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Abstract: Droughts have been identified as an environmental hazard by environmentalists, ecologists,
hydrologists, meteorologists, geologists, and agricultural experts. Droughts are characterised by a
decrease in precipitation over a lengthy period, such as a season or a year, and can occur in virtually
all climatic zones, including both high and low rainfall locations. This study reviewed drought-related
impacts on the environment and other components particularly, in South Africa. Several attempts
have been made using innovative technology such as earth observation and climate information
as recorded in studies. Findings show that the country is naturally water deficient, which adds to
the climate fluctuation with the average annual rainfall in South Africa being far below the global
average of 860 mm per year. Drought in South Africa’s Western Cape Province, for example, has
resulted in employment losses in the province’s agriculture sector. According to the third quarterly
labor force survey from 2017, the agricultural industry lost almost 25,000 jobs across the country. In
the Western Cape province, about 20,000 of these were lost which has a direct impact on income
generation. Many of these impacts were linked to drought events.

Keywords: drought disaster; impacts; environment; South Africa

1. Introduction

Drought has been identified as an environmental hazard by scientists and agricultural
professionals. It has been described as a long period of a decrease in precipitation, such
as a season or a year, and occurs in almost all climatic zones, including both high and low
rainfall locations. Drought is characterised by the average amount of precipitation that
an area regularly receives. For example, the average annual rainfall in Atlanta, Georgia is
roughly 127 cm (50 inches). If there is a large decrease in rainfall, water shortages may occur,
and drought may be proclaimed. In a non-drought year, however, some arid locations,
such as the deserts of the American Southwest, may receive less than 25 cm (10 inches)
of rainfall. In Phoenix, Arizona, a drought in Atlanta may mean a very wet period [1,2].
In some other locations, such as Sub-Saharan Africa (SSA), evidence points to the long
records of various drought episodes in varying magnitude and intensity. Within SSA,
factors such as polity, governance, exposure, vulnerable populace and the high seasonality
of rainfall make the region susceptible to drought risk. According to a report by reliefweb
on droughts in SSA and Southern Africa (https:/ /reliefweb.int/sites /reliefweb.int/files/
resources/ GDODroughtNews202108_Sub-Saharan_and_Southern_Africa.pdf, accessed
on 10 November 2021), there are five major areas of concern within this sub-continent.
These areas are Southern Madagascar, Angola, Central Nigeria, Kenya, Southern Somalia
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and Northern Zambia. These areas show distinct seasonality in rainfall; one of the issues
identified as a leading cause is the widespread failure of previous wet seasons, in some
cases for several consecutive years. In Madagascar, the situation is very grim; about
1.31 million are affected with about 60% loss and damages recorded in the agricultural
section. In Angola, the situation is no different. About 3.81 million people are experiencing
food insecurity as a result of drought events afflicting the country. In Kenya, the situation is
almost the same, as reports from the country are stating unequivocally that food insecurity
within the country is likely to persist till the end of the year 2021 with about 2 million
people in need of humanitarian aid. Whether it is in SSA, South Africa or in southern
Africa, such as Madagascar, the impact of drought is worsening year by year and the rate of
exposure is increasing. Across these regions, we have a large proportion of the population,
especially within some of the counties, states, or provinces, which are pastoralists and
agro-pastoralists. Hence, the persistence in drought would mean loss and damages to
their crops and most likely the death of their animals. In addition, according to a report
by the IPCC [3], the average global and ocean land surface temperature increased by
0.85 degrees Celsius between 1880 and 2012. South Asia, one of the world’s most drought-
prone regions, is facing water and food shortages [3-5]. Due to the current drought episodes
within South Asia, the scenario could worsen even further. Furthermore, India was severely
impacted by the worst drought in history, which lasted many years (1999-2003) [6]. A severe
drought struck Southeast Asia in 2004, resulting in reduced water supplies for drinking and
irrigation, as well as crop loss of millions of hectares [7-9]. Hence, deteriorating conditions
of vegetation, increased distances to water sources, worsening livestock conditions, reduced
milk production and increased number of children at risk of malnutrition are common lived
experiences on a day-to-day basis as a result of these increasing drought events. Hence,
there is a need for timely warning and early signals of drought [10], especially in tropical
countries of the world, such as Sub-Saharan Africa.

Droughts are most common when typical weather patterns are disrupted, leading the
water cycle to be disrupted. Storm tracks can be blocked for months or years due to changes
in atmospheric circulation patterns [11]. This interruption can have a significant impact on
the amount of precipitation that a region regularly receives [11]. Wind patterns can also
have an impact on how moisture is absorbed in different areas. Scientists have discovered a
relationship between drought and certain climate trends. El Nino is a weather phenomenon
in which the temperature of the surface water in the Pacific Ocean along the central South
American coast rises. Droughts in Indonesia, Australia and northeastern South America
are linked to these warmer waters, which affect storm patterns. El Nino episodes, which
occur every two to seven years, keep climate experts guessing. La Nina, on the other hand,
occurs when the temperature of the surface water in the Pacific Ocean off the coast of the
southern hemisphere drops. The cooler waters contribute to drier-than-normal weather
in regions of North and South America, which affects storm patterns that can influence
drought episodes [12,13]. El Nino and La Nina both last around a year on average. La
Nina has a more complicated impact on weather patterns than El Nino. The effects of
La Nina have been linked to two of the most devastating droughts in US history: The
Dust Bowl of the 1930s and the Midwest drought of 1988 [14]. The connection between
drought and global warming in the current phase of climate change is still up for debate.
Warmer global temperatures, according to a study published in 2013 Mahlstein [14], will
result in more rainfall in some parts of the world and lower rainfall in others, resulting in
more flooding and droughts around the planet [15-17]. Other experts disagree with the
prediction of increasing droughts, believing that global warming will result in a wetter
environment around the planet. From the foregoing, it becomes abundantly clear that
drought requires close monitoring, to aid in the understanding of its evolution and impacts
over time. Sudden warming and associated changes can affect global circulation patterns,
and consistent adjustments in drought regimes are expected to influence not only the local
climate but also the global climate [18].
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It might be difficult to identify the beginnings of a drought. Unlike many natural
disasters that have immediate and spectacular consequences, such as earthquakes, torna-
does and hurricanes, drought can develop gradually and subtly [2,19]. The full impacts of
long-term insufficient rainfall can take weeks, months or even years to manifest. It may also
be difficult to predict the cessation of drought episodes [19,20]. While a single rainfall can
give relief from drought in the short term, it may take weeks or months for precipitation
levels to recover to normal. The beginning and end of a drought are sometimes only
discernible in retrospect. Therefore, as a result of these attributes, drought events are very
difficult to predict [11] but associations and precursors have been identified the world over.

Drought monitoring should be done frequently to recognise the severity of the drought,
as well as its duration and spread, so that adequate preparation and mitigation of the possi-
ble negative effects on the environment, agriculture and economy may be implemented.
Drought indices for quantitative drought severity estimation have been developed using
meteorological and hydrological indicators, such as temperature, precipitation, soil mois-
ture, and streamflow, as inputs in many scientific studies [21,22]. Because droughts are
dynamic, new indices have been established and current ones have been enhanced for
varied locations and meteorological conditions. As a result, there are now over 150 drought
indicators in use in drought research [23]. The most commonly used drought indices in
the literature include the Vegetation Condition Index (VCI) [24], Normalized Difference
Vegetation Index (NDVI) [25], Standardized Precipitation Index (SPI) [26], Palmer drought
severity index (PDSI) [27-29], US Drought Monitor (USDM) [30] and Effective Drought
Index (EDI) by Byun and Wilhite [31], among others. As defined by Palmer [28], drought
is the lack or shortage in hydrologic cycle or persistent low climatological index; this can
quantify the scope, severity and frequency of prolonged periods of abnormally dry weather.
Defining drought is a difficult task. It has to do with relatively dry weather conditions and
the effects they have on the ecosystem, including human activities, such as agriculture and
water management [22,23].

This study presents historical drought events, drought impacts, remote sensing and
indices suitable for drought assessment, among others. The use of satellite remote sensing
technology has proved to be a powerful and reliable tool for drought monitoring [32,33].
Remote sensing is most useful for describing the regional and temporal evolution of
drought [33,34]. NDVI and VCI, on the other hand, are used to represent the state of the
vegetation and drought severity [35].

2. Historical Droughts

In the past, droughts were frequently studied by scientists to put current droughts in
context. Scientists must study paleoclimatology, the study of the atmosphere of prehistoric
Earth, because current data from thermometers and rain gauges only go back around 100 to
150 years [11,36]. Tree rings, sediments found in lakes and oceans, ice cores, archaeological
features and artefacts are all used to acquire paleoclimatic data. This enables scientists
to gain a better grasp of climate patterns, including droughts that occurred millions of
years ago [37-39]. Droughts that are severe and last for a long time are an unavoidable
feature of natural climate cycles, according to paleoclimatic data. There have been several
long-term droughts in North America, each with severe consequences [37]. Droughts are
thought to have contributed to the fall of the Ancestral Puebloans in the Southwest around
the 13th century, as well as the central and lower Mississippian societies during the 14th
and 16th centuries [11]. The Great Drought was a climatic interval during the Holocene
Epoch that affected much of what is now western America and had a significant impact on
the region’s vegetation, animals and prehistoric Native American cultures. The Holocene
began 11,700 years ago and is still going on today [37,38]. The Great Drought affected an
area that stretched from what is now Oregon to southern California and east to what is
now eastern Texas; dendrochronology, or tree-ring investigations, show that it began in the
year 1276 and lasted until the year 1299.
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The Great Drought had a particularly negative impact on the Ancestral Pueblo
(Anasazi) and Hohokam peoples, whose agricultural economies had enabled them to
construct densely populated settlements by this time [37,38]. They were forced to quit their
towns and spread throughout the region after years of crop failure. Nomadic peoples were
affected by parallel declines in wild food sources, and social disturbances are likely to have
occurred as nomads and former farmers competed for the limited resources that survived
under extremely dry conditions [38]. The Great Drought was one of the numerous severe
droughts that struck the same region over the last three millennia. The Fairbank Drought
of 500 BC and the Whitewater Drought of AD 300 are two other droughts that have been
identified. Notably, all of these dates appear to be linked to key shifts in North and Central
American cultures [38].

In Africa, between 1400 and 1750, the Sahel region of Africa suffered a dry period that
drastically affected the environment. For example, the water level in Ghana’s Lake Bo-
sumtwi dropped to the point where a complete forest developed on the lake’s edge [11,40].
The tops of trees growing out of the lake, which is now more than 15 m (50 feet) deep, may
still be seen today. By studying Earth’s drought history, scientists have demonstrated that
catastrophic droughts are a recurring component of nature’s cycle [40]. Droughts in the
recent century have been catastrophic, but they are modest in comparison to the severity of
prior droughts that lasted more than a century. In addition, many severe and long-lasting
droughts have occurred in Africa, including the 1999-2002 drought in northwest Africa,
droughts in western Africa (Sahel) in the 1970s and 1980s, droughts in eastern Africa (Horn
of Africa) in 2010-2011, and droughts in southern and southeastern Africa in 2001-2003,
to name a few [11,40]. Before the twentieth century, the available (albeit limited) evidence
demonstrates the occurrence of many extreme and multi-year droughts during each cen-
tury, with the most prolonged and intense droughts occurring in the Sahel and equatorial
eastern Africa [40,41]. Many physical mechanisms, such as the El Nio-Southern Oscillation
(ENSO), sea surface temperature (SST) and land-atmosphere interaction, are complex and
highly variable, making drought monitoring and forecasting a demanding task [40,41].
Information in Figure 1 presents the number of studies published on drought or drought
disasters between the years 1921 and 2021, spanning 100 years. There were 1171 published
articles for these years, where South Africa recorded about 453 articles followed by Egypt
with about 187 articles published on drought-related issues. Nigeria, Kenya, Ethiopia,
Tunisia and Morocco recorded about 130, 85, 77, 69 and 59 studies, respectively, during the
survey period (Figure 1). Every year, drought normally strikes at least one region in Africa;
it is devastating to experience the same disaster in a weather cycle that brings debilitating
drought and hunger to East Africa, threatening the lives and livelihoods of millions of
people in Ethiopia, Somalia and Kenya [42]. However, few to no studies were recorded
on Somalia; this call for action with findings from research can proffer a solution to the
drought and water-related issues in the region.
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Figure 1. Studies on drought in Africa.

3. South Africa Scenario

Droughts are a common occurrence in South Africa’s climate. Drought has an impact
on society as well as on agricultural production [43]. South Africa’s climate is tremendously
varied over time and space due to its location at the southern tip of Africa, sandwiched
between cold and warm sea currents, as well as its topography. As a result of these, the
country is regarded as having one of the world’s most changeable river flow regimes, with
drought being one manifestation of this fluctuation [44,45]. The country is naturally water
deficient, which adds to the climate fluctuation. The average annual rainfall in South Africa
is far below the global average of 860 mm per year. Furthermore, rain falls differently
across South Africa, often decreasing from east to west, with 65 percent of the country
receiving less than 500 mm of rain each year [46,47]. Due to the country’s semi-arid climate,
substantial water is lost to evaporation, with evaporation from the surface exceeding the
average annual rainfall in several locations. Less than 9% of the precipitation that falls on
the ground makes its way into South Africa’s river systems, according to estimates. This
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natural water scarcity makes South Africa particularly vulnerable to drought and water
stress, as observed recently in several regions [48]. South Africa has built sophisticated bulk
water storage and conveyance systems in the past to store water in times of surplus for use
when needed. As a result of the rising water demand due to the population increase and
socioeconomic development, many of these systems are under strain, and focus has shifted
to alternative water sources, such as fog harvesting, water reclamation, desalination and
groundwater, to mention a few. Drought is anticipated to become more common in South
Africa as a result of climate change [48,49]. More so, it was as a result of an intense drought
that the Water Research Commission (WRC) was established decades ago to seek solutions
via research for South Africa’s most pressing water questions [48,50]. The Commission
has developed a range of tools and guidelines to assist local authorities in optimising their
water systems and reducing water wastage.

South Africa experienced extreme droughts in the last decade; these have increased
in rate and intensity, particularly in some provinces, such as the Free State and Western
Cape provinces [43]. South Africa is particularly vulnerable to these new weather extremes
because it relies largely on climate-sensitive industries, such as eco-tourism, agriculture, hy-
dropower and fisheries. The country has already paid the price. Some areas of South Africa
are still suffering from the infamous 2015/16 drought, which lasted well into 2018 [50,51].
Long-drought-stricken provinces, such as the Eastern Cape, are rapidly running out of
water. Agriculture has been one of the most devastated industries [46,52,53]. As water
levels declined and diseases such as anthrax and foot and mouth disease proliferated, crop
production and livestock numbers plunged. Rural communities are particularly vulnerable
in these circumstances. Winter crops become crucial to family food security when the major
rainfed crops fail. However, the dry circumstances are already harming the aforemen-
tioned [54]. Even though weather extremes are unavoidable, their impact can be mitigated
via smart planning. If not, calamities can occur, resulting in massive direct and indirect
economic and societal costs; this has happened far too often in South Africa [55,56]. Due
to a lack of adequate early warning systems, the country is always reacting to disasters
rather than planning and implementing proactive measures in advance [48]. However, in
recent times, South Africa has developed various drought mitigation measures through
the effort of various agencies and departments, such as the Water Research Commission
(WRC), to support policies that help protect drought-affected people by improving national
coordination, monitoring, planning and preparation for extreme weather events [48,57,58],
especially through the use of Earth Observation products.

4. Remote Sensing and Drought Monitoring

Remote sensing information can be used to assess and monitor drought features
because it provides real-time geographic observations of many atmospheric and land
surface variables that can be utilised to estimate precipitation, evapotranspiration, soil
moisture and vegetation conditions [59-61]. Traditional drought monitoring and evaluation
approaches rely on rainfall data, which are scarce in some regions, frequently erroneous,
and, most crucially, impossible to gather in near-real time [62]. The data from satellite
sensors, on the other hand, are always available and may be used to predict the beginning
of drought, as well as its duration and magnitude [63]. NOAA’s National Environmental
Satellite Data and Information System (NESDIS) uses the Advanced Very High-Resolution
Radiometer (AVHRR) data to report on global vegetation conditions regularly for North
America using the Evaporative Stress Index (ESI). Other national and global watch centres
for drought exist across various platforms all over the world using a variety of indices
to estimate drought conditions and provide real-time updates based on the design of the
system. Data from these space-based platforms have played an increasingly important role
in drought studies over the last decade, with the geographical and temporal advantages
that remote sensing can provide [64]. Furthermore, the increase in space missions in Europe,
America, China and Japan, to mention a few, developments in algorithm, as well as the
advent of space/cloud-based processing and storage capacity, have substantially increased
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the potential of remote sensing for drought studies [65,66] in the last two decades. Apart
from providing an independent observational capability, remote-sensing data allow for the
reduction of uncertainty and constraining of drought prediction modelling attempts [67].
With all of these advancements, growing numbers of research on drought monitoring
and impacts have been published [68,69]. While there has been significant and important
research on drought monitoring and its various impacts, with several of these studies
emphasising the importance of integrated drought monitoring [70], there has been no
systematic review focusing on some of the recent advances in multi-sensor remote sensing
for drought studies, and how these might further advance the field [10]. Drought has
complicated environmental effects and can affect multiple ecosystem components at the
same time, as is well known [70,71]. A single drought index, when used alone, is unlikely
to convey the complexities of process interactions and different drought impacts, whereas
multisensor platforms, aided by multivariate retrievals, may better depict the extent and
severity of drought conditions [70].

Drought may currently be explored from a variety of aspects using current remote
sensing products, such as precipitation, air and land surface temperature, soil moisture,
evaporation, total water storage and vegetation health [72]. Some remote-sensing platforms
provide continuous long-term drought-related information for usage at a large scale, includ-
ing the Advanced Very High-Resolution Radiometer (AVHRR) from the National Oceanic
and Atmospheric Administration (NOAA) satellites that provide global coverage from
1979 to the present [73], and the Moderate Resolution Imaging Spectroradiometer (MODIS)
by National Aeronautics and Space Administration (NASA) [73]. Only multi-sensor/multi-
platform and remote-sensing data fusion can provide such long-term coverage. Prior to
now, a single satellite sensor was unable to provide real-time drought information with high
spatiotemporal resolution until the recent addition of MODIS and aperture radar [74,75],
as traditional remote-sensing approaches generally require a compromise between spatial
resolution and temporal frequency [76]. Drought information can be provided with high
geographical and temporal precision using new systems that combine data from many
sensors and platforms, or multi-sensors from satellite constellations [75,76], to overcome
this spatiotemporal divide. MODIS (or Moderate Resolution Imaging Spectroradiometer)
is a key instrument aboard the Terra (originally known as EOS AM-1) and Aqua (originally
known as EOS PM-1) satellites. Terra’s orbit around the Earth is timed so that it passes
from north to south across the equator in the morning, while Aqua passes south to north
over the equator in the afternoon [77]. Terra MODIS and Aqua MODIS are viewing the
entire Earth’s surface every 1 to 2 days, acquiring data in 36 spectral bands, or groups of
wavelengths (see MODIS Technical Specifications). These data improve our understanding
of global dynamics and processes occurring on the land, in the oceans and in the lower
atmosphere. MODIS is playing a vital role in the development of validated, global and
interactive Earth system models that are able to predict global change accurately enough to
assist policymakers in making sound decisions concerning the protection of our environ-
ment [77-79]. Drought can be monitored using contemporary remote-sensing techniques
or conventional climatic drought indices [80].

Drought monitoring must be efficient and timely to prevent the effects of global
warming on drought [81]. Environmental variables, such as rainfall and temperature,
help to solve the problem of erroneous data in spare stations [81,82]. The NDVI and
Monthly Precipitation Anomaly Percentage (PA) have traditionally been used to monitor
drought [26,82,83]. However, because the drought event does not coincide with changes
in vegetation greenness, there is sometimes a lag between real drought incidence and
vegetation indicators. VCI-MODIS is a new approach that combines the use of land sur-
face temperature (LST) and NDVI [84]. The Vegetation Supply Water Index (VSWI) was
proposed by Wang et al. [85] and is based on dividing the NDVI and LST. The TVD], a trian-
gular space index based on the NDVI and LST, was also introduced by Sandholt et al. [86].
These indexes were extensively used for drought monitoring in recent years, and they com-
bine the benefits of LST and NDVI [87]. The TVDI, on the other hand, accurately represents
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the drought condition because it is based on data [86]. Various indices are available for
drought monitoring and there is no one-size fit all approach; it depends on the drought in
question, focus of the work, choice of dataset and scope.

In locations with a limited number of sampling gauges or that are inaccessible, remote-
sensing data may be the only available information sources for drought monitoring [88].
Drought indices based on satellite data, such as the normalized difference vegetation index
(NDVI)-based vegetation condition index (VCI) [89], have been widely used to detect the
onset of drought and to measure the intensity, duration and impact of drought around the
world [90]. VCI has the apparent advantage of being simple to compute because it does
not require station observation data, and it can offer near real-time data around the world
at a relatively high spatial resolution as a satellite-based drought product [91]. The utility
of the NDVI-derived VCI for monitoring drought conditions has been studied in various
parts of the world, and it is strongly correlated with agricultural production in South
America, Africa, Asia, North America and Europe, especially during critical crop growth
periods [92]. In Kazakhstan, the VCI based on NDVI was compared to vegetation density,
biomass and field reflectance data; it was shown to be a good predictor of the impact of
weather on vegetation conditions and health [93]. Other research, on the other hand, has
indicated that the NDVI-derived VCI should be utilised with caution. There was a limited
agreement between the NDVI-derived VCI and other satellite-derived drought indices
and station-based drought indices over Mongolia’s desert and desert steppe regions [94].
In India, where the NDVI-derived VCI alone was proven to be insufficient for drought
monitoring [95], a similar issue was observed. The NDVI-derived VCI was also evaluated
in other Texas counties, with varying degrees of connection between the NDVI-derived
VCI and in situ drought indices [96].

Drought research that uses numerous data sources can provide multiple lines of evidence
and improve the analyses’ robustness. Sensors from various equipment observe the Earth’s
surface features in different ways, enabling the analysis of data from a range of sources,
which allows for cross-validation and a better depiction of forecast uncertainty [70,76].
Recent advancements in both new sensors and improved observational techniques, such as
space-borne solar-induced chlorophyll fluorescence [67,70], light detection and ranging (Li-
DAR) and hyperspectral sensors (Jiao et al., 2019; Zhu et al., 2019), provide complementary
information that can be integrated into multi-sensors [67]. Space-based or remote-sensing
technology has made it possible to monitor drought, soil moisture and the condition of
vegetation across large areas.

5. Environmental Degradation and Drought

Desertification is the degradation of arid, semi-arid and dry sub-humid environments
when productivity is limited by water availability. Drought has an impact on both ecological
and economic systems. Drought, similarly to land deterioration, affects almost every section
of the globe, even humid areas. Land and other environmental components [97,98], such
as vegetation, are critical resources for food production and other ecosystem goods and
services, such as biodiversity conservation, hydrological regime regulation, soil nutrient
cycling and carbon storage, among others [98]. The most important geo-resource or natural
capital asset is, without a doubt, productive land and fertile soil [8]. Human well-being
and sustainable livelihoods are fully dependent on and closely tied to the health and
productivity of the land for those people who rely largely on land as their principal
asset [98], especially the poor rural; in a situation where these areas are prone to drought,
livelihood will be endangered in such regions. The world’s croplands and pastures grew
by 154 million hectares between 1985 and 2005. Humans have removed or converted
70 percent of grassland, 50 percent of savannah, 45 percent of temperate deciduous forest
and 27 percent of tropical forest biome for agriculture in the last two centuries [99,100].
Agriculture is thought to be responsible for roughly 80% of global deforestation [101],
and productive land is growing scarce. Increased demand for productive land and water
resources is caused by population growth, climate change, unsustainable land use, drought
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land degradation and expanding metropolitan areas [99]. At the same time, competition
for productive land increases due to the growing demand for food, fodder and agricultural
raw materials for industrial and energy use.

According to a study titled “The Economics of Desertification, Land Degradation, and
Drought: Methodologies and Analysis for Decision Making”, land degradation costs the
global community up to 5% of total agricultural GDP, amounting to USD 490 billion every
year [102]. Land degradation has a wide range of direct economic implications of drought
at the country level, with other countries suffering even greater losses due to drought
episodes [103,104]. Drought has an impact on both ecological and economic systems [104];
drought, similarly to land deterioration, affects most of the world’s regions, including South
Africa. The fraction of the Earth’s land area affected by severe drought more than doubled
from the 1970s to the early 2000s [99,100]. Even though the world’s drylands remain the
most vulnerable to desertification, land degradation and drought, land degradation is
a global occurrence, with 78 percent of the total degraded land occurring in terrestrial
ecosystems other than drylands [105]. The links between land degradation and two other
significant challenges of global environmental change are climate change and biodiversity
loss, which provide another strong reason to see drought in its global context. Climate
change adaptation and mitigation are inextricably linked, and land management provides
a mechanism for tackling both. Maintaining and improving land quality contributes to
biodiversity conservation and sustainable management, as well as providing a viable
alternative to deforestation and ecosystem deterioration [106,107]. According to a recent
study, rising global temperatures may cause catastrophic events to occur more frequently
and with higher severity in a globally synchronised manner. On a global scale, this might
drastically diminish our resistance to drought and food system disturbances [71]. With its
focus on improving soil structure and land cover, Sustainable Land Management (SLM)
has the potential to make significant progress toward three critical global sustainability
goals related to drought, namely, food security, energy access and water availability. SLM
practices significantly improve soil water retention capacity and improve water availability,
as well as replenish and eliminate soils. Rural poverty can be considerably alleviated
with SLM and other ecosystem-based strategies, such as drought risk management, by
addressing the nexus of food, energy and water in an integrated manner.

6. Ecosystem Services and Drought

Drought has a variety of effects on the environment. Plants and animals, like humans,
rely on water. When there is a drought, their food source may be reduced, and their habitat
may be harmed. Reduced food and water supplies have resulted in an increase in sickness
in wild animals [108]. Ecosystem services play a critical role in environmental management
and policy development. The Millennium Ecosystem Assessment [109] defines ecosystem
services as the benefits humans derive from ecosystems and includes providing, regulating,
cultural and supporting services [110]. The availability of freshwater is critical to human
well being and a healthy economy. Freshwater supply is a vital provisioning service that
describes the ecological alteration of water utilised for a variety of uses, including drinking,
irrigation, hydropower production, recreation and fisheries [111]. In addition to freshwater,
food supply is another important provisioning service and is tightly linked with freshwater
provisioning [110]. Drought occurrences become more intense and frequent as a result
of climate change and variability, with severe effects on freshwater and food availability.
During droughts, the water deficit propagates through the hydrological cycle, diminishing
stream flow, lake levels and groundwater levels, and is sometimes referred to as hydrologi-
cal drought. During drought periods, stream water quality may degrade due to prolonged
low-flow conditions and high water temperatures [110,112,113]. Droughts that affect water
availability and quality can have a significant impact on freshwater supplies. Drought, in
addition to freshwater, may reduce plant growth and crop productivity due to precipitation
and soil moisture shortages, potentially affecting food-provisioning services [114,115]. The
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relevance of freshwater and food supply in ensuring food security and economic growth
necessitates an assessment of the effects of drought on these ecosystem services.

The number of studies on the idea and valuation of ecosystem services has risen
dramatically in recent years. The relevance of considering ecosystem services when making
land-use and management decisions is now widely acknowledged [110,111]. Studies on
quantitative estimates of ecological services, on the other hand, are still scarce [111,116].
Even fewer studies have been carried out to quantify ecosystem services in response to
extreme climate events, such as drought [117,118]. Using the Integrated Valuation of Ecosys-
tem Services and Tradeoffs (InVEST)—an ecosystem service tool—Bangash et al. [119]
assessed changes in the supply of freshwater provision and erosion control services in a
Mediterranean river basin during exceptional dry and rainy years. Under future scenarios
with a higher frequency of floods and droughts, the scientists reported that drinking water
provisioning services decreased by 3 to 49 percent, while erosion management decreased
by 5 to 43 percent. When compared to typical years, drinking water and electricity output
were about 100 percent lower, while water purification services gave greater benefits in dry
years [119]. In the last two decades, there has been a significant increase in the number
of studies on the effects of drought on hydrology and water quality [120,121]. Summer
droughts had a negative influence on water quality in the Meuse River, according to Van
Vliet and Zwolsman [122]. Droughts had a negative impact on water quality in terms of
water temperature, eutrophication, and some heavy metals and metalloids, while droughts
had a favorable impact on nitrate. Similarly, multiple studies on the effects of drought
on crop production have recently been published [10,123]. For example, Wang et al. [85]
calculated the effects of climate variability on crop productivity and found that drought
stress lowered the total yield by 8.1 to 17.5 percent at their four study locations in the
Midwest United States. This research, on the other hand, focused on the effects of drought
on variables such as stream flow, nutrient loads and crop yields. These variables are all
model outputs from a process, and they could reflect ecosystem functions that contribute
to ecosystem services [119]. Few studies are analysing the effects of drought on ecosystem
services such as freshwater and food provisioning, as well as measuring freshwater and
food provisioning using an ecosystem service-based methodology [118]. To quantify five
provisional and regulatory ecosystem services, Logsdon and Chaubey [117] suggested an
index-based ecosystem service approach. They established the efficacy of their method-
ology in an Indiana mixed land-use watershed, which could serve as a foundation for
quantifying the whole range of ecosystem services.

In a warming climate, drought can have a significant impact on global and regional
carbon cycling, as well as irreparable harm to ecosystem function [124,125]. According to
recent research, drought combined with extremely high temperatures has a negative influ-
ence on carbon uptake, reducing the benefits of carbon dioxide and nitrogen fertilisation on
terrestrial ecosystem plants. Drought has also been shown to have an increasing impact on
ecosystem carbon uptake. Yuan et al. [126] found a growing influence of drought-induced
vapour pressure deficit on vegetation development over the last three decades in a related
investigation. The impact of drought on ecosystems, on the other hand, is complicated, and
many ambiguities and issues remain unanswered [70]. Drought-related phenomena such as
drought-induced tree mortality, drought-related ecosystem fire and evolving trends under
climate change, for example, can be easily monitored using multi-sensor-based analyses.
Multi-sensor evaluations can also help researchers better understand drought-related mech-
anisms, such as those underlying vegetation response and land-atmospheric feedbacks.

7. Impact of Drought in South Africa

Drought is South Africa’s most serious disaster in terms of economic, social and en-
vironmental consequences [127]. Drought is considered by many to be the most complex
and least understood of all natural hazards, affecting more people than any other hazard,
according to research by the United Nations Development Programme (UNDP) [128]. Stud-
ies have demonstrated that there have been limited studies on the environmental effects
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of drought in southern Africa and particularly, South Africa [58,129]. The fundamental
reason for this is that drought is commonly thought of as an agricultural or food supply
issue. Drought, on the other hand, is the most significant sort of economic disruption that
most southern African countries are likely to face. When developing drought management
policies and programs, governments and other relevant stakeholders must consider the
environmental, social and macroeconomic effects of drought. Drought has both main and
secondary (ripple) consequences on the economics of households or a country. Reduced
agricultural production, hydroelectric power generation, water-intensive non-agricultural
production (processing) and domestic water availability, all of which have health concerns,
are examples of primary or physical impacts. Secondary effects are those that have an
impact on the gross domestic product (GDP); for example, a decrease in industrial out-
put may lead to inflation and layoffs, increasing unemployment. These factors have a
negative impact on demand, spending, savings and GDP. South Africa is categorised as
a dual/extractive economy, with a rural economy based on subsistence agriculture and a
robust urban manufacturing and service sector [130]. Information in Table 1 presents the
impacts of drought, including social, environmental and economic impacts.

Table 1. Drought impacts.

Drought Impacts Discussion References

SN SOCIAL

Migration, resettlement
and conflicts

As a result of the grave threat posed by drought, the United Nations
estimates that millions of people in drought-prone areas of Sub-Saharan
Africa would be compelled to migrate to North Africa or Europe in the
next few decades. It has an impact on various habitats, such as [131,132]
savannahs, in addition to dry regions. Forced migration can occur due to
a variety of factors. It frequently occurs as a result of life-threatening
circumstances, such as crisis or famine, due to drought episodes.

Poverty and
unemployment

For example, in the Western Cape province affected by drought recently,
the tourism industry in the province suffered as a result of the drought.
The number of tourists visiting the province decreased during the
drought, even though the impact has yet to be quantified. This was
reflected in the fact that the number of overnight guests in the region
increased by only 1% year over the year from 2016 to 2017, compared to
7% a year earlier. Bookings at some hotels decreased by 10% to 15% in
2018 compared to 2017. Tourism is anticipated to employ almost 300,000
people in the Western Cape, of which a large number of them have been
relieved of their jobs.

[133,134]

Overstocking and harmful to persons with respiratory issues, and wildfires sparked by the
reduced quality of living ~ drought could pose a public safety risk. Farmers and individuals whose

Drought can affect human health, result in conflicts and impact our
quality of life. Increased dust levels due to drought occurrence could be

[135-137]

livelihoods are inextricably linked to land and water are more likely to be
stressed, anxious or depressed.

Changing climate patterns, particularly droughts, have a negative impact

4 Reduced or no income on farmers and can result in food insecurity. As a result, farmers” and [138,139]

their families” incomes decline, pushing them deeper into poverty.

The drought’s economic and health effects have pushed millions of

Malnutrition and famine,  people deeper into poverty and suffering. Drought’s secondary effects

5 and civil strife
and conflict

are still being felt by children and their communities across Africa. This [140]
means fewer employment prospects, reduced livelihoods, lower
economic output and restricted access to basic food and services.
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Table 1. Cont.

Drought Impacts

Discussion

References

SN

SOCIAL

Social unrest
and distrust

The key causes that have aggravated the problem of food production,
distribution, and access are drought and conflict. Within an already
tough setting of fragile ecosystems, high rates of population increase and
poverty have also played a role. Because about 80% of the population in
the region lives in rural areas and relies almost entirely on agriculture for
food and income, solutions to poverty and food insecurity must be found
primarily in the agricultural sector.

[140]

Increased threat to
human and animal life

Drought has a variety of effects on humans and animals. Plants and
animals, similar to humans, rely on water. When there is a drought, their
food source may be reduced, and their habitat may be harmed; South
Africa is not excepted from these impacts.

[141,142]

Social pressure and
reduced safety

Drought has the potential to affect people’s health and safety.
Drought-related effects on society include anxiety or depression over
economic losses due to drought, conflicts when there is insufficient water,
reduced incomes, fewer recreational activities, increased heat stroke
incidences and even human death.

[143]

Environmental

Loss of biodiversity

Drought conditions can also significantly enhance the risk of wildfire.
Plants and trees wither and die as a result of a lack of water, increased
bug infestations and diseases, all of which are linked to drought, as they
become fuel for wildfires. Long periods of drought can lead to more and
more destructive wildfires, which have a wide range of consequences for
the economy, the environment and society, including the destruction of
neighborhoods, crops and habitats.

[144]

Environmental
degradation

Drought can cause lower water levels in reservoirs, lakes and ponds, as
well as decreased river flow. This reduction in accessible water may
result in the loss of some wetlands, groundwater depletion and even

water quality issues (e.g., salt concentration can increase due to drought

episodes). Inadequate water supply can lead to soils that are unable to
support crops, increased dust owing to drought and erosion and a higher
risk of wildfires due to the dry climate.

[54,100]

Reduced income and
food shortages

Drought is one of the causes of malnutrition and hunger, as it affects
agricultural production, resulting in food insecurity in South Africa.
Drought is the primary cause of global grain output shortages relative to
consumption in the first half of the twenty-first century, posing a threat
to food security. The 2015-2016 drought event (attributed to a strong El
Nifio) in southern Africa further highlighted its vulnerability to
climate-related regional food insecurity.

[145]

Lower accessibility
to water

Droughts aggravate water scarcity, putting people’s health and
productivity at risk. A crucial climate change mitigation strategy for the
coming years is to ensure that everyone has access to sustainable water
and sanitation services. Fish, animals and plant life can be harmed by a
lack of water and soil’s inability to grow crops. Plant growth may be
hampered by poor soil quality and insufficient water, and animals may
not have enough to drink. There may also be a risk of endangered species
becoming stressed, as well as a loss of biodiversity in the affected area.

[135,146]
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Table 1. Cont.

Drought Impacts

Discussion

References

SN

SOCIAL

Plant and
vegetation scorching

Animals and plant life can be impacted by a lack of water and soil’s
inability to grow crops. Plant growth may be hampered by poor soil
quality and insufficient water due to drought, and animals may not have
enough to drink. There may also be a risk of endangered species
becoming stressed, as well as a loss of biodiversity in the affected area. It
might take years for many woody plants and vegetation to show
detrimental long-term impacts after a drought. A single drought event
may cause leaf scorch. If the drought persists, the entire leaf will perish.
Stem dieback, which is caused by the loss of tiny feeder roots, is a
common long-term impact of drought.

[147-150]

Increased fire hazard

During drought conditions, fuels for wildfire, such as grasses and trees,
can dry out and become more flammable. Droughts can be exacerbated
by exceptionally warm weather. Extreme heat, when combined with
extremely low precipitation and high temperature, can result in reduced
streamflow, dry soils and large-scale tree loss. Extreme wildfires are
more likely to spread quickly, burn with greater severity and be costly to
put out under these conditions.

[151,152]

Crop withering
and dying

Drought has a perhaps unique impact on agricultural systems because of
its duration, which often extends over several seasons.

Loss of arable land

Drought, inappropriate land use (such as monocultures) and
unsustainable land management methods, such as deforestation,
improper farming practices and overexploitation of water resources) can
all contribute to land degradation and loss of arable land, which is
exacerbated by drought.

[153]

More waterborne
diseases

Extreme weather events, such as droughts, lead to contamination of soil;
agricultural lands; water, food and animal feed with pathogens;
chemicals and other hazardous. Infectious disease outbreaks may be a
direct consequence of drought. When rainfall decreases, viruses,
protozoa and bacteria can pollute both groundwater and surface water.
People who draw their drinking water from private wells may be more
susceptible to infectious diseases caused by the drought.

[154-156]

ECONOMIC

Increased prices for
farming commodities

Drought-related impacts exist in a variety of forms. Farmers who lose
money because drought destroys their crops, or ranchers who may have
to spend more money feeding and watering their livestock, are examples

of economic effects. Direct economic effects, such as declines in dairy

production, and indirect effects, such as rises in cheese prices, are
also possible.

(1]

The increased expense of
buying food and loss
of income

Drought in South Africa’s Western Cape province, for example, has
resulted in employment losses in the province’s agriculture sector.
According to the third quarterly labor force survey from 2017, the

agricultural industry lost almost 25,000 jobs across the country. In the

Western Cape province, about 20,000 of these were lost, which has a

direct impact on income generation. Many of these impacts were linked
to drought events.

[133,134,139]

Sale of livestock at
reduced market price

Decreases in feed availability due to drought can lead to stunted growth,

decrease milk production in dairy cattle and lower quality in beef, which

can influence a low-income generation. The weakening product-to-feed
ratio, driven by the higher feed prices, will reduce profit margins

[157,158]

Increased transport costs

Drought reduces cargo-carrying capacity and reduces accessible
water-based transportation routes. Higher temperatures, which
frequently accompany drought, can influence pavement performance,
impacting roadways and airport runways, as well as collapsing rail lines.

[159,160]
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Table 1. Cont.
Drought Impacts Discussion References
SN SOCIAL
. The drought vulnerability in South Africa, especially in the affected
Deepening poverty and ) o . . . L
. provinces, is driven by extensive soil erosion, which is a result of the
6 increased .. . . [138]
communal land-use system and limited access to information and
unemployment . . .
infrastructure as well as low-income levels and high unemployment.
With the recent drought hazards in some regions of South Africa, the
economic and livelihood have been severely affected due to these
hazards. All of these have huge economic consequences. South Africa’s
Increased
7 capital shortfall economy grew at an annual pace of 1.1 percent on average from 2015 to [133]
P 2017, with the agricultural sector increasing at less than 0.5 percent. That
is insufficient to address the country’s most pressing issues, which
include high rates of inequality, poverty and unemployment.
Farmers are more vulnerable to drought because almost all their
Increased debt and livelihood income depends on farming, the unemployment rate is very
8 increased credit risk for high and opportunities for alternative jobs are scarce. More so, some [138]
financial institutions farmers that are on loan or borrowed money from banks or other

financial institutions are indebted with credit risk.

As highlighted in Table 1, a seasonal-scale drought evaluation and forecasting system
can potentially support an early warning system, as it can provide updated drought-related
events and its potential impacts on a timely basis by accounting for the drought conditions
as of the forecast release date and climate outlook over the forecast period [126,145,160].
However, thus far, the application of space-based information for food insecurity early
warnings in South Africa and other African nations has been limited at best, with the only
other main example being the African Flood and Drought Monitor [161].

Droughts, unlike other weather-related disasters that make headlines because of im-
mediate obvious devastation, are slow-burning calamities with long-term consequences. Se-
vere drought, on the other hand, has far-reaching consequences for society and ecosystems:

Agriculture: Increased temperatures and water stress cause agricultural losses, which
can devastate farmers who rely on crop yields for their livelihood. Increasingly dry range-
land has a negative influence on cattle output; feeding and hydrating huge herds becomes
more challenging.

Ecosystems: As bodies of water dry up due to drought, huge fish deaths can occur.
Droughts can also cause pest outbreaks, wildlife losses and forest diebacks, all of which
threaten the viability of the important ecological services that humans rely on.

Infrastructure: Drought may cause reductions in outdoor recreation sectors, and
shifting soil and moisture levels can destroy physical infrastructure. Drought conditions
will undoubtedly increase the likelihood and severity of devastating wildfires.

Economy: Droughts have cost billions of dollars in damages since 1980, with an
average annual cost of $9 billion since 2010 [162].

Therefore, droughts are likely to last longer and become more severe in the coming
years. This is because continuous emissions of heat-trapping gases are expected to result of
even more warming. While we can expect more rainfall around the world, experts estimate
that evaporation may surpass precipitation, resulting in more frequent and extended
drought periods [162].

8. Summary

This review focused on the effects of drought on the environment and other factors
in South Africa. The findings demonstrate that the country is inherently water-scarce,
which contributes to climate change impacts, as South Africa’s average annual rainfall is
much below the global average of 860 mm per year. Drought in the Western Cape province
of South Africa, for example, has resulted in job losses in the agriculture sector. In 2017,
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the agricultural business lost about 25,000 jobs across the country, according to the third
quarterly labour force survey. Approximately 20,000 of these were lost in the Western Cape
province, resulting in a direct impact on income creation. In addition, the impact of drought
is extensive and grim. It affects all the components of the physical environment and in
essence limits not only the economy of the state but also the smooth functioning of the
natural environment. Indirectly, drought episodes also result in issues of mental health not
only for the farmers but other vulnerable groups such as but not limited to young children,
women and the aged.

At the moment, most drought indices are drought-type-specific; available indices
focus on a type of drought to a large extent. There is a need to develop more robust
drought indicators that can serve as a unique identifier for most of the drought types. The
emergence of deep learning in recent times could also be employed to help in drought
predictions to aid early warning and reduce losses and damages.
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