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Abstract

To mitigate the effects of drought in water-stressed agro-ecological zones (AEZs), it is crucial to implement efficient moni-
toring of drought characteristics and establish proactive water-use strategies. The Western Cape (WC) province is being
confronted with an escalating threat of diminished water availability due to unsustainable human activities. The objective
of this study was to assess the spatio-temporal characteristics of meteorological drought within a 12-month timescale in the
WC province of South Africa spanning from 1980 to 2020. The University of East Anglia's Climate Research Unit provided
precipitation datasets from fifteen stations across the six AEZs of the WC province. These datasets were processed using
the Standardized Precipitation Index (SPI). The Mann—Kendall (M-K) test was used to analyze the precipitation trend and
SPI values at a significance level of p <0.05. The results indicated substantial negative trends in annual precipitation across
all AEZs. An examination of seasonal precipitation patterns revealed a rise in summer precipitation in subtropical cool-
arid regions and subtropical warm semi-arid regions, with increases of 0.4 and 0.2 mm/year, respectively. Conversely, the
overall annual precipitation trend fell by -1.0 mm/year in both AEZs. The SPI values consistently fell within the range of -2
to O in the subtropical warm-arid, subtropical cool-arid, and subtropical cool-arid zones. Conversely, the SPI values were
consistently positive in the subtropical warm-arid, subtropical cool-humid, and subtropical warm-humid zones. This finding
suggests that there will be persistent drought conditions that will affect agricultural production, surface flows in rivers, and
groundwater levels across the WC province.

Keywords Meteorological Drought - SPI-12 months’ time scale - Trend Analysis - AEZs - Western Cape Province - South
Africa

Introduction droughts have a greater impact on the global community

compared to other natural hazards. As a result, they are

Human practices that are not sustainable and the detrimen-
tal impacts of climate change are believed to be contribut-
ing to increasing frequency of droughts and substantial
alterations in natural water flow mechanisms (Bayissa
et al. 2017). According to Okal et al. (2020), recurrent
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considered the most expensive and complex challenge
of the twenty-first century. Additionally, it is hypoth-
esized that increased occurrences of droughts may lead
to several issues, such as a disruption in the water budget
model (Chen et al. 2013), alterations in evapotranspira-
tion processes (Buttafuoco et al. 2018), and reduced water
availability in the soil (Zhang & Li 2020). These issues
will result in a scarcity of water and food. Chandrasekara
et al. (2021) contended that an increase in the incidence
of meteorological droughts will result in substantial dif-
ficulties in food production, especially in rainfed agro-
ecological zones. This poses a substantial risk to the
global community's endeavours to eradicate poverty and
address climate change by 2030 (Masih et al. 2014). While
scholars like Kam et al. (2021) have confirmed that more
frequent droughts will greatly change the availability of
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key aspects in sustainable agriculture, such as surface and
groundwater, there is still limited consensus on the specific
statistics regarding the effects of recurring droughts on a
global, regional, and local scale.

The sixth assessment report of the Intergovernmental
Panel on Climate Change (IPCC) has confirmed that cli-
mate change-induced droughts, occurring at current levels
of global warming, have led to an increase in food insecu-
rity and human mortality rates. These threats have escalated
from low levels in the fifth assessment to moderate levels
in the sixth assessment (Ziervogel et al., 2014). Accord-
ing to Mohleji and Pielke (2014), the ongoing drought has
caused the death of over one million people and resulted in
economic losses over sixty billion US dollars since 1974.
Gidey et al. (2018) asserted that the population dwelling
in regions experiencing high water stress, due to repeated
droughts, is expected to rise considerably from 300 million
to over 5 billion by 2025. In 2020, a report from the Euro-
pean Commission indicated that developed countries in the
European Union and the United Kingdom experienced sub-
stantial annual economic losses of approximately €9 billion
due to recurring droughts. Spain incurred the highest losses,
amounting to €1.5 billion per year. In March 2021, substan-
tial dust storms occurred in the northern parts of China,
which were strongly linked to prolonged drought conditions
caused by the long-term effects of global warming that the
country has been experiencing in the past few decades (Li
et al. 2021).

Similarly, research conducted in regions of the world
located below the equator reveals that more than 500,000
individuals in sub-Saharan Africa are presently vulnerable
to the gradual consequences of repeated drought. The result-
ing financial damages are estimated to exceed $30 billion
USD (Okal et al. 2020). Ayugi et al. (2022) argued that any
changes in the timing and distribution of rainfall in sub-
Saharan Africa, caused by human-induced global warming,
will lead to food insecurity in the affected region. Liverman
(2008) contended that the reason for this is the high suscepti-
bility of agriculture in sub-Saharan Africa to climate change.
According to Downing et al. (1997), the majority of coun-
tries in Sub-Saharan Africa do not possess the necessary
abilities and resilience to mitigate the effects of repeated
droughts. Raji et al. (2021) argued that a rise in the occur-
rence of drought events caused by climate change will have
an impact on ecosystem services (ES), leading to water scar-
city and food insecurity. Nhamo et al. (2019) asserted that
the food security situation in southern Africa heavily relies
on rainfed agriculture in South Africa. Fitchett et al. (2016)
and Habiyaremye (2020) contended that the consequences
of drought will be notably conspicuous and calamitous in
developing nations located in the southern regions of the
globe, such as South Africa. Recurrent drought episodes in
South Africa will have a substantial impact on agricultural
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production and worsen food poverty in the region (Baudoin
et al., 2017).

According to Botai et al. (2017), South Africa is highly
susceptible to long-lasting droughts and is expected to expe-
rience a shortage of water by 2025. Savenije (2000) argued
that southern Africa, namely South Africa, will experience
a decline in water availability from 1700 m3 per person to
below 1000 m? per person. This statement implies that if
there is a slight increase in the frequency of extreme drought
events, South Africa's water security and food security will
be substantially affected. This is because South Africa has
a mean annual precipitation of 500 mm/year, which is con-
siderably lower than the global average of 860 mm/year
(Otieno & Ochieng, 2007). Ziervogel et al. (2014) take
a geographically projected perspective and caution that
in South Africa, the Eastern Cape and other inland areas
encounter more severe flood episodes, while the western
sections of the country are more susceptible to recurring
drought occurrences. Ziervogel et al. (2014) proposed that
this could be attributed to an increase in the occurrence of
drought episodes. The Department of Water and Sanitation,
previously called the Department of Water Affairs and For-
estry in 2004, officially identified the Western Cape as one
of the arid regions in South Africa, experiencing inconsist-
ent levels of rainfall. Some regions in the Western Cape see
an annual precipitation of less than 350 mm, substantially
lower than the national average of 500 mm per year (Kam
et al., 2021).

Sebastian (2015) stated that the Western Cape (WC)
contains six agroecological zones (AEZs) in South Africa.
These zones are the subtropical warm/arid (STWA), sub-
tropical cool arid (STCA), subtropical warm semi-arid
(STWSA), subtropical cool/semi-arid (STCSA), subtropical
warm subhumid (STWSH), and subtropical cool subhumid
(STCSH). The Western Cape (WC) region, with its predomi-
nantly agricultural economy focused on exporting fruits and
reliance on a water supply system built on catchment areas,
exemplifies a region highly vulnerable to the devastating
effects of recurring droughts (Jonghun et al., 2021). The
Western Cape's reputation as a province prone to drought is
supported by the recent 2015-2017 period of severe drought,
as shown by Ndebele et al. (2020). Throughout this time
frame, the WC province had severe inter-annual drought
conditions, resulting in a water supply crisis that posed a
threat to cease water supplies to around four million persons
(Vogt et al., 2018). Throughout the drought period, the water
supply decreased substantially to only 20% capacity in Janu-
ary 2018 (Lange et al., 2020). Additionally, in 2019, there
were more dry conditions, which led to a substantial 25%
decrease in crop yield (Raude et al., 2018). Baudoin et al.
(2017) emphasized that the severe drought experienced from
2015 to 2017 had a substantial negative effect on the agricul-
tural sector, leading to a substantial decrease in employment



Earth Science Informatics (2024) 17:1851-1865

1853

opportunities. Additionally, communities dependent on
aquatic ecosystem services, such as ecotourism and fisher-
ies, suffered the loss of sustainable livelihoods. Furthermore,
the drought resulted in an increase in food prices.

The increasing occurrence of recurring droughts at the
global, regional, and national levels presents a substantial
risk to the fair, effective, and long-lasting distribution of
water resources. It has the potential to cause a substantial
decrease in water levels and the consequent desiccation of
water bodies (Raphael Muli Wambua et al., 2018). This has
the potential to create severe obstacles for agricultural pro-
ductivity and greatly impact the use and distribution of water
for home consumption. According to Bayissa et al. (2017), it
is essential to monitor and simulate the historical character-
istics of drought in order to assess the impact of risks, make
forecasts, and predict future drought events. According to
Ongoma et al. (2018), examining the spatial and temporal
characteristics of previous droughts might assist individu-
als in making informed choices and perhaps bring about
substantial alterations in how farmers manage and distribute
water. This can also assist individuals in formulating proac-
tive planning plans for an impending future characterized by
climate change. Nevertheless, accurately assessing drought
attributes in AEZs necessitates a methodology that utilizes
dependable and easily accessible data to ascertain the occur-
rence of drought (Okal et al. 2020).

Aragjo et al. (2009) observed that scientific research in
recent decades has facilitated the development and imple-
mentation of unique multidisciplinary methods for evaluat-
ing the dynamic and evolutionary aspects of drought occur-
rences. Thus far, these novel techniques have facilitated the
categorization of droughts into four primary classifications:
meteorological, agricultural, hydrological, and socio-eco-
nomic. One approach is to utilize historical climatic time
series data to construct drought monitoring indices that
illustrate the occurrence and progression of droughts (Ayugi
et al., 2022). The drought monitoring indices utilize histori-
cal climatic data at intervals of 1, 3, 6, 12, 18, and 24 months
to determine the time it takes for drought to manifest in
social, economic, and environmental domains (Nhamo et al.,
2019). Tozier de la Poterie et al. (2018) asserted that they
examined the occurrence of agricultural drought by meas-
uring the availability of soil moisture in the vadose zone
across short to medium-term periods (1-, 3-, 6-month).
Alternatively, a categorization of drought based on a 12- and
18-month duration is better suited for assessing the avail-
ability of surface and subterranean water over an extended
period of time. Das et al. (2019) suggested incorporating
long-term timescales, like the 12-month timeline, into the
historical modeling of meteorological and hydrological
droughts. Conversely, Citaristi (2022) stated that socioeco-
nomic droughts occur when the demand for an economic
resource exceeds its availability due to a deficiency caused

by climatic conditions. In this study, it was deemed more
suitable to focus on meteorological droughts, which are the
most prevalent and are defined by a departure from the usual
rainfall patterns, resulting in below-average precipitation
levels for certain time periods (Gidey et al., 2018).

There are several drought indices used worldwide, each
utilizing specific datasets to accurately capture the spatial
and temporal characteristics of droughts (Nhamo et al.,
2019). Commonly used indices for evaluating meteorologi-
cal droughts include the Palmer Drought Severity Index
(Sheffield et al. 2012), the Surface Water Supply Index
(Mishra & Singh 2010), the Standardized Precipitation
Index (McKee et al., 1993), the Rainfall Anomaly Index
(Raziei, 2021), and the Standardized Precipitation Evapo-
transpiration Index (Memon & Shah 2019). Kchouk et al.
(2022) proposed that the monitoring indices vary depending
on the area because of the ever-changing and developing
nature of drought conditions. The Palmer Drought Sever-
ity Index is commonly used in North American countries,
but the Reconnaissance Drought Index is more suited for
Australia (Jiao et al. 2019). Although there are various indi-
ces available, Su et al. (2017) suggested that using a single
drought monitoring index would suffice in evaluating the
multiple aspects of droughts. Nam et al. (2017) emphasized
that the World Meteorological Organization suggested in
2009 that the Standardized Precipitation Index should be
universally employed to characterize and analyze meteoro-
logical drought conditions in any catchment.

Contemporary literature by scholars like Kao & Govindaraju
(2010), Botai et al. (2016), Gidey et al. (2018), Das et al. (2019),
and Zhang & Li (2020) has shown that recurring drought con-
sequences are constantly changing, widespread, and among
the most expensive natural disasters. However, natural dangers
continue to be the most intricate and unpredictable phenomena.
Alam et al. (2023), Gidey et al. (2018), and Das et al. (2019)
employed several methodological frameworks to investigate the
spatial and temporal attributes of repeating drought episodes.
Simultaneously, Orimoloye et al. (2019) and Ayugi et al. (2022)
emphasized the influence of external factors, such as a shifting
climate, insufficient drought monitoring systems, and conflict-
ing water demands from different users, which complicate the
comprehension of recurring drought occurrences. The conflict-
ing demands for water may lead to lethal clashes. The conver-
gence of several problems and the increasing occurrence of
repeated droughts pose numerous difficulties in agro-ecological
zones (AEZs) that water managers and farmers must confront
to understand meteorological droughts and devise proactive,
adaptable management approaches.

The sixth assessment report of the Intergovernmental
Panel on Climate Change (IPCC) has highlighted substan-
tial evidence of the detrimental impact of severe drought
occurrences on both human and ecological systems. In their
study, Reason and Rouault (2005) examined the severity and
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geographical scope of droughts in South Africa. They deter-
mined that there has been a notable increase in the extent
of areas impacted by drought during the 1970s due to the
heightened influence of the El Nino Southern Oscillation.
Otto et al. (2018) examined the human factors that led to the
2015-2017 drought in the Western Cape. They found that
activities like deforestation and intensified agriculture were
worsening the effects of droughts caused by human-induced
climate change. The study emphasized the need for scientific
research on strategies to enhance the ability of the West-
ern Cape community to adapt to these challenges. Johnston
(2018) conducted an evaluation of the influence of a recur-
ring drought on agricultural productivity on Western Cape
farms. The study determined that the drought was severely
reducing farmers' output. He suggested implementing a sys-
tem of responsible water distribution and usage to address
the conflicting demands of water consumers. Botai et al.
(2017) utilized the Standardized Precipitation Index (SPI)
with historical data from weather stations to evaluate the
geographical and temporal features of drought in different
water management regions of South Africa. Their research
revealed that droughts in the Western Cape had a detrimen-
tal impact on water availability. The water storage levels in
dams had dropped to less than 30% capacity, suggesting that
the socio-economic difficulties faced by the Western Cape
community would persist even after the drought had ceased.
Baudoin et al. (2017) conducted socio-economic assessment
studies to comprehend the experiences and findings from
the recent drought season of 2015-2017. Their research
revealed that human-induced climate change resulted in
a threefold increase in the occurrence of droughts. The
studies conducted by Otto et al. (2018), Johnston (2018),
Baudoin et al. (2017), and Botai et al. (2016) suggest that
the severe and destructive effects of human-caused climate
change, such as the frequent drought in the Western Cape,
have prompted additional research aimed at comprehending
and elucidating the connection between the drought's spatial
and temporal features and the availability of water in agro-
ecological zones.

Similarly, it is apparent from prior research, that there
has been a lack of focus on evaluating drought features
using agroecological zone clustering. As such this study
utilized the Standardized Precipitation Index, calculated
over a 12-month period, to examine the spatial and tempo-
ral characteristics of drought in the agro-ecological zones
of the Western Cape Province. Historical precipitation data
from 15 selected stations across the province were used
for analysis. The study employed remotely sensed climate
data in the STWA, STWSA, STWSH, STCA, STCSA, and
STCSH zones to understand the relationship of droughts
with a decrease in agricultural productivity. The study aimed
to achieve three specific objectives: i) Evaluate the patterns
of recorded precipitation from 1981 to 2020. ii) Use the
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University of East Anglia's Climate Research Unit (CRU)
dataset to analyse the spatial and temporal features of mete-
orological drought. iii) Examine the variations in severity,
intensity, and frequency of meteorological drought across
different AEZs in the Western Cape province.

Materials and methods
Study area

The present study specifically examined the Western Cape
province, which is situated between latitudes 30° 00" 00" S
and 35° 00’ 00" S, and between longitudes 17° 50" 00" E and
24°45' 00" E (Orimoloye et al., 2019) (Fig. 1). There are six
AEZs, namely STWA, STCA, STWSA, STCSA, STWSH,
and STCSH (Sebastian 2015). The AEZs are categorized
into several zones based on the duration of the agricultural
season (Mugido & Shackleton, 2017). Arid zones have a
farming season that lasts fewer than 60 days, while semi-
arid zones have a farming season that ranges from 60 to
119 days. Warm sub-humid zones have a farming season that
lasts from 120 to 179 days, and cool sub-humid zones have
a farming season that lasts from 270 to 329 days (Muimba-
Kankolongo, 2018). The province has a landmass area of
129.449 km?, making it the fourth largest in South Africa
(Otto et al., 2018). Conrad et al. (2004) reported that this
accounts for 10.6% of South Africa's entire geographical
area. The Western Cape (WC) has an approximate popu-
lation of 7 million inhabitants, with agriculture serving as
the primary foundation of its economy (Orimoloye et al.,
2019). The province experiences a temperate Mediterranean
climate characterized by moderately wet winters and warm,
mild, and dry summers (Conrad et al. 2004). The summer
season spans from December, January, and February (DJF),
while the fall season encompasses March, April, and May
(MAM). According to Archer et al. (2017), winter occurs
throughout the months of June, July, and August, while
spring takes place in September, October, and November
(SON). The majority of the Western Cape experiences pre-
cipitation throughout the winter season. The average yearly
rainfall fluctuates among regions due to unique microcli-
mates caused by topography. The research region has a
maximum elevation of 2247 m above mean sea level and
the lowest elevation of 18 m above mean sea level.

Data acquisition

Table 1 shows the chosen meteorological stations utilized
for obtaining the daily precipitation data throughout the
study period from 1980 to 2020. The selection of stations
was based on the consistent availability of precipitation time
series datasets. Moreover, the stations were chosen based on
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Ta.blt.a 1 Meteorological stations Station Location Temperature Altitude (m) AEZs
within the study area
Longitude (E) Latitude (N) Minimum Maximum
Temperature =~ Temperature
‘o ‘o)
Murraysburg ~ 23.8 -32.0 2.0 29 1185 STCA
Beaufort West  22.6 -32.4 3.0 30 849 STCSA
Malmesbury  18.7 -33.5 6.0 32 203 STCSH
Hermanus 19.3 -34.4 8.0 28 27
Ceres 19.3 -33.4 6.0 31 457
Bredasdorp 20.1 -34.5 7.0 25 84
Leew Gamka 21.9 -32.8 3.0 32 555 STWA
Ladismith 21.3 -33.5 5.0 31 544
Clan-William 18.9 -32.2 8.0 33 96 STWSA
Piketberg 18.8 -32.9 6.0 32 203
Swellendam 20.4 -34.0 7.0 29 128
Still Bay 214 -34.4 7.0 26 36
Oudtshoorn 22.2 -33.6 6.0 28 319
Matroosberg ~ 19.7 -33.4 4.0 29 2249 STWSH
Prince Albert 22.0 -33.2 4.0 29 633

their possession of less than 5% of the incomplete precipi-
tation dataset, as well as their distribution throughout the
study area. The missing values were imputed using the mul-
tiple imputation technique. The University of East Anglia's
Climate Research Unit gridded time series (CRU TS Ver-
sion 4.07) http://www.cru.uea.ac.uk/cru/data/hrg/ database

was used to collect historical daily precipitation data from
fifteen stations located across all the AEZs of the Western
Cape province. The data spans from January 1, 1981, to
December 31, 2020. The collection process involved utiliz-
ing the Google Earth engine interface. The CRU TS Ver-
sion 4.07 datasets have a resolution of 0.5° by 0.5° and can
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be accessed in all regions except Antarctica (Harris et al.,
2020).

Data processing and analysis

After dataset acquisition, the historical daily precipitation
datasets were transformed to monthly and mean annual
precipitation resolutions. Precipitation time series datasets
consist of three main components: residual noise, seasonal
variations, and trend components (Das et al. 2019). To
adequately analyze historical precipitation data, analysis
techniques need to be applied. An overview of techniques
applied in processing the historical precipitation datasets is
given below.

Trend-free pre whitening

The presence of residual noise components created a sub-
stantial challenge in identifying patterns of seasonality and
trends in precipitation time series data, necessitating their
removal through decomposition. Therefore, before evaluat-
ing the attributes of meteorological drought patterns, it was
essential to evaluate the remaining interference component
of precipitation data. The present study employed a pre-
whitening procedure. The technique relied on the existence
of both residual noise and a persistent trend in the time series
data of precipitation. This allowed for the integration of a
linear regression model with serially correlated residuals, as
described in Eq. 1-4.

O =p+T, +¢ (1)

where 6, is the precipitation at time t, 7, is the trend at time
t, and ¢, is the residual noise at time t and y is the constant
term. By assuming a linear trend, Eq. 3 was abridged so that:

S, = w, )

where @ was the slope of the linear region between precipita-
tion and time. Similarly, the noise may be represented by:

m
& = 2r=1 C:& + P (3

where o, represented the parameters of the auto-regressive
process, m was the order of the regression, and p, was the
residual noise so that Eq. 3:

6t =p + 0 + 0.8 + p; (@Y]
whereby lag-one autocorrelation, AR (1) was applied.

Trend analysis

The Mann—Kendall trend tests were utilized to examine the
tendencies. A trend refers to a consistent and established
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pattern in climatic data that may indicate a changing trend
across the duration of the study period (Ndebele et al.,
2020). The Mann—Kendall test is highly recommended by
the World Meteorological Organization (WMO) because cli-
matic time series data is not necessary required to conform
to a normal distribution. The Mann—Kendall test exhibits
limited sensitivity towards abrupt inconsistencies and dis-
continuities in the data (Alhaji et al. 2018). The Mann—Ken-
dall trend analysis technique was used to analyze the ranked
precipitation data, where the data was ranked fromi=1, 2,
...n-1 and j=i+1, 2...n. Each individual data point served
as a reference point and was compared to all other data
points (Egs. 5-8) so that:

+1, if (xj - xi) > 0
sgn(x; — x;) = 0,if (x; —x;) = 0 5)
-1, if (xj - xi) 0

The M—K test parameter was calculated by:

n—1 n
S= 21:1 Zj:i+1 Sgn(xj - Xi) (6)

Calculating the variation parameter involved:

n—1
1
Var(S) = - [n(n = 1)(2n + 5) - izzlnti(ti —1)(2 +5)

)
where ¢, is the measure of ties in the data series i. The test
statistic was calculated by:

S-1 .
TGy’ ifS>0
Z, = 0, ifS=0 (®)

S
S+l .
\/(Var(S))’lf S <0

where > 0 signifies a rising trend, whereas <0 signifies a
declining trend. Trend analyses are carried out at a particu-
lar significance level, a (Sonali & Nagesh Kumar, 2013). A
significance level of a=0.05 was employed throughout the
present study. At a=0.05, the null hypothesis of no trend is
excluded if IZ/>1.96.

The analysis of precipitation variability utilizing the coef-
ficient of variation (CV) throughout the agro-ecological
zones in this study yielded valuable insights on managing
drought variability. Skewness was employed to evaluate the
lack of symmetry in the probability distribution and measure
the degree to which the data is pushed towards one side.
Kurtosis was employed concurrently to evaluate the form of
the probability distribution and offer understanding regard-
ing the tails and peaks of the distribution in comparison to
the normal distribution. The kurtosis was calculated using
the Statistical Package for Social Scientists, while the coef-
ficient of variability and skewness of the precipitation time
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series data were calculated using the formulas provided by
Eqgs. 9-10 as follows:

% Coefficient of Variation = 2 100 9)
X

3x=P)

(9

Skewness =

(10)

where ¢ =standard deviation, X =mean, § =median precipi-
tation between 1980-2020.

Meteorological drought characterisation

The Palmer Drought Severity Index (Sheffield et al. 2012),
Surface Water Supply Index (Mishra & Singh 2010), Stand-
ardized Precipitation Index (McKee et al., 1993), Rainfall
Anomaly Index (van Rooy, 1965), and Standardized Pre-
cipitation Evapotranspiration Index (Memon & Shah 2019)
are commonly used indices for assessing meteorological
droughts. The current study utilized the Standardized Pre-
cipitation Index at 12-month timescales.

Standardized Precipitation Index (SPI)

The World Meteorological Organization (WMO) highly
endorses the Standardized Precipitation Index (SPI) as a
comprehensive global drought index, as stated by McKee
et al. (1993). The system can evaluate the attributes of both
arid and humid settings, and its computational requirements
are solely based on past precipitation data (Morid et al.,
2006). The SPI offers a comprehensive assessment of soil
water surplus or deficit, depending on the time scale consid-
ered (Basak et al., 2022). Due to the non-normal distribution
of long-term precipitation data, it is necessary to alter it
to conform to a typical normal distribution. Therefore, the
calculation of SPI values over different time periods (1, 3,
6, 12, 18, and 24 months) entails using a gamma probability
distribution function to determine the relative frequency dis-
tribution of the average rainfall recorded during the selected
time frame. The Gamma Probability Distribution function
is utilized to convert raw precipitation data into a standard-
ized normal distribution function (Buttafuoco et al. 2018).
The SPI index values are calculated by transforming the
cumulative probability of precipitation data into the stand-
ard normal distribution using mathematical formulas 11-13
(AghaKouchak et al., 2015).

g(x) = X(u_l)e_% forx >0 an

1
(BT (o))
where a=shape parameter, J =scale factor, x =amount of
rainfall and I'(a) = gamma function. The SPI is then calcu-
lated using the cumulative probability function as follows:

_ _ 1 (a=1) =%
Gx) = O/ g(x)dx = GIT@) 0/ x@De B dx (12)

where G(x)= cumulative probability of the observed rainfall.
The Gamma function is indefinite for x=0. In this study, the
cumulative probability function was analyzed as follows:

Fx)=p + (I - p)Gx) (13)

where p = probability of zero.

The SPI-1 measures soil moisture and crop stress levels,
the SPI-3 measures short-term and medium-term moisture
conditions, the SPI-6 represents changes in streamflow and
reservoir level, the SPI-9 measures precipitation patterns
over a medium scale, and the SPI-12 is useful for measuring
changes in surface runoff and groundwater levels (Mishra &
Singh 2010). Svoboda et al. (2017) suggested utilizing time-
frames of 1, 3, and 6 months to describe meteorological and
agricultural droughts, and an SPI (Standardized Precipitation
Index) value of 12 or higher to evaluate alterations in sur-
face runoff (Nam et al. 2017). Similarly, Vishwakarma et al.
(2020) suggested use of SPI index at 3-, 6-, and 12-month
intervals to illustrate alterations in precipitation patterns
on a moderate scale, as well as variations in streamflow,
reservoir levels, and groundwater levels. The current study
evaluated the temporal characteristics of meteorological
drought by calculating the Standardized Precipitation Index
(SPI) at a 12-month timescale using R-Studio v4.3.0. The
SPI values are computed within a range of -2.00 (indicating
very dry conditions) to+2.00 (indicating wet conditions).
A negative SPI value suggests drought stress periods, while
a positive SPI value implies wet conditions. The severity of
the drought was assessed based on the classification criteria
presented in Table 2, considering the magnitude of the SPI
index value.

The SPI values were calculated over a 12-month period to
demonstrate temporal fluctuations in observed precipitation
patterns. The SPI index values derived indicate the extent of
deviations in received precipitation anomalies from the aver-
age. The Inverse Distance Weighting (IDW), a deterministic
interpolation technique was applied to the SPI values to pro-
duce an annual drought distribution map. The IDW predicted

Table 2 Standardized Precipitation Index (SPI) Classification classifi-
cation based on Mckee et al. 1993

SPI Interval Classification

0<SPI<2 Above Normal Condition
-1<SPI<O Mild Drought
-1.5<SPI<-1 Moderate Drought
-2<SPI<L-1.5 Severe Drought
SPI<-2.0 Extreme Drought
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the SPI values for unknown stations based on the known sta-
tion values using ArcGIS 10.8.2 geostatistical tools. The inter-
polated SPI values were used as input to assess the values of
SPI in each district and determine the changes in spatio-tem-
poral distribution of historical meteorological drought across
the study period.

Drought characteristics

The magnitude (M), intensity (I), and frequency (F) of the
meteorological drought were evaluated using the SPI calcu-
lated during a 12-month period. The formulas 14-16 was used
to calculate characteristics. In Eq. 14, the subscript e corre-
sponds to a drought event while j represents a drought year. In
addition, Index; is the SPI value in year j, m is the duration of a
drought event (e), while in Eq. 16, n is the number of drought
events, N; is the total number of years for the study period
which in this research study was 41 years.

Results
Annual precipitation trends

The results of the yearly precipitation trends across the
agro-ecological zones in the western Cape are presented
in Table 3. Between 1980 and 2020, the STCSH (Ceres)
agro-ecological zone experienced the highest recorded pre-
cipitation of 1084 mm, while the STWA (Leew Gamka)
agro-ecological zone had the lowest recorded precipitation
of 76 mm. The findings suggest that stations located in the
STCSA and STWA AEZs had considerably greater coef-
ficients of variability compared to stations in the STCA,
STCSH, STWSA, and STWSH AEZs. The agroecological
zone STWA (Leew Gamka) had the highest level of rainfall
variance, measuring at 27%. In comparison, the STCSH Bre-
dasdorp zone had a rainfall variability of 18%. Based on the
results collected, all agro-ecological zones show a consistent
and negative decline from year to year. The stations located

m
M= Zi:l |Indexj . (14)  in STCSH, specifically the Ceres and Hermanus districts,
showed the most substantial negative trends at a substantial
M level of 0.05, with rates of -7.8 mm/year and -6.5 mm/year,
I= ™ (I5)  respectively. Following closely is Malmesbury with a rate
of -6.4 mm/year.
n, Similarly, the changes over time illustrated in Fig. 2 indi-
F=3 %100 (16)  cated that the years 2016, 2017, and 2019 experienced the
; least amount of rainfall during the study period, whereas
1983, 1989, and 1996 were the years with the highest
Tablg% Annual Trends in Station Min Mean Max Std. Dev CV % Annual AEZs
Precipitation
Trend Sig
(mm/year)
MG 176 310.6 341 61 20 -1 -1.2 STCA
BW 141 252.2 431 66 26 -1 -1.2 STCSA
MM 364 638.1 933 131 20 -6.4 -2.7 STCSH
HM 424 700.5 1002 130 19 -6.4 -2.7
CR 407 716.3 1084 148 21 -1.7 -2.7
BD 294 446.2 626 78 18 -4.1 -2.2
LG 76 133.1 130 36 27 -4.2 2.3 STWA
LS 205 364.7 655 90 24 -4.2 -2.3
SB 173 310.1 466 63 20 -2.4 -2.4 STWSA
OD 223 388.1 592 80 21 -3.6 -2.6
SwW 315 509.9 774 103 20 -5.2 -2.4
PK 246 435.1 769 98 21 -3.9 -1.7
CwW 516 470.9 872 113 24 -4.4 -1.9
MB 175 311 462 60 20 -3.2 -2.8 STCA
PA 197 354.3 651 89 25 -3.4 -3

The unit of magnitude are mm while the intensity is mm/year. M =Magnitude, I=Intensity, MG =Mur-
raysburg, BW =Beaufort West, MM =Malmesbury, HM=Hermanus, CR=Ceres, BD =Bredasdorp,
LG=Leew Gamka, LS =Ladismith, SB =Still Bay, OD =Oudtshoorn, SW =Swellendam, PK = Piketberg,
MB =Matroosberg, CW = Clan William, MB =Matroosberg, PA =Prince Albert
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precipitation levels. In general, the yearly pattern of pre-
cipitation in the studied area from 1980 to 2020 shows a con-
tinuous decrease in rainfall throughout all agro-ecological
zones in the Western Cape province.

Seasonal precipitation trends
Table 4 shows the annual patterns observed in the agro-

ecological zones of the Western Cape during a span of
41 years (1980-2020). In the summer (DJF) season,

thirteen stations located in the agro-ecological zones of
STCSH, STWA, STWSA, and STWSH exhibited a decline
in precipitation. Only two stations, Murraysburg (STCA)
and Beaufort West (STCSA), showed a positive trend in
precipitation, but this trend was not statistically substan-
tial at the p < 0.05 significance level. Among the thirteen
stations that showed a decline in precipitation, Matroos-
berg in STCSH and STWSA (Piketberg and Swellendam)
as well as the stations in STCSH (Malmesbury, Her-
manus, Bredasdorp, and Ceres) demonstrated statistically

aCW mMM mSB mBD
1000 HM mCR =mSW mLS
E0OD ®mPA ®EPK mMB
900 " BW LG MG
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Fig.2 Annual precipitation distribution between 1980 and 2020 across the study area
Tablg{ Seasonal Trends in Station Summer Autumn Winter Spring AEZs
Precipitation (mm/ year)
Trend Sig Trend Sig Trend Sig Trend Sig
MG 0.4 0.8 0.3 0.5 -0.3 -1.5 -1.0 -2.5 STCA
BW 0.2 0.5 -0.0 -0.1 -0.2 -1.0 -1.0 2.8 STCSA
MM -1.0 2.8 2.6 -3.2 -1.9 2.1 -1.2 2.1 STCSH
HM -14 -3.1 2.6 -3.6 -14 -1.3 -1.0 -1.1
CR -1.2 -2.6 2.9 -3.3 2.2 -2.0 -1.6 24
BD -0.9 -3.0 -1.8 -3.1 -0.6 -1.3 -0.6 -1.7
LG -0.1 -0.3 -0.5 2.1 -0.1 -1.2 -0.5 2.7 STWA
LS -0.5 -1.6 -1.5 -2.5 -0.2 -0.7 -1.3 2.5
SB -0.3 -1.7 -0.8 -1.2 -04 -0.6 -0.7 2.9 STWSA
OD -04 2.1 -1.7 -2.5 -0.6 -1.1 -0.8 2.3
SW -1.1 -2.6 -04 -1.6 -0.8 -1.1 -1.0 -1.9
PK -0.6 -1.6 -1.1 -1.9 -0.3 -0.8 -14 2.4
Cw -0.5 -1.1 -1.1 -1.5 -0.5 -1.1 -1.6 2.6
MB -0.6 2.7 -1.3 -3.6 -0.8 -1.7 -0.6 2.2 STWSH
PA -0.3 -0.5 -1.0 -1.9 -0.4 -1.3 -1.2 2.8
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substantial negative trends (shown in bold in Table 4). In
autumn (MAM), the agro-ecological zones of STCSA,
STCSH, STWA, STWSA, and STWSH all had a decrease
in precipitation, except for Murraysburg (STCA), which
had a little increase in precipitation that was not statisti-
cally substantial at the 0.05 significance level. During the
winter season (June, July, August), all the different agro-
ecological zones had a decrease in precipitation. How-
ever, only two stations, Malmesbury and Ceres, located
in the STCSH agro-ecological zone, showed a statistically
substantial decrease in precipitation. In spring (SON), all
agro-ecological zones experienced a decline in precipi-
tation. Specifically, eleven stations (Malmesbury, Piket-
berg, Matroosberg, Ceres, Clan-William, Prince Albert,
Ladismith, Beaufort West, Leew Gamka, Murraysburg,
and Still Bay) showed statistically substantial negative
trends at the 0.05 significance level.

Meteorological drought characteristics (SPI-12)

Figure 3 illustrates the annual precipitation distribution
between 1980 and 2020 across the study area The interpo-
lated SPI values were used as input to assess the values of
SPI in each district and determine the changes in spatio-
temporal distribution of historical meteorological drought
across the study period. The results illustrated the interpo-
lated annual SPI-12 patterns between the years 1980 and
2020. The results indicate that the eastern (STWA, STCA)
and northern (STCSH, STCSA) parts of the Western Cape
province underwent regular cycles of mild annual drought
between 1980 and 2020 study period. Districts around the
STWSH and STWSA AEZs, including Hermanus, Bredas-
dorp, and Malmesbury, saw average to high levels of pre-
cipitation throughout the study period, in contrast to districts
located in the eastern (STWA, STCA) and northern (STCSH,
STCSA) AEZs. The data shows that the years 2014, 2015,
2016, and 2017 had the lowest Standardized Precipitation
Index (SPI) values, indicating severe drought conditions.
These conditions were mainly observed in regions near
Leew Gamka, Murraysburg, and Beaufort West. The find-
ings suggest that the years 1980, 1984, and 1987 exhibited
relatively milder drought conditions over the research area,
as measured by the SPI 12. In general, the SPI-12 values
used in the model clearly divide the Western Cape prov-
ince into two regions: the southern half, which is wetter and
includes STWSH and STCSH, and the drier northeastern
zones, which include STCSA, STWA, and STCA.

Analysis of drought frequency
Table 5 shows the variance (var), skewness (skw), and kur-

tosis (Kur) values for meteorological drought, as determined
by the SPI-12, across the research region from 1980 to

@ Springer

2020. The drought categorization findings were obtained by
applying the McKee et al. (1993) method of meteorological
drought classification, as described in Table 1. Meteorologi-
cal droughts are detected using the Standardized Precipita-
tion Index (SPI) when it falls below zero, according to the
meteorological drought categorization technique. Moreover,
the intensity of the drought worsens as the Standardized Pre-
cipitation Index (SPI) value falls below zero (Alam et al.
2023). The occurrence rate of mild droughts in STWSH
(Matroosberg, Prince Albert), STWA (Ladismith), and
STWSA (Clan William, Piketberg) exceeded 80%, while
STCSH (Malmesbury, Hermanus, Ceres) did not encounter
any occurrences of mild drought. The STCA, situated in
Murraysburg, registered a rate of 50%, whereas the STCSA,
situated in Beaufort West, reported a rate of 30%. The preva-
lence of moderate drought was documented at a frequency
of 70% in STCSA (Beaufort West), 10% in STWA (Leew
Gamka), and 30% in STCA (Murraysburg). Conversely,
the remaining agro-ecological zones (AEZs) encountered
a moderate occurrence of droughts for the entire duration
of the study. The area exhibiting the greatest occurrence of
severe drought (SD) was observed in STWA (Leew Gamka),
with STCA (Murraysburg) following closely after at a rate
of 10%. Conversely, the remaining zones did not encounter
any substantial drought occurrences. STWA (Leew Gamka)
experienced an instance of severe drought just 10% of the
time. To summarize, we calculated the total frequency of
drought (F). STWA (Leew Gamka) and STWSH (Matroos-
berg) experienced continuous drought conditions over the
entire period. STCA (Murraysburg), STCSA (Beaufort
West), STWA (Ladismith), and STWSH (Prince Albert)
saw a drought occurrence rate exceeding 90%. The regions
of Malmesbury, Hermanus, and Ceres, together known as
STCSH, encountered drought conditions that ranged from
normal to above-average intensity. The Murraysburg weather
station (STCA) experienced a negative trend in total drought
frequency of -0.5. The Hermanus weather station (STCSH)
had a trend of -0.4, while the Matroosberg weather station
(STWSH) had a trend of -0.3. Conversely, the other AEZs
exhibited favourable trends in drought frequency.

The statistical analysis of drought features showed that
the least variance of 0.0 was observed in STCSH (Matroos-
berg), STSWA (Swellendam), STWA (Leew Gamka), and
STCSH (Hermanus), while the largest variance of 0.6 was
found in STCA (Murraysburg). The range of values for
skewness is between -0.9 and 2.5, with STCA (Murrays-
burg), STCSA (Beaufort West), STWA (Leew Gamka, Ladi-
smith), STWSH (Prince Albert, Matroosberg), and STWSA
(Oudtshoorn, Still Bay, Swellendam) agro-ecological zones
exhibiting positive skewness, while STCSH (Malmesbury,
Hermanus, Ceres) and STWSA (Clan William and Piket-
berg) depicted negative skewness. According to Kurtosis
results, the SPI-12 values reveal a leptokurtic distribution
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distribution in three districts (ClanWilliams, Leew Gamka,

and Bredasdorp) on a 12-month timescale. Analysis of the
Kurtosis statistics revealed that temporal drought patterns
in the Western Cape illustrate a leptokurtic pattern. Over-
all analysis of the results indicates that the SPI-12 values
exhibit persistent mild drought frequency across all agro-
ecological zones except in Malmesbury, Hermanus, Ceres,
and Swellendam, which had normal to above-very-wet con-

ditions across the study period of 1980-2020.

Drought Magnitude (M) and Intensity (1)

Table 6 presents the measurements of the magnitude (M) and
intensity (I) in millimetres per year of the meteorological
drought, which were estimated during a period of five years
based on the SPI-12 readings. The assessment of the extent
and severity of drought was determined every five years in
accordance with the national development plans that include
five-year periods. The magnitude analysis reveals that the

maximum drought magnitude in STCA (Murraysburg)
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Table 5 Drought. frequency, Station % Drought frequency Trends  Var  Skew  Kur AEZs
trends, and severity
N MiD MoD SD ED F

MG 10 50 30 10 0 90 -0.5 0.6 1.3 1.4 STCA

BW 0 30 70 0 0 100 0.8 0.1 2.5 9.2 STCSA

MM 100 0 0 0 0 0 1.4 0.1 -0.8 0.8 STCSH

HM 100 O 0 0 0 0 -0.4 0 -0.9 1.1

CR 100 0 0 0 0 0 1.1 0.1 -0.9 1.9

BD 70 30 0 0 0 30 1.9 0 0.3 -04

LG 0 0 10 80 10 100 0.2 0 04 -03 STWA

LS 10 90 0 0 0 90 1.4 0.1 1.5 2.4

SB 0 90 0 0 0 90 1.3 0.1 -0.2 -0.5 STWSA

oD 20 80 0 0 0 80 1.2 0.1 -0.2 0.5

SW 100 0 0 0 0 0 0.5 0 0.5 0.2

PK 60 40 0 0 0 40 0.3 0.1 0.8 1.4

CwW 80 20 0 0 0 20 2.4 0.2 0.9 1.3

MB 0 100 0 0 0 100 -0.3 0 0.3 0.3 STWSH

PA 30 90 0 0 0 90 1.3 0.1 14 2.1

was 7 mm over the period from 1980 to 1985. However,
from 2016 to 2020, there was no recorded drought magni-
tude. The agro-ecological zone known as STCSA saw the
most severe drought with a magnitude of 5.9 mm between
1991 and 1995. In contrast, the lowest drought magnitude
of 4.2 mm was recorded in 1996 and 2000, spanning the
whole study period. The STCSH (Leew Gamka) did not
encounter any drought intensity throughout the study period.
The STWA documented the most severe drought intensity
of 9.1 mm from 2001 to 2005, whereas Ladismith experi-
enced the least severe drought magnitude of 1 mm from
1991 to 1995. During the periods of 1996 to 2005 and 2011

to 2020, STSWA (Oudtshoorn) saw no substantial drought
events. Prince Albert had the lowest level of drought inten-
sity throughout the study period, in contrast to Matroosberg,
which is located in the same agro-ecological Zone (AEZ).
The drought intensity in Murraysburg (STCA) and in Malm-
esbury, Hermanus, Ceres, and Bredasdorp (STCSH) as well
as in Swellendam (STSWA) showed no signs of drought
between the years 2016 and 2020. Malmesbury, Hermanus,
Ceres, Bredasdorp, and Swellendam saw wet conditions that
were either normal or above normal. The analysis of drought
intensity reveals that the highest level of drought, measuring
1.9 mm/year, was seen in the STWA (Leew Gamka) area of

Table 6 Temporal variability Station 1980 1986 1991 1996 2001 2006 2011 2016  AEZs
of drought magnitude (M) and 1985 -1990  -1995  -2000  -2005 2010  -2015  -2020
intensity (I)
M I M I M I M I M I M I M I M I
MG 7 1 51 1 5 1 5 1 3 1 3 1 2 0 0 0 SICA
BW 51 1 43 1 6 1 4 1 5 1 5 1 5 1 5 1 STCSA
MM 0 0 0O 0 0 0 0 0O 0 0 0 0O 0O 0 0 0 STCSH
HM 0O 0 0 0 0 00 00O 0 0 0 0 0 0 0
CR O 0 0 0 0 0 0 00O 0 0 00 0 0 0
BD O 0 0 0 0 0 0 0 0O 00 00 0 0 0
LG 81 2 77 2 8 2 9 2 9 2 9 2 10 2 10 2 STWA
LS 13 1 19 0 1 0 2 0 2 0 2 1 2 0 3 1
SB 08 0 1 0 0 0O 0 0 0 0O 1 ©0 0 0 1 0 STWSA
oD 03 0 32 1 0 0 0 0 0 0 0 0 0 0 0 0
SW 03 0 32 1 0 0 0 0 0 0 0 0 0 0 0 0
PK 17 1 08 0 1 0 1 0 1 0 1 0 2 0 2 0
cw 390 1 31 1 4 1 4 1 3 1 3 1 4 1 4 1
MB 31 1 28 1 3 1 4 1 4 1 3 1 4 1 4 1 STWSH
PA 15 1 27 1 2 3 2 0 3 1 3 1 2 0 3 1
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the Western Cape across all six AEZs. Overall, the analysis
of drought intensity indicates that STWA exhibited the high-
est level of drought intensity compared to all other districts
in the research area.

Discussion

The findings provide fresh insights into the character-
istics of meteorological droughts and their correlation
with agricultural production, surface flows in rivers, and
groundwater levels in the Western Cape province. The
present study's characterization of meteorological drought
differs from that of other scholars who focused on drought
characterisation using alternative approaches. Neverthe-
less, the findings of the study aligned with the outcomes
of prior research conducted by researchers including
Botai et al. (2017), Orimoloye et al. (2019), Otto et al.
(2018), and De Kock et al. (2022). For instance, the
observed -4.2 mm/year statistically substantial trends
in STCA (Murraysburg) align with prior findings by
Botai et al. (2017), which indicated that the same areas
within the Tsitsikamma water management region might
anticipate reduced precipitation. The observed decline in
the SPI values across all the AEZs aligns with the find-
ings of Botai et al. (2017), who also identified negative
trends in precipitation. The current study found that there
were severe and intense drought conditions from 2015 to
2017. The minimum SPI value was -2.0 in 2014 and 2015,
which is consistent with the findings of Orimoloye et al.
(2019), who used remotely sensed data from the United
States Geological Survey (USGS) repository and Geo-
graphic Information Systems (GIS) from 2014 to 2018 to
evaluate the severity of drought in the WC region. The
study conducted by Orimoloye et al. (2019) identified
substantial land-use changes, with a decrease in vegeta-
tion, water bodies, and bare surface area from 2095 km?
to 141 km?, 616 km” to 167 km?, and 2 337 km? to 1 381
km?, respectively.

Equally, the analysis of drought frequency, amplitude, and
intensity revealed a consistent upward trend across the entire
region. These findings are consistent with the conclusions
found by Otto et al. (2018), who examined how human activ-
ities contributed to the occurrence of the 2015-2017 WC
droughts. The findings of Otto et al. (2018) also indicated
that the Western Cape (WC) can anticipate the persistence
of more severe, frequent, and intense drought conditions,
consistent with the scientific understanding of the effects
of climate change. Furthermore, the findings of this study
suggest that there is a rising pattern of summer rainfall at
STCA and STCSA, with an increase of 0.4 and 0.2 mm per
year respectively. In contrast, the overall trend of yearly pre-
cipitation has fallen by -1.0 mm per year. The findings can

be attributed to De Kock et al. (2022), who examined the
broad-scale processes associated with unusually wet sum-
mers in the southern Cape, South Africa. According to De
Kock et al. (2022), they proposed that this phenomenon may
be caused by increased incidences of summer rainy days
associated with abnormalities in cyclones over the STCSA
and STCA, as well as enhanced moisture flow from the west
across the mid-latitude South Atlantic. The findings of the
current study, which showed a high coefficient of variabil-
ity, align with similar observations made in other regions
of Africa Masih et al. (2014) and with the variability in
precipitation witnessed in Kenya in recent years accord-
ing to a study by Raphael Muli Wambua et al. (2018). The
study's findings indicate that a rise in drought occurrence
could have consequences for food production in the AEZs.
Additionally, there is a pressing need for more focused and
comprehensive research on the future variations of drought
in agricultural settings. Overall, the findings of this study
indicate that extended periods of drought in the study region
will substantially affect the water supply and consequently,
agricultural productivity. The study findings also empha-
size the need for the development of proactive strategies
for managing drought and the creation of accurate tools for
predicting drought.

The findings presented in this study indicate that the
Western Cape Province has been undergoing a period of
moderate drought conditions from 1980 to 2020. The West-
ern Cape exhibits a distinct climatic variation from other
provinces in South Africa, owing to its Mediterranean cli-
mate. The province's rainfall patterns facilitate the cultiva-
tion of diverse crops such as pome fruit (apples and pears),
stone fruit (apricots, peaches, nectarines, and plums), table
grapes, and viticulture. Consequently, the prolonged dura-
tion of droughts has had an impact on the cultivation of
these crops. Furthermore, agriculture plays a crucial role in
the economy of the Western Cape. Consequently, the con-
tinued presence of drought conditions will have an adverse
impact on the region. Specifically, the agriculture sector
serves as the primary source of employment in the province.
This sector also ensures the sustainability of South Africa's
food security status, ensuring that citizens have access to
the required food for a healthy and prosperous existence.
Consequently, a rise in drought conditions will significantly
affect the agricultural industry, resulting in unemployment,
a surge in food costs, and several socio-economic conse-
quences. Furthermore, a reduction in precipitation combined
with other severe climatic elements (such as temperature
and evapotranspiration), specifically in the Leew Gamka
and Beaufort West regions, will worsen drought conditions,
resulting in a significant decrease in the available water
in the water reservoirs of the Western Cape Province. A
significant constraint of this study was the reliance on the
SPI as the sole measure for assessing drought features. The
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SPI exclusively considers precipitation as a climate vari-
able and disregards other influential factors like tempera-
ture, humidity, and wind speed that impact atmospheric
water availability. We recommend that comparable research
endeavors employ alternative metrics such as the Standard-
ized Precipitation Evapotranspiration Index (SPEI), which
integrates temperature as an additional factor to evaluate
drought attributes.

Conclusion

The current investigation employed two classifications
of drought indicators derived from precipitation datasets
(1980-2020) obtained from 15 meteorological stations
located in the Western Cape Province, South Africa. The
initial classification pertained to the accumulation of the SPI
over a period of 12 months. The second category has three
indicators for evaluating drought: drought magnitude, inten-
sity, and frequency. The examination of SPI-12 reveals that
from 1980 to 2020, the Western Cape Province consistently
encountered mild meteorological drought conditions, char-
acterized by regional and temporal fluctuations. This implies
that the present drought circumstances in the Western Cape
Province are a direct result of previous drought conditions.
The sole distinction between previous and current drought
circumstances lies in the fact that the Western Cape Prov-
ince has now seen the longest or most enduring period of
drought. Moreover, examination of patterns in drought
assessment measures reveals a significant spatial-tempo-
ral correlation, with the southern and western areas of the
province encountering more frequent, intense, and severe
droughts in comparison to the eastern portions of the West-
ern Cape Province. In general, the persistent drought in the
Western Cape Province has had a negative influence on agri-
cultural productivity. Additionally, the water reservoirs are
currently operating at less than 70% capacity, indicating that
the socio-economic consequences of severe droughts will
persist for several more months. Consequently, the national,
provincial, and local governments, along with the commer-
cial sector, have organized multi-stakeholder workshops to
deliberate on different strategies for mitigating drought in
the province and across South Africa. Overall, the study's
findings suggest the following conclusions: i) The Western
Cape Province has consistently suffered droughts of different
intensities and frequencies over the past thirty years; ii) The
current drought circumstances in the Western Cape Prov-
ince seem to be a recurring natural phenomenon. Despite the
drought circumstances in the twenty-first century, the prov-
ince has consistently seen recurring drought patterns during
the twentieth century. iii) Analyzing historical drought char-
acteristics using drought indicators is a crucial initial step
in: (i) contextualizing the current drought conditions; (ii)
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facilitating action and responses for drought preparedness;
and (iii) establishing the basis for drought monitoring and
the creation of early warning systems.
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