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Abstract: Recognizing that, over the last several years, extreme rainfall has led to hazardous stress in
humans, animals, plants, and even infrastructure, in the present study, we aimed to investigate the
characteristics of droughts over the Free State (FS) Province of South Africa in order to determine
the future likelihood of reoccurrences of precipitation extremes using the generalized extreme value
distribution (GEV) and extreme frequency analysis (EFA). In this regard, daily rainfall datasets from
nine South African weather service homogenous climatic districts, spanning from 1980 to 2019, were
used to compute: (a) the total annual rainfall, (b) the Effective Drought Index (EDI), and (c) the
Standard Precipitation Index (SPI). The SPI was calculated for 3, 6, and 12 month accumulation
periods (hereafter SPI-3, SPI-6, and SPI-12, respectively). The trend analysis results of the EDI and
SPI-3, -6, and -12 showed that the Free State Province is generally negative, illustrating persistent
drought. An analysis of the GEV parameters across the EDI and SPI-3, -6, and -12 values illustrated
that the location, scale, and shape parameters exhibited a noticeable spatial variability across the
Free State Province with the location parameter largely negative, the scale parameter largely positive,
while the shape parameter pointed to an inherent Type III (Weibull) GEV distribution. In addition,
the return levels for the drought/wet duration and severity of the EDI and SPI-3, -6, and -12 values
generally showed increasing patterns across the corresponding return periods; the spatial contrasts
were only noticeable in the return levels derived from the wet/drought duration and severity derived
from SPI-3, -6, and -12 values (and not in the EDI). Further, the EFA results pointed to a noticeable
spatial contrast in the return periods derived from the EDI and SPI-3, -6, and -12 values for each of
the extreme precipitation categories: moderately wet, severely wet, extremely wet to moderately dry,
and severely dry. Over four decades, the FS Province has generally experienced a suite of extreme
precipitation categories ranging from moderately wet, severely wet, extremely wet to moderately
dry, severely dry, and extremely dry conditions. Overall, the present study contributes towards
implementation of effective drought early warning systems and can be used to enhance drought
related policy and decision making in support of water resource management and planning in the
FS Province.

Keywords: drought; extreme; frequency; duration; drought indices; EDI; SPI; extreme value analysis
(EVA); extreme frequency analysis (EFA)

1. Introduction

Extreme weather patterns can be viewed as complex spatiotemporal physical and
societal processes that act as a cascade of events, ultimately causing major impacts that
transcend many environmental, socioeconomic, and political regimes. Extreme weather
events include heatwaves, droughts, floods, wildfires, concurrent wind, and intense rainfall.
Climate change has exacerbated the frequency, intensity, severity, and duration of droughts
at all geographical scales. This phenomenon can be detrimental, often leading to loss of
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lives and destruction of properties [1–9]. The major climatic drivers of drought events are
precipitation and temperature. It has been observed that extreme rainfall has a detrimental
consequence on food and water security, creating unrest and prompting migrations, among
other factors [10]. It is projected that climate change will alter the pattern of occurrence
of wet/dry months in the future with severe consequences for agricultural production
and food security [11]. However, it has been observed that precipitation has increased in
various regions of the world and reduced in others, with little or no net change in the entire
amount of precipitation [12]. Drought is one of the most destructive natural phenomena
because its effects extend over a large area and last for a long time, albeit slowly [13].
Overall, drought has the characteristic of long periods of water shortage that negatively
affect edaphic, hydrological, meteorological, and social aspects [14–16].

South Africa is known to be a semi-arid/arid country, associated with hydroclimatic
extremes such as droughts and floods. Droughts over South Africa are characterized
by rainfall variability caused by atmospheric circulation configurations and exchanges
in westerly and easterly circulations [17]. Drought is persistent over the entire South
African landscape due to its semi-aridity [18,19]. In addition, the likelihood of aggravated
drought impacts is inevitable due to different driving factors such as climate change and
land-use change.

Drought indices are considered to be the best tools for monitoring drought at different
timescales. In this regard, a number of such indices have been developed and these include
the Agricultural Reference Index for Drought (ARID) [20], Bhalme and Mooley Drought
Index (BMDI) [21], Crop Moisture Index (CMI) [22], China Z-Index (CZI) [23], Effective
Drought Index (EDI) [24], Reconnaissance Drought Index (RDI) [25], Soil Moisture Drought
Index (SMDI) [26], Soil Moisture Deficit Index (SMDI) [27], Standardized Precipitation
Evapotranspiration Index (SPEI) [28], Standardized Precipitation Index (SPI) [29], Surface
Water Supply Index (SWSI) [30], and the Vegetation Health Index (VHI) [31], among
others. These indices rely on incessant functions of hydro-meteorological variables such as
temperature, precipitation, potential evapotranspiration, soil water, groundwater, run-off,
and streamflow (World Meteorological Organization (WMO) [32]).

Several different drought indices have been compared in different regions of the world.
For example, a study by Jain et al. [33] compared six drought indices for the Ken River
Basin, India, stated that EDI is the most suitable index for monitoring drought conditions in
the region. A comparison of the suitability of seven drought indices for drought monitoring
in the basin was presented in [34] and the SPI and EDI were recommended; additionally,
their study found that the EDI was more responsive to drought and performed better than
the SPI. Keyantash et al. [35] analyzed and ranked indices for drought in two areas of the
United States and concluded deciles and SPI were the best among the range of drought
indices analyzed. On the basis of six verdict criteria, [36] examined the performance of
three drought indicators in the Upper Niger basin and ranked the SPI first among the
meteorological drought indices.

McKee et al. [29] developed the Standardized Precipitation Index (SPI) to measure
how far a given period’s accumulated precipitation deviated from the average. The SPI
is one of frequently employed drought indices for examining meteorological drought.
Additionally, the Effective Drought Index (EDI) was proposed by Byun and Wilhite [24] to
monitor drought duration and severity by effectively determining precipitation using the
present month’s rainfall and weighted rainfall over the preceding period calculated with a
time-dependent reduction function. While periodicity of drought is highly complex, there
is a need to effectively monitor drought in order to mitigate its effects [37]. The 3-month
accumulation period of SPI timescales is effective for assessing drought over a short-term
scale, while the -6- and -12-month accumulation periods are effective for assessing drought
over a long-term scale. In the present study, the EDI and SPI (at 3-, 6-, and 12-month
accumulation periods) were calculated and analyzed based on 4 decades of rainfall data.

A return period refers to the estimation of the time over which there is a likelihood
of the occurrence of a particular magnitude of drought [38]. The extreme frequency
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analysis (EFA), which involves the use of historical records of hydrological events, is
commonly used to create guidance for the expected future probability of occurrence.
The EFA is crucial, owing to its environmental and economic impact [39]. The results
from previous studies have demonstrated the importance of return period estimation
for effective policy formulation, hazard preparedness, and, in some cases, it has been
integrated for climate change adaptation [40]. Several research studies have indicated that
historical trends in the frequency of heavy to extreme hydrological events [41] were linked
to increased global average air, ocean, and near-surface temperatures, widespread melting
of snow and ice, and rising global average sea level [42–44]. Climate change impacts have
been increasing at an alarming rate, necessitating constant monitoring and evaluation of
climate change indicators across all climate-sensitive sectors. This involves monitoring
climatological variables including precipitation, evaporation, and air temperature, by
using, for example, integrated models to model interactions between natural and human
processes [45]; assessment of patterns in hydrological statistical parameters of climate
variables (e.g., annual mean, median, minimum, and maximum) [46–49]; general extreme
value (GEV) analysis to calculate the probability distribution and return periods of extreme
events [50,51]; and drought monitoring using drought indices and drought monitoring
indicators [18,52–55].

Despite the vulnerability of the South African landscape to drought, there is only
limited information on the estimation of return levels for particular periods for the phe-
nomena at a local scale that could inform effective planning. Therefore, numerous drought
indices and indicators have been analyzed over South Africa; although limited studies have
estimated the return levels for specific periods of major drought events. Consequently, in
this study, we aim to assess the performance of the EDI, SPI-6, and SPI-12 for the probable
occurrence of extreme drought in the Free State Province of South Africa, through the fol-
lowing: (i) The trend is carried out to determine if there is a decreasing or increasing trend
in the precipitation, EDI, SPI-3, SPI-6, and SPI-12 values. (ii) The extreme value analysis
(EVA) is used to evaluate the location, scale, and shape of the distribution. (iii) The return
levels are estimated for drought using EVA and return period using the extreme frequency
analysis (EFA). The results of this study are intended to contribute to the selection of the
most appropriate indices for drought monitoring, and therefore aid the development of
localized early warning systems which are vital for enhancing preparedness and building
the adaptive capacity of those vulnerable to the adverse impacts of drought (especially the
small-scale farmers) in the Free State Province.

2. Materials and Methods
2.1. Study Area

This study was undertaken in the Free State (FS) Province of South Africa, as shown
in Figure 1. This province covers an estimated 129,825 km2 which makes it the third largest
province in terms of landmass in South Africa. It is located between latitudes 26.6◦ S and
30.7◦ S and longitudes 24.3◦ E and 29.8◦ E. The FS Province is bordered by Lesotho and six
other provinces, namely Northwest, Northern Cape, Eastern Cape, Gauteng, KwaZulu-
Natal, and Mpumalanga. Moreover, the FS province is characterized by chilly winters
(ranging from cold (1 ◦C) to mild (17 ◦C)), plenty of sunshine (from 15 to 32 ◦C), and
summer rains (500–600 mm/yr). Major economic activities that contribute significantly to
the province’s gross domestic product include mining (9.6%), trade (10.7%), agriculture
(20.1%), and community service (24.7%) [56]. The Vaal irrigated area is located in the
northeastern part of the country, which nourishes the small assortment of farming towns.
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Figure 1. Map of rainfall districts for the Free State Province of South Africa (SAWB, 1972) with named municipalities
showing the average of the annual total rainfall 1980–2019.

The FS Province substantially contributes to the agricultural economy of the coun-
try, for instance, about 30% of the country’s maize production is from the province [57].
The province’s agriculture is extremely dependent on rainfall with only 10% or less
of the province under irrigation. The province is divided into the following 5 district
municipalities (Figure 1): Thabo Mofutsanyane, where rainfall Districts 60, 61, and 72
are located, receives total annual rainfall amounts ranging from 601 to 650 mm/year;
Mangaung, where district 71 is located, receives total annual rainfall amounts ranging
from 561 to 600 mm/year, 40% receives total annual rainfall amounts ranging from 510
to 560 mm/year, and 20% receives total annual rainfall amounts ranging from 451 to
510 mm/year; Fezile Dabi, where district 73 is located, with annual rainfall averages of
561–600 mm/year Lejweleputswa, where three rainfall districts are located, Districts 83,
82, and 81 have average annual rainfall amounts of 510–560 mm/year, 451–510 mm/year,
and 380–450 mm/year, respectively; and Xhariep, where two rainfall districts are located,
District 70 (60% receives rainfall averages from 451 to 510 mm/year) and District 81 (which
receives rainfall averages from 380 to 450 mm/year). Note that rainfall District 81 cuts
across two district municipalities, that is, Lejweleputswa and Xhariep.

2.2. Materials

The present study considered monthly rainfall data spanning from 1980 to 2019.
The data were collected from nine (9) rainfall climatic districts distributed across the FS
Province. The selected districts are part of the 94 rainfall climatic districts across South
Africa, as delineated by the South African Weather Service (SAWS). These rainfall districts
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have long-term monthly rainfall totals recorded from 1921 to the present. However, the
data were used from the period considered to be reliable with good quality control (1980
to the present). Generally, the districts are delineated by estimating the annual march of
maximum rainfall and the boundaries between winter, whole-year, and summer rainfall
regions. Therefore, in calculating the daily district rainfall total, the average of the values
available in the district was taken. The SAWS updates these rainfall districts on a monthly
basis. For additional and detailed information on the rainfall climate districts, refer to [50].

2.3. Methods
2.3.1. Standardized Precipitation Index

In the present study, the SPI was calculated based on a methodology reported in [29]
for 3-, 6-, and 12-month accumulation periods. In particular, the SPI was calculated by
fitting a gamma distribution described by Equation (1), to monthly rainfall data as follows:

g(x) =
1

βαΓ(α)
xα−1e−x/β (1)

where α > 0 represents the shape parameter, β > 0 is a scalar parameter, x > 0 represents
the amount of rainfall, and Γ(α) is the gamma function given by Equation (2) as follows:

Γ(α) =
∞∫

0

ya−1e−ydy (2)

where n is the number of observations. The gamma distribution in Equation (1) was used
to compute the cumulative probability function, as per Equation (3) as follows:

G(x) =
x∫

0

g(x)dx =

x∫
0

1
βαΓ(α)

xα−1e−x/βdx =
1

Γ(a)

x∫
0

ta−1e−1dt (3)

Then, the cumulative probability function (Equation (3)) was converted/transformed
into the standard normal distribution to yield the SPI, a time series consisting of both
positive and negative values considered to be wet and dry conditions, respectively. The
resulting SPI values were categorized based on the classification in Table 1.

Table 1. Range of SPI and EDI values for drought [24].

Category Range of Drought Index Values

SPI EDI

Extremely dry ≤−2.0 ≤−2.0
Severely dry From −1.5 to −1.99 From −1.5 to −1.99

Moderately dry From −1.0 to −1.49 From 1.0 to −1.49
Normal From −0.99 to 0.99 From −0.99 to 0.99

Moderately wet From 1.0 to 1.49 From 1.0 to 1.49
Severely wet From 1.5 to 1.99 From 1.5 to 1.99

Extremely wet ≥2.0 ≥2.0

2.3.2. Effective Drought Index

The EDI, which is computed solely based on precipitation input, quantifies the stan-
dardized deficiency or excess of water resources. In this regard, monthly rainfall totals
were used to compute the monthly EDI for the FS Province. The summed value of monthly
rainfall totals with a time-dependent reduction function is given by Equation (4), described
in [24], as:

EPi =
i

∑
n=1

[
∑n

m=1 Pm

n

]
(4)
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where Pm is the precipitation of m months and i represents the duration of summation for a
year (considered in this study) which is the most dominant precipitation cycle globally. In
this way, 365 can represent a value of the total water resources available or stored over a
period of time.

The EDI values are normally standardized to allow a better comparison for different
locations with varying climatic zones. The present study adopted the drought classification
in [24] to categorize and interpret the EDI values.

A trend analysis across the indices was carried out by using the modified Mann–
Kendall (MMK) test [58]. The MMK is the modified version of the original form of the Mann–
Kendall test. This trend test takes into consideration issues relating to autocorrelation in
the datasets. In this study, the test was tested for significance at a 95% confidence level.

2.3.3. Extreme Value and Return Level Analyses

In the present study, the generalized extreme value distribution (GEV), which is
defined by three parameters, i.e., position, size, and shape, was used to evaluate the charac-
teristics of precipitation and derived drought indices (EDI, SPI-3, SPI-6, and SPI-12). The
GEV distribution was fitted to the yearly maximum precipitation time series, yielding an
estimate of the position, size, and shape parameters that are appropriate for explaining the
underlying probability distribution of precipitation extremes. The calculated parameters
were evaluated using the Gumbel, Frechet, and Weib (also known as Type I, Type II, and
Type III extreme value distributions, respectively) classes of the GEV family of distribu-
tions [58]. The shape parameter determines the differences between these families of
distributions. When a shape parameter is equal to zero, greater than zero, or less than zero,
the GEV distribution corresponds to Type I, Type II, and Type III severe value distributions,
respectively. Furthermore, in this analysis, the shape parameter was used to find the
extreme value distribution that best fits/describes precipitation and the drought indices’
extremes in the rainfall district of the Free State Province from 1980 to 2019. A probability
density function is used to integrate these distributions into the GEV which is expressed as:

F(x) = exp
[
−(1 + γ(x − µ)/α)

−1
γ

]
(5)

where α > 0 and 1 + γ(x−γ)
∝ > 0, GEV is a three-parameter distribution with the Gumbel

distribution as its limiting value at γ = 0 as follows:

F(x) = exp(−exp(−y)) (6)

where the reduced variate is y as follows:

y = (x − µ)/ ∝ (7)

The location parameter, µ, is used to define the size of the minima, and the scale
parameter, α, is used to determine the range of the minima. For the shape parameter γ < 0
(Weibull), the GEV distribution has a finite upper tail, while for γ > 0 (Fréchet) and γ = 0
(Gumbel), there is no upper limit. The shape parameter is used to determine the shape of
the distribution. In this regard, the shape parameter controls the amount of skewness, the
difference between the mean and the median of the distribution.

An extreme value model can be extrapolated using two methods: the distributional
method and the return level method. With the return level method, larger areas can be
mapped to quantiles of the EV model and conclusions are drawn. Whereas a distributional
analysis is intended to directly determine a minimum from that extrapolated area. The rM,
also referred to as the Mth return level, is defined as the thickness not to be exceeded in M
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inspection blocks. According to the following equation, an average sample of M thickness
minima will have more thickness measurements than the return level [59]:

E(N(x > rM)) = MP(x > rM) = M(1 −∅(
x
µ

, σ, k)) (8)

In the present extreme value analysis, we calculated the return levels of the drought
parameters associated with the 5-, 10-, 20-, and 50-year return periods. In the analysis,
(a) firstly, the equivalent probabilities were determined from the return periods; (b) second,
the GEV distribution parameters were calculated and the goodness of fit tested using the
Kolmogorov–Smirnov test; (c) finally, the return levels for each of the drought indices were
calculated using the equivalent probabilities in (a) for each of the return periods. These
analyses were undertaken using the fevd function of extRemes R Package.

2.3.4. Extreme Frequency Analysis (EFA)

Several existing methods are available for recurrence estimation and EFA. Graphical
representation is the simplest method that involves the use of a straight line fitting the quan-
tile expression and the flood discharge value. The graphical representation linearizes the re-
lationship between the cumulative frequency F and the quantile x probabilistically [60–62].
The Gumbel law is easy to use, therefore, it was selected among the several two-parameter
distributions. Inserting the reduced variable u in the Gumbel distribution expression
(u = −1n(−1n(F))), enabled the possibility of plotting the discharge values on the axes
x − u, and thereafter finding the best possible fit straight line. Equation (9) can be used to
calculate the empirical frequency of a given discharge value as follows:

F
(

x[r]
)
=

r − c
n + 1 − 2c

(9)

where n is the sample size; x[r] is the value equivalent to the rank r; and c is a coefficient,
usually fixed to 0.5, as suggested by Brunet-Moret [62].

For this study, the extreme frequency analysis was used to estimate the likelihood
of the reoccurrence of drought using the EDI, SPI-3, SPI-6, and SPI-12 values. Drought
characteristics, such as the frequency of dry/wet years, drought and severity, and corre-
sponding patterns based on the MMK trend test, were calculated using the SPI-3, SPI-6,
and SPI-12 accumulation periods as well as the EDI time series. The drought categories
namely extremely wet, severely wet, moderately wet, normal, moderately dry, severely dry,
and extremely dry were derived based on Table 1 (SPI and EDI values [24]). This was also
used for the threshold for the drought indices in both the GEV and the EFA analysis. To
guide interpretation, plotted in Figure 2 is the return periods of EDI over District 60 (Dis60)
from 1980 to 2019. The thick straight line in the middle of the plot signifies the calculated
probability distribution. The pair of red and blue lines represents the confidence band, that
is, there is a 95% chance that the calculated values will fall within this limit.
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3. Results
3.1. Historical Analysis

The results of the historical annual rainfall from 1980 to 2019 over the FS Province is
illustrated in Figure 3. The results indicate that 1992, 1994, 2003, and 2015 were dry years
(red bars) being <75% of the normal period (1985–2010) and 1988, 1996, 2001, 2006 (shown
as blue bars) were wet years (>125% of the normal period). The year 2015 is particularly
referred to as the warmest calendar year on record in South Africa with widespread
below-normal rainfall across the entire country.
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3.2. Trend Analysis

To examine the distribution of the wet and dry years from 1980 to 2019 for the rainfall
districts of the FS Province, the trend analysis of the precipitation, SPI-3, SPI-6, SPI-12, and
EDI values was carried out (Figure 4). The results of the MMK trend analysis show that
there is a positive non-significant trend in precipitation for Dis60, -61, and -70. Rainfall
Districts 71, 72, 73, 81, 82, and 83 exhibit non-significant trends in precipitation. The SPI-3,
SPI-6, SPI-12, and EDI values show negative trends ranging from −0.01 to −0.02 across
the rainfall districts. Dis73 depicts the lowest negative trend for the precipitation values
(Figure 4A, −1.4) as well as the EDI values (Figure 4B, −0.02)
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Figure 4. (A) Trend analysis of precipitation; (B) Effective Drought Index (EDI) and Standard Precipitation Index (SPI)-3, -6
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3.3. Extreme Value Analysis

Figures 5–7 show the results of the GEV distribution analysis, displaying the estimated
location, scale, and shape parameters, across the rainfall districts and indices. The location
parameter values for EDI, SPI-3, SPI-6, and SPI-12 range from −0.54 to −0.35, from −0.22 to
−0.19, from −0.33 to −0.25, and from −0.47 to −0.33, respectively (Figure 5). Furthermore,
35% of the location parameter EDI values for the Free State Province are between −0.39
and −0.35 (Figure 5A); about 45% and 55% of the location parameter values for SPI-6 and
SPI-12 are greater than −0.34 (Figure 5B,C).
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(B) SPI-3; (C) SPI-6; (D) SPI-12.

Figure 6 illustrates the spatial distribution of the scale parameter values across the
indices in the Free State Province. The scale parameter values range from 0.33 to 0.82. From
Figure 6, 35% of the scale parameter EDI values and SPI-6 values range between 0.54 and
0.57 (Figure 6A,C respectively). Furthermore, 56% of the scale parameter SPI-12 values are
greater than 0.60. The scale parameter SPI-3 values (Figure 6B) range from 0.37 to 0.52.

The shape parameter values of the EDI and the SPIs across the selected accumulation
timesteps are shown in Figure 7. The shape parameter values range between −0.01 and
0.33 across the rainfall districts. A negative distribution of the shape parameter values is
observed for the EDI in Dis60, -61, -72, -73, and -82 (Figure 7A); also, for SPI-6 in Dis60,
-61, -71, -72, -73, -82, and -83 (Figure 7B); and for SPI-12 in Dis60, -61, -70, -71, -72, -73,
-82, and -83 (Figure 7C). Given the shape parameter values, Type III (Weibull) of the GEV
distribution best describes the EDI and SPI index extremes for the districts. Furthermore,
a positive distribution of shape parameter values is detected for the EDI in Dis70, -71,
and -81, also for SPI-6 in Dis70 and -81, and for SPI-12 in Dis81. The Type II (Fréchet)
extreme value distribution best describes the drought indices for these districts. There is a
slight difference in the SPI-3 shape parameter values, as a negative distribution of shape
parameter values is detected across the rainfall districts, i.e., −0.25 to −0.02. According to
the shape parameter values, Type III (Weibull) of the GEV distribution best describes the
extremes of the SPI-3 values for all districts. Furthermore, 45% of the distribution of EDI
shape parameter values and 55% of the distribution of SPI-12 shape parameter values in
the Free State Province are less than −0.09. Approximately 30% of the distribution of the
SPI-6 shape parameter values in the Free State Province range from −0.10 to 0.05.

3.4. Return Level Analysis
3.4.1. Return Level Analysis for Drought Conditions

Table 2 depicts the drought duration return levels based on the EDI, SPI-3, SPI-6, and
SPI-12 indices across the nine climatic rainfall districts of the Free State Province for the 2-,
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5-, 10-, 20-, and 50-year periods, respectively. According to Table 2, based on the EDI results,
there is a likelihood that drought conditions will occur for a duration period ranging from
2 to approximately 7 months in the next 5-, 10-, and 20-year periods, while in the next 50
years, drought conditions are likely to occur for a duration period of approximately 2 to
8 months. Dis72 and -82 seem to have a longer period of drought conditions when the EDI
values are considered. The return levels for the drought duration with the EDI values show
no change for all the districts across the years. From the SPI-3 values, drought durations
range from 2 to approximately 5 months for the 5- and 10-year periods; 2 to approximately
6 months for the 20-year period, and 2 to approximately 8 months for the 50-year period.
Dis71 seems to have a longer period of drought conditions with SPI-3 values. The return
levels for drought duration with the SPI-3 values remain constant in Dis61 and Dis70
over the years. For the SPI-6 values, drought duration ranges from 2 to approximately
6 months for the 5-year period, 2 to approximately 8 months for the 10-year period, 2 to
approximately 12 months for the 20-year period, and 2 to approximately 20 months for the
50-year period. Dis82 and -83 exhibit the longest period of drought conditions with SPI-6
values. No change is observed in the return levels for drought duration with the SPI-6
values for the study period across the districts and years. From the SPI-12 values, drought
duration ranges from 2 to approximately 6 months for the 5-year period, 2 to approximately
9 months for the 10-year period, 2 to approximately 12 months for the 20-year period, and
2 to approximately 19 months for the 50-year period. Dis82 exhibits the longest period of
drought condition associated with the SPI-12 values. Similarly, there is no change in the
return levels for the drought duration associated with the SPI-12 values in Dis60, -72, and
-83 across the years.

Figure 8 depicts the spatial distribution of the drought severity return levels for the 5-,
10-, 20- and 50-year return periods over the Free State Province from 1980 to 2019 using
the EDI, SPI-3, SPI-6, and SPI-12 values. According to the EDI analysis, drought severity
is expected to increase in Lejweleputswa (Dis82) across the studied return periods. Less
severe drought is detected in Xhariep (Dis70) for all the return periods with the exception
of the 10-year return period. The return levels for drought severity associated with the
EDI values show no change in Dis83 across the years. With the SPI-3 values, high drought
severity is detected in Lejweleputswa, specifically, in Dis81 and -82 for the 5- and 20-year
return periods; Dis82 and -83 for the 10-year return period; and Dis81, -82 and -83 for the
50-year return period. The return levels for drought severity based on the SPI-3 values
depict no change in Dis83 across the years. From the return levels corresponding to drought
severity derived from SPI-6, Lejweleputswa depicts high drought severity, specifically, in
Dis81 and -82 for the 5- and 20-year return periods and Dis82 and -83 for the 10-year return
period. No noticeable change is detected in drought severity return levels associated with
the SPI-6 values in Dis83 across the selected return periods. High drought severity is also
detected in Lejweleputswa (Dis82) and Xhariep (Dis70) for the 50-year return period with
the SPI-12 values. Noticeable less drought severity is detected in the SPI values in Fezile
Dabi (Dis73), Thabo Mofutsanyane (Dis60, -61, and -72), Mangaung (Dis71), and Xhariep
(Dis70) for the 10-year return period with SPI-3 and SPI-6 values and the 20-year return
period with SPI-12 values. Dis71 and Dis72 depict no change in return levels for the SPI-12
analysis across the years.
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Table 2. The drought duration return levels for the 2-, 5-, 10-, 20-, and 50-year periods.

Effective Drought Index

DISTRICT 2 Year Period 5 Year Period 10 Year
Period

20 Year
Period

50 Year
Period

60 4.08 4.72 4.87 4.94 4.98
61 4.08 4.72 4.87 4.94 4.98
70 2 2 2 2 2
71 3 3 3 3 3
72 3.40 4.78 5.69 6.56 7.69
73 2 2 2 2 2
81 2 2 2 2 2
82 3 3 3 3 3
83 5.64 6.59 6.82 6.92 6.97

Standardized Precipitation Index (3)

60 2 2 2.01 2.12 5.53
61 2 2 2 2 2
70 3.58 3.90 3.96 3.98 4
71 3.26 4.50 5.44 6.44 7.90
72 2 2 2 2 2.23
73 2.80 3.40 3.72 3.98 4.27
81 4.01 4.69 4.85 4.93 4.97
82 3 3 3 3 3
83 3 3 3 3 3

Standardized Precipitation Index (6)

60 2 2 2 2 2
61 2 2 2 2 2.23
70 5.17 5.85 5.95 5.98 6
71 3 3 3 3 3
72 2 2 2 2 2
73 2 2 2 2 2
81 3.86 5.78 7.26 8.86 11.23
82 3.89 5.66 7.89 11.45 19.73
83 3.89 5.66 7.89 11.45 19.73

Standardized Precipitation Index (12)

60 2 2 2 2 2
61 3.02 3.55 3.80 3.99 4.17
70 2 2 2 2 2
71 3.44 4.82 5.78 6.44 7.90
72 2.89 3.91 4.70 5.56 6.82
73 2 2 2 2 2
81 2 2 2 2 2
82 3.56 6.03 8.61 12.17 19.11
83 4.82 5.67 5.86 5.94 5.98
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3.4.2. Return Level Analysis for Wet Conditions

Table 3 depicts the probable wet duration return levels based on the EDI, SPI-3, SPI-6,
and SPI-12 indices in the nine climatic rainfall districts of the Free State Province for the
2-, 5-, 10-, 20- and 50-year return periods. On the basis of the EDI values, the duration of
wet conditions ranges from 2 to approximately 4 months for the 5-year return period, 2 to
approximately 5 months for the 10-year return period, 2 to approximately 6 months for
the 20-year return period, and 2 to approximately 7 months for the 50-year return period.
Moreover, the EDI values for Dis72 show the longest wet condition. On the basis of the
EDI values for Dis60, -61, -81, and -83 for the period of study, the return levels for wet
conditions depict no change across the return periods. The duration of wet conditions in
the Free State Province with the SPI-3 ranges from 2 to approximately 4 months for the 5-,
10- and 20-year return periods, and the return level for the 50-year return period is between
2 to approximately 5 months. According to the SPI-3 values, Dis70 exhibits the longest
wet conditions. According to the SPI-3 values for Dis81, the return levels for wet duration
depict no change across the return periods. With the SPI-6 values, the return levels for the
duration of wet conditions for the 5-year event range from 2 to approximately 4 months,
2 to approximately 5 months for the 10-year event, 2 to approximately 6 months for the
20-year event, and 2 to approximately 7 months for the 50-year event. On the basis of the
SPI-6, Dis73 shows the longest wet conditions. On the basis of the SPI-6 values for Dis60,
-61, -70, -81, -82, and -83, the return levels for wet duration depict no change across the
return periods. On the basis of the SPI-12 values, the likely return levels for the durations of
wet conditions are: for the 5-year event, from 2 to approximately 5 months; for the 10-year
event, the wet duration ranges from 2 to approximately 7 months; for the 20-year event,
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the wet duration ranges from 2 to approximately 9 months; and for the 50-year event, the
wet duration ranges from 2 to approximately 13 months. For the SPI-12, Dis83 exhibits
the longest wet conditions. On the other hand, areas covered by Dis81 and -83, exhibit no
changes in the return levels for the wet duration across all the selected return periods.

Table 3. Wet durations return levels for 2-, 5-, 10-, 20-, and 50-year events.

Effective Drought Index

DISTRICT 2-Year 5-Year 10-Year 20-Year 50-Year

60 2.66 2.89 2.95 2.98 2.99
61 2.66 2.89 2.95 2.98 2.99
70 2 2 2 2 2
71 2.66 2.89 2.95 2.98 2.99
72 2.98 3.99 4.75 5.55 6.72
73 2.99 3 3 3 3
81 2 2 2 2 2
82 2.55 2.85 2.93 2.97 2.99
83 3.02 3.55 3.80 3.99 4.17

Standardized Precipitation Index (3)

60 2 2 2 2 2
61 3.65 3.95 3.99 4 4
70 2 2 2.07 4.42 5.25
71 3.02 3.55 3.80 3.99 4.17
72 2 2 2 2 2
73 3.07 3.63 3.87 4.02 4.16
81 3.02 3.55 3.80 3.99 4.17
82 2.80 3.40 3.72 3.98 4.27
83 3.54 3.93 3.98 3.99 4

Standardized Precipitation Index (6)

60 3.02 3.55 3.80 3.99 4.17
61 2.66 2.89 2.95 2.98 2.99
70 2 2 2 2 2
71 3.43 3.82 3.91 3.96 3.98
72 2 2 2 2 2
73 2.98 3.99 4.75 5.55 6.72
81 2 2 2 2 2
82 3.02 3.55 3.80 3.99 4.17
83 3.02 3.55 3.80 3.99 4.17

Standardized Precipitation Index (12)

60 2.80 3.40 3.72 3.98 4.27
61 2 2 2 2 2
70 2 2 2 2 2
71 2.66 2.89 2.95 2.98 2.99
72 4.11 4.72 4.87 4.94 4.98
73 2.80 3.40 3.72 3.98 4.27
81 2 2 2 2 2
82 2 2 2.07 4.42 5.15
83 3.34 5.17 6.88 9.03 12.83

Figure 9 depicts the spatial distribution of wet severity for the 5-, 10-, 20-, and 50-year
periods over the Free State Province from 1980 to 2019 using the EDI, SPI-3, SPI-6, and SPI-
12 values. According to the EDI analysis, wet severity is expected to increase in Fezile Dabi
(Dis73), Lejweleputswa (Dis83), and Xhariep (Dis70), and decrease in Mangaung (Dis71) for
the 5-year period. Furthermore, wet severity is expected to increase in Thabo Mofutsanyane
(Dis61) and become less in Lejweleputswa (Dis82) for the 10-year period. Additionally, wet
severity is expected to increase in Lejweleputswa (Dis81), while less severity is expected
in Mangaung (Dis71) for the 20-year period. Wet severity is expected to increase in
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Lejweleputswa (Dis83), while it is expected to decrease in Thabo Mofutsanyane (Dis61) and
Mangaung (Dis71) over the next 50 years. The return levels for wet severity derived from
the EDI values show no change across Dis60, -61, and -82 over the selected return periods.
Examining the SPI-3 values showed that wet severity is expected to increase in Thabo
Mofutsanyane (Dis60 and -61) for the 5- and 10-year periods, in Lejweleputswa (Dis81)
for the 20-year period, and in Lejweleputswa (Dis83) for the 50-year period. However,
minimal severity is detected in Mangaung (Dis71) for the 5- and 20-year periods; in
Lejweleputswa (Dis81) for the 10-year period; and in Fezile Dabi (Dis73), Lejweleputswa
(Dis82 and -81), Xhariep (Dis70), and Mangaung (Dis71) for the 50-year period. The
return levels for drought severity with the SPI-3 values depict no change in Dis60 and
-81 across the years. Furthermore, the SPI-6 values indicate that wet severity is likely to
increase in Thabo Mofutsanyane (Dis60 and -61) for the 5-year period; in Lejweleputswa
(Dis81) for the 10-year period; in Thabo Mofutsanyane (Dis72) for the 20-year period; and
Lejweleputswa (Dis83) for the 50-year period. While less wet severity is likely to occur in
Lejweleputswa (DIS 82) for the 5-year period; in Fezile Dabi (Dis73), Thabo Mofutsanyane
(Dis60), Mangaung (Dis71), Lejweleputswa (Dis82), and Xhariep (Dis70) for the 10- and
20-year periods; in Lejweleputswa (Dis83) for the 50-year period. No change is detected in
drought severity return levels associated with the SPI-6 values in Dis60, -61, -73, and -81
across the years.
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With the SPI-12 analysis, wet severity is expected to increase in the following dis-
tricts: Lejweleputswa (Dis83), Xhariep (Dis70), and Fezile Dabi (Dis73) for the 5-year
period; Lejweleputswa (Dis82) for the 10-year period; Thabo Mofutsanyane (Dis61 and
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-72) for the 20-year period; and Lejweleputswa (Dis83) for the 50-year period. However,
less wet severity is expected in Lejweleputswa (Dis82) for the 5-year period; Thabo Mo-
futsanyane (Dis60), Mangaung (Dis71), and Xhariep (Dis70) for the 10-year period; in
Fezile Dabi (Dis73), Thabo Mofutsanyane (Dis60), Lejweleputswa (Dis82), and Xhariep
(Dis70) for the 20-year period; and in Fezile Dabi (Dis73), Thabo Mofutsanyane (Dis60),
and Lejweleputswa (Dis82) for the 50-year period. Dis60, -61, and -81 depict no change in
return levels for the SPI-12 analysis across the years.

3.5. Dry Return Periods Based on Extreme Frequency Analysis (EFA) in the Free State Province

The return period was calculated to ascertain the likelihood of occurrence of a particu-
lar magnitude of drought. Here, moderately wet, severely wet, extremely wet, moderately
dry, severely dry, and extremely dry are considered (based on Table 1). The results for the
return levels over the 4 decades are displayed in Figure 10. In all the rainfall districts, all
drought indices show moderately dry conditions with varying return periods; EDI ranging
from 1 to 2 years (Table 2 and Figure 10A), for SPI-3 and SPI-6 the moderately dry return
period is 1 year (Table 2 and Figure 10B,C), and the SPI-12 return period is 1.1 years (Table 2
and Figure 10D). This indicates a moderately dry climate across the study site. According
to the EDI and SPI-12 values, severe dry conditions are observed across the rainfall districts
with a 1-year return period. During the study period, none of the drought indices detected
extremely dry conditions in any of the rainfall districts.
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3.6. Wet Return Periods Based on Extreme Frequency Analysis (EFA) in the Free State Province

The EDI and SPI indices computed over the study period 1980–2019 exhibit moderately
wet conditions across the rainfall districts, with varying return periods (see Figure 11).
When the extreme frequency analysis was carried out using the SPI-3 values, all the districts
showed a moderately wet condition with the likelihood of its occurrence ranging from 20 to
30 years. The FS Province is likely to experience moderately wet climate ranging between
12 and 16 years based on the SPI-6 analysis. While the return period for EDI values varies
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from 12 to 14 years, that of SPI-12 values varies from 8 to 9 years. Therefore, the Free
State Province is unlikely to experience moderately wet weather regularly. All the rainfall
districts of the Free State Province depict severely wet conditions, for example, severe wet
conditions are likely to occur with return period ranges from 30 to 40 years (SPI-6), from 25
to 30 years (EDI), and from 15 to 16 years (SPI 12). Extreme wet conditions were observed
across the rainfall districts with the exception of Dis60 and -61 for the SPI-6 values. The
return periods range from 7 to 100 years (SPI-6), from 60 to 100 years (EDI), and from 32 to
35 years (SPI-12). Therefore, the SF Province is rarely expected to be extremely wet.
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3.7. Frequency Distribution of Precipitation and the Drought Indices

When the drought indices were considered, the results were derived from the fre-
quency distribution as shown in Figure 12A–D (moderately wet, severely wet, extremely
wet, moderately dary, severely dry, and extremely dry are based on Table 1). A moderately
dry condition occurred about 8–17 times over the four decades (based on EDI), 1–7 (SPI-3),
4–11 (SPI-6), and 5–16 (SPI-12). According to the EDI values, a severe dry condition oc-
curred every 1–4 times. With the SPI-3 values, severely dry conditions occurred once in
four districts (Dis61, -71, -72, and -82). Using SPI-6, severe dry conditions occurred from
one to three times. Similarly, severe dry conditions occurred starting from the lowest of
one time and peaking at seven times for SPI-12 during the period 1980–2019. Extremely
dry conditions were detected with the SPI-12 values in the frequency distribution ranging
between one and two times throughout the study period. The Free State Province rarely
experienced moderately wet conditions, as its frequency ranged from one to two times
during the analyzed period (EDI), from one to three times (SPI-6), and from one to five
times (SPI-12). Five of the rainfall districts (Dis70, -72, -73, -81, and -83) experienced severe
wet conditions, ranging from one to two times (EDI). Severe wet conditions occurred once
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across the rainfall districts, with the exceptions of Dis60 and -72 (SPI-6). Similar results
were observed ranging from one to four times across all the rainfall when the SPI-12 values
were considered. The SPI-12 values indicated that extreme wet conditions occurred in six
rainfall districts (Dis60, -70, -72, -73, -81, and -82) once during the study period. According
to the EDI values, extremely wet conditions occurred once in the following rainfall districts:
Dis60, -61, –70, -71, -81, and -82. During the study period, the values of SPI-3 and SPI-6 did
not show extremely wet conditions.

Water 2021, 13, x FOR PEER REVIEW 20 of 24 
 

 

 
Figure 12. Frequency of EDI, SPI-3, SPI-6, and SPI-12 in the Free State Province from 1980 to 2019: (A) EDI; (B) SPI-3; (C) 
SPI-6; (D) SPI-12 (MW, moderately wet; SW, severely wet; EW, extremely wet; MD, moderately dry; SD, severely dry; ED, 
extremely dry). 

4. Discussion and Conclusions 
In this study, monthly rainfall totals from nine (9) climatic rainfall districts distrib-

uted across the Free State (FS) Province were used to compute the EDI and SPIn (for n = 3-
, 6- and 12-month accumulation periods) indices. These indices were used to evaluate pre-
cipitation extreme events for the period spanning 1980–2019. The results indicate that the 
FS Province has experienced a decrease in precipitation over the study period. This is ev-
idenced by negative trends observed in 66.7% of the rainfall districts, although the de-
tected trends were not statistically significant. These findings are in accordance with a 
study by [18], who reported negative trends in the precipitation concentration index dur-
ing the period spanning 1985–2015. Moreover, the results agree with a study by [63], who 
reported increases in extreme rainfall indices over the southern parts of the FS Province 
during 1910–2004. In addition, [63,64] reported increased dry spell duration observed in 
most parts of the FS Province over the same period. The decreasing trend in precipitation 
could be attributed to seasonality effects, leading to high variability in precipitation inten-
sity, distribution patterns, and duration [65]. Other factors may include increases in the 
occurrences of extreme and inter-annual variability of rainfall within the province [63]. 

Negative trends were observed in both the EDI and SPI across the accumulation pe-
riods and rainfall districts. The results agree a study by [54], who reported negative trends 
in both the SPI and the Standardized Precipitation Evapotranspiration Index detected in 
approximately 60% of rain-gauge stations over the FS Province during 1985–2015. Similar 
results have been reported in neighboring provinces, for example, in the Western Cape 
[55] as well as the Eastern Cape provinces [53]. The results presented in this study suggest 
that the Free State Province has continued to experience prolonged drought conditions 

Figure 12. Frequency of EDI, SPI-3, SPI-6, and SPI-12 in the Free State Province from 1980 to 2019: (A) EDI; (B) SPI-3;
(C) SPI-6; (D) SPI-12 (MW, moderately wet; SW, severely wet; EW, extremely wet; MD, moderately dry; SD, severely dry;
ED, extremely dry).

4. Discussion and Conclusions

In this study, monthly rainfall totals from nine (9) climatic rainfall districts distributed
across the Free State (FS) Province were used to compute the EDI and SPIn (for n = 3-,
6- and 12-month accumulation periods) indices. These indices were used to evaluate
precipitation extreme events for the period spanning 1980–2019. The results indicate
that the FS Province has experienced a decrease in precipitation over the study period.
This is evidenced by negative trends observed in 66.7% of the rainfall districts, although
the detected trends were not statistically significant. These findings are in accordance
with a study by [18], who reported negative trends in the precipitation concentration
index during the period spanning 1985–2015. Moreover, the results agree with a study
by [63], who reported increases in extreme rainfall indices over the southern parts of the
FS Province during 1910–2004. In addition, [63,64] reported increased dry spell duration
observed in most parts of the FS Province over the same period. The decreasing trend
in precipitation could be attributed to seasonality effects, leading to high variability in
precipitation intensity, distribution patterns, and duration [65]. Other factors may include
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increases in the occurrences of extreme and inter-annual variability of rainfall within the
province [63].

Negative trends were observed in both the EDI and SPI across the accumulation peri-
ods and rainfall districts. The results agree a study by [54], who reported negative trends
in both the SPI and the Standardized Precipitation Evapotranspiration Index detected in
approximately 60% of rain-gauge stations over the FS Province during 1985–2015. Similar
results have been reported in neighboring provinces, for example, in the Western Cape [55]
as well as the Eastern Cape provinces [53]. The results presented in this study suggest that
the Free State Province has continued to experience prolonged drought conditions over
the period 1980–2019. The creeping drought conditions, which are attributed to reduced
levels of precipitation, resulted in the declaration of the province as a drought disaster
area in 2015/2016. The results on the return level analysis suggest that drought conditions
are likely to persist into the future. In particular, the return level analysis indicates that
drought is likely to increase in duration lasting between 2 and ~7 months based on the
EDI and SPI-3 and up to ~20 months from the SPI-6 and -12 accumulation period analyses.
Similarly, drought severity is expected to increase with localized districts’ variations.

The Lejweleputswa district municipality is mostly expected higher drought severity
across the 5-, 10-, 20-, and 50-year studied periods. In general, the probability of the return
levels increases with persisting period, for example, the longer periods (20 and 50 years)
show greater return levels in drought duration and severity. It is worth noting that the FS
Province is also likely to experience wet conditions in the future, based on the findings
associated with 5-, 10-, 20- and 50-year studied periods. The expected wet conditions
range between the lowest of 2 to ~6 months (EDI, SPI-3, and SPI-6) and the maximum of
~12 months based on the SPI-12 analysis. Overall, the expected dry and wet conditions
exhibit localized variability, with most district municipalities likely to experience mild
to moderate conditions. Nonetheless, the impacts of these conditions can be detrimental
towards various climate-sensitive and socioeconomic sectors, including water resources,
agriculture, food security, health, and energy, among others, within the region.

The FS Province is one of the agricultural food baskets of South Africa [54], contribut-
ing between 35 and 40% of the national maize production [66,67]; other agricultural yields
include 53% of sorghum, 37% of wheat, 33% of potatoes, 30% of groundnuts, and 18%
of meat [67]. The province is also home to manufacturing economic activities, including
Sasol, which is considered to be one of the largest synthetic fuel companies in South Africa.
Consequently, persistent occurrences of droughts or floods threaten the livelihood of the
citizens within the province. South Africa is generally a water scarce country. Prolonged
drought conditions are likely to exacerbate water shortages in a province that is facing high
unemployment rate, low economic growth, and migration, among other challenges [68].

In conclusion, the results presented in this study can be summarized as follows:

(a) Whilst the return levels for the drought/wet duration and severity of EDI and SPI-3,
-6 and -12 values generally showed increasing patterns across the corresponding
return periods, the spatial contrasts were only noticeable in the return levels derived
from the wet/drought duration and severity derived from SPI-3, -6, and -12 values
(and not from the EDI values).

(b) The EFA results point to a noticeable spatial contrast in the return periods derived
from the EDI and SPI-3, -6, and -12 values for each of the extreme precipitation cate-
gories: moderately wet, severely wet, extremely wet to moderately, and severely dry.

(c) Over the four decades, the Free State Province has generally experienced a suite of ex-
treme precipitation categories ranging from moderately wet, severely wet, extremely
wet to moderately dry, severely dry, and extremely dry conditions.

Overall, albeit there are subtle differences, the results illustrate that both EDI and
SPI indices capture the inherent trends, return levels, and spatial-temporal contrasts of
precipitation extremes. These indices could, therefore, be included in a suite of tools for
precipitation extreme monitoring and prediction in support of vulnerable communities
and, in particular, small-scale farmers in the Free State Province, South Africa. Therefore,
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the present study contributes towards implementation of effective drought early warning
systems and can be used to enhance drought related policy and decision making in support
of water resource management and planning in the FS province.
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