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ABSTRACT
Extreme climatic events, such as droughts, hinder progress toward achieving the sustainable development goal of food security. 
South Africa is vulnerable to drought-related agricultural losses, which have led to food insecurity. However, few studies have 
focused on the long-term impacts of drought on crop production at a regional scale. Therefore, we aimed to examine the inten-
sity, magnitude, and trend of rainfall-based short-term agricultural drought at the provincial scale in South Africa based on the 
Standardized Precipitation Index (SPI). Additionally, we analyzed the impact of agricultural drought on maize yield by calculat-
ing the Standardized Yield Residual Series (SYRS) and Crop Drought-Resilience Factor (CDRF). To this end, we collected rainfall 
data from 29 stations across nine provinces along with maize yield data for the period of 1993–2022. Agricultural drought analy-
ses based on the three-month (SPI-3) and six-month (SPI-6) SPIs demonstrated dynamic variations in occurrence, with Sen's slope 
indicating that 10 stations exhibited a significant increase in drought events across South Africa. Notably, SPI-6 analysis showed 
that Gauteng, Free State, and North West provinces experienced the highest percentages of severe to extreme drought events dur-
ing the study period, at 4.17%, 3.89%, and 3.61%, respectively. Furthermore, the majority of provinces in South Africa experienced 
an extreme SPI-6 magnitude ranging from −46.03 in Western Cape Province to −61.6 in Free State Province. The dynamic effects 
of agricultural drought on maize yield revealed that the maximum yield loss of 13% occurred in 1993 in Eastern Cape Province, 
while some provinces experienced no yield loss during certain years. However, CDRF analyses identified Western Cape (CDRF 
[SPI-3] = 0.52, CDRF [SPI-6] = 0.62) and Mpumalanga (CDRF [SPI-6] = 0.7) provinces as the most vulnerable to food insecurity 
due to the severe non-resilience of maize to drought in these regions. This study reveals the complex interplay between climatic 
extremes and maize yield variability, providing valuable insights for managing regional food production systems and ensuring 
future food security in South Africa.
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1   |   Introduction

Climate change poses considerable challenges for agricultural 
production systems, potentially triggering food insecurity 
globally (Hasegawa et al. 2018; Ocwa et al. 2023). For exam-
ple, climate change and weather extremes threaten agricul-
tural productivity by increasing plant stress and lowering crop 
yield (Hasegawa et al. 2018; Rezaei et al. 2023). Meanwhile, 
the agricultural sector contributes to climate change through 
fertilization, enteric fermentation, and agronomic procedures 
that release greenhouse gases from the soil (Lynch et al. 2021; 
Zuma et  al.  2023). The interplay between the main climatic 
factors, such as temperature and rainfall, largely influences 
crop growth and food production (Simanjuntak et  al.  2023). 
For example, elevated temperatures and insufficient rainfall 
increase the water demand, potentially leading to crop failure 
(Nyambariga et al. 2023). In this context, the Sixth Assessment 
Report of the United Nations Intergovernmental Panel on 
Climate Change projected that approximately 10% of cropland 
would be affected by climatic extremes under high emission 
scenarios by mid-century (Lee et  al.  2023). Anthropogenic 
warming and drought events lowered crop yields and aggra-
vated crop pests and diseases as well as weeds, increasing the 
risk of global food insecurity (Ju-Qi et al. 2022). Previous stud-
ies have reported that future climatic projections under the 
sixth phase of the Coupled Model Intercomparison Project sce-
narios involve an increased frequency of agricultural drought, 
which will likely impact crop production worldwide (Arshad 
et al. 2023; Mohammed et al. 2024; Nyambariga et al. 2023). 
A protracted deficiency in precipitation, coupled with high 
surface temperatures, is likely to exert a catastrophic influ-
ence on agricultural productivity in both rainfed and irrigated 
regions (Ray, Fares, and Risch 2018). Consequently, such cli-
mate alterations are likely to have a negative impact on food 
security, especially considering the growing human popula-
tion (Hall et al. 2017).

Climatic extremes such as droughts, floods, and heatwaves 
are likely to affect global, regional, and local food production 
systems (Lesk, Rowhani, and Ramankutty  2016). Extremely 
low and high rainfall tends to increase the occurrence of 
droughts and floods over both small and large regions (Shao 
and Kam 2020). However, low precipitation plays a crucial role 
in increasing the frequency and intensity of drought events 
(Nxumalo et al. 2022). Drought is characterized by insufficient 
water at the interface between the land and atmosphere, which 
has a substantial impact on human activities and ecosystems 
(Epule et  al.  2023; Mishra and Singh  2010). Meteorological 
drought is initiated by a reduction in rainfall, which decreases 
soil moisture, and it may lead to hydrological drought, which 
is characterized by reduced streamflow. Meanwhile, agricul-
tural drought is characterized by precipitation shortages and 
soil moisture deficits that affect crop yield (Zhu et  al.  2019). 
Moreover, the consequences of drought involve other setbacks, 
such as agricultural impairment, water constraints, and land 
subsidence (Berg and Sheffield  2018; Liu, Cao, and Li  2024). 
Particularly in the developing regions of the world, drought 
can prompt severe outcomes, including famine, migration, 
and potential conflict (Miyan 2015). Therefore, droughts have 
a profound impact on human livelihoods in terms of agricul-
tural and economic losses (Fernández et al. 2023; Venkatappa 

et al. 2021). Agricultural droughts have substantial economic 
impacts in terms of reduced industrial output and GDP loss 
(Song et al. 2024). For instance, historical agricultural drought 
impacts assessments in North and sub-Saharan Africa showed 
economic losses from 1997 to 1999 and from 2004 to 2007 
(Bhaga et al. 2020; Tanarhte et al. 2024). Agricultural droughts 
cause severe damage to crop production systems, decreas-
ing yields and potentially leading to famine (Brüntrup and 
Tsegai 2017; Venkatappa et al. 2021). During the past decade, 
several prolonged and intense droughts have been experienced 
in Europe, Africa, Asia, and Australia, and such droughts 
are projected to occur more frequently in the future owing to 
population growth and climatic changes (Freire-González, 
Decker, and Hall 2017). The drought history of Africa provides 
strong evidence of severe to extreme drought events in the past 
50 years, with varied agroeconomic impacts (Masih et al. 2014). 
Furthermore, climate models have projected a 20% decrease in 
precipitation by the 2080s in South Africa, which would lead to 
reduced water availability and decreased crop yields (Conway 
et al. 2015; Serdeczny et al. 2017).

South Africa is a semi-arid country that is susceptible to fre-
quent droughts because of its high average summer temperatures 
and low winter precipitation (Meza et  al.  2021; Simanjuntak 
et al. 2023; Wolski et al. 2021). Several extreme drought events 
categorized by their duration, severity, and extent have been re-
ported in past decades, with profound impacts on crop produc-
tion (Adisa, Masinde, and Botai 2021; Nxumalo et al. 2022). By 
the year 2020, more than 40% of productive lands in South Africa 
were cultivated for maize, which is considered an important 
staple food and poultry feed (Gouse et  al.  2016; Nkhuoa  2017). 
However, maize production has been substantially affected by cli-
mate change in the form of rainfall deficits and frequent droughts 
over the years. For example, in the 1990s, droughts caused con-
siderable agricultural losses, such as approximately 70% crop 
failure and livestock loss, which led to malnutrition (Rouault and 
Richard  2003). Declining rainfall and rising temperatures are 
expected to cause frequent droughts, increasing stress in plants, 
especially during germination (Kim, Lee, and Kim 2024).

Maize production in South Africa ranges from large-scale com-
mercial production systems to smallholder farms that sustain 
local livelihoods (Fischer and Hajdu  2015). The North West, 
Free State, KwaZulu-Natal, and Mpumalanga provinces ac-
counted for 16%, 43%, 4.5%, and 24% of the country's maize 
production in 2021 (Simanjuntak et  al.  2023). However, the 
vulnerability of maize crops to agricultural drought has caused 
a notable decline in crop yield, similar to that reported in other 
regions of the world (Mohammed et al. 2022; Széles et al. 2024). 
For instance, Bradshaw et  al.  (2022) reported a high risk of 
maize yield decline associated with extreme drought events in 
South Africa. Meanwhile, Adisa et al. (2018) found that several 
agroclimatic variables, such as minimum and maximum tem-
perature, precipitation, and potential evapotranspiration, ex-
plained the variability in maize yield in South Africa. Recently, 
Makuya et  al.  (2024) investigated the impact of agricultural 
drought on maize yield in Free State Province, South Africa 
and reported an 88% yield loss associated with severe droughts. 
However, there is a need for detailed agricultural drought as-
sessments at the regional level to support efforts toward achiev-
ing the United Nations Sustainable Development Goal of zero 

 20483694, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.70006 by Safw

an A
. M

oham
m

ed - E
uropean U

niversity O
f C

yprus , W
iley O

nline L
ibrary on [09/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3 of 20

hunger. Moreover, previous research on agricultural drought 
assessment in South Africa has mainly focused on the local 
level, ignoring the wider impact.

Considering the importance of agricultural production in South 
Africa and its vulnerability to climatic extremes, we aimed to 
assess agricultural drought and its impact on maize yield at the 
provincial level based on the Standardized Precipitation Index 
(SPI) and Standardized Yield Residual Series (SYRS), respec-
tively. The main objectives of this study were to: (1) evaluate 
rainfall-based short-term agricultural drought in terms of fre-
quency, magnitude, and trends across 29 stations in nine prov-
inces over three decades (1993–2022); (2) examine the impact 
of agricultural drought on maize crop yield loss through SYRS 
followed by calculating the Crop Drought-Resilience Factor 
(CDRF) (3) analyze the statistical relationships between the 
SYRS and SPI through Pearson Correlation.

2   |   Materials and Methods

2.1   |   Study Area

We selected South Africa (22°–35° S; 17°–33° E), located at 
the tip of southern Africa, as the study area (Knight and 
Rogerson 2019). The elevation of South Africa ranges from −252 

to 3375 m (Figure  1). It consists of nine provinces: Northern 
Cape, North West, Western Cape, Eastern Cape, Gauteng, 
Limpopo, Mpumalanga, Free State, and KwaZulu-Natal 
(Nxumalo et  al.  2022) (Figure  1). The country completely en-
closes Lesotho and partially envelops Swaziland.

South Africa is a semi-arid region with annual rainfall of ap-
proximately 500 mm (Dennis and Dennis 2012). Most parts of 
the country receive rainfall in summer, while other parts such 
as the Cape Peninsula receive rainfall in winter owing to their 
Mediterranean climate (Mahlalela, Blamey, and Reason 2019). 
South Africa experiences winter in the middle of the year, while 
summer occurs in December and January. The mean annual 
temperature is approximately 17.5°C, and monthly temperatures 
range from 11°C during the winter months to 22°C during the 
summer months. The highest levels of precipitation typically 
occur in November and March, whereas the lowest occur in 
June and August (Reason 2017).

2.2   |   Data Collection

The main datasets used in this study included rainfall and 
maize crop yield. Monthly rainfall data for 29 stations (Figure 1, 
Table 1) were obtained from the South African Weather Service 
for the period from 1993 to 2022 (https://​www.​weath​ersa.​co.​

FIGURE 1    |    Map of South Africa showing provincial divisions and locations of studied meteorological stations.
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za/​). Maize crop statistics for a 30-year period (1993–2022) were 
accessed through the open-source Grain SA website (https://​
www.​grain​sa.​co.​za/​). The maize data comprised the total culti-
vated area, total production, and yield for all nine provinces in 
South Africa.

2.3   |   Standardized Precipitation Index

Historically, meteorologists have used a variety of indices to as-
sess the duration, intensity, and severity of droughts, ranging 

from simple indices, such as the percentage of normal pre-
cipitation and precipitation percentiles, to more complicated 
ones, such as the Palmer Drought Severity Index (Hayes and 
Lowrey 2007; Wells, Goddard, and Hayes 2004). However, there 
was a need for an index that is easy to calculate, easy to use, 
statistically reliable, and based on the understanding that pre-
cipitation deficits have varying impacts on land cover, land use, 
soil moisture, groundwater, and streamflow (Afshar et al. 2022; 
Arshad et  al.  2022; Faheem et  al.  2024; Wang, Rogers, and 
Munroe  2015). Thus, the SPI was introduced by McKee, 
Doesken, and Kleist  (1993). The SPI is user-friendly and easy 

TABLE 1    |    Summary of examined meteorological stations in South Africa (1993–2022).

Province Stations Abb X Y
Rainfalla 

(mm) Elevation (m)

Eastern Cape (EC) Aliwal North Plaatkop ANP 26.883 −30.802 46.56 1350

East London EL 27.833 −33.033 64.01 124

Port Elizabeth PE 25.616 −33.986 49.85 60

Free State (FS) Betlhelhem BTLHM 28.334 −28.249 58.25 1689

Bloemfontein BLM 26.298 −29.103 43.00 1354

Kroonstard KRSTD 27.313 −27.666 37.27 1440

Welkom WKM 26.666 −27.994 34.64 1344

Gauteng (GP) Johannesburg JHB WO 27.999 −26.156 58.63 1624

Vereeniging VRNG 27.958 −26.569 47.63 1481

KwaZulu Natal (KZN) Durban DBN 30.946 −29.965 84.12 14

Lady Smith LDS 29.75 −28.575 52.19 1069

Pietermaritzburg PMB 30.402 −29.627 59.57 673

Richards Bay RCB 32.017 −28.783 89.62 7

Limpopo (LP) Lephalela LP 27.705 −23.676 31.92 839

Polokwane POL 29.451 −23.857 54.29 1226

Mpumalanga (MP) Ermelo ERML 29.983 −26.497 58.96 1774

Nelspruit NEL 30.911 −25.503 61.00 883

Skukuza SKZ 31.588 −24.992 42.98 276

Witbank WBNK 29.192 −25.832 55.00 1555

Northern Cape (NC) Sutherland STH 20.662 −32.399 17.12 1458

Upington UP 21.264 −28.411 19.35 835

De Aar DAR −30.6651 23.9927 26.58 1247

Kimberley KMBLY −28.8061 24.7698 33.52 1198

Springbok SPB −29.6694 17.8788 17.24 1006

North West (NW) Klerksdorp KLKSDP 26.62 −26.898 42.00 1329

Mafikeng MFK 25.542 −25.803 39.57 1281

Vryburg VRBG 24.652 −26.954 37.00 1245

Western Cape (WC) Beaufort Wes BW 22.573 −32.347 21.20 899

Cape town CPT 18.602 −33.963 38.05 42
aAverage monthly rainfall.
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to comprehend, given that the only input parameter required is 
rainfall data, which is computed using the gamma distribution 
function G(x) as follows:

where xi is the rainfall for month i, x is the mean rainfall, and � 
is the standard deviation.

A positive SPI value denotes precipitation that exceeds the mean, 
indicating humid conditions, and a negative SPI value denotes 
precipitation that is below the mean, implying dry conditions 
(Tsakiris et al. 2007) (Table 2). We calculated the three-month 
SPI (SPI-3) and six-month SPI (SPI-6) to evaluate the intensity 
and magnitude of agricultural drought and its impact on maize 
yield across all provinces of South Africa. Drought intensity was 
classified based on the threshold presented in Table 2.

2.4   |   Drought Trend

The non-parametric Mann–Kendall trend test and Sen's slope 
were employed to capture the monotonic trend in the SPI-3 and 
SPI-6 time series (Kendall 1948; Sneyers 1991). These tests are 
unaffected by the actual distribution of the data and are less 
sensitive to outliers (Reshu et  al.  2014). Non-parametric trend 
tests are appropriate for distinguishing tendencies in hydro-
logical time series that may be distorted or affected by outliers 
(Hamed  2008). The test interpretation was based on the fol-
lowing two hypotheses: (i) the null hypothesis Ho, which sig-
nifies no SPI drought trend in the series and (ii) the alternate 
hypothesis Ha, which denotes a significant (p < 0.05) trend. 
Furthermore, Sen's slope determines the direction of the trend, 
where positive values show an increasing trend in the SPI (no 
drought) and negative values show a decreasing trend in the SPI, 
revealing an increase in drought occurrence over the time series. 
Moreover, inverse distance weighting (IDW) spatial interpola-
tion technique was employed in ArcGIS pro to spatially analyze 
the extent of SPI drought across South Africa.

2.5   |   Drought Frequency and Magnitude

The frequency of drought events was calculated by dividing the 
number of drought events nd with the total number of months N 
during the time period (1993–2022) as follows:

The SPI drought magnitude (DM) was calculated according to 
the method of Dashtpagerdi et al. (2015) as follows:

where j represents the first month of the drought period, which 
continues until the end of drought x for timescale i. The DM is 
computed in monthly units, where SPI values are less than −1. 
Hence, the sum of negative SPI values below a certain threshold 
defines the SPI DM, which is currently categorized into three 
classes: moderate, high, and extreme.

2.6   |   Impact of Drought on Maize Yield

2.6.1   |   Maize Production

Maize is an important summer season rainfed crop in South 
Africa (Blignaut, Ueckermann, and Aronson 2009). Maize cov-
ers approximately 50% of the cultivated area in South Africa, and 
it is the dominant crop in the northern and northeastern prov-
inces (Omolola et al. 2019). It is recognized as the country's major 
source of food and contributes more than 9 billion per annum 
to the country's economy. Climatic variability, such as seasonal 
rainfall and temperature fluctuations, plays a crucial role in de-
termining maize yield. Water is the main limiting factor of maize 
yield in the study region due to its high dependence on rainfall 
(Adisa et  al.  2018; Botai et  al.  2016). For instance, Blignaut, 
Ueckermann, and Aronson (2009) reported that a 1% decrease in 
rainfall is likely to reduce maize yield by 1% in this area. South 
Africa is known to be a water-scarce country, and with recurring 
drought events, maize production may be affected, as this crop is 
highly reliant on rainfall (Lyon 2009). Hence, the vulnerability of 
maize to drought conditions is a major challenge in this country 
(Ferreira et al. 2023). Sustainable land use practices are required 
to cope with the challenges of growing rainfed maize in arid re-
gions of South Africa (Haarhoff, Kotzé, and Swanepoel  2020). 
The evolution of maize yield since 1993 in all provinces of the 
country has revealed an increase in yield, illustrating the in-
creasing demand for maize (Figure 2).

2.6.2   |   Standardized Yield Residual Series

To offset the effects of non-climatic variables, such as irriga-
tion, fertilization, improved seed varieties, and technological 
factors (Tessema, Joerin, and Patt 2018), maize yield time se-
ries was fitted using polynomial regression to compute the 
yield residuals series. This method provides a clear under-
standing of the impacts of climatic phenomena on crop yield 
(Nxumalo et al. 2022; Wu et al. 2022). The SYRS was calcu-
lated as follows:

(1)G(x) =
1

𝛽𝛤 (𝛼)
x∝−1e−x∕𝛽 , x >

(2)SPI =
xi − x

�

(3)DF =
nd
N

× 100

(4)DM = −

(

x
∑

j=1

SPIi,j

)

(5)SYRSmaize =
Xi−Xi
�

TABLE 2    |    Threshold defining drought intensity based on the 
Standardized Precipitation Index.

Drought classification SPI threshold

Near normal −1.0 ≤ SPI ≤ 1.0

Moderate drought −1.49 < SPI < −1.0

Severe drought −2.0 < SPI < −1.5

Extreme drought SPI ≤ −2.0
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where Xi is the detrended maize yield residual for a particular 
period, Xi is the mean, and � is the standard deviation. The re-
sulting SYRS values were categorized (Table  3) to classify the 
intensity of yield loss due to climate-associated SPI droughts.

After calculating the SYRS for maize, Pearson correlation (r) 
analysis was performed to evaluate the strength of the sta-
tistical relationships between SPI-3 and SPI-6 and SYRS as 
follows:

where xi presents the individual maize yield residual at a certain 
time and x presents its mean, yi presents the drought (SPI-3 and 
SPI-6) and y presents the mean SPI drought.

2.6.3   |   Crop Drought-Resilience Factor

The CDRF represents the potential a crop possesses to endure 
external pressure without its structure and functions being 

altered (Mohammed et al. 2022; Sharma and Goyal 2018). We 
calculated the CDRF to evaluate the extent of the impact of 
drought on maize crops on a regional scale using the following 
equation:

where Ddr is the maize yield in the growing season of the dri-
est year and Ddt is the detrended yield for the same year. The 
threshold of the CDRF (Mohammed et al. 2022) is presented in 
Table 4.

(6)r =

∑n
i=1

�

xi − x
��

yi − y
�

�

∑n
i=1

�

xi−x
�2 �

yi−y
�2

(7)CDRF =
Ddr

Ddt

FIGURE 2    |    Maize yield evolution in the study area from 1993 to 2023. The black columns represent the yield in the corresponding year, the red 
line shows the polynomial regression, and the red shaded area indicates the 95% confidence band.

TABLE 3    |    Standardized Yield Residual Series threshold for 
classifying maize yield-loss intensity.

Yield loss category SYRS value

Low yield loss −1.0 < SYRS ≤ −0.5

Moderate yield loss −1.5 < SYRS ≤ −1

High yield loss SYRS ≤ −1.5
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3   |   Results

3.1   |   Frequency and Magnitude of Agricultural 
Droughts

Agricultural drought (SPI-3 and SPI-6) analysis based on data 
from 29 stations showed dynamic variations in drought occur-
rence, magnitude, and trends across the nine provinces of South 
Africa. The cyclical drought pattern during 1993–2022 revealed 
several drought years at different stations in the region (Figure 3). 
The most prominent and common drought years in the maize 
growing season (November to March), which were identified 
in all provinces of the region, were 2002, 2003, 2015, 2018, and 
2019. Furthermore, the highest number of drought events was 
recorded from 2012 to 2022 in all provinces of the region. The 
most intense short-term agricultural drought events were re-
ported in Gauteng, Northern Cape, Eastern Cape, and Western 
Cape provinces in 2002 and 2019, with SPI-3 values of −6.93, 
−6.62, and −5.71, respectively. The most intense droughts in 
2015 were recorded in KwaZulu-Natal (SPI-3 = −4.48), Free State 
(SPI-3 = −4.43), and Northern Cape (SPI-3 = −4.09) provinces.

The percentage distribution of SPI-3 drought intensity re-
vealed severe to extreme drought events in Limpopo (3.3%), 
with an extreme magnitude of −48, Free State (3%), with an 
extreme magnitude of −57.8, and Gauteng (2.7%), with an 
extreme magnitude of −6.5. High percentages of moderate 
drought events were recorded in Free State (9.1%), followed 
by Gauteng (8.6%), Northern Cape (7.7%), and Mpumalanga 
(7.2%). Western Cape had the highest percentage of mild 
drought events at 48%, followed by Eastern Cape at 46%, 
Mpumalanga at 44%, and Free State at 36%. Furthermore, 
Western Cape, North West, Mpumalanga, KwaZulu-Natal, 
and Eastern Cape experienced moderate to high magnitudes 
of SPI-3, which ranged from −26.3 in Western Cape to −39.06 
in KwaZulu-Natal (Figures 4 and 5).

Similarly, SPI-6 analysis revealed that Gauteng, Free State, and 
North West provinces experienced the highest percentages of 
severe to extreme drought events at 4.17%, 3.89%, and 3.61%, 
respectively. Meanwhile, Eastern Cape, Mpumalanga, and 
Northern Cape experienced a few drought events over the three 
decades at 0.56%, 0.83%, and 2.2%, respectively. The highest per-
centages of moderate drought events were recorded in Free State 
and Limpopo provinces at 8% each, followed by KwaZulu-Natal 
and Northern Cape at 7.7% each, Western Cape at 6.9%, and 
Gauteng and North West at 5.8% each. The highest percentage 
of mild drought events was recorded in Eastern Cape (50.8%), 
followed by Mpumalanga (44%), Gauteng (39%), and Limpopo 
and North West (38% each) (Figure 4). Notably, the majority of 
provinces in South Africa experienced an extreme SPI-6 mag-
nitude, which ranged from −46.03 in Western Cape to −61.6 in 
Free State. Meanwhile, Eastern Cape experienced the lowest 
SPI-6 magnitude of −17.7 (Figure 5).

TABLE 4    |    Classification of the Crop Drought-Resilience Factor.

Crop yield resilience to drought CDRF value

Resilient CDRF > 1

Slightly non-resilient 0.9 < CDRF < 1

Moderately non-resilient 0.8 < CDRF < 0.9

Severely non-resilient CDRF < 0.8

FIGURE 3    |    Evolution of drought across South Africa from 1993 to 2022 based on agricultural drought SPI-3 and SPI-6, averaged across all studied 
stations in the country. The black line represents the values based on SPI-3 and SPI-6, the gray shaded area indicates the standard deviation, and the 
red line marks the threshold for drought occurrence.
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3.2   |   Trend Analysis of Short-Term Agricultural 
Droughts

The Mann–Kendall trend test and Sen's slope analysis of the 
SPI-3 and SPI-6 droughts for all 29 stations across the nine prov-
inces of South Africa revealed significant (p < 0.05) drought 
events during the study period. Sen's slope analysis showed that 
10 stations in the region exhibited a significant (p < 0.05) de-
clining trend in SPI-3, indicating an increase in the occurrence 
of drought events in the recent decade. These included SKZ 
station in Mpumalanga Province, PMB and DBN in KwaZulu-
Natal Province, and VRBG in North West Province, each with 
the highest Sen's slope of −0.03, followed by VRNG in Gauteng 
Province, RCB in KwaZulu-Natal Province, and CAL and STH 
in Northern Cape Province, each with a significant (p < 0.05) 
Sen's slope of −0.02.

Additionally, EL and PE stations in Eastern Cape Province re-
corded significant declining trends, each with a Sen's slope of 
−0.01, whereas MFK in North West Province and BTLHM and 
WKM in Free State Province showed non-significant declining 
trends, each with a Sen's slope of −0.01 (Figure 6) (Table A1). 
Only NEL station in Mpumalanga Province showed a signifi-
cant increasing trend in SPI-3, indicating a decline in drought 
occurrence in recent years. Notably, 10 of the 29 stations showed 
no significant decreasing or increasing trends in drought occur-
rence (Figure 6) (Table A1).

Similarly, Sen's slope analysis of SPI-6 agricultural drought 
showed significant (p < 0.05) declining trends at the same sta-
tions which experienced SPI-3 declining trend, with the highest 
Sen's slope of −0.05 at PMB station in KwaZulu-Natal Province, 
followed by a Sen's slope of −0.04 at VRBG station in North 
West Province. Overall, Sen's slope analysis revealed an in-
crease in drought occurrence in Mpumalanga, Gauteng, and 
North West in the northern region, KwaZulu-Natal in the east-
ern region, Northern Cape in the northwest of South Africa and 
Eastern Cape in the southern region of South Africa (Figure 6) 
(Table A1). However, a few stations in these regions also revealed 
significant (p < 0.05) rising trends in the SPI-6, with positive Sen's 
slope values at UP and KMBLY in Northern Cape, KLKSDP in 
North West, and NEL and ERML in Mpumalanga.

3.3   |   Analysis of Maize Yield Losses

We performed SYRS analysis to evaluate the impact of ag-
ricultural drought on maize yield at the provincial scale in 
South Africa. The nine provinces of South Africa exhibited 
substantial variation in maize yield loss during the period. 
Eastern Cape Province had high yield losses (SYRS ≤ −1.5) in 
1993 (13%) and 1994 (12.5%), followed by moderate yield losses 
(−1.5 < SYRS ≤ −1) from 1995 to 1997 (9%–10%), and a low yield 
losses (−1.0 < SYRS ≤ −0.5) in 1998 (7.5%), 2001 (2.7%), 2004 
(6.3%), 2010 (2.8%), and 2011(6.6%) (Table 5; Figures 7 and 8).

FIGURE 4    |    Intensity percentage of SPI-3 and SPI-6 drought events in each province: (a) Eastern Cape, (b) Free State, (c) Gauteng, (d) KwaZulu-
Natal, (e) Limpopo, (f) Mpumalanga, (g) Northern Cape, (h) North West, (i) Western Cape.
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Overall, there was a substantial loss in maize yield in 13 out 
of 30 years during the study period. In Free State Province, 
the highest maize yield losses were observed in 2015 

(SYRS = −2.04, YL = 17.7%) and 2016 (SYSR = −2.2, YL = 19%), 
followed by that in 1995 (SYRS = −1.81, YL = 15.7%) (Table 5; 
Figures 7 and 8).

FIGURE 5    |    Drought magnitude (DM) based on (a) SPI-3 and (b) SPI-6 drought events in all provinces across South Africa from 1993 to 2022. Blue 
represents moderate DM values, white represents high DM values, and red represents extreme DM values.

FIGURE 6    |    Spatial pattern of Sen's slope showing directional trends in SPI-3 and SPI-6.
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In Gauteng Province, the highest yield losses were recorded 
in 2007 (SYRS = −2.12, YL = 16.7%), 1995 (SYRS = −1.95, 
YL = 15.4%), and 2016 (SYRS = −1.93, YL = 15.2%). Additionally, 
low yield losses were observed in Gauteng in 1997–1999, 
2001, 2003, 2004, 2018, and 2020. Meanwhile, KwaZulu-Natal 
Province experienced a long period of yield loss from 1995 to 
2001, with high yield losses (SYRS ≤ −1.5) in 1998 (YL = 15.5%), 
1999 (YL = 20.6%), and 2001 (YL = 13.3%) (Figure 8).

Limpopo and Mpumalanga provinces experienced low to mod-
erate yield losses during 1995–2007. Northern Cape and Western 
Cape experienced the impacts of agricultural droughts (SPI-3 

and SPI-6) with high yield loss from 2010 to 2022. Meanwhile, 
Northwest Province experienced low to moderate yield losses 
from 1993 to 2003. Additionally, Northwest Province faced cli-
mate change impacts in the drought years of 2012–2016, with low 
yield losses in 2012, 2014, and 2015 (Table 5; Figures 7 and 8).

3.4   |   Statistical Relationship Between Drought 
and Maize Yield

Pearson correlation analysis revealed a dynamic relationship be-
tween the SYRS and SPI-3 values. In Free State Province, there 

TABLE 5    |    Maize Standardized Yield Residual Series at the provincial scale.

Year EC FS GP KZN LP MP NC NW WC

1993 −1.62 H 0.28 −0.22 L 0.61 −0.17 L 0.835 0.78 −0.70 L 0.68

1994 −1.55 H 1.25 1.11 0.37 0.28 0.831 0.48 −1.97 H 0.42

1995 −1.28 M −1.81 H −1.95 H −1.09 M −0.65 L −1.17 M 1.13 −0.54 L 1.87

1996 −1.23 M 0.54 1.38 −0.34 L 1.27 −0.01 L 0.20 −0.49 L 1.34

1997 −1.28 M 0.26 −0.31 L −0.68 L 0.37 −0.35 L 0.74 −1.07 M 1.16

1998 −0.94 L −0.49 L −0.72 L −1.89 H 0.26 −0.63 L 1.37 −1.27 M 0.61

1999 −1.00 M −0.47 L −0.48 L −2.51 H −0.77 L −0.05 L 1.04 −0.48 L 1.23

2000 −1.06 M 0.48 0.24 −1.46 M 0.51 0.09 2.17 −0.78 L 0.67

2001 −0.34 L −0.44 L −0.76 L −1.62 H −0.40 L −0.63 L 1.18 −0.51 L 0.52

2002 0.09 −0.27 L 0.25 0.50 −0.35 L −0.06 L 0.72 −0.91 L 0.56

2003 0.12 −0.41 L −0.60 L −0.39 L −0.25 L −0.65 L 0.32 −0.45 L 0.34

2004 −0.79 L −0.40 L −0.35 L 0.14 −0.28 L −0.18 L 0.63 0.03 0.23

2005 0.34 0.69 0.30 −0.13 L −0.60 L 0.703 0.84 0.04 1.02

2006 0.52 0.53 0.81 0.21 −0.23 L 0.352 0.40 −1.32 M 0.86

2007 0.16 −1.32 M −2.12 H −0.76 L −1.40 M −1.43 M 0.04 0.44 0.70

2008 0.25 0.69 0.81 0.92 −0.03 0.801 0.53 0.52 0.54

2009 0.69 1.30 1.32 1.55 0.94 1.120 0.62 0.52 0.38

2010 −0.35 L 0.67 1.24 0.60 0.29 0.649 −0.72 L 0.43 −0.72 L

2011 −0.83 L 0.04 −0.03 −0.35 L −0.01 L −0.21 L −1.13 M 0.31 −1.11 M

2012 0.11 0.03 0.12 −0.19 L 0.53 0.273 −0.50 L −0.96 L −0.10 L

2013 0.44 −0.45 L 0.06 0.63 0.24 0.896 −0.74 L 1.15 −0.25 L

2014 0.64 1.23 0.37 0.52 0.65 −0.08 L −0.63 L −0.85 L −0.59 L

2015 0.57 −2.04 H −1.32 M −0.37 L −0.11 L −0.62 L −0.55 L −0.55 L −0.88 L

2016 −0.12 L −2.22 H −1.93 H −0.37 L −0.29 L −1.22 M −1.38 M 1.78 −0.72 L

2017 1.58 2.39 1.29 1.90 1.30 0.889 −0.41 L 1.16 −0.87 L

2018 0.90 0.19 −0.47 L 0.89 0.32 −0.39 L −1.07 M 0.27 −1.34 M

2019 1.08 −0.92 L −0.77 L 0.39 −0.53 L −0.67 L −1.50 M 1.58 −1.49 M

2020 1.30 0.90 −0.58 L 1.00 −0.37 L −0.30 L −1.68 H 1.41 −1.64 H

2021 1.63 0.08 0.50 0.96 −0.13 L 0.73 −1.56 M 1.56 −1.63 H

2022 1.96 −0.27 L −0.03 L 0.94 −0.55 L 0.113 −1.29 M 1.63 −1.82 H
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were significant and strong positive correlations between the 
SYRS and SPI-3 values in February (r = 0.64) and March (r = 0.50), 
revealing the significant impact of agricultural drought on maize 
yield. In Western Cape and Mpumalanga provinces, there were 
moderate correlations between the SYRS and SPI-3 values in 
January (r = 0.47, 0.42, respectively) and February (r = 0.40). In 
Gauteng Province, there were positive correlations between the 
SYRS and SPI-3 values in January (r = 0.30), February (r = 0.43), 
and March (r = 0.36). Furthermore, there were positive correla-
tions between the SYRS and SPI-3 values from January to March 
in most provinces of South Africa, including Free State, Gauteng, 
Limpopo, Mpumalanga, and Western Cape.

In contrast, there were negative correlations between the SYRS and 
SPI-3 values in Eastern Cape (r = −0.33), KwaZulu-Natal (r = −0.29), 
and North West (r = −0.25) provinces, indicating no significant  
impacts of agricultural drought on maize yield. However, positive 
correlations between the SYRS and SPI-3 values were recorded in  
the growing season (November–March), with the strongest cor-
relation in Free State (r = 0.44), followed by those in Western Cape 
(r = 0.39), Gauteng (r = 0.29), Limpopo (r = 0.28), Mpumalanga  
(r = 0.28), and Northern Cape (r = 0.2) (Table A2) (Figure 9).

Pearson correlation analysis also revealed positive correlations 
between the SYRS and SPI-6 values in Free State, Gauteng, 

Limpopo, Mpumalanga, Northern Cape, and Western Cape 
provinces during the maize growing season. However, nega-
tive correlations between the SYRS and SPI-6 values were re-
corded in the sowing months (November–December), except 
in Northern Cape and Western Cape provinces. In Northern 
Cape, there were positive correlations in November (r = 0.19), 
December (sowing stage) (r = 0.21), January (r = 0.19), February 
(r = 0.14), and March (r = 0.13). The highest correlations be-
tween the SYRS and SPI-6 values were recorded in Free State 
Province in February (r = 0.57) and March (r = 0.56), followed 
by those in Limpopo Province in February (r = 0.51) and March 
(r = 0.48). In Mpumalanga Province, there were moderate 
positive correlations in January (r = 0.43), February (r = 0.46), 
and March (r = 0.42). Similarly, Gauteng Province exhibited 
moderate positive correlations between the SYRS and SPI-6 
values in the growing months, including January (r = 0.35), 
February (r = 0.45), and March (r = 0.44) (Table A3) (Figure 9). 
Additionally, there were positive correlations between the 
SYRS and SPI-6 values during the entire maize growing season 
in Free State (r = 0.37); Gauteng, Limpopo, and Western Cape 
(r = 0.3); Northern Cape (r = 0.24); and Mpumalanga (r = 0.16). 
Similar to the results for SPI-3 droughts, SPI-6 droughts 
also had negative correlations with the SYRS in Eastern 
Cape, KwaZulu-Natal, and North West provinces (Table  A3) 
(Figure 9).

FIGURE 7    |    Standardized Yield Residual Series (SYRS) showing maize yield gain (green) and loss (red) during 1993–2022.
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12 of 20 Food and Energy Security, 2024

FIGURE 8    |    Maize yield loss percentage (YL%) in respective years for all provinces across South Africa from 1993 to 2022. The red line indicates 
the threshold of a 10% yield loss, while the red shaded area represents the associated risk.

FIGURE 9    |    Pearson correlations between maize Standardized Yield Residual Series (SYRS) and three-month and six-month Standard 
Precipitation Index (SPI-3 and SPI-6, respectively) values: (a) SYRS and SPI-3, (b) SYRS and SPI-6.
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3.5   |   Crop Drought-Resilience Factor Analysis 
for Maize

Maize drought-resilience was analyzed based on a threshold 
CDRF value of 0.8 in the driest year of the study period for both 
SPI-3 and SPI-6. We determined that maize was severely non-
resilient in Western Cape (CDRF [SPI-3] = 0.52, CDRF [SPI-
6] = 0.62) and Mpumalanga (CDRF [SPI-6] = 0.7) provinces. 
Furthermore, maize was found to be moderately non-resilient in 
North West (CDRF = 0.83), Northern Cape (CDRF = 0.84), and 
Free State (CDRF = 0.88) provinces (Figure 10).

In Limpopo Province, maize was found to be slightly non-
resilient for SPI-6 (CDRF = 0. 92) but resilient for SPI-3 
(CDRF = 1.05). In Gauteng Province, maize was found to be 
slightly non-resilient, with a CDRF of 0.9 for both SPI-3 and 
SPI-6. Meanwhile, the CDRF results revealed that maize crops 
were resilient in Eastern Cape (CDRF = 1.56) and KwaZulu-
Natal (CDRF = 1.03) provinces (Figure 10). This aligns with the 
negative correlation between the SYRS and SPI values in these 
provinces, confirming that maize was resilient and showed no 
significant impact from agricultural drought.

4   |   Discussion

4.1   |   Climate Change and Drought in South Africa

It is important to evaluate the impacts of regional climatic fac-
tors on the agricultural sector in South Africa because of agri-
culture's contributions to the country's GDP and food security 
(Ala-Kokko et  al.  2021). Agrometeorological droughts have 
profound effects on crop yield at the regional level (Arshad 
et al. 2023). Additionally, the interannual variability in rainfall 
and temperature associated with El Niño Southern Oscillation 
is known to cause meteorological droughts at lower latitudes 
(Jury 2018). El Nino events disrupt rainfall and temperature pat-
terns in the pacific ocean, leading to drier and warmer condi-
tions in South Africa, which profoundly impact agricultural and 

water resources in this region (Omolola et al. 2019). Moreover, 
the movement of the South Atlantic anticyclones causes a more 
pronounced east–west weather pattern, leading to drier condi-
tions in the southern tip of South Africa, such as in Cape Town 
(Mupazviriho, Dalton, and Bekker 2022). The rainfall in South 
Africa revealed a slightly decreasing trend at many stations in 
the northern and eastern provinces (CAL, DBN, EL, PMB, RCB, 
SKZ, STH, VRNG, and VRBG), except in the eastern coastal 
plains (Jury 2019).

The availability of and variability in solar and wind resources 
have also been affected by climate change, with declining 
trends observed during the summer (Schlosser et  al.  2021). 
Moreover, the climatic pattern in South Africa revealed a 
projected temperature rise of 0.02°C per annum by 2050 
with a declining trend in rainfall (Jury 2019). In the context 
of insufficient rainfall, Sen's slope analysis showed increas-
ing trends in the number of drought events in Mpumalanga, 
Gauteng, North West, KwaZulu-Natal, Northern Cape, and 
Eastern Cape provinces during the study period (Figure  6). 
Our findings aligned with Botai et  al.  (2016), confirming 
the vulnerability of Free State and North West provinces to 
drought occurrence. The notable drought spells identified in 
our findings included 2002–2007, which was also reported 
by Malherbe et  al.  (2016), and 2002–2003, which was expe-
rienced in all provinces of South Africa. The other major 
drought spell extended from 2013 to 2020, with 2015, 2018, 
and 2019 as common drought years in all provinces. Previous 
studies by Archer et al. (2022) in Eastern Cape Province and 
Kganvago et  al.  (2021) in Western Cape Province also high-
lighted multiyear drought events in the same decade, which 
lead to economic and agricultural losses.

The severe impacts of the rainfall deficit during the 2015–2017 
drought, specifically in the southwestern provinces of the coun-
try, led to this drought being reported as a one in a hundred 
years extreme event (Wolski et  al.  2021). A study by Ndlovu 
and Demlie (2020) revealed that 1992–1993 and 2015 were the 
worst dry years on record in KwaZulu-Natal Province. Several 

FIGURE 10    |    Crop Drought-Resilience Factor (CDRF) for maize in all provinces for SPI-3 and SPI-6.
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key contributors to these drought spells have been reported pre-
viously, including the effects of El Niño, poleward shift of the 
jetstream, and formation of moisture corridors, which led to 
notable drying, specifically in the southwestern region of South 
Africa (Sousa et al. 2018).

4.2   |   Dynamic Effects of Agricultural Drought on 
Maize Yield

Climatic extremes have been reported to affect maize yield in 
different provinces of South Africa (Simanjuntak et al. 2023). 
The SYRS analysis revealed that in 2015 and 2016, moderate 
to high yield losses occurred in the majority of provinces, 
which were linked to the agricultural impacts observed 
during the 2015–2017 drought spell (Figure 7). Northern Cape 
and Western Cape provinces have also experienced higher 
maize yield losses recently, with the highest yield losses in 
2020 (SYRS = −1.68 and −1.64, respectively) and positive cor-
relations (r = 0.2 and 0.39, respectively) between the SYRS 
and SPI values throughout the growing season (Figures 7 and 
9). Similarly, Eastern Cape and North West provinces expe-
rienced substantial climate-related yield losses from 1993 to 
2003 and in 2004. Thus, drought has remained the primary 
driver of considerable maize yield losses over the past three 
decades (Mangani et al. 2019; Omolola et al. 2019). Moreover, 
Kim, Iizumi, and Nishimori (2019) found that the frequency 
and intensity of extreme events, such as droughts and heat-
waves, exacerbate their impacts on global crop production. 
Furthermore, Mangani et  al.  (2018) modeled the impact of 
extreme events (droughts and heatwaves) on maize yield and 
projected a decline in yield under future climate scenarios.

A moderate positive correlation between the SYRS and SPI-3 
and SPI-6 values revealed that Free State, Gauteng, Limpopo, 
and Western Cape experienced direct impacts of agricultural 
droughts on maize yield, which were evident in the yield 
losses reported in drought years. Theron et  al.  (2021) also re-
ported drought-associated wheat yield losses in Western Cape 
Province during the 2015–2018 drought spell. Our analysis of 
drought resilience showed that maize was severely non-resilient 
in Western Cape, with CDRF values of 0.52 for SPI-3 and 0.62 
for SPI-6, which were related to the intense drought in 2019. 
Similarly, the CDRF value for SPI-6 in Mpumalanga Province 
showed that maize is a severely non-resilient crop (Figure 10). 
A study by Cammarano et al.  (2020) in Free State projected a 
climate-induced decline in maize production of more than 10%, 
which could be overcome by implementing adaptation strategies 
at the local scale. Although maize was found to be non-resilient 
in many provinces, such as North West, the negative correla-
tions between the SYRS and SPI values in Eastern Cape and 
KwaZulu-Natal provinces showed that maize is a resilient crop 
in some regions.

Improvements in smallholder rainfed maize farming through 
conservation tillage have provided a sustainable approach 
for coping with the negative impacts of agricultural droughts 
(Rippke et  al.  2016; Walker and Schulze  2006). However, the 
semi-arid northern and northeastern provinces of South Africa, 
followed by Western Cape in the southern region, are more 
susceptible to the severe impacts of agricultural droughts than 

other provinces. Our study also suggest that technological prog-
ress drives the development of crops with increased resilience in 
a few provinces. In addition to implementing sustainable farm-
ing methods and selecting improved cultivars, an early warning 
drought-monitoring system is required to adapt to future cli-
mate change conditions and mitigate drought-associated agri-
cultural yield losses.

4.3   |   Study Limitations and Future Directions

In this study, we relied on the SPI as an indicator of drought, 
omitting consideration of other sophisticated drought indi-
ces such as the Standardized Precipitation Evapotranspiration 
Index, Rainfall Anomaly Index, or Bhalme–Mooley Drought 
Index. Additionally, satellite-based agricultural drought indi-
ces such as the Normalized Difference Vegetation Index and 
Enhanced Vegetation Index were not incorporated to support 
our research outcomes. Therefore, future studies should include 
multiple drought indices.

We utilized data from 29 meteorological stations across South 
Africa to obtain weather information. Future studies should 
include more stations for enhanced accuracy. The temporal 
scope of this study was limited to a 30 year period (1993–2022) 
due to a lack of available data and considerable data gaps be-
fore 1993. Moreover, this study focused solely on maize crops; 
hence, further research is recommended to extend this analysis 
to other crops.

5   |   Conclusions

In this study, we aimed to investigate the impact of agricultural 
drought on maize production in South Africa, given that maize 
is a crucial staple food in this region and South Africa is a major 
exporter of maize to neighboring countries. Due to the high 
dependency of South African maize on rainwater, the rainfall-
based SPI-3 and SPI-6 were used to evaluate drought charac-
teristics and trends. The SYRS was calculated to determine the 
actual intensity and percentage of yield loss at the provincial 
scale. Additionally, we analyzed the correlations between the 
SYRS and SPI-3 and SPI-6 values to determine the impact of 
drought on maize yield. We drew the following conclusions:

1.	 South Africa has experienced frequent droughts over the 
past three decades, with 2002, 2003, 2015, 2018, and 2019 
being common drought years for all provinces. In particular, 
North West Province, northeastern Mpumalanga Province 
(SKZ station), eastern KwaZulu-Natal Province, southwest-
ern Northern Cape Province (CAL and STH stations), and 
Eastern Cape Province (EL and PE stations) experienced sig-
nificant increasing trends in the number of drought events, 
with negative Sen's slopes ranging from −0.03 to −0.01.

2.	 The SYRS analysis revealed that Limpopo, Mpumalanga, 
and Gauteng provinces experienced the highest yield losses 
during the 30 year period. Northern Cape and Western Cape 
provinces experienced high maize yield losses from 2010 to 
2022, with the highest yield losses in 2020; the SYRS was 
positively correlated with the SPI throughout the growing 
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season, with frequent droughts from 2013 to 2020. Eastern 
Cape and North West provinces experienced substantial 
climate-related yield losses from 1993 to 2003 and in 2004. 
In 1999, KwaZulu-Natal Province experienced the highest 
yield loss (SYRS = −2.51), resulting in a 20% loss compared 
to the cumulative yield loss in all years.

3.	 Positive correlations between the SYRS and SPI-3 and SPI-6 
values revealed that Free State, Gauteng, Limpopo, and 
Western Cape experienced direct impacts of agricultural 
droughts, which were manifested as maize yield losses in 
drought years. The CDRF analysis also showed that maize is 
a moderately to severely non-resilient crop in these provinces, 
except for Limpopo, where it is slightly non-resilient.

4.	 The negative correlations between the SYRS and SPI values 
during the entire maize-growing season in Eastern Cape, 
KwaZulu-Natal, and North West provinces showed that 
there were no significant impacts of agricultural drought on 
maize in these regions. Furthermore, maize was found to be 
highly resilient in Eastern Cape and KwaZulu-Natal prov-
inces and moderately non-resilient in North West Province.

Hence, our research findings imply the need for targeted inter-
vention policies with long-term strategic planning to mitigate 
the impact of agricultural drought on maize production in South 
Africa. Moreover, regional disparities in maize yield losses sug-
gest the need for tailored support for smallholder farms at a local 
scale to mitigate varying levels of climate-induced agricultural 
vulnerability across the region. Furthermore, the crop resilience 
analysis in this study provides valuable insights for agricultural 
decision-making.
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Appendix A

TABLE A1    |    An overview of drought trend (1993–2022) based on MK test and Sen's slope estimator.

Station Abbreviation

SPI-3 SPI-6

p value Sen slope p value Sen slope

Aliwal North ANP 0.01 0.00 0.06 0.00

Beautfford-West BW 0.76 0.00 0.17 0.00

Bloemfontein BTLHM 0.29 −0.01 0.22 −0.01

Betlhehem BLM 1.00 0.00 0.54 0.00

Calvinia CAL 0.00015 −0.02 < 0.0001 −0.03

Cape town CPT <   0.0001 0.00 < 0.0001 0.00

Dearr DR 0.64 0.00 0.20 0.01

Durban DBN < 0.0001 −0.03 < 0.0001 −0.03

East London EL 0.04 −0.01 0.000131 −0.02

Ermelo ERML 0.11 0.01 0.02 0.02

Johannesburg JHB WO 0.46 0.00 0.11 0.01

Kimberly KBLY 0.47 0.01 0.05 0.01

Klerksdorp KLKSDP 0.17 0.01 0.004 0.02

Kroonstad KRSTD 0.01 0.00 < 0.0001 0.00

Lady-Smith LDS 0.33 0.00 0.18 0.00

Lephalale LP 0.78 0.00 0.83 0.00

Mafikeng MFK 0.18 −0.01 0.004 −0.02

Nelspruit NEL 0.004 0.02 < 0.0001 0.02

Pietermaritzburg PMB < 0.0001 −0.03 < 0.0001 −0.05

Polokwane POL < 0.0001 0.00 < 0.0001 0.00

Port-Elizabeth PE 0.08 −0.01 0.003 −0.02

Richards-Bay RCB 0.03 −0.02 < 0.0001 −0.03

Skukuza SKZ < 0.0001 −0.03 < 0.0001 −0.03

Sutherland STH 0.001 −0.02 < 0.0001 −0.03

Upintong UP 0.47 0.01 0.05 0.01

Vereeniging VRNG 0.004 −0.02 < 0.0001 −0.03

Vryburg VRBG < 0.0001 −0.03 < 0.0001 −0.04

Welkom WKM 0.22 −0.01 0.17 −0.01

Witbank WBNK 0.36 0.01 0.22 0.01
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