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Abstract: Global impacts of drought conditions pose a major challenge towards the achievement
of the 2030 Sustainable Development Goals. As a result, a clarion call for nations to take actions
aimed at mitigating the adverse negative effects, managing key natural resources and strengthening
socioeconomic development can never be overemphasized. The present study evaluated hydrological
drought conditions in three Cape provinces (Eastern, Western and Northern Cape) of South Africa,
based on the Standardized Streamflow Index (SSI) calculated at 3- and 6-month accumulation periods
from streamflow data spanning over the 3.5 decades. The SSI features were quantified by assessing
the corresponding annual trends computed by using the Modified Mann-Kendall test. Drought
conditions were also characterized in terms of the duration and severity across the three Cape
provinces. The return levels of drought duration (DD) and drought severity (DS) associated with
2-, 5-, 10-, 20- and 50-year periods were estimated based on the generalized extreme value (GEV)
distribution. The results indicate that hydrological drought conditions have become more frequent
and yet exhibit spatial contrasts throughout the study region during the analyzed period. To this end,
there is compelling evidence that DD and DS have increased over time in the three Cape provinces.
Return levels analysis across the studied periods also indicate that DD and DS are expected to be
predominant across the three Cape provinces, becoming more prolonged and severe during the
extended periods (e.g., 20- and 50-year). The results of the present study (a) contribute to the scientific
discourse of drought monitoring, forecasting and prediction and (b) provide practical insights on
the nature of drought occurrences in the region. Consequently, the study provides the basis for
policy- and decision-making in support of preparedness for and adaptation to the drought risks in
the water-linked sectors and robust water resource management. Based on the results reported in
this study, it is recommended that water agencies and the government should be more proactive in
searching for better strategies to improve water resources management and drought mitigation in
the region.

Keywords: hydrological drought; water resources; mitigation; streamflow; return levels; trends;
GEV distribution
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1. Introduction

Drought is a naturally recurring hazard associated with a decrease in water availability
over time within a region. Such conditions are often attributed to anomalous weather
conditions associated with the decreasing intensity or a deficiency of precipitation; the
changes in the onset and cessation of precipitation; and in climatological parameters, such
as temperature, relative humidity and evapotranspiration [1-3]. Drought is also influenced
by natural global circulation changes; the long-term abnormal Sea Surface Temperature
(SST), particularly in the tropics; and El Nino Southern Oscillation (ENSO) associated with
below-normal rainfall [4]. In addition, drought over Africa (especially in the Sahel region)
could be associated with the southward shift of the warm SST in the Atlantic and the
warming in the Indian Ocean [5].

South Africa, similarly to many semi-arid and arid countries globally, suffers from
frequent occurrence of drought conditions. In recent years, some parts of the country have
been declared disaster areas; however, some regions have since recovered or are slowly
recovering. Some regions have experienced what has been termed the “worst drought in
over 35 years” [6], including the 2015 drought that was partly attributed to a rainfall deficit
that reached the lowest annual average since 1904 [7]. The southwestern and southeastern
regions of the country, particularly the Western, Eastern and Northern Cape provinces, have
been experiencing diverse impacts of drought, resulting from the common classified cate-
gories (e.g., meteorological, agricultural, hydrological and socioeconomic) conditions [8,9].
The drought conditions had profound and negative implications on the economies of
these adjacent provinces. In particular, a persistent physical phenomenon attributed to the
first three classes of drought (meteorological, agricultural and hydrological) has caused
substantial and irreversible socioeconomic challenges in the Eastern Cape, resulting in
significant low water levels, bringing uncertainty to the most vulnerable communities. The
Western Cape province has also experienced a water crisis, particularly in 2015/2016 and
2018/19, which was attributed to past drought conditions in the province [10]. In addition,
severe drought in the Northern Cape province has affected farming activities and cost the
provincial government millions of Rands in drought-related funding relief to mitigate the
inherent effects.

Persistent drought conditions in the three Cape provinces have led the National
Disaster Management Centre to reclassify drought as a national drought disaster in a bid to
mobilize the necessary resources to support the affected communities, including farmers.
While this declaration is essential and provides a short-term solution, there is a need to
explore long-term solutions to alleviate the negative impacts of drought in these regions.
Effective drought monitoring and early warning systems form the basis for reducing
vulnerability, as well as developing proactive policies to enhance adaptive capacity and
drought mitigation measures. Drought indices are some of the tools that can be used
to evaluate and monitor drought. Examples of existing drought indices that have been
applied in drought-related studies include the Standardized Precipitation Index (SPI) [11],
Standardized Precipitation and Evapotranspiration Index (SPEI) [12], Palmer Drought
Severity Index (PDSI) [13], Effective Drought Index (EDI) [14], Surface Water Supply
Index (SWSI) [15], Streamflow Drought Index (SDI) [16] and Standardized Streamflow
Index (SSI) [17], among others. The selection and application of these drought indices are
dependent on various factors, such as the nature of the index, local conditions and data
requirements and availability. Some of these indices have been extensively applied in South
Africa for drought-related studies. These include drought characteristics over the Western
Cape province [10], in the Free State and North West provinces [18], in Mpumalanga,
Kwa-Zulu Natal, Free State, and North West provinces [19] and the Southern Africa [20].
Moreover, drought propagation using SPI and SSI was reported by Reference [21], as well
as drought-risk assessment in the Eastern Cape province [22], hydroclimatic extremes in
the Limpopo River Basin [23] and drought characteristics based on the SPI and EDI in the
Free State province [24], among others.
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Most of these studies have primarily focused on a meteorological drought, where
they have analyzed precipitation data, presumably because rainfall is the leading driver
to drought. Despite the fact that, in most parts of South Africa, the impacts of drought
are manifested in water resources, e.g., increased water demand for domestic, irrigation
and industrial use, among others, studies on hydrological drought are rather limited.
The purpose of this study was to characterize and understand the extent of hydrological
drought conditions that have adversely affected the water resources in the three Cape
provinces of South Africa, using the SSI. The specific study objectives were to (1) assess
characteristics of the past hydrological drought in terms of historical trends, duration and
severity and (2) determine the return levels of drought duration and severity across selected
periods. The results can contribute towards the implementation of drought monitoring
and early warning systems that could support planning, preparedness and innovation to
improve the regions” adaptive capacity for water resources’ supply and demand.

2. Study Area, Materials and Methods
2.1. Study Area

The three Cape provinces of South Africa, (the Northern Cape (NC), Eastern Cape (EC),
and Western Cape (WC)), as shown in Figure 1, are located in the southwest of the country
and account for more than half (55%) of the country’s total geographical area [25,26]. The
WC province is situated on the southwestern tip of South Africa between the Indian and
Atlantic oceans. It is characterized by a warm temperate Mediterranean climate, with cool,
wet winters and relatively dry, warm summers [27]. The province experiences diverse
climate conditions, including dominant rainfall in austral winter and early spring. In
general, the WC province exhibits two dominant rainfall zones, e.g., the winter (west
coast) and the bi-modal (spring and autumn in the southern regions) rainfall features [27].
All-season rainfall is received in the south-coast regions of the province [27]. The received
rainfall is highly variable, ranging between the lowest of 60 mm to the highest of 3345 mm
per year [28]. Most areas in the province receive annual rainfall between 350 and 1000 mm
per year [28]. Coastal and inland temperatures range between 15 and 27 °C and between 3
and 5 °C, respectively [28]. The WC province is responsible for a large share of national
output in agriculture, forestry and fisheries, with a large proportion of the agricultural
activities mostly concentrated in the Cape Winelands [29].

The EC province is a coastal province that lies on the country’s southeastern coast
bordering the subtropical KwaZulu-Natal and Mediterranean WC province. The province
is characterized by a bi-modal type of rainfall, meaning that it receives both summer (most
southern) and winter (southwestern) rainfall [30]. Some pocket areas in the western coast
of the province are classified as all-season rainfall regions. In general, the EC province has
an arid to semi-arid climate, with annual rainfall ranging between 350 and 550 mm/year,
mean annual temperature of 17.6 °C and daily maximum temperatures of up to 40 °C in
the summer [31].

The NC province is South Africa’s largest province, covering approximately 31% of the
country’s land area, and has the country’s lowest population density of all provinces [32]. In
general, the NC province is mostly a desert-to-semi-desert area. The region is characterized
by fluctuating temperatures and varying landscapes [33]. The western areas of the province
receive winter rainfall, whereas summer rainfall with thunderstorms is experienced in the
eastern regions. The mean annual rainfall is sparse, ranging between 50 and 400 mm per
annum, while the temperature in summer often reaches maximum of 40 °C [34].
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Figure 1. Central area: study area map and distribution of streamflow gauge stations. Top left panel: map of Africa with

South Africa highlighted in brown. Top right panel: map of South Africa with its nine provinces. The 3 Cape provinces are
highlighted in brown, where NC, WC and EC are abbreviations for the Northern Cape, Western Cape and Eastern Cape

provinces, respectively.

2.2. Materials

The daily observed streamflow datasets were acquired from the Department of Water
and Sanitation, South Africa, on https:/ /www.dws.gov.za/Hydrology/ Verified /hymain.
aspx (accessed on 6 September 2021). The present study considered datasets from 39 sta-
tions distributed across the three Cape provinces, with provincial distribution as follows:
6 in the NC, 16 in the EC and 17 in the WC (see Figure 1). Table 1 gives a summary of
the selected flow gauge stations, including the location, catchment area and average flow.
The stations were selected based on the availability of continuous datasets for the period
spanning from 1985 to 2020 and less than 5% gaps. As shown in Figure 1, the WC has
a dense network of streamflow stations, followed by the EC province. Notwithstanding
harboring few streamflow stations, the northern parts of the NC province have Kalahari
Desert conditions. As a result, a better characterization of the drought conditions in the
province was deemed necessary.

Table 1. Selected river stations, with basic information including annual mean flow. The letters in station names (e.g., C, D,

G, ..., K) represent the drainage region, while the middle H letter stands for hydrological data.

Station No. Station Name Location Latitude Longitude  Catchment Area (km?) Mean Flow (m3/s)
1 C3H007 NC —27.9032 24.61514 23.900 5.52
2 C9HO009 NC —28.5162 24.60069 121.220 23.85
3 D1H003 EC —30.6783 26.71638 36.975 116.63
4 D3H012 NC —29.9911 24.72027 89.755 126.80
5 D7H002 NC —29.6517 22.74591 337.690 130.17
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Table 1. Cont.

Station No. Station Name Location Latitude Longitude  Catchment Area (km?) Mean Flow (m3/s)
6 D7H005 NC —28.4579 21.23923 361.530 156.61
7 D8H004 NC —28.7359 19.30553 856.400 117.90
8 E1H006 WC —32.2117 18.93666 160 1.31
9 E2H007 WC —32.7803 19.28333 265 1.35
10 G1HO008 WC —33.3139 19.07472 393 2.05
11 G1HO013 WC —33.1308 18.86277 2936 17.13
12 G1H020 WC —33.7078 18.99111 628 10.07
13 G2H005 WC —33.9736 18.93805 31 0.52
14 G4HO007 WC —34.3294 18.98833 464 6.65
15 H2H006 WC —33.5708 19.50611 707 2.67
16 H5H004 WC —33.8978 20.01166 6713 23.39
17 H6HO010 WC —33.9836 19.32916 15 0.05
18 H7HO006 WC —34.0675 20.40555 9842 32.77
19 H8HO001 WC —34.2517 20.99194 790 2.88
20 J2H005 WC —33.4897 21.48944 253 0.19
21 J2HO018 WC —32.2403 22.58583 98 0.03
22 J3H014 WC —33.4211 22.24083 151 0.44
23 K3H003 WC —34.0067 22.35027 145 0.70
24 K5H002 WC —33.8911 23.02944 133 0.76
25 L7H006 EC —33.731 24.61794 29.560 1.85
26 P1HO003 EC —33.3294 26.07775 1479 0.18
27 Q2H002 EC —31.9042 25.43061 1713 0.35
28 Q4HO013 EC —32.3142 25.74111 4742 0.54
29 Q7H005 EC —33.0276 25.8933 19.130 7.04
30 Q8HO008 EC —32.785 25.61483 1512 0.62
31 Q9HO012 EC —33.0983 26.44475 23.054 7.12
32 Q9HO018 EC —33.2378 26.99486 29.743 11.17
33 R1HO015 EC —33.1854 27.39075 2530 3.27
34 R2H001 EC —32.7319 27.29361 29 0.31
35 S5H002 EC —32.0443 27.82238 2359 3.91
36 T3H002 EC —30.4828 28.62083 2101 9.61
37 T3HO005 EC —31.0318 28.8845 2597 14.59
38 T3HO009 EC —31.0717 28.35361 307 3.60
39 T7HO001 EC —31.5512 29.2438 315 1.19

2.3. Methods

2.3.1. Standardized Streamflow Index

The SSI developed by Vicente-Serrano [17] is considered a useful index for the assess-
ment and characterization of hydrological drought. Hydrological drought is associated
with a reduction in the groundwater and/or surface-water resources, including river flows,
reservoir storage and acquires [35], consequently affecting water supply for various pur-
poses, including domestic, agriculture, power generation and recreation, among others.
The SSI has been applied in various studies globally for the assessment of hydroclimatic
extremes [23], characterization of anomalies in streamflow data [17,36], drought assess-
ment [37], etc. While there has been no consensus on the exact methodology to use in the
computation of the SSI, two approaches have been proposed in the literature by Modar-
res [36] and Vecente-Serrano et al. [17]. In studies by Vecente-Serrano et al. [17], the SSI
considers a probability distribution fitting that best represents the streamflow variations
over the analyzed domain. This concept is statistically similar to the calculation of the
Standardized Precipitation Index (SPI) [11].

In this study, the SPI concept was used to compute SSI to characterize the hydrological
drought conditions across the three Cape provinces of South Africa. An important aspect
when computing a drought index is the ability to select the most suitable probability
distribution function that best fits the datasets of hydroclimatic variables. For instance, the
gamma probability distribution has been identified as the best and hence is widely used in
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computing SPI [11]. In the case of SSI, no single probability distribution has been identified
as being suitable for its computation [17]. However, according to References [38,39], the
gamma distribution is also appropriate and can be used to fit long-term streamflow data
and calculate SSI. In this regard, the gamma probability distribution was used in the present
study to fit the aggregated monthly streamflow records.

A gamma distribution in which a random variable, x, is continuous can be expressed
as follows [11,40]: .

s(xap) = g le M)

where « > 0 and 8 > 0 are the estimated shape and scale parameters, respectively; x > 0 is
the streamflow (m>/s); and I'(«) is the gamma function defined by the following:

I'a) = /x"‘_le_"dx )
0

The gamma distribution is used to compute the cumulative probability function given
as follows:

X

X X
G(x) = /8(X)dx :/ ! x* e ¥/ By = L/t"*leflﬂlt 3)
0 0 0

prI(a) I(a)

If x =0 and g = P(x = 0) > 0, where P(x = 0) is the probability of zero streamflow, then
the gamma distribution is undefined. In this regard, the cumulative probability density
can be described by the following:

H(x) =9+ (1-9)G(x) €

The cumulative probability distribution function is transformed into a normal dis-
tribution, with an average and standard deviation of zero (0) and one (1), respectively,
resulting in SSI time series. The resulting SSI consists of both negative and positive val-
ues which represent drought/dry (i.e., a period having negative /below zero values) and
non-drought/wet (i.e., a period with positive/above zero values) events, respectively.

In this study, the SSI was computed for three (e.g., SSI-3) and six (SSI-6) accumula-
tion periods and categorized by using the classification criteria of SPI, recommended by
the World Meteorological Organization standards [41] as given in Table 2. The selected
accumulated time-steps cover both seasonal (or agricultural) and supra-seasonal, where
water resources are likely to be affected due to insufficient and/or delayed precipitation.
Annual features of the SSI were calculated based on the hydrological calendar year (e.g.,
October-September).

Table 2. Classification of drought based on the Standardized Streamflow Index estimated values.

Non-Drought Mild Drought Moderate Drought Severe Drought Extreme Drought
SSI > 0.0 —-1.0 <SSI<0.0 —-1.5<SSI< —1.0 —2.0<SSI< —1.5 SSI < —2.0

2.3.2. Drought Duration and Severity

The SSIs calculated for the 3- and 6-month time scales were used to characterize
hydrological drought in terms of drought duration (DD) and drought severity (DS) across
the three Cape provinces. Following various studies (e.g., References [42,43]), the following
procedure was used to calculate the DD and DS:

(@) A drought event (epoch) was determined when 2 or more consecutive months exhib-
ited negative SSI values.
(b) For each drought event, DD represents the number of months of the drought event.
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(c) The DS was computed as the absolute sum of the SSI, and is given in Equation (5) [43,44]:

D

D
) SsI;

j=1

DS, = ®)

where j represents a drought month, and DD corresponds to the duration of a drought
evente.

2.3.3. The Modified Mann-Kendall Trend Analysis

Trends analysis for streamflow, as well as the selected drought features (SSI, DD and
DS), across the study area, was carried out by using the Modified Mann-Kendall (MMK)
test [45,46]. The MMK test, as the name implies, is the modified version of the original
form of the Mann—Kendall (MK) test [47-49]. The MK non-parametric test is known to be
flexible with all distributions [50] and has been extensively used in research fields, such
as meteorology, hydrology and climatology, among others, to detect shifts and changes
in climatic [51] and hydrologic variables [52,53]. Despite this, the MK test has drawbacks
in handling issues relating to autocorrelation in the datasets, as is commonly the case of
streamflow data. In this regard, the MMK trend test was used in the present study to
account for the presence of autocorrelation in the streamflow data.

The MK test statistic (S) is defined by Equation (6), as described in Malik and Ku-
mar [46]:

n—1 n
S=1Y ) sgn(X;—X;) (6)
i=1j=1
where 1 represents the number of datasets, X; is the rank for the ith datasets (1=1,2,3, ...,

n —1)and Xjis the rank for the jth datasets (j=i+ 1, 2, ..., n). The sign function, sgn, is
computed as per Equation (7) [46]:

Lo (X - X;) >0
sgn (Xj—X;) ={ 0; if (X;—X;) =0 @)
~1; if (X; - X;) <0

The MMK test is normally applied to a significant autocorrelation coefficient of time-
series data, with the modified variable computed by using Equation (8):

Var(8)* = Var(S)nﬁ ®)
S
where Var(S)" is the modified variance of the MMK test, Var(S) represents the variance of
the MK test series and n/n; is a correction attributed to autocorrelation within the data, as
is given by Equation (9):

n 2

n—1
n—s:1—|—mk;(n—k)(n—k—l)(n—k—Z)rk )

In Equation (9), n corresponds to an actual number of datasets, and 7y is a significant
autocorrelation coefficient at lag-k, with its value ranging between negative and positive
one. The standardized MMK test statistics are estimated as follows:

=L, S>>0
Var(S)
ZMMK = 0,‘ ifS=0 (10)
_S+1 . S <0
Var(S)*’

The Zyvk satisfies a standard normal distribution, where the mean and variance are
zero (0) and one (1), respectively. In this study, the null hypothesis (e.g., no trend) and
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the opposite hypothesis (trend) were tested at a 95% confidence level, e.g., trends were
considered statistically significant whenever the p-value was less or equal to 0.05.

2.3.4. Drought Return Levels Analysis

The DD and DS values were analyzed by using the Generalized Extreme Value (GEV)
distribution. The GEV is a family of three distributions (e.g., Gumbel, Frechet and Weibull)
used for analyzing extreme events, including modeling the block maxima [54,55]. Using
the GEV, the distribution of the magnitudes of DD and DS can be approximated as per

Equation (11): 1
F<x>=exp—{—[1—c(2;”)]g} 1)

where i, 0 and ¢ are the location, scale and shape GEV parameters (all dimensionless),
respectively. These parameters are estimated based on the maximum likelihood estimation
method [55], where the likelihood function is given by the following;:

N o 11 N
- fi{a () et

where N is the number of observations. In this study, the predicted DD and DS return
levels associated with 2, 5, 10 and 20 years were calculated by using Equation (13):

Zp:ﬁ—gll—{—log<l—;>}j (13)

where Z,, is the estimated return level corresponding to T-years return periods (e.g., T =2,
5, 10, 20 and 50).

3. Results
3.1. Historical Trends of Streamflow

Figure 2a—c depicts annual streamflow (in m?3/s) for selected gauge stations in the WC,
NC and EC provinces, respectively. Streamflow is highly variable across the provinces,
ranging between ~2 and ~50 m3/s in the WC, ~1 to ~20 m3/s in EC and ~30 to ~420 m3/s
in NC province. The highest annual streamflow was recorded in 1992, 1993, 1997, 2008
and 2013 in the WC region. In the NC region, the highest annual streamflow was recorded
in 1988, 1997, 2000, 2002, 2006 and 2011. Similarly, the EC province recorded the highest
annual streamflow in 1988, 2006 and 2011. In general, the EC has received the lowest
streamflow, whereas a greater streamflow was received in the NC province over the period
1985-2020. It is also noted that streamflow has reduced in the WC and EC from 2015 to
2020. On the other hand, the NC province has experienced reduced annual streamflow
from 2012 to 2020. The distribution of averaged mean streamflow (m3/s) across the stations
and study site is depicted in Table 1. Most of the stations in both the WC and EC provinces
show significantly small averaged mean streamflow values.

Historical trends of streamflow from 1985 to 2020 across the three Cape provinces
were assessed based on the MMK test. The results are presented in Figure 3, where the
upward and downward triangles correspond to positive and negative trends, and the
blue and black dots inside the triangles represent significant and non-significant trends,
tested at 95% significant level, respectively. In general, the study area demonstrates notable
drying trends. In particular, 75%, 88% and 67% of the stations in the EC, WC and NC
provinces, respectively, depict negative annual trends in streamflow. Overall, 80% of the
stations exhibit a negative trend in streamflow across the three provinces. In addition,
38% of the detected negative trends are statistically significant at a 95% significant level.
While most areas in the WC province are known to be “all-year rainfall” [10,28], there has
been either a shift (where there was no rainfall in some seasons) or delayed/insufficient
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rainfall to benefit water resources. These results are consistent with the continued drought
conditions that persist to burden the supply of water resources, particularly in the EC and
WC provinces.

60
a)

—e—G1H013 —e—G1HD20 —e—H5H004 —e—G4HOO7

50

Annual SF [m3/s]
[ w F-3
o o o

=
o
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Year
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Figure 2. Annual streamflow time series for selected stream-gauge stations in (a) the Western Cape, (b) Northern Cape
and (c) Eastern Cape study sites over the period 1985-2020. The abbreviations appearing on the station names represent
drainage regions where the stations are located, and H in the middle gives the classification of data type—in this case,
hydrological.
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Figure 3. Trends in streamflow across the study site.

3.2. Characteristics of Standardized Streamflow Index

Figure 4a—c depicts SSI-3 and -6 annual mean time series for selected stations in the
WC, EC and NC provinces. Based on the results, most of the stations have experienced
mild drought over the study period. The longest drought in the EC and NC provinces was
observed in the years 1991-1996, 2003-2005 and 2015-2020, mostly lying between mild and
moderate categories. The WC province experienced the most prolonged drought in the
years 1995-2000, 2003-2006, 2010-2012 and 2015-2020, mostly fluctuating between mild
and moderate drought categories. The WC province also experienced severe drought in
2017 across all the selected stream-gauge stations.

The MMK trend test results of the SSI computed from streamflow data at 3- and
6-month accumulation time-steps across the study sites are shown in Figure 5. In this
figure, the top and bottom panels correspond to trends based on 3- and 6-month cumulative
periods, respectively. Positive (negative) and significant (non-significant) trends are shown
by green (red) triangles and blue (black) dots, respectively. The test results depict similar
annual trend patterns across the accumulation periods and stations within the study area.
Dry conditions are evident across the study area, with all the stations in the WC exhibiting
negative trends for both SSI-3 and SSI-6 accumulation epochs. Similarly, most of the NC
regions, where gauge stations are located, depict negative trends, reflecting a long-term
hydrological drought pattern. On the contrary, most of the stations (approximately 68%)
in the EC province depict notable increasing trends in SSI values across the time-steps for
the period 1985-2020. These trends are, however, not statistically significant at the 95%
confidence level.
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Figure 4. Annual SSI time series at 3- and 6-month accumulation time-steps for selected stations in (a) the Western Cape,
(b) Eastern Cape and (c) Northern Cape provinces over the period 1985-2020.
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Figure 5. Trends in the Standardized Streamflow Index at 3- (top) and 6-month (bottom) accumulation periods.

3.3. Characteristics of Drought Duration and Severity

Figure 6 illustrates the spatial distribution of the average duration and severity of
drought across the three Cape provinces during the study period (1985-2020). The average
DD ranges between 5 and ~9 months across the provinces. While most parts of the WC
experienced average DD ranging between ~5 and ~7 months, the parts of the EC and
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NC provinces experience the longest DD lasting for ~9 months. In particular, the WC
exhibits the lowest DD ranging from 5 to 7 across the stations and accumulation periods.
Similarly, greater DD values are observed in the NC and EC provinces, ranging from 6
to 8 months across the accumulation time-steps. The EC and NC provinces DD range
from approximately 6 to 9 months across the accumulation time-steps. Severe drought is
observed across the provinces, with estimated maximum average DS of 5.0 noticed across
most of the stations, and in both the analysis of 3- and 6-month accumulation periods.

DD-3 Mean
® Streamflow Stations
|___|Districts

DS-3 Mean
® Streamflow Stations
[ Districts

DD-6 Mean DS-6 Mean
® Streamflow Stations ® Streamflow Stations
| Districts Districts

0 100 200 40(] 0 100 200 400|
L 1L |

Kilometers

Kilometers

Figure 6. Annual mean of drought duration (in months) and severity based on the SSI-3 and SSI-6 analysis shown in left
and right panels, respectively.

The trend analysis results indicate that DD has significantly increased across the
study area, with exceptions to parts of the EC province (see the first column of Figure 7).
Approximately 47% of the observed trends in DD are statistically significant at the 95%
statistically significance level. The severity of drought (second column of Figure 7) has
increased during the study period (1985-2020), particularly in the WC and NC provinces.
Overall, about 78% of the stations exhibit positive trends in DS, with 48% of the observed
trends being at the statistically significant 95% significance level. In the EC province, only
18% of the stations indicated an increase in the DS, while the majority of the stations (82%)
displayed a decrease in the severity of drought over the 1985-2020 study period.
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Figure 7. Trends in drought duration (left) and severity (right) at 3- and 6-month accumulation periods.

3.4. Return Levels of Drought Duration and Severity

Figure 8 depicts the spatial distribution of drought events estimated from the SSI at
3- and 6-month accumulation time-steps across the three Cape provinces. These events
were estimated based on the condition that the SSI exhibited continued negative values
for 2 months or more. The results of SSI at 3- and 6-month accumulation time-steps at six
stations in the NC region indicate that there were 21-30 and 14-25 drought events during
the period 1985-2020, respectively. The EC province experienced 24-36 and 14-30 drought
episodes based on the analysis of SSI at 3- and 6-month accumulation periods, respectively.
In the WC province, drought episodes ranged from the seven, which was the lowest, to
39, the highest, for the SSI-3 analysis. Drought episodes were reduced when considering
the SSI-6 analysis, with the events ranging from five at the lowest to 27 at the highest. The
J2HO018 in the WC region is the solely stream-gauge station that has recorded the lowest
drought events during the 3.5 decades. Such a huge deviation requires further inspection
of streamflow data for this station. Overall, the results indicate that SSI-3 exhibited greater
drought events as compared to the SSI-6 accumulation period. The drought events in
Figure 8 were used to estimate the return levels of DD and DS at both 3- and 6-month
accumulation time-steps.
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Figure 8. Drought episodes across the stations and study site. These events are defined when the standardized streamflow

index at 3- (top) and 6-month (bottom) accumulation periods exhibited continuous negative values for 2 and more months.
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Figure 9 depicts the spatial distribution of estimated return levels of DD associated
with 2-, 5-, 10-, 20- and 50-year periods computed based on 3- (first column) and 6-month
(second column) accumulation time-steps. In Figure 9, DD return levels for the NC province
study site are shown in the first row, whereas the second and third rows represent the output
for the WC and EC provinces, respectively. As noted in the results, the estimated return
levels exhibit localized and spatial variability across the studied periods and accumulation
time-steps. In both the DD at 3- and -6-month accumulation periods’ analyses, the return
levels increase in subsequent periods. In the NC province, hydrological drought is expected
to occur with duration ranging between 5 and 8 and between 10 and 19 months across
the province for the 2- and 5-year periods, respectively. Prolonged hydrological drought
is expected to range from 28 to 66 and from 53 to 148 months in the next 20- and 50-year
periods, respectively. Hydrological drought is likely to be short (2-5 months) in the WC
during the next 2 years, followed by a rapid increase in subsequent periods, with duration
in the range of 15-72 and 22-115 months for the 20- and 50-year periods, respectively.
The J2HO018 is the only stream-gauge station depicting extreme return levels across the
periods, resulting in a slight deviation pattern from the rest of the stations. Similarly,
hydrological drought is expected to last between 4 and 9 months in a shorter period
and reach a maximum of 138 in 50 years’ time. Results for the 6-month accumulation
period depict a similar increasing pattern across the stations and the provinces. Moreover,
the results indicate that the NC is likely to experience prolonged DD, followed by the
EC province. The WC province is expected to experience short DD, as compared to the
other Cape provinces. Overall, the results of the return levels suggest that the three Cape
provinces are likely to experience persistent drought with localized duration. Moreover,
the duration of drought is expected to increase in subsequent periods.

The results for the return levels of DS associated with the 2-, 5-, 10-, 20- and 50-year
periods are shown in Figure 10 for 3- and 6-month accumulation periods. Similar to DD,
the estimated return levels for DS increase with increasing periods. The 2-year return levels
for DS range from the lowest of 1.4 to maximum severity of 5 in the WC to 1.2-4.6 in the EC
and to 2.1-3.5 in the NC provinces. The severity doubles for the 5-year period across the
stations and provinces. A significant increase in drought severity is recorded for the 20- and
50-year periods, reaching a maximum severity of 55.6, 55.0 and 48.8 for the 20-year period
and in the NC, WC and EC provinces, respectively. The severity of hydrological drought is
expected to double in magnitude in 50 years, as compared to the 20-year analysis period.
A similar increasing pattern of DS return levels is observed for the 6-month accumulation
time-step. While drought is expected to become severe in the future, the WC is likely to
experience less severity. On the contrary, drought is likely to be more severe in the NC
region, followed by the EC province.
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Figure 9. Return levels for drought duration for studied periods based on the SSI-3 and SSI-6 analysis, as depicted in the
first and second columns, respectively.
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Figure 10. Return levels for drought severity for studied periods based on the SSI-3 and SSI-6 analysis, as depicted in the
first and second columns, respectively.

4. Discussion

The present study investigated past hydrological drought conditions in the three
Cape provinces of South Africa. Streamflow observations spanning 3.5 decades were
used to compute SSI and its features at 3- and 6-month accumulation epochs. Based on
the results, streamflow across most stations (~80%) exhibited a decreasing trend pattern.
These findings collaborate with various research conducted in the WC and EC provinces.
For instance, studies by Lakhraj-Govender and Grab [56] reported a decreasing trend in
annual and winter rainfall and river flow in the WC province for the period spanning
from 1987 to 2017. Similar studies focusing on rainfall characteristics have been reported
by Botai et al. [10] in the WC, Botai et al. [22] in the EC and Mahlalela et al. [57] in the
Southwestern Cape regions. The observed downward trend can be attributed to seasonality
effects, manifested as reduced precipitation, coupled with increased temperature, as well
as other influential factors, such as relative humidity and wind speed. These climatic
variables, particularly the temperature, atmospheric humidity and wind speed, have
moderating effects on other hydroclimatic variables, for instance, influencing potential
evaporation [58,59]. Precipitation fundamentally affects water availability and supply
within a region [59]. Consequently, it is clear that the change in these climatic variables
has modified the surface water balance, contributing to the drying conditions in the three
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Cape provinces in the past three and a half decades (1985-2020). Moreover, conditions in
the EC province are further complicated by its climatic conditions, e.g., the western parts
lie near the transition zone between the summer and winter rainfall regions towards the
southeastern part of the country [60]. The EC regions are also influenced by mid-latitude
and tropical systems, which lead to complex meteorology that involves interlinkages with
the neighboring Agulhas current or landscape [61], contributing to a decrease in mean
summer rainfall along the EC coast [62]. The streamflow in the WC province is also
influenced by regional climate, including fluctuation in rainfall and evaporation rates
(due temperature changes), as well as enhanced water withdrawal (and demand) for
consumption [59].

Prolonged drought episodes are notable across the three provinces. These drought
episodes include the 1991-1996 (EC), 1995-2000 (WC) and 2015-2020 across the three Cape
provinces. These results agree with previously reported drought events that led to severe
water crisis in the region [10,22,57,63]. Negative trends in SSI-3 and SSI-6 were detected
in approximately 67% of the stream-gauge stations across the provinces. While the SSI
values in the EC province depict positive trends in approximately 68% of the stations,
water resources have remained excessively under pressure during the study period. This
condition is still largely experienced currently, with provincial average dam levels in 2020
reaching the lowest of less than 50% full storage capacity. The ongoing drought in the EC
province has left the most vulnerable communities with great uncertainty of facing the
famously so-called “day zero” state [64], where plans, such as increasing water restrictions
and the possibility of shutting off taps, are being considered. Most of the major dams
that supply water in the region are currently below 50% [65]. Therefore, these suggest
that, while some areas in the EC province might have received increased precipitation
during the study period, the received amount could not have been significant to enhance
ground-water recharge and compensate the growing demand for water resources.

The WC province has also experienced severe drought conditions that resulted in a
decline in dam storage capacity. Significant reduction in water levels can be attributed to
the 20152018 drought conditions, which were reportedly a manifestation of past droughts
in the province [10]. During this period, dam levels reached the lowest of ~30% full storage
capacity, particularly in 2017 and ~40% in 2018, posing threats of an impending “day
zero” state. The current results suggest that the WC province is still experiencing acute
drought conditions. Such conditions can be attributed to factors such as climate change,
deficit/decrease in rainfall and lack of monitoring systems [66]. Persistent drought in the
WC regions is likely to exacerbate water shortages, particularly in vulnerable urban and
rural areas, affecting agricultural activities and other activities that highly depend on water
resources. The NC province is a generally arid area, and, therefore, it is inherently prone
to drought conditions which increase the vulnerability and coping capacity of economic
sectors, such as agriculture and mining.

The duration and severity of drought conditions over the three provinces have in-
creased during the 1985-2020 study period, as evidenced from the observed upward trends
of DD and DS across the 3- and 6-month accumulation epochs. While the study area is
prone to drought conditions, the duration and severity features vary spatially across the
provinces. For instance, the southeastern regions covering the WC and the EC provinces
experienced DD lasting for 5-7 months on average, whereas the NC, which exhibits a
unique geographical location (e.g., mostly aridity) and climate conditions, experienced
prolonged drought, reaching a maximum of ~9 months. Furthermore, drought has become
more severe over time, reaching a maximum severity of 5.0 in most parts of the three Cape
provinces. The observed DD and DS for the period 1985-2020 are expected to continue,
according to results from drought return levels, associated with 2-, 5-, 10-, 20- and 50-year
periods. Results indicate that DD and DS will slightly increase for 2-year return period,
followed by a rapid increase in subsequent periods, particularly in the next 20 and 50 years.
These increases will be localized and vary according to geographical location, as well as
the climate conditions, as observed in the historical features.
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Increased return levels of extreme events are likely to have significant impacts on
key water-linked sectors, such as agriculture and tourism, as well as manufacturing and
production industries, which sustain socioeconomic development in the three provinces.
Such extreme events are expected to add more pressure to the already burdened water
resources, thereby increasing water stress and impact on agricultural activities and their
value chain (e.g., livestock production, wheat, fruit and wine production). According to
Kalaba [67], the country’s economy only grew by a mere 1.1% per annum between 2015
and 2017, a period when the country was gripped with one of the worst droughts. Such a
growth rate is not sufficient to help tackle the triple challenges of poverty, unemployment
and inequality and have implications on efforts to achieve national and global development
goals (e.g., National Development Plan and SDG). Persistent drought conditions and the
corresponding extreme events which are likely to reverberate into the future will probably
exacerbate the triple challenges in the three Cape provinces. Additionally, the drought
conditions would impact employment and especially the remuneration for low skilled and
seasonal workers in sectors, such as agriculture and agro-processing, whereby productivity
is likely to be affected by the availability of water for crop irrigation. In general, as
evaluated in the current study, hydrological drought is a reality that requires concerted
proactive actions by water agencies within the provinces, as well as the surrounding
provinces that share catchments. Information derived from this study can support disaster
management efforts at provincial and national levels to reduce spending on disaster relief,
which often diverts money away from other fiscal activities. Such drought-risk information
can also support the management of water resources in catchments at risk management
and reduction, food price inflation, the food-import bill and economic growth in the future.

5. Conclusions

In this contribution, the SSI computed from 3.5 decades of streamflow data was used
to evaluate hydrological drought conditions in the southwestern and southeastern parts of
South Africa, covering the WC, NC and EC provinces. A decreasing streamflow trend was
detected in most of the stream-gauge stations across the three Cape provinces. Hydrological
drought analysis based on the SSI for 3- and 6-months accumulation periods indicate that
most of the study regions experienced pronounced, yet localized drought conditions during
the studied period. More specifically, negative trends in SSI-3 and SSI-6 were detected in
approximately 67% of the stations across the provinces. Such a downward trend can be
attributed to reduced streamflow, influenced by reduced precipitation or a shift in seasonal
precipitation, coupled with increased temperature, among other factors. Based on the
estimated return levels, increased DD is expected to occur within the study regions, with
shortened and prolonged duration in the southeastern and southwestern areas, respectively.
Severe drought events are also expected in the future, following a similar pattern as the
estimated DD. In general, the historical trends analyses presented in this study form the
basis for streamflow and drought projections in the three provinces. The present study
and its findings are crucial for the implementation of appropriate policies and strategies
for effective water-resource planning and management in the WC, EC and NP provinces.
Based on the key findings of this study, it is recommended that water agencies and the
government should be more proactive in searching for strategies to improve water resource
management and drought mitigation in these regions.
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