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Abstract: In the context of climate change, the intensity, frequency, and duration of drought events
have increased significantly, resulting in a profound impact on both natural ecosystems and socio-
economic systems. In arid and semi-arid regions, precipitation is the main limiting factor for
vegetation growth, and the ecosystems are very sensitive to climate change. Over the past 10 years,
the Namibian government has declared national emergencies in 2013, 2016, and 2019 due to extreme
drought events. The continued extreme drought has posed serious threat to the country’s food
security. Accurately monitoring the continuous drought events in Namibia and assessing their
impact on the ecosystem is essential for drought risk management in the region. Based on long-term
satellite observation of vegetation index and precipitation, we have evaluated the spatiotemporal
dynamics of the three drought events, the vegetation–precipitation relationship across biomes,
and the impact of continuous drought events on regional ecosystems. The results suggest that:
(1) According to affected area and severity, the drought in 2019 was the most severe one, followed by
the drought in 2013; the 2015–2016 drought spread over smaller spatial area, although it continued
for two years; (2) Both the accumulated NDVI and precipitation in the growing season in Namibia
increased from 2001 to 2010 while showing a significant decreasing trend during 2011–2020; (3) In
Namibia, there is a significant correlation between the current season’s accumulated precipitation
and the current season’s accumulated NDVI (r = 0.90, p < 0.01). The current season’s accumulated
precipitation is also well correlated with the next season’s accumulated NDVI (r = 0.87, p < 0.01),
and the correlation between the current season’s accumulated precipitation and the next season’s
accumulated NDVI in a wet year is even stronger (r = 0.96, p < 0.01). This indicates that part of the
precipitation in the current season may be stored in the soil for the next season’s plant growth, which
is more obvious in the northern plains with deep-rooted woody plants; (4) In 2013, the drought
event suddenly changed from a long-term relatively humid state to an extremely dry state. During
the ecological recovery stage, the NDVI during the growing season could not return to the state
before the drought, causing irreversible damage to the Namibian ecosystem. In summary, the
continuous extreme drought events during the last decade have caused profound impacts on the
regional ecosystem. Much more attention should be paid to whether the extreme drought events will
continue into the next decade and how the ecosystem can sustain a new equilibrium under a warmer
and drier climate.

Keywords: vegetation index; precipitation; continuous drought events; ecosystem response; Namibia

1. Introduction

Drought is a creeping phenomenon caused by prolonged water shortage in which
the water supply cannot fulfill the requirements of water demand from different sectors,
which may result in profound impacts on the ecosystem, agriculture, and livelihoods [1].
According to the basic disciplinary perspective, drought is further subdivided into meteoro-
logical drought, agricultural drought, hydrological drought, and socio-economic drought.
Drought has long been the world’s costliest natural disaster, and most countries experience
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serious threat from drought. For example, about 40 million people in southern Africa were
affected by drought in the early to mid-1980s, with more than 500,000 deaths [2]. The 1988
drought in the United States caused nearly USD 40 billion in damage, and was the worst
natural disaster in U.S. history [3]. The 1991–1992 drought in southern Africa affected about
20 million people and caused a shortage of more than 6.7 million tons of grain supplies [2].

Namibia is one of the sub-Saharan Africa’s most arid countries, and also one of the
most arid countries in the world [4]. According to the United Nations Development Pro-
gram (UNDP), the country has experienced recurrent droughts [5]. Namibia experienced
severe drought events in the early 1990s and 2000s as well as a perennial drought from
2013 to 2016 [6–11]. In 1992/1993, Southern Africa suffered from a drought that affected
the survival of a large part of the population. In Namibia, the severity of the food crisis was
sufficiently serious to provoke a massive Drought Relief Program [6,12]. The drought event
that occurred in Namibia in 2012/2013 started mainly due to insufficient rainfall. About
300,000 people in the country were affected by the drought and more than 4000 livestock
died [13,14]. In 2014/2015 and 2015/2016, Southern Africa experienced an El Niño-induced
drought which affected more than 20 countries, including Namibia, with 38 million people
exposed to drought across the country [15–17]. Namibia declared a national emergency
in July 2016 due to drought. In 2019, the number of people affected by severe drought in
sub-Saharan Africa increased to 45 million. Windhoek recorded the lowest rainfall in 2019
since 1891 and Namibia recorded its lowest rainfall in 90 years. More than 500,000 people
in Namibia have been affected by the drought, more than 60,000 livestock have died, and
locals are facing food insecurity and water shortages [18,19]. The country is frequently im-
pacted by climatic extremes, and droughts threaten millions of people, plants and livestock,
leading to water scarcity and food insecurity.

The ecosystems on earth are suffering from the effects of both climate change and
human activity, and more frequent and intensive drought events are expected to occur
across biomes in the future, which in turn will have a profound impact on natural ecosys-
tems and socio-economic systems [20,21]. There is a correlation between the continuous
occurrence of drought events and the decline of ecosystem functions [22–26]. Frequent
or intense drought events may change the structure of ecosystems. The severe droughts
in the Sahel region of Africa in the 1970s and 1980s caused devastating damage to the
regional ecosystem. Thanks to the widespread concern of the international community
and residents about environmental issues, rich studies focused on monitoring, assessment
and prediction of droughts have been conducted, and adaptation strategies and measures
for future climate change have been proposed. Both ground and satellite based evidence
suggests that the ecological and environmental conditions seem to be starting to recover in
recent years [27,28]. In this case, drought monitoring and assessment are quite important
for ecosystem risk assessment.

To accurately monitor the drought dynamic,dozens of drought monitoring indices
have been developed based on either ground or satellite observations. A forerunner of
drought indicators, the Palmer Drought Severity Index (PDSI), is defined based on soil
water balance with clear physical meanings and has been widely used in agricultural
drought monitoring; it is always provided as the benchmark for other drought indica-
tors [29]. The Standardized Precipitation Index (SPI) is a precipitation anomaly index
defined by comparing current precipitation to long-term (>30 years) local precipitation
statistics [30]. Compared to PDSI, which requires precipitation, temperature and soil in-
formation as inputs, SPI relies on only precipitation. Additionally, SPI can characterize
drought dynamic multiple time scales. It has been recommended by the World Meteo-
rological Organization (WMO) as an index for monitoring widespread meteorological
drought [31]. In response to inadequate processes for characterizing agricultural drought,
the Standardized Precipitation Evapotranspiration Index (SPEI) was proposed; it considers
both water supply (by precipitation) and water demand (by potential evapotranspiration),
calculated similarly to SPI. In recent years, SPEI has been widely used in agricultural and
ecological drought monitoring and assessment [32]. Traditional drought indices are mostly
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defined and calculated based on in situ observation, and the accuracy and reliability of the
indices depends more on density of regional ground stations. In undeveloped countries
like Namibia, reliable long-term in situ meteorological observations are difficult to assess.
In recent years, large-scale and high-frequency remote sensing observations have gradually
become the dominant methods for large-scale drought monitoring [33]. Satellite based
earth observation sensors such as Advanced Very High Resolution Radiometer (AVHRR),
Moderate Resolution Imaging Spectroradiometer (MODIS) and Visible Infrared Imaging
Radiometer Suite (VIIRS) have acquired a large amount of multispectral observation that
can characterize the global land surface ecosystem dynamics over the past 40 years. Satellite
observation-based drought indices such as Vegetation Condition Index (VCI), Temperature
Condition Index (TCI), and the Vegetation Health Index (VHI) which integrate vegeta-
tion status and canopy temperature have been widely used in drought monitoring and
evaluation applications on both regional and global scales since the 1980s [34,35].

In arid and semi-arid regions where precipitation is a major limiting factor for ecosys-
tems, vegetation is greatly sensitive to climate change, and abnormal changes in precipita-
tion during the growing season can further exacerbate the occurrence of drought [36,37].
Precipitation is one of the key links in the water cycle and is also the main source of water
for agriculture and animal husbandry in arid regions [38]. Changes in rainfall, rainfall inten-
sity, and rainfall patterns may have serious impacts on agriculture and animal husbandry
in arid areas, which in turn may lead to a significant downward trend in productivity and
yield [39]. Climate projections indicate that dryness will increase in most arid regions on
earth, which may further increase the extent of drought and aggravate land degradation
in arid regions [40]. Namibia is an arid and semi-arid country with unstable precipitation
patterns. Global climate change may exacerbate abnormal changes in precipitation, leading
to frequent extreme events such as floods, persistent droughts, and land degradation,
which will have serious impacts on Namibia’s ecosystems and further reduce its ability to
adapt to climate change [18,41].

Although the extreme drought events occurring in Namibia during the last decade
gained broad international attention, few published studies evaluated these events in detail,
with the response largely limited to policy and social impacts. For example, Rensburg
et al. (2021) assessed the 2015–2017 drought in Windhoek from the perspective of drought
management and governance, and Shikangalah et al. (2020) reviewed the 2019 drought in
Namibia according to news reports [17,18]. To date, no published studies have investigated
the spatiotemporal dynamics of these continuous drought events, and no systematic
comparison between the three drought events has been made. To fill this gap, this study
aims to evaluate the dynamic of the continuous drought events using freely available
observations of rainfall and vegetation, and to assess the impact of long-lasting dry periods
on regional ecosystems and livelihoods.

2. Materials and Methods
2.1. Study Area

Namibia is located in the southwest of the African continent, bordered by Angola
and Zambia to the north, Botswana to the east and South Africa to the south (Figure 1a).
Namibia covers an area of 825,615 km2 and is located between the Namib Desert and
the Kalahari Desert. The climate in Namibia is hot and dry, with an average annual
temperature of 18–22 ◦C. The four seasons here are spring (September to November),
summer (December to February), autumn (March to May), and winter (June to August).
With an average annual rainfall of about 250 mm, Namibia is the driest country in sub-
Saharan Africa. From Southwest to Northeast, annual average rainfall varies from less than
100 mm in the ultra-arid coastal plain to more than 500 mm in the semi-humid area. Rainfall
in Namibia is highly seasonal, with the light rainy season occurring between September
and November and the heavy rainy season between February and April. In wetter areas,
the rainy season lasts from October to April, but in drier areas, the rainy season starts later
and is shorter. The altitude of Namibia is between 1000–2000 m; most of the country is
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at an altitude of 1000–1500 m (Figure 1e). The western coastal and eastern inland areas
are deserts, the northern part is plains, and the central part is the central highland. The
main land cover types are shrubs, grasslands and bare land. Precipitation distribution and
vegetation cover distribution in Namibia are spatially consistent, showing a decreasing
trend from northeast to southwest (Figure 1c,d). Namibia’s growing season overlaps with
the rainy season, which starts in September and ends in April of the next year.
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2.2. Data

CHIRPS (Climate Hazards Group Infrared Precipitation with Stations) was produced
by the United States Geological Survey and the University of California Climate Hazards
Group to provide a global precipitation dataset across 50◦ S~50◦ N from 1981 to the
present [42]. The scarcity of meteorological stations in remote areas, outdated instruments
and equipment, low data accuracy, and discontinuous observation data make it difficult to
conduct consistent drought monitoring and assessment [29]. The rainfall estimates in the
CHIRPS dataset are derived by combining satellite rainfall estimates with in situ rain gauge
observations, which can provide a complete, reliable, and up-to-date dataset for seasonal
drought monitoring or climate trend analysis, particularly critical in areas where station
data are scarce [43]. The CHIRPS product has been widely applied in drought monitoring
and evaluation across the world, especially in Africa; most studies reveal the powerful
performance of this product for capturing large-scale rainfall dynamics [44–47]. This study
used CHIRPS-v2.0 precipitation data ranging from 1981 to 2020, with a temporal resolution
of 5 days and a spatial resolution of 0.05◦ (~5 km).

The MODIS sensor onboard the TERRA satellite (launched by NASA in 2000) is
capable of acquiring multispectral observations of the land surface with global coverage
once a day, which in turn provides global vegetation index products for nearly 20 years [48].
The NDVI layer of the MOD13A2 product for the period 2001–2020 was selected for
vegetation anomaly detection. The product has a temporal resolution of 16 days and a
spatial resolution of 1 km.

The Terrestrial Ecoregions of the World dataset, published by the World Wildlife
Fund International (WWF), is a biogeographical regionalization of the Earth’s terrestrial
biodiversity [49]. The biogeographic units are ecoregions, which are defined as relatively
large units of land or water containing a distinct assemblage of natural communities sharing
a large majority of species, dynamics, and environmental conditions. TEOW differentiates
867 terrestrial ecoregions, classified into 14 Major Habitat Types such as forests, grasslands,
or deserts. Namibia contains six main ecoregions in addition to desert areas, namely
Zambezian Baikiaea woodlands (ZB woodlands), Kalahari Acacia–Baikiaea woodlands
(KAB woodlands), Angolan Mopane woodlands (AM woodlands), Kalahari xeric savanna
(KX savanna), Namibian savanna woodlands (N savanna woodlands), and Nama Karoo
(Figure 1b).

2.3. Methods

In order to evaluate the continuous drought events comprehensively, the analysis
of the study was mainly conducted in three parts. Firstly, the long-term trend in both
rainfall forcing and vegetation response was tested using Mann–Kendall trend test [50,51],
and the general coupling strength between rainfall and vegetation was quantified using
correlation analysis. Next, the spatiotemporal dynamics of the three drought events were
mapped using rainfall and NDVI-based drought indictors. Finally, the rainfall–vegetation
interaction patterns during drought periods across landscapes were analyzed in detail
in order to highlight the impact of long-term drought on ecosystem recovery. The main
methods used the study are further detailed as follows.

2.3.1. Mann–Kendall Trend Test

The Mann–Kendall test is a nonparametric statistical test; the sample data need not
be characterized by a normal distribution, and the results are not confounded by a few
outliers. It is easy to calculate and is suitable for trend testing of non-normally distributed
hydro-meteorological data [50–52]. For a time series x(x1, x2, . . . , xn) of length n, the
Mann–Kendall test statistic S is defined as:

S =
n−1

∑
i=1

n

∑
j=i+1

sgn
(
xj − xi

)
(1)
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where n is the length of the time series, xj and xi are the variables of the j-th and i-th
time series (j > i), and sgn

(
xj − xi

)
is a symbolic function; the calculation formula can be

presented as follows:

sgn
(
xj − xi

)
=


1, xj − xi > 0
0, xj − xi = 0
−1, xj − xi < 0

(2)

When n ≥ 10, the statistic S roughly follows a normal distribution with a mean of 0.
The variance of the statistic S is calculated as follows:

Var(S) =
n(n− 1)(2n + 5)−∑m

k=1 tk(tk − 1)(2tk + 5)
18

(3)

where tk is the number of data points in the k-th group. The change in time series trend is
judged by the standard normal distribution statistic Zc, and the constructive test statistic
Zc is calculated as follows:

Zc =


S−1√
Var(S)

, S > 0

0, S = 0
S+1√
Var(S)

, S < 0
(4)

Test the null hypothesis H0 (no monotonic trend) compared to the alternative hypoth-
esis Hα (monotonic increasing trend), and reject the null hypothesis H0 and accept the
alternative hypothesis Hα if |Zc|≥Z1−α/2 at a given α confidence level. Thus, there is a
significant uptrend or downtrend in the time series at the given confidence level. A positive
value of the statistic Zc indicates that the series shows an uptrend, and a negative value of
the statistic Zc indicates that the series shows a downtrend.

2.3.2. Calculation of SPI

SPI is a meteorological drought index defined based on long time series precipitation
which describes the variability of precipitation according to the probability of Gamma
distribution. Precipitation with a skewed probability distribution is normalized [53]. The
calculation steps of SPI can be presented as follows:

(1) Assuming that the precipitation at a certain period is a random variable x, the
probability density function of Γ distribution is as in Equation (5):

f (x) =
1

βγΓ(γ)
xγ−1e−x/β, x > 0 (5)

where γ and β are the shape and scale parameters, respectively, which can be obtained by
using the maximum likelihood estimation method as in Equations (6) and (7).

γ̂ =
1 +
√

1 + 4A/3
4A

(6)

β̂ = x/γ̂ (7)

A = lgx− 1
n

n
∑

i=1
lgxi, where xi is the precipitation sample and x is the average precipitation.

After determining the parameters in the probability density function, for a year of
precipitation x0, the probability of an event where the random variable x is less than x0 can
be calculated, and the approximate estimate of the probability of the event can be obtained
by using numerical integration after substituting Equation (5) into Equation (8).

F(x < x0) =
∫ x0

x
f (x)dx (8)
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(2) The probability of the event when precipitation is 0 can be estimated from Equation (9):

F(x = 0) = m/n (9)

where m is the number of samples with zero precipitation and n is the total number of
samples.

(3) The probabilities of the distribution of Γ are normalized by substituting the proba-
bility values obtained from Equations (8) and (9) into the normalized normal distribution
function.

F(x < x0) =
1√
2π

∫ x0

x
e−Z2/2dx (10)

An approximate solution of Equation (10) yields the value of Z (SPI):

Z = S
{

t− (c2t + c1)t + c0

[(d3t + d2)t + d1]t + 1.0

}
(11)

t =
√

ln 1
F2 , where F is the probability of precipitation distribution associated with the

Γ function, x is the precipitation sample, and S is the positive and negative coefficients of
probability density. When F > 0.5, S = 1; when F ≤ 0.5, S = −1. The calculated parameters
are c0 = 2.515517, c1 = 0.802853, c2 = 0.010328, d1 = 1.432788, d2 = 0.189269, d3 = 0.001308.

SPI is widely utilized in drought monitoring because it can characterize drought
dynamics on multiple time scales. It has been recommended by the World Meteorological
Organization (WMO) as an index for monitoring meteorological drought. SPI can measure
rainfall deficit across a range of timescales. Shorter timescale SPI (e.g., three-month SPI)
can provide early warning of drought. In this study, CHIRPS precipitation data (CHIRPS
Pentad-Version 2.0) with a resolution of 5km archived on the GEE platform was used to
calculate three-month SPI over Namibia during drought periods.

2.3.3. Calculation of SVI

The Standardized Vegetation Index (SVI) is calculated by standardizing the difference
between the current NDVI and the long-term average NDVI of the same period. The
calculation formula can be presented as follows:

SVIi =
NDVIij − NDVIi

σi
(12)

where NDVIij is the NDVI value of the i-th month in the j-th year, NDVIi is the mean
NDVI value of the i-th month in many years, and σi is the standard deviation of NDVI of
the i-th month in many years.

The SVI index reflects the extent to which NDVI deviates from normal values (i.e.,
historical mean values), which can be used as an indicator of vegetation status response to
rainfall variation over water-limited ecosystem such as Namibia. The 16-day NDVI was
first aggregated to monthly scale, then the SVI was calculated. As a scandalized indicator,
the SVI shares the same value range as SPI.

3. Results
3.1. Climate and Ecological Conditions in Namibia
3.1.1. Inter-Annual Variations of Precipitation and NDVI from 2001 to 2020

Between 2001 and 2020, Namibia experienced obvious uptrends in both cumulative
precipitation and cumulative NDVI in the first ten years (from 2001 to 2010), while the
cumulative precipitation and cumulative NDVI show a downtrend in the second decade
(from 2011 to 2020) (Figure 2). In addition, the intensity (absolute slope of the linear
regression line) of the downtrend of the second decade is much stronger than that of the
uptrend in the first decade. The extremely low cumulative precipitation and cumulative
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NDVI in 2013, 2015–2016 and 2019, respectively, indicate that severe meteorological drought
occurred in these years, which had significant impacts on regional ecosystems.
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to the following April) in Namibia between 2001 and 2020.

In order to analyze the spatial pattern of the NDVI trends in Namibia over the last
20 years, this study calculated the slope (Sen’s slope) of NDVI in Namibia for 2001–2010
and 2011–2020 using the Mann–Kendall trend test method. Pixels passing the significance
trend test with a confidence level of 95% are shown in Figure 3. In the first decade, only
northeastern Namibia showed a significant increasing trend (Figure 3a), while the pixels
showing a significant decreasing trend in NDVI were mainly spread over a large area of
western and southern Namibia in the second decade (Figure 3b). The persistent extreme
drought events in the last decade may have caused more serious impacts on the ecosystems
in the arid and semi-arid area of the country.
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3.1.2. Correlation Analysis of Precipitation and NDVI in Namibia

In arid and semi-arid zones, precipitation is the main limiting factor for vegetation
growth. The correlation between precipitation and vegetation indicates the coupling
strength between meteorological drought and agricultural drought, i.e., high correlation
between precipitation and vegetation implies that abnormal precipitation (negatively
in drought) may propagate vegetation in a dynamic process with high probability, and
vice versa. To investigate the relationship between precipitation and NDVI, this study
analyzed the correlation between cumulative precipitation and cumulative NDVI over the
last 20 years across six ecoregions of Namibia. Thus, a “spatial model” of the vegetation–
precipitation relationship was constructed in this paper [54].

Considering all ecoregions, significant correlation between precipitation and NDVI
in the same season (r = 0.90, p < 0.01) and between precipitation in the current season
and cumulative NDVI in the next season (r = 0.87, p < 0.01) can be seen in Figure 4a,b,
respectively. This indicates that vegetation productivity in the region benefits from the
water supplied by both the current and previous rainy seasons. Further, by separating all
rainy seasons into “wet” and “dry” seasons according to seasonal total precipitation, the
difference in the relationship between cumulative precipitation and next-season cumulative
NDVI was investigated. When the current season was a wet year, the correlation between
the current season’s accumulated precipitation and the next season’s accumulated NDVI is
relatively strong (the current season is a wet year: r = 0.96, p < 0.01; the current season is
a continuous wet year: r = 0.95, p < 0.01) (Figure 4c,e). Due to heavy precipitation in the
current season, water is conserved in the soil for re-use by the next year’s vegetation. On
the contrary, when the season is a dry year the correlation between the current season’s
accumulated precipitation and the next season’s accumulated NDVI is relatively weak (the
current season is a dry year: r = 0.96, p < 0.01; the current season is a continuous dry year:
r = 0.95, p < 0.01) (Figure 4d,f). This indicates that the contribution of the current season’s
precipitation to the next year’s vegetation will be reduced accordingly.

For individual ecoregions, the vegetation–precipitation relationship is expressed as a
“temporal model” [55]. The “temporal model” relationship shows a smaller slope compared
to the “spatial model”. This indicates that the effect of temporal precipitation variation on
vegetation is much smaller than that of spatial precipitation variation. For the dry year
case, the slope of the “temporal model” relationship for each ecoregion was close to 0
(Figure 4d), which further indicates that precipitation in dry years has limited influence on
vegetation growth in the next season.

3.2. Spatiotemporal Evolution of Continuous Drought in Namibia

Based on the long term precipitation and vegetation index datasets, this study calcu-
lated three-month scale SPI and one-month scale SVI for tracking the dynamic evolution of
the three drought events in Namibia in 2013, 2015–2016, and 2019.

In 2013, serious drought hit most of the country, especially the northern and eastern
parts between March and May (Figures 5a and 6a). In 2015–2016, Namibia was affected by
persistent drought events for two consecutive years. The northern region was most severely
affected by the drought in March 2015, and the drought-affected areas from October to
December were mainly concentrated in the eastern and northern regions. The impact of
the drought in 2016 extended westward and southward, while the drought was somewhat
mitigated in parts of the eastern and northern regions (Figure 5b,c and Figure 6b,c). In 2019,
most regions of Namibia experienced extreme drought between February and May, which
was much stronger than the other two drought events in terms of spatial extent, intensity
and duration (Figures 5d and 6d).
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Figure 4. Scatterplot of seasonal cumulative precipitation and cumulative NDVI in Namibia over the past 20 years:
(a) Cumulative precipitation in the current season vs. cumulative NDVI in the current season; (b) Cumulative precipitation
in the current season vs. cumulative NDVI in the following season; (c) Cumulative precipitation in the current season vs.
cumulative NDVI in the following season in wet years; (d) Cumulative precipitation in the current season vs. cumulative
NDVI in the following season in dry years; (e) Cumulative precipitation in the current season vs. cumulative NDVI in the
following season in consecutive wet years; (f) Cumulative precipitation in the current season vs. cumulative NDVI in the
following season in consecutive dry years. The cumulative precipitation/NDVI in the current season represents the sum of
precipitation/NDVI during the growing season.
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To quantify the extent of the drought effected areas, the two drought monitoring
indices, SPI and SVI, were classified into drought grades according to Table 1 [30]. In
general, the area affected by meteorological drought characterized by SPI was larger than
the area affected by ecosystem drought characterized by SVI; however, they share similar
temporal dynamic characteristics. The early stage of the 2012–2013 growing season was
affected by drought to a lesser extent, with most of the regions being in mild drought;
drought severity gradually intensified in the middle of the growing season (March–May
2013), with an area of 700,000 km2 or more in moderate drought (Figure 7a,b). Namibia
was affected by persistent drought in 2015–2016, with most areas in a persistent mild
drought. During the 2014–2015 growing season, meteorological drought was concentrated
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in the middle of the growing season (February–April 2015), with an area of 500,000 km2

above moderate drought (Figure 7c,d). During the 2015–2016 growing season, drought was
concentrated in the beginning (November–December 2015) and end (April–July 2016) of
the growing season (Figure 7e,f). During the 2018–2019 growing season, the entire country
of Namibia was affected by drought that lasted throughout the growing season, with an
area of 800,000 km2 above moderate drought (Figure 7g,h).
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Table 1. Drought grades according to drought indies.

SPI/SVI Drought Grades

>−0.49 No drought
−0.5–−0.99 Mild drought
−1.0–−1.49 Moderate drought
−1.5–−1.99 Severe drought

<−2.0 Extreme drought
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3.3. The Rainfall–Vegetation Interaction during Extreme Drought Events across Landscapes

Drought causes ecological degradation and limits the normal growth of vegetation,
and thus negatively affects the ecosystem. To assess the impact of the three drought events
on the ecosystem in Namibia, this study compared the variation of cumulative precipitation
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and cumulative NDVI before, during, and after the three drought events in six different
ecoregions (Figure 8).
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For both the 2013 and 2015–2016 drought events, the post-drought cumulative NDVI in
all six ecoregions could not recover to the pre-drought level. Even though the post-drought
cumulative precipitation was higher than the pre-drought cumulative precipitation in
some ecoregions, the post-drought cumulative NDVI was still lower than the pre-drought
cumulative NDVI. For example, the cumulative precipitation of KAB woodlands (Figure 8b)
in 2012 and 2014 was almost the same, while after the 2013 drought event, the cumulative
NDVI in 2014 (~5.2) was much lower than the cumulative NDVI in 2012 (~5.7).

The 2019 drought event was followed by a recovery in precipitation in 2020 (although
still below the multi-year average), with seasonal cumulative NDVI essentially recovering
to 2018 levels (or higher) which can be explained by each ecoregion already being in a
drought state (with annual precipitation below the multi-year average) in 2018. In addition,
with the exception for ZB woodlands, which have a relatively wetter climate, all ecoregions
show a decreasing trend in cumulative NDVI since the 2013 drought event, and most
are below the long-term average. These results suggest that after experiencing sustained
drought events, the balance of the ecosystem may have suffered some disruption. It is
likely that a return to the multi-year average state will not be obtained in the next rainy
season, even with abundant rainfall.
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4. Discussion and Conclusions

Namibia has experienced three widespread drought events in the last decade. These
continuous drought events have affected not only humans, animals (livestock and wildlife),
crops, and vegetation, but also local ecosystem functions and processes. According the
news reports, the 2018/2019 drought in Namibia is the worst in 90 years, which is much
more serious the 2012/2013 drought that is reported as the worst in 30 years [18]. These
reports had been confirmed by our results that the dry period captured by SVI and SPI
of 2018/2019 season are more intensive in terms of both the duration and the spatial
extent compared to that of the 2012/2013 season. Moreover, large amount of livestock and
agriculture loss was reported for each drought events, especially the 2018/2019 event [18].
The reduction in vegetation greenness revealed by SVI map provided a clue to track the
places where serious damage occurred. For example, the negative SVI across almost
the whole country sustained the second half of 2018/2019 rain season (from February to
May), which further explained the local impacted of the drought was claimed from all
sectors [17,18].

Climate projections for Namibia indicate that climate change will exacerbate changes
in precipitation in the region, leading to a drier local climate, further water scarcity, lack of
drinking water for both humans and animals, and reduced crop yields, which in turn will
have a very serious influence on local ecosystems. The drought events of 2013, 2015–2016,
and 2019 are stern warnings for the stability of Namibian ecosystem under climate change.
As one of the driest countries in sub-Saharan Africa, the ecosystems, livelihoods and devel-
opment of Namibia are dominated by limited rainfall, which normally presents significant
inter- and intra-annual variability [56]. The intense coupling of vegetation growth to
climate across the different landscapes of Namibia was confirmed by the observed strong
correlation between accumulated NDVI and rainfall. Water supply shortages caused by
irregular reoccurrence of drought cause unpredictable challenges for local people and live-
stock [17]. In this case, detailed evaluation of historical drought events and assessment of
their impacts on the ecosystem is of critical importance for regional drought preparedness
and drought risk reduction in the future [18]. From the perspective of the forcing-response
system, rainfall is the main driving factor for an arid ecosystem, while vegetation is the
direct response signal to rainfall pulses [57]. Based on the long-term rainfall and vegetation
index data derived from earth observation, this study provided a synthesized evaluation
of the continuous extreme drought events over the last decade characterizing not only the
initial spatiotemporal dynamic of events, but also confirmed that these long-lasting water
shortages may cause ecosystem degradation. Unlike previous studies of these drought
events, which considered each event separately, this study investigated the three events
together as a compound disaster. In this way, the stack effects of the continuous events
may be more easily revealed [58,59]. In the 1970 and 1980s, the Sahel also experienced
continuous drought periods for more than ten years [60], a similar situation to that of
Namibia over the past decade. The damage of the Sahel drought to regional ecosystems
continued for more than 30 years, and whether the ecosystem has fully recovered from that
drought is still under debate [61]. In the context of future climate change scenarios, already
dry areas may become drier [62]; how the drought will develop in arid Namibia over the
next decade is extremely critical for local people as well as for governance policies.

In summary, the following conclusions can be derived from our results.
(1) Both the SPI and SVI drought monitoring indices were effective in capturing the

dynamic evolution of drought in Namibia with spatial and temporal consistency. From
March to May 2013, the drought-affected areas were mainly concentrated in the northern
and eastern regions, and the northern regions were most severely affected by the drought in
March 2015. The impact of the drought gradually expanded in 2016, with further expansion
from the eastern and northern regions to the west and south. However, most regions of
Namibia were affected by severe drought in 2019. In terms of impact area and drought
intensity, the 2019 drought was the most severe, followed by 2013; the 2015–2016 drought
spanned two years, but had the weakest impact.
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(2) From 2001 to 2010, the growing season NDVI and precipitation in Namibia showed
an overall increasing trend, and from 2011 to 2020, the growing season NDVI and pre-
cipitation showed a significant decreasing trend. Growing season NDVI was positively
correlated with precipitation, and growing season NDVI was highly dependent on precipi-
tation. There was a significant correlation (r = 0.90, p < 0.01) between the current season’s
cumulative precipitation and the current season’s cumulative NDVI during the growing
season in Namibia. There was also a good correlation between the current season’s cumula-
tive precipitation and the next season’s cumulative NDVI (r = 0.87, p < 0.01). Additionally,
in wet years the correlation between the current season’s cumulative precipitation and
the next season’s cumulative NDVI was highly significant (r = 0.96, p < 0.01). The current
season’s precipitation is stored in the soil for re-use in the next season’s plant growth. The
effect is particularly pronounced on deep-rooted woody plants in the northern plains of
Namibia.

(3) The successive extreme drought events of the last decade may have caused damage
to most of Namibia’s ecosystems that cannot be recovered in a short period.
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