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A B S T R A C T

• South Africa is highly susceptible to
drought impacts on agriculture, given
its high water reliance.
• Drought risk varies substantially between irrigated and rainfed agricultural
systems.
• The most extreme drought for rainfed
croplands is observed in Northern
Cape, North West and Limpopo.
• Highest drought risk on time series for
irrigated crops is across Limpopo and
Eastern Cape.
• Our methodology to assess drought risk
is transferable to other regions.
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a b s t r a c t
The regular drought episodes in South Africa highlight the need to reduce drought risk by both policy and local
community actions. Environmental and socioeconomic factors in South Africa's agricultural system have been affected by drought in the past, creating cascading pressures on the nation's agro-economic and water supply systems. Therefore, understanding the key drivers of all risk components through a comprehensive risk assessment
must be undertaken in order to inform proactive drought risk management. This paper presents, for the ﬁrst time,
a national drought risk assessment for irrigated and rainfed systems, that takes into account the complex interaction between different risk components. We use modeling and remote sensing approaches and involve national experts in selecting vulnerability indicators and providing information on human and natural drivers.
Our results show that all municipalities have been affected by drought in the last 30 years. The years
1981–1982, 1992, 2016 and 2018 were marked as the driest years during the study period (1981–2018) compared to the reference period (1986–2015). In general, the irrigated systems are remarkably less often affected
by drought than rainfed systems; however, most farmers on irrigated land are smallholders for whom drought
impacts can be signiﬁcant. The drought risk of rainfed agricultural systems is exceptionally high in the north,
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central and west of the country, while for irrigated systems, there are more separate high-risk hotspots across the
country. The vulnerability assessment identiﬁed potential entry points for disaster risk reduction at the local
municipality level, such as increasing environmental awareness, reducing land degradation and increasing
total dam and irrigation capacity.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

proﬁles and responses compared to the commercial farming sector
(Thamaga-Chitja and Morojele, 2014). While commercial farming underpins South Africa's food security, subsistence farming provides income
and food security on a household scale for much of the population.
With the projected increase in the frequency, severity, and duration of
droughts (WMO World Meteorological Organization, 2020), subsistence
farmers growing rainfed crops are particularly susceptible to drought as
they highly depend on climate-sensitive resources (Schreiner et al.,
2018).
South Africa has extensive disaster risk reduction (DRR) legislation
(e.g. the National Disaster Management Act, 2002), which has evolved
over the decades (Vogel and Van Zyl, 2016). Thus, various policy documents, assessments and strategies for DRR have been compiled (e.g. the
2004 National Climate Change Response Strategy, the 2010 National
Climate Change Response Green Paper, and the 2011 National Climate
Change Response (Baudoin et al., 2017). Efforts to implement risk reduction approaches are also supported through global frameworks
such as the Sendai Framework for DRR (UNDRR, 2015), and various
reporting commitments to international organizations (e.g. UNFCCC,
UNCCD). The South African National Disaster Management Framework
(NDMF) clearly states the need for disaster risk assessments (drought
in this case) as one of the key performance areas for any DRR strategy
(Jordaan et al., 2017a, 2017b). However, the South African government
has historically responded to drought with drought relief schemes that
focus mainly on addressing the farmer's immediate needs rather than
preemptively building resilience to possible future droughts (Ngaka,
2012; Jordaan, 2011).
There is signiﬁcant literature in South Africa regarding the assessment of drought impacts on agriculture, e.g. at national level
(Masupha and Moeletsi, 2020; Muyambo et al., 2017; du Pisani et al.,
1998), quaternary catchment level (Magombeyi and Taigbenu, 2008)
and regional level (Kamali et al., 2018). However, when assessing the
risk of drought impacts speciﬁcally for agricultural systems, there is
one assessment at national level (Schwarz et al., 2020), and there are
only few studies at local level (Jordaan et al., 2013; Walz et al., 2018).
Most of the drought risk assessments in South Africa still miss the connection between holistic consideration of socio-ecological vulnerability,
exposure, and hazard from the local to the national scale. A comprehensive drought risk assessment is crucial to inform drought policies that
foster proactive drought management (Sivakumar et al., 2014). So far
a national drought risk assessment that integrates hazard, exposure
and vulnerability to risk for irrigated and rainfed agriculture separately
at the sub-national scale is lacking.
Distinguishing the risk components for irrigated and rainfed agriculture is important because: i) rainfall deﬁcit is the main factor impacting
drought hazard for rainfed systems while for irrigated systems, availability of irrigation water is more relevant, ii) spatial patterns of irrigated and rainfed systems and growing periods of irrigated and
rainfed crops are diverse resulting in different exposure of irrigated
and rainfed systems, iii) factors and weights affecting the vulnerability
of the systems differ for irrigated and rainfed systems as the vulnerability levels may constantly change due to changes in farming systems and
associated technologies, so that even in the same region vulnerability
can vary greatly (Downing and Bakker, 2000).
Efforts to assess drought risk for agricultural systems at sub-national
level for speciﬁcs regions in the world have increased over the past
years (Chen et al., 2017; Deng et al., 2018; Han et al., 2016;
Kamruzzaman et al., 2018; Ortega-Gaucin et al., 2021; Pei et al., 2018;

1. Introduction
Drought is a recurrent feature of all climates and among the most
complex, damaging, and least understood of all so-called “natural hazards” (Dai, 2013; Heim, 2002). It is generally deﬁned as a period of abnormally low precipitation (compared with the long-term average
climate of a given region), which is long enough to severely impact
the hydrological resources (IPCC, 2014). This complex phenomenon
often leads to major impacts on the environment, society and economy
(Naumann et al., 2014), often with cascading effects. Moreover, with the
added pressures of climate change, the frequency, severity, and duration of droughts will likely increase in many regions across the globe
(Asadieh and Krakauer, 2017; Trenberth et al., 2014). The long-lasting
impacts of droughts are felt in many sectors, including public water supply, energy production, tourism and agriculture, the last often being the
most heavily affected sector (Dilley et al., 2005; UNDRR, 2019). This is
more noticeable in countries with a large agricultural share of GDP or
a large percentage of the labour force employed in agriculture, with
the rural population particularly affected (Carrão et al., 2016). This demonstrates that the negative impacts associated with droughts are not
only linked to the frequency, severity, and duration of drought events
but also the degree of exposure, susceptibility and coping capacity of a
given socio-ecological system (SES) (Meza et al., 2020). Furthermore,
the combined impacts of climate change, accelerated population
growth, and several declining socioeconomic factors will intensify
drought hazards, exposure, and vulnerability in the long-term
(Ahmadalipour et al., 2019). This highlights the need to understand
and manage drought from a complex system perspective. It is necessary
to consider climate and environmental drivers along with socioeconomic factors that determine how susceptible a community, region, system or sector is to drought and their capacity to cope.
Global assessments focused on drought risk of impacts on agriculture have shown that southern Africa is at particularly high risk
(Carrão et al., 2016; Meza et al., 2020). South Africa is recognized as a
drought-prone country (Baudoin et al., 2017; Gibberd et al., 1996;
Jordaan et al., 2017a) that has experienced several “severe” drought
events (as occurred in early 1980s and 1990s, the period 2014–16
(Baudoin et al., 2017), and the recent ongoing drought since 2018
(Mahlalela et al., 2020). During these years, environmental and socioeconomic factors in the agricultural system of South Africa were impacted by the drought, creating cascading pressures on the nation's
agro-economic and water supply systems.
Agriculture is a core component of the economy and has major implications for job creation, food security, rural development and foreign
exchange (National Treasury, 2003). The agricultural sector directly
contributes 3% to the national GDP (DAFF, 2018; Schreiner et al.,
2018), and indirectly (through manufacturing, textiles, food processing)
at least 14% (WWF (World Wide Fund for Nature), 2018). Approximately 8.5 million people (i.e. 14% of the population) are either directly
or indirectly dependent on agriculture for employment and income
(DAFF, 2018; Schreiner et al., 2018).
The agricultural sector in South Africa is composed of commercial
farmers as well as subsistence farmers. These sectors experience drought
risks differently. Historical root causes such as development support and
economic reforms have favoured and beneﬁted commercial farmers
who are largely exporters (FAO, 1997), exacerbating the difference in coping capacity and socio-environmental susceptibilities between the two
groups. Therefore, subsistence farmers have fundamentally different risk
2
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irrigated and non-irrigated crops by local municipality. The vulnerability component was assessed through a composite-indicator based approach, where drought experts in South Africa weighted each
indicator (Section 2.5). Then, the drought hazard, exposure and vulnerability information was compiled into a ﬁnal drought risk assessment
(Section 2.6), which resulted in integrated risk maps for both rainfed
and irrigated agricultural systems, respectively (Section 3). Lastly, the
paper discusses the results (Section 4) and identiﬁes potential ways forward, including future research needs.

Zeng et al., 2019; Zhang et al., 2011); however, none of these assessments considered the inherent differences between irrigated and
rainfed cropping systems. Frischen et al. (2020) analysed drought risk
for irrigated and rainfed systems at the sub-national scale in
Zimbabwe, however, the only differentiation in the methodology for
each cropping system was considered at the exposure component
while the hazard and vulnerability indicators were the same for both
systems.
This paper aims at addressing the above gaps by conducting a sectorspeciﬁc assessment of the drivers and spatial patterns of drought risk for
rainfed and irrigated agricultural systems in South Africa in order to
identify entry points for action. This is the ﬁrst integrated drought risk
assessment for South Africa at the sub-national level, which considers
spatio-temporal consistent hazard-speciﬁc indicators, complemented
by drought exposure and socio-ecological vulnerability factors –
weighted by local experts - at the local municipality scale, speciﬁcally
for irrigated and rainfed agricultural systems.
The paper presents a risk assessment based on a mixed-method approach, starting from the hazard assessment (Section 2.3), which is
based on composite drought hazard indicators calculated for irrigated
and rainfed crop systems separately using drought indices based on historical climate conditions (1986–2015). The exposed elements are described in Section 2.4 and were derived from a dataset differentiating

2. Data and methods
2.1. Case study region
South Africa is located in the southern part of Africa, spreading over
122 million ha with approximately 12% croplands (FAO, 2020a). The
country is composed of nine provinces and has a wide range of climates
from arid to subtropical, temperate, and mediterranean (Fig. 1)
(Waldner et al., 2017). About 91% of South African territory is arid or
semi-arid, with only 10% of the land generating half of the annual runoff (Le Maitre et al., 2018). The country has uneven rainfall distribution
with a mean annual rainfall of 550 mm and annual mean temperature of
18 °C (FAO, 2020a). The potential annual mean evaporation for the

Fig. 1. a) Köppen-Geiger climate classiﬁcation map for South Africa (1980–2006) (Beck et al., 2018). b) South African provinces. c) and d) Rainfed and irrigated areas per municipality,
respectively. e) Ratio between irrigated and total agricultural area per municipality. f) Irrigated and rainfed agriculture in South Africa at pixel level. Maps are based on data from the national land use/land cover dataset 2018 (Thompson, 2019). Black lines indicate provincial boundaries.
3
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Agriculture (2020) over 60% of South Africans did not have their land/
property rights recorded or registered.

whole country is about three times greater than its annual rainfall,
1800 mm per year (WWFW (World Wide Fund for Nature), 2018). According to the general household survey performed in 2018 almost 15%
of the households were active in agricultural activities, of which more
than 75% are involved in order to ensure an additional source of food
(DALRRD (Department of Agriculture, 2020).
The agricultural economy comprises technically developed commercial farming on the one hand and more subsistence-based production in
the remote rural areas on the other hand (Waldner et al., 2017). The
dominant activities include: i) intensive crop production and mixed
farming in areas characterised by winter and summer rainfall, ii) cattle
ranching in the bushveld and iii) sheep farming in the arid regions
(Waldner et al., 2017). Considering climate and soil properties, only
12% of the country is suitable for crop production; of which 22% is considered as high potential land in terms of production capacity (Waldner
et al., 2017; WWFW (World Wide Fund for Nature), 2018).
In general, rainfed agriculture prevails in South Africa, accounting for
the majority of the harvested area (Fig. 1) (Hardy et al., 2011). This
means that only 1.35 million ha (8.5%) of the potentially arable land is
irrigated (DAFF, 2019). Nevertheless, irrigated agriculture contributes
30% to agricultural production (FAO, 2020b). Irrigation application in
South Africa can be permanent, supplementary, or occasional. Most of
the commercial irrigation schemes are located in large river basins
(e.g. Orange, Lower Vaal, Fish) and in the Western Cape region (FAO,
2016).
South Africa has been frequently affected by droughts in the last four
decades. Major drought periods include 1982–1984, 1991–1992,
1994–1995, 2004–2005, 2008–2009, 2015–2016, and the most recent
in 2018–2020 (Mahlalela et al., 2020; FAO, 2019; Walz et al., 2020;
Unganai and Kogan, 1998). During those years, drought not only impacted the environment, but also the social and the economic systems.
The 1992 drought affected around 250,000 people, with an estimated
50,000 job losses in the agriculture sector, and 20,000 additional jobs
losses in related sectors (AFRA (Association for Rural Advancement),
1993). In 2007–2008, the South African government spent over R285
million (19 million US dollars) on drought relief measures for the agricultural sector, primarily on the purchase and supply of subsidised fodder depending on farms' sizes (Ngaka, 2012). Recent droughts such as
the one in 2015–2016 revealed the cascading impacts of the drought.
The BFAP (Bureau for Food and Agricultural Policy) (2016) reported
that the area of maize planted for the 2016–17 season was 25% lower
than the area planted in the 2015–16 season, which was reﬂected in
the year-on-year declines in seasonally adjusted sectoral GDP. In addition to the direct impact on agriculture, general economic indicators
pointed to an aggravated situation (e.g. input providers were hard hit
due to the lack of purchasing power in the agricultural sector; given
the suppliers' import propensity and the local currency depreciation
(BFAP (Bureau for Food and Agricultural Policy), 2016)). Inﬂationary
pressures resulting, inter alia, from drastic increases in food prices
drove up interest rates, which had a negative effect on farming enterprises' debt servicing costs and further restricted access to credit in
the sector (BFAP (Bureau for Food and Agricultural Policy), 2016).
Drought policy and strategies have included efforts from as early as
the 1920s, concentrating on land use change, land reforms, soil management and agricultural practices (e.g. kraaling of stock) (Bruwer, 1993;
Hassan, 2013). The most recent strategy towards drought is compiled
in the National Development Plan which sets a vision of eliminating
poverty and reducing inequality by 2030 (DALRRD (Department of
Agriculture, 2020). However, a rethinking of drought governance is
still required, which should look back in time and critically reﬂect on
past drought experiences, perceptions and needs of drought risk reduction and how local context inﬂuences drought response (Baudoin et al.,
2017; Vogel and Olivier, 2019). The government is still challenged to
change the unbalanced land-ownership patterns while sustaining economic growth, food security and implementing effective drought management plans; as by 2018 according to the DALRRD (Department of

2.2. Risk framing and workﬂow
Following the IPCC (2014) deﬁnition, risk results from the interaction between hazard, with exposure of human and natural systems
and the systems' vulnerabilities. In this paper, exposure is deﬁned as
the presence of agricultural systems that could be negatively affected
by hazards. Vulnerability is the predisposition or propensity to be adversely affected by drought. It encompasses a variety of concepts and elements, including social-ecological sensitivity or susceptibility to harm
and lack of capacity to cope (IPCC, 2014). Also, following the IPCC
(2014) deﬁnition, susceptibility is understood as the likelihood of suffering harm in the event of a drought hazard process, and coping capacities refer to the use of available skills, opportunities, and resources to
address, manage, and overcome adverse conditions in order to achieve
basic functioning in short to medium terms. The workﬂow for the
three risk components and risk aggregation is visualized in Fig. 2; the indicators and data sources for hazard, exposure and vulnerability are presented in Tables 1 and 2.
2.3. Hazard assessment
2.3.1. Rainfed hazard composite index
The rainfed hazard indicator was computed using the ratio between
actual evapotranspiration (AET) and potential (PET) evapotranspiration
of crops in the crop growing season for the period 1981–2018. AET refers to the amount of water consumed by a crop and evaporated from
the soil under actual soil moisture calculated by performing a soil
water balance in daily time steps, while PET assumes no limitation in
crop water availability. The ratio is highly associated with crop yield
and is widely used as a drought indicator for cropland (Peng et al.,
2019). The Global Crop Water Model (GCWM) (Siebert and Döll,
2010) was employed to simulate AET and PET for speciﬁc crops grown
in South Africa based on prescribed crop calendars and cropping patterns derived from the MIRCA2000 dataset (Portmann et al., 2010).
The ERA5 global reanalysis (Hersbach et al., 2020) and ISRICWISE30sec v1.0 (Batjes, 2016) were used as the climate and soil input.
The spatial resolution of GCWM's is ﬁve arcmin (8.3 km). Drought hazard in speciﬁc years was deﬁned as deviation from the long-term mean
condition in the reference period 1986–2015 (Meza et al., 2020). The
annual hazard indicator for rainfed agricultural systems CH_RfAgy was
calculated as:
CH_RfAgy ¼ 1−

AETy=PETy
AET=PET

ð1Þ

where AETy and PETy are annual sums of actual and potential evapotranspiration of all cultivated crops in year y (m3 yr−1). AETand PETare
the long-term annual mean of actual and potential evapotranspiration
(m3 yr−1) in the reference period 1986–2015. Consequently, positive
values of CH_RfAgy represent conditions dryer than usual, while negative values indicate wet years. The long term hazard during the study
period at grid level was computed as the frequency (percentile rank)
of years in which the AET/PET ratio was at least 10% lower than the
mean AET/PET ratio in the reference period 1986–2015 (Meza et al.,
2020). A long-term hazard of 0.5 means therefore that in every second
year the AET/PET ratio is lower than 90% of the long-term mean AET/
PET ratio.
2.3.2. Irrigated hazard composite index
The irrigated hazard index CH_IrrigAg y (-) is deﬁned based on
the annual difference between the water resource available for
irrigation and irrigation water requirement. The water resource
available for irrigation was simulated using the WaterGAP model
4

I. Meza, E. Eyshi Rezaei, S. Siebert et al.

Science of the Total Environment 799 (2021) 149505

Fig. 2. Workﬂow for the drought risk assessment for irrigated and rainfed agricultural systems in South Africa. The workﬂow is explained in detail in Sections 2.3–2.6.

was computed as the frequency of the years with an irrigated hazard index CH_IrrigAgy of bigger than 0.5 meaning that the deﬁcit in the annual
difference between discharge and irrigation requirement exceeded half
of the long-term median of annual discharge. A long term hazard for irrigated conditions of 0.2 means then that such a deﬁcit occurs every 5
years.

(Müller Schmied et al., 2020) as annual sum of discharge Q at a spatial
resolution of 30 arcmin for the period 1981–2018. The irrigation water requirement IWR was simulated using GCWM as the volume of water
needed to increase the AET of irrigated crops to their PET (Siebert and
Döll, 2010). Drought hazard for irrigated crops CH_IrrigAgy was computed
for each year as:

ðQ−IWRÞmed − Q y −IWRy
CH_IrrigAg y ¼
ð2Þ
Q med

2.4. Exposure assessment
Based on the drought risk assessment workﬂow (Fig. 2), agricultural
land (irrigated and rainfed) was used to analyse drought exposure. The
estimation of exposed agricultural land was based on the South African
National Land Cover dataset 2018 (Thompson, 2019), from which irrigated and rainfed land were extracted as separate classes. The SANLC
2018 map has 20 m spatial resolution and was generated using multiseasonal Sentinel 2 satellite time series data acquired during the period
01 January 2018 to 31 December 2018, 20 m spatial resolution and
90.14% accuracy (Thompson, 2019). Rainfed systems are mostly located
in the North Eastern provinces, as well as in Northern and Western Cape
(DAFF, 2018). The hazard indicators - CH_RfAgy and CH_IrrigAgy - were
aggregated from pixel to municipality level as average of the pixel
values, using the rainfed or irrigated area within each pixel derived

where (Q − IWR)med is the median of the difference between discharge
and irrigation water requirement (m3 yr−1) in the reference period
1986–2015, Qy and IWRy are discharge and irrigation water requirements in year y (m3 yr−1), and Qmed is the median of the annual discharge in the reference period 1986-2015 (m3 yr−1). Positive values of
CH_IrrigAgy indicate drought, while negative values indicate that the difference between water resources and water demand for irrigation is
larger than usual (wetness). Both models (GCWM and WaterGAP) used
the same soil and climate input data and the same simulation period
(1981–2018). The outputs of GCWM (for crops grown in South Africa)
were aggregated to 30 arcmin to match the spatial resolution used by
WaterGAP. The long-term hazard for irrigated conditions at grid level

Table 1
Hazard and exposure indicators used for the irrigated and rainfed assessment and the origin of the input data.
Risk component

Agricultural system Indicator

Data source

Processed data

Drought hazard

Irrigated

Water availability
Water requirement

WaterGAP (Müller Schmied et al., 2020)
GCWM (Siebert and Döll, 2010)

Rainfed

Crop drought stress

GCWM (Siebert and Döll, 2010)

Annual time series of the difference between discharge Q
and irrigation requirement IR compared to the long-term
(1986-2015) mean of that difference (Eq. (2))
Calculated for period 1981-2018
Annual time series of the deviation of the ratio AET / PET
from the long-term (1986-2015) mean of that ratio (Eq. (1))
calculated for period 1981-2018
National land use/land cover dataset 2018 (DEA, 2019)
differentiating between rainfed and irrigated agriculture

Exposed elements

Rainfed or irrigated Area rainfed or irrigated Thompson, 2019
in the local municipality
5
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Table 2
Final list of indicators used to perform the vulnerability assessment with expert weighting for irrigated and rainfed systems. The weights with a value close to 1 are highly relevant, whereas
indicators with a value close to 0 indicate lower relevance. Only indicators with selected values were used for the respective vulnerability assessment (Irrigated, Rainfed).
Indicator
Social susceptibility
Unemployment rate (%)
Population with assistive devices and
medication-Chronic medication
Population with inadequate sanitation/sewerage/toilet
services
Population with environmental awareness by district
Dependency ratio (population at the age of 0-14 and >
65)
Accessibility to high-density urban centers by travel
time
HH with alternative on farm income
People skipping a meal for ﬁve or more days in the past
30 days
Population that have experienced violence and crime
Debtors by municipality (%)
Hydropower installed capacity [MW]
Gender inequality (gender parity)
Population per municipality that rate the overall quality
of the water services poor
Population that has experience of crime - Theft of
livestock; poultry and other animals
Population with ill-health (mental) (%)
Environmental susceptibility
Farm land ratio
Land Degradation Index (LADA)
Clay content (0-2 micro meter) in (g/100 g) (w%) at
depth 0-5 cm
Maximum fertilizer application rate kg/h

Coping capacity
Total dam storage capacity in million cubic meters
Borrowed money from total municipality liability
People that receive social grants
Road density m/km2
Area equipped for irrigation expressed as percentage of
total area

Direction Data source

Expert weight
irrigated

Expert weight
rainfed

+
+

StatSA, 2011
StatsSA census 2011 (Boundaries 2016) - Disability

1.00
0.95

0.91
0.76

+

StatsSA (Community survey 2016)

0.91

0.75

–
+

StatsSA (Labour Force Survey)
StatSA (Agricultural Household survey 2016)

0.89
0.88

0.88
0.79

+

Weiss et al., 2018

0.85

0.79

+
+

StatsSA (Agricultural Household survey 2016)
StatsSA (Community survey 2016)

0.84
0.83

1.00
0.88

+
+
+

0.81
0.73
0.71

0.78
0.95
No selected

+
+

StatsSA (Community survey 2016)
National Treasury (Balance Sheet) Municipal Finance Data Tables
World Bank (Global Dams Database, 2020) and the Global Reservoir
and Dam Database (GRanD)
SatsSA 2016 Gender Series Empowerment
StatsSA (Community survey 2016)

0.69
0.63

0.70
0.68

+

StatsSA (Community survey 2016)

0.63

0.61

+

StatsSA (Community Survey 2007) - Disability

No selected

0.73

+
+
–

StatsSA (Agricultural household survey 2016)
Department of Agriculture, Forestry and Fisheries, 2016 DAFF)
Hengl et al., 2015

0.89
0.87
0.80

0.85
0.86
0.81

–

Mueller et al., 2012 and West et al., 2014 for mineral fertilizer data and 0.79
manure and atmospheric deposition.

0.74

–
+
–
–
+

Lehner et al., 2011 for GRanD
National Treasury (Balance Sheet) Municipal Finance Data Tables
StatsSA (Welfare - Community Survey 2007)
GloBio (Global Roads Inventory Project (GRIP) dataset)
FAO, 2020a, 2020b, 2020c

0.70
0.84
0.85
0.75
1.00

0.87
0.80
0.75
0.72
No selected

array of methods for assessing vulnerability to natural hazards exists,
indicator-based approaches are among the most common to represent
the multi-dimensional nature of vulnerability (Hagenlocher et al.,
2019; de Sherbinin et al., 2019). For this assessment, composite indicators were developed according to the impacted sector: i) irrigated agriculture and ii) rainfed agriculture, considering a wide array of
environmental, social, and economic indicators.
Relevant indicators were identiﬁed through a combination of literature review and expert consultation. The review was conducted based
on pre-deﬁned search terms (Table S1) in Web of Science and Scopus.
The selected articles (n = 17) were coded with MAXQDA software
(VERBI Software, 2019) to extract suitable indicators. Later, these indicators were compared and complemented with the ones identiﬁed by
Hagenlocher et al. (2019) in their review of existing drought risk assessments, and within South Africa at a local municipality level by Walz
et al. (2018) and a quaternary catchment level by Jordaan et al.
(2017a, 2017b). In total, 44 suitable indicators for rainfed and irrigated
systems in South Africa were identiﬁed (Fig. S2).
To assess which of those 44 indicators are the most relevant for
representing vulnerability of these two systems towards drought, an
online expert survey was conducted as a joint effort with the National
Disaster Management Centre (NDMC) of South Africa. A total of 33 experts representing all provinces of South Africa participated in this survey. They selected 36 relevant indicators for irrigated systems and 40 for
rainfed (Fig. S2). These experts were from multiple sectors including academia (n = 4), private sector (n = 5), NGO (n = 1), government (n =
20), international organizations (n = 1) and others (n = 2). The ﬁnal

from the SANLC 2018 dataset for weighting. From this point, the combined components of hazard and exposure are referred to as ‘hazard/
exposure’.
The simulated hazard/exposure for rainfed conditions was validated
using the remotely sensed AET/PET ratio in the period 2001–2018. AET
and PET values were extracted from the Moderate Resolution Imaging
Spectroradiometer (MODIS) product (MOD16A2.006) which provides
data at 500 m spatial resolution (Running et al., 2017). The dataset is derived from meteorological reanalysis data coupled with remotely
sensed products of land cover and vegetation properties (Huang et al.,
2017). The dataset was preprocessed based on the quality control
layer, and pixels with low quality were excluded. The original data set
provided the AET and PET in 8 days intervals, which were summed up
to yearly values. The CH_RfAgy was recalculated for model results and
remote sensing observations considering the reference period 20012018 to account for the limited availability of remote sensing observations. Both datasets were aggregated to the municipality level considering the extent of the rainfed growing area in each pixel. The Pearson
correlation coefﬁcient was calculated between model and remote sensing driven CH_RfAgy at the municipality level.
2.5. Vulnerability assessment
Drought impacts are often associated with drought hazard severity,
but the degree of the impact is mediated by the vulnerability of the exposed agricultural system, i.e. its susceptibility and the (lack of) capacity
to cope with drought events (IPCC, 2014; World Bank, 2019). While an
6
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using equal intervals from the maximum, and then those classes
were combined to obtain the ﬁnal risk for each agricultural system
(Supplementary material Fig. S8).

selection of relevant indicators for each agricultural system based on the
survey results followed a two-step approach as proposed by the
(European Commission, JRC, 2019): i) Indicators were kept if more
than half of the experts considered them a medium-high or highly relevant and ii) Z-scores with a 95% conﬁdence interval were used to ensure
that there was high level of agreement among the experts. The data was
then standardized to give each indicator a value between 0 and 1 in each
category (i.e. not relevant, low relevance, low-medium relevance, medium high relevance and highly relevant). The average was then calculated by dividing the total number of replies given for each indicator by
the total number of answers given for each indication. Indications with a
value near 1 are extremely relevant, while indicators with a value near 0
are less relevant (Fig. S2).
Open-source data for the selected indicators was retrieved (Table 2,
e.g. statistics from StatSA (2011, 2016); National Treasury (2019),
World Bank (2019, 2020)) in order to ensure that the ﬁnal results can
be validated and reproduced in a different context - as recommended
by Naumann et al. (2014). Following the methodological suggestions
by Hagenlocher et al. (2018), Meza et al. (2020), Naumann et al.
(2014), and OECD (2008), statistical operations were performed to prepare an indicator dataset to perform the vulnerability assessment (S1 &
Fig. S1): i.e., i) imputation of missing data, ii) normality test, iii) outlier
detection and treatment, iv) multicollinearity assessment,
v) normalization and vi) expert weighted aggregation.
The selected vulnerability indicators were normalized to make them
comparable. A linear min-max normalization was applied to create a
range between 0 (lowest vulnerability) to 1 (highest vulnerability)
(Beccari, 2016; Carrão et al., 2016).
The ﬁnal step to build the composite vulnerability index (CVI) for
each agricultural system (irrigated and rainfed) was the weighted arithmetic aggregation for each vulnerability component (SOC-ENV_SUS and
lack of COP) based on the normalized indicators (Zi) and the weights obtained from the expert survey (Wi).
n

CVIIrrigated ¼ ∑i¼1 ðZi ∗ WiÞ

n

CVIrainfed∑i¼1 ðZi ∗ WiÞ

3. Results
3.1. Drought hazard and exposure of agricultural systems
Our results demonstrate a large variability in drought hazard and exposure among provinces and local municipalities. The most extreme
drought hazard/exposure for rainfed conditions is observed in the
North Cape, North West and Limpopo provinces during the study period
(Fig. 3). On the other hand, the lowest hazard and exposure in the period 1981-2018 is computed for Kwazulu Natal province (Fig. 3).
Western and central parts of Eastern Cape and Mpumalanga provinces
also have a low level of rainfed drought hazard/exposure (Fig. 3). The
time series analysis of drought hazard and exposure showed that
1992 and 2016 were the driest years during the study period under
rainfed conditions (Figs. 4 and S4). The year 2000 and 2006 are classiﬁed as wettest years across South Africa (supplementary material
(Figs. 4 and S4). The frequency of dry years for rainfed systems remarkably increased after year 2010.
In general, the irrigated systems are less often affected by drought
than rainfed systems, with larger areas exposed to drought in Limpopo
and Eastern Cape provinces of South Africa (Fig. 3). These areas have
semi-arid to arid climates and are characterised with less annual precipitation than the rainfed growing areas of the country. For irrigated croplands, larger areas were affected by drought hazard/exposure since
2012, even in areas that have low share of irrigated croplands, such as
north western municipalities in the Northern Cape (Figs. 3 and 5). Despite smaller areas of hazard/exposed irrigated land compared to
rainfed areas, the impacts can be signiﬁcant due to the number of affected people. Roughly about 230,000 irrigation farmers were affected,
mostly smallholders often with very small plots for self-consumption
(FAO, 2016). The highest hazard/exposure was found in years 20152016 and the lowest in year 2001 (Figs. 5 and S5).
The accuracy of simulated hazard/exposure for rainfed agricultural systems was tested by comparing modeling outputs with remotely sensed
exposure data in the period 2001-2018 (Fig. 6). There was a strong correlation (0.5 to 0.9) between remotely sensed and simulated drought exposure for rainfed conditions for most of the municipalities across South
Africa. The lowest correlation (0 to 0.2) was obtained in a limited number
of municipalities mainly in KwaZulu-Natal and Eastern Cape provinces,
which are largely covered by natural grasslands. The annual drought signal
obtained by remote sensing may therefore deviate considerably from the
conditions in the cropping period considered in the model.
Moreover, we assessed the relationships between annual drought
exposure simulated for rainfed systems and yield/production reported
at the country scale (FAO, 2021). The correlation coefﬁcient among simulated drought exposure and reported yield and production anomalies
were −0.32 and −0.41, respectively (Fig. S6) which means that drought
resulted in lower yields and production. The model reproduced the
drought for the years (1992–2015–2016) which showed the largest
yield/production reduction. As a second analysis, we performed the assessment for maize production anomaly in South Africa in the period
1986 to 2018 and its relationship with the annual rainfed hazard/
drought simulated for rainfed systems across ﬁve most important
maize production provinces in South Africa (Fig. S7). The results
showed a remarkable overlap between negative production anomalies
and simulated drought hazard for all provinces, e.g. in years 1992-93,
2007, 2013 and 2016. In contrast, positive production anomalies were
recorded in all provinces in years with low drought hazard such as
1991, 2006 or 2014 (Fig. S7). It is important to note that the FAO and regional yield/production data did not distinguish between rainfed and irrigated systems. Therefore, we expected even higher correlations when
separate data would become available.

ð3Þ

2.5.1. Reliability analysis
In order to increase the transparency on the data quality used to
perform the vulnerability assessment, a metric to calculate the reliability of the data for each local municipality was developed. Following
suggestions of the European Commission, JRC (2017) in their Index for
Risk Management (INFORM) and Hagenlocher et al. (2018), the reliability metric included two dimensions i) average year of the data sources
(recency) and ii) percentage of missing data across all indicators. Each
dimension score was then normalized to a scale from 0 to 1, aggregated
and averaged in order to have the ﬁnal reliability scores. Where the tendency to 1 indicates that the vulnerability score for that particular local
municipality is based on more reliable data, while the tendency to 0 indicates less reliable data (Supplementary material Fig. S3).
The reliability metric was computed separately for each of the
two agricultural systems considered in this article (irrigated and
rainfed).
2.6. Risk assessment
Drought risk, in any particular area, is composed of hazard, exposure, and vulnerability (IPCC, 2014). For this paper, hazard/exposure
and vulnerability were combined through a matrix approach
(Fig. S8). Two different drought risk assessments were performed one for irrigated agricultural systems and one for rainfed systems at the municipality level. Following methodological suggestions of
the International Standard on Risk Norm ISO/IEC 31010 (IEC
(International Electrotechnical Commission), 2019), Frigerio and
De Amicis (2016) and Tung et al. (2019) the CVI and hazard/exposure for each agricultural system was classiﬁed into seven classes
7
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Fig. 3. Long-term drought hazard and combined hazard/exposure for rainfed (top row) and irrigated (bottom row) cropping systems across South Africa at grid and local municipality
levels in the period 1981–2018.

relevant are the lack of area equipped for irrigation, which affects the
coping capacity of the system, followed by a low fertilizer application
rate.
According to the experts (Table 2 and Fig. S2), the most relevant vulnerability indicator for irrigated systems is unemployment rate (%). This
is also recognized as a relevant indicator by the scientiﬁc community in

3.2. Vulnerability and risk of rainfed and irrigated systems
The vulnerability assessment shows heterogeneity across the country (Fig. 7) for both systems. Our assessment highlights that crops
under rainfed systems are more vulnerable to drought than irrigated
systems. Several indicators contribute to the difference, but the most

Fig. 4. Annual drought hazard/exposure for rainfed cropping systems across local municipalities of South Africa in the period 1981–2018.
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Fig. 5. Drought hazard/exposure for the irrigated cropping system across local municipalities of South Africa for the period 1981–2018.

on their farm income (~97%); this could result from a drought period
that requires compromising their entire livelihoods. Having an alternative income may increase their coping capacities as they do not depend
solely on the agricultural income derived from crop sales.
The experts assigned to the two indicators “population with assistive
devices and medication (disability)” and “total dam storage capacity”
high weights for irrigated systems but much lower weights for rainfed
systems. In contrast, the indicators “households with alternative farm
income” and “debtors” received high weights for rainfed systems and
much lower importance for irrigated systems.
The vulnerability maps display high values particularly on irrigated
systems for the Western Cape municipalities and for rainfed agricultural
systems in KwaZulu-Natal. Our ﬁndings underline that determining factors of vulnerability vary depending on the sector which is susceptible
to the negative impacts of drought. For instance, the main indicators
which shape the vulnerability for irrigated systems and are potential
entry points for the drought risk reduction is the lack of environmental
awareness, poor water quality, and low total dam storage capacity. In
the South African context this is due to the limited access to extension
services (e.g. geographically remote farmers tend to have little network
coverage), and very limited ﬁnancial resources to invest in technologies
or utilities. Resulting in a lack of accessible, relevant, and practical information to share, as well as few or no opportunities to expand the irrigation farmers' capacities (FAO, 2020b).
For rainfed agricultural systems, the key indicators shaping the
socio-environmental susceptibility and the coping capacities of the
local municipalities are the small fertilizer application rate, the lack of
area equipped for irrigation, and land degradation. This last indicator
is relevant for both systems; land degradation is linked to different factors in the context of agricultural systems in South Africa, one of them is
the lack of environmental awareness that led to unsustainable farming
practices (Rother et al., 2008; Schulze, 2016).
The drought risk assessment highlights its context-speciﬁcity and
how different communities of a country experience different levels of

the South African context as the country suffers from deep structural
unemployment having a direct impact on poverty levels (Chibba and
Luiz, 2011). Agriculture proved to be the best way to reduce rural poverty according to the rural development literature, besides, in most developing countries, agriculture and agriculture-related activities
provide most of the rural employment (Machethe, 2004). Irrigation
schemes have had great impact in South Africa, not only in food production but also alleviating poverty. One notable example is the one caused
by the Great Depression by resettling of returning soldiers that reduced
the unemployment rate in the country (FAO, 2016). Irrigated agriculture employs between 10% and 15% of the total agricultural workforce
(DWA, 2002).
The most relevant indicator for rainfed systems according to the experts (Table 2) is the percentage of households with an alternative to
farm income. Low harvests threaten the households that only depend

Fig. 6. Correlation coefﬁcient between drought exposure of rainfed systems obtained by
modeling and remote sensing.
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Fig. 7. Drought vulnerability and risk in South Africa at local municipality level for rainfed (top row) and irrigated agriculture (bottom row). Tendency to dark blue shows lower levels of
vulnerability and risk, the tendency to red shows higher vulnerability or risk values.

The Northern-Cape province has the lowest population dependent
on crops. However, it is one of the provinces with more local municipalities on high rainfed risk, as this province has arid climate which exposes
rainfed crops to high drought hazard. In contrast, the Limpopo province
has a higher amount of population dependent on crops, but more local
municipalities are at high risk for irrigated systems.

risk. Drought risk varies substantially for rainfed and irrigated systems
(Fig. 7). There is a high-risk pattern towards the North provinces for
rainfed agricultural systems. Meanwhile, high-risk hotspots for irrigated
agricultural systems can be found in some local municipalities of
Limpopo (e.g. Modimolle, Polokwane local municipalities), North
West (e.g. Merafong, Rustenburg) and Gauteng (e.g. Merafong city,
Rand West city) provinces.
When analyzing the risk for rainfed systems, among the local municipalities in the Northern Cape, Emthanjeni has the lowest risk score than
other provinces despite its high hazard and exposure levels; it is explained by a lower social susceptibility (e.g. overall quality of water services, less population have experienced crime and theft of livestock),
and higher coping capacities (e.g. access to credits). In contrast, the
local municipality of Khai-Ma in the same province has lower vulnerability than other local municipalities, but its high hazard and exposure
scores result in a high risk.
In order to identify priority areas for disaster risk management, the
risk assessment of each agricultural system was plotted against the
crop dependent population in each local municipality (Fig. 8). The comparison shows that the local municipalities with higher irrigated and
rainfed systems are not among the highest in terms of crop dependent
population. The city of Johannesburg presents a higher crop dependency, but also has high risk for both systems. Its drought hazard and
exposure are high, and the vulnerability analysis reveals that their lack
of environmental awareness, fertilization rate and land degradation
are key factors contributing to their overall very high risk; highlighting
the relevance to take actions in this municipality. Johannesburg, the
largest city in South Africa, is facing enormous challenges which reﬂect
on the drought vulnerability level. Challenges like urbanisation's impact
on the soil and water quality and availability, and facing nonsustainable growth paths (SACN, 2016) have signiﬁcant impacts on
the magnitude of Johannesburg's vulnerability towards drought.
In contrast, the city of Tshwane has a high number of crop dependent population, but it presents a medium rainfed risk and very low irrigated risk. Its medium risk is explained by its medium-low
vulnerability as a result of better performance in nutrition level, good
water quality and road density, among others.

4. Discussion
The dependency of agriculture on water resources (approx. 60% of
the total water demand (Schreiner et al., 2018) is making water availability one of the key factors for the agricultural system, furthermore,
the predominance of rain-fed agriculture in South Africa makes the
country extremely susceptible to drought. Despite this, drought risk
management remains ambiguous and mainly reactive (Hornby et al.,
2016; Baudoin et al., 2017; Vogel and Olivier, 2019). Drought is a recurrent phenomenon in South Africa's climate and is one of the most relevant hazards (Gibberd et al., 1996; Jordaan et al., 2017a). In fact, all local
municipalities were affected by drought during the last 30 years (Figs. 4
and 5). The dependency of South Africa's economy on agricultural products emphasises the importance of drought risk assessments and the
identiﬁcation of potential entry points for reducing its vulnerability.
An integrated hazard, exposure and vulnerability assessment of the agricultural sector (irrigated, rainfed) speciﬁcally was lacking so far for
South Africa at national level, and it is presented here for the ﬁrst
time. Furthermore, the methodology can be transferable in other regions, the hazard and exposure assessment can be reproduced in any
country, however the vulnerability assessment is context speciﬁc and
some indicators that might be relevant for South Africa will not be for
another country, therefore, we suggest to identify key indicators following the methodology applied on this paper.
4.1. Limitations
Our innovative methodology to simulate hazard indicators captured
the spatiotemporal pattern of the drought for a long-term period (back
to 1980s); the time that remote sensing was not available (generally
10
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Fig. 8. Local municipalities contrasted with drought risk for rainfed (x axis) and irrigated (y axis) systems. The size of the bubbles represent the amount of crop dependent population by
local municipality (Data from Statsa, 2016).

Cape's vulnerability pattern follows an east-west descending gradient
reported by Walz et al. (2018). Jordaan et al. (2013) showed that the
coping capacities such as the land ratio and management, access to
credit and markets are key in determining the level of risk in the Northern Cape. Similar to the results of this study, Schreiner et al. (2018) suggests that expanding the storage capacity of existing dams and water
conservation practices would reduce drought risk, especially for irrigated agricultural systems. Furthermore, the low drought risk values
identiﬁed for the Northern Cape for irrigated systems also agree with
previous drought risk assessments performed by Jordaan (2011) and
Jordaan et al. (2013).
It is necessary to analyse and interpret the drought risk through systems perspective (Vogel and Olivier, 2019), as extreme droughts and its
impacts are not a result of a linear equation, rather they reﬂect the dynamic and complex realities of the socio-ecological system. To address
the complex realities in this assessment, we considered the nature of
farming in South Africa in terms of climate and social factors (e.g. dependency ratio, unemployment rate). An enhancement for future assessments could be the integration of temporal dynamic exposure and
vulnerability with the hazard data. As Schreiner et al. (2018) stated,
the South African government knows that drought is a recurrent hazard,
and particularly with climate change, it is critical to implement the necessary structures to support the diverse makeup of the agricultural sector. Further, it is necessary to plan actions according to speciﬁc needs of
the system, irrigated or rainfed. We also need to understand better how
severe, prolonged and repetitive drought events might shift policies,
local and rural economies, and actions (Schreiner et al., 2018).
Despite the wealth of climate change and drought policies and responses in South Africa, recent droughts are a stark reminder of the realities of climate variability and the difﬁculty of effectively responding.
Notwithstanding the examples and legislation mentioned, recent responses to drought reveal a lack of awareness and a need for a broadly informed assessment of drought in a rapidly changing socio-environmental
context (Vogel and Olivier, 2019). So far, while the changes on policy over
time have had the goal to improve drought risk management, the focus is
still largely on relief and emergency support instead of implementing proactive policies (Vogel and Van Zyl, 2016; Bruwer, 1989; Vogel et al., 2010;

available from early 2000s). Our results show that exposure to drought
in croplands varies for rainfed and irrigated systems, spatially and temporally. A time series of exposure for irrigated and rainfed agriculture
shows different patterns; this proves the necessity for separate analysis
for these two cropping systems. The hazard indicators for rainfed and irrigated systems were computed in different ways; for rainfed systems,
we assume a strong impact of meteorological drought on the system
while for irrigated systems, we assume a strong impact of hydrological
drought on the system. Therefore, hazard indicators and, subsequently,
risk indicators for irrigated and rainfed systems should not be directly
compared.
To better manage and mitigate drought risk, it is necessary to improve the response to drought impacts, the preventive actions and actively address the root causes of vulnerability as well as build
capacities as in the local communities and the government. The vulnerability assessment helps to identify potential entry points to reduce the
level of drought risk for both irrigated and rainfed systems; which include better water quality, reduction of land degradation, and increasing the dam storage capacity. Speciﬁcally for rainfed systems with
high risk could become irrigated if they are located in regions where irrigated risk is low as areas equipped for irrigation can help in supporting
the livelihood of rural communities and food production. However, it is
relevant to consider the water availability, the access to the water
source, the soil and topography conditions, among others before
installing any irrigation system.
The contribution of relevant experts on selecting and weighting vulnerability indicators is an added value of this assessment. However, the
expert survey consultation could be enhanced by expert interviews,
where more details and the rationality behind the ranking of the different indicators could be further explained. Another point of improvement is the number of experts who responded to the survey. With
more time and resources, more experts could participate.
As this study is the ﬁrst to separately assess the drought risk for
rainfed and irrigated agricultural systems, there is no comparison of
our ﬁndings with other national assessments. However, the drought
risk analysis results and its components agree with other studies conducted at the local level for agricultural systems. For instance, Eastern
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South African Weather Service, 2017 in Baudoin et al., 2017). Interdisciplinary drought risk assessments like the one presented here can be
used in decision-making processes. These assessments help to identify
potential pathways and actions towards proactive drought risk reduction
policies such as the increasing access to ﬁnance, increasing extension services and programs in order to improve the environmental awareness, reducing land degradation and increasing farmers' capacities towards a
sustainable agroecosystems.
Limitations in data availability impact the accuracy of our research
like many others. For instance, the hazard and exposure analysis is
based on the land cover data from one timestep (static input data),
which can impact the results (i.e., as cropping patterns are dynamic
and often can change over time).
Furthermore, future analysis can be improved by accounting for risk
differences of individual crop types, and exposed farmers.
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