
the annual average rate of change of vegetation for individual vegetation types in each
climate zone of Africa. Generally, the vegetation class 60 was decreased to −74% amid
strong degradation and −37% amid slight degradation and 60 in the improvement area
was mostly reduced, while −3.9% in strong improvement area reduced to 8.4%. Seven
types of vegetation degraded in the tropical climate zone, and the four most degraded
vegetation classes were 120, 40, 50, and 60 at a rate of −0.86, −0.23, −0.15 and −0.07 values
of pixel unity (PU) in 24-year, and the 16 vegetation classes increased, five of which 62,
10, 11, 30 and 100 increased at a rate of 0.39, 0.26, 0.19, 0.14 and 0.1 PU, respectively. In
the arid zone, eight types of vegetation were degraded, the highest of which was 190 with
−0.22 PU followed by 150, 120, 110, 100, 60, 122, and 50 classes with rates of −0.09, −0.08,
−0.06, −0.02, −0.01, −0.003-, and −0.0005 PU, respectively. The highest four among the
Seventeen vegetation classes increased by 0.12, 0.1, 0.05, and 0.08 PU are class 10, 11, 153,
and 130, respectively. In the warm temperate region, nine were degraded at a rate of up to
−0.13. 60 at −0.13 PU, followed by 120 at −0.036 PU. The highest increase among the 14
classes was at a rate of up to 0.08 PU, and the first was class 11, followed by 10 (0.04 PU)
and 100 (0.03 PU). In the boreal climate zone, five degraded, of which the two largest were
110 and 190 at −0.004 and −0.0006 PU, and six improved vegetation classes, two of which
were 150 and 153 at 0.003 and 0.002 PU. In the polar zone the rate of vegetation change was
very small; one degraded vegetation class was 50 at −0.00003 PU, and seven improved,
one of which was 62 at 0.00003 PU.
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3.7. Consistency between NDVI3g and Precipitation Interannual Variation

Precipitation and vegetation have a special relationship because of the dependence of
plants on water availability. When it rains, the grass softens and turns green. However, that
does not prevent the no green vegetation to depend on precipitation too, perhaps because
of the climate in which they are found. Therefore, each vegetation no matter where it is,
depends on precipitation.

The correlation coefficient between NDVI3g and precipitation demonstrated differ-
ently in the five climate zones of Africa (Figures 8 and 9). About 69.5% of the total NDVI3g
covered was positively correlated with precipitation. The tropical rainforest correlated from
−0.55 to 0.57; 51.26% correlated positively, 39.68% were slightly correlated. The tropical
monsoon was from −0.63 to 0.78, with only a 47.49% positive correlation and 38.7% were
slightly correlated. The tropical savannah correlates from −0.67 to 0.80, and 62.44% of the
vegetation cover is positively correlated with precipitation, with 51.12% slightly correlated.
In general, the tropical zone revealed a positive correlation of 59.87%, and only 1.02% were
strongly correlated, which was discovered mainly in Savannah. The arid climate zone
shows a 76.91% positive correlation, 53.7% of which was a slight correlation. From this,
the Arid desert hot (BWh) correlated from −0.774 to 0.93 has a 67.55% positive correlation,
45.83% of which is slightly correlated and 15.85% of which is strongly correlated. Most of
this correlated part is on the limit of the semi-arid zone of the Sahel belt, the horn of Africa,
and the west-southwest part (Figure 9). Correlated from −0.43 to 0.88, the arid desert cold
(BWk) shows a 95.76% positive correlation, 72.15% of which was slightly correlated and
21.5% of which correlated strongly. The NDVI3g in the Arid steppe hot (BSh) which is
mainly in the semi-arid zone, positively correlated with rainfall from −0.6 to 0.85 at 94.37%,
67.96% of which is a slight correlation and 23.52% of which is a strong correlation. Finally,
the Arid steppe cold (BSk) varied from −0.53 to 0.81, and showed a positive correlation
at 95.33%, 70.15% of which were slightly correlated and 23.13% of which were strongly
correlated. The warm temperate climate zone correlated from −0.62 to 0.75, and 65.15%
was positively correlated between the NDVI3g and the precipitation, of which 53.3% was
slightly correlated and 3% of which was strongly correlated. Among the nine sub-zones of
this climate, the temperate, no dry season, hot summer (Cfa) was 50% positively correlated
and 44.4% negatively correlated. Further, the correlation of the last two mountain climate
zones was more positive than negative. In the boreal climate zone, 83.48% is positively
correlated, of which 2.6% and 66.96% showed strong and slight positive correlations, respec-
tively. In the polar climate zone, 61.43% was positively correlated, while 38.57% showed a
negative correlation between NDVI3g and precipitation.
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Figure 8. Consistency Between NDVI3g and Precipitation interannual variation in all African climate zones in 34 years of
the study.
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4. Discussion
4.1. Vegetation Trend Analysis from 1982 to 2015

An upward trend of vegetation from 1982 to 2015 was revealed, and a reasonably clear
greening trend is evident throughout the Sahel belt, which is consistent with previous stud-
ies [29,50–53]. During this period, rainfall in this region increased significantly (Figure 4),
indicating that the greening trend can be interpreted as a drought recovery that hit the
region in the early 1980s [29,54,55]. This increase could also result from the Great Green
Wall (GGW) reforestation project in the Sahel belt in 2005 [56] in response to desertification,
soil degradation, food security and climate change [57].

Depending on the study period, the highlighted period is from 2005 to 2013, more
especially in 2011, which was the year in which vegetation experienced the greatest green-
ness in almost all climate zones (Figure 8). However, 2005 was among the five worst, and
2007 was not good for polar climate vegetation. For the periods 1996–1998 and 2001–2002,
the vegetation of all climate zones also experienced good greening trends. Among these
periods, the best in the tropical climate zone were observed in 2007 and 2011, it was 2012
in the polar zone, and it was 2011 in the warm temperate, boreal, and arid climate zones.
On the contrary, vegetation was worst during the periods from 1982 to 1984 and from
1991 to 1993. The greenness of the African vegetation almost entirely degraded at a high
level (Table 1). This is associated with the drought that occurred in most African countries
from 1981 to 1985 [58] and from 1991 to 1993 [59]. The greatest increase in vegetation in
the tropical climate zone occurred in 2007 and 2011 and the lowest value of vegetation
greenness was in 1982. There is no evidence resulting from heavy or light rainfall because
observed rainfall in 2007 and 2011 was normal, showing only an increase over the previous
year. The evidence that precipitation was low is linked to the drought that occurred from
July 2011 to August 2012 in East Africa [60,61]. Although 1982 was identified as the year



ISPRS Int. J. Geo-Inf. 2021, 10, 129 16 of 21

with the lowest vegetation greening, it was marked by heavy precipitation (Figure 3 and
Table 1), and the lowest value was unrelated to precipitation, as it was high in 1982 and
increased from 1983 to 1985. This may have the effects of one of the three longest and most
powerful El Niño condition in 1982/1983 [62].

Generally, the vegetation of the tropical zone increased from 1982 to 2015, but de-
graded significantly during the periods 1982–1984 and 1992–1993 while strongly increased
from 2005 to 2008 and in 2011. The increase and decrease in vegetation were mainly related
to rainfall; for example, the decrease from 1991 to 1993 resulted from a decrease in rainfall
from 1988 to 1992. The exception is in 1982 and 2005; rainfall was high in 1982 but NDVI
was low, and NDVI was high in 2005 but rainfall was low.

In 1983 and 1992, for all climate zones except the boreal, vegetation degraded due to
the low precipitation (Table 1, Figures 3 and 8). In 1993, with the exception of the arid zone,
all climate zones suffered from vegetation degradation, but only the polar climate zone
experienced a very low precipitation. In 1997, in all climate zones except the boreal zone,
we observed heavy precipitation, but only the polar zone showed good vegetation. In 2005,
the tropical climate zone was among the top five highest values in terms of vegetation,
while it was among the worst five in terms of precipitation. In 2006, all climate zones
except the tropical zone had heavy rainfall. However, the arid and tropical zones had good
vegetation. The precipitation in the tropical zone was high, but not in the top five. In 2011,
all climate zones had good vegetation, but there was no evidence of good precipitation
(Table 1). Our results are in line with that of Davis-Reddy [29], who identified positive
NDVI anomalies in 1997, 2006, and 2011 due to good precipitation.

The results in 1 also show that, except the polar climate zone in which vegetation
degradation was observed in 2005, all climate zones experienced good vegetation from
2004 to 2013. This is consistent with Davis-Reddy [29], who reported that the 2000s were
wetter in almost all of Africa. In 1988, the warm temperate zone had good vegetation;
however, in the following year, it was highly degraded. This vegetation had not shown
any relationship with rainfall. The worst vegetation degradation was observed in 1984
in the tropical and arid climate zones, and this year had the lowest rainfall in the arid
and polar regions, but this did not occur in the last five periods of low rainfall in the
tropical climate zone. However, 1983 had the lowest rainfall, and 1984 was also within
the eight years of the lowest precipitation in this climate zone. The worst vegetation and
the lack of precipitation observed here resulted from the strong drought conditions from
1983 to1985 [29,63]. The lowest rainfall in the polar zone was observed in 1984, but this
year shows normal vegetation. The strongest degradation was observed in 1993 and was
associated with the very low rainfall that lasted from 1992 to 1993. It is obvious that this
was resulted from the 1991/1992 drought in South Africa [29].

Each climate zone has shown a sequence of at least two years for the best and worst
vegetation events, which sometimes coincided with rainfall events (Figure 8). The best
occurred from 2005 to 2008 and in 2011 in the tropical zone, from 2008 to 2009 and in 2011 in
the temperate zone, from 2011 to 2013 and in 2008 in the polar zone, from 2009 to 2011 and
in 2013 in the boreal zone, and from 2006 to 2008 and in 2011 in the arid climate zone. This
resulted from the positive rainfall anomalies observed over the large part of sub Saharan
Africa in the 2000s [29].

Figure 7 shows the vegetation types in the four aggregate trend groups of NDVI3g.
Four forest types (50, 60, 62 and 170), two grassland types (110 and 130), one sparse
vegetation type (150), and vegetation type (40) were severely degraded. Regarding slight
degradations, except for 62 among the forest types mentioned above, a grassland type (110),
sparse vegetation (150), and vegetation type (40) were all degraded, including shrubland
(120 and 122) and bare areas. There was no decrease in stable or non-vegetated area,
which proves the accuracy of our results. Regarding slight improvements, fluctuations in
vegetation were observed where only 3 (60, 61, and 152) types of vegetation were degraded
at 4%, 0.1%, and 0.2% respectively. Further, vegetation also showed strong improvement,
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where six types of vegetation (50, 60, 61, 120, 122, and 130) were degraded by 3.2%, 8.4%,
0.14%, 61.3%, 0.78%, and 1.4%, respectively.

The NDVI, however, reveals restrictions in detecting and attributing changes in vege-
tation cover due to factors that can negatively bias NDVI-based estimates of plant biomass,
such as dust deposition [64] and soil background [65] in the arid zone. These areas were
masked.

4.2. Analysis of Vegetation by Index of Persistence

The level of persistence refers to the level at which the ecosystems studied are gov-
erned by positive feedback mechanisms tending to destabilize the system by external forces.
In this feedback framework, the concept of persistence is extremely applicable for charac-
terizing the stability/instability properties of the vegetation dynamics [66–68]. In our case,
the dynamics of tropical vegetation were found to be the most stable, followed by the arid
climatic zone. This stability indicates a successive longer period of increasing vegetation.
The other three climate zones showed low stability through the PI. This explains the high
vegetation variability in these climatic zones, which may have resulted from the high rain
fall variability.

4.3. Correlation Coefficient between NDVI3g and Precipitation from 1982 to 2015

According to the results, looking at the positive and negative correlation rates, it is
clear that there is a good relationship between African vegetation and precipitation when
the overall positive correlation was about 80% of the study area (Figure 9).

The results revealed that vegetation is mainly affected by rainfall in the semi-arid
regions of Africa, which include Morocco, Northern Algeria, the Sahel belt, Southern Africa,
and East Africa (Figure 9). These regions are marked by low annual precipitation and
the primary restriction to plant development is the water availability [69]. Our results are
consistent to those reported by other studies previously [29,70–72]. Furthermore, this strong
correlation implies that the vegetation productivity in these regions is highly dependent on
precipitation [69,70].

All climate zones showed more positive correlations than negative correlations be-
tween vegetation and rainfall. The Boreal zone was the most correlated zone at 83.48%,
followed by the arid zone at 65.15%, the temperate zone at 65.155 %, the polar zone at
61.43%, and the tropical zone at 59.87%. The cold, arid, and temperate zones have annual
rainfall below 1000 mm. This is consistent with the result of Davenport and Nicholson [73],
who concluded that, when annual rainfall is below around 1000 mm, there is a strong
correlation between temporal and spatial NDVI trends. Although the vegetation of the
tropical zone is the most greening, many parts of the zone did not show a positive correla-
tion, which are the same areas that showed a high negative trend (Figure 4) in precipitation
throughout the study period.

5. Conclusions

Based on this study following these climate zones, the dynamics of vegetation green-
ness in Africa has evolved over the past 34 years (1982–2015). With the help of NDVI3g,
using a linear regression model, the greening trend of the vegetation in terms of years was
evaluated, and the results show that it increased at a rate of 0.013/year. This does not
exclude areas where decline occurred at a rate of 0.014/year. Some of these vegetation
changes were short-term. We measured the PI for each climate zone. Short-term vegetation
changes were observed in the warm temperate, boreal, and polar climate zones, as shown
by a low PI of 24, 23, and 23, respectively. Tropical and arid zones demonstrated a high
PI of NDVI (28 and 27), respectively, which means that these two zones experienced a
long-term change in NDVI. Thus, these two regions experienced a relatively long period of
increase in NDVI3g. We tested the effect of precipitation on the increasing and decreasing
of vegetation greenness, by applying Pearson’s correlation coefficients between CHIRPS
and NDVI3g. The results showed a higher positive correlation (0.93) rate than a negative
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(−0.774). The negative rate was found in the areas with negative trends in precipitation
but that normally experienced heavy rains, mainly in Central Africa and some parts of
West Africa, such as Sierra Leone, Guinea and, Central Nigeria. This also was found in
East African countries such as Malawi, the western part of Tanzania, and the northern
part of Ethiopia. To identify the types of threatened plants, LC datasets were used, and
the results showed that the highly degraded area was mainly associated with Tree cover,
broadleaved, deciduous, closed to open (>15%) forest type, strongly degraded at 74% of
its initial total area. In areas of strong improvement, it was observed that shrubland was
mainly devastated (61% of its initial total area removed) and in the favor of agriculture
activities (Rainfed Cropland, herbaceous cover, etc.). It is clear that the continental vegeta-
tion is dramatically decreasing, especially forests. Further, it has been shown that there is a
greater conservation of plants in less-vegetated areas than in areas with more vegetation.
It has been also clarified that precipitation is highly variable, and few plants can tolerate
these fluctuations.
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