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Abstract

:

Water deficit is high and precipitation varies spatio-temporally in arid areas. This study was conducted to analyse the spatio-temporal variability of precipitation and drought intensity in an arid catchment in South Africa. The Soil and Water Assessment Tool (SWAT) was used to estimate the spatio-temporal precipitation where nine meteorological stations were used as input to the model. The model was calibrated and validated by regionalization with a physical similarity approach. SWAT only predicts precipitation at sub-basin level. Hence, the mean precipitation was further interpolated by using the inverse distance weighted method (IDW). The Mann–Kendall trend test shows that there was no trend in annual precipitation whereas in the monthly precipitation there was a 0.01 mm decrease. Daily precipitation varied from 0.1 to 4 mm whereas in a monthly basis, it varied from 6 mm (September) to 43.4 mm (February). The annual precipitation varied from 169 mm (1983) to 415 mm (2003) with a long-term mean of 280.8 mm. Precipitation is also highly variable in space throughout the catchment. Generally, annual precipitation decreased from north to south; however, during the winter season, the reverse was true due to the influence of rain-bearing condition from the south- western direction. Based on the aridity index (AI), the catchment is categorized as arid. The SPI shows that the 1983 drought was the worst whereas the 2003 and 2004 years were relatively wet. The results from this study provide baseline information for further research in climate change adaptation and environmental monitoring programs in the region.
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1. Introduction


In arid regions, drought analysis provides useful information for sustainable water resources management. Arid regions of South Africa are characterized by the low natural replenishment of water resources. Precipitation and its characteristics (amount, intensity, duration, and frequency or return period) are the most important climatological variables for specifying the state of the climate system of an area [1,2,3]. Analysis and understanding of precipitation and its changes are crucial for the assessment of climate change [4,5]. Gaining an understanding of precipitation behaviours and its extremes is also of great concern, as these factors have inevitable impacts on environmental and socio-economic development [4,6,7]. The spatio-temporal variability of precipitation and its extreme events has theoretical and practical importance [2]. From a theoretical point of view, this understanding sheds a light on the evolving characteristics of the hydro-climatic variables and lays the foundation for developing predictive models for forecasting their future behaviour. On the other hand, from a practical point of view, this understanding assists us in water resources management practices in terms of better adapted planning and informed decision-making, which is particularly important in arid and semi-arid areas.



The spatial and temporal variation of precipitation is affected by many factors. Generally, altitude, distance from the sea, geographical locations, air pressure, temperature, and wind direction play a vital and interactive role on larger areas of the earth’s surface [8,9,10,11]. Focusing on their influence on a catchment scale, the major topographic properties include altitude, aspect, the direction of mountain ranges [12,13,14], and orographic enhancement, which is also affected by wind speed and direction [14,15]. However, some researchers (for example, [16]) have stated that orographic variation has minimal influence on precipitation in arid and semi-arid areas since those ecosystems are characterized by flat to gently undulating topography. Ref. [16] also suggested that local variation in intensity and path of convective thunderstorms could be the source of variation in these landscapes. Moreover, the differences in surface albedo, cloud cover, and general atmospheric circulations are also important factors on larger scales, like regional climate [17].



Rainfall is one of the most challenging meteorological parameters to measure because of its higher spatial and temporal variability [18,19]. Conventional observations made through surface gauge networks provide the most valuable direct measurement of precipitation data on the earth’s surface and are primarily important for catchment-wide coverages [18,19,20,21]. Nevertheless, surface gauge networks provide point data and are limited to covering the land surface and a few are also available over oceans. In addition, weather radar networks are important technologies that provide data with better spatial coverage (for example, used in national weather forecasts) than surface gauges do, but are limited in extent and number due to their high cost [19,21]. Nowadays, satellite observation systems receive greater attention since they have better spatial coverage on both land surfaces and over oceans but with coarser spatial and temporal resolutions than the other systems [18,20,21]. Therefore, all these three systems have their own advantages and disadvantages. The final method that combines all the three systems together is called multi-sensor precipitation estimates (MPE), combining the best features from each measurement systems into a single estimate [20,21].



Many studies have been conducted on precipitation and its distribution patterns, at different scales. A substantial impact of global warming on the hydrology is also expected [22]. As a result of this, much effort has been spent on the assessment of hydro-climatology at global, national, regional, and catchment scales. To mention some of these efforts: at the global level, the studies of [23,24,25,26,27] are ground-breaking. The findings of [28,29,30], and [31] are also key contributions in gaining an understanding of the regional scale. On the catchment scale, a greater number of studies has been conducted in South Africa. Ref. [7] reported that the study of hydro-meteorological variables dates back four decades in South Africa. Refs. [32,33] could be mentioned as nation-wide studies. Ref. [32] showed a positive trend of precipitation in summer, whereas during winter, the reverse was true in South Africa. The study conducted by the Department of Environmental Affairs [33] indicated that there was a high inter-annual variability of rainfall in the country. The trend from 1950 to 2010 showed that it was above average in the 1970s, the late 1980s, and the mid to late 1990s, and below average in the 1960s and in the early 2000s while reverting to mean rainfall towards 2010. There was also a significant decrease in the number of rainy days and an increase in the intensity of rain events, leading to an increase in dry spell durations.



Although catchment-scale studies have been conducted in a South African context [34,35,36,37,38], most of their analyses relied on point data, and do not show spatial variability. Nevertheless, the spatial and temporal variations in precipitation constitute a key input for the estimation of other hydro-climatic variables. Therefore, this study was conducted to analyse the spatial and temporal variations of precipitation in the Soutloop River Catchment in the Northern Cape Province of South Africa. The trend of long-term (1980–2018) precipitation events was analysed in the catchment. The catchment was also evaluated for precipitation deficits/drought occurrences and severity by using the aridity index (AI) and the standardized precipitation index (SPI). Note that drought in this paper refers to meteorological droughts.




2. Materials and Methods


2.1. Description of the Study Area


The study area is located in the Northern Cape Province of South Africa. It is a catchment with a geographic location of between 22°11′ and 23°28′ E longitudes and between 28°03′ and 29°06′ S latitudes and it covers an area of approximately 6770 km2. The catchment is a combination of two quaternary catchments (D73A and D73B), according to the referencing system of the South African Department of Water and Sanitation Affairs. The location and some hydrologic features of the study catchment (Soutloop River Catchment) are depicted in Figure 1.



The area is dominated by lower slopes and nearly 68% of the catchment has a slope of less than 5%. The soil type in the area is dominated by Oxidic soils (59%), followed by Lithic origins (21%). Other soil groups include Calcic (12%) Duplex soils (6%), Gleyic groups (1.6%) and an exceedingly small number of Cumulic soil groups. Land cover within the catchment is dominated by low shrubland (80%), which is classified as range-brush in the SWAT database, followed by grassland (11%, range grass in SWAT), and bushland (7%, classified as forest-mixed), while the remaining 2% of the study area is covered with other land cover classes. The area is also known for its arid climate where the long- term mean annual precipitation is 280.8 mm and annual temperature varies from 10.4 to 26.8 °C. The long-term mean annual potential evapotranspiration is also 2109.8 mm. The spatial variation of these data can be referred from one of the series of articles from the same project published in Journal of Hydrology: Regional Studies [39].




2.2. The SWAT Hydrological Model


The analysis in this paper is based on the modelling results of the Soil and Water Assessment Tool (SWAT). The details of all the modelling processes are explained in the study of [39], however, a short description of the model and its processes followed are provided, giving particular attention to predicting the spatio-temporal values of precipitation in the study catchment.



2.2.1. Model Description


SWAT is a continuous-time, semi-distributed and processed-based model developed and supported by the United States Department of Agriculture, Agricultural Research Service [40,41]. The model was originally developed to evaluate the impact of land management practices on water resources, sediment, and agricultural chemical yields in large complex catchments with varying soils, land use and management conditions [40,42]. Water balance is the major driving force behind any process in SWAT. Hence, besides the different components of water balance, SWAT is used to model plant growth and the movement of sediments, nutrients, pesticides, and pathogens in a catchment [40,41,43]. The model requires several input data to simulate catchment hydrologic processes, and these include a digital elevation model (DEM), land use/land cover data, soil types, and daily weather data, including details of precipitation, maximum and minimum air temperatures, solar radiation, wind speed, and relative humidity. SWAT has received international acceptance as a robust interdisciplinary catchment-scale modelling tool. However, its application in arid and semi-arid areas is still challenging due to the unavailability of flow data for model calibration and validation procedures.




2.2.2. Model Inputs


SWAT requires spatially explicit datasets of topographic, land use/land cover (LULC), soil and climatic data (precipitation, maximum and minimum air temperature, relative humidity, wind speed, and solar radiation) at daily/sub-daily time steps. A 30-meter spatial resolution SRTM (Shuttle Radar Topography Mission) DEM was downloaded from the USGS-LP DAAC Homepage [44] and was used to derive all the topographic parameters. The land use/land cover was defined based on the national land use/land cover layer of South Africa (studied in 2013/2014 year and has a 30-meter spatial resolution) [45]. It was also modified slightly so that it would be consistent with the plant databases of SWAT. The different soil classes were defined based on the Land Type Survey database compiled by the Agricultural Research Council of South Africa (ARC), Institute of Soil, Climate and Water [46]. The Land Type Survey data of South Africa was studied with a smaller scale than the resolution of the DEM and LULC used in this study. As a result, the method used by [47] was applied to improve the scale of the soil survey. The details of the procedure and its results are explained in [39].



The SWAT model requires daily weather variables and relies on meteorological stations inside, and near, the study catchment, as illustrated in Figure 1. The location of the stations and the source of the data set are presented in Table 1. The long-term data were provided by two organizations: the South African Weather Service (SAWS) and the ARC, Institute for Soil, Climate and Water. The SWAT software also has a weather generator tool that assists in filling in missing data for certain periods in the simulation periods. This tool also enables the generation of an unavailable dataset of relative humidity, solar energy, and wind speed, if it has been provided with long-term daily precipitation and maximum and minimum temperatures.



Besides, two datasets were also collected for model calibration and validation purposes. These are the daily runoff data (from the donor catchment) and soil water content data (from the target catchment). As a result, daily discharge data for the donor catchment were obtained from the Department of Water and Sanitation Affairs of South Africa. Whereas the profile water content data was measured in situ from the target catchment with DFM (Dirk Friedhelm Mercker) capacitance probes (installed in four hydrological response units—HRUs). The two datasets (discharge and soil water content) were used for model calibration and verification purposes.




2.2.3. Model Setup and Calibration Approach


The SWAT model was used to estimate all the components of the water balance in the study catchment. In the simulation procedure, the catchment delineation was the first procedure. The study catchment was delineated using GIS interface of the Soil and Water Assessment Tool (SWAT2012) using the SRTM DEM. Then, the definition of hydrological response units (HRUs) was completed using the DEM, LULC, and soil data. HRUs are lands with a similar composition of topography, land use/land cover and soil types. The delineated catchment was divided into 27 sub-catchments and further into 1490 HRUs. All the components of the catchment water balance (except precipitation) were estimated on HRU basis. The HRUs represent the smallest spatial units that are enabled to describe the model output. Furthermore, the spatial precipitation in SWAT2012 is only estimated as a sub-catchment basis [40,41,48]. All the required climatic variables were fed to the model, comprising rainfall, minimum and maximum temperature, relative humidity, average wind speed, and solar radiation data. The weather generator tool in the ArcSWAT interface was employed to fill in the case of unavailability or missing station data [40].



The rainfall-runoff process was set to be estimated by the curve number (CN-method), the potential evapo-transpiration was estimated by the Penman–Monteith equation, and the channel water routing was simulated by the Variable Storage Routing. During the simulation, a three-year warming-up period was given. Including the three-year warming-up period, the total simulation period was set to run from 1977 to 2018 (i.e., 42 years). Hence, 39 years of hydrologic variables were simulated for the study catchment.



Due to lack of a gauging station for streamflow measurement, the regionalization with physical similarity approach [49,50,51] was adopted for the calibration and validation of the model. The regionalization approach is usually based on the assumption that catchments with similar physiographic and climatic attributes would have similar hydrologic responses. Even though the estimation of precipitation is least affected by the calibration and validation processes, the method followed can be summarised here. The first important task is to get a gauged catchment that has similar physical characteristics. Therefore, a number of catchments were evaluated based on physical characteristics (called catchment descriptors) mainly derived from weather parameters, soil, topographic feature, land cover type, altitudinal ranges, and others. Finally, one catchment was selected to be a donor catchment that was used to parametrize the model, calibrate, and then the calibrated model parameters were transferred to the target catchment shown in Figure 1. The calibration was done in SWAT-CUP (SWAT Calibration and Uncertainty Programs). Then, SWAT was parameterized in the target catchment again (by using its own soil, topographic, land cover and weather data), simulated with the transferred parameter values from the donor catchment. A simulation was done on annual time scale and the model output was compared to previous studies around the target catchment (particularly evapotranspiration and surface runoff data were compared) to assess the model’s performance relative to previous studies. Finally, the manual calibration helper in SWAT was used to adjust some model parameters based on the comparison of evapotranspiration and runoff with previous studies. Additionally, time series soil water content was collected in the target catchment (our study area) and used for simple model verification outside SWAT-CUP software. The works for the calibration and validation procedures applied in this study, including the regionalization with physical similarity and all other procedures followed in the modelling processes are published in the Journal of Hydrology: Regional Studies. See [39] for details.



SWAT model converts the point gauge values to spatial raster values by taking the nearest gauge value to the centroid of a sub-catchment. To account for the orographic effect, SWAT also calculates elevation bands from DEM and calculates new values based on the elevation difference from the centroid of the sub-catchment. However, calculation of elevation bands did not show significant influence on the precipitation due to a very low altitudinal range in the study area. As a result, the influence of altitudinal variation was not considered in the simulation.





2.3. Precipitation Analysis


2.3.1. Testing Normality of Time Series Data


It is a pre-requisite to conduct a test of normality before any statistical analysis is employed, for the sake of choosing the right statistical analysis. This test is particularly important for applying parametric statistics which assume that the data is collected from a normally distributed population. The precipitation data was averaged spatially to get a single time series data (both monthly and annually) for analysis. The two commonly used normality tests were used: the graphical method (probability-probability (P-P plot) and quantile-quantile (Q-Q plot)) and the statistical method (Shapiro–Wilk test), assisted by XLSTAT ver-2018.6, build ver-53390.




2.3.2. Trend Analysis


The trend analysis in the long-term (1980–2018) precipitation data was investigated by the non- parametric Mann–Kendall test [52,53] to verify and detect trends in time series data. In this test, all the data values were averaged spatially. Each data value was compared to the subsequent data values. The initial value of the Mann–Kendall test, S, in the time series was considered to be zero or no trend [54,55]. If a data value is greater than the previous value, then it was considered to be incremental by +1, whereas if the value was lower than the previous value, it was considered to be decremental by −1. The resultant of all such incremental and decremental values gives the final S value, and is given by the following equation:


  S =   ∑   k = 1   n − 1       ∑   j = k + 1  n  S i g n  (   X j  −  X k   )   



(1)






   Where    (   X j  −  X k   )  = + 1   ,   if    (   X j  −  X k   )  > 0   



(2)






    (   X j  −  X k   )  = 0   ,   if    (   X j  −  X k   )  = 0   



(3)






    (   X j  −  X k   )  = − 1   ,   if    (   X j  −  X k   )  < 0   



(4)




X1, X2, …Xi represents n data points, Xj represents the data point at time j, and n is the sample size.



The presence of significance between trends was tested by the normalized statistical test (Z-score) and computed by the following formula:


  Z =   S − 1     V A R  ( S )      ,   if   S   >   0  



(5)






  Z = 0   if   S = 0  



(6)






  Z =   S + 1     V A R  ( S )      ,   if   S   <   0  



(7)




where VAR refers to the variance of the population.



On the other hand, the magnitude of the trend was calculated using the Sen’s method [56,57]. Sen’s method is useful for estimating the slope of a linear trend and it has been widely used for determining the magnitude of a trend in hydro-meteorological time series data. First, the slope of all the data pairs was calculated, as follows [56,57]:


   m i  =    X j  −  X k     (  j − k  )    ,   for   i = 1 ,   2 ,   3 ,   … ,   N  



(8)




where N is the number of data points in the time series; and Xj and Xk are data values at times j and k (j > k), respectively.



Then, the median of these N values, mi is Sen’s estimator of the slope, which is calculated as follows:


   β = m   N + 1  2    ,   if   N   is   odd    β =  1 2   (  m  N 2  + m   N + 1  2   )  ,   if   N   is   odd   



(9)




All these procedures were assisted by using an Excel add-in, XLSTAT ver-2018.6, build ver-53390, which was downloaded from XLSTAT Website [58].




2.3.3. The Spatial Variation of Precipitation


The SWAT output for the analysis of precipitation in the catchment was at the sub-basin level. Therefore, the mean values of the long-term monthly and yearly values of sub-basin level precipitation were interpolated by the inverse distance weighted method (IDW) by using ArcGIS ver10.4 to get a better spatial representation.





2.4. Precipitation Deficit


The presence of precipitation deficit in the catchment was evaluated by applying two commonly used indicators. These are the Aridity Index (AI) and the Standardized Precipitation Index (SPI).



2.4.1. Aridity Index (AI)


The AI has been proposed to quantify the degree of dryness of a given location. It is commonly defined as the ratio of the annual precipitation to the evapotranspiration [59]:


  A I =  P  E T    



(10)




where P is the annual precipitation (mm) and PET is the potential evapotranspiration (mm). The interpretation of AI is based on [59] as indicated in Table 2.




2.4.2. Standardized Precipitation Index (SPI)


The SPI is an important index showing drought occurrence and severity. This index quantifies the precipitation deficits and drought severity on different time scales in the catchment, and is calculated by the following equation [60,61]:


  S P I =  (     P  i k   −   P ¯  i    S t  d i     )   



(11)




where Pik is precipitation for the ith station and kth observation,    P i  ¯   is the mean precipitation for the ith station, and Stdi is the standardized deviation for the ith station.



The calculation of SPI was assisted by using a computer program downloaded from the US National Drought Mitigation Centre. The website is managed by the University of Nebraska [62]. The interpretation of drought severity (based on SPI values) are based on [60,63], as given in Table 3.






3. Results


3.1. Tests of Normality


The tests of the normality of the time series annual and monthly precipitation (from 1980 to 2018) were conducted both graphically (with a visual assessment) and numerically (with statistical tests). The simplest visual assessment was based on the P-P plot (Figure 2, panels a and c) and the Q-Q plot (Figure 2, panels b and d) for annual and monthly precipitation, respectively. Both the P-P and Q-Q plots show that most of the annual precipitation data fall on, or in close proximity to y = x graph. This indicates that the annual precipitation data were normally distributed while the monthly precipitation data were not normally distributed. Visual inspections are easy to understand and interpret, however, in some cases this might be unreliable and does not guarantee that the distribution is normal [64,65]. Due to this fact, the statistical tests could have an advantage to minimize biases. Table 4 shows that the p-values of the Shapiro–Wilk test (0.8829 and <0.0001 for annual and monthly precipitation data sets, respectively) of the annual precipitation data are normally distributed, whereas the monthly data are not normally distributed.



Generally, the analysis of normality of data, particularly for time series data sets, is a prerequisite and is the first analysis to be done before any statistical tests are made. This is because the choice of statistical analysis is based on certain assumptions. For example, the parametric tests are based on the assumption that observations are normally distributed. Therefore, the time series data of annual precipitation for this study is normally distributed and accordingly parametric tests can be applied for conducting further data analysis but the non-parametric tests are recommended to analyse the monthly precipitation data.




3.2. Trends of Precipitation


As indicated in Figure 3, the long-term average lowest and highest records for mean daily precipitation were 0.1 and 4.0 mm d−1, respectively. The average monthly records also show that September is the lowest month for precipitation, with a mean value of 6.0 mm, and that February reflects, relatively, the highest records of all the months, with a mean rainfall of 43.4 mm (Figure 4). In terms of seasonal distribution, summer (December, January, and February) has the highest rainfall record (102 mm) in the catchment, whereas spring (September, October, and November) is the lowest rainfall season, with a mean record of 44 mm. Comparing the trends of the annual precipitation in the catchment, 1983 was the lowest year for precipitation, with a record of 169 mm, whereas 2003 was the year with the highest precipitation record, at 415 mm, over the last four decades.



Regarding the trends of precipitation in the Soutloop Catchment, the Mann–Kendall trend tests for annual and monthly precipitation are presented in Figure 5 and Figure 6, respectively, and the statistical results are summarized in Table 5. The results show that there was no significant evidence for the presence of trend in annual precipitation. In the mean monthly precipitation, however, there was a negative or a decreasing trend in the catchment. The magnitude of the decrease in the monthly precipitation was estimated by the Sen’s slope method. As a result, it was found that there was an average decrease of 0.01 mm per month over the last four decades in the catchment.




3.3. Spatial Variation of Precipitation


The spatial variation of the long-term mean annual precipitation is depicted in Figure 7. Similarly, the spatial variation for the long-term mean monthly precipitation is displayed in Figure 8, Figure 9, Figure 10 and Figure 11. The mean annual precipitation showed a spatial and temporal variation in the catchment. The mean annual precipitation varies from a minimum of 214 mm in the southern and south-western parts of the catchment to a maximum record of 365 mm per annum in the north and north-western parts. Therefore, the annual precipitation decreases as one goes from north to south in the catchment. The mean monthly precipitation also showed both spatial and temporal variations. February is the month with the highest precipitation record, while September is the month with the lowest precipitation record in the catchment. The patterns of the spatial variation can also be seen in meteorological seasons. The comparison of seasons regarding their spatial precipitation variations shows that during summer, precipitation decreased from north to south direction in the catchment (Figure 8a–c). This variation is also true for autumn, except for May (Figure 8d–f). However, precipitation increased as one moves from north to south during wintertime, which is the opposite of the summer season (Figure 8g–h). There were no clear trends of spatial variation detected during the spring season, (Figure 8j–l).




3.4. Indicators of Precipitation Deficit


In this study, two important indices were used to assess the deficit of precipitation in the Soutloop Catchment. These are the aridity index and the standardized precipitation index. The aridity index (AI) is a measure of the climatic condition for a given place, whereas the standardized precipitation index (SPI) is a measure of the climatic condition for a specific period. In other words, aridity is more or less a permanent index, whereas SPI shows the deviation of precipitation from the normal period, hence, it changes over time. Figure 9 shows the spatial variation of the aridity index in the Soutloop Catchment. It shows that the catchment is categorized as an arid catchment (AI value varies from 0.0774 to 0.153), with no spatial variation in terms of the aridity class [59], as depicted in Table 2.



The standardized precipitation index (SPI) is shown in Figure 10 for different seasons. Table 6 also shows the trends of the standardized precipitation index in Soutloop Catchment, tested for five inter-annual periods, selected from the 1980 to 2018. Based on the Mann–Kendall test (Table 6), there was no significant difference (at p < 0.05) within the trends of the one month-SPI. However, there was a significant trend in the 3-, 6-, 9- and 12-month SPIs from 1980 to 2018 in the catchment. The Sen’s slope value also shows that there were average decreasing trends of 0.0007, 0.0006, 0.0006 and 0.0007 for the 3-, 6-, 9- and 12-month SPIs, respectively.



The time-series analysis of the inter-annual SPI values (Figure 10, panels a–d) shows that the 1983 drought was the worst ever recorded over the last four decades (1980–2018). Based on [60,63], this drought can be categorized as moderate drought. Similarly, mild droughts occurred between 1990 and 1992, 1995 and 1996, 1998 and 2000, 2006 and 2008, and 2014 and the current time (2018). Accordingly, the mild drought that started in 2014, and continued to 2018, was the longest consecutive drought experienced since 1980 in the catchment. On the other hand, the 2003 and 2004 years were the relatively wettest years that had above-normal rainfall. The 1985–1989 years constitute the longest period with above-normal rainfall since 1980 in the catchment. The spatial variation of the standardized precipitation index (SPI) in the Soutloop Catchment is depicted in Figure 11 for different years of the 12 month-SPI. The selected periods for the comparison of the spatial variations of the 12 month-SPI were the months of January in 2000, 2005, 2010 and 2015 (every five years of interval). In January 2000, SPI (Figure 11, panel a) shows that mild to moderate drought conditions were experienced in all the northern parts, in the tips of the south-western part, and the south-eastern part of the catchment. However, the other part of the catchment was receiving rainfall that was slightly above normal. In 2005, most of the catchment was getting above-normal rainfall, except the south-western tip. During this time, the catchment had even experienced a very high rainfall, as compared with the catchment’s mean rainfall value. Similarly, the January 2010 SPI shows that much of the northern, eastern, and south-eastern parts had experienced precipitation that was slightly above normal for a wet season. The south-western part experienced mildly dry to dry conditions. Finally, in January 2015, SPI shows that the catchment experienced one of the worst droughts, that covered most of its parts, except for its south-western part and some pocket areas in the north.





4. Discussions


4.1. Precipitation Variability


South Africa is a semi-arid country, characterized by variable precipitation at diurnal, intra- seasonal, and annual timescales [66,67,68]. Besides its temporal variation, the spatial variation of precipitation is also significant in the country [32,68,69]. In the study catchment, particularly, precipitation is highly variable both in a spatially and a temporal manner, where the intensity, frequency, duration, and distribution should always be of concern to farmers and water resource managers.



The Soutloop Catchment receives mainly summer precipitation, which usually starts in December and ends in February. However, significant amounts of precipitation have also been recorded in other seasons. Although the general yearly trend was more or less constant in the consecutive years under study, the 1983 mean annual precipitation was recorded as the lowest of all precipitation records, whereas 2003 experienced the maximum mean annual precipitation in the catchment. The minimum annual precipitation of 1983 exactly matches the occurrence of drought in South Africa, as reported by other researchers [70,71]. The absence of a significant trend in the annual precipitation is also consistent with the reports of [71,71,72,73,74,75]. However, the Mann–Kendall trend test on the mean monthly values showed decreasing trends in the catchment. This shows that the intra-annual variations (seasonal and monthly variability) are more prevalent than the yearly variations in the catchment. This result is consistent with the findings of [73] that was conducted in the Namaqualand area, situated in the south-western part of the Northern Cape Province. However, it is in contrast to other studies [33,72] that were conducted in the Northern Cape Province, although the scale of those studies was on a provincial level.



Similarly, this study shows the presence of a spatial variation, as it is true for an intra-annual variation in the study catchment. For example, the mean annual precipitation varies from 214 mm in the southern and south-western parts of the catchment to a maximum record of 365 mm per annum in the north and north-western parts (Figure 7). Hence, precipitation decreases from north to south, annually. The possible reason for these local variations of precipitation could be: (i) it is evidenced that the northern part has a higher altitude than the southern part, and as a result, the difference in altitude could have contributed towards the local variations; and (ii) the main rainfall season in the south-western part of the Northern Cape province, for example, the Namaqualand region, is in the winter season [73,76]. Hence, it is believed that the southern part of Soutloop Catchment could have been influenced by the rain-bearing conditions of the Namaqualand area and its surroundings. There is other evidence that shows the impact of the Namaqualand area on the effect of seasonal changes in the Soutloop Catchment. The rainfall totals in the winter seasons (June to August) in the central and southern sub-basins in the catchment are higher than the northern sub-basin totals. However, the rainfall totals increase as one moves from south to north during the wintertime, which is a good indicator that the winter rainfall areas in the south-western of the Northern Cape Province influence the spatial variability of rainfall in the Soutloop Catchment.




4.2. Evaluation of Precipitation Deficit


The deficit in atmospheric precipitation is the cause of drought and shortages of water for all forms and activities of life on earth. The precipitation deficit can be defined as the difference between the potential evapotranspiration and the actual mean precipitation record. Hence, as the amount of recorded precipitation decreases below the potential evapotranspiration, the precipitation deficit soon starts. However, this deficit cannot be called a drought for only a certain, limited period of time. Hence, drought is properly understood to be an accumulated water deficit that imposes significant influences on the economic, social, and environmental entities of an area [59,61,63,77]. However, some parts of the world receive lower mean precipitation for an indeterminate time period. Such areas are called arid areas. Therefore, drought is a departure from the usual or mean precipitation, while ‘aridity’ refers to the average conditions of limited rainfall and water supplies for an area.



Two main indices were used to evaluate the presence of a precipitation deficit and its severity levels in the catchment. The first and simpler indicator is the aridity index (AI). As depicted in Figure 9, the AI values vary from 0.0774 to 0.153 in the catchment. Moreover, based on the classification of aridity classes by [59] given in Table 2, the catchment is classified as an arid catchment. The second and relatively more complex index is the standardized precipitation index (SPI), which shows the time series variability of precipitation, and is perhaps a good indicator for water deficit and drought. The time-series trends of SPI at different time scales are given in Figure 10. The relatively wettest years was 2003 and 2004, with average SPI values of 0.65, 0.92, 1.20, and 1.17, at 3-, 6-, 9- and 12-month time scales, respectively. Similarly, the driest year was 1983, with average SPI values of −0.86, −1.16, −1.21 and −1.01, at 3-, 6-, 9- and 12-month time scales, respectively, and the drought is categorized as mild to moderate drought, based on the time scales. Mild droughts occurred between 1990 and 1992, 1995 and 1996, 1998 and 2000, 2006 and 2008, and 2014 and 2018. The droughts of 1983 and 1992 are also reported by [70,71]. [70,71] also suggested that El Nino was the main cause of droughts experienced since 1960. The precipitation deficit and drought are also spatially variable, as shown in Figure 11, panels a–d.



Most of the droughts that have occurred in the study area have been mild droughts. However, this does not mean that there is not a problem regarding water scarcity. The area is already arid and accordingly water availability is a problem of indefinite duration. However, the SPI values are still important for showing the rainfall variability and the intensification of water deficit from the normal rainfall years, and for predicting the additional burdens placed on the catchment during times of drought. The additional burdens might be different in nature, based on the intensity of the SPI values. Based on [77,78], a 3-month SPI is used to evaluate short-term soil water conditions with respect to seasonal crop growth. The 6-month SPI indicates seasonal to medium-term trends in precipitation. Similarly, the 9-month SPI provides an indication of inter-seasonal precipitation patterns over a medium timescale. The 12-month SPI, on the other hand, reflects long-term precipitation patterns in the catchment and shows the impact of drought on streamflow, and on reservoir and groundwater levels. However, it is difficult to interpret and predict the impacts of drought, and draw conclusions based on the SPI values directly in low-rainfall areas, as arid catchments experience a more or less permanent water stress. For example, the 12-month SPI of 2003 was 1.13, i.e., it was moderately wet, which seems to suggest that no water stress was experienced at that time. However, the precipitation was 415.08 mm per annum, yet there was water scarcity. It is also shown that the 1983 drought was the worst experienced over the last four decades in the catchment. Based on the values of the 6- and 9-month SPIs, this drought could have had a significant impact on agriculture. Similarly, the 12- month SPI could also be interpreted in that there was a significant impact on streamflow, and on water levels in reservoirs and groundwater tables [77,78]. However, in reality, there is no cultivation of crops and no surface water, even during normal rain years, which is caused by the normal climate of the catchment, and not just drought. Therefore, the interpretation of SPI values must be conducted cautiously for arid catchments.





5. Conclusions


This study aimed to analyse the spatial and temporal variability of precipitation and its impact on the Soutloop River Catchment by using the Soil and Water Assessment Tool (SWAT). The output from the SWAT model could not describe the spatial variations of precipitation properly since the model generates the time series precipitation values on sub-basin levels only. This is a limitation of the model that does not apply to other components of the catchment water balance. As a result of this, the spatial variation was successfully analysed by using the inverse distance weighted method (IDW) in ArcGIS ver. 10.4. However, the SWAT weather generator tool was successful in estimating time series precipitation for ungauged sub-basins and in filling missing values for some precipitation gauges.



The precipitation in the catchment varies from 214–365 mm per annum, which is nearly half of the South African average annual precipitation. Therefore, precipitation deficit is a permanent occurrence in the catchment. The study shows that the precipitation displays spatial and temporal variations in the catchment. It is also shown that the intra-annual (within months, seasons, etc.) variability is more prevalent than the inter-annual variability.



The standardized precipitation index is good for showing water availability and the occurrence of drought. It can be applied in arid catchments to show the extra burdens that are placed on top of the aridity to the water deficit. However, further analysis and conclusions regarding the possible consequences for the water resources of arid-catchments could be misleading, since arid catchments have unique hydro-meteorological characteristics. Therefore, the evaluation of the precipitation deficit and further inference of consequences based on the standardized precipitation index (SPI) in arid catchments should be interpreted cautiously.
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Figure 1. Location of the study area (Soutloop Catchment, about 6770 km2) and some important hydrologic features. 
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Figure 2. Graphical sketches showing the normality of precipitation data: (a) probability-probability (P-P plot) for mean annual precipitation, (b) quantile-quantile (Q-Q plot) for mean annual precipitation, (c) probability-probability (P-P plot) for mean monthly precipitation, and (d) quantile-quantile (Q-Q plot) for mean monthly precipitation. 
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Figure 3. Mean daily precipitation (mm d−1) calculated from the 39-year trend in Soutloop Catchment. 
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Figure 4. Long-term average monthly precipitation (mm) and air temperature (°C) and solar radiation (MJ m−2) in Soutloop Catchment. 
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Figure 5. Trend of yearly precipitation (mm) in Soutloop Catchment from 1980–2018. 
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Figure 6. Trend of monthly precipitation (mm) in Soutloop Catchment from January 1980–December 2018. 
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Figure 7. Spatial variation of mean annual precipitation in Soutloop Catchment. 
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Figure 8. Spatial variation of the mean monthly precipitation (a) January, (b) February, (c) March, (d) April, (e) May, (f) June, (g) July, (h) August, (i) September, (j) October, (k) November and (l) December. 
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Figure 9. Spatial variation of the aridity index (AI) in Soutloop Catchment. 
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Figure 10. Trends of the standardized precipitation index in the Soutloop Catchment: (a) a 3-month SPI, (b) a 6-month SPI, (c) a 9-month SPI, and (d) a 12-month SPI. 
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Figure 11. Spatial variations of twelve-month SPI in Soutloop Catchment at different time periods (a) January, 2000, (b) January, 2005, (c) January, 2010, and (d) January, 2015. 
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Table 1. Meteorological stations used for the generation of weather parameters in the study catchment.
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	No.
	Station Name
	Longitude (S)
	Latitude (E)
	Elevation (m) *
	Data Source **





	1
	Olifantshoek
	−27.950
	22.733
	1341
	ARC_ISCW and SAWS



	2
	Onder-Ongeluk
	−28.683
	23.033
	1311
	ARC_ISCW



	3
	Roodemanskloof
	−28.583
	22.600
	1204
	ARC_ISCW



	4
	VaalWater
	−28.733
	22.800
	1109
	ARC_ISCW



	5
	Marydale
	−29.324
	22.246
	928
	ARC_ISCW



	6
	Saalskop
	−28.760
	21.847
	861
	ARC_ISCW



	7
	Postmasburg
	−28.345
	23.079
	1321
	SAWS



	8
	Woolharkop
	−28.400
	22.859
	1221
	ARC_ISCW and SAWS



	9
	Aucampsrus
	−28.275
	22.962
	1293
	ARC_ISCW and SAWS







Reprinted from [39] under a Creative Commons license. * meters above sea level. ** ARC_ISCW refers to the Agricultural Research Commission, Institute for Soil, Climate and Water. SAWS refers to the South African Weather Service.
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Table 2. Classification ranges of the Aridity Index (AI).






Table 2. Classification ranges of the Aridity Index (AI).





	No.
	Aridity Class
	Ranges of Values





	1
	Hyper-arid
	AI < 0.03



	2
	Arid
	0.03 < AI < 0.20



	3
	Semi-arid
	0.20 < AI < 0.50



	4
	Sub-humid
	0.50 < AI < 0.75



	5
	Humid
	AI > 0.75







Source [59].
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Table 3. Drought categories based on Standardize Precipitation Index (SPI) values.






Table 3. Drought categories based on Standardize Precipitation Index (SPI) values.





	No.
	SPI Value
	Drought Category





	1
	0 to −0.99
	Mild drought



	2
	−1.0 to −1.49
	Moderate drought



	3
	−1.5 to −1.99
	Severe drought



	4
	<=−2.0
	Extreme drought







Sources: [60,63].
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Table 4. Tests of normality for the time series of precipitation data.






Table 4. Tests of normality for the time series of precipitation data.





	
Variable

	
Observations

	
Minimum

	
Maximum

	
Mean

	
Std. Deviation

	
Shapiro–Wilk Test




	
W

	
p-Value






	
Annual Precipitation

	
38

	
165.17

	
415.08

	
277.16

	
59.52

	
0.9887

	
0.8829




	
Monthly Precipitation

	
467

	
0

	
113.82

	
22.98

	
19.30

	
0.9624

	
<0.0001
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Table 5. Statistics of the Mann–Kendall trend test for the mean yearly and monthly precipitation.






Table 5. Statistics of the Mann–Kendall trend test for the mean yearly and monthly precipitation.





	Parameters
	Annual Precipitation
	Monthly Precipitation





	Kendall’s tau
	−0.149
	−0.061



	S stat
	−105
	−6619



	Var(S)
	6327
	11352277



	p-value
	0.191
	0.05



	Sen’s slope
	−1.355
	−0.011
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Table 6. Statistics of the Mann–Kendall trend test for the different period SPIs.






Table 6. Statistics of the Mann–Kendall trend test for the different period SPIs.





	Parameters
	1-Month SPI
	3-Month SPI
	6-Month SPI
	9-Month SPI
	12-Month SPI





	Kendall’s tau
	−0.0251
	−0.0736
	−0.0792
	−0.0837
	−0.0933



	S
	−2739
	−7975
	−8465
	−8832
	−9723



	Var(S)
	11425577
	11279892
	11063684
	10850226
	10639550



	p-value
	0.4179
	0.0176
	0.0109
	0.0073
	0.0029



	Sen’s slope
	−0.0002
	−0.0007
	−0.0006
	−0.0006
	−0.0007











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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