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Increasing demand for food and environmental stressors are some of the most

challenging problems that human societies face today and these have encouraged

new studies to examine drought impacts on food production. Seeking to discuss these

important issues in the South African context, this study analyzed the impacts of drought

on food security in one of the country’s largest commercial agricultural land (Free

State Province). Earth observation and crop data were acquired from Application for

Extracting and Exploring Analysis Ready Samples (AppEEARS) and GrainSA databases,

respectively for years 2011/2012–2020/2021 over Free State Province. Two crops

namely, maize and sorghum were obtained from the database and analyzed accordingly

to quantify drought impacts on the two crops. The result reveals that the years 2015

and 2018 were affected by extreme drought events (<10%) where the majority of the

study area was impacted. Years 2011, 2016, 2018, and 2019 were severely affected by

drought (>30%) and impacted the agricultural sector in the study area. Findings further

revealed that maize production observed the lowest recorded in the year 2014 and 2015

with about 223,600 and 119,050 tons, respectively. More so, results further showed

that sorghum production recorded the lowest production in years 2019, 2016, and 2015

with about 23,600, 24,640, and 24,150 tons, in that order during the period of study. The

results confirm the impacts of drought on maize and sorghum productions in the year

2015 and other years that recorded the lowest productions during drought years. This

development might have impacted food security in the study area, and this outcome

will enable decision-making bodies on food security to enhance improved strategy in

vulnerable areas.

Keywords: agricultural drought, Earth observation data, food security, potential impacts, decision-support

INTRODUCTION

Drought’s key characteristics, such as their inherently wide spatial and temporal extent, the large
number of people impacted, or the massive economic loss, have caused logistic and financial
challenges all over the world (Berhan et al., 2013; Enenkel et al., 2015). Droughts and associated
food shortages are high on humanitarian relief groups’ priority lists, and the bulk of online disaster
platforms focus on disaster that strikes quickly (for instance, floods, hurricanes, earthquakes,
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or other storms) and little to no attention focus on drought
and its occurrences. The difficulty of operational drought
forecasting systems to produce valid predictions about the
location, magnitude, and type of assistance needed in the
medium to long term, i.e., several months ahead of time, is
a serious flaw (Khadr, 2016; Hao et al., 2018; Kreibich et al.,
2019). Even in cases where predictions were made, such as
warnings of severe drought conditions in Sub-Saharan Africa
(Ahmed, 2020; Fava and Vrieling, 2021), there is still a lack
of response on the ground (Enenkel et al., 2015). Furthermore,
large-scale drought predictions have failed in industrialized
countries such as the United States (Schiermeier, 2013; Anderson
et al., 2018; Daigh et al., 2018). This is exacerbated by the
fact that there is no universally agreed definition of drought
(Enenkel et al., 2015), and climate change impacts on global
drought patterns (Enenkel et al., 2015; Salami et al., 2021),
as well as global food security (Dhankher and Foyer, 2018;
Purakayastha et al., 2019). Simultaneously, teleconnections
must be considered, such as the impact of anomalies in sea
surface temperatures on drought episodes in Sub-Saharan Africa,
which have influenced the complexity of already sophisticated
models and evaluations. Furthermore, because different types of
drought, such as meteorological, agricultural, and hydrological,
have varied socio-economic consequences, a single physically
measurable drought parameter for all of these scenarios is
not attainable (Orimoloye et al., 2019; Ekundayo et al., 2020,
2021).

In recent decades, significant progress has been made in
sustaining global food production. Nonetheless, feeding 9.8
billion people by 2050 would be a challenge, particularly in
drought-prone and arid regions of the developing world (He
et al., 2019). Droughts, for example, are a regular occurrence
in Sub-Saharan Africa, particularly South Africa (Orimoloye
et al., 2021a,b), and can be exacerbated by other variables (such
as heat waves, floods, and violence; Ropo et al., 2017). Food
production shocks (i.e., unexpected losses and increases in price)
have been more common in all sectors including food industries
during the last five decades (Cottrell et al., 2019; He et al.,
2019). Extreme weather causes half of these shocks (Cottrell
et al., 2019), with disproportionate effects on countries with
little coping capability, such as farmers’ ability to diversify food
production or governments’ ability to import food or provide
insurance. The 2017 Kenya drought, for example, prompted a
national emergency and left about 2.5 million people hungry
(Gichure, 2017; He et al., 2019). The impact of increased drought
risk due to climate change (Naumann et al., 2018; He et al., 2019)
can be mitigated through more effective adaptation methods,
measures and innovative research, which will aid progress toward
achieving the second United Nations Sustainable Development
Goal (SDG; i.e., zero hunger). If multiple interrelated SDG goals
are to be achieved at the same time (e.g., SDG2 to ensure food
security, SDG6 to ensure water security, and SDG13 to foster
resilience), synchronous challenges emerge, as they interact
across a range of spatial and temporal scales, resulting in diverse
trade-offs, synergies, and even competing policy responses with
scale-dependent impacts (Obersteiner et al., 2016; Gao and
Bryan, 2017). Understanding the interactions between drought

and food security is critical for policymakers and stakeholders
to develop adaptation policies that effectively reduce the
effects of drought on agricultural production and increase
societal resilience to future drought-induced emergencies,
all while meeting competing demands and enhancing
environmental sustainability.

Recently, South Africa observed drought events that affected
various sectors including agriculture and water resources. The
National Disaster Management Center has declared a drought
disaster due to the persistent drought conditions in the South
African provinces including Free State Province and national
resources are being mobilized to assist affected individuals
including farmers (Tembile, 2021). South Africa is facing severe
pressure with respect to water security due to an increased
water demand with increasing population, poor planning and
management of water resources, limited investment into water
reservoir infrastructure, and recurring droughts over the past
decade. Droughts are common in South Africa, however, in
recent years there has been a trend toward more multi-year
droughts. Summer rainfall time series for several portions of
South Africa, particularly the Eastern Cape and neighboring
KwaZulu Natal Province, show greater multi-year droughts
from the late 1970’s to the late 1970’s than from 1950 to the
late 1970’s (Blamey et al., 2018). After a prolonged drought
from 2015 to 2018, the Western Cape Province was named
a disaster region in February 2018 (Pienaar and Boonzaaier,
2018; Orimoloye et al., 2019; Mahlalela et al., 2020). Drought
disaster zones were proclaimed in the Eastern Cape and
Free State provinces in 2019, following severe water shortages
in several urban and rural areas (Mahlalela et al., 2020;
Orimoloye et al., 2021a).

Assessing agricultural drought and its potential impacts on
food security in vulnerable regions is very crucial especially
in drought-prone areas. The implications of agricultural
droughts on food supplies may be quantified, which helps
policymakers make more sustainable agricultural decisions.
It necessitates a thorough evaluation of the relationships
between spatiotemporal drought fluctuations, farming systems,
irrigation effects, and water resource availability. Various
techniques of dealing with such issues have been reported.
Survey methodology, for example, is useful for gathering
first-hand information on how the drought has affected
crop production and how farmers have reacted to drought
(Campbell et al., 2011; Savari et al., 2021). In this paper,
I, therefore, concentrate on agricultural drought impacts
on food production in Free State Province South Africa.
Findings from this study will enable decision support for
food security in the affected areas. Despite the challenges
associated with climate hazards such as drought disasters,
recent technological, and methodological developments are
helping to rapidly improve agricultural outputs (Balogun
et al., 2020; Dyosi et al., 2021). The emergence of space-
based information is providing valuable outcomes at
the high spatial and temporal resolutions with accurate
maps, this can help smallholder-dominated farmers to
plan for future drought events. Findings from this study
can help in building greater resilience to drought and
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mitigate its scourges on agricultural sectors, societies,
and economies.

DATA AND METHODS

Study Area
As presented in Figure 1, the study took place in the Free
State Province of South Africa. The Republic of South Africa
is divided into nine provinces, one of which is the Free State.
Bloemfontein is South Africa’s judicial capital and the province’s
largest city. In the study area, there are a few additional notable
towns, predominantly mining, and agricultural communities.
The province is located between 26.6 ◦ S and 30.7 ◦ S latitudes,
and 24.3 ◦ E and 29.8 ◦ E Greenwich meridian lengths. The
climate of the province is mostly semi-arid, according to the
Köppen climatic classification. The geography of the province
is complex, with all surfaces above 1,000m reaching 1,800m
in the north-eastern and eastern Free State. The province is
divided into five municipal districts for administrative purposes
(Fezile Dabi, Lejweleputswa, Motheo, Thabo Mofutsanyane and
Xhariep). However, in November, December, and January, the
region enjoys monthly mean sunlight hours of around 319.5,
296.5, and 296.3 h, respectively, with annual sunshine hours and
total precipitation of ∼3,312.3 and 559mm, respectively. The
region receives the least amount of rain (0mm) in July and the
most amount of rain (70mm) in January, which correspond to
the winter and summer seasons, respectively (Orimoloye et al.,
2021b). In June, daily mean temperatures vary from 17 to 29◦C.
In January, daily mean temperatures range from 17 to 29◦C.
During the months of June and July, the coldest temperatures
occur at night. The vegetation dominant in the area is grassland.
A better understanding of the spatiotemporal evaluation of
drought events will help to identify drought-affected areas and
its potential impacts on food security in the Free State Province.

Data
The Terra product from the Moderate Resolution Imaging
Spectroradiometer (MODIS) was used to determine the
occurrence of drought in the study area. Temperature
and precipitation were acquired from NASA’s Prediction of
Worldwide Energy Resource database; MODIS was downloaded
via the Application for Extracting and Exploring Analysis Ready
Samples (AppEEARS; Abdi et al., 2019; AppEEARS Team.,
2020). The MODIS instrument is used by both the Terra and
Aqua missions. It has a 2,330 km viewing swath and views
the whole Earth’s surface every 1–2 days. Its detectors collect
data with three spatial resolutions of 250, 500, and 1,000m
and measure 36 spectral bands between 0.405 and 14.385m.
MODIS data, along with data from other sensors aboard the
Terra and Aqua satellites, is relayed to ground stations via the
Tracking and Data Relay Satellite System (TDRSS). The data
will subsequently be forwarded to the EOS (Earth Observing
System) Data and Operations System at Goddard Space Flight
Center (EDOS; AppEEARS Team., 2020; Hu, 2020). The MODIS
Adaptive Processing System (MODAPS) produces level 1A, level
1B, geolocation, and cloud mask products, as well as high-level
MODIS land surface and atmosphere products, which are

divided into three DAACs (Distributed Active Archive Centers)
for distribution to the research and application community
(Sundaresan et al., 2014). The MODIS direct broadcast signal
can be used to gather regional data directly from the satellite
by users with a compatible x-band receiving device. The data
(MOD13Q1 and the layers of interest: EVI and pixel reliability)
was requested using an area sample, and the output was
configured as GeoTIFF with geographic projection (Kring,
2007; Sundaresan et al., 2014). The VIs were created at 16-day
intervals, with low-quality data removed using a MODIS-specific
compositing process based on product QA. The Pixel Reliability
Quality Assurance (QA) layer of MOD13Q1 was used to mask
or correct pixels affected by atmospheric disturbances such as
clouds. The layer classifies the efficiency of the vegetation index
from−1 to 5, although for this analysis, good, and poor values
are classed as 0 and 1, respectively. In the pixel reliability bands,
poor and marginal data are accepted as acceptable accuracy and
were considered for the investigation. Agricultural information
was acquired from GrainSA database.

Methods
The drought conditions in the region were determined using
the Vegetation Condition Index (VCI) based on the relative
Normalized Vegetation Difference Index (NDVI) modification
with regard to the minimum historical NDVI value as indicated
by Kogan (1995). As a result, the VCI compares the current
Vegetation Index (VI), such as the NDVI or the Enhanced
Vegetation Index (EVI), to the values found inside a given pixel in
past years during the same time period. The VCI was calculated
using Equation 1 as shown below.

VCIIJK =

VIIJK − VIi,min

VIi,max − VIi,min
× 100 (1)

where VCIijk is the VCI value for the pixel i during
week/month/ day of the years (DOYj) for year k, VIijk is the
weekly/monthly/DOYs VI value for pixel i in week/month/DOY

j for year k whereby both the NDVI or EVI can be utilized as VI,
VIi, min and VIi,max is the multiyear minimum and maximum
VI, respectively, for pixel i.

The resulting percentage of the measured VI value in
previous years was placed in the middle of the two extremes
(minimum and maximum). As a result, lower and higher values
indicate poor and good drought conditions, respectively. The
method utilized in this study, namely, estimating drought
occurrences with VCI using R programming, is based on EVI,
which has several key values or benefits over other vegetative
indices, such as NDVI. First, no reflected light distortions
are caused by airborne particles; second, no reflected light
distortions caused by ground cover vegetation. Adapted from
UN-SPIDER recommended practices (http://www.unspider.
org/advisory-support/recommended-practices/recommended-
practice-drought-monitoring), Figure 2 shows the planning,
pre-processing, and data processing operations. Maize and
sorghum yields were analyzed using Microsoft excel to identify
their trends and also determine the potential impacts of drought
on crop yields.
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FIGURE 1 | Map of the study area.

RESULTS

Evaluation of drought events and its potential impacts on food
production Free State Province has been presented in this study.
Results reveal that drought patterns and severity varied from
one place to another, which shows that the impacts can be
varied especially on agricultural sector between the years 2011

and 2020. Information in Figure 3 presents drought episodes

over the study area for the period of study using space-based
information to quantify drought potential impacts on food
security in the affected areas. From the findings, it was noted
that the year 2015 and 2018 were extremely affected by drought

events, this connotes that the affected years would have been
impacted in terms of food production and other water-reliant
sectors. It has been noted previously that there is a significant

increase in mild drought events in the Free State Province,
from shorter time steps (first decade) to longer time steps (third
decade; Botai et al., 2016). During the year 2015, the Free State
Province appears to have had more droughts. Drought categories
have substantial implications for a variety of sectors, including
agriculture and water. According to a study, drought reduced
agricultural productivity in South Africa by 8.4% in 2015. The
livestock industry, for example, had a 15% drop in national
herd stock as a result of the drought (Matlou et al., 2021). The
result further reveals that years 2017 was severely affected by
drought where some areas are more impacted than others. This
variability may be due to several factors, such as topography,
rainfall amount, human and natural activities (Ayanlade et al.,
2018). Drought periods affect the agricultural sector the most
compared to other sectors (mining, manufacturing, construction,
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FIGURE 2 | Flow chart.
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FIGURE 3 | Drought events for the year 2011–2020.
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trade, transport, finance, and community service; Matlou et al.,
2021).

Years 2011 and 2019 were moderately affected by drought as
presented in Figure 3 and Table 1. Farmers may lose resources
such as capital if drought damages their crops during these
years. If the farmers water supply is insufficient, they may be
forced to spend more money on irrigation or drill more wells,
or produce lower yields during the affected years (Baudoin
et al., 2017; Kuwayama et al., 2019). Ranchers may have to
pay more money on livestock feed and water. Results further
reveal that years 2012 and 2014 observed no drought episodes
which connote that these 2 years may not be directly affected
by drought except the prolonged drought events from the
previous years (Nguyen et al., 2018). Extreme climate events,
including prolonged drought, may establish long-lasting effects
on soil biotic and abiotic properties, thus influencing ecosystem
functions including primary productivity in subsequent years
(Nguyen et al., 2018).

Information in Figures 4, 5 present agricultural productions
between year 2011 and 2020 for maize and sorghum productions,
respectively. Since agricultural drought is caused by below-
average precipitation and/or above-average temperatures and
wind, which evaporate moisture from soils and plants, this in
turn influences crops yield (Madadgar et al., 2017; Leng and
Hall, 2019; Orimoloye et al., 2021d). The study area recorded
the lowest maize yield in year 2015 with about 1191 tons,
followed by year 2014 with about 2,236 tons. The lowest maize
production recorded in year 2015 corroborates with the extreme
drought event in the same year (Figure 3 and Table 1). The
primary direct economic impact of drought in the agricultural
sector is crop failure and pasture losses and this can severely
affect income (Madadgar et al., 2017; Liu et al., 2018; Leng
and Hall, 2019; Orimoloye et al., 2021a,c). Findings further
reveal that years 2016, 2019, and 2020 recorded 5,110, 4,700,
and 4,492 tons, respectively. This is further supported by
drought evaluations where these 3 years observed moderate
drought episodes, this may also be influenced by the drought
events. Studies have shown that yield loss risk tends to grow
faster when experiencing a shift in drought severity from
moderate to severe conditions (Leng and Hall, 2019; Orimoloye
et al., 2021a,d). This analysis shows that variability in drought
trends plays an important role in determining drought impacts,
through reducing or amplifying drought-driven yield loss
risk (Leng and Hall, 2019).

Sorghum production between year 2011 and 2020 is presented
in Figure 4. Total average yield (t/ha) for sorghum show that 0.9
(2016), 1.3 (2015), and 2.2 (2013) were recorded in the study area.
Year 2013 recorded 139,200 tons of sorghum yields while years
2015, 2016, and 2018 recorded the lowest sorghum production
with about 24,150, 24,640, and 23,600, respectively during the
period (Figure 4).

DISCUSSION

Drought is an extreme stage of the hydrological cycle that
occurs when water availability is lower than typical (Orimoloye

et al., 2019; Adedeji et al., 2020). Droughts typically begin
with a lack of precipitation (meteorological drought), which can
be aggravated by increased evapotranspiration owing to high
temperatures, which can spread to the land surface and result
in reduced soil moisture (agricultural drought) and streamflow
(called hydrological drought). Water stress during drought
slows down crop root growth, delays maturation and reduces
agricultural productivity (Ge et al., 2012; Piscitelli et al., 2021).
Drought occurrence is critical because crop yield susceptibility
to water stress varies by development stage, which is linked to
the fundamental biophysical principles of crop growth (Oliveira
and Araújo, 2021). As a result, drought impacts on agricultural
productivity must be assessed independently for particular
growth stages, which is more relevant for agricultural water
management (Orimoloye et al., 2021d). Space-based assessments
of drought are important tools for estimating drought impacts
on crop yields (Derese et al., 2018; Orimoloye et al., 2021c)
but these are inherently scale-dependent, ranging from the farm
level at the local level to the global scale. This highlights the
need for space-based information approaches (Orimoloye et al.,
2021c) to simultaneously consider the joint distribution of the
spatial and temporal footprint of drought. Such approaches can
be combined with model-based large ensembles for more robust
quantification of agricultural risk, this can also consider whether
risk assessments are transferable across scales.

Drought tolerance may arise from extra copies of key genes,
and sorghum’s efficient photosynthetic pathway may be cobbled
together from existing photosynthetic genes and duplicated
genes that shifted their function over millions of years in order
to withstand drought episodes (Citations). Droughts in the
study area, infestation, insects, birds, and diseases, a lack of
varieties with farmers’ preferred traits and high yield potential,
limited policy support, a lack of improved seed system, poor
sorghum production practices and crop input application, and
poor soil fertility may all have contributed to the decline
in sorghum productivity (Derese et al., 2018). Among the
sorghum production constraints listed, severe drought in the
post-flowering stage may be the most significant over time.
A large number of farmers in the affected area may need to
produce medium-maturing sorghum cultivars with high grain
and biomass yields that can be planted at normal planting times
yet avoid post-flowering drought (Azu et al., 2021; Abreha et al.,
2022).

Analysis from this study revealed spatio-temporal
distributions of drought and crop trends over the study
area (Table 1). From the findings, drought event implications on
agricultural products were identified, it was noted that the years
that experienced drought episodes witnessed a decline in crop
yields. For instance, the year 2015 observed extreme drought,
both crops explored in the study experienced a drop in their
yields, this also repeated in the year 2018 with potential drought
impacts on agricultural productions (Madadgar et al., 2017; Liu
et al., 2018; Leng and Hall, 2019). Persistent drought episodes can
influence food insecurity as this has been recorded in previous
studies (Cottrell et al., 2019; He et al., 2019). This can sometimes
cause problems for downstream agriculture, particularly when
the growing season for crops and peak food demand periods do
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TABLE 1 | Potential drought impacts on agricultural products between 2011 and 2020.

Years/drought impacts on crops Drought event implication on agricultural products

(Drought and agricultural production between 2011 and 2020)

Drought Maize Sorghum

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

Drought; Green, no drought; Yellow, moderate/severe; Red, extreme drought.

Agricultural production; Green boxes, increase; Red boxes, decrease, white, no data.

FIGURE 4 | Maize for year 2011–2020.

not coincide. The amount to which trade-offs exist, however, is
determined by the duration and spatial footprint of droughts.

Improved Decision-Support for
Agricultural Droughts in Vulnerable Region
There are a number of new technological developments that
could support drought risk reduction. Here we will focus
on space-based information that could be better integrated
to improve decision-support especially in combatting drought
disasters. The approach used in this study will improve
agricultural drought monitoring in the drought-affected area

(Enenkel et al., 2015; Brandt et al., 2017). This will help in
gaining a better understanding of the uncertainty of long-term
drought forecasts and how this information can be integrated
with satellite-derived soil moisture and its potential influence on
food security. For example, year 2015 observed extreme drought
where both crops explored in the study observed declined in
productions, this also repeated in the year 2018 with potential
drought impacts on agricultural productions. These years can
be examined to know how drought events have affected the
area especially, agricultural production and to suggest possible
practices to avert future occurrence. More so, integration of
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FIGURE 5 | Sorghum for year 2011–2020.

non-environmental information that can contribute to drought
impact may be considered.

The most important question is: what can science do to help
people make better decisions regarding drought hazards? The
integrated and modification of existing technologies, including
various satellite-based systems and people’s experiences, is one
logical and promising option. Organizations like AppEEARS
(Application for Extracting and Exploring Analysis Ready
Samples), USGS (United States Geological Survey), EUMETSAT
(European Organization for the Exploitation of Meteorological
Satellites), and NOAA (National Oceanic and Atmospheric
Administration) provide a wide range of satellite-derived datasets
that are operational, near real-time, and free of charge (or
with a minimal and low-cost receiving station). Datasets
obtained from sensors, in addition to some of the more
regularly used remote sensing products, can be delivered at a
spatial resolution that is worth considering to complement or
replace in-situ observations. Local measurement flaws including
inadequate coverage and lack of spatial consistency are frequently
compensated for using these databases. The interaction of
drought-inducing main climatic elements (rainfall, temperature,
soil moisture, evapotranspiration, and vegetation) is reasonably
well-understood (Enenkel et al., 2015; Afuye et al., 2021a,b).
One key issue is that large-scale planning necessitates accurate
drought forecasts several months in advance, which are currently
insufficient (Yaseen and Shahid, 2021). Another concern is that
agricultural drought is only one of several potential causes
of food insecurity. High degrees of vulnerability induced by
interacting socio-economic factors, such as political turmoil and
rising or fluctuating food costs, often encourage famine. In fact,
the methods for monitoring environmental anomalies and their
socioeconomic consequences are hardly comparable. Researchers
should engagemore closely with end-users in amulti-disciplinary

manner in order to establish a holistic drought monitoring
system. This strategy will help by identifying the current weak
links and suggesting future mitigation strategies.

CONCLUSION

This study presented agricultural drought and its potential
impacts in order to enable decision-support for food security
in vulnerable societies. Analysis from this study revealed spatio-
temporal distributions of drought and crop trends over the
study area. The outcomes from this study revealed drought
event implications on agricultural products, it was also noted
that the years that experienced drought episodes witnessed a
decline in crop yields. For example, year 2015 observed extreme
drought, both crops explored in the study experienced a decrease
in agricultural productions, this was also repeated in the year
2018 with potential drought impacts on agricultural productions
during the same period. The consequence of drought is a
translation of failure of early warning, local action, disaster
preparedness and lack of external support. The approach for
monitoring drought anomalies and their agricultural impact is
hardly comparable. Scientists should engage more closely with
the affected parties (farmers and water-reliant sectors), end-users
in a multi-disciplinary manner in order to establish a holistic
drought monitoring system. This strategy will help by identifying
the current weak links and suggesting future mitigation
strategies. Consequently, it is necessary to appraise drought
disasters by incorporating climate information, environmental
and economic implications of drought in the study area and
the surrounding environments, this will help in identifying the
contributing factors and the actual impacts of its occurrences in
the region.
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