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Abstract:



Drought is a creeping phenomenon whose effects evolve with time, yet the start and end is often only clear in the hindsight. The present study assessed drought conditions using two categories of drought indicators computed from precipitation data sets measured by weather stations across the Western Cape Province, South Africa for the period 1985 to 2016. The first category was the Standardized Precipitation Index (SPI) accumulated over 3-, 6- and 12-months (hereafter of SPI-3, SPI-6 and SPI-12 respectively). The second category consists of the four Drought Monitoring Indicators (DMI) i.e., Drought Duration (DD), Severity (DS), Intensity (DI) and Frequency (DF). Firstly, analysis of SPI-3, SPI-6 and SPI-12 illustrate that between 1985 and 2016, the Western Cape Province experienced recurrent mild drought conditions. This suggests that the drought conditions experienced during 2015/2016 hydrological year (hereafter current) in the Western Cape Province is a manifestation of past drought conditions. Secondly, analysis of trends in DMI series depict a noticeable spatial-temporal dependence wherein the southern and western regions experienced more severe droughts compared to the eastern and northern regions of the Western Cape Province. Results also show that the DMI trends exhibit up to ~8% variability over the past decade. Overall, the current drought conditions in the Western Cape Province continues to adversely affect agricultural production while the water reservoirs are at below 30% capacity implying that the socio-economic impacts of these droughts will continue to reverberate for many months to come. Though the on-going drought conditions in the Western Cape Province is a regular part of nature’s cycle, analysis of historical drought characteristics based on drought indicators is an important first step towards placing the current drought conditions into perspective, and contribute to triggering action and response thereof. All these lay the foundation for drought monitoring and contribute towards the development of drought early warning.
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1. Introduction


Drought is a slowly recurring natural phenomenon with its impacts cutting across different sectors (e.g., agriculture, water resources, tourism, energy, ecosystems, etc.) in the society. In particular, droughts are the most complex and damaging natural disasters due to the inherent complexity in detecting the onset and predicting the end of a drought event [1,2]. Drought inevitably exhibits a recurrent salient feature in the changing climate probably due to the linkage of drought with certain climate patterns. Drought propagates through four main epochs. Firstly, drought originates as a meteorological drought characterized by below-normal precipitation over a period of one to three months. If the drought conditions persist such that the impact results in insufficient soil and subsoil water thereby affecting crop growth, then this epoch is called an agricultural drought. The third epoch referred to as hydrological drought ensues when the drought conditions manifest in terms of reduced water levels in water reservoirs [3,4]. Lastly, the socio-economic drought conditions manifest when the physical water shortage begins to affect human activities. Due to the complexity and severity of the impacts that drought has on various sectors, there is a need to monitor and forecast drought in order to avert future impacts as well as to derive mitigation and adaptation measures to minimize the impacts.



Drought indices are often used to monitor, predict and assess the severity of drought in a region. Such indices are developed based on climate variables such as precipitation, temperature, evapotranspiration, runoff and vegetation conditions. The Standardized Precipitation Index (SPI) developed by McKee et al. [5] is one of the indices commonly used for drought monitoring and assessment. Other drought indices include the Standardized Precipitation Evapotranspiration Index (SPEI) [6], Palmer Drought Severity Index (PDSI) [7], Vegetation Condition Index (VCI) [8], Effective Drought Index (EDI) [9], Multivariate Standardized Drought Index (MSDI) [10] and many others. Each of these indices has its own advantages and disadvantages; see studies by Keyantash and Dracup [11], Mishra and Singh [12], Sivakumar et al. [13] and references therein. The selection of drought indices is therefore dependent on the nature of the drought index, local conditions, and data requirements.



The SPI, particularly, is a precipitation-based tool developed primarily for drought analysis and monitoring [5]. This drought index has a multiscalar phenomenon and allows researchers to determine and categorize the various types of drought at a timescale of interest (e.g., 1-, 3-, 6-, 9-, 12-, 24-month) [5,14]. The SPI has been well tested and recommended as a key drought indicator by the World Meteorological Organization [6,14,15]. Although the SPI does not consider the effects of temperature, evapotranspiration, and other climate variables it is still considered the best indicator for drought analysis and monitoring purposes. This is due to the fact that precipitation is known to be the main variable in determining characteristics of drought (e.g., onset, duration, intensity, frequency) [16,17].



The Western Cape Province is at present (2014 to 2017 hydrological years) experiencing the worst water shortage in 113 years. As shown in Figure 1, the current storage water levels from the major dams in the province are reportedly at 22.8%, which translates to effectively 12.3% of the usable dam water. This crisis has triggered the government to impose intensified water restrictions to its consumers, while exploring strategies to avert the taps from completely running dry. Currently, the Western Cape Province has been declared a disaster region, with the impacts being exacerbated by the effects of droughts, coupled with other climatic factors. In particular, the Western Cape is experiencing the worst drought since 1904, with the west coast and the central Karoo already declared agricultural drought disaster areas.


Figure 1. Water levels in major dams in the Western Cape Province.
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In this contribution, SPIs are used to analyze the drought conditions in the Western Cape Province, based on observed rainfall time series from 23 rain-gauge stations distributed within the province. The research study aims to determine and understand the extent of historical drought that has significantly affected water resources in the province. In particular, the study intends to assess the historical drought in terms of its duration, frequency, intensity and severity. The results can contribute towards planning, preparedness and innovation, thereby enhancing the province’s adaptation capacity to water resources supply and demand.




2. Study Area


The Western Cape, depicted in Figure 2, is the 4th largest of the nine provinces of South Africa, situated on the south-western tip of the country. The province borders the Northern Cape and the Eastern Cape provinces in the north and east, respectively as well as the Atlantic Ocean on the west and the Indian Ocean in the south. Its economy is dominated by manufacturing that accounts for 13% of the provincial economy, followed by construction and agriculture at 5% and 4% respectively, and mining just under 0.5%. The major geological associations found in the Western Cape are: Adelaide Subgroup, Ecca Group, Cape Supergroup, Malmesbury Group, Vanrhynsdorp Group, Namaqua Metamorphic Complex, Enon Malmebury Group and various coastal Deposits. The substrates of the Malmebury Group provide the province’s dominant and suitable soils for agriculture. The Western Cape has a warm temperate Mediterranean climate along the coast with hot dry summers and cold winters, often below freezing inland. The average temperature in summer ranges from 15 °C to 27 °C, whereas in winter the average temperature is between 5 °C and 22 °C. Precipitation in the Western Cape varies across the province. In particular, the Western Cape is characterized by three dominant rainfall zones, viz: the winter, late summer and constant rainfall regimes. The Peninsula and Boland areas are characterized by winter-rainfall with sunny and dry summers. Regions towards the south-coast are influenced by all year-round rainfall while the Great Karoo is characterized by summer rainfall. The annual precipitation in the province varies from ~300 mm to more than 900 mm. However, some areas in the Western Cape Province receive extreme rainfall i.e., as low as 60 mm and as high as 3345 mm [18].


Figure 2. Map of the study area and distribution of selected weather stations (indicated in red circles). Radiuses of the depicted circle sizes are relative to the Mean Annual Precipitation (MAP) recorded at the stations.
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3. Data and Method


3.1. Data


The precipitation data analyzed in the present study were collected from 23 weather stations distributed across the Western Cape Province, see Figure 2 for the distribution of the stations. The analyzed data spanned 1985–2016 and were provided by the Department of Water and Sanitation (DWS). Selection of the stations was based on a continuous length of records, less than 5% of missing data per station and the distribution of the stations to fairly cover the province. Characteristics of the selected stations are summarized in Figure 2. Rainfall total amount varies across the province, with the lowest Mean Annual Precipitation (MAP) (e.g., 148 mm) recorded by the Vredendal weather station and the highest (1813 mm) recorded by the Assegaaibos weather station.




3.2. Methodology


In order to characterize the historical droughts in the present study, 3-, 6- and 12-month SPI indices were calculated from pre-processed monthly precipitation data using SPI R package, which is based on the methodology presented in McKee et al. [8] and Edwards and McKee [19]. In this method, a gamma distribution function is used to fit monthly precipitation time series for individual weather stations and the corresponding gamma distribution parameters (i.e., alpha and beta) for each station for the 3-, 6- and 12-month accumulation time scales are estimated. The resulting gamma parameters are then used to find the cumulative probability of an observed precipitation event which is then transformed into a normal distribution with mean zero and variance of one (Edwards and McKee [19]). The resulting SPI is either positive, indicating wetter conditions or negative, indicating drier conditions. For Drought Monitoring Indicators (DMIs) analysis, the SPI time series corresponding to the hydrological year (October to September months) were then used as summarized in the following algorithm:



(a) For each station, a Drought Time series (hereafter DTs) was derived based on the selecting only dry months.



(b) The DTs derived in (a) were used to compute the DMIs i.e., Drought Duration (DD), Drought Severity (DS), Drought Intensity (DI) and Drought Frequency (DF). The DS and DI were calculated based on the following equations described in Tan et al. [20],
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(1)
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(2)







In Equation (1), the subscript e corresponds to a drought event while j represents a drought month. In addition, Indexj is the SPI value in month j while m is the duration of a drought event (e). The DF was calculated based on Equation (3).
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(3)




where ns equals the number of drought events, Ns is the total number of years for the study period and s is a station.



(c) Further, the DTs and DMIs were used to compute the trends. In particular, two methods were used to compute the trends of DTs and DMIs. The first method was based on pre-whitening (hereinafter referred to as the “z” method) linear trend analysis procedure proposed by Zhang et al. [21]. This method assumes that both DTs and DEIs series are composed of a long-term trend component and a white noise residual component, thus enabling incorporation of a statistical regression model with serially correlated residuals described by Equation (4).


[image: ]



(4)




where Yt is a climate variable at time t, µ is the constant term, Tt is the trend and vt is the noise at time t. Equation (4) can be simplified by assuming a linear trend, that is,
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(5)




where β represents the slope of the linear region between the climate variable and time. On the other hand, the noise may be expressed as per Equation (6)
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(6)




where [image: ] are the parameters of the autoregressive process, p is the order of the auto-regression and [image: ] is white noise, so that Equation (4) can be re-written as
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(7)




whereby lag-one autocorrelation, AR(1) was utilized. The second method used was based on trend-free pre-whitened trend analysis (hereinafter referred to as the “y” method) described in Yue et al. [22]. This method assumes that, a hydrological time series can be represented by a linear trend given by
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(8)




and an AR(1) component with noise. In Equation (8), b represents the slope of each combined series and it is estimated using Theil-Sen Approach (TSA) proposed by Thei [23], Thei [24], Thei [25] and [26]. Assuming that the slope is not zero, then linearity is assumed whereby the DTs and DEIs are de-trended by using Equation (9).
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(9)







The trend-free pre-whitening procedure is achieved by de-trending the series [image: ] using lag-1 serial correlation coefficient [image: ] and then removing the AR(1) from the series, as per Equation (10),
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(10)







The residual series after applying the trend-free pre-whitening procedure results in an independent series. The identified trend Tt and the residual [image: ] are blended by
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(11)







The MK test was then applied to the blended series [image: ] to assess the significance of the DTs and DMIs time series.





4. Results


4.1. Seasonal Trends in Precipitation


Precipitation in the Western Cape Province exhibits noticeable spatial-temporal dependence. Most of the regions in the province receive rain during winter, whereas very few areas are known to be receiving rainfall throughout the year. Table 1 gives a summary of seasonal trends in precipitation as well as the significance of the trends across the selected stations. During summer (DJF), more than 16 weather stations exhibit negative trends, with only two stations showing statistically significant trends, these are indicated in bold face in the table. The rest of the stations depict a positive statistically insignificant trend. Similarly, 19 stations show a negative trend during MAM, with only one station exhibiting trends that are statistically significant at 0.05 significant level. In winter, 12 weather stations show a positive trend whereas 11 of the stations exhibit negative trends. The sudden increase in positive trends on most of the stations can be attributed to the winter rains received in most areas of the province. During SON, 13 stations show a negative trend, while 10 stations depict positive trend. The trends across all the stations are statistically insignificant at 0.05 significant level.



Table 1. Seasonal precipitation trends [mm-month−1] and their significance.







	
Station Name

	
DJF Trends (Sig.)

	
MAM Trends (Sig.)

	
JJA Trends (Sig.)

	
SON Trends (Sig.)






	
Voelvlei Dam

	
−0.186 (0.76)

	
−0.645 (0.76)

	
−0.852 (0.84)

	
0.417 (0.71)




	
Wemmershoek Dam

	
−1.114 (0.14)

	
−2.272 (0.29)

	
−1.555 (0.84)

	
1.886 (0.29)




	
Assegaaibos

	
−2.558 (0.01)

	
−4.127 (0.43)

	
−7.564 (0.34)

	
−0.304 (0.84)




	
Higgovale CT

	
−0.251 (0.29)

	
−1.798 (0.29)

	
−1.105 (0.68)

	
0.684 (0.58)




	
Table Mountain

	
−1.598 (0.10)

	
−3.233 (0.26)

	
−2.223 (0.68)

	
0.587 (0.86)




	
Table Mountain at Newlands

	
−1.264 (0.17)

	
−4.690 (0.14)

	
−7.635 (0.08)

	
−1.604 (0.29)




	
Jonkershoek

	
−2.920 (0.01)

	
−4.653 (0.07)

	
−0.115 (0.84)

	
1.802 (0.92)




	
Lambertsbaai

	
−0.183 (0.59)

	
−0.316 (0.76)

	
0.573 (0.54)

	
0.013 (0.56)




	
Kogel Baai

	
−0.409 (0.97)

	
−2.653 (0.06)

	
−1.087 (0.41)

	
0.829 (0.92)




	
Vredendal

	
0.096 (0.16)

	
−0.357 (0.04)

	
0.383 (0.76)

	
−0.094 (0.76)




	
Stettynskloof Dam

	
−0.465 (0.66)

	
−1.662 (0.36)

	
1.624 (0.95)

	
0.184 (1.00)




	
Roode Els Berg Dam

	
−0.258 (0.79)

	
−1.997 (0.52)

	
−0.583 (0.92)

	
−0.868 (0.63)




	
Lakenvallei Dam

	
−0.309 (0.92)

	
−2.395 (0.10)

	
−0.22962 (0.92)

	
−0.699 (0.86)




	
Kwaggaskloof Dam

	
0.257 (0.43)

	
−1.192 (0.09)

	
−0.333 (0.61)

	
−0.269 (0.97)




	
Theewaterskloof Dam

	
−0.297 (0.92)

	
−2.340 (0.00)

	
1.299 (0.40)

	
−0.274 (0.95)




	
Buffeljags Dam

	
−0.088 (0.84)

	
−1.033 (0.18)

	
0.975 (0.40)

	
0.302 (0.95)




	
Korinte−vet Dam

	
−1.694 (0.28)

	
−2.273 (0.20)

	
0.792 (0.34)

	
0.194 (0.63)




	
Floriskraal Dam

	
0.288 (0.22)

	
0.803 (0.23)

	
0.861 (0.29)

	
−0.188 (0.86)




	
Gamka Dam

	
0.645 (0.15)

	
−0.542 (0.36)

	
0.212 (0.23)

	
−0.566 (0.22)




	
Kammanassie Dam

	
0.759 (0.17)

	
0.128 (0.81)

	
1.280 (0.00)

	
−0.743 (0.14)




	
Stompdrift Dam

	
0.387 (0.21)

	
0.122 (0.87)

	
0.665 (0.08)

	
−0.483 (0.45)




	
George

	
−0.671 (0.78)

	
−0.554 (0.61)

	
0.844 (0.52)

	
−0.018 (0.95)




	
Ronde Valley

	
−1.609 (0.50)

	
0.719 (0.61)

	
1.156 (0.28)

	
−0.309 (0.81)








Note: Statistically significance trends are indicated in bold face.









4.2. Annual Trends in Precipitation


Figure 3 presents results for annual precipitation trends across the Western Cape Province. Based on the reported results, vast majority of the stations (16 stations) show a decreasing trend (negative trend). The Table Mountain at Newlands and Assegaaibos stations exhibit the least negative trends, with −18.94 mm/year and −16.51 mm/year, respectively, followed by the Jonkershoek trend with −0.73 mm/year. Furthermore, seven stations exhibit positive trends in annual precipitation. The results indicate that the calculated trends in precipitation time series are statistically insignificant across all but one weather stations (the yellow bar). Only the Table Mountain at Newlands exhibits statistically significant trend at 0.05 significant level. Overall, the annual trend analysis indicates a precipitation change that leads to persistent drier conditions in the Western Cape. These results are in-line with the continued drought conditions that have affected the overall water resources in the province.


Figure 3. Precipitation trends [units: mm-year−1] across the selected weather stations. The yellow bar indicates weather station exhibiting statistically significant trends.
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4.3. Analysis of SPI Time Series


This section examines the temporal variability of the observed droughts based on the calculated SPI values. Results for the average time series of the SPI calculated from 3-, 6- and 12-month are depicted in Figure 4. According to McKee et al. [5] classification of droughts, drought events are defined whenever the SPI values are less than −1, and the more the negative SPI the more severe the drought. Adopting McKee et al. [5] SPI classification criteria, the calculated SPI values in this study depict mild drought conditions in the Western Cape Province over the study period, particularly at seasonal (3-month accumulation period) time-scale. Similarly, the SPI-6 averaged values indicate that the Western Cape Province experienced mild inter-annual drought variability over the study period. The averaged SPI-12 values range between −0.1 to −0.7 for the dry episodes and 0.01 to 1.2 for the wet episodes. The calculated SPI-12 values suggest that the Western Cape Province experienced a mild annual drought variability during 1985–2016 study period. Additionally, Figure 4 shows that between 1985 and 2016, the SPI values depict increasing amplitudes of variability in all the three accumulation periods used in the present study. This pattern of variability suggests that the Western Cape Province experienced increasingly irregular and more intense drought conditions in the past three decades. Overall, the SPI values calculated across the selected time-scales depict seasonal to annual drought variability. In addition, analysis of SPI values across all the three time-scales indicate that continuous mild drought events occurred in the years 1987–1988, 1993–1994, 1997–2000, 2002–2003 (only on 3- and 6-month time-scales), 2008–2011 (3- and 6-month time-scales), 2009–2011 (only 12-month time-scale) and 2014–2015 (across all the time-scales). The longest drought lasted for 4 years, between 1997 and 2000 across all the time-scales and between 2008 and 2011 at seasonal and inter-annual time-scales.


Figure 4. Annual average SPI time series at different time scales.
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4.4. Statistical Characteristics of SPI


The summary of statistical parameters (e.g., the variance: Var., skewness: Skew. and kurtosis: Kurt) of SPI across the three selected time-scales is given in Table 2. The variance of SPI values across the stations was calculated to determine the variability of drought within the study region. The results indicate a clear pattern in the variance of the SPIs. In this regard, the variances of the SPI-3 across the 23 stations range from a minimum of 0.2 and highest variance peak at 0.5. For SPI-6, the variance varies across the stations with values ranging between 0.3 and 0.7. The annual SPI-12 depict a variance of three times larger compared to the variance in the SPI-3 values. This annual averaged SPI values depict a slightly different pattern compared to the monthly values wherein the SPI-12 show a smoother pattern compared to e.g., SPI-3. This could be attributed to the inherent extreme SPI values in the three accumulation periods. The analysis of the skewness and kurtosis across the analyzed SPI time-scales illustrate that the SPI has inherent low degree of dispersion. In this study, the coefficient of skewness is used to characterize the nature of the asymmetry around the mean. Results show that the values of the skewness lie between −1.0 and 1.0. The skewness for SPI-3, SPI-6 and SPI-12 is asymmetric towards the left (negative skewness coefficient) in most of the selected weather stations. In particular, skewness for SPI-3 values calculated from 12 stations depicts asymmetric distribution towards the left while the remaining 11 stations exhibit positive skewness. Similarly, skewness coefficient for SPI-6 and SPI-12 derived from 14 stations depict asymmetrical pattern distributed towards the left while the rest (9 stations) exhibit asymmetric positive distribution. In terms of kurtosis, the SPI values depict largely a leptokurtic distribution in 16 weather stations and platykurtic in seven stations on seasonal time-scale. SPI-6 values depict relatively peaked distribution in 13 stations and platykurtic distribution in 10 stations. For SPI-12 values, the distribution of drought is leptokurtic in 14 weather stations and platykurtic in 9 stations. Overall, the kurtosis statistics obtained in the present study suggests that the temporal distribution of rainfall in the Western Cape Province of South Africa exhibits a leptokurtic distribution, a phenomenon that is common in semi-arid regions (see for example studies by Mzezewa et al. [27]).



Table 2. Descriptive statistics of SPI values.







	
Station

	
SPI-3

	
SPI-6

	
SPI-12




	
Var.

	
Kurt.

	
Skew.

	
Var.

	
Kurt.

	
Skew.

	
Var.

	
Kurt.

	
Skew.






	
Voelvlei Dam

	
0.277

	
0.437

	
−0.605

	
0.462

	
−0.348

	
−0.349

	
0.682

	
−0.970

	
0.019




	
Wemmershoek Dam

	
0.262

	
−0.569

	
0.388

	
0.454

	
0.166

	
0.726

	
0.713

	
0.368

	
0.752




	
Assegaaibos

	
0.268

	
−0.079

	
−0.688

	
0.509

	
−0.406

	
−0.446

	
0.753

	
−0.414

	
−0.220




	
Higgovale CT

	
0.251

	
−0.065

	
−0.559

	
0.455

	
−0.420

	
−0.271

	
0.754

	
−0.456

	
−0.337




	
Table Mountain

	
0.333

	
0.048

	
0.203

	
0.514

	
0.357

	
0.424

	
0.774

	
0.059

	
0.562




	
Table Mountain at Newlands

	
0.315

	
−0.587

	
−0.325

	
0.484

	
−0.393

	
−0.048

	
0.747

	
−0.404

	
0.035




	
Jonkershoek

	
0.368

	
0.194

	
−1.008

	
0.666

	
0.176

	
−1.012

	
1.367

	
1.078

	
−1.424




	
Lambertsbaai

	
0.200

	
−0.599

	
0.330

	
0.370

	
−0.440

	
0.212

	
0.616

	
−0.173

	
0.341




	
Kogel Baai

	
0.499

	
3.818

	
−1.512

	
0.725

	
0.653

	
−0.880

	
1.080

	
3.427

	
−1.415




	
Vredendal

	
0.307

	
−0.315

	
0.594

	
0.462

	
−0.334

	
0.702

	
0.580

	
0.033

	
0.318




	
Stettynskloof Dam

	
0.200

	
−0.542

	
0.262

	
0.393

	
−0.466

	
0.646

	
0.721

	
0.106

	
0.738




	
Roode Els Berg Dam

	
0.237

	
1.254

	
−0.629

	
0.393

	
0.362

	
−0.394

	
0.673

	
0.867

	
−0.185




	
Lakenvallei Dam

	
0.257

	
−0.377

	
0.112

	
0.490

	
−0.167

	
0.218

	
0.776

	
0.589

	
−0.123




	
Kwaggaskloof Dam

	
0.244

	
0.833

	
0.247

	
0.466

	
0.319

	
0.144

	
0.751

	
−0.037

	
−0.203




	
Theewaterskloof Dam

	
0.188

	
0.336

	
−0.292

	
0.417

	
0.398

	
−0.480

	
0.689

	
−0.098

	
0.073




	
Buffeljags Dam

	
0.168

	
−0.954

	
−0.346

	
0.336

	
−0.689

	
−0.287

	
0.690

	
0.077

	
−0.901




	
Korinte−vet Dam

	
0.157

	
0.405

	
−0.585

	
0.337

	
0.252

	
−0.729

	
0.600

	
1.330

	
−0.946




	
Floriskraal Dam

	
0.236

	
−0.510

	
0.127

	
0.450

	
−0.335

	
−0.066

	
0.670

	
−1.072

	
0.238




	
Gamka Dam

	
0.204

	
0.806

	
0.027

	
0.469

	
1.035

	
−0.093

	
0.722

	
0.205

	
−0.071




	
Kammanassie Dam

	
0.195

	
2.378

	
−0.754

	
0.445

	
2.086

	
−0.687

	
0.697

	
0.191

	
−0.441




	
Stompdrift Dam

	
0.169

	
0.016

	
0.378

	
0.335

	
0.839

	
0.225

	
0.565

	
0.407

	
−0.140




	
George

	
0.180

	
−0.802

	
0.252

	
0.354

	
−0.724

	
0.230

	
0.621

	
−0.488

	
−0.106




	
Ronde Valley

	
0.292

	
1.261

	
−0.891

	
0.532

	
1.283

	
−0.901

	
0.823

	
0.579

	
−0.724











4.5. Trends in Drought Monitoring Indicators Characteristics


This study analyzed trends and their significance (at <0.05 significance level) using various drought characteristics including drought duration, frequency, intensity and severity. Figure 5 depicts the interpolated surface trends and significance trends in drought duration at the selected weather stations. As depicted in the figure, Figure 5A–C corresponds to the SPI-3, SPI-6 and SPI-12 trends, respectively. Trends calculated using SPI-3 time series illustrate that the drought duration exhibits positive weak trends in most parts of the study area. In particular, weak positive trends occur towards the eastern part of the province, covering Breede-Gouritz Water Management Area, whereas the trends slightly increase towards the western part of the province. Negative trends (this cover <20% of the province) occur towards the west, covering the lower Berg-Olifants Water Management Area. In contrast, SPI-6 and SPI-12 results depict negative trends in the interior regions and towards the eastern-lower regions of the province, whereas positive trends are observed towards the western part of the province. SPI-3 trends exhibit statistically insignificant trends across the stations, whereas only one weather station depicts subtle (only pockets) significant trends in both SPI-6 and SPI-12 trends. In the last three decades, the Western Cape Province has experienced persistent droughts with absolute percent changes in trends ranging from 2% to 4% across the SPI-3, SPI-6 and SPI-12 accumulation periods.


Figure 5. Trends and significant trends in drought duration derived from (A) SPI-3, (B) SPI-6 and (C) SPI-12 values.
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Figure 6 depicts trends and the associated significant trends in drought intensity across SPI-3, SPI-6 and SPI-12 accumulation time-scales. Trends in drought intensity derived using SPI-3 (A) depict a decreasing pattern in drought intensity, particularly around Breede-Gouritz Water Management Area, from the central area and towards the east upper region. On the other hand, parts of the lower east region as well as towards the west upper areas comprising of the Berg-Olfants Water Management Area exhibit zero to positive trends in drought intensity. In terms of the SPI-6 trends, Figure 6B depicts subtle positive and negative drought intensity trends across the Western Cape Province. Furthermore, trends calculated from SPI-12 time series (C) depict a similar pattern to those calculated using SPI-3 time series. In addition, the calculated trends are mostly statistically insignificant across the considered time-scales. In general, the Western Cape Province has experienced approximately 4% absolute changes in drought intensity over the last three decades.


Figure 6. Same as Figure 5 but in drought intensity, with (A–C) corresponding to SPI-3, SPI-6 and SPI-12, respectively.
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Trends and significant trends in drought frequency are shown in Figure 7. Trends in drought frequency across the three time-sales delineate the study area into two regions. For instance, the interior areas and towards the eastern regions (mostly in the Berg-Olfants Water management Area) exhibit negative trends in drought frequency whereas positive trends are observed in the interior and towards the west regions of the Province, covering the Breede-Gouritz Water Management Area. In particular, the Berg-Olfants Water management Area has experienced ~8% positive changes in drought frequency while the Berg-Olfants Water management Area has experienced ~7% negative changes in drought frequency over the last three decades. In general, the Western Cape Province exhibit largely zero to statistically insignificant positive trends across SPI-3, SPI-6 and SPI-12 accumulation periods.


Figure 7. Same as Figure 5 but in drought frequency, with (A–C) corresponding to SPI-3, SPI-6 and SPI-12, respectively.
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Figure 8 depicts results for trends and significant trends in drought severity across the three selected time-scales. Based on SPI-3 (A) and SPI-6 (B) time series, drought severity depicts statistically insignificant positive trends in some areas especially in the interior and western regions of the Western Cape Province. These areas include the Berg, Olfants/Doorn and Gamtoos rivers drainage regions of the Western Cape Province. The negative trends are mostly in the eastern interior regions i.e., across some regions of the Breede, and Gouritz drainage regions. For the SPI-12 time series, the trends delineate the Western Province into two regions i.e., western region exhibiting largely positive trends (but near zero) and the eastern region exhibiting largely negative trends. In most parts of the Western Cape Province, the trends are statistically insignificant across the SPI-3, SPI-6 and SPI-12 accumulation periods.


Figure 8. Same as Figure 5 but in drought severity, with (A–C) corresponding to SPI-3, SPI-6 and SPI-12, respectively.
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5. Implications of Drought Conditions to Agriculture and Water Resources in the Western Cape


Drought assessment and monitoring are essential for improved decisions on agriculture and water resources management and planning. In particular, the SPI index is a commonly used as a drought monitor to regions that are vulnerable to drought conditions. This study analyzed drought characteristics using SPI values derived from rainfall records from 23 weather stations data distributed within the Western Cape Province of South Africa. The motivation for investigating drought characteristics in the Western Cape Province is because there have been persistent drought conditions in the province since 2014. This drought conditions has severely affected various sectors including agriculture and water. The results reported in this contribution suggest that the Western Cape Province has been experiencing mild drought conditions from 1985 to 2016. In particular, drought conditions seem to exacerbate towards the southern Cape regions, covering the Central Karoo and Eden district municipalities. Since these regions are year-round rainfall areas, the results suggest that the area has been receiving insufficient rainfall throughout the year. Insufficient rainfall coupled with warm temperatures often exacerbates evapotranspiration, leading to crop stress and loss of water in the various water reservoirs. This is especially true given that the province’s average dam levels during the 2015/2016 hydrological year were below 30% (see Figure 1). Results also show that the Overberg, Cape Winelands and West Coast district municipalities experienced largely mild drought conditions. The vast majority of these regions are winter rainfall areas suggesting that the drought conditions spread to the winter months. Climatologically, the Western Cape is unique from other provinces in South Africa because this region is characterized by a Mediterranean climate. As a result, the rainfall patterns in the province enable a variety of crops including pome fruit (apples and pears), stone fruit (apricots, peaches & nectarines and plums), table grapes as well as viticulture. The persistence of droughts has therefore affected the production of these crops. Agriculture plays a significant role in the Western Cape economy and therefore the persistence of drought conditions will affect the region negatively. In particular, the agricultural sector is the main employer in the province. This sector also ensures that South Africa maintains its food security status thereby ensuring that the citizens have the necessary food that promotes a healthy prosperous life. Increase in drought conditions will therefore have a significant impact on the agricultural sector, leading to job loses, increase in food prices and other socio-economic impacts. In addition, a decrease in rainfall coupled with other extreme climatic factors (warm temperature, evapotranspiration), particularly, in Eden and Central Karoo areas will exacerbate drought conditions, leading to major decline in the usable water across the Western Cape Province water reservoirs.




6. Conclusions


The present study used two categories of drought indicators computed from precipitation data sets (1985–2016) from 23 weather stations across the Western Cape Province, South Africa. The first category was the SPI accumulated over 3-, 6- and 12-month time-scales. The second category consists of the four DMI, namely, DD, DS, DI and DF. Analysis of SPI-3, SPI-6 and SPI-12 illustrate that between 1985 and 2016, the Western Cape Province experienced recurrent mild meteorological, agricultural and hydrological drought conditions with inherent spatial-temporal variability. This suggests that the current drought conditions in the Western Cape Province is a manifestation of past drought conditions. The only difference between past and present drought conditions is that the Western Cape Province has now experienced the longest or persistence drought duration. Furthermore, analysis of trends in DMI time series depicts a noticeable spatial-temporal dependence wherein the southern and western parts of the province experienced more frequent, intense and severe droughts compared to the eastern regions of the Western Cape Province. Overall, the ongoing drought conditions in the Western Cape Province have adversely affected agricultural production while the water reservoirs are at a capacity of below 30% implying that the socio-economic impacts of these droughts will continue to reverberate for many months to come. This has led to the National Provincial and local governments and the private sector to hold multi-stakeholder meetings to discuss various options available for drought mitigation in the province and in South Africa in general. In general, results of the study postulate the following inferences:

	(a)

	
Over the past three decades, the Western Cape Province has experienced persistent droughts with varying magnitudes and pattern of occurrences.




	(b)

	
The ongoing drought conditions over the Western Cape Province appears to be a regular part of nature’s cycle. Notwithstanding drought conditions of the 21st century, the province has continuously experienced recurrent drought patterns dating as far back as the 20th Century.




	(c)

	
Analysis of historical drought characteristics based on drought indicators is an important first step towards: (i) placing the current drought conditions into perspective, (ii) contributing towards triggering action and responses on drought preparedness, and (iii) laying the foundation for drought monitoring and development of early warning systems.
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