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 ABSTRACT 

The hydrologic processes and their behaviours in arid and semi-arid areas are poorly 

understood and differ highly from humid/sub-humid areas. Hydrologic models play critical 

roles in understanding such complex processes. However, the application of hydrologic models 

is limited due to the unavailability or scarcity of data for model calibration, uncertainty and 

validation procedures. Therefore, this study was aimed at evaluating the application of the Soil 

and Water Assessment Tool (SWAT model) in simulating the components of water balance in 

an arid and semi-arid catchment. Moreover, the spatio-temporal variabilities of the different 

components of the water balance were quantified and analysed. The intensity of water stress 

was also evaluated in the catchment.  

All the components of the catchment water balance in this study were estimated using the 

SWAT model. The regionalization with physical similarity approach was adopted here for the 

calibration, uncertainty and validation processes due to the unavailability of streamflow data 

in the study catchment. Based on the sensitivity analysis, the top sixteen parameters were 

calibrated, from which the first three (the base flow alpha factor, curve number II and initial 

depth of water in the shallow aquifer) were found to be the most sensitive parameters, at p < 

0.01. The result for model uncertainty also indicated acceptable values of both the R-factor 

(0.8) and P-factor (0.7), which is the average of the calibration and validation periods. 

Regarding the model performance evaluation, four statistical indicators were used, namely the 

Nash-Sutcliffe Coefficient (NS), the coefficient of determination (R2), the percent bias 

(PBIAS), and the ratio of the root mean squared error to the standard deviation of measured 

data (RSR). The results showed that all the model performance indicators were in fairly 

acceptable ranges; taking the average of calibration and validation periods, NS was 0.76; R2 

was 0.78; and RSR was 0.49. The PBIAS indicated a slight over-estimation during calibration 

(by 11.8%) and under-estimation during validation periods (by 8.1%). The model performance 

was also verified by the comparison of the in situ measured and simulated soil water content 

outside the SWAT-CUP programmes, and showed an average R2 of 0.71 for the verification of 

four hydrologic response units (HRUs).  

The analyses of the model output indicated that all the components of the soil water balance 

exhibited a higher spatial and temporal variation in the study catchment. Hence, the long-term 

precipitation showed no trend on an annual time scale; however, it showed a decreasing trend 

(with 0.01 mm per month) on a monthly time scale. Similarly, the monthly total runoff showed 
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a decrease of 0.002 mm per month. Evapotranspiration and revap water showed a decreasing 

trend in both monthly and annual time scales. Hence, evapotranspiration decreased by 0.01 and 

1.25 mm, whereas revap decreased by 0.07 and 1.1 mm on monthly and annual time scales, 

respectively. The analyses also indicated that no significant trend was found with regard to soil 

water content, percolation and recharge components on both time scales. Generally, it was 

indicated that the variations of weather parameters were responsible for the spatio-temporal 

variabilities. However, topography, land use/land cover (LULC) and soil type played a role 

mainly for the spatial variations of water balance in the catchment.  

The study also showed that the catchment under study (Soutloop Catchment) is one of the driest 

catchments in South Africa, with an aridity index of 0.07–0.15 (classified as arid catchment). 

Due to this, the area is water stress almost throughout the year. The intensity of water stress 

was also evaluated using available hydro-meteorological and environmental indicators, such 

as the standardized precipitation index (SPI), soil water anomaly (SWA), evaporative stress 

index (ESI), and normalized difference vegetation index (NDVI). The analyses of water stress 

generally revealed that the use of a satellite-based NDVI and model output-based SWA and 

ESI were important alternatives and/or additional indicators, other than the usual and widely 

applied SPI method. 

The study was successful in conceptualizing the major components of the hydro-

meteorological processes with a focus on the natural hydrological processes (excluding the 

anthropogenic impacts). However, it is understandable that the human-induced components 

like the LULC change and groundwater abstraction, which are related to the large-scale mining 

activity, could have a significant impact on the soil, water resources and the environment as a 

whole. Therefore, further research is recommended to investigate the impacts of human activity 

on the soil, water resources and environmental influences of the area.  

 

Keywords: Arid catchments; Calibration; Hydrologic models; Regionalization; Spatial 

variation; SWAT model; Temporal variation; Trend analysis; Time series analysis; Water 

balance; Water deficit. 
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CHAPTER 1 

MOTIVATION AND OBJECTIVES 

1.1 Motivation 

The study of the water balance is one of the basic subjects in catchment management, showing 

the water inflow and outflow of an area (Lvovitch, 1970; Ahmad et al., 2010; Entekhabi et al., 

2014). Fresh water, including surface and ground water, is a non-renewable resource where its 

distribution is driven by the natural cycles of freezing and thawing, variation in precipitation, 

runoff pattern and evapotranspiration levels (Shams et al., 2013). Knowledge of the water 

balance enables us to quantify and evaluate the current water resources and predict their 

dynamics under the influence of environmental changes (Sokolov and Chapman, 1974). Due 

to spatial and temporal variation of these environmental factors, its distribution is of great 

importance in the hydrologic cycle (Ahmad et al., 2010). 

Beyond its function in the hydrologic cycle, water has social, economic and environmental 

values, and is essential for development (UNESCO, 2011). However, water resources are 

significantly affected by the impacts of global changes. The impacts of population and 

economic growth, climate change, land use/cover change and environmental pollution 

contribute significantly to the scarcity of freshwater resources on the earth’s surface (Dolman 

et al., 2003; Millennium Ecosystem Assessment, 2005; UNESCO, 2011 and UNCCD, 2017). 

These drivers of environmental changes could be natural or anthropogenic. Reports show that 

some of the drivers of environmental changes are interrelated. For example, variation in the 

LULC substantially contribute to climate change and this exacerbates the shortage of 

freshwater and ecosystem disturbances as a whole (Dolman et al., 2003). The impact of 

population and economic growth also contributes significantly to the change in land use/cover. 

On the other hand, arid and semi-arid parts of the world, like South Africa, face major 

challenges in the availability and management of fresh water resources (Gangodagamage and 

Agrarwal, 2001; Wheater et al., 2010; Bugan et al., 2012). The International Water 

Management Institute, in its prediction, categorized South Africa as being under physical water 

scarcity by 2025 (Seckler and Amarasinghe, 2000). The challenges regarding the availability 

of freshwater resources are expected to intensify in the western part of the country, which is 

where this study was conducted, specifically Soutloop River Catchment. The Soutloop is one 

of the tributaries of the Orange River, and its catchment area is located in both the lower Orange 

and Lower Vaal Water Management Areas. It is a dry river throughout the year due to low 
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precipitation and extremely high evaporation demands. The area is primarily covered by 

shrublands and arid grasslands. The area is also one of the regions where large-scale mining 

(particularly iron ore mining) activities are carried out. The iron ore mining and related 

activities in Sishen and Kolomela place additional pressure on water resources. Based on the 

environmental impact assessment report on the expansion of Kolomela Mine (Synergistics 

Environmental Services, 2016), the most important environmental changes identified in and 

around the mines over time are: lowering and contamination of groundwater levels, general 

land disturbance, change in the natural ecosystem and water course, and sound and air 

pollution. Of these impacts, the lowering of groundwater table, and air and noise pollution had 

already been confirmed to be prevalent by the socio-economic assessment report of the mine 

(Kumba Iron Ore Limited, 2014). 

Research and experiences show that mining is a man-made land use that causes abrupt and 

extensive LULC change that are distinct from those found anywhere else (Sonter et al., 2014; 

Zhang et al., 2017). Apart from its direct impact on LULC, iron ore mining has a significant 

impact on the freshwater resources and the environment as a whole. Its impact might be 

experienced in both the quantity and quality of water resources. In terms of quantity, the annual 

reports of the mine show that a large amount of water is being used from groundwater 

abstraction for primary and non-primary activities of the mine. The impact of leachate from 

the waste rock dumps and stockpiled ore could have a negative impact on the surface and sub-

surface water and the ecosystem as a whole, even though the environmental impact assessment 

report (Synergistics Environmental Services, 2016) shows minimum impacts. Research also 

shows that soil and water quantity and quality issues are interdependent. Merz (2013) reported 

that water quantity has a close and complex relationship with water quality. As a result, a 

change in water quantity immediately changes the structure and function of ecosystems 

(UNESCO, 2011; Merz, 2013). The change in LULC, river regulation and water abstraction 

affect the natural flow regimes of catchments and associated water quality characteristics, like 

eutrophication, contamination with toxins, salinity and pollution (Merz, 2013). 

Such pressing environmental, social and economic problems of water scarcity could be 

addressed by using sustainable water management practices, for which a water balance study 

is a pre-requisite for undertaking such measures. Currently, catchment water management is a 

fundamental measure in South Africa (Bugan et al., 2012) where the optimization of water 

yields from catchments is an essential component of the catchment management strategy. 

Generally, an effective management and sustainable use of land resources will only be achieved 
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by adopting an integrated approach to land resources (land, water, vegetation, etc.) with direct 

participation of the different stakeholders (Swallow et al., 2005). For this reason, catchment is 

an ideal unit for multidisciplinary resource management for the benefit of the society, while 

considering the benefit of future generations (Swallow et al., 2005; Pareta and Pareta, 2012). 

Moreover, water balance studies assist in integrated water resources management, planning, 

and ecological and environmental monitoring programmes. Policy makers can make informed 

decisions to develop better policies and programmes (Merz, 2013). However, detailed water 

balance studies have not been conducted in arid to semi-arid catchments in South Africa. 

Therefore, the results from such research provide baseline information of the area for future 

studies related to the water balance and any of its components, their distribution along the 

landscape patterns, and impacts of human activities, as well as long-term climate change. 

Therefore, this study was aimed at conceptualizing the natural hydrologic process in the 

catchment and evaluating the condition of water deficit using the Soil and Water Assessment 

Tool (SWAT model). 

1.2 Objectives 

The main objective of this study was to analyse the components of water balance at a catchment 

scale, with the intention to meet the following specific objectives: (i) evaluate the application 

of SWAT model to estimate water balance at catchment scale in arid climates; (ii) analyse the 

spatial and temporal variation of precipitation, soil water content, evapo-transpiration, direct 

runoff, and groundwater recharge in the catchment; and (iii) evaluate the intensity of water 

stress in the catchment. 

1.3 Organization of the thesis 

This thesis is organized into nine chapters based on the specific objectives. Chapter 1 gives the 

introduction of the study. In this chapter, the background, problem statement and the objectives 

of the study are clearly stated. This chapter also includes the scope and organization of the 

thesis. In Chapter 2, a general literature review is provided, covering all the components of 

water balance at catchment scale. In this chapter, all the theories and practical views regarding 

the importance, spatio-temporal variation and methods of measurements of the components of 

water balance are described. The gaps in knowledge are also identified in this chapter. In 

Chapter 3, the application of the Soil and Water Assessment Tool (SWAT) to estimate the 

components of soil water balance is described. In this chapter, the model setup and 
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configuration, parameterization, sensitivity analysis, calibration and uncertainty analysis, as 

well as the model validation procedure, as conducted under data scarce arid catchments, are 

described. Therefore, in this chapter, the prediction of the spatial and temporal variation of all 

the components of the water balance is completed and ready for further analysis in the next 

consecutive chapters. Chapters 4, 5, 6, 7 and 8 deal with the spatial and temporal variation of 

precipitation, soil water content, evapotranspiration, direct runoff and groundwater recharge in 

the catchment, respectively. Chapters 3 to 8 follow an article format where each of the chapters 

is considered as a stand-alone chapter. The final chapter, which is Chapter 9, deals with the 

general discussion and recommendations for future studies. It is worthy to note that this study 

focuses on the natural cycles of the hydrologic processes only, i.e. the impacts of anthropogenic 

activities that are expected to have significant influence on water resources (such as the LULC 

change, groundwater abstraction, and managed groundwater recharge) are not considered in 

the analysis.  
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CHAPTER 2 

GENERAL LITERATURE REVIEW 

2.1 Introduction 

Freshwater is one of the scarce resources on the earth’s surface, yet it is vital for various aspects 

of life on earth. Moreover, in South Africa, water is a scarce commodity. This is mainly due to 

the low amounts of rainfall experienced throughout the country. Furthermore, the scarcity is 

worsened by the increasing demand on freshwater due to demographic pressure, rate of 

economic development, urbanization and water pollution (Molobela and Sinha, 2011; Du 

Plessis, 2017). The availability of freshwater is not evenly distributed throughout the country. 

Some reports (Molobela and Sinha, 2011) indicate that water scarcity will become more 

complex due to the increasing water uses and conflicts between the different economic sectors. 

Therefore, sustainable water management, which ensures the optimum and wise use of water 

resources without compromising the needs of future generations, should be a prerequisite for 

the country. 

The aim of this review is to assess the freshwater resources of South Africa, their sources and 

sinks with predicted future trends. The trends of catchment or catchment hydrology in a South 

African context are also reviewed. The current theoretical knowledge of catchment hydrology, 

its components and methods to determine each component of the catchment water balance are 

reviewed. Finally, the importance of hydrologic models, setup, calibration and the uncertainty 

analysis is reviewed by taking The Soil and Water Assessment Tool (SWAT) as a typical 

example.  

2.2 Hydrological cycle and review of South Africa’s water resources 

The hydrological cycle is the process of constant water exchange or circulation within the 

hydrosphere, i.e. the atmosphere, the earth’s surface and the lithosphere up to a depth of 2000 m 

(Shiklomanov, 2009). The exchange or movement of water within the hydrosphere is derived 

mainly from the surplus of incoming radiation over back radiation and gravity (Dooge, 1968; 

Shiklomanov, 2009). When the earth’s surface is heated with the sun’s energy, liquid water 

usually evaporates and accumulates to form clouds. After the clouds become cool and denser, 

water comes back to the earth’s surface as precipitation, thus forming the hydrologic cycle. 

Therefore, the water cycle is a continuous process that incorporates all three phases of water 

(ice, liquid water, and vapour) during the exchange between the different components of the 
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hydrologic cycle. The primary components of the hydrologic cycle or water balance (as shown 

in Figure 2.1 below) are precipitation, evaporation, transpiration, runoff, percolation, soil water 

and groundwater.  

 

 

Figure 2.1: Components of the hydrologic cycle/water balance. 

Although the total amount of global water content remains constant (Chow, 1988), the 

distribution of water is continuously changing over time on continental, regional and local 

drainage basin scales. Freshwater (from rivers, precipitation, soil water, groundwater, lakes, 

and polar ice) is particularly the most vulnerable resource for global change (Carpenter et al., 

2011; Dallas and Rivers-Moore, 2014; Sunardi and Wiegleb, 2016). This is due to a number of 

different factors that have influence individually or in an interactive way. The 5th Report by the 

Intergovernmental Panel for Climate Change (Porter et al., 2014) shows that there are two 

major groups of factors that influence the distribution and availability of freshwater resources. 

The first group is classified as climatic drivers, in which the change in precipitation and 
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potential evapotranspiration are the major factors. Other researchers (e.g. Carpenter et al., 

2011; Dallas and Rivers-Moore, 2014) include the increase of surface temperature as a major 

climatic factor, along with precipitation and potential evapotranspiration. The other group of 

factors that strongly influences future freshwater, which is termed non-climatic drivers, and 

includes demographic, socio-economic and technological changes. 

Global freshwater use by different sectors is dominated by agriculture (which uses up to 70% 

of the available freshwater), followed by industrial consumption (19–20%) and direct human 

consumption (10–11%) (Zhuwakinyu, 2012). In South Africa, about two-thirds of freshwater 

is used for agriculture (CSIR, 2010; DWA, 2013; Greencape, 2017). Similarly, the industrial 

water use (including mining, power generation, and other industrial activities) varies from 7 to 

10%. Domestic use, combining rural and urban use, constitutes 22–27% of freshwater usage. 

Furthermore, up to 1% of freshwater is transferred outside of South Africa. Of the total 

freshwater use in the country, 77% comes from surface water (rivers, dams, lakes, etc.), 9% 

from groundwater, and the remaining 14% from reuse of return flow (DWA, 2013).  

Precipitation is the most important contributing factor for the variation of the scarcity of 

freshwater resources in South Africa. The mean annual precipitation ranges between 450 and 

490 mm, which is half of the worldwide average (CSIR, 2010; Colvin et al., 2016). Of this 

amount, usually 9% will be converted to runoff, 4% to groundwater recharge, and most of the 

remaining 87% will be lost as evapotranspiration (Colvin et al., 2016). Bennie and Hensley 

(2001) and Jovanovic et al. (2015) estimated up to 70% of precipitation would be lost as 

evapotranspiration every year in South Africa. Numerous sources (e.g. CSIR, 2010; DWA, 

2013) report that South Africa faces a water supply crisis not only due to low rainfall and high 

evaporation rates, but also to an expanding economy, climate change, and water pollution, 

while the growing population also puts pressure on freshwater resources.  

2.3 Catchment hydrology 

2.3.1 Why we study according to a catchment basis? 

A catchment (or watershed) is a hydrological unit that has been described and used as a physical 

and biological, socio-economic-political unit for planning and management of natural 

resources (Sheng, 1990; Wani et al., 2002; Brooks et al., 2013). Simply put, it is a geographic 

area through which water flows across the land and drains into a common body of water 

(stream, river, lake, or ocean). Environmental studies that are affected by the movement of 
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water along the land surface, such as environmental pollution from point and non-point sources, 

soil degradation, and ecosystem functioning as a whole, should be based on a catchment 

approach (Browner, 1996; National Research Council, 1999). This is because the surface and 

sub-surface water flows in the catchment eventually pass through the same common outlet. As 

a result of this, any environmental, economic and social impact downstream would be linked 

to an upstream influence as well. We need to consider the downstream impacts since every 

upstream process ends up downstream. In other words, all the physical, biological and chemical 

processes in a catchment are highly integrated (National Research Council, 1999).  

South Africa’s water resources policy, law and strategies are based on the approaches of 

integrated catchment management (DWAF, 1997; UNEP, 2002). There are nine water 

management areas established in the country, each led by a decentralized Catchment 

Management Agency (DWA, 2013). The major role of these Catchment Management Agencies 

is to develop catchment management strategies that are intended to provide integrated planning, 

rules and regulations for managing water resources in a sustainable way. Generally, a 

catchment is an ideal unit for the study, management and sustainable use of land and water 

resources of an area.  

2.3.2 Components of the catchment water balance 

Quantifying the hydrological budget of catchments in arid and semi-arid climates is an 

important task in the process of catchment water management, since water scarcity causes 

conflicts regarding water use. The study of water balance is conducted with the application of 

the law of conservation of mass, often referred to as the continuity equation. The general water 

balance function could be summarized as follows: 

gains lossesSW SW SW                                                                                  (2.1) 

where ΔSW refers to the change in the water content in the catchment, SWgains refers to the total 

soil water gained to the catchment, and SWlosses refers to the total of soil water lost from the 

catchment. This function could be expanded to become: 

 
1

t

t o day surf perc gw

i

SW SW P Q ET W Q


                                               (2.2) 
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where SWt refers to the final soil water content (mm), SWo is the initial soil water content on 

day i (mm), Pday is the amount of precipitation (mm), Qsurf is the amount of direct runoff (mm), 

ET is the amount of evapotranspiration (mm), Wperc is the amount of deep percolation below 

the root zone (mm), and Qgw is the amount of return flow (mm) (Neitsch et al., 2011). 

Although some studies have been conducted on water balance on a catchment basis in South 

Africa (Nicholson et al., 1997; Everson, 2001; Van Huyssteen et al., 2009b; Van Huyssteen et 

al., 2009a; Bugan et al., 2012; Jovanovic et al., 2013), most of the studies have relied on point 

data and do not show the spatial variability of the components of the water balance. This section 

reviews the theoretical concepts of the spatial and temporal distribution of the components of 

the water balance at a catchment scale. The functional roles of soils, landforms, land use and 

land cover on catchment water distribution are also reviewed. 

2.3.2.1 Precipitation 

Definition and importance 

Precipitation is any form of condensed water in the atmosphere that falls to the land surface, 

including rainfall, sleet, snow and hail. Precipitation is one of the main inputs in the water 

balance, but is the most difficult variable to measure (Jiang, 2004; Jeniffer et al., 2010; Zhang 

and Srinivasan, 2010). This difficulty is due to its great temporal and spatial variability in an 

area (Jiang, 2004; Zhang and Srinivasan, 2010; Jeniffer et al., 2010). This holds especially true 

for arid and semi-arid ecosystems, where spatial and temporal variations in precipitation are 

central features influencing its functioning (Augustine, 2010). Although numerous studies have 

been conducted, very little is known about the spatiotemporal variation of precipitation 

especially in arid and semi-arid regions where a proportion of evaporation is much greater at 

the expense of groundwater recharge (Augustine, 2010). 

Rainfall distribution 

The spatial variability of rainfall has been given little attention in the study of soil surface and 

climate processes (Anders et al., 2006). Although the sensitivity of spatial variation in 

precipitation seems relatively lower than other components of the water balance, rainfall can 

still vary significantly on a smaller scale (Kidd, 2001). Particularly, its variation in 

mountainous regions is inevitable. In this regard, different investigators have found variations 

of precipitation at different scales of study. For example, Anders et al. (2006) found a 
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significant variation in rainfall within tens of kilometres. Mishra (2013) also recommended 

utilizing four to six rain gauges to get reasonable precipitation within a 50 km × 50 km area. 

Different areas on the earth’s surface receive different amounts of precipitation. Some of the 

factors contributing to this difference in precipitation, especially at catchment scale, include 

topographic properties such as altitude, aspect, direction of mountain ranges (Basist et al., 

1994; Daly, 2006; Cukur, 2011) and orographic enhancement which is affected by wind speed 

and direction (Johansson and Chen, 2003; Daly, 2006). Augustine (2010) stated that orographic 

variation has minimal influence on precipitation in arid and semi-arid areas, since such 

ecosystems are characterized by flat to gently undulating topography. Based on this statement, 

the source of variation in these landscapes could be local variation in intensity and path of 

convective thunderstorms. Moreover, the difference in surface albedo, cloud cover and general 

atmospheric circulation are also important factors on larger scales as in a regional climate 

(Türkeş, 1996).  

Determining rainfall distribution 

As mentioned, rainfall is one of the most challenging meteorological parameters to measure 

because of its spatial and temporal variability (Kidd, 2001; Kidd and Huffman, 2011). 

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 area coverage (Kidd, 2001; New et al., 2001; Kidd and Huffman 2011; Sene, 

2013). However, surface gauge networks provide point data and are limited to covering only 

the land surface, although a few are available over oceans. Weather radar networks are also 

important technologies that provide data with better spatial coverage (e.g. in national weather 

forecasts) than surface gauges do, but are limited in extent and number due to their high cost 

(Kidd and Huffman, 2011; Sene, 2013). Nowadays, satellite observation systems receive great 

attention since these have better spatial coverage both over land surfaces and over oceans; 

however, these have coarser spatial and temporal resolutions (Kidd, 2001; New et al., 2001; 

Sene, 2013). All three of these methods used to determine precipitation have their own 

advantages and disadvantages, depending on a number of factors. A final approach that 

combines all three methods is called multi-sensor precipitation estimates (MPE), combining 

the best features of each measurement method into a single estimate (New et al., 2001; Sene, 

2013). 
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Hydrological models often require spatially and temporally varying estimates of precipitation 

to be made. Precipitation data for catchments are often collected with surface rain gauges that 

are based on point measurements. However, the number of meteorological stations found at 

catchment level are very limited. Hence, other estimation methods are important to obtain 

spatially and temporally gridded data of precipitation, since the data estimated from satellites 

will be coarser for catchment level modelling (New et al., 2001; Sene, 2013). Many prediction 

methods that can give data with acceptable error margins are available in literature. These 

methods are broadly categorized as interpolations and extrapolations, including methods such 

as inverse distance weighting, linear regression, polynomial functions (spline), artificial neural 

networks and kriging. A detailed review of these methods is provided in Li and Heap (2008), 

Yao et al. (2013) and Li et al. (2015).  

2.3.2.2 Soil water content 

Definition and importance 

The amount of water associated with a given volume or mass of soil, which is its water content, 

is an essential component of the soil water balance. Many researchers (Porporato et al., 2002; 

Western et al., 2004; Endale et al., 2006; Hébrard et al., 2006; Mahanama et al., 2008) show 

that soil water content influences the components of the water balance significantly. 

Consequently, the spatial and temporal variation of soil water content over land surfaces have 

received great attention (Porporato et al., 2002; Western, et al., 2004; Hébrard et al., 2006; 

Endale et al., 2006; Mahanama et al., 2008). Although soil water has received great attention 

due to its influence on the land surface and the atmosphere, very little information is available 

on its spatial distribution (Endale et al., 2006; Di Bella et al., 2016). 

Soil water distribution 

The distribution of the soil water status in an area is the result of the interaction between the 

local topography and landscape, climate processes, soil properties, land use and vegetation 

types (Western, et al., 2004; Endale et al., 2006; Williams et al., 2009; Zhao et al., 2011). 

However, the level of influence of these major factors on the spatio-temporal soil water status 

in an area differs significantly, depending on other conditions such as the location of the area 

and time of measurement. For example, Williams et al. (2009) demonstrated that these 

influences are strongest during the wet period, and that rainfall and land use were the major 

factors in top soil water distribution (Mello et al., 2011). However, the influences decline as 
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the soil becomes dry. Research conducted at Watkinsville, Georgia, by Endale et al. (2006) 

and in Argentina by Di Bella et al. (2016) also showed that at their respective research sites, 

winters were periods of high soil water content, while summers exhibited the lowest water 

content, except during intense storm conditions. Regarding the times of measurement, surface 

water content showed lower variations in winter than in summer. Another factor influencing 

water distribution in landscapes is the size of the runoff contributing area above the point of 

interest. In principle, it is assumed that as the size of the contributing area increases, the water 

content will increase as the runoff outlet is approached (Zhao et al., 2011). In practice, this 

works for wet seasons and wet areas (Hébrard et al., 2006). The characteristics of topography 

comprise one of the major factors that play a key role in influencing the surface, sub-surface 

and hydraulic head flows (Western et al., 2004). Even though gentle/mild slopes are assumed 

to have higher water content than steep slopes, this may not always be true depending on the 

textural differences of the soils at different slope classes (Endale et al., 2006). This is because 

of the difference in hydraulic conductivity and water retention of soils (Western et al., 2004). 

The aspect, as one of the characteristics of topography, also influences water distribution. 

Hence, research by Zhao et al. (2011) in the Southern Qilian Mountains of China showed that, 

in the Northern Hemisphere, south-facing surfaces have lower water content than north facing 

areas due to high insolation to the south. This is obviously dependent on the geographical 

location of the study area.  

Determining soil water content 

In recent decades, a number of methods have been developed to determine soil water content. 

The methods may be classified in different ways: as direct or indirect measurement methods 

(Cepuder et al., 2008; Bittelli, 2011; Romano, 2014), or according to the spatial scale of 

measurement, be it a local, catchment and regional or global scale (Bittelli, 2011). In a direct 

measurement method, the amount of water can be measured directly, for instance measuring 

the mass of water as a fraction of the total weight of the soil, i.e. the gravimetric method 

(Cepuder et al., 2008; Bittelli, 2011; Romano, 2014). With indirect methods, a variable that is 

significantly affected by the amount of water in a soil will be measured and the change of the 

variable will be related to the change in soil water content. These physically based or empirical 

relationships are called calibration curves. Some of the major indirect methods include the 

following: the neutron moisture meter (NMM), time domain reflectometry (TDR), capacitance 

probes, ground penetrating radar (GPR), electromagnetic induction (EMI), electrical resistivity 
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tomography (ERT), and remote sensing techniques. A detailed description of the different types 

of indirect methods is given in Cepuder et al. (2008), Bittelli (2011), and Romano (2014). 

All the methods mentioned so far have their own advantages and disadvantages. The only direct 

method (the gravimetric method) is advantageous since it is the most reliable and accurate 

method (Cepuder et al., 2008; Bittelli, 2011; Romano, 2014). It is also less expensive than 

other methods. However, this method is sometimes not preferred because it requires destructive 

sampling and is also laborious and time consuming to carry out. Indirect methods allow 

repetitive in-field measurements and are mostly automatically recorded and non-destructive. 

All indirect methods require accurate calibration curves. Most importantly, all the methods 

mentioned above (except remote sensing techniques) share a common shortcoming, i.e. they 

all give point data. In other words, it is laborious, time consuming and even sometimes 

impractical to obtain spatial variation of soil water, especially on catchment, regional and 

global scales. Therefore, other more advanced methods are required to obtain continuous data 

describing the spatial and temporal variation of soil water on catchment, regional and global 

scales. In this regard, remote sensing and the different methods of interpolation described in 

Section 2.3.2.1 can be used here, as well. 

2.3.2.3 Evapotranspiration 

Definition and importance 

Transpiration is the process of vaporization of water contained in plant tissues and loss to the 

atmosphere (Allen et al., 1998), whereas evaporation is water loss from a bare soil surface or 

water body in the presence of heat energy. Therefore, evapotranspiration is a term describing 

the two processes together, since they mostly occur simultaneously and is difficult to separate 

them (Jovanovic and Israel, 2012). Evapotranspiration is an important component of the soil 

water balance and is linked to ecosystem productivity, species distribution and ecosystem 

health (Christensen et al., 2008). Understanding the major controls and variability in catchment 

evapotranspiration is also important for gaining an understanding of the role of 

evapotranspiration in energy budgets of ecosystems (Allen et al., 1998; Cooper et al., 2000; 

Christensen et al., 2008; Emanuel et al., 2010). Babkin (2009) estimated that a global annual 

amount of 7.2×1013 m3 of water is lost through evapotranspiration. Emanuel et al. (2010) also 

explained that the evapotranspiration process tells us about the hydrological controls on carbon 

cycling and both vegetation structure and distribution in an area. Under South African 
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conditions, Bennie and Hensley (2001) and Jovanovic et al. (2015) reported that, on average, 

65% of annual precipitation is lost through evapotranspiration. Evapotranspiration is not only 

a means of water loss, but also one of the major means of losing energy during the conversion 

of liquid water to vapour. As Babkin (2009) estimated, evapotranspiration uses 25% of the total 

energy reaching the earth’s surface, which amounts to approximately 1.26×1024 joules. 

Therefore, evaporation is a very important process that influences water and energy balances 

between the earth’s surface and the atmosphere. Hence, the accurate determination of 

evapotranspiration is a very important task in arid and semi-arid environments. 

Factors influencing evapotranspiration 

Three conditions are necessary for evapotranspiration to occur and persist (Hillel, 1977; 

Rasheed et al., 1989; Hillel, 2004). Firstly, there should be a continual supply of heat to meet 

the latent heat requirement of water. Secondly, the vapour pressure in the atmosphere over the 

evaporating body must remain lower than the vapour pressure at the surface of that body, and 

thirdly, there must be a continual supply of water to the site of evaporation. The first two 

conditions can be considered external to the evaporating body, as they are influenced by 

meteorological factors such as radiation, air temperature, humidity and wind velocity, which 

together determine atmospheric evaporability. The third condition, however, depends upon the 

content and potential of water in the evaporating body and upon its conductive properties that 

determine the maximal rate at which the body can transmit water to the evaporation site (Hillel, 

1977; Rasheed et al., 1989; Hillel, 2004; Rose et al., 2005).  

Therefore, evapotranspiration is affected by the complex interaction between topography, soil 

characteristics, vegetation, and climatic factors (Mo et al., 2004; Western et al., 2004; Wenzhi 

and Xibin, 2016). These factors determine the rate of evapotranspiration by influencing the 

availability of water, energy and vegetation type of the area. However, their comparative 

influence on the spatial and temporal variation of evapotranspiration differs based on certain 

conditions. For example, in dry climates, water availability is a limiting factor for variation in 

evapotranspiration (Zhao et al., 2014), distribution of the vegetation type is also a limiting 

factor in catchments (Western, et al., 2004; Li et al., 2015), while soil type (due to difference 

in soil water holding capacity) is another important factor in some instances (Hatfield and 

Prueger, 2011). Wenzhi and Xibin (2016) showed that the vapour pressure gradient and 

stomatal conductance are important for variations in evapotranspiration. 
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Determining variation in evapotranspiration 

Although evapotranspiration is a key component in the soil water balance, it is one of the most 

difficult parameters to determine in the soil-plant-atmosphere-continuum (Jovanovic and 

Israel, 2012; Banimahd et al., 2015) due to the complex nature of the process. A number of 

methods are proposed in literature either to measure or to estimate evapotranspiration from the 

land surface. Measurement methods include: (1) Lysimeter methods that measure 

evapotranspiration by the change in weight of an isolated soil sample. (2) The sap flow 

technique where transpiration is measured from the rate of sap flow in trees and parts of trees, 

such as the trunk, branches or roots, using heat as a tracer, with an estimate of the area of wood 

through which flow occurs. (3) The scintillometer method uses a device to measure small 

fluctuations of the refractive index of air caused by variations in temperature, humidity, and 

pressure. It measures latent and sensible heat. (4) The Eddy Covariance method determines 

evapotranspiration from the correlation between fluctuations in vertical wind speed and 

atmospheric humidity, measured at high frequency at the same location, a few meters above 

vegetation. (5) The Bowen Ratio method calculates evapotranspiration from the surface energy 

budget using the ratio of sensible to latent heat derived from the ratio of atmospheric 

temperature to humidity gradients. Evapotranspiration can also be determined from the soil or 

atmospheric water balances and remote sensing estimates. More detailed reviews of different 

methods to measure or estimate evapotranspiration are given by Kairu (1991), Wang and 

Dickinson (2012), Jovanovic and Israel (2012), Zhao et al. (2013), Liou and Kar (2014) and 

Banimahd et al. (2015).   

2.3.2.4 Direct runoff 

Definition and importance 

Runoff, the natural phenomenon of free water movement under the influence of gravitational 

force, is an important and indispensable element of the hydrological cycle (Tarboton, 2003; 

Vinogradov, 2009). Four types of runoff may occur (Mockus, 2004; Wagener et al., 2004) as 

shown in Figure 2.2 below. First, channel runoff occurs when rain falls directly on a flowing 

stream and appears in the hydrograph (a graph showing the rate of flow versus time) throughout 

the rainfall event varying with the rainfall intensity. This type of runoff is generally negligible 

in hydrographs except in special studies. Secondly, surface runoff occurs when the rate of water 

application or rainfall exceeds the soil’s rate of infiltration. Surface runoff appears in the 



18 
 

hydrograph after the demands of interception, infiltration and surface storage have been 

satisfied and is the major part of the rainfall-runoff process. The third type is subsurface flow 

that occurs when infiltrated rainfall saturates a subsurface horizon with poor drainage and 

travels laterally above the subsurface zone, finally reappearing as a spring. Since subsurface 

flow contributes to the hydrograph during, or soon after, a rainfall event, it is often called quick 

return flow. Lastly, base flow is a steady flow that comes from an aquifer replenished by 

percolation after a rainfall event. Base flow will increase the streamflow rate after a rainfall 

event. All these categories of runoff, excluding base flow, are called direct runoff (Mockus, 

2004). 

 

Figure 2.2: The rainfall-runoff process in a catchment 

Runoff is important for many purposes in hydrological research, particularly in stream flow 

estimation, irrigation and flood estimation (Mdee, 2015). More especially, the significant 

variation of hydrological characteristics in time and space calls for the need to predict seasonal 

runoff fluctuations (Mdee, 2015; Rejani et al., 2015). Zelelew (2012) and Rejani et al. (2015) 
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also stated that the precise estimation of runoff is essential in catchment development 

intervention, such as planning water harvesting and in situ soil water conservation structures. 

Particularly during the over-exploitation of groundwater in dry areas, the precise estimation of 

runoff is essential for planning intervention strategies (Ramakrishnan et al., 2009; Zelelew, 

2012; Rejani et al., 2015). 

Factors influencing runoff distribution 

The runoff process differs from place to place and time to time, depending on a number of 

factors. The spatial and temporal characteristics of the runoff process are very complex since a 

number of factors influence them. The spatial patterns of catchment characteristics provide 

important information to link the runoff generation process and its controlling factors within 

catchments (Zelelew, 2012). The first group of factors that primarily influence surface runoff 

comprise the characteristics of the land surface, such as topography, land use, land cover and 

presence of surface sealing (Tarboton, 2003; Ramakrishnan et al., 2009; Rejani et al., 2015). 

The second group of factors is related to soil behaviour, including initial soil water content, 

soil type, lithology and hydraulic properties of the soil (Tarboton, 2003; Ramakrishnan et al., 

2009; Rejani et al., 2015). Finally, climatic factors, particularly rainfall properties such as 

intensity, duration and frequency, are the most important for runoff processes (Tarboton, 2003; 

Ramakrishnan et al., 2009 and Rejani et al., 2015). 

Determining runoff distribution 

Several methods are described in the literature to determine runoff at different scales of study 

(catchment, regional and global scales). Mitchell et al. (2001) classified the methods into four 

classes: (i) Statistical methods that make probabilistic statements about runoff and its 

characteristics, assuming the measurements are representative of the population. Such methods 

enable the use of measured data, but are only applicable in gauged catchments. (ii) Regional 

methods, where the dependent variable in gauge catchments will be related to a physically 

based independent variable, such as catchment area. Based on this relationship (correlation or 

regression), the value of the dependent variable of the ungauged catchments will be estimated. 

These methods are easy to apply, but are only applicable to the same region where the original 

data was collected, and require data from gauged catchments. (iii) Transfer methods determine 

hydrologic characteristics of a smaller catchment from the larger catchment characteristics or 

vice versa. For example, a discharge transfer is made in proportion to the ratio of the tributary 

area and an exponent is determined from the slope of an area-flood graph. These methods 
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require relatively little data, but are inapplicable if the two catchments are heterogeneous. (iv) 

Rainfall-runoff models where rainfall is considered to be an intensity, in which it varies with 

time over the catchment. Under this category, a number of approaches are described. Li et al. 

(2015) classified the rainfall-runoff models into three types based on their complexity and 

application. These are: (a) Lumped conceptual rainfall-runoff models [HBV (Hydrologiska 

Byrans Vattenavdelning) model and TOPMODEL]; (b) Distributed hydrological models 

(SWAT); and (c) Global hydrological and land surface models [VIC (Variable Infiltration 

Capacity) model]. Generally, rainfall-runoff models need to be simple in parameterization, but 

should incorporate sufficient parameters to capture the key response of the hydrological 

process (Wagener et al., 2004), referred to as the principle of parsimony.  

2.3.2.5 Deep drainage 

Definition and importance 

Deep drainage (or percolation) can be defined as the downward flow of water in soils below 

the base of rooting zones (Healy and Cook, 2002; Healy, 2010). Part of this water that infiltrates 

below the rooting zone follows subsurface pathways directly into streams, and is known as 

interflow or subsurface stormflow (Tarboton, 2003; Kumar, 2003). If this percolated water 

contributes to the replenishment of ground water, it is said to be ground water recharge (Healy 

and Cook, 2002; Kumar, 2003). Since ground water is a major source of fresh water, 

particularly in arid and semi-arid areas, the accurate estimation of groundwater recharge is 

extremely important for the proper management of groundwater systems (Healy and Cook, 

2002; Healy, 2010; Gates et al., 2014). There should be a balance between ground water 

depletion and recharge for the long-term sustainability of ground water resources (Kumar, 

2003; Ochoa et al., 2012). Hence, the determination of the spatial and temporal rates of water 

percolation helps to estimate the balance between ground water depletion and recharge for an 

area of interest. 

Factors influencing deep drainage 

Deep drainage of the land surface varies both spatially and temporally. Drainage from the 

surface of the earth occurs when the rate of the total sources of water (either precipitation or 

irrigation) exceeds the total rate of sinks (soil storage, evapotranspiration and runoff). 

Similarly, deep drainage eventually develops after the water content of the root zone exceeds 

its water holding capacity (Gates et al., 2014). Many factors contribute to the spatial and 
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temporal variations of deep drainage. These factors can be grouped into three categories, i.e. 

factors related to the water sources (precipitation and irrigation), characteristics of the 

infiltrating soil, and characteristics of the land surface. Literature shows that all three categories 

significantly affect drainage processes (e.g. Kumar, 2003; Ochoa et al., 2012; Gates et al., 

2014). The first category, the effect of water sources, affects drainage by the intensity and 

duration of precipitation and/or irrigation. The second category, soil characteristics, include 

hydraulic properties (hydraulic conductivity and capillary pressure) of the soil horizon and the 

unsaturated zone as a whole. Lastly, the land surface characteristics that include topography, 

land use, land cover and management play a vital role. 

Determining deep drainage 

The determination of deep percolation or groundwater recharge is difficult to accomplish since 

the amount of water for recharge is smaller, compared with other components of the water 

balance. For example, Gieske (1992) and Sibanda et al. (2009) found that less than 5% of the 

precipitation contributes to ground water recharge. Nevertheless, there are several methods that 

are used to quantify deep percolation. Chung et al. (2016) categorized the methods into five 

groups: (1) Methods using groundwater data, including groundwater modelling and water table 

fluctuation methods. Groundwater models, such as Modular Three-Dimensional Finite-

Difference Groundwater Flow Model (MODFLOW), can be used to estimate groundwater 

recharge. However, the water table fluctuation method can be applied to obtain point recharge 

data by assuming the change in water level in an aquifer is due to recharge arriving at the water 

table. (2) Stream flow methods include seepage meters, streamflow gain/loss measurements 

(seepage run), recession-curve displacement methods and catchment models. (3) Catchment 

hydrologic models include the use of hydrologic models like the Soil and Water Assessment 

Tool (SWAT) developed by Arnold et al. (1998) and Precipitation Runoff Modeling System 

(PRMS) (Leavesley et al., 1983). Meteorological data, topography, soils, LULC and 

streamflow records comprise the basic data required to apply these models successfully. (4) 

Tracer methods include the use of chloride, chlorofluorocarbons, temperature and tritium as 

tracers to estimate ground water recharge by a mass balance equation. (5) Water budget 

methods include the use of the Deep Percolation and the Hydrologic Evaluation of Landfill 

Performance (HELP) models to compute the components of the soil water balance, including 

deep percolation. A detailed review and description of all the methods mentioned above can be 

further referred to in Adams et al. (2004), Risser et al. (2005), Sibanda et al. (2009), Wang et 

al. (2010), Upreti et al. (2015) and Chung et al. (2016). 
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2.4 Catchment hydrologic modelling  

2.4.1 Importance of hydrologic models 

Most hydrological systems incorporate extremely complex processes and are not easily 

understood (Rosenblueth and Wiener, 1945; Xu, 2002). In this regard, hydrological models 

play a vital role in gaining an understanding of such complex processes more easily. 

Hydrological models are simplified systems that characterize real hydrologic processes 

(Lundin et al., 1999; Tessema, 2011). In this case, a system is defined as a set of interacting or 

interdependent components forming a complex, whole process. Therefore, models enable the 

users to manipulate the system’s variables/parameters easily and help in understanding the 

interaction between variables that make up complex systems (Sokolowski and Banks, 2010; 

Sokolowski and Banks, 2011). Babel and Karssenberg (2013) described hydrologic models as 

mediators between theory and practice or the real world. Therefore, hydrologic models are 

important tools in the study of catchment, regional and global scales of hydrologic processes. 

It is impossible in practice to measure everything that we want to know about catchments due 

to various reasons such as high catchment heterogeneity and limitations in measurement 

methods, and to the fact that the methods are laborious, time consuming and costly to 

implement. Due to such limitations and the need to extrapolate both spatial and temporal 

information on catchments, hydrologic models have a prime importance (Pechlivanidis et al., 

2011). Catchment hydrologic models assist in gaining a better understanding of important 

hydrologic processes and of how changes in the catchment affect these processes (Xu, 2002). 

Catchment hydrologic models also provide hydrologic data that assist in the prediction of 

potential future impacts of land use and climate change on water resources (Xu, 2002; 

Pechlivanidis et al., 2011). These will again assist us during important decision regarding 

catchement hydrology including but not limited to water-table management, wetland 

restoration, irrigation water management, streamflow restoration, water quality evaluation and 

flood forecasting and management.  

2.4.2 Types of hydrologic models 

There are different approaches that are taken to build hydrologic models, which result in 

differences in structure and complexity, and which in turn affects the predictive performance 

of these models. For this reason, a general classification is important for giving an indication 

of model structure and complexity. Different scholars have followed different approaches to 



23 
 

classify hydrologic models. Singh (1988) used the terms “symbolic” and “material” to classify 

hydrologic models (Figure 2.3 below). These two groups are sub-divided into mathematical vs. 

non-mathematical and laboratory vs. analogue, respectively. The mathematical group is further 

categorized as empirical (metric), conceptual (parametric) or theoretical (physically based or 

white-box) models. These three sub-groups are categorized further, as seen in Figure 2.3. 

Jajarmizadeh et al. (2012) categorized mathematical models based on four basic characteristics 

(criteria as shown in Figure 2.4 below), i.e. their way of simulation, spatial representation, 

temporal representation and method of solution. On the basis of a simulation method, 

hydrologic models were classified as conceptual, physically based, empirical or regression, and 

stochastic time series, whereas on the basis of spatial representation, models were classified as 

lumped, distributed and coordinate system. Based on temporal representation, models were 

categorized as steady state, steady state seasonal, single even, and continuous representation. 

Finally, models were classified as O-dimensional, formal-analytical, formal-numerical and 

hybrid solutions, based on the method of solution (Jajarmizadeh et al., 2012). 

 

Figure 2.3: Classification of hydrological models 

(Source: Singh, 1988; Xu, 2002) 
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Although different ways of classification have been formulated by different authors, the 

principles of classifying hydrological models are almost similar. Based on model structure, 

Pechlivanidis et al. (2011) also classified hydrologic models as metric, conceptual, physics-

based and hybrid models. Metric or empirical models are based on simplified, experimentally 

derived or measured relationships such as linear regressions (Beckers et al., 2009; Devia et al., 

2015). The mathematical equations involved are derived from concurrent input and output time 

series, but not from the physical catchment process. This category includes artificial neural 

network (ANN) and fuzzy regression. Conceptual or parametric models, on the other hand, 

consist of a number of interconnected physical elements in a catchment and are based on the 

fundamental physics and governing equations of water flow (eWater, 2012; Devia et al., 2015). 

Conceptual models consider physical laws in a highly simplified form and are located in 

between empirical and theoretical models. HBV (Hydrologiska Byråns Vattenbalansavdelning) 

and TOPMODEL are examples. Theoretical or physics-based models are ideal to represent the 

real hydrological processes, since they have a logical structure similar to the real-world system 

(Xu, 2002; Pechlivanidis et al., 2011). They use state variables that are measurable and are 

functions of both time and space. In this category, MIKE-SHE (Integrated Hydrological 

Modelling System) and SWAT (Soil and Water Assessment Tool) are good examples. Finally, 

hybrid models are integrated modelling structures that include more than one model and are 

designed to combine the strengths of the different model types in the hybrid model. 

 

Figure 2.4: Classification of hydrological models by Jajarmizadeh et al. (2012) 

Generally, models differ highly from one another when evaluated by different criteria. For 

example, they differ in spatial and temporal scales and complexity of parameters. Therefore, a 

suitable model should be chosen carefully. Beckers et al. (2009) summarized the major criteria 
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to be considered during the model selection procedure: (1) Model functionality: the range of 

processes that the model will consider during simulation must be considered primarily. (2) 

Model complexity: the estimated data, resources (cost) and time to initialize and calibrate the 

model. (3) Model applicability to a particular climatic and physiographic setting, including the 

scale of the study. (4) The model’s ability to provide the required outputs, including the spatial 

and temporal scale. (5) Model adaptability to represent future catchment conditions for long-

term planning and climate change.  

2.5 The Soil and Water Assessment Tool 

2.5.1 General description of the model 

The Soil and Water Assessment Tool (SWAT) is a continuous-time, semi-distributed and 

processed-based model developed and supported by the USDA Agricultural Research Service 

(Neitsch et al., 2011; Arnold et al., 2012). 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 

(Neitsch et al., 2011; Daniel et al., 2011). The major modules in SWAT include hydrology, 

erosion/sedimentation, plant growth, nutrients, pesticides, land management, stream and 

reservoir routing. As a result, it simulates climate changes, hydrologic processes, land use 

changes, water use management, water quality and water quantity assessments (Gassman et 

al., 2007; Neitsch et al., 2011; Arnold et al., 2012; Parajuli & Ouyang, 2013). In SWAT, a 

catchment is divided into multiple sub-catchments and further sub-divided into hydrologic 

response units (HRUs) that comprise homogeneous land use/cover and management, 

topographical and soil characteristics. Therefore, HRUs are the smallest units for the simulation 

of different hydrologic and other processes in SWAT. 

Water balance is the major driving force behind any process in SWAT since it influences plant 

growth and the movement of sediments, nutrients, pesticides and pathogens in a catchment 

(Neitsch et al., 2011; Arnold et al., 2012; Parajuli & Ouyang, 2013). The simulation of 

catchment hydrology is performed in two parts, known as the land phase and the routing phase. 

The land phase determines the amount of water, sediment, nutrient and pesticide loadings in 

the main channel in each sub-basin, while the routing phase defines the movement through the 

channel network to the outlet of the catchment. The model requires several data inputs to 

simulate the catchment hydrologic processes, and these include a digital elevation model 
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(DEM), land use–land cover data, soil types, and different 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. This is evidenced by international SWAT conferences, hundreds of SWAT-

related papers presented at scientific meetings, and the numbers of articles published in peer-

reviewed journals (Gassman et al., 2007; Gassman et al., 2010; van Griensven et al., 2012). 

For example, Gassman et al. (2010) reported that more than 600 peer-reviewed journal articles 

related to SWAT had been published up to 2010. The model has also proved to be a very 

flexible and adaptable tool for investigating a range of hydrologic and water quality problems. 

The availability of the model and its applicability through the development of geographic 

information system (GIS) based interfaces, together with its easy linkage to sensitivity, 

calibration and uncertainty analysis tools, has contributed to the popularity of SWAT in global 

research. Moreover, technological advancements have enabled extensive networking regarding 

the use of SWAT, including access to web-based documentation, user support groups, a SWAT 

literature database, regional and international conferences, and targeted development 

workshops (Gassman et al., 2010; van Griensven et al., 2012).  

2.5.2 Model background and theories 

2.5.2.1 Precipitation 

The SWAT model requires weather station data, including precipitation, temperature, 

humidity, solar radiation, and wind speed. The model then 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 the DEM and 

calculates new values based on the elevation difference from the centroid of the sub-catchment. 

The conversion of point precipitation data to raster values was calculated using the following 

formula (Neitsch et al., 2011): 

 
,

.band day band gauge

pcp yr

Palps
R R EL EL

days
   , when Rday> 0.01                       (2.3) 

 

where Rband is the precipitation in the elevation band (mm), Rday is the precipitation recorded at 

the rain gauge (mm), ELband is the mean elevation at the elevation band (m), ELgauge is the 
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elevation at the recording gauge (m), Plaps is the precipitation lapse rate (mm km-1), and 

dayspcp,year is the average number of days of precipitation in the sub-catchment in a year.  

 

Once the precipitation values have been calculated for each band, a new average sub-catchment 

precipitation is calculated as: 

1

.
b

day day bnd

bnd

R R fr


                                                                                 (2.4) 

where Rday is the daily average precipitation adjusted for orographic effects (mm), Rband is the 

precipitation falling in each elevation band, frbnd is the fraction of the sub-catchment area within 

the elevation band, and b is the total number of elevation bands in the sub-catchment. Missing 

data from weather stations can also be estimated by the weather generator tool in SWAT. The 

weather generator tool needs parameters that should be calculated from long-term (up to 20 

years) climate data. The list of parameters needed for simulating long-term climate data and 

the details of how SWAT calculates other raster weather parameters from station data can be 

referred to in Neitsch et al. (2011). 

2.5.2.2 Soil water content 

The fate of water that enters into a soil profile can follow one of different pathways. It may be 

removed by plant uptake or evaporation, it may percolate past the bottom of the root zone and 

recharge an aquifer, or it may move laterally in the profile and contribute to stream flow. The 

calculation of the root zone water content is based on the field water capacity of soils. Plants 

can take up soil water up to a maximum suction of 1500 kPa, which represents the lower limit 

(permanent wilting point) of soils. On the other hand, a fully saturated soil will lose a fraction 

of soil water due to gravitational force. The amount of water remaining after the release of 

water due to gravitational force is called the drained upper limit (field water capacity). Soils 

cannot store water above their field capacity. The plant-available water in soils can be 

calculated by: 

AWC FC WP                                                                                      (2.5) 

where AWC is the plant available water, FC is the field water capacity, and WP is the permanent 

wilting point. 
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SWAT calculates the water content of a soil at a permanent wilting point for each layer as 

follows (Neitsch et al., 2011): 

.
0.40.

100

c b
ly

m
WP


                                                                                   (2.6) 

where WPly is the water content of a soil layer at wilting point, mc is the percentage clay content, 

and ρb is the bulk density (Mg m-3). Finally, the water content of that layer at field capacity can 

be calculated by: 

ly ly lyFC WP AWC                                                                                  (2.7) 

Lateral flow will be significant for soils that have higher hydraulic conductivity at the surface 

and an impermeable or semi-permeable layer in the sub-soil. SWAT uses a kinematic storage 

model developed by Sloan et al., 1983 (cited by Neitsch et al., 2011). Lateral flow starts when 

excess water has infiltrated to the lower horizon that is impermeable, with sloping ground. As 

a result, the drainable volume of water stored in the saturated zone of a hillslope per unit area 

can be estimated by: 

,

1000. . .

2

o d hill
ly excess

H L
SW


                                                                          (2.8) 

where SWly,excess is the drainable volume of water (mm), Ho is the saturated zone thickness as a 

fraction (mm mm-1), фd is the drainable porosity of the soil (mm mm-1), and Lhill is the hillslope 

length (m). By rearranging to solve Ho: 

,2.

1000. .

ly excess

o

d hill

SW
H

L
                                                                                        (2.9) 

the drainable porosity of the soil layer will be calculated by: 

d soil fc                                                                                               (2.10) 

where фd is the drainable porosity of the soil (mm mm-1), фsoil is the total porosity of the soil 

(mm mm-1) and фfc is the porosity of the soil filled with water at field capacity (mm mm-1). 

The drainable volume of water from a saturated layer is: 

,ly excess ly lySW SW FC                                                                             (2.11) 
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where SWly is the water content of a layer at a given day (mm), and FCly is the water content of 

the layer at field capacity (mm). The net discharge for that specific hillslope can be estimated 

by: 

24.Hlat o latQ v                                                                                       (2.12) 

where Qlat is the discharge from the hillslope (mm) and vlat is the velocity of flow at the outlet 

of the hillslope (mm h-1). 

2.5.2.3 Evapotranspiration 

Evapotranspiration is the primary mechanism of water removal from a catchment. There are 

three options for calculating the potential evapotranspiration (PET) in SWAT, i.e. the Penman-

Monteith equation, and the Priestley-Taylor and Hargreaves methods. After calculating PET, 

SWAT calculates the actual evapotranspiration with four components, i.e. evaporation from 

the canopy, transpiration, soil surface evaporation, and groundwater revap (water extracted 

from shallow groundwater by deep-rooted vegetation, plus the water moved upwards to the 

root zone as a result of soil water deficit due to evapotranspiration) in areas where the 

groundwater is closer to the root zone.  

In the SWAT model, canopy evaporation is the first of all the factors to be calculated. To 

calculate the amount of rain trapped by the canopy during a day: 

.day mx

mx

LAI
can can

LAI
                                                                              (2.13) 

where canday is the amount of water trapped by the canopy for that day (mm), canmx is the 

maximum amount of water that can be trapped by the canopy during full development of the 

vegetation (mm), LAI is the leaf area index for that day, and LAImx is the maximum leaf area 

index of the vegetation.  

'

( ) ( )INT f INT i dayR R R   and Rday = 0, When ( )'day day INT iR can R        (2.14) 

( )INT f dayR can and ( )' ( )day day day INT iR R can R   , when ( )'day day INT iR can R   (2.15) 

where RINT(i) is the initial amount of free water held on the canopy on that day (mm), RINT(f) is 

the final amount of free water held on the canopy on that day (mm), R’day is the amount of 

precipitation before the canopy interception is removed (mm), Rday is the amount of 

precipitation after the canopy interception is removed (mm), and canday is the maximum 
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amount of water that can be trapped by the canopy for that day (mm). Finally, if potential 

evapotranspiration (Eo) is less than the amount of free water held in the canopy: 

a can oE E E  , and ( ) ( )INT f INT i canR R E                                           (2.16) 

And if the amount of free water in the canopy is greater than the potential evaporation: 

( )can INT iE R , and   (f) 0INTR                                                                   (2.17) 

where Ea is the actual amount of evapotranspiration for the day (mm), Ecan is the amount of 

evaporation from free water in the canopy (mm), and Eo is the potential evapotranspiration of 

the catchment for that day (mm). 

The next component of evapotranspiration to be calculated is transpiration. In this study, the 

Penman-Monteith method has been selected to calculate the potential evapotranspiration, and 

given in the following equations (Neitsch et al., 2011):  

.( ) . . /

.(1 / )
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net air p a

c a

H G c e e r
E

r r






     
  

                                    (2.18) 

where λE is the latent heat flux density (MJ m-2 d-1), E is the depth rate of evaporation (mm d-

1), Δ is the slope of saturation vapour pressure-temperature curve, de/dt (kPa oC-1), Hnet is the 

net radiation (MJ m-2 d-1), G is the heat flux density to the ground (MJ m-2 d-1), ρair is the density 

of air (kg m-3), Cp is the specific heat at constant pressure (MJ kg-1 oC-1), eo
z is the saturated 

vapour pressure of air at a height of z (kPa), ez is the saturated vapour pressure of water at a 

height of z (kPa), γ is the psychrometric constant (kPa oC-1), rc is the plant canopy resistance (s 

m-1), and rs is the aerodynamic resistance (s m-1). For the details regarding the calculation of 

all the parameters in the above equation (Equation 2.18 above), see Allen et al. (1998) and 

Neitsch et al. (2011). 

The third component of evapotranspiration, which is the soil evaporation on a given day, is a 

function of the transpiration, degree of shading, and potential evapotranspiration adjusted for 

canopy evaporation (Abiodun et al., 2018). The maximum soil evaporation for a given day is 

calculated as: 

' covs o solE E                                                                            (2.19) 

5( 5.0 10 )cov cv

sol e
                                                                       (2.20) 
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where covsol is the soil cover index (-) and cv is the aboveground biomass for the day (kg ha-1). 

The maximum possible soil evaporation in a day is then subsequently adjusted for plant water 

use (𝐸’𝑠) (mm d-1): 

. '
' min , s o
s s

s t

E E
E E

E E

 
  

 
                                                           (2.21) 

where E’s is the maximum soil evaporation adjusted for plant water use in a given day (mm), 

Es is the maximum evaporation for a given day (mm), E’o is the potential evapotranspiration 

adjusted for evaporation from the canopy (mm), and Et is the transpiration on a given day (mm). 

During evaporation from soil, SWAT partitions the evaporation demand between soil layers. 

Equation 2.22 below is used to determine the maximum amount of evaporation for a given 

depth. Similarly, Equation 2.23 below is used to calculate evaporation for different soil layers.  

, ".
exp(2.374 0.00713.

soil z

z
E E

z z

 
  

  
                            (2.22) 

,l , , .soil soil zl soil zuE E E esco                                                      (2.23) 

where 𝐸soil,𝑧 is the water demand for evaporation at depth 𝑧 (mm), 𝐸”𝑠 is the maximum possible 

water to be evaporated in a day (mm), 𝑒sco is the soil evaporation compensation factor, 𝐸𝑠oil,z𝑙 

is the water demand for evaporation in layer 𝑙 (mm), 𝐸𝑠oil,𝑧l is the evaporative demand at the 

lower boundary of the soil layer (mm), 𝐸𝑠oil,zu is the evaporative demand at the upper boundary 

of the soil layer (mm), 𝐹𝑐l is the water content of the soil layer 𝑙 at field capacity (mm), E”𝑠oil,l 

is the volume of water evaporated from soil layer 𝑙 (mm d-1), and 𝐸𝑠oil is the total volume of 

water evaporated from soil on a given day (mm d-1). Details can be referred to in Neitsch et al. 

(2011) and Abiodun et al. (2018). 

 

Finally, the groundwater revap is calculated if there is an evapotranspiration demand in the root 

zone. Revap is estimated as a fraction of potential evapotranspiration and it is primarily a 

function of depth of water table to the root zone. The amount of evaporation from revap is 

calculated by SWAT as follows: 

, .revap mx revap oW E                                                                              (2.24) 

0revapW   if ,sh shthr rvpaq aq                                                                     (2.25) 

, ,revap revap mx shthr rvpW W aq  , if , , ,( )shthr rvp sh shthr rvp revap mxaq aq aq W    (2.26) 

,revap revap mxW W , If , ,( )sh shthr rvp revap mxaq aq W                                    (2.27) 
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where 𝑤revap,𝑚x is the maximum volume of water transferred to the unsaturated zone in response 

to water shortages for the day (mm), 𝛽revap is the revap coefficient (-), 𝑤revap is the actual volume 

of water transferred to the unsaturated zone to supplement water shortage for the day (mm), 

𝑎𝑠ℎ is the water volume stored in the shallow aquifer at the beginning of the day (mm) and 𝑎𝑡ℎ𝑟 

is the threshold water level in the shallow aquifer required for revap to occur (mm) (Neitsch et 

al., 2011; Abiodun et al. (2018). 

2.5.2.4 Direct runoff 

Direct runoff in SWAT (excluding base flow, as it is defined in Section 2.3.2.4) can be 

estimated by two options, i.e. the Green and Ampt (1911) or the USDA-SCS curve number 

method (USDA-SCS, 1972). In this review, the focus will be on the SCS curve number method. 

The equation used to estimate direct runoff by the SCS curve number method is (USDA-SCS, 

1972): 

         
( )

( )

day a

surf

day a

R I
Q

R I S




 
                                                             (2.28) 

where Qsurf is the accumulated runoff (mm), Rday is the rainfall depth for the day (mm), Ia is the 

initial abstractions (including surface storage, interception and infiltration prior to runoff 

(mm)), and S is the retention parameter (mm), which differs spatially, based on the soil, land 

use, management and slope, and can be estimated by: 
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                                                             (2.29) 

where CN is the curve number for the day. The initial abstraction, Ia, is commonly 

approximated as 0.2S, and Equation 2.28 becomes: 
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
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
                                                                (2.30) 

The SCS curve number is a function of the soil’s permeability, land use and land cover, and 

the antecedent soil water. Therefore, it depends on the soil’s hydrologic group, soil water 

conditions, and even needs adjustment for different slope classes. For the detailed procedure 

for determining SCS curve number, refer to USDA-SCS (1972) and Neitsch et al. (2011). 
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2.5.2.5 Deep drainage 

The excess water that passes the deeper horizon by percolation, or sometimes bypass-flows 

through the vadose zone, contributes to shallow or deep aquifer recharge. The time it takes for 

the recharge water to enter the shallow aquifer depends primarily on the depth of the water 

table and the hydraulic properties of the vadose and groundwater zones (Neitsch et al., 2011). 

The recharge amount to both the shallow and deep aquifers can be calculated as: 

 , , 11 exp 1/ . exp 1/ .rchrg i gw seep gw rchrg iW W W  
                    (2.31) 

where Wrchrg,i is the amount of recharge entering the aquifer on day i (mm), δgw is the delay 

time or drainage time of the overlying geologic formations (days), Wseep is the total amount of 

water exiting the bottom of the soil profile on day i (mm), and Wrchrg,i-1 is the amount of 

recharge entering the aquifer on day i-1 (mm). 

The total amount of water exiting the bottom of the soil profile on day i is calculated as: 

, ,,seep perc ly n crk btmW W W                                                               (2.32) 

where Wperc,ly=n is the amount of water percolating out of the lowest layer, n is the soil profile 

on day i (mm), and Wcrk,btm is the amount of water flow going past the lower boundary of the 

soil profile due to bypass-flow on day i (mm).  

2.6 Model calibration and uncertainty analysis 

Catchment modelling plays an important part in developing a water management plan and 

environmental monitoring in arid and semi-arid environments. Due to the high spatial and 

temporal variability of the hydrologic system, model calibration is a prerequisite, especially for 

physics-based, as well as distributed and semi-distributed models. Catchments with available 

observed data, including but not limited to discharge data, rainfall and profile water content, 

can be modelled with reasonable accuracy. On the other hand, the unavailability or 

insufficiency of observed data due to the high cost of spatial hydrological data acquisition 

makes the calibration of physics based models challenging (Bárdossy, 2007; Bekele and 

Nicklow, 2007). 

Calibration is a process of adjusting model parameters in such a way that the differences 

between observed and simulated values of variables are kept at a minimum. It is one of the key 

procedures in catchment modelling. Several methods have been proposed to calibrate 
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hydrologic models for ungauged catchments. These include: (1) The regionalization approach 

where a similar but gauged catchment will be parameterized, and the model parameters 

transferred to the ungauged catchment (Bárdossy, 2007; Bekele and Nicklow, 2007; Emam et 

al., 2017). (2) Calibration based on crop yield where the calibration of a crop yield gives 

confidence on the evapotranspiration and simulates other hydrologic components better (Emam 

et al., 2015; Emam et al., 2017). (3) Calibration based on data retrieved from remote sensing, 

where remote sensing enables the acquisition of important spatial data, such as 

evapotranspiration and soil water content. Hydrologic models can be calibrated using spatial 

data, such as MODIS products (Jajarmizadeh et al., 2012; Emam et al., 2017).  

Generally, two approaches are available for model calibration in the literature, i.e. deterministic 

and stochastic. Deterministic calibration involves the adjustment of model parameters 

manually by trial and error until a reasonable match between measured and observed values is 

obtained. This is an outdated approach, as explained by Abbaspour (2015). The stochastic 

approach involves the automatic calibration of models by using software such as SWAT-CUP 

(SWAT Calibration and Uncertainty Programs) (Abbaspour, 2015). SWAT-CUP, developed 

by Abbaspour et al. (2007), is a specialized computer program primarily developed for SWAT 

calibration and uncertainty analysis. It comprises five algorithms for calibration and 

uncertainty analysis, i.e. SUFI2 (Sequential Uncertainty Fitting v. 2), PSO (Particle Swarm 

Optimization), GLUE (Generalized Likelihood Uncertainty Estimation), ParaSol (Parameter 

Solution), and MCMC (Markov Chain Monte Carlo). 

In SUFI2, uncertainty in parameters accounts for all sources of uncertainties such as 

uncertainties from driving variables, model parameters and measured data (Abbaspour, 2015). 

The propagation of all these model uncertainties also leads to uncertainties in the model output 

variables, which are expressed as 95PPUs (95 Percent Predictive Uncertainties), and are 

usually expressed in ranges calculated at 2.5% and 97.5% levels of the cumulative distribution 

of an output, using Latin hypercube sampling. In SUFI2, the degree of uncertainty is measured 

by two factors: the P-factor which is the percentage of observed data enveloped by the 

modelling result (95PPU), and the R-factor which is the ratio of average width of 95PPU 

(Abbaspour, 2015; Emam et al., 2017). It is attempted to find the reasonable values of these 

factors. For example, Abbaspour (2015) has suggested a higher P-factor (towards 100%) and a 

lower R-factor (towards 0) for the calibration of SWAT. Details of the calibration and 

uncertainty analysis of SWAT encountered with the SWAT-CUP program can be found in 

Abbaspour et al. (2007), Yang et al. (2008) and Abbaspour (2015).  
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Some of the objective functions that may be applied during model calibration and validation 

include the root mean squared of errors (RMSE), coefficient of determination (R2), and Nash-

Sutcliff efficiency (NSE). Moreover, some of the model parameters can be found by direct 

measurement of physical characteristics, whereas others cannot. Parameters that are measured 

are difficult to use directly due to a difference in the measurement scale (Ajami et al., 2004; 

Bekele and Nicklow, 2007). Therefore, in ungauged catchments, the literature recommends the 

transfer of parameters from homogeneous catchments that have sufficient observed data for the 

calibration and validation process.  

2.7 Concluding remarks 

In this section, a general review of the literature has been undertaken to assess the catchment 

scale hydrologic cycles and processes, and their determination with hydrologic models 

(emphasizing the SWAT model). The review showed that freshwater scarcity is a global 

problem, and that South Africa is one of the countries where fresh water is a scarce commodity. 

This is mainly attributable to the insufficiency of precipitation in the country. Therefore, water 

management is an important task for South Africa to undertake in monitoring the different uses 

of freshwater. 

Hydrologic models are crucial in the assessment of freshwater resources. This is because the 

hydrologic cycle is a complex process that is influenced by inter-linked environmental factors. 

In this regard, the soil and water assessment tool (SWAT) is a semi-distributed model that can 

simulate continuous time impacts of complex environmental factors on fresh water at different 

scales of study (catchment or river basin scales). 

The application of SWAT model requires different types and spatially explicit data where 

unavailability or insufficiency of the data leads to difficulty or poor performance of the model. 

These include weather parameters, soil data, land use and land cover, and topographic 

parameters. Moreover, SWAT requires time series data of stream flow, erosion, and chemical 

loadings, from point and non-point sources, for the purposes of model calibration, validation, 

and uncertainty analysis. However, ungauged catchments in arid and semi-arid areas usually 

lack such time series data. In such instances, the regionalization approach plays a critical role 

for the assessment of water resources. 
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CHAPTER 3 

SWAT MODEL SETUP, CALIBRATION, UNCERTAINTY AND VALIDATION 

USING THE REGIONALIZATION APPROACH 

3.1 Introduction 

Most hydrological systems incorporate extremely complex processes and are not easily 

understood (Xu, 2002). It is also impractical to measure every data about hydrologic systems 

and processes due to various reasons. This could be due to higher spatial and temporal 

heterogeneity of the systems, limitations in measurement methods and to the fact that 

measurement methods are usually laborious, time taking and costly to implement. Therefore, 

hydrological models enable users to manipulate the system’s variables/parameters easily and 

help in understanding the interaction between variables that make up complex systems 

(Sokolowski and Banks, 2010; Sokolowski and Banks, 2011). Hydrological models also enable 

the users to extrapolate both spatial and temporal information on the area of interest 

(Pechlivanidis et al., 2011). It is assumed that hydrological models are simplified systems that 

represent the real hydrologic processes (Lundin et al., 1999; Tessema, 2011). Hence, Babel and 

Karssenberg (2013) described hydrologic models are mediators between theory and practice or 

the real world. Therefore, hydrologic models are important tools in the study of hydrologic 

processes at catchment, regional and global scales. 

Even though it is an essential task, hydrologic modelling is challenging in arid and semi-arid 

environments because most catchments in this environments are ungauged. It is obvious that 

the calibration and validation processes are integral part of catchment hydrologic modelling 

due to the higher spatial and temporal variability of the hydrologic system. This is particularly 

important for physics-based models. Catchments with available observed data, including but 

not limited to discharge data, evapotranspiration, profile water content, can be modelled with 

reasonable accuracies. On the other hand, the unavailability or the presence of limited observed 

data due to the high cost of spatial hydrological data acquisition makes the use of physics-based 

models challenging (Ajami et al., 2004; Bekele and Nicklow, 2007; Bárdossy, 2007). 

Moreover, hydrological modelling in arid and semi-arid catchments is challenging due to the 

distinctive feature of the hydro-climatological variables in those regions (Pilgrim et al., 1988; 

Kan et al., 2017). Reports (e.g., Wheater, 2005; Li et al., 2015) indicate that most models are 

also developed for humid and sub-humid areas where their performance in arid/semi-arid areas 

vary considerably.      
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The Soil and Water Assessment Tool (SWAT) is a continuous-time, semi-distributed and 

processed-based model developed and supported by the USDA Agricultural Research Service 

(Neitsch et al., 2011; Arnold et al., 2012). 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 

(Neitsch et al., 2011; Daniel et al., 2011). Water balance is the major driving force behind any 

process in SWAT. Hence, besides the different components of water balance, SWAT is being 

used to model plant growth and the movement of sediments, nutrients, pesticides and pathogens 

in a catchment (Neitsch et al., 2011; Arnold et al., 2012; Parajuli & Ouyang, 2013). 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 different 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. 

Even though the calibration of hydrologic models is challenging for data scarce catchments, 

some methods have been proposed in literature. These include: (i) the regionalization approach, 

in which a similar, but gauged, catchment will be parametrized and calibrated. The model 

parameters will then be transferred to the ungauged catchment. It is one of the most widely 

used method in the prediction of hydrologic variables in ungauged basins (Merz and Blo¨schl, 

2004; Bárdossy, 2007; Bekele and Nicklow, 2007; Reichl et al., 2009; Gitau and Chaubey, 

2010; Farsadnia et al., 2014; Swain and Patra, 2017; Emam et al., 2017). (ii) Calibration based 

on crop yield: this gives confidence on the evapotranspiration and simulates other hydrologic 

components better. Many researchers (e.g., Nair et al., 2011; Emam et al., 2015; Sinnathamby 

et al., 2017; Emam et al., 2017) used this method of calibration (calibration based on crop 

yield). (iii) Calibration based on data retrieved from remote sensing: this method enables the 

acquisition of important spatio-temporal data like the soil water content and evapotranspiration. 

Hydrologic models could be calibrated using such data, like the Moderate Resolution Imaging 

Spectro-radiometer (MODIS) and other satellite products (Jajarmizadeh et al., 2012, Zhang et 

al., 2017; Tobin and Bennett, 2017; Emam et al., 2017; Rajib et al., 2018; Odusanya et al., 

2019).  
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The first and widely implemented method (regionalization approach) has many types. 

Generally, this approach could be further classified by three. These are regionalization by 

spatial proximity, physical similarity and regression methods. In the spatial proximity 

approach, it is usually assumed that neighbouring catchments have homogenous physical and 

climatic characteristics and hence, have similar hydrological responses (Blöschl et al., 2013; 

Emam et al., 2017). As a result of this, calibrated parameters could be transferred from gauged 

to ungauged neighbouring catchments. Calibration with regression methods consist of 

developing some empirical relationships between catchment descriptors (both physical and 

climatic) and model parameter values calibrated on gauged catchments (Bastola et al., 2008; 

Emam et al., 2017). Once these relationships have been established, one determines the 

parameters of an ungagged basin using its physical and climatic attributes. The regionalization 

with physical similarity is based on the similarity between an ungagged catchment and one or 

more gauged donor catchments (Blöschl et al., 2013; Emam et al., 2017).    

Focussing on the regionalization by physical similarity approach, catchments are evaluated and 

grouped based on their similarity in selected physical variables (physiography, geology and 

soils, climate and potential natural vegetation). In this approach, catchments categorized under 

similar regions or groups are assumed to have a similar hydrologic response. Hence, during 

catchment modelling, parameters could be transferred from a gauged and calibrated catchment 

to ungauged catchments. The regionalization approach has enabled researchers to exploit the 

potentials of hydrologic models in data scarce catchments. However, it is also believed that the 

procedure is exposed to higher uncertainty of model outputs since the calibration and validation 

processes are usually conducted outside the target catchment. Therefore, the aim of this paper 

was to calibrate and validate SWAT model in an arid and ungauged catchment by the 

regionalization with physical similarity approach for further analysis of the components of the 

catchment water balance that is continued in the next consecutive chapters. Some best practices 

valuable to minimise model uncertainty in SWAT modelling were also suggested. 

3.2 Materials and methods 

3.2.1 The study area 

3.2.1.1 Location of the study area 

The study area is located in the Northern Cape Province of South Africa. It is a catchment that 

includes Kolomela Mine, with a geographic location of between 22°11’00” and 23°28”00” E 



52 
 

longitudes and between 28°03’00” and 29°06’00” S latitudes. 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 Catchment) are depicted in Figure 3.1. 

 

Figure 3.1: Location of the donor catchment (A21C Quaternary Catchment) study area (Soutloop 

Catchment, about 6770 km2) with its important hydrologic features. 

3.2.1.2 Description of the study area 

The total area of the study catchment is 6769.7 km2, with an altitudinal range from 871 up to 

1687 masl. Nearly 68% of the catchment has a slope of less than 5%, while the remaining 32% 

of the area is above a 5% slope. Figure 3.2 depicts the spatial distributions of the slope classes 

in the catchment. The soil type in the area is dominated by Oxidic soils (59%, which includes 

Hutton and Clovelly soil forms), followed by Lithic origins (21%, including Mispah and rock 

surfaces). Other soil groups include Calcic (12%, which includes Coega soil form), Duplex 

soils (6% – Valsrivier soil form), Gleyic groups (1.6% – Katspruit and Kroonstad) and a very 
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small amount of Cumulic soil groups (Dundee and Fernwood). The spatial distribution of the 

soil groups is shown in Figure 3.3. According to the South African LULC classification of  

 

Figure 3.2: The spatial variation of the slope classes in the catchment. 

2013/2014 (GEOTERRAIMAGE, 2015), land cover within the catchment is dominated by low 

shrublands (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. Figure 3.4 shows 

the spatial variations of LULC classes in the study catchment. The area is also known for its 

arid climate. Hence, mean annual precipitation varies from 214 to 365mm whereas the mean 

annual air temperature varies from 17.7oC to 19.7oC spatially in the study catchment.  
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Figure 3.3: Major soil groups in the study catchment. 
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Figure 3.4: The spatial variation of LULC classes in the catchment. 

3.2.2 SWAT model inputs 

Other than the topographic, soil and LULC data, SWAT requires spatially explicit datasets of 

climatic data at daily/sub-daily time steps. Major input data for SWAT include DEM, LULC, 

soil properties, and daily weather data (precipitation, maximum and minimum air temperature, 

relative humidity, wind speed and solar radiation). 

3.2.2.1 Digital Elevation Model (DEM)  

Digital elevation model is an important data, since all the topographic attributes of the 

catchment, sub-catchment up to the HRUs level are derived from this dataset. Some of the 

attributes include area, slope, slope length, channel length, channel slope, channel width, and 

channel depth. For this study, a 30-metre spatial resolution SRTM (Shuttle Radar Topography 
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Mission) DEM was downloaded from the USGS website (link: 

https://lpdaac.usgs.gov/data_access/data_pool) and was used as an input dataset. 

3.2.2.2 Land use/land cover data 

Details of LULC comprise one of the most determinant datasets required in hydrologic models, 

like SWAT, when creating the HRUs. For this study, the national LULC layer of South Africa 

for the 2013/2014 year, with a 30-metre spatial resolution (GEOTERRAIMAGE, 2015), was 

used. It was also modified slightly so that it would be consistent with the plant databases of 

SWAT. 

3.2.2.3 Soil type and characteristics 

Soil is another data that have major influence in catchment hydrology. In this study, the 

different soil classes were defined based on the Land Type Survey database compiled by the 

Agricultural Research Institute of South Africa (ARC), Institute of Soil, Climate and Water 

(Land Type Survey Staff, 1972). The Land Type Survey data of South Africa do not consist of 

soil types only. Rather, it is a combined spatial data that consists of mainly terrain, climate and 

 Table 3.1: Keys to the classification of dominant soil forms into soil groups 

No 
Dominant soil 

forms 
Soil group Major characteristics 

Diagnostic horizon/material 

for classification 

1 Coega Calcic 
Presence of carbonate or gypsum 

enrichment in arid climate 

Soft or hardpan carbonate or 

gypsic B 

2 
Dundee and 

Fernwood 
Cumulic 

Incipient soil formation in 

colluvial, alluvial or aeolian 

sediment 

Neocutanic or neocarbonate B, 

regic sand, thick E horizon or 

stratified alluvium 

3 Valsrivier Duplex 
Marked textural contrast through 

clay enrichment 
Pedocutanic or prismacutanic B 

4 
Katspruit and 

Kroonstad 
Gleyic 

Protracted reduction in an aquic 

subsoil or wetland 
G horizon 

5 
Rocky surfaces 

and Mispah 
Lithic 

Incipient soil formation on 

weathering rock or saprolite 
Lithocutanic B or hard rock 

6 
Hutton and 

Clovelly 
Oxidic 

Residual iron enrichment 

through weathering; uniform 

colour 

Red apedal, yellow-brown 

apedal or red structured B 

(Source: Fey, 2010) 

soil distribution patterns. This Land Type data was also produced at courser scale (1:250,000 

scale). Therefore, there was a need to get the actual data of soil types and increase the scale of 

the data. As a result of this, the soil units were disaggregated from the Land Type Survey data 

by the use of satellite data (e.g., DEM, Satellite Imagery), software programs (ArcGIS, SoLIM-

https://lpdaac.usgs.gov/data_access/data_pool
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the Soil-Land Inference Model (Zhu 1997), 3dMapper), field inspections, and expert 

knowledge. The details of this procedure is explained in detail in Van Zijl et al. (2013).  

Finally, ten soil forms were identified in the study catchment. Then, the soil forms were 

grouped into six soil groups and mapped for the area, based on the criteria of Fey (2010), as 

shown in Table 3.1. The spatial variations of the major soil groups of the catchment are also 

depicted in Figure 3.3. 

The values of all the soil characteristics required by SWAT were collected by field survey 

using the soil groups as a base map. As a result, a profile was opened for each soil groups for 

soil sampling for laboratory and field analysis and also for field verification of the soil groups.  

3.2.2.4 Climatic data 

The SWAT2012 model requires daily variables of precipitation, temperature, relative 

humidity, solar energy, and wind speed. The SWAT software also has a weather generator tool 

that assists us to fill in missing data for certain periods of time in the simulation periods. This 

tool also enables us to generate the relative humidity, solar energy and wind speed, if we can 

provide it with a long-term daily precipitation rate and maximum and minimum temperatures. 

This study relies on meteorological stations inside, and in close proximity to, the study 

catchment, as seen in Figure 3.5 and Table 3.2. The long-term data details were provided by 

two organizations – the South African Weather Service (SAWS) and the Agricultural Research 

Centre, Institute for Soil, Climate and Water. 

Table 3.2: Meteorological stations used for the generation of weather parameters in the study 

catchment 

No. Station Name Longitude Latitude Elevation Owner organization 

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 

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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Figure 3.5: Some hydrologic features in the study catchment. 

3.2.2.5 Other data for model calibration and validation 

For this study, two datasets were collected for calibration and validation purposes. These are 

the daily runoff (from the donor catchment, A21C quaternary catchment) and daily soil water 

content from the target catchment (Soutloop River 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 was measured in situ from the target 

catchment with DFM capacitance probes (installed in four HRUs). The details for DFM 

capacitance probes can be referred from Zerizghy et al. (2013) and from the official website of 

DFM Technologies at: https://dfmtechnologies.co.za/product/probes. 

3.2.3 Model setup and configuration 

In this study, SWAT model was used to estimate all the components of the water balance in 

the study catchment. In the simulation procedure, catchment delineation was the first 

procedure. The study catchment was delineated using GIS interface of the Soil and Water 

Assessment Tool (SWAT2012). An SRTM DEM (digital elevation modelling), with 30-metre 

https://dfmtechnologies.co.za/product/probes
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spatial resolution, was downloaded from LP DAAC (being one of USGS’s data distribution 

centres, at link https://lpdaac.usgs.gov/data_access/data_pool) and was used for this study. The 

details of the procedures can be referred to Neitsch et al. (2011) and Arnold et al. (2012).  

After the catchment delineation process was completed, the definition of HRUs was continued. 

The definition of HRUs are also done in the SWAT2012 interface. Three spatial data sets 

(slope, LULC, and soil maps) are important for the definition of HRUs. Therefore, HRUs are 

lands with similar topography, LULC and soil types and all the components of the soil water 

balance could be determined on an HRU basis, with the assumption that similar HRUs would 

have similar hydrologic characteristics (Neitsch et al., 2011; Arnold et al., 2012; Winchell et 

al., 2013).  

Then, 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 assigned to fill in the case of 

unavailability of station data. This tool also enables us to generate the relative humidity, solar 

energy and wind speed from a long-term daily precipitation and maximum and minimum 

temperature (Neitsch et al., 2011). 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. After all the above processes were completed, the SWAT simulation was activated. 

During simulation, a three-year warming-up period was given. Including the three-year 

warming-up period, the total simulation period (including the warmup periods) was set to run 

from 1977 to 2018 (i.e. 42 years). Hence, a 39-year period of hydrologic variables were 

simulated for the study catchment (excluding the warmup periods). The framework, showing 

major procedures in the simulation process, is summarized in Figure 3.6. 

https://lpdaac.usgs.gov/data_access/data_pool
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Figure 3.6: General framework followed in the modelling process using SWAT2012. 

 

 3.2.4 Model calibration, validation and sensitivity analysis 

3.2.4.1 The calibration approach  

The successful application of hydrologic models is highly dependent on the calibration and 

sensitivity analysis of the parameters (Abbaspour, 2015; Kouchi et al., 2017). The calibration 

and validation processes are only employed efficiently with observed data. Particularly 

discharge data plays a critical role for this procedure. However, the study area does not have a 

gauging station for stream flow measurement. Therefore, the regionalization with physical 

similarity approach (Bárdossy, 2007; Wheater et al., 2008; Blöschl et al., 2013) was adopted 

here 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. As a result, the selection of a catchment that has 

similar attributes to the catchment of interest and that has a fully functional gauging station is 

a prerequisite. Therefore, there is a need to characterize, evaluate and categorize catchments 

for this purpose.  
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Table 3.3: Catchment descriptors used for the evaluation of the similarity between the donor and 

study catchments. 

No. Catchment descriptors Donor catchment Study catchment 

1 Annual precipitation (mm) 320-497 214-365 

2 Annual PET (mm) 1722-2644 1512.06-2802.07 

3 Ratio of Precipitation to PET 0.19 0.13-0.14 

4 Ratio of ET to PET 0.15-0.70 0.08-0.70 

5 Soil textural class variation Sandy-loam to Sandy-clay-loam Clay-Loam to Sandy-loam 

6 Dominant LULC 

Grasslands, residential with 

dense trees/bush and mixed 

forest 

Low shrub lands, Grasslands 

and open bushlands 

7 Slope class (percentage) 80% of the catchment is <10% 86% of the catchment is <10% 

8 Altitudinal range (masl) 1242-1825 871-1687 

9 Runoff coefficients 0-0.12 0-0.1 

10 Annual ET (mm) 252-1851 118-1961 

11 Annual air temp (oC) 17-18.7 17.7-19.7 

12 Mean solar radiation (MJ m-2) 22.6-21.7 21.2-23.1 

PET - potential evapotranspiration             ET - evapotranspiration 

LULC - land use and land cover                 masl - meter above sea level            

The evaluation and categorization of catchments is based on at least four types of information, 

i.e. soil type, land use, topographic features, and potential natural vegetation (Omernik, 1987; 

Blöschl et al., 2013). For this study, however, the eco-regional typing and river classification 

study conducted by the Department of Water Affairs and Forestry (Kleynhans et al., 2005; 

Kleynhans et al., 2007) was used. This study covers the whole areas of South Africa and 

grouped rivers based on their similarity. The main aim of the river eco-regional classification 

was to group areas according to their similarities using a top-down nested hierarchy. The report 

also indicates that river eco-regional classification helps to extrapolate information from data-

rich to data-scarce catchments within the same hierarchical typing concepts. Hence, the 

quaternary catchment called A21C (Figure 3.7) was selected as a donor catchment for the 

calibration, validation and sensitivity analysis for this study. The details of the river eco-

regional classification for South Africa can be referred to in Kleynhans et al. (2005) and 

Kleynhans et al. (2007). Some of the major attributes used in the classification include terrain 

morphology, main vegetation types, mean annual precipitation, coefficient of variation of 

annual precipitation, drainage density, stream frequency, slopes, median annual simulated 

runoff, and mean annual temperature of catchments. Some of the catchment descriptors used 

in the evaluation between the donor and study catchments can be seen in Table 3. The 

comparison table shows that the two catchments are more or less in a physically similar hydro- 
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Figure 3.7: Location of the study catchment (Soutloop) and the donor catchment (A21C) showing that 

both are in the same river eco-regional class (Class-1). 

 

climatic and physiographic conditions. It is also worthy to note that the two catchments have 

different sizes that may influence some hydrologic variables. However, the influence of 

catchment sizes on the uncertainty of model outputs is primarily on  sediment, nitrogen and 

phosphorus loadings (FitzHugh and Mackay, 2000; Jha et al., 2004; Kumar and  Merwade, 

2009; Wallace et al., 2018). Therefore, the difference in the size of the donor and target 

catchments have insignificant influences on streamflow estimations. As the focus of this paper 

is on the calibration of SWAT for estimation of flow in arid and semi-arid catchments, the 

difference in the size of the donor and target catchments is ignored. However, during the study 

of point and non-point source pollution, sediment, nitrogen and phosphorus loadings, the 

influence of catchment sizes could matter on the regionalization process.  

3.2.4.2 Procedures in the regionalization approach  

In this study, all the sensitivity, calibration and validation procedures were facilitated by the 

use of a specialized computer program, SWAT-CUP ver-2012 (the SWAT Calibration and 
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Uncertainty Programs), particularly SUFI2 (Sequential Uncertainty Fitting ver. 2). SUFI2 is 

one of the stochastic calibration programs in SWAT-CUP that was used in this study. The 

details for the description of SUFI‐2 in the whole calibration procedure can be referred to in 

Abbaspour et al. (2004), Abbaspour et al. (2007), and Abbaspour (2015). First, the calibration, 

sensitivity analysis and model validation were conducted on the donor catchment (A21C 

quaternary catchment) and then the model parameters were transferred to the ungauged 

catchment (Soutloop Catchment), based on the regionalization with physical similarity 

approach. After the transfer of calibrated parameter values, the model was run, and the major 

components of the catchment water balance (particularly long-term annual runoff volume and 

evapotranspiration) were compared with previous studies of the area for simple inspection of 

model results. Based on this comparison with other similar studies, a manual calibration helper 

was employed in the ArcSWAT interface for further parameter adjustments.  

During calibration of parameters in the donor catchment, only sensitive parameters were 

calibrated, based on the results of the sensitivity analysis in SWAT-CUP. The soil and some 

weather parameters were also excluded from the calibration processes since all the soil 

parameters were measured directly by the field survey. Similarly, the weather parameters were 

derived from weather station in the study area. To prioritize other sensitive parameters (other 

than the excluded parameters), a one parameter at a time (OAT) procedure was followed. This 

was used to select sensitive parameters to stream flow as a first inspection for sensitivity. Then, 

the sensitivities of all parameters, selected by one-at-a-time option, were further prioritized by 

the global sensitivity option. This was done by running SUFI2 for one complete iteration (1000 

simulations). The global sensitivity uses the p-value and t-stats for prioritization. The general 

workflow of the calibration process is depicted in Figure 3.8. The flow data from the donor 

catchment (A21C) were divided into two, one for calibration and the other half for validating 

the model. Generally, a two-step calibration and validation procedure was employed here; one 

in the donor catchment and the other in the study catchment. The calibration in the study 

catchment was assisted by the ArcSWAT manual calibration helper whereas the validation was 

outside SWAT-CUP, which was in MS excel with simple comparison of simulated versus in 

situ measured soil water content data. 

The second model validation that was conducted in the target catchment was actually a simple 

verification of model results with respect to simulated water content. The SWAT output for 

soil water content is in millimetre of depths and also excludes the residual water content. 

Therefore, the observed soil water content at four HRUs measured by DFM capacitance probes  
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Figure 3.8: Workflow for the calibration and sensitivity analysis using SWAT-CUP. 

(Zerizghy et al., 2013) must also have similar units of depth. The readings from the probes is 

normally in percentage of total soil volume and it measures at six depths at a time down the 

soil profile. The average of the six depths was multiplied by the bulk density of the soil profile 

and this product again multiplied by the soil depth to get the total soil water content in 

millimetre of depth in the profile at that specific measurement time. The residual water content 

(permanent wilting point) of the soil (estimated by SWAT model) was subtracted from the 

observed total soil water content of the profile. Then, the resulting soil water content is the 

observed one and compared to the output from SWAT model for each of the four HRUs.   

3.2.4.3 Uncertainty and model performance indices 

Reports (Blöschl et al., 2013; Abbaspour, 2015) indicate that the sources of model uncertainties 

could be from driving variables (e.g. climate data), the conceptual model itself, measured data, 

or uncertainty during parametrization. The propagation of all sources of model uncertainties to 

parameters and model outputs in SWAT-CUP is expressed as the 95% probability distributions, 

by using the Latin Hypercube Sampling. The 95% probability distributions are calculated at 

the 2.5% and 97.5% levels of the cumulative distribution of an output variable and it is called 

95% prediction uncertainty (95PPU). SWAT-CUP calculates two statistical indicators to 

quantify all the sources of uncertainty. These are the P-factor, which is the percentage of 
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observed data enveloped by the modelling result (the 95PPU), and the R-factor, which is the 

thickness of the 95PPU envelope. 

Regarding the model performance indicators, SUFI2 has many options of model performance 

indicators. For this study, the Nash-Sutcliffe coefficient (NS) was used as a major objective 

function in the calibration and validation process. The coefficient of determination (R2), 

percent bias (PBIAS), and ratio of the root mean squared error to the standard deviation of 

measured data (RSR) were also additional criteria used for the evaluation. Equations 1 to 4 

were used to calculate the performance indices:  
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where NS is the Nash-Sutcliffe coefficient, R2 is the coefficient of determination, PBIAS is the 

percent bias, RSR is ratio of the root mean square error to the standard deviation of measured 

data, Q is a variable (e.g., discharge), m and s stand for measured and simulated variables, and 

i is the ith measured or simulated data.  

3.3 Results  

3.3.1 Parameterization and parameter sensitivity analysis 

As stated earlier, the study area is an ungauged catchment and accordingly all the possibilities 

of using in situ measured data (whether collected by the authors or second party, such as 

meteorological stations) were given priority. As a result, parameters that were derived from the 

in situ measured data were not considered in the calibration and sensitivity analysis. On the 

other hand, parameters other than the ones mentioned above and that are highly sensitive were 

calibrated by the regionalization with physical similarity approach. The list of sensitive 

parameters is given in Table 3.4. Parameters are listed based on their sensitivity levels as 
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analysed by SWAT-CUP with the global sensitivity option. It shows that the top sixteen 

parameters were sensitive and were considered for calibration, from which the first three (the 

base flow alpha factor, curve number II and initial depth of water in the shallow aquifer) were 

found to be the top sensitive parameters. 

Table 3.4: List of parameters, definitions and sensitivity analysis 

No. Parameter Name t-Stat P-Value Definitions of abbreviations 

1 ALPHA_BF.gw -9.3448 0.0000 Base flow alpha factor (days). 

2 CN2.mgt -8.3021 0.0000 Curve number for soil water condition 2. 

3 SHALLST.gw -7.9193 0.0000 Initial depth of water in the shallow aquifer (mm). 

4 OV_N.hru -1.4871 0.1381 Manning's "n" value for overland flow. 

5 CH_N2.rte 1.3869 0.1666 Manning's "n" value for the main channel. 

6 CH_K2.rte 1.2528 0.2113 Effective hydraulic conductivity in main channel alluvium. 

7 REVAPMN.gw -1.2125 0.2264 Threshold depth of water in the shallow aquifer for "revap" 

to occur (mm). 

8 ESCO.bsn 1.06 0.2901 Soil evaporation compensation factor. 

9 FFCB.bsn 0.9859 0.3250 Initial soil water storage expressed as a fraction of field 

capacity water content. 

10 GWQMN.gw 0.9019 0.3679 Threshold depth of water in the shallow aquifer required 

for return flow to occur (mm). 

11 GW_DELAY.gw 0.8032 0.4225 Groundwater delay (days). 

12 EPCO.hru -0.67 0.5034 Plant uptake compensation factor. 

13 MSK_CO1.bsn 0.6601 0.5097 Calibration coefficient used to control impact of the storage 

time constant for normal flow. 

14 SURLAG.bsn -0.6265 0.5315 Surface runoff lag time. 

15 GW_REVAP.gw 0.5637 0.5734 Groundwater "revap" coefficient. 

16 RCHRG_DP.gw -0.2052 0.8376 Deep aquifer percolation fraction. 

 

3.3.2 Model calibration and validation 

The lists of calibrated model parameters, methods of change used and the final calibrated values 

are shown in Table 5. The graphical comparisons of measured stream flow at the outlet of the 

donor catchment and its simulated discharge values are depicted in Figures 3.9 and 3.10 for the 

calibration and validation processes, respectively. Similarly, the performance indices for the 

calibration and validation processes are given in Table 6.  
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Figure 3.9: Comparison of measured and predicted monthly stream flow during the calibration period 

(1982–1998). 

The performance of the best parameter sets selected in the sensitivity analysis (in Subsection 

3.1 above) were evaluated by two major types of statistical evaluations, i.e. model prediction 

uncertainty and model performance evaluation. The prediction uncertainty in SUFI2 (one of 

the programs in SWAT-CUP) is expressed by the 95PPU (95 percent prediction uncertainty), 

which is represented by the green-coloured region in Figures 9 and 10 for the calibration and 

validation processes, respectively. Two indices are calculated to evaluate the model 

uncertainty, the P-factor, and the R-factor. Table 3.6 shows that the P-factor estimated was 0.73 

and 0.65 for calibration and validation, respectively. This means that 73% and 65% of the 

observed discharge is enveloped by the 95PPU during the calibration (1982–1998) and 

validation periods (2000–2013), respectively. On the other hand, the R-factor, which is the 

thickness of the 95PPU envelop, was 0.93 for calibration and 0.66 for validation periods, 

respectively.  
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Table 3.5: Methods of a parameter change, initial adjustment intervals, and calibrated values for each 

parameter 

No. Parameter Name Method of change Min value Max 

value 

Fitted 

value one* 

Fitted value 

two** 
1 ALPHA_BF.gw Replace 0.05 0.65 0.269 0.15 

2 CN2.mgt Relative -0.15 0.48 -0.434 -0.10 

3 SHALLST.gw Replace 500 10000 2100 1650 

4 OV_N.hru Replace 0.01 0.48 0.435 0.21 

5 GW_DELAY.gw Replace 20 566 496 35 

6 EPCO.hru Replace 0.2993 0.82 0.439 0.67 

7 GWQMN.gw Replace 500 3536 2898 1200 

8 FFCB.bsn Replace 0.12 0.69 0.52 0.52 

9 CH_K2.rte Replace 2.14 185.82 52.93 52.93 

10 CH_N2.rte Replace 0.25 0.76 0.56 0.25 

11 MSK_CO1.bsn Replace 1.33 8.15 5.75 5.75 

12 ESCO.bsn Replace 0.11 0.94 0.201 0.85 

13 REVAPMN.gw Replace 122 3670 285.51 850 

14 SURLAG.bsn Replace 0.98 21.77 6.63 6.61 

15 GW_REVAP.gw Replace 0.014 0.30 0.288 0.033 

16 RCHRG_DP.gw Replace 0.01 0.51 0.367 0.072 

* Fitted value one-it is the transposed value fitted by the SWAT-CUP program in the donor catchment. 

** Fitted value two-it is the final fitted value by the manual calibration helper in ArcSWAT2012 software in the study          

catchment. 

 

Figure 3.10: Comparison of measured and predicted monthly streamflow during the validation period 

(2000–2013). 
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Table 3.6: Summary of statistics for calibration, validation processes with flow data in the outlet of 

the donor catchment 

Process P-factor R-factor R2 NS PBIAS RSR 

Calibration 0.73 0.93 0.83 0.82 11.80 0.43 

Validation 0.65 0.66 0.72 0.71 -8.10 0.55 

Regarding the model performance evaluation, the results of the model performance indicators 

are shown in Table 3.6. The Nash-Sutcliffe coefficient (NS) was used as the major objective 

function. Three other performance indices were also selected, namely the coefficient of 

determination (R2), the percent bias (PBIAS), and the ratio of the root mean squared error to 

the standard deviation of measured data (RSR). As the results shows that all the performance 

indicators for both the calibration and validation periods (R2 & NS > 0.71, -9 < PBIAS < +12, 

RSR < 0.6) are in fairly acceptable ranges (Moriasi et al., 2007; Abbaspour, 2015; Almeida et 

al., 2018). In other words, the statistical indices indicate that there is a good agreement between 

the measured and simulated streamflow. Moreover, the PBIAS (+11.8 and -8.1 for calibration 

and validation, respectively) indicates that the model over-estimated by 11.8% during 

calibration, and under-estimated by 8.1% during validation.  

Table 3.7: Performance of the manual calibration after comparison to previous studies of the runoff 

and evapotranspiration data with model results 

Variables compared Values from 

previous studies 

SWAT-CUP 

calibration only 

SWAT-CUP & 

manual calibration 

Percentage of 

improvement 

Runoff volume* 16.5 25.4 21.6 23 

Evapotranspiration** 188.1 268.3 238.5 16 
* Sources for runoff data: DWAF (2009), Schulze et al. (2007), Kleynhans et al. (2005). 

** Sources of evapotranspiration data: Jovanovic et al. (2015), Bennie and Hensley (2001). 
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Figure 3.11: Comparisons of measured and simulated daily soil water content variations inside 

Kolomela Mine. 

Note: Water content measured with DFM probes: (a) at HRU No. 216 from 1/1/2013 to 10/30/2013, 

(b) at HRU No. 217 from 11/16/2016 to 8/22/2017, (c) at HRU No. 228 from 11/15/2016 to 8/24/2017 

and at HRU No. 408 from 01/01/2014 to 12/31/2014. 

It is worthy to note that all the calibration and validation processes with SUFI2 program was 

completed in the donor catchment. As a result of this, there was no chance of evaluating the 

model uncertainty in the catchment of interest. Therefore, after the calibrated model parameters 

were transposed to the catchment of interest, two model outputs (annual runoff volumes and 

annual evapotranspiration) were compared with results of similar studies in the past. Then, 

sensitive model parameters were slightly adjusted with a manual calibration helper in 

ArcSWAT interface so that the simulated values would be closer to the values gained from 

previous results. The comparison of the model outputs after SWAT-CUP calibration and after 

SWAT-CUP plus manual calibration is shown in Table 7. The comparison (Table 7) indicated 

that the manual calibration helped to improve the annual runoff volume and annual 

evapotranspiration by 23% and 16%, respectively. Finally, the model performance was also 

verified by the comparison of the in situ measured and simulated soil water content, as shown 
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in Figure 3.11, panels a–d where the soil water content measurement was taken in selected four 

HRUs in the study catchment. 

3.4 Discussion 

It is obvious that the different types of regionalization approaches play important roles in the 

hydrological modelling of ungauged catchments in arid and semi-arid environments. However, 

it is also true that hydrological modelling in ungauged catchments is exposed to significant 

amounts of model uncertainty due to the unavailability of data for calibration and validation 

processes. Hence, the regionalization approach needs to be applied cautiously.  

In this study, the regionalization with physical similarity approach was employed and some 

best practices are also recommended to minimize model uncertainties in hydrological models. 

In hydrological modelling, sensitivity analysis shows the share of all parameters in the 

uncertainties of the model output. Hence, more sensitive parameters will have a higher share 

of model uncertainties than less sensitive ones in the model output, if that parameter is left 

uncalibrated. Therefore, sensitivity analysis is the first step that should be taken into 

consideration in model calibration. However, not all the sensitive parameters may be calibrated 

in ungauged catchments. For instance, in this study, all the soil parameters (collected from field 

or analysed in laboratory) and some weather parameters (derived from available weather 

stations in the study area) were excluded from the calibration and validation processes. This is 

because, as stated by (Faramarzi et al., 2015; Kumarasamy and Belmont, 2018; Abbaspour et 

al., 2018), measured parameters contribute the least sources of uncertainty in hydrologic 

modelling. As a result of this, it is recommended to use all available data sources of the 

catchment understudy and exclude those parameters from calibration to avoid unnecessary and 

arbitrary adjustments of parameters.  

Regarding the evaluation of the modelling process in the donor catchment, two types of 

statistics were used to, i.e., evaluation with respect to model prediction uncertainty and 

evaluation of the model with performance indicators. The model uncertainty was shown by the 

P-factor and R-factor. The P-factor was 0.73 and 0.65 for calibration and validation, 

respectively; whereas the R-factor was 0.93 for calibration and 0.66 for validation periods. 

Generally, good model uncertainty is expressed by a higher value of the P-factor (towards 

100%) and a lower value of R-factor (towards 0). Abbaspour (2015) has recommended that a 

P-factor of at least 0.7 and an R-factor of around 1 are acceptable for the calibration and 

validation of a catchment with respect to its discharge. Therefore, the results of this study 
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indicated that 73% and 65% of the observed data from the donor catchment were enveloped 

with the 95PPU (the region of lower uncertainty) during calibration and validation processes, 

respectively. Similarly, the smaller thickness of the 95PPU (R-factor of 0.93 and 0.66 for 

calibration and validation, respectively) also indicate that there was a lower uncertainty of the 

modelling process in the donor catchment. Moreover, the model performance indicators (NS, 

R2, PBIAS and RSR) also indicated the good performance of the model. 

However, all the above model uncertainty and performance indicators were conducted outside 

the target catchment. There was no any chance to statistically evaluate the model’s performance 

and uncertainty in the catchment of interest. As a result, this study suggests some best practices 

to inspect model results with other sources of data. For instance, the comparison of long-term 

annual runoff volume and annual evapotranspiration results from the model were compared 

with previous similar studies. The comparison indicated that the model overestimated the two 

parameters and the manual calibration improved the model output by 23% and 16% with 

respect to the previous results for runoff and evapotranspiration components, respectively. 

After the manual calibration, the profile soil water content from the model was compared with 

measured soil water content data in the study catchment as means of verification of the model. 

Hence, model results of four HRUs from the study catchment were selected and it showed a 

higher value of coefficient of determination (average R2 =0.71) indicating a good agreement 

between the observed and simulated profile soil water content in the study catchment. 

Generally, the following best practices are suggested here to minimize the model uncertainty 

of hydrologic models in arid and semi-arid-catchments. (i) excluding some parameters from 

calibration: parameters that could be derived from data measured in situ from the catchment of 

interest should be excluded from the calibration and validation processes. (ii) regionalize and 

transpose model parameters from donor (gauged) to study (ungauged) catchment: this is the 

method that have been already operational and described in the materials and methods section. 

(iii) comparison of model outputs to previous studies of any of the components of the catchment 

water balance and identify the gap between the two results. (iv) Manual calibration: if the 

difference between the result from the model and the previous study is larger, use manual 

calibration helper to adjust parameter values until the difference between the two results is 

minimum. (v) conduct an in situ measurement: all possibilities of direct measurement of data 

from the catchment of interest should be given priority. For instance, measurement of soil water 

content could be relatively easy. The acquisition of satellite soil water content (e.g., Wanders 

et al. (2014), Alvarez-Garreton et al. (2015) and Rajib et al. (2016)) or evapotranspiration data 
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(e.g., Franco and Bonumá (2017), Emam et al. (2017) and Ha et al. (2017)) are also good 

alternatives nowadays in arid and semi-arid catchments. This data is important and could be 

used for the model verification and it gives the modeller a confidence on the model outputs. 

3.5 Conclusion 

The aim of this study was to set up, calibrate and validate SWAT model in a data-scarce 

catchment by using the regionalization with physical similarity approach. A two-way 

calibration and validation processes were employed, one in the donor catchment (A21C 

quaternary catchment) with a semi-automatic calibration program, SWAT-CUP, and the 

second was conducted in the target catchment (Soutloop) with the ArcSWAT interface of 

manual calibration helper. Generally, many studies have been conducted to simulate the 

components of a catchment hydrology through utilizing the regionalization approach. 

However, this study shows that the transfer of calibrated model parameters from a donor 

catchment to a target catchment, without further inspection of the outputs of the target 

catchment, would cause a potential uncertainty in the model outputs. The modeller would then 

finally draw wrong conclusions. There should be a way to conduct at least a simple inspection. 

In this study, the simulated values were compared with previous and similar local studies, and 

additional manual calibration was conducted as one alternative for inspecting uncertainity. 

Moreover, some in situ measurements (such as soil water content or evapotranspiration) are 

also advisable for model verification. The calibration of some of the parameters that are 

measured in situ (for example, soil parameters in this study) could be unnecessary, since the 

main calibration process is outside the target catchment. The use of weather station data is also 

advisable for minimizing the uncertainty in model prediction in ungauged catchments. Finally, 

as the focus of this study was on the regionalization for streamflow estimation, the influence 

of catchment sizes were ignored during evaluating the similarity between the donor and target 

catchments. Therefore, during the study of point and non-point source pollution, sediment, 

nitrogen and phosphorus loadings, the influence of catchment sizes should also be considered 

in the regionalization process.  
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CHAPTER 4 

ANALYSIS OF THE SPATIO-TEMPORAL VARIATION OF PRECIPITATION AND 

WATER DEFICIT 

4.1 Introduction 

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 (Longobardi and Villani, 2010; He and Gautam, 2016; Donat et al., 2016). 

An analysis and understanding of precipitation and its changes are crucial for the assessment 

of climate change (Lima et al., 2013; Javari, 2016). Gaining an understanding of precipitation 

behaviours and the extremes is also of great concern, as these factors have inevitable impacts 

on environmental and socio-economic development (Munodawafa, 2012; Lima et al., 2013; 

Botai et al., 2015). Understanding the spatio-temporal variability of precipitation and its 

extreme events has theoretical and practical importance (He and Gautam, 2016). 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 an interactive and vital role in effecting differences in spatial and temporal 

variations of precipitation on the earth’s surface (Grist and Nicholson, 2001; Liu and Shen, 

2008; González et al., 2012; Sabziparvar et al., 2015). Focusing on their influence on a 

catchment scale, the major topographic properties include altitude, aspect, direction of 

mountain ranges (Sevruk et al., 1998; Nel and Sumner, 2006; Daly, 2006), and orographic 

enhancement, which is affected by wind speed and direction (Johansson and Chen, 2003; Daly, 

2006). Augustine (2010) has stated that orographic variation has minimal influence on 

precipitation in arid and semi-arid areas, since such ecosystems are characterized by flat to 

gently undulating topography. Based on his statement, the source of variation in these 

landscapes could be local variation in intensity and path of convective thunderstorms. 
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Moreover, the differences in surface albedo, cloud cover, and general atmospheric circulations 

are also important factors on larger scales, like regional climate (Türkeş, 1996). 

Rainfall is one of the most challenging meteorological parameters to measure because of its 

spatial and temporal variability (Kidd, 2001; Kidd and Huffman, 2011). 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 area coverages (Kidd, 2001; New et al., 2001; Kidd and Huffman 2011; Sene, 

2013). However, surface gauge networks provide point data and are limited to covering the 

land surface, although a few are available over oceans. Weather radar networks are also 

important technologies that provide data with better spatial coverage (e.g. in national weather 

forecasts) than surface gauges do, but it is limited in extent and number due to its high cost 

(Kidd and Huffman, 2011; Sene, 2013). Nowadays, satellite observation systems receive great 

attention since these have better spatial coverage both over land surfaces and over oceans; 

however, these have coarser spatial and temporal resolutions than the other systems do (Kidd, 

2001; New et al., 2001; Sene, 2013). All the three of these systems used to determine 

precipitation 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 in to a single estimate (New et al., 2001; Sene, 

2013). 

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 (Olsson et 

al., 2016). 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 global level, the studies of Thomas and Henderson-Sellers (1992), Shiklomanov and 

Rodda (2003), Trenberth et al., (2007), Güntner et al. (2007) and McCabe and Wolock (2013) 

are groundbreaking. The findings of Makurira et al. (2010), Brooks et al. (2011), Herrmann et 

al. (2015), and Barthel and Banzhaf (2016) are also key contributors in gaining an 

understanding of the regional scale. On the catchment scale, an even greater number of studies 

has been conducted. However, the study of precipitation variation at both catchment and 

national scales in South Africa is better compared with the other components of the catchment 

water balance. Botai et al. (2015) reported that the study of hydro-meteorological variables 

dates back four decades in South Africa, although most of them are at catchment scales. Roy 

and Rouault (2013) and DEA (2013) could be mentioned as national studies. Roy and Rouault 
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(2013) 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 

(DEA, 2013) 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 intensity of rain events, leading to an increase in dry spell 

durations. 

Although some catchment scale studies have been done in a South African context 

(Gertenbach, 1980; Dollar and Rowntree, 1995; Reason et al., 2005; Nel and Sumner, 2006; 

Hewitson and Crane, 2006), most of their analyses relied on point data, i.e. they do not show 

spatial variability very well. On the other hand, 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 characterize the spatial and temporal variations of 

precipitation in the Soutloop Catchment in the Northern Cape Province, South Africa. The 

trend of long-term (1980–2018) precipitation events were also analysed in the catchment. 

Finally, the catchment was evaluated for precipitation deficits within the study period, by using 

the aridity index (AI) and standardized precipitation index (SPI).  

4.2 Materials and methods 

4.2.1 Description of the study area 

The study catchment is located in the Northern Cape Province, South Africa, with a geographic 

location of between 22°11’00” and 23°28”00” E longitudes, and between 28°03’00” to 

29°06’00” S latitudes. The details for the location and description of the study catchment can 

be seen in Chapter 3, Subsection 3.2.1. 

4.2.2 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. In this study, the two most-used types of normality test were used, i.e. 
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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. 

4.2.3 Precipitation trend analysis 

The trend analysis in the long-term (1980–2018) precipitation data was investigated by the 

non-parametric Mann-Kendall test (Mann, 1945; Kendall, 1975) to verify and detect trends in 

time series data. In this test, all the data values were evaluated as an ordered time series. 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 (Shahid, 2010; Dindang et al., 

2013). 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: 

 
1

1 1

n n

j k

k j k

S Sign X X


  

                                            (4.1) 

where       1j kX X   , if   0j kX X   

                  0j kX X  , if   0j kX X   

                 1j kX X   , if   0j kX X   

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: 
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                          0Z  , if S = 0     
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where VAR refers to the variance of the population.  
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On the other hand, the magnitude of the trend was calculated using the Sen’s method (Sen, 

1968; Adarsh and Reddy, 2015). 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 

(Sen, 1968; Adarsh and Reddy, 2015): 

 
 

j k

i

X X
m

j k





, for i = 1, 2, 3, …, N                                   (4.3) 

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 slope, which is calculated as 

follows: 
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                                        (4.4) 

All these procedures were assisted by using an Excel add in, XLSTAT ver-2018.6, build ver-

53390, which was downloaded from the following url: https://www.xlstat.com/en/download.  

4.2.4 The spatial variation of precipitation 

The spatial variation of precipitation in the catchment was estimated at HRU, Sub-basin, and 

catchment scale as a whole by the Soil and Water Assessment Tool (SWAT), as discussed in 

Chapter 3. All the theories and equations used to convert station data to raster values are 

discussed in Chapter 2, Subsection 2.5.2.1. In this section, therefore, the mean values of the 

long-term monthly and yearly variations of precipitation were displayed spatially. Since SWAT 

only generates precipitation data at sub-basin levels, the mean annual and monthly precipitation 

figures were interpolated by the IDW (inverse distance weighted method) in ArcGIS 10.4 

software in order to gain better spatial estimates of precipitation in the catchment. 

https://www.xlstat.com/en/download
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4.2.5 Precipitation deficit 

The presence of precipitation deficit in the catchment was evaluated by utilizing two commonly 

used indicators. These are the Standardized Precipitation Index and the Aridity Index, 

explained as follows.  

4.2.5.1 Aridity Index (AI) 

The aridity index (AI) is another index that 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 (UNESCO, 1979): 

P
AI

PET
                                                                               (4.5) 

where P is the annual precipitation (mm) and PET is the potential evapotranspiration (mm). 

Table 4.1 Aridity classes used for interpretation of the aridity in the catchment 

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: UNESCO, 1979) 

 

4.2.5.2 Standardized Precipitation Index (SPI) 

The Standardized Precipitation Index (SPI) was developed to monitor drought occurrence from 

precipitation data. This index quantifies the precipitation deficits and drought severity on 

different time scales in the catchment, and is calculated by the following equation (McKee et 

al., 1993; Agnew, 2000): 

ik i

i

P P
SPI

Std

 
  
 

                                                                     (4.6) 

where Pik is precipitation for the ith station and kth observation, iP  is the mean precipitation for 

the ith station, and Stdi is the standardized deviation for the ith station.  
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Table 4.2: Drought categories based on 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 : McKee et al., 1993; Komuscu, 1999) 

 

The calculation of SPI was assisted by using a computer program downloaded from the US 

National Drought Mitigation Centre website, managed by the University of Nebraska, at: 

https://drought.unl.edu/droughtmonitoring/SPI/SPIProgram.aspx. 

4.3 Results  

4.3.1 Tests of normality 

The tests of the normality of the time series annual and monthly precipitation (from 1980 to 

2018) were conducted in two ways; one is graphic, with a visual assessment, and the second is 

numerical, with statistical tests. The graphical assessment of the normality of the annual and 

monthly precipitation is depicted in Figures 4.1 below, panels a–d, and the numerical tests are 

reflected in Table 4.3 below.  

https://drought.unl.edu/droughtmonitoring/SPI/SPIProgram.aspx
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Figure 4.1: Graphical sketches showing the normality of precipitation data 

Notes: (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. 

 

  



88 
 

Table 4.3: 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 

The simple visual assessment was conducted by utilizing two graphical sketches, as shown in 

Figure 4.1 above. The first one is with a P-P plot (Probability-Probability plot, Figure 4.1, 

panels a and c), which compares the cumulative probability of the empirical data with an ideal 

normal distribution. In normally distributed data, most of the data will fall on, or in close 

proximity around, a straight line. Based on this, the annual precipitation meets the criteria of 

normal distribution. The other graphical sketch, the Q-Q plot (quantile-quantile plot) in Figure 

4.1, panels b and d, also shows a normal distribution for the annual precipitation, since the 

observed values are distributed in close proximity with the trend line of a theoretically normal 

distribution. Although visual inspections are easy to understand and interpret, in some cases 

this might be unreliable and does not guarantee that the distribution is normal (Öztuna et al., 

2006; Ghasemi and Zahediasl, 2012). Therefore, the statistical test could be applied. Table 4.3 

above 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 a 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. However, non-

parametric tests are recommended to analyse the monthly precipitation data.  
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4.3.2 Trends of precipitation 

The distribution of mean daily precipitation throughout the year is shown in Figure 4.2 below. 

It was calculated from the long-term trends (1980–2018) of precipitation records in the study 

catchment. The mean monthly records are also shown in Figure 4.3 below.  

 

Figure 4.2: Mean daily precipitation calculated from the 39-year trend in Soutloop Catchment 
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Figure 4.3: Long-term average monthly precipitation and other weather parameters in Soutloop 

Catchment. 

As indicated in Figure 4.2 above, the long-term average minimum and maximum records for 

mean daily precipitation were 0.1 and 4.0 mm, respectively. The average monthly records 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. 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 (Figure 4.4), 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, in the last 4 decades.  
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Figure 4.4: Trends of yearly precipitation in Soutloop Catchment 

Regarding the trends of precipitation in the Soutloop Catchment, the Mann-Kendall trend test 

(Table 4.4 below) shows 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 

decreasing trend in the catchment. Figure 4.5 also shows the monthly time series variation of 

precipitation in the catchment. The magnitude of the decrease in the monthly precipitation was 

estimated by Sen’s slope method. As a result, it was found that there has been an average 

decrease of 0.01 mm per month over the last 4 decades in the catchment.  
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Figure 4.5: Trends of monthly precipitation in Soutloop Catchment. 

Table 4.4: 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 

4.3.3 Spatial variation of precipitation 

The spatial variation of the mean annual precipitation is depicted in Figure 4.6 below. The 

long-term (1980–2018) annual precipitation was averaged and interpolated by the IDW 

(inverse distance weighted method) in ArcGIS 10.4 software. A similar method was applied 

for the long-term mean monthly precipitation, and the results are displayed in Figures 4.7 to 

4.10 below. The mean annual precipitation showed a spatial and temporal variation in the 

catchment. Hence, 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 (Figure 4.6 below). Therefore, the annual precipitation 

decreases as one goes from north to south in the catchment.  
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Figure 4.6: Spatial variation mean annual precipitation in Soutloop Catchment 

The long-term mean monthly precipitation in Soutloop Catchment also showed both spatial 

and temporal variations, as seen in Figures 4.7 to 4.10 below. Hence, 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 increased from a north to south direction in 

the catchment (Figure 4.7 below). This variation is also true for autumn, except for May (Figure 

4.8 below). However, precipitation increased as one moves from south to north during winter 

time, which is the opposite of the summer season (Figure 4.9 below). There were no clear 

trends of spatial variation detected during the spring season, (Figure 4.10 below).  
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Figure 4.7: Spatial variation of the mean monthly precipitation (a) December, (b) January and (c) 

February 
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Figure 4.8: Spatial variation of the mean monthly precipitation (a) March, (b) April and (c) May 
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Figure 4.9: Spatial variation of the mean monthly precipitation (a) June, (b) July and (c) August 
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Figure 4.10: spatial variation of the mean monthly precipitation (a) September, (b) October and (c) 

November 
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4.3.4 Indicators of precipitation deficit  

As discussed in this subsection, 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 time 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 4.11 below 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 (UNESCO, 1979), as depicted 

in Table 4.2 above.  

Similarly, the SPI is important to show the time series variation of rainfall variability of an 

area, which is shown in Figure 4.12 below for different seasons. Table 4.5 below also shows 

the trends of the standardized precipitation index in Soutloop Catchment, tested for five inter-

annual periods, selected from the 1980 to 2018 simulation years. Based on the Mann-Kendall 

test (Table 4.5 below), there was no significant difference found 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 4.12 below, panels a–d) shows 

that the 1983 drought was the worst ever over the last four decades (1980–2018). Based on 

McKee et al. (1993) and Komuscu (1999), this drought can be categorized as a 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. Accordingly, the mild drought that started 

in 2014, and currently continues, is the longest consecutive drought experienced since 1980 in 

the catchment. On the other hand, Figure 4.12 below, panels a–d, also shows periods with 

above-normal rainfall in the region. The 2003–2004 years were the best wet years that had 

above-normal rainfall. The 1985–1989 years constitute the longest period with above-normal 

rainfall since 1980 in the catchment. 
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The spatial variation of the standardized precipitation index (SPI) in the Soutloop Catchment 

is depicted in Figure 4.13 below 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. The January, 2000, SPI (Figure 4.13 below, 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 in 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, the January, 

2015, SPI shows that the catchment experienced one of the largest droughts that covered most 

of its parts, except for its south-western part and some pocket areas in the north. 
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Figure 4.11: Spatial variation of the aridity index (AI) in Soutloop Catchment 

Table 4.5: 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 
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Figure 4.12: Trends of the standardized precipitation index in the Soutloop Catchment 

Notes: (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 4.13: Spatial variations of twelve-month SPI in Soutloop Catchment at different time periods 

Notes: (a) January, 2000, (b) January, 2005, (c) January, 2010, and (d) January, 2015.  
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4.4 Discussions 

4.4.1 Precipitation variability 

South Africa is a semi-arid country, characterized by a variable precipitation at diurnal, intra-

seasonal, and annual timescales (CSIR, 2010; Colvin et al., 2016; Botai et al., 2018). Besides 

its temporal variation, the spatial variation of precipitation is also significant in the country 

(Richard et al., 2001; Roy and Rouault, 2013; Botai et al., 2018). In the study catchment, 

particularly, the 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 are also 

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 registered the lowest record 

of precipitation, 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 (Rouault and Richard, 2003; Kane, 

2009). The absence of a significant trend in the annual precipitation is also consistent with the 

reports of Kane (2009), MacKellar et al. (2014), Davis et al. (2016), Kruger and Nxumalo, 

(2017), Tfwala et al. (2018) and Botai et al. (2018). 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 area. This result is consistent with the findings of Davis et al. (2016) 

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 (DEA, 2013; MacKellar et al., 2014) 

that have been 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 4.6 above). Hence, 

precipitation decreases from north to south, annually. The possible reason for these local 



104 
 

variations of precipitation could be: (i) it is evidenced in Chapter 3 that the northern part has a 

higher altitude than the southern part has, 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 (Hoffman et al., 2009; Davis et al., 2016). 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 annual rainfall totals 

increase as one moves from south to north, which is a good indicator that the winter rainfall 

areas in the south-western Northern Cape Province are influencing the spatial variability of 

rainfall in the Soutloop Catchment.  

4.4.2 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 could not 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 (UNESCO, 1979; Agnew, 2000; Komuscu, 1999; WMO, 2012). However, 

some parts of the world receive a 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 the simpler indicator is the aridity index (AI). As depicted 

in Figure 4.11 above, the AI values vary from 0.0774 to 0.153 in the catchment. Moreover, 

based on the classification of aridity classes by UNESCO (1979) given in Table 4.2 above, 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 
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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 4.12 above. The relatively wettest year 

was 2003/2004, 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 the 

current time. The droughts of 1983 and 1992 are also reported on by Rouault and Richard 

(2003) and Kane (2009). Rouault and Richard (2003) and Kane (2009) also suggested El Nino 

as being the cause of droughts experienced since 1960. The precipitation deficit and drought 

are also spatially variable, as shown in Figure 4.13 above, 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 WMO (2012) and Zargar et al. (2011), 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, and is a good indicator for agricultural drought. The 12-month SPI, on the other 

hand, reflects long-term precipitation patterns in the catchment and shows the impact of 

drought on stream flow, 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 in 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 4 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 interpreted that there was a significant impact on stream flow, and 

on water levels in reservoirs and groundwater tables (WMO, 2012; Zargar et al., 2011). 



106 
 

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.  

4.5 Conclusion 

The aim of this study was 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. 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). 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 is.  

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 to the area. 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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CHAPTER 5 

SPATIO-TEMPORAL VARIATION OF SOIL WATER 

5.1 Introduction 

The amount of water associated with a given volume or mass of soil, which is its water content, 

is an essential component of the soil water balance and plays a central role in hydrology 

(Hébrard et al., 2006; Endale et al., 2006; Mahanama et al., 2008). It also affects many 

biophysical processes, including plant growth, decomposition of organic matter in soil, heat 

and water transfer in the land-atmosphere interface (Wang and Qu, 2009; Bittelli, 2011). It is 

obvious that plant growth on the land surface is directly influenced by the available water 

content. Therefore, a change in soil water results a change in the LULC or vegetation. In this 

regard, soil water contributes in the climate system through influencing vegetation growth on 

the land surface. The presence of soil water also affects the local air temperature (Whan et al., 

2015). Similarly, soil water plays a key role in the retention or emission process of greenhouse 

gases by influencing vegetation growth (Lal, 2004; European Environmental Agency, 2015). 

Generally, soil water is involved in a number of hydrologic and climatic processes at the local, 

regional and global scales, and plays a major role in climate-change projections, adaptation and 

mitigation strategies (Seneviratne et al., 2010; European Environmental Agency, 2015). As a 

result of this, its spatial and temporal variations along land surfaces have received great 

attention (Porporato et al., 2002; Western, et al., 2004; Hébrard et al., 2006; Endale et al., 

2006; Mahanama et al., 2008).  

The distribution of the soil water status in an area is the result of the interaction of the local 

topographic features, climate variation, soil properties, land use, and vegetation types 

(Western, et al., 2004; Endale et al., 2006; Williams et al., 2009; Mello et al., 2011). However, 

the levels of influence of these factors on the spatio-temporal distribution differ, depending on 

other conditions such as the location of the area and the time of measurement. The other factor 

influencing the water distribution in landscapes is the size of the runoff contributing area above 

the point of interest. In principle, it is assumed that as the contributing area increases, the water 

content will increase, as we approach the runoff outlet (Zhao et al., 2011). The characteristics 

of topography constitute one of the major factors that play a key role in influencing surface, 

sub-surface, and hydraulic head flows (Western et al., 2004). Although lower slopes are 

assumed to have a higher water content than steep slopes do, this may not always true, 

depending on the textural differences of the soils at different slope classes (Endale et al., 2006). 
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Aspect, as one of the characteristics of topography, also influences the water distribution due 

to a difference in insolation on the land surface (Zhao et al., 2011). 

In recent decades, a number of methods have been developed to determine the soil water 

content. The methods can be classified as direct or indirect (Cepuder et al., 2008; Bittelli, 2011; 

Romano, 2014). In a direct measurement method, the amount of water can be measured 

directly, for instance, by measuring the mass of the water as a fraction of the total weight of 

the soil, which is called the gravimetric method (Cepuder et al., 2008; Bittelli, 2011; Romano, 

2014). On the other hand, in indirect methods, a variable that is significantly affected by the 

amount of water in a soil will be measured, and the change of the variable will be related to the 

change in the soil water content. These physically based or empirical relationships are called 

calibration curves. Some of the major indirect methods include: the neutron soil water meter 

(NSWM), time domain reflectometry (TDR), capacitance probes such as DFM probes, ground 

penetrating radar (GPR), electromagnetic induction (EMI), electrical resistivity tomography 

(ERT), and remote sensing techniques (Lal, 2004). The remote sensing technique is 

advantageous over the other methods listed since it has a better spatial coverage. Detailed 

descriptions of the different types of indirect methods are given in Cepuder et al. (2008), Bittelli 

(2011) and Romano (2014). 

Nowadays, the study of the spatial and temporal variations of soil water have drawn special 

attention in the fields of meteorology, climate change, hydrology and environmental 

monitoring, at global, continental, national, regional, and catchment or local scales. As a result 

of this, soil water content was recognized as one of the Essential Climate Variables (ECV) in 

2010 by the Global Climate Observing System (GCOS) programme, which is part of the 

European Space Agency (ESA). Since then, satellite-based global soil water content data is 

provided by the Soil Moisture Climate Change Initiative (CCI) and is available at 

http://www.esa-soilmoisture-cci.org/. Another global-scale source of data is provided at 

http://ismn.geo.tuwien.ac.at/ coordinated by the International Soil Moisture Network. Other 

regional- and national-scale soil water content databases are also available, such as the North 

American Soil Moisture Database (NASMID), available at http://soilmoisture.tamu.edu/ and 

Soil Moisture Outlook for India (http://www.monsoondata.org/wx/soil.html). As far as the 

author is aware, there is no national soil water monitoring programme in South Africa, except 

for some site-specific and local-scale measurements. Therefore, it seems that the study of the 

spatial and temporal variations of soil water is a neglected area of research in South Africa. 

Therefore, this study was conducted to analyse the spatial and temporal variations of the root 

http://www.esa-soilmoisture-cci.org/
http://ismn.geo.tuwien.ac.at/
http://soilmoisture.tamu.edu/
http://www.monsoondata.org/wx/soil.html
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zone water content for different soil groups, topographic features, and LULC types at 

catchment scale. The root zone was also evaluated with one of the drought monitoring 

indicators, soil water anomaly (SWA), to describe the spatial and temporal soil water variations 

efficiently. 

5.2 Materials and methods 

5.2.1 Description of the study area 

The study catchment is located in the Northern Cape Province, South Africa, with a geographic 

location of between 22°11’00” and 23o28”00” E longitudes and between 28°03’00” and 

29°06’00” S latitudes. The details for the location and description of the study catchment can 

be seen in Chapter 3, Subsection 3.2.1. 

5.2.2 Testing normality of time series data 

As explained in Chapter 4 (Subsection 4.2.2), the test of normality is a pre-requisite in any 

statistical analysis. In this study, the two most-used types of normality test were used, i.e. the 

graphical method (probability-probability (P-P plot) and quantile-quantile (Q-Q plot)) and the 

statistical method (Shapiro-Wilk test). 

5.2.3 Soil water time series analysis 

The trend analysis in the long-term (1980–2018) time series soil water content data was 

analysed by using the non-parametric Mann-Kendall test. For details, see Chapter 4 

(Subsection 4.2.3). 

5.2.4 The spatial variation of soil water content 

The spatial variation of the soil water content in the catchment was estimated at HRU, Sub-

basin, and catchment level as a whole by the Soil and Water Assessment Tool (SWAT), as 

discussed in Chapter 3. In this section, therefore, the mean values of the long-term seasonal 

and annual variations of water contents were analysed spatially regarding the catchment, 

assisted by ArcGIS software ver 9.4.  
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5.2.5 Soil water anomaly (SWA) 

The presence of a soil water deficit in the catchment was evaluated by the soil water anomaly, 

which is commonly used as a water deficit indicator. The soil water anomaly is a very important 

indicator for monitoring daily, weekly, and monthly water contents and anomalies in the soil, 

relative to a defined climatological period (EDO and JRC, 2018). It can be calculated as 

described below. 

For each location (HRU), the daily soil moisture anomaly is calculated as follows: 

i MNSWC SWC
SWA

STD


                                                                  (5.1) 

where SWCi is the soil water of the time scale (month or year) i, SWCMN
 is the long-term average 

value for the total time scale i, and STD is the standard deviation, which are calculated for the 

same period i over the available time series (1980–2018). According to this definition, the 

anomaly values are expressed as units of standard deviation. 

5.3 Results 

5.3.1 Normality test 

The tests of the normality of the time series data (both mean annual and monthly soil water 

content) were conducted by visual assessment and with statistical tests. The graphical 

assessment is depicted in Figure 5.1 below, panels a–d, and the numerical tests are given in 

Table 5.1 below. As explained in in detail in Chapter 4, Subsections 4.3.1 and 4.2.2, the P-P 

plot (Figure 5.1, panels a and c) compares the cumulative probability of the empirical data with 

an ideal normal distribution. The other graphical method, which is the Q-Q plot (Figure 5.1, 

panels b and d), compares the quantile of an observation with a quantile of a standardized 

theoretical dataset. Figure 5.1, panels a to d, shows that both the graphical sketches of the mean 

monthly and annual soil water content data do not meet the criteria of normal distribution.  

The statistical test (the Shapiro-Wilk test, shown in Table 5.1 below) also shows that both the 

annual and monthly time series data are not normally distributed. Therefore, it can be 

concluded that parametric statistics cannot be applied to the time series data of annual and 

monthly soil water content for further analysis; thus, non-parametric tests are appropriate. It is 

important to note that the soil water content simulated by SWAT and its analysis in this thesis 
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is a fraction of the available water capacity. This means that the analyses do not consider the 

amount of water below the permanent wilting point. 

 

Figure 5.1: Graphical sketches showing the normality of soil water content data 

Notes: (a) probability-probability (P-P plot) for mean annual soil water content, (b) quantile-quantile 

(Q-Q plot) for mean annual soil water content, (c) probability-probability (P-P plot) for mean monthly 

soil water content, and (d) quantile-quantile (Q-Q plot) for mean monthly soil water content. 
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Table 5.1: Tests of normality for the time series of soil water content (SWC) data 

Variable 
Observation

s 

Minimu

m 

Maximu

m 
Mean 

Std. 

deviation 

Shapiro-Wilk 

test 

W p-value 

Annual SWC 39 0.120 25.860 7.762 5.629 0.892 0.001 

Monthly 

SWC 

468 0.030 43.170 
10.03

1 
8.029 0.903 < 0.001 

 

5.3.2 Trends of soil water content 

In this subsection, two major characteristics of the soil water content are explained. Firstly, the 

variation of the long-term mean (which is a double mean that is averaged spatially for the 

catchment and again for the time series mean) of the soil water content at different time scales 

(daily, monthly and yearly variations) are described. Secondly, the long-term trends of the time 

series soil water content at monthly and yearly time scales are described. Figure 5.2 below 

shows the variation of the long-term (1980–2018) mean daily soil water content throughout a 

year, together with its comparison with the monthly and yearly values. The daily mean 

precipitation and percolation are also plotted to show the impact of precipitation on the soil 

water content and percolation. The daily soil water content varies from 3.6 mm during the start 

of summer and 15.0 mm in the winter season. Generally, spring is the season with the lowest 

record of soil water content, and late summer (February) and the early winter season (June and 

July) are the seasons with relatively higher soil water contents. The pattern of the soil water 

content and percolation is also consistent with the precipitation trend, as expected, i.e. the soil 

water content and percolation out of the root zone increases as precipitation increases. The 

monthly values of the soil water contents also follow the trends of daily soil water content. The 

result also indicates that the monthly and daily mean values vary around the long-term mean 

annual soil water content throughout the year.  

Regarding the long-term monthly soil water distribution in the catchment (Figure 5.3 below), 

the fate of water that has infiltrated the soil profile primarily depends on the season and 

precipitation intensity. As a result, late summer and winters had higher water content, 

percolation and lateral flow, but the revap water (which contains the sum of the water transpired 

by deep-rooted vegetation and the amount of water moved upwards due to water deficit in the 

root zone from the shallow aquifer) was less than the percolation and lateral flows. However, 

during lower precipitation times (spring and early summer seasons), the revap water was higher 
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than the percolation and lateral flows. Moreover, the response of percolation and lateral flows 

to precipitation followed a similar pattern, i.e. both of them increased as precipitation increased. 

Figure 5.3 below also shows the relative contribution of the revap water to evapotranspiration. 

It shows that the revap water contributes to evapotranspiration from a minimum of 9% during 

late summer (where the soil water content is relatively higher) up to 32% during early spring 

season (where soil water is at its minimum value). 

The trends of the time series catchment mean soil water storage, percolation and revap water 

are shown in Figures 5.4 and 5.5 below for annual and monthly values, respectively. The 

statistical analysis was conducted by using the Mann-Kendall trend test and the results are 

shown in Table 5.2 below. The annual trends (Figure 5.4 below) and monthly trends (Figure 

5.5 below) indicate that there is no significant trend for mean annual and monthly soil water 

content and percolation at p < 0.05. However, there is a highly significant trend (negative trend) 

in both the mean annual and monthly revap water from the shallow aquifer at p < 0.01. Hence, 

the Sen’s slope value shows that the revap water decreases at a mean rate of 1.091 mm per 

annum. Whereas as in the monthly time scales, the rate was estimated to be 0.007 mm.  

 

Figure 5.2: Comparison of the long-term mean daily, monthly and annual soil water contents with the 

corresponding long-term mean values of percolation and precipitation in the catchment 
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Figure 5.3: Long-term monthly mean soil water content variation, percolation bellow the root zone 

and the contribution of revap water to evapotranspiration 

 

Figure 5.4: Trends of annual soil water content in Soutloop Catchment 
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Figure 5.5: Trends of monthly soil water content in Soutloop Catchment 

 

The long-term volumetric soil water distribution along the two layers and the surface water 

content (up to 10 millimetres deep from the land surface) are depicted in Figure 5.6 below. 

Regarding the surface soil water content, it was very dry throughout the different time scales 

and this content varies relatively very little, as compared with layer 1 and layer 2, irrespective 

of the time scales. It varied from 0.0006 to 0.005, 0.001 to 0.004 and 0.0012 to 0.0035% for 

the mean daily, mean monthly and mean annual time series, respectively. However, the 

variations in layer 1 and layer 2 were very high, relatively. For example, at layer 1, daily soil 

water varied from 0.025 to 0.116%, whereas at layer 2, it varied from 0.026 to 0.11%. (See 

further details in Table 5.3 below.) The daily variation throughout a year follows a similar 

pattern to that of the monthly variation. Therefore, during late spring, summer and autumn, the 

water content in layer 1 was higher than in layer 2. The reverse was true during winter and 

early spring seasons. However, in the case of annual time series soil water, there is no clear 

pattern, especially between layer 1 and layer 2. Generally, the surface water content was the 

most stable, followed by layer 1, whereas layer 2 was the most variable of all soil water 

contents. Note that soil depth varies based on the soil type. The surface layer refers to the top 

10 mm, whereas layer 1 and layer 2 vary, based on the soil type. Hence, layer 1 has an average 

depth of 247 mm, whereas layer 2 averages 586 mm. 
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     N.B. Surface layer – the top 10 mm deep      Layer 1 – on average, 247 mm      Layer 2 – on average, 586 mm deep. 

Figure 5.6: The long-term mean soil profile water distribution in three soil layers 

Notes: three soil layers (surface, first layer and second layer) as a fraction of the available water capacity 

at different time scales: a) daily means in the year, b) monthly means in the year, and c) annual time 

series from 1980 to 2018. 
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Table 5.2: Statistics of the Mann-Kendall trend test for the mean yearly and monthly soil water 

content, percolation and revap water from the shallow aquifer 

Parameters 
Annual means Monthly means 

SWC Percolation revap SWC Percolation revap 

Kendall's tau 0.028 0.007 -0.595 -0.054 -0.060 -0.396 

S stat 21 5 -441 -5907 -6367 -43306 

Var(S) 6834 6834 6834 11425582 11258872 11425622 

p-value 0.809 0.961 < 0.01 0.081 0.058 < 0.01 

Sen's slope 0.016 0.013 -1.091 -0.004 0 -0.007 

Table 5.3: Variation of soil water content (as a fraction of the available water content) at different soil 

layers and time scales 

Time scales 
Surface Layer 1 Layer 2 

Min Max Min Max Min Max 

Daily 0.0006 0.005 0.025 0.116 0.026 0.11 

Monthly 0.001 0.004 0.037 0.105 0.028 0.108 

Yearly 0.0012 0.004 0.037 0.12 0.015 0.151 

5.3.3 Spatial variation of the soil water content 

This subsection focuses on the description of the spatial variation of soil water content, based 

on the long-term mean values, on annual and seasonal time scales. The soil water content was 

expressed as a fraction of the available water capacity. This was done by dividing the total 

profile water content (corresponding depth of water in mm) by the available water capacity 

(AWC in mm). Accordingly, the spatial variation of the mean annual soil water content is 

depicted in Figure 5.7 below, while the seasonal variations are shown in Figure 5.8 below. The 

soil water content showed a higher spatial variation at both time scales (both seasonally and 

annually). Regarding the annual soil water content (Figure 5.7 below), most of the catchment 

area reflects between 0.1 and 0.2 mm mm-1 water content. The annual soil water content of the 

north-western and south-eastern parts of the catchment varies between 0.15 and 0.2 mm mm-1, 

whereas most of the north-eastern and the south-western parts lie between 0.1 and 0.15 mm 

mm-1. The driest area (a water content of <0.1 mm mm-1) in the catchment is found mainly in 
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the south-western and north-eastern part in smaller patches of area. The wettest area in the 

catchment (> 0.25 mm mm-1) is found in the north-western part in very small and sparsely 

distributed patches of land.  

The seasonal soil water content variation of the Soutloop Catchment was also analysed based 

on the long-term (1980–2018) mean monthly soil water content. As it is shown in Figure 5.8 

below, autumn is the season during which most of the catchment experienced a relatively wetter 

(> 0.2 mm mm-1) and uniform distribution of soil water. On the other hand, spring was a season 

of low water content (< 0.1 mm mm-1) in most parts of the catchment. In the summer season, 

the catchment can be classified into two regions, the northern part where the catchment is 

relatively wet (>0.15 mm mm-1) and the southern part where the water content is very low (< 

0.15 mm mm-1). Similarly, in the winter season, the patterns of the distribution of the soil water 

content divide the catchment into two, i.e. the drier region (< 0.1 mm mm-1) that covers the 

larger area of the northern part, and the wetter part (SWC > 0.15 mm mm-1) which covers the 

southern part of the catchment. The long-term mean distribution of water content follows a 

similar pattern in the seasonal and monthly distribution of precipitation, as discussed in Chapter 

4, Subsection 4.3.3. Therefore, it can be generalized that the spatial trends of soil water content 

were highly influenced by the spatial distribution of rainfall in the study area.  
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Figure 5.7: The spatial variations of the long-term mean annual soil water content (as a fraction of the 

available water content) in Soutloop Catchment 
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Figure 5.8: The spatial variations of the long-term mean seasonal soil water content (as a fraction of 

the available water content for the profile) in Soutloop Catchment. 

5.3.4 Soil water anomaly 

The soil water anomaly (SWA) is one of the most important indicators in the evaluation of 

water deficit in catchments, particularly for monitoring agricultural drought. It compares each 

time series soil water content record with a normal value (a long-term mean value) to monitor 

a relative soil water deficit in the catchment. Accordingly, in this subsection, the time series 

mean monthly soil water anomaly (Figure 5.9 below) and the mean annual anomaly (Figure 

5.10 below) are described. The spatial variation of the mean annual soil water anomaly is 

depicted in Figure 5.11 below.  

Based on the time series monthly soil water anomaly (Figure 5.9 below), June, 2004, was 

relatively the wettest month (which recorded the highest above-normal soil water content) 

within the study period. Similarly, the driest period (which recorded the highest below-normal 

soil water content) was September, 2008. The longest period with consecutive months that 

experienced above-normal soil water content ran from November, 1996 to July, 1997. The 
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longest periods with drier months were: March, 1980 – January, 1981; March, 2006 – January, 

2007; April, 2008 – February, 2009; and March, 2016 – January, 2017. Regarding the annual 

soil water anomaly (Figure 5.10 below), 1984 was the wettest year in terms of soil water 

content, whereas 2016 was the driest year of all in the study time period. Moreover, the longest 

period of consecutive years with above-normal soil water content was 2010–2015 (more than 

5-years long), while the longest period of consecutive years with below-normal soil water 

content were: 1981 – 1983; 1990 – 1992; 1997 – 1999; and 2004 – 2006, which were all nearly 

3 years in duration.  

 

 

Figure 5.9: Long-term soil water anomaly showing the soil water deviation at monthly time scale. 

 

Figure 5.10: Long-term soil water anomaly showing the soil water deviation at a yearly time scale 
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Figure 5.11: The spatial variation of long-term soil water anomaly showing the soil water deviation 

from the normal value at yearly time scale. 

The spatial variation of the annual soil water anomaly is depicted in Figure 5.11 above. It is 

calculated based on the mean long-term annual soil water content of the hydrological response 

units (HRUs, as discussed in Chapter 3, Subsection 3.2.1.3). It shows the relative comparison 

of the mean annual soil water content at HRU level. Generally, larger part of the north-western 

and south-eastern parts of the catchment have experienced above-normal soil water (SWA > 0 

and shaded with deep green), while the north-eastern, central and a considerable area of south 

and south-western parts experienced a nearly normal soil water content (SWA closer to 0 and 
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shaded yellow). On the other hand, areas that have experienced below-normal soil water 

content (SWA < 0 and shaded red) are distributed throughout the catchment, specifically 

dominating the western, south-western, some central and north-eastern tips. 

5.4 Discussions 

5.4.1 Variations of soil water content 

The soil water content in Soutloop Catchment exhibited spatial and temporal variability that 

demands clarification and contextualization. The temporal variations are given in Figure 5.2 

above (long-term mean daily, monthly and annual variations), Figure 5.3 above (long-term 

mean monthly variations), Figure 5.4 above (time series mean annual variations in the 39-year 

study period) and Figure 5.5 above (which shows time series mean monthly variations for the 

39 years of simulations). On the other hand, the spatial variations show changes in soil water 

content, as the latitude and longitude of the area are increases/decreases. Therefore, Figures 5.7 

and 5.8 above have been included to show the two-dimensional variations of the annual and 

seasonal soil water contents, respectively. Moreover, Figure 5.6 above is given to show the 

variation of the soil water content along the profile depth (which can be taken as the third 

dimension of variation). 

The temporal variations of the soil water content can be seen in two ways: the long-term 

averages and the trends of the time series for different time scales in the simulation period 

(1980–2018). Generally, the results reflected in Figures 5.2 and 5.3 above indicate that the 

daily and monthly averages follow similar patterns, i.e. if one increases, the other also 

increases, and vice versa, although the rate of change varies. It is also important to note that 

the daily and monthly average values vary around the mean annual soil water content for the 

different seasons of the year. Hence, the daily and monthly averages were the lowest in spring, 

and relatively higher during the late summer and early winter seasons. The reason for this might 

be the lower amounts of precipitation, but with higher figures for other weather parameters, 

such as temperature and solar radiation, experienced in spring seasons. However, the reverse 

was true in late summer and early winter season, as discussed in Chapter 4, Subsection 4.3.2 

for the seasonal variation of different weather parameters.  

Water infiltrating into the root zone could be stored as soil water until the field capacity, or it 

could be converted to lateral flow in the presence of impervious layers in the sub-soil, or it 

could experience deep percolation to shallow aquifers. This is the usual process, especially in 
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most humid areas. However, during dry periods and with the unavailability of sufficient soil 

water in the root zone to meet the requirements of evapotranspiration, water from the shallow 

aquifer will move upwards to the root zone. This water is called the revap water (Neitsch et al., 

2011; Arnold et al., 2012; Winchell et al., 2013). The revap process is most common in the 

presence of shallow aquifers in close proximity to the root zone, and also in the presence of 

deep-rooted vegetation in arid and semi-arid areas. Details of the monthly values of the soil 

water content, contribution of the revap water to soil water, lateral flow, percolation and percent 

contribution of the revap water to evapotranspiration are given in Figure 5.3 above. The 

percolated water and lateral flow positively follows the magnitude of the soil water content. 

However, the revap water increased as the precipitation and soil water content decreased. As a 

result, the revap water was at a maximum during the spring season where the soil water was at 

its minimum, whereas it was at a minimum during the late summer and early autumn seasons 

where the soil water content was at its maximum. Similarly, the contribution of revap water to 

evapotranspiration varied between 9% during late summer and 32% during the early spring 

season. The seasonality of the revap water and its dependence on precipitation intensity is 

consistent with the results of Adrià Barbeta and Peñuelas (2017). They also indicated that the 

presence of perennial vegetation (trees, shrubs, etc.), as is true for the case of Soutloop 

Catchment, contributes significantly to the increase of the revap water. Different researchers 

have calculated different percentages of contribution of the revap water to soil water and 

evapotranspiration: e.g. Yeh and Famiglietti (2009) estimated an average of up to 20% in dry 

seasons, Adrià Barbeta and Peñuelas (2017) found an average of 38.5%, and Balugani et al. 

(2017) found an average value of nearly 33%. 

The other type of temporal variation, which is the detection of trends in a time series soil water 

content, percolation and revap water, is given in Figures 5.4 and 5.5 above for annual and 

monthly time series data, respectively. The Mann-Kendall trend test shows that there is no 

significant trend in soil water and percolation; however, there was a highly significant negative 

trend in both annual and monthly time series values on the revap water. On average, the annual 

revap water decreased by 1.1 mm, whereas the monthly revap water decreased at a rate of 

0.01mm. The impacts of climate change could be the main cause for the decrease of the revap 

water. Some reports (Gillson et al., 2012; Schoeman et al., 2013; Schoeman et al., 2010) also 

show that a significant transformation of land cover characteristics in South Africa is being 

experienced. Changes in land cover include the conversion of natural vegetation to agricultural 

lands, changes to natural vegetation through bush encroachment and overgrazing, soil erosion, 
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invasion by alien plant species, and accelerating urbanization. Therefore, the impacts of LULC 

change (whether natural or anthropogenic) could constitute another possible cause for the 

results discussed in this paragraph. However, further research should be conducted to identify 

the real cause for the decrease of revap water in the catchment.  

The spatial variations of soil water content were also seen in two ways, i.e. the two-dimensional 

variations shown in Figures 5.7 and 5.8 above for the mean annual and seasonal soil water 

content, respectively, and the variation of the soil water content in depth (Figure 5.6 above) as 

a third dimension of the variations. Both the annual and seasonal soil water content figures 

showed a higher spatial variation in the catchment. The annual mean variation (Figure 5.7 

above) shows a lower soil water content in the north-eastern and south-western parts of the 

catchment. Regarding the seasonal distribution, autumn is the season during which most of the 

catchment had a relatively wetter (> 0.2 mm mm-1) and uniform distribution of soil water. On 

the other hand, spring was a season of low water content (< 0.1 mm mm-1) in most parts of the 

catchment. In the summer season, the northern part is relatively wet (>0.15 mm mm-1) and the 

southern part is very dry (< 0.15 mm mm-1). Similarly, in the winter season, a larger area of the 

northern part was drier, whereas the southern part of the catchment was relatively wetter. The 

long-term mean distribution of water content follows a similar pattern in the seasonal and 

monthly distribution of precipitation, as discussed in Chapter 4, Subsection 4.3.3. Therefore, it 

can be generalized that the spatial trends of soil water content were influenced mainly by the 

spatial distribution of rainfall in the study area. However, the influence of other factors, such 

as variation in LULC, soil type, topographic features and weather parameters other than 

precipitation, could have also played a vital role (Bárdossy and Lehmann, 1998; Gómez-Plaza 

et al., 2001). 

The other soil water variation, which can be seen as a third dimension, is the variability of soil 

water content by its depth. This is shown in Figure 5.6 above, panels a, b and c, for the daily 

means, monthly means and annual time series, respectively. Regarding the surface soil water 

content (the top 10 mm), it was very dry throughout the different time scales and very stable 

as compared with layer 1 and layer 2, irrespective of the time scales. This result gives rise to a 

special interest, as it contrasts with the usual trend whereby the variation in soil surface water 

is higher than sub-soil horizons in humid areas, as has been indicated by many reports (e.g., 

Zhang and Huang, 2004; Gao et al., 2016; Chandler et al., 2017). On the other hand, the 

variation in the soil water content depends on the season. Hence, during late spring, summer, 

and autumn, the water content in layer 1 was higher than in layer 2, and the reverse was true 
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during the winter and early spring seasons. This result was the same for the monthly soil water 

content variations. This might be attributable the fact that during relatively wet seasons (late 

spring, summer and autumn), the soil water content in the deeper horizons would have been 

extracted by the perennial vegetation (which is the dominant vegetation in the catchment), 

whereas during dry seasons, the deeper horizons would have been subsidized with the shallow 

aquifer (the revap water), as discussed above in this section. For the case of time series mean 

annual soil water content, there is no clear trend between the layers. Generally, the spatial 

variation was mainly influenced by the complex interactions of soil, land use, topographic 

feature and the weather parameters, whereas for temporal variations, the weather parameters 

play the major role. 

5.4.2 Soil water deficit and anomaly  

The soil water deficit can be defined as the difference between the actual soil water content 

and the potential of the soil to retain a water content, called the field water capacity (American 

Meteorological Society, 2018; NIWA, 2018). On the other hand, the soil water anomaly shows 

the time series deviation of soil water from the normal value (usually a long-term mean) of soil 

profiles (EDO and JRC, 2018; NIWA, 2018). Therefore, for arid areas like the Soutloop 

Catchment, the description of the soil water anomaly would be more important than the soil 

water deficit. This is because it is obvious that arid climates are always in a water deficit 

condition; hence, the relative description of soil water availability (called soil water anomaly) 

would be a better indicator for drought monitoring and management. Therefore, the temporal 

variations of the monthly and annual soil water anomaly are given in Figures 5.9 and 5.10 

above, respectively. The spatial variation of the mean soil water anomaly in the catchment is 

also given in Figure 5.11 above. 

Regarding the time series monthly soil water anomaly (Figure 5.9 above), June 2004 was 

relatively the wettest month (which recorded the highest above-normal soil water content), 

whereas September 2008 was the driest period within the study period. Similarly, in the annual 

soil water anomaly (Figure 5.10 above), 1984 was the wettest year, whereas 2016 was the driest 

year. Moreover, the longest consecutive period of years with above-normal soil water content 

was 2010 – 2015 (more than 5-years long), while the longest consecutive periods of years with 

below-normal soil water content were: 1981 – 1983; 1990 – 1992; 1997 – 1999; and 2004 – 

2006, which all are nearly 3-years long. Generally, most of the soil water anomaly calculated 

was consistent with both the extreme rainfall events (for both the occurrence of drought or 
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above-normal rainfall). Therefore, this result indicates that the temporal rainfall variation was 

the major cause of the variation of the soil water anomaly in the catchment. Besides the rainfall 

variation, the presence of higher evaporative demand (high temperature, solar radiation, low 

relative humidity, and high wind speed) would exacerbate the loss of soil water through 

evapotranspiration.  

The spatial variation of the soil water anomaly (Figure 5.11 above) shows that a larger part of 

the north-western and south-eastern parts of the catchment has experienced above-normal soil 

water content (SWA > 0 and shaded with deep green), while the north-eastern, central, and a 

considerable area of the south and south-western parts experienced a nearly normal soil water 

content (SWA closer to 0 and shaded yellow). On the other hand, the areas that experienced 

below-normal soil water content (SWA < 0 and shaded red) are distributed throughout the 

catchment, specifically dominating the western, south-western, some central, and north-eastern 

tips. The causes for the spatial variation of the soil water anomaly might be similar to the causes 

of the variation in soil water content. Therefore, the spatial distributions of the rainfall, 

topographic features, LULC and soil type played a key role in the spatial variation of the soil 

water anomaly in Soutloop Catchment.  

5.5 Conclusion 

This study was conducted to analyse the spatial and temporal variations of the root zone water 

content according to different soil, topographic features and LULC types, at a catchment scale. 

Since long-term, continuous observations of soil water were not readily available, this study 

also aimed at documenting such long-term time series variability of soil water with the 

application of distributed hydrological models. It can be said that the soil and water assessment 

tool (SWAT model) has successfully simulated the different processes of soil water variability 

in the Soutloop Catchment. However, it is expected that there might be considerable 

uncertainty in the results generated by the model, which could be related to the unavailability 

of flow data for in situ model calibration and validation, where the regionalization approach in 

a similar catchment was adopted here (see Chapter 3, Subsection 3.2.5). 

The soil water in the Soutloop Catchment exhibited a higher spatial and temporal variation. 

Unlike the total soil water storage, this study identified a significant negative trend in the revap 

water. Although it is believed that the temporal variations of the soil water, including the 

contributions from the revap water, were mainly caused by the variations of daily weather 

parameters, the absence of a significant trend in the total soil water content shows that it needs 
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a further study. It was also found that the environmental attributes, such as land use, topography 

and soil type, play controlling roles in the spatial distribution of soil water, other than the 

precipitation distribution. The results regarding the variation of soil water storage by depth 

were also interesting, which is inconsistent with the processes in humid areas where the surface 

variation of soil water is higher than in the sub-soil layers. Generally, confirmation of the 

suggested variability on temporal and spatial scales of soil water across the entire catchment 

requires further verification, over much larger scales, to increase the reliability of results. 

The results in this study also showed that it is an added value to use the soil water anomaly 

(SWA) for agricultural drought monitoring and forecasting, in combination with the commonly 

recommended SPI (see Chapter 4, Subsection 4.3.4). It also provides an alternative approach 

that encourages making use of model-derived simulations as a new data source for drought 

investigations. This may be particularly relevant for planning in agriculture and for supporting 

decision makers and farmers in monitoring potential impacts on water resources and agriculture 

in the study catchment. 
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CHAPTER 6 

VARIABILITY OF EVAPO-TRANSPIRATION AND VEGETATION WATER 

DEFICIT IN THE CATCHMENT 

6.1 Introduction 

Evapotranspiration (ET) is a combined term consisting of evaporation of water from either bare 

soil or water body in the presence of energy, whereas transpiration is the loss of water vapour 

from plant tissues to the atmosphere (Allen et al., 1998; Jovanovic and Israel, 2012). ET is an 

important component of the soil water and energy balance and is usually linked with ecosystem 

productivity, species distribution and ecosystem health (Christensen et al., 2008; Emanuel et 

al., 2010; Schaffrath and Bernhofer, 2013). This is because a significant amount of water is 

lost through this process. Babkin (2009) estimated that an annual amount of 577 ×103 km3 of 

water is lost through ET, globally (72 × 103 km3 year-1 being from the terrestrial land mass). 

Regarding South African conditions, Bennie and Hensley (2001) and Jovanovic et al. (2015) 

reported that, on average, 65% of the annual precipitation is lost through ET from crop fields 

in semi-arid areas. ET is not a means of water loss only; it is also one of the major ways of 

losing energy during the conversion of liquid water to vapour. Babkin (2009) estimated that 

ET consumes 25% of the total energy reaching the earth’s surface (which is about 1.26×1024 

joules). Therefore, ET is a very important process that influences water and energy balances 

between the earth’s surface and the atmosphere. Hence, the accurate determination of ET is a 

very important task in arid and semi-arid environments. 

Evapotranspiration is highly variable, both spatially and temporally. This is because it is 

affected by the complex interaction of the soil–plant–atmosphere continuum. The interactive 

influence of topographic features, soil characteristics, vegetation, and climatic factors influence 

ET significantly (Western, et al., 2004; Babkin, 2009; Zhao and Ji, 2016). These factors 

determine the rate of ET by influencing the availability of water, energy and vegetation type of 

an area. However, the influence of this complex interaction in the spatial and temporal 

distribution of ET differs greatly, depending on other conditions. For example, in dry climates, 

the water availability is a limiting factor (Zhao et al., 2014), the distribution of the vegetation 

type is also a limiting factor in catchment-scale studies (Western, et al., 2004; Li et al., 2015), 

and soil type (due to differences in soil water holding capacity) is another important factor in 

some instances (Hatfield and Prueger, 2011). Jarmain and Meijninger (2010), Dzikiti et al. 

(2014), and Zhao and Ji (2016) showed that the vapour pressure gradient and plant 
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characteristics are important for the variations of ET in vegetated areas. Zhang et al. (2016b) 

also showed that the vegetation leaf area index is an important driver of evapotranspiration.  

Evapotranspiration is one of the most difficult parameters in the soil–plant–atmosphere 

continuum for determination (Jovanovic and Israel, 2012; Zhao et al., 2013; Banimahd et al., 

2015). This is due to the complex nature of the evapotranspiration process. However, a number 

of methods are proposed in the literature to measure or to estimate evapotranspiration. These 

include: (i) lysimeters, which provide the most direct method to measure ET (Jovanovic and 

Israel, 2012; Wang and Dickinson, 2012). (ii) The scintillometers, which estimate the latent 

and sensible heat by using a device to measure small fluctuations of the refractive index of air 

(Jarmain et al., 2009). (iii) The Eddy Covariance Method, which determines evapotranspiration 

from the correlation between fluctuations in vertical wind speed and atmospheric humidity 

(Wang and Dickinson, 2012). (iv) The sap flow technique, whereby transpiration is measured 

from the rate of sap flow in trees and parts of trees, using heat as a tracer with an estimate of 

the area of wood through which flow occurs (Nouri et al., 2013; Zhang et al., 2014; Ferraz et 

al., 2015). Other methods, such as the use of models and remote sensing, are also important 

improvements in the estimation of ET, with a better spatial and temporal scale.  

Numerous studies have been conducted on the spatial and temporal distribution of 

evapotranspiration. These studies have been conducted at the global scale (Jung et al., 2010; 

Vinukollu et al., 2011; Badgley et al., 2015; Zhang et al., 2016a), the regional scale (Zhao et 

al., 2014; Li et al., 2015; Nistor et al., 2017; Wang et al., 2013; Kramer et al., 2015), and a 

number at the catchment scale. Some studies are available in South African context. For 

example, Gibson et al. (2013) and Jarmain et al. (2009) evaluated the applicability of remote 

sensing for the estimation of spatio-temporal evapotranspiration. Dzikiti et al. (2014) estimated 

an ET of 1460 mm year-1, from a Sandstone Fynbos. Another study by Meijninger and Jarmain 

(2014) showed that the annual ET had reduced by 9.5%, on average, following the clearance 

of the alien plant species. Jovanovic et al. (2015) analysed MOD16 satellite data and found an 

average ET for South Africa (from 2000 to 2012) to be 303 mm year-1 which comprised 14% 

of the potential evaporation and 67% of the precipitation. Majozi et al. (2017) investigated the 

performance of satellite-based ET algorithms and two global data products for South Africa. 

However, they showed that none of the models performed well for South African conditions. 

However, studies of the spatial and temporal variation in ET are scarce, at all levels of study, 

especially arid areas, although evapotranspiration is a crucial component in the hydrologic 
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cycle. The evapotranspiration process is also a complex and dynamic process in both space and 

time. Therefore, the aim of this chapter is to analyse the spatial and temporal variation of 

evapotranspiration in an arid catchment in Northern Cape Province, South Africa. The 

catchment was evaluated with two indicators of vegetation water deficit, namely by the 

evaporative stress index (ESI) and by the remote sensing-based normalized difference 

vegetation index (NDVI). 

6.2 Materials and methods 

6.2.1 Description of the study area 

The study catchment is located in the Northern Cape Province, South Africa, with a geographic 

location of between 22°11’00” and 23o28”00” E longitudes and 28°03’00” and 29°06’00” S 

latitudes. The details for the location and description of the study catchment can be seen in 

Chapter 3, Subsection 3.2.1. 

6.2.2 Testing normality of time series data 

As explained in the previous chapters, the graphical method (probability-probability (P-P plot) 

and quantile-quantile (Q-Q plot)) and the statistical method (Shapiro-Wilk test) were used to 

test the normality of the data. For details, see Chapter 4, Subsection 4.2.3.  

6.2.3 Trend analysis of evapotranspiration 

The trend analysis in the long-term (1980–2016) evapotranspiration data was investigated by 

the non-parametric Mann-Kendall test. For details, see Chapter 4, Subsection 4.2.3.  

6.2.4 The spatial variation of evapotranspiration 

SWAT was used to estimate the spatial and temporal values of evapotranspiration at HRU and 

sub-basin scale, as discussed in Chapter 3. In this section, therefore, the mean value of the long-

term monthly and yearly variations of evapotranspiration are analysed spatially with ArcGIS 

10.4.  
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6.2.5 Indicators of vegetation water deficit 

6.2.5.1 Evaporative stress index (ESI) 

The evaporative stress index shows standardized anomalies in reference ET fractions or 

vegetation stress attributable to the lack of water. It is regarded as an early indicator of water 

stress for an area. It was calculated by the following equation (Anderson et al., 2007):  

1 1
ET

ESI fPET
PET

                                                                    (6.1) 

where ESI is the Evaporative Stress Index, ET is the actual evapotranspiration (mm), and PET 

is the potential evapotranspiration (mm). If the ESI value is closer to zero, it indicates that 

water is available for the area. On the other hand, as the ESI value approaches towards 1, it 

shows the area is under a water stress condition.  

6.2.5.2 Normalized difference vegetation index (NDVI) 

The normalized difference vegetation index (NDVI) is a multi-scale drought indicator that 

shows the response of vegetation to water stress in the catchment, and is an important indicator 

in drought-monitoring tasks. The calculation of NDVI is based on the relative differences of 

the land cover classes to light reflectance at different electromagnetic spectra (Huete et al., 

1999; Didan et al., 2015). As a result, the NDVI is a normalized transform of NIR (near 

infrared) to red reflectance ratios, and it is expressed as (Huete et al., 1999; Senay et al., 2015; 

Didan et al., 2015): 

 

 
NIR RED

NIR RED

NDVI
 

 





                                                                      (6.2) 

where ρ is the spectral reflectance at red and NIR (near infra-red) bands. 

However, the Moderate Resolution Imaging Spectroradiometer (MODIS) Normalized 

Difference Vegetation Index (NDVI), which was used in this study, was processed and 

produced by the NASA/Goddard Space Flight Centre’s Global Inventory Modelling and 

Mapping Studies (GIMMS) Group, as accessed on October 17, 2018. The URL for the data 

was found at: https://gimms.gsfc.nasa.gov/MODIS/std/GMOD09Q1/tif/NDVI/. The dataset is 

divided in tiles of 9x9 degrees for ease of data management. Then, each tile covering the study 

catchment was downloaded and clipped by the boundary of the study catchment. 

https://gimms.gsfc.nasa.gov/MODIS/std/GMOD09Q1/tif/NDVI/
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6.3 Results 

6.3.1 Normality test 

The tests of the normality of the time series data (both mean annual and monthly 

evapotranspiration) were conducted by a visual assessment, together with statistical tests. The 

results of the graphical assessment are shown in Figure 6.1 below, panels a to d, and the results 

of the numerical tests are given in Table 6.1. Both the graphical sketches and the statistical 

tests show that the mean monthly evapotranspiration does not meet the requirements of a 

normal distribution, while the annual evapotranspiration data follow a normal distribution. 

Therefore, it can be concluded that parametric statistics can be applied to the time series annual 

evapotranspiration, but not to the monthly evapotranspiration.  

 

 

Figure 6.1: Graphical sketches showing the normality of the evapotranspiration data 

Notes: (a) probability-probability (P-P plot) for the mean annual evapotranspiration, (b) quantile-

quantile (Q-Q plot) for mean annual evapotranspiration, (c) probability-probability (P-P plot) for the 

mean monthly evapotranspiration, and (d) quantile-quantile (Q-Q plot) for the mean monthly 

evapotranspiration. 
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Table 6.1: Tests of normality for the time series of evapotranspiration data 

Variable Observations Minimum Maximum Mean Std. deviation 
Shapiro-Wilk test 

W p-value 

Annual ET 39 
163.89 323.03 238.522 41.407 0.976 0.549 

Monthly ET 468 
0.51 64.54 19.877 11.816 0.964 < 0.01 

 

6.3.2 Trends of evapotranspiration 

In this section, the long-term trends of evapotranspiration, mean daily, monthly and annual 

values are described in detail. The impacts of other components, such as precipitation, soil 

water content and revap water from shallow aquifer, are also analysed. Accordingly, the long-

term mean daily evapotranspiration, soil water and precipitation are shown in Figure 6.2 below. 

The 39-year mean monthly values of evapotranspiration and other water balance components 

mentioned above are shown in Figure 6.3 below. Finally, the long-term time series trends of 

evapotranspiration are depicted in Figures 6.4 and 6.5 below for the mean annual and monthly 

evapotranspirations, respectively. The time series trend analyses are conducted by the non-

parametric Mann-Kendall test, and the statistics are shown in Table 6.2 below.  

 

Figure 6.2: Comparison of the long-term mean daily evapotranspiration, soil water content and 

precipitation in the catchment. 
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Figure 6.3: Long-term monthly mean evapotranspiration variation and comparison with the 

corresponding precipitation in Soutloop Catchment. 

 

 

Figure 6.4: Trends of monthly evapotranspiration as compared with other water balance components 

in Soutloop Catchment. 
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Figure 6.5: Trends of annual evapotranspiration and comparison with precipitation and soil water 

content in Soutloop Catchment. 

Table 6.2: Statistics of the Mann-Kendall trend test for the mean annual and monthly 

evapotranspiration 

Parameters 
Annual values Monthly values 

ET PET ET PET 

Kendall's tau -0.228 0.0877193 -0.073 0.014696 

S stat -169 65 -7957 1606 

Var(S) 6834 6834 11425598 11425622 

p-value 0.042 0.439 0.019 0.635 

Sen's slope -1.25 1.553 -0.01 0.011 

Regarding the mean daily variation (Figure 6.2 above), the evapotranspiration follows the 

patterns of daily precipitation and soil water content. Hence, the mean evapotranspiration 

increased as the precipitation and soil water content increased, and vice versa. Unlike the 

potential evapotranspiration, the magnitude of estimated evapotranspiration is highly 

dependent on the precipitation. It also shows that there was a very high precipitation deficit, 

since there was a large gap between the long-term values of precipitation and potential 

evapotranspiration. The comparison between the actual evapotranspiration and precipitation 

shows that on some days of the year, particularly in the drier seasons, the rate of 
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evapotranspiration was above the precipitation. This condition could be attributable to the 

influence of the revap water from the shallow groundwater (Figure 6.3 above). Generally, as 

precipitation increases, both soil water content (up to the field capacity) and evapotranspiration 

(up to the potential evapotranspiration) increase. 

Most of the long-term mean monthly parameters (Figure 6.3 above) show approximately 

similar trends as observed for evapotranspiration, i.e. evapotranspiration increased with 

precipitation, and vice versa. However, the contribution from the revap water is contrary to this 

trend. In this case, the revap water increases as the precipitation decreases, as seen in the winter 

and early spring seasons. Figure 6.3 above also shows the amount of precipitation lost through 

evapotranspiration. The amount of precipitation lost through evapotranspiration varies from 

50% in winter (e.g., June) to 169% during spring (e.g., September). Some months in the late 

winter and late spring seasons experienced more than 100% of precipitation losses.  

Furthermore, the long-term trends of the time series analysis are depicted in Figures 6.4 and 

6.5 above for the mean monthly and annual actual and potential evapotranspiration, 

respectively. Based on this, both the annual and monthly time series for actual 

evapotranspiration showed a significant, decreasing trend. However, no significant trend was 

detected for both the annual and monthly potential evapotranspirations. The annual time series 

mean evapotranspiration was decreased by 1.25 mm per annum, while the monthly time series 

evapotranspiration decreased by 0.01 mm per month, on average, as shown by the Sen’s slope 

values. It is also important to note from the previous chapters that the precipitation (Chapter 4, 

Subsection 4.3.2) and the revap water (Chapter 5, Subsection 5.3.2) also showed decreases of 

0.011 and 0.007 mm per month, respectively.  

6.3.3 Spatial variation of evapotranspiration 

This section explains the spatial variation of evapotranspiration and the contribution of the 

revap water to evapotranspiration during times of soil water deficit from shallow aquifers. 

Figures 6.6 and 6.7 below show the long-term mean annual evapotranspiration and the revap 

water, respectively. Similarly, Figures 6.8 and 6.9 below show the long-term mean seasonal 

variations in evapotranspiration and the revap water, respectively. 
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Figure 6.6: Spatial variations of the long-term mean annual evapotranspiration in Soutloop Catchment. 

The long-term mean annual evapotranspiration (Figure 6.6) divides the catchment into two, i.e. 

the northern part that has a relatively higher evapotranspiration (> 250 mm per annum) and the 

southern part that has a relatively lower amount of evapotranspiration (<250 mm per annum). 

This spatial pattern of evapotranspiration follows the same trend as the long-term annual 

precipitation in the catchment (as explained in Chapter 4, Subsection 4.3.3). In the case of the 

revap water, Figure 6.7 below shows that areas with low altitudes with flat slopes had a higher 

contribution of revap water to evapotranspiration. Areas that are dominated by deep-rooted 

vegetation also experience a better contribution. Hence, those areas where the stream network 

passes throughout the catchment, the south-western lowlands, and small patches of land with 

deep-rooted vegetation throughout the catchment, had a higher contribution to revap water in 



149 
 

the Soutloop Catchment. The land cover and slope classes in the catchment are explained in 

Chapter 3, Section 3.2.1.4.  

 

Figure 6.7: Spatial variations of the long-term mean annual revap in Soutloop Catchment. 
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Figure 6.8: Spatial variations of the long-term mean seasonal evapotranspiration in Soutloop 

Catchment. 

Notes: a) in summer season, b) in Autumn season, c) in winter season, and d) in Spring season. 

The spatial variation of evapotranspiration and the revap water varied seasonally, as shown in 

Figures 6.8 above and 6.9 below, respectively. In the summer season, the evapotranspiration 

follows the trend of the precipitation, i.e. evapotranspiration decreases as one goes from north 

to south. In autumn, evapotranspiration also decreases, but with narrow ranges, as compared 

with the summer season, from north to south directions. On the other hand, in the winter season, 

the reverse for summer is true, i.e. evapotranspiration decreases as one moves from south to 

north, which is similar to the trends of precipitation. Finally, during spring, evapotranspiration 

decreases from north to south, but still with the same trends as those for precipitation. However, 

the case of the revap water was different. Autumn was the season with lowest revap water, 

while spring was the season with the highest contribution of evapotranspiration from revap 

water. This trend is also opposite to the spatial trends of the soil water content, as explained in 

Chapter 5, Subsection 5.3.3. Therefore, the spatial distribution of the revap water was 

dependent primarily on the precipitation distribution (which also affects the spatial distribution 
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of soil water content that would be mostly lost as evapotranspiration), altitude and slope (as the 

altitude and the slope decreased, there would be higher contribution to revap water), and 

variation in LULC, where deep-rooted vegetation had higher revap contribution to 

evapotranspiration.  

 

Figure 6.9: Spatial variations of the long-term mean seasonal revap in Soutloop Catchment 

Notes: a) in summer season, b) in autumn season, c) in winter season, and d) in spring season. 

6.3.4 Indicators of vegetation water deficit 

In water-limited areas, much of the available water can be lost as evapotranspiration, which is 

also true for the Soutloop Catchment (see Section 6.3.2 of this chapter). Since 

evapotranspiration shows the productivity and health of ecosystems (Lu et al., 2011; Tian et 

al., 2010), its spatial and temporal variation can indicate important information regarding water 

availability or deficit. Therefore, in this section, the evaporative stress index (ESI) and the 

normalized difference vegetation index (NDVI) are explained to evaluate water deficit by using 

vegetation water stress as a major indicator in the study area. 
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6.3.4.1 Evaporative stress index (ESI) 

The time series of annual and monthly variation of the evapotranspiration stress index (ESI) is 

given in Figure 6.10 below. The comparison of the long-term mean values of daily, monthly 

and annual values of the evapotranspiration stress index is shown in Figure 6.11 below. 

Generally, the magnitude of the ESI values shows that the area was subjected to a high 

vegetation water stress condition throughout the study period. Based on the monthly ESI 

(Figure 6.10 below), the lowest stress record (better availability of water) in the catchment was 

experienced in April 1986 (with an ESI value of 0.55), and the worst stress periods were 

experienced in July 1983, December 2008, and November 2014 (with ESI values of closer to 

1). Regarding annual stress, 1987 and 2003 were relatively the lowest stressed years (with an 

ESI of 0.83), whereas 1983, 2006 and 2015 were the years with the worst evaporative stress in 

the catchment. The long-term mean daily, monthly and annual trends of ESI values (Figure 

6.11 below) follow more or less a similar pattern of change, and vary around the annual value 

for the different seasons throughout the year. It also shows that late summers and the early 

spring seasons were the relatively lowest and highest stress periods, respectively. 

 

Figure 6.10: Comparison of the monthly and annual values of the evaporative stress index in the 

catchment. 
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Figure 6.11: Daily variation of the evaporative stress index and comparison of its monthly and annual 

mean values in the catchment. 

6.3.4.2 Normalized difference vegetation index (NDVI) 

The other indicator of water deficit, which is based on remote sensing data, is the normalized 

difference vegetation index (NDVI). The time series NDVI anomaly, which shows the 

deviation of each NDVI value from the normal value (the average of all NDVI values in the 

analysis period, 2000–2018), is reflected in Figure 6.12 below. The analysis of the 8-day NDVI 

anomaly in the 19 consecutive years (2000–2018) shows that the driest vegetation seasons, 

with more than 25 consecutive weeks, include: 17/1/2002–13/8/2002 (27 weeks), 1/1/2003–

10/2/2004 (52 weeks), 26/2/2004–15/10/2004 (30 weeks), 2/6/2005–9/1/2006 (29 weeks), 

1/5/2009–27/12/2009 (31 weeks), 1/1/2015–13/8/2015 (29 weeks), and 6/9/2015–29/3/2016 

(27 weeks). Similarly, the relatively wet seasons with better green vegetation, which has more 

than 25 consecutive wet weeks, include: 26/2/2000–5/9/2000 (25 weeks), 7/4/2001–9/1/2002 

(36 weeks), 17/1/2006–17/11/2006 (39 weeks), 1/1/2011–12/11/2011 (44 weeks), 14/4/2012–

25/1/2013 (37 weeks), and 9/1/2017–6/9/2017.  

Figure 6.13 below shows a comparison of annual NDVI values at different seasons of the year. 

Five years were selected for comparison, at five-year intervals from 2000 to 2018, where the 

last year was taken as a fifth NDVI dataset. Accordingly, 2000, 2005, 2010, 2015 and 2018 

were selected for comparison. Generally, NDVI values were higher in the early autumn season 

and lowest in the spring season. In comparing the years, the year 2000 had relatively better 

green vegetation (higher NDVI value) than the others did, whereas the year 2015 had the lowest 
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green vegetation (lower NDVI value) in the study catchment. The lowest NDVI value in 2015 

is also consistent with the occurrence of drought, as discussed in Chapter 4, Subsection 4.3.4. 

 

Figure 6.12: Anomaly of the time series NDVI from 2000 to 2018 in the catchment. 

 

Figure 6.13: Temporal variation of an 8-day MODIS NDVI in the catchment. 
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Figure 6.14: Spatial variation of an 8-day NDVI anomaly in Soutloop Catchment (February). 

Notes: a) February, 2000, b) February, 2005, c) February, 2010, d) February, 2015, and e) February, 

2018. 

 

Figure 6.15: Spatial variation of an 8-day NDVI anomaly in Soutloop Catchment (April). 

Notes: a) April, 2000, b) April, 2005, c) April, 2010, d) April, 2015, and e) April, 2018. 
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Figure 6.16: Spatial variation of an 8-day NDVI anomaly in Soutloop Catchment (July). 

Notes: a) July, 2000, b) July, 2005, c) July, 2010, d) July, 2015, and e) July, 2018. 

 

Figure 6.17: Spatial variation of an 8-day NDVI anomaly in Soutloop Catchment (September). 

Notes: a) September, 2000, b) September, 2005, c) September, 2010, d) September, 2015, and e) 

September, 2018. 
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The spatial variations of NDVI values within the study catchment were also compared. For this 

comparison, four dates were selected randomly from the four seasons of the year. Hence, the 

following days of the year (DOY) were selected: DOY 049 was assumed to represent the 

summer season, DOY 105 was assumed to represent autumn season, DOY 193 was assumed 

to represent the winter season, and DOY 265 was assumed to represent the spring season in the 

study catchment. The results for the comparisons are depicted in Figures 6.14, 6.15, 6.16 and 

6.17 above for the summer, autumn, winter, and spring seasons, respectively. The spatial maps 

show that the NDVI anomaly varied both spatially and temporally within the selected years 

and seasons. In the first selected season (summer as shown in Figure 6.14 above), the NDVI 

anomaly was above-normal ranges (0-0.5) for most areas of the catchment in 2000, whereas 

almost all areas were below normal (<0) during 2015, which is consistent with the 2015 

drought. Most areas in 2018 were also below the normal value. The summer seasons of 2005 

and 2010 had a mix of below-normal (<0) and above-normal (>0) NDVI anomalies. The 

comparison of the autumn seasons for the selected years (Figure 6.15 above) indicates that in 

2000, 2005 and 2010 years, most of the catchment area had above normal rainfall; however, 

the 2015 drought had also been reflected in autumn. Figure 6.16 above also shows the NDVI 

anomaly in the winter season. Hence, 2000 was the best year for green vegetation in the 

catchment, followed by 2018. The impact of the 2015 drought was still visible in winter season. 

Finally, the NDVI anomaly for spring (Figure 6.17 above) shows that 2000 was the better year 

for green vegetation, followed by 2010, whereas the analysis of the NDVI anomaly shows that 

the spring seasons during 2005, 2015 and 2018 had dry vegetation in most of the catchment 

area. 

6.4 Discussion 

6.4.1  Spatio-temporal variability of evapotranspiration 

The temporal variations of evapotranspiration in the Soutloop Catchment were analysed in two 

ways. The first is the analysis of long-term averages, such as the daily (Figure 6.2 above) and 

monthly averages (Figure 6.3 above). The other way of analysis is the detection of trends on 

the time series values, such as trends in annual time series (Figure 6.5 above) and monthly time 

series (Figure 6.4 above). The spatial analysis, on the other hand, is based on the long-term 

average of the annual evapotranspiration, as given in Figure 6.6 above, with revap being shown 

in Figure 6.7 above, seasonal evapotranspiration in Figure 6.8 above, and seasonal revap in 

Figure 6.9 above. 
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The rate of mean daily evapotranspiration follows the patterns of daily precipitation and soil 

water content. Accordingly, it increases as the precipitation and soil water content increases, 

and vice versa. It also shows that there was a very high gap between the actual and the potential 

evapotranspiration, indicating that the catchment is under severe deficit of precipitation, which 

was discussed in Chapter 4. On the other hand, the daily mean comparison shows that the actual 

evapotranspiration was greater than precipitation in some seasons of the year, particularly in 

drier seasons. Jovanovic et al. (2009) has also reported  greater evapotranspiration than the 

precipitation on alien vegetation in Western Cape, South Africa. This condition could be 

attributed to the influence of the revap water from the shallow aquifers (See Figure 6.3 above). 

As the soil water deficit increased due to lower precipitation and higher evaporation demand 

by the atmosphere, the revap water would be increased (Neitsch et al., 2011; Arnold et al., 

2012; Winchell et al., 2013). Similarly, the percentage of precipitation lost through 

evapotranspiration varied from 50% in early spring to 169% in early winter. This result is 

consistent with the previous result on the contribution of the revap water to soil water and 

evapotranspiration (up to 32%), as discussed in Chapter 5, Subsection 5.3.2. From the annual 

precipitation, an average of 85% of the precipitation was lost as evapotranspiration in Soutloop 

Catchment. Reports show that the total mean annual losses of precipitation through 

evapotranspiration in South Africa has been estimated to vary from 65%, as reported by Bennie 

and Hensley (2001), to 67% as reported by Jovanovic et al. (2015). Therefore, it indicates that 

the shallow aquifer has a significant influence on the water balance of the Soutloop Catchment. 

As similarly reported by Yeh and Famiglietti (2009), Adrià Barbeta and Peñuelas (2017), and 

Evaristo and McDonnell (2017), the aridity of the catchment and the presence of perennial 

vegetation could have accounted for the significant contribution of the revap water in Soutloop 

Catchment. Particularly, in areas covered with natural and perennial vegetation, the revap 

contribution will be very high, since perennial vegetation is deep rooted in nature and easily 

extracts water from a shallow aquifer (Yeh and Famiglietti, 2009; Balugani et al. (2017; Adrià 

Barbeta and Peñuelas, 2017).  

Regarding the trends of the time series of annual (Figure 6.5 above) and monthly (Figure 6.4 

above) evapotranspiration, both the annual and monthly time series evapotranspiration showed 

a significant, decreasing trend. The annual time series mean evapotranspiration showed an 

average decrease of 1.25 mm per annum, while the monthly time series evapotranspiration 

decreased by 0.01 mm per month. One possible reason for the decrease in the trend of 

evapotranspiration might be the decrease in monthly precipitation, as discussed in Chapter 4, 
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Subsection 4.3.2. The decrease of the revap contribution (as discussed in Chapter 5, Subsection 

5.3.2) could also be another reason. Moreover, there was no significant trend in the potential 

evapotranspiration at both monthly and annual time scales. Therefore, the variations of climate, 

other than precipitation, (i.e. air temperature, humidity, solar radiation and wind speed) could 

not be the cause for the decrease in evapotranspiration. The other possible cause could be 

(although this is not yet tested) the change in LULC. Therefore, the change in LULC in the 

study catchment should be investigated in future studies.  

There was also a higher spatial variation of evapotranspiration and contribution from the revap 

water in the study catchment, as shown in Figures 6.6 and 6.7 above, respectively. Generally, 

the long-term mean annual evapotranspiration divided the catchment into two, i.e. the northern 

part that has a higher evapotranspiration (> 250 mm per annum) and the southern part that has 

a lower amount of evapotranspiration (<250 mm per annum). This spatial pattern of 

evapotranspiration follows the same trend for the long-term annual precipitation in the 

catchment (explained in Subsection 4.3.3). In the case of the revap water (Figure 6.7 above), it 

is shown that areas with low altitudes, and with flat slopes, had a higher contribution of revap 

water to evapotranspiration. Areas that are dominated by deep-rooted vegetation also have a 

better contribution. Hence, those areas where the stream network passes throughout the 

catchment, the south-western lowlands, and small patches of land with deep-rooted vegetation 

throughout the catchment, had a higher contribution to revap water in the Soutloop Catchment. 

The land cover and slope classes in the catchment are explained in Chapter 3, Subsection 

3.2.1.4. The distribution of evapotranspiration and its revap contribution were highly variable 

according to the seasons, as seen in Figures 6.8 and 6.9 above, respectively. The seasonal 

variation was primarily caused by the seasonal distribution of the precipitation. Generally, the 

distribution of precipitation, variation in the potential evapotranspiration, LULC, topographic 

features, altitudinal difference and soil types play a vital role in the seasonal and annual spatial 

variation of evapotranspiration and revap contribution in the catchment (Yeh and Famiglietti, 

2009; Evaristo and McDonnell, 2017; Balugani et al., 2017; Adrià Barbeta and Peñuelas, 

2017).  

6.4.2 Evaluation of vegetation water deficit 

The evaluation of water stress in the study catchment was also conducted by the analysis of the 

fraction of evapotranspiration as compared with the potential evapotranspiration, and by the 

direct analysis of the relative differences of the different land cover classes to light reflectance, 
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at different electromagnetic spectra (Huete et al., 1999; Didan et al., 2015). The first method 

of analysis is called the evaporative stress index (ESI) and the latter is called the normalized 

difference vegetation index (NDVI). Hence, the time series variation of monthly and annual 

ESI is given in Figure 6.10 above, and the comparison of long-term values of the daily, monthly 

and annual ESI is given in Figure 6.11 above. Similarly, the time series (every 8 days) variation 

of mean NDVI anomaly is given in Figure 6.12 above, and a comparison of selected years for 

their time series variation in NDVI values is shown in Figure 6.13 above for the catchment. 

The spatial variation of NDVI for the selected years and one representative measure per month 

per season is shown in Figures 6.14 to 6.17 above. 

The value of ESI varied, based on the time scale: for example, the monthly values vary from 

the lowest stress record of 0.55 in April, 1986, to the worst record, which is closer to 1, in July, 

1983, December, 2008, and November, 2014. Regarding the annual stress values, 1987 and 

2003 were the relatively lowest-stressed years (with an ESI of 0.83) and 1983, 2006 and 2015 

were the worst evaporative stress years in the catchment. Most of these stress values (for 

example, the worst stress years of 1983 and 2015, and the relatively less stressed years of 1986 

and 2003) are consistent with the SPI values that are discussed in Chapter 4, Subsection 4.3.4. 

The long-term mean daily and monthly ESI values (Figure 6.11 above) follow more or less a 

similar pattern of variability, and vary around the annual value for the different seasons 

throughout the year. It also shows that late summers and early spring seasons were relatively 

the lowest and the highest stress periods, respectively, which is consistent with other results 

and discussions in Chapters 4 and 5 of this thesis. 

The evaluation of water stress was conducted with the help of the MODIS (Moderate 

Resolution Imaging Spectro-radiometer) NDVI products, with a spatial resolution of 250 

metres and an 8-day temporal resolution. The time series anomaly (Figure 6.12 above) clearly 

showed the condition of water stress, with the higher temporal scale (every 8 days) from 2000 

to 2018 in the catchment. The years which had longer drier seasons were 2014, 2015, 2016 and 

2018, which is consistent with SPI results that indicate that these consecutive years comprised 

the longest drought occurrence for the catchment since 1980. A comparison of annual time 

series NDVI values was also conducted at every 5-year interval from 2000 (2000, 2005, 2010, 

2015 and 2018), as reflected in Figure 6.13 above. Generally, the NDVI values were higher 

(having much green vegetation) in the early autumn season, and lowest in the spring season, 

which follows the seasonal precipitation distribution. In comparing the years, the year 2000 

had relatively better green vegetation (higher NDVI value) than others did, whereas the year 
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2015 had the lowest green vegetation (lower NDVI value) in the catchment. The lowest NDVI 

value in 2015 is also consistent with the occurrence of the drought, as discussed in Chapter 4, 

Subsection 4.3.4. 

Finally, the spatial variations of the NDVI anomaly for the five years were compared. For this 

comparison, four days of the year (DOYs) were selected randomly from the four seasons of the 

year (DOY 49 represents summer, 105 represents autumn, 193 represents winter, and 265 

represents spring seasons), as shown in Figures 6.14, 6.15, 6.16 and 6.17 above for summer, 

autumn, winter and spring, respectively. 

The spatial maps show that the NDVI anomaly varied both spatially and temporally within the 

selected years and seasons. In the summer season, the NDVI anomaly was slightly above 

normal (0-0.5 ranges) for most areas of the catchment in 2000, whereas almost all areas were 

below normal (<0) during 2015 and 2018, which is consistent with the 2015–2018 drought. 

The summer seasons of 2005 and 2010 had a mix of below-normal (<0) and above-normal (>0) 

NDVI anomalies. The comparison of the autumn seasons for the selected years shows that in 

2000, 2005 and 2010, most of the catchment area experienced above-normal NDVI anomaly; 

however, the 2015 drought had been also reflected in autumn. Regarding winter, 2000 was the 

best year for green vegetation in the catchment, followed by 2018. The impact of the 2015 

drought was still visible in winter season. Finally, the NDVI anomaly for spring shows that 

2000 was the better year for green vegetation in spring, followed by 2010, whereas the spring 

seasons during 2005, 2015 and 2018 experienced dry vegetation in most of the catchment area. 

Generally, as the precipitation increased, there was a better chance of seeing green vegetation 

in the catchment.  

6.5 Conclusion 

The main objectives of this chapter were to analyse the spatial and temporal variability of 

evapotranspiration and to evaluate the extent of vegetation stress in the Soutloop Catchment, 

based on the long-term simulated outputs of the SWAT model and satellite products. The 

analysis of evapotranspiration in the Soutloop Catchment indicated that it had experienced 

higher spatial and temporal variations during the study period. The long-term trend shows that 

the rate of actual evapotranspiration was far below the rate of the potential evapotranspiration, 

this showing a severe precipitation deficit in the catchment. In some seasons of the year, the 

actual evapotranspiration was higher than the precipitation because of the movement of water 

from the shallow groundwater upwards to the root zone, and extraction by deep-rooted 
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vegetation. The monthly and annual time series ET also showed a decreasing trend due to the 

decrease of precipitation and the revap water. This study also showed alternative indices for 

evaluating water deficit in catchments. Hence, the evapotranspiration-based ESI and the 

satellite-based NDVI methods are good indicators to describe the extent of water deficit, and 

as an alternative index for monitoring agricultural drought, other than the usual precipitation-

based SPI. However, some results of the ESI and NDVI were not consistent with the 

precipitation-based SPI, probably due to its differences in time scale and nature of the indices. 

The outcomes of this study suggest that NDVI has good potential for monitoring agricultural 

drought in arid areas. Further analysis of the NDVI, including the drought impact and 

assessment regarding other climatic variables and land uses/land covers, is needed to fully 

evaluate its potential applications. Overall, the results presented in this study provide 

information for the management of climate change impacts, as well as for devising appropriate 

mitigation measures at a local scale. 
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CHAPTER 7 

THE SPATIO-TEMPORAL VARIATIONS OF RUNOFF IN THE CATCHMENT  

7.1 Introduction 

Runoff is a natural phenomenon of the downward flow of water into a stream or a reservoir 

within a specific time period, under the influence of gravitational force. It is formed when the 

intensity of precipitation exceeds the rate of surface infiltration, and it is an important and 

indispensable element of the hydrological cycle (Tarboton, 2003; Vinogradov, 2009). The 

prediction of the spatial and temporal variation of runoff in catchments has many practical 

applications. It is important for the design of drainage and flood defence structures (Blöschl et 

al., 2013). Runoff is also important in many areas of hydrological research regarding stream 

flow estimation, irrigation, flood estimation and management (Mdee, 2015). More especially, 

significant variations of hydrological characteristics in time and space demand the need to 

predict seasonal runoff fluctuations (Mdee, 2015; Rejani et al., 2015). The precise estimation 

of runoff is also essential in catchment development interventions, such as designing water 

harvesting (Bothma et al., 2012) and in situ water conservation structures (Zelelew, 2012; van 

Rensburg et al., 2012; Rejani et al., 2015). During periods of the over-exploitation of 

groundwater, particularly in dry areas, the precise estimation of runoff is essential for planning 

intervention strategies (Ramakrishnan et al., 2009; Zelelew, 2012; Rejani et al., 2015). 

The runoff process differs from place to place and time to time, depending on a number of 

factors. The spatial and temporal characteristics of the runoff process are very complex since 

they are influenced by many factors (Mzezewa and van Rensburg, 2011). The spatial patterns 

of catchment characteristics provide important information to link runoff generation and its 

controlling factors within catchments (Zelelew, 2012). Firstly, the characteristics of the land 

surface, such as topography, LULC, and presence of surface sealing, are the primary influential 

factors (Tarboton, 2003; Ramakrishnan et al., 2009; Rejani et al., 2015). Secondly, soil 

behaviours, such as the initial soil water content, soil type, lithology and hydraulic properties 

of the soils, also have key influences (Tarboton, 2003; Ramakrishnan et al., 2009; Rejani et al., 

2015). Finally, climatic factors, particularly the rainfall properties (intensity, duration and 

frequency), are the most important factors for runoff formation, magnitude and its spatio-

temporal variation (Tarboton, 2003; Ramakrishnan et al., 2009 and Rejani et al., 2015). 

Several methods are available in the literature for determining runoff at different scales of study 

(catchment, regional, or global scales). The methods vary from direct measurements taken at 
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gauging stations constructed at the outlet of the area of interest, to the use of rainfall simulators, 

as explained by Kinner and Moody (2008), Sangüesa et al. (2010) and Mzezewa and van 

Rensburg (2011), to the Upwelling Bernoulli Tube (UBeTube), which is a simple apparatus for 

measuring runoff (Stewart et al., 2015), as well as other prediction methods. The measurement 

methods mentioned above apply to smaller scales of study and give better values, but only 

point data. Hence, these categories of equipment do not show the spatial distribution of the 

runoff. Therefore, prediction methods (hydrological models) constitute a first priority for 

efficiently analysing spatial variations of runoff.  

Hydrological models are simplified representations of the complex nature of the hydrologic 

cycle in an area (Sorooshian et al., 2009). Hence, hydrological modelling is a valuable tool for 

researchers that enables them to investigate complex processes. Such complex processes 

include those regarding the impacts of climate change on water resources (Kundzewicz et al., 

2008; Montenegro and Ragab, 2012; Candela et al., 2012; Schwank et al., 2014), the impacts 

of land use change on hydrology (Montenegro and Ragab, 2012; Dos Santos et al., 2014), and 

other related environmental impacts. 

Numerous studies have been conducted on the spatial and temporal distribution of runoff at 

different scales of study. The global studies show contrasting results for the trends of stream 

flow. For example, Alkama et al. (2013) showed that no significant changes had occurred in 

the trends of stream flow from 1958 to 2004, globally, although they predicted a significant 

variation from 2016 to 2040. On the other hand, Dai et al. (2009), Labat et al. (2004), Milly et 

al. (2005), and Stahl et al. (2010) showed significant variations in runoff, globally, during the 

last century. Different factors are suggested as being the main drivers causing the spatio-

temporal variations and trends in stream flow. Many researchers have shown the presence of a 

strong link between global warming and the global hydrological cycles. More particularly, 

variations in precipitation and the El Niño–Southern Oscillation (ENSO) are suggested by 

Güntner et al. (2007), Krakauer and Fung (2008), and Dai et al. (2009). Piao et al. (2007) 

demonstrated the higher impact of LULC as causing changes in runoff variations, particularly 

in the tropics.  

Runoff studies have also been conducted in South Africa. Grenfell and Ellery (2009) showed 

a general decreasing trend in stream flow due to climate change. Lakhraj-Govender (2010) also 

found a decreasing stream flow trend in Vaal River, Mgeni River, Tugela River and Breed 

River basins from 1951 to 2008; however, she found an increasing trend in the Orange River 
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Basin. An investigation by Bugan et al. (2012) in the Sandspruit catchment showed that only 

6.5% of the precipitation was converted to stream flow for the period 1990 to 2010. Hence, 

most of the studies in South Africa rely on point data analysis that shows only the trend of total 

runoff for a particular catchment. They do not show the variation of runoff in the study area. 

Therefore, the aim of this study was to analyse the spatial and temporal variation of runoff in 

a selected catchment in the Northern Cape Province, South Africa.  

7.2 Materials and methods 

7.2.1 Description of the study area 

The study catchment is located in the Northern Cape Province, South Africa with a geographic 

location of between 22°11’00” and 23°28”00” E longitudes, and 28°03’00” and 29°06’00” S 

latitudes. The details for the location and description of the study catchment can be seen in 

Chapter 3, Subsection 3.2.1. 

7.2.2 Testing normality of time series data 

As already explained in previous sections (e.g. those in Chapter 4), the tests of normality were 

analysed by a graphical method (probability-probability (P-P plot) and quantile-quantile (Q-Q 

plot)) and by a statistical method (Shapiro-Wilk test).  

7.2.3 Trend analysis of direct runoff 

The trend analysis in the long-term runoff (1980–2018) data was investigated by the non-

parametric Mann-Kendall test. For details, see Chapter 4, Subsection 4.2.3. 

7.2.4 The spatial variation of runoff 

SWAT estimates the spatial and temporal values of runoff at HRU and sub-basin scales, as 

discussed in Chapter 3. In this section, therefore, the mean value of the long-term monthly and 

yearly variations of runoff are analysed with the help of ArcGIS 10.4.  

7.3 Results 

7.3.1 Normality of runoff data 

The tests of the normality of the time series annual and monthly total runoff, which includes 

the surface runoff, lateral flow and contribution from the shallow aquifer (return flow or base 
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flow), were conducted both graphically with a visual assessment, and numerically with 

statistical tests. The graphical assessment is depicted in Figure 7.1 below, panels a–d, and the 

numerical tests are given in Table 7.1 below. Both the graphical assessment and the numerical 

test show that the runoff data do not meet the requirements of the normal distribution. 

Therefore, non-parametric tests are recommended for further data analysis.  

 

Figure 7.1: Graphical sketches showing the normality of the runoff data. 

Notes: (a) probability-probability (P-P plot) for the mean annual runoff, (b) quantile-quantile (Q-Q 

plot) for mean annual runoff, (c) probability-probability (P-P plot) for the mean monthly runoff, and 

(d) quantile-quantile (Q-Q plot) for the mean monthly runoff.  

Table 7.1: Tests of normality for the time series of total runoff data 

Variable Observations Minimum Maximum Mean Std. dev 
Shapiro-Wilk test 

W p-value 

Annual runoff 39 7.5 80.2 21.6 12.76 0.751 < 0.01 

Monthly runoff 468 0 59.7 1.8 3.41 0.363 < 0.01 

 

7.3.2 Trends of the runoff components 

The long-term mean daily values of the three components of runoff (surface runoff, lateral 

flow, and base flow) and their comparison with daily precipitation throughout the year are 
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shown in Figure 7.2 below. The long-term mean monthly records of each of the runoff 

components are shown in Figure 7.3 below. 

The daily mean values show that the amount of precipitation converted to runoff was very 

small. It also shows that most of the runoff occurs as lateral flow, and only very little amounts 

were contributed from surface runoff and the shallow aquifer as return flow. Hence, the mean 

total daily runoff varied from 0 mm (in the early spring season) to 1.43 mm (in the autumn 

season). The peak runoff has a similar trend with the precipitation, i.e. runoff was at maximum 

when the precipitation was at maximum, and vice versa. The monthly means (Figure 7.3 below) 

also show similar results. It indicated that the runoff conversion varied from 3.32% in October 

to 16.5% of precipitation in May. The water yield also varied from 0.44 mm in early spring to 

a maximum of 3.37 mm in the late summer season, approaching the value of total runoff. Water 

yield differs from total runoff in that total runoff does not include the water stored in the soil 

profile and all the transmission losses. 

The trends of the time series annual and monthly total runoff were also analysed by the Mann-

Kendall trend analysis, as depicted in Figures 7.4 and 7.5 below for annual and monthly total 

runoffs, respectively. The parameters for the statistics of Mann-Kendall trend tests are given in 

Table 7.2 below. Accordingly, it is shown that there is no significant trend in the annual time 

series data. However, a significant negative (decreasing) trend has been found in the monthly 

time series data. As a result, there was a mean decrease of 0.002 mm runoff per month in the 

Soutloop Catchment within the study period.  
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Figure 7.2: Comparison of the long-term mean daily runoff and precipitation in the catchment. 

 

 

Figure 7.3: Long-term monthly mean runoff variations and comparison with the corresponding 

precipitation in Soutloop Catchment. 
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Figure 7.4: Trends of annual runoff and comparison with precipitation in Soutloop Catchment. 

 

Figure 7.5: Trends of monthly runoff components as compared with precipitation in Soutloop 

Catchment. 
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Table 7.2: Statistics of the Mann-Kendall trend test for the mean annual and monthly runoff 

Parameters Annual runoff Monthly runoff 

Kendall's tau -0.196 -0.140 

S stat -145 -15289 

Var(S) 6834 11424794 

p-value 0.082 < 0.01 

Sen's slope -0.246 -0.002 

7.3.3 Spatial variation of runoff and water yield 

In this section, the spatial variations of the long-term mean total annual and seasonal runoff 

and the total water yield are presented. The total runoff (which includes surface runoff, lateral 

flow, and return flow) is displayed in Figure 7.6 below, panel a, and in Figure 7.7 below, panels 

a–d, for annual and seasonal time scales, respectively. The water yield is depicted in Figure 7.6 

below, panel b, for the annual time scale. Both the runoff and water yield showed a higher 

spatial and temporal variation. It is worthy to note that the runoff and water yield are more or 

less similar, both in their patterns of spatial distribution and in their magnitudes. The two 

parameters differ significantly when the magnitudes of the transmission losses and the change 

in soil water content vary significantly. Therefore, both runoff and water yield varies spatially, 

from 0 to 214 mm per annum. Generally, most of the Kolomela Mine area, the central part 

below the Kolomela Mine, and the north-eastern and south-western tips of the study catchment 

had the lowest annual runoff volume and water yield. On the other hand, smaller and sparsely 

distributed patches of land on the north-western and south-eastern tips of the catchment had 

relatively higher runoff and water yield. 

Regarding the distribution of runoff on seasonal time scales (Figure 7.7 below, panels a–d), the 

seasonal runoff in the catchment varies from a very small fraction close to zero, to about 95 

mm, with the maximum value being recorded in the summer season. Generally, autumn was 

the better season for runoff formation, since a significant area of the catchment produced runoff 

in this season, whereas spring showed the least runoff formation. There is no clear pattern in 

terms of spatial distribution in the four seasons; however, smaller and sparsely distributed 

patches of lands in the catchment, including the north-western, the southern and the south-
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eastern parts, as well as the mountainous and rocky area of the western part, had a better chance 

for runoff formation. 
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Figure 7.6: Spatial variation of the long-term mean a) total annual runoff (surface runoff, return flow, and contribution from shallow aquifer), and (b) water 

yield.  
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Figure 7.7: Spatial variations of the long-term total mean seasonal runoff in Soutloop Catchment. 

Notes: a) summer season, b) autumn season, c) winter season, and d) spring season. 

7.4 Discussions 

Total runoff is one of the major determinants of the catchment water balance in arid areas, and 

its three components are investigated in this study. The surface runoff is the component created 

when the rate of precipitation exceeds the rate of soil surface infiltration. The lateral flow 

component occurs when the root zone is saturated and an impermeable soil layer is encountered 

below the root zone, which impedes percolation. Lastly, the return flow or base flow 

component is the contribution of the shallow aquifer to runoff volume. The combination of 

these three types are referred here as total runoff. 

This study shows that the Soutloop Catchment had a very low amount of runoff coefficient 

throughout the study period, where the long-term annual average was estimated to be 0.077. 

As a result, the mean total daily runoff (Figure 7.2 above) varied from 0 mm (in early spring 

season) to 1.43 mm per day (in autumn season). The monthly means (Figure 7.3 above) also 

indicate that the runoff conversion varied from 3.32% in October to 16.5% in May. The total 
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mean annual runoff was also estimated as being up to 21.6 mm per annum. The comparison of 

these results with previous research studies seems difficult to achieve, and depends on the detail 

of the study, length of study period, method of study, and so on. However, the result is generally 

within the reported ranges. For example, the Permanent Water Commission (PWC) (2005) 

found a figure of 5.3 mm for Lower Orange Catchment; DWAF (2009) estimated 7.08 mm for 

the D73B quaternary catchment; Schulze et al. (2007) estimated 10–50 mm for both D73A and 

D73B quaternary catchments; and Kleynhans et al. (2005) estimated 5–20 mm for the 

catchment under study, in which all figures are for annual runoff. The comparison between the 

three components in this study shows that most of the runoff (i.e. 76% of the annual runoff) 

was contributed by the lateral flow. This might be attributable to the soil type (light textured 

soil on the top horizon, with the presence of impermeable subsoil, such as lime, higher clay 

content soil, or rocks) and the presence of a lower slope class (more than 68% of the catchment 

area has <5%, which induces infiltration rather than surface runoff). The details of soil type 

and topography are described in Chapter 3, Subsection 3.2.1.4. Generally, the catchment can 

be considered as one of the driest catchments in South Africa, where no stream flow is recorded 

at its outlet for long time periods. The only local runoff experienced is the usual that occurs 

during heavy storms. However, most of the runoff would infiltrate to the shallow aquifer along 

the alluvial ephemeral stream beds or in the main river beds, which is similar to what has been 

reported by Morin et al. (2009) and Hashemi et al. (2013). Farmers in close proximity to the 

junction area between Soutloop and the Orange River have stated that it usually takes between 

15 and 30 years to experience one runoff occasion that would contribute to the Orange River. 

However, this catchment has not contributed any runoff to the Orange River over the last 30 

years. The reason for this could be the low amount of precipitation distribution in the 

catchment. Moreover, the runoff formation during heavy storms would be converted to 

transmission losses and percolate to the shallow aquifer while flowing through dry stream beds. 

Therefore, Soutloop can be classified as an episodic river. 

Table 7.3: Correlation of the runoff with land use, slope and soil characteristics 

  LULC AWC Slope class SOL_ZMX Total_Q 

LULC 1     

AWC 0.02 1    

Slope class 0.01 -0.09 1   

SOL_ZMX 0.03 0.92 -0.11 1  

Total_Q 0.002 -0.52 0.71 -0.58 1 

 N.B: LULC-land use and land cover class      AWC-available water capacity      SOL_ZMX-maximum soil depth       
 Total_Q-total runoff      

 



181 
 

Table 7.4: Correlation of the runoff with other components of water balance 

  Prec Surf_Q Lat_Q GW_Q Perc SW Total_Q 

Prec 1       

Surf_Q 0.34 1      

Lat_Q 0.91 0.44 1     

GW_Q 0.01 0.01 0.07 1    

Percolate 0.73 0.49 0.87 0.10 1   

SW 0.66 0.15 0.70 0.22 0.64 1  

Total_Q 0.65 0.90 0.77 0.19 0.75 0.45 1 
 N.B.: Prec-precipitation      Surf_Q-surface runoff      Lat_Q-lateral flow      GW_Q-return flow      Perc-percolation       

 SW-soil water content      Total_Q-total runoff      

Regarding the presence of trends in the time series total runoff, the Mann-Kendall trend 

analysis (see Figures 7.4 and 7.5 above for annual and monthly total runoff, respectively) shows 

that there is no significant trend in the annual time series data. However, a significant negative 

(decreasing) trend has been identified in the monthly time series data. As a result, there was a 

mean decrease of 0.002 mm runoff per month in the Soutloop Catchment during the study 

period. DWAF (2013) and Midgley et al. (2016) have reported that climate change is a 

measureable reality that causes stress to water resources in South Africa. The increase in mean 

temperature was particularly significant in the study area. This study also shows a significant, 

decreasing trend in monthly precipitation. Therefore, climate change could be the primary 

cause of the decrease in runoff. The correlation analysis between total runoff and other 

components of catchment water balance (Table 7.4 above) also shows that precipitation is 

strongly correlated to runoff, indicating that decreasing precipitation could be a major cause 

for the decrease in runoff. Surface runoff, lateral flow, percolation and soil water content are 

also highly correlated. However, the correlation between the total runoff and base 

flow/groundwater flow is very weak, as compared with the others. This could also indicate that 

the contribution from ground water to runoff was very low. 

The rainfall–runoff process shows high spatial variability throughout the catchment (Figures 

7.6 above for annual variation and Figure 7.7 above for seasonal variation). Both the runoff 

and water yield showed a higher spatial and temporal variation. Hence, both runoff and water 

yields vary spatially from 0 mm to 214 mm per annum, while 21.6 mm was the catchment 

average value measured, as seen above. Generally, most of the Kolomela Mine area, the central 

part below Kolomela Mine, the north-eastern and the south-western tips of the study catchment 

had the lowest annual runoff volume/water yield. On the other hand, smaller and sparsely 

distributed patches of land on the north-western and south-eastern tip parts of the catchment 
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had relatively higher runoff/water yield. Regarding the seasonal distribution (Figure 7.7 above, 

panels a–d), the seasonal runoff in the catchment varies from a very small fraction close to zero 

to 95 mm in the summer season. Generally, the autumn season was the better season for runoff 

formation, whereas the spring season showed the lowest runoff formation. There is no clear 

pattern discernible in terms of spatial distribution across the four seasons. As is true for 

temporal variability, the spatial variation of runoff followed the spatial distribution of 

precipitation in the catchment. The spatial variation of runoff across the four seasons is also 

highly affected by the rainfall distribution. Similar results have been reported by Bugan et al. 

(2012), Schulze et al. (2007), and Midgley et al. (2016). As is true for the other components of 

the catchment water balance, the spatial variation of the runoff process was also highly 

dependent on the complex interaction of soil type, LULC, and topographic features (Pilgrim et 

al., 1988; Schulze et al., 2007; Mahmoud and Alazba, 2015). Table 7.3 above shows the 

correlation between total runoff and soil type (profile depth and available water capacity), 

topography (percentage slope) and land cover class. The soil characteristics (depth and AWC) 

were negatively correlated, whereas the slope was positively correlated to runoff. However, 

there was a weak correlation between runoff and land cover, which is inconsistent with other 

reports (e.g. Pilgrim et al., 1988; Schulze et al., 2007; Mahmoud and Alazba, 2015). Therefore, 

the impact of LULC on the spatial variability of the total runoff was very low, as compared 

with the precipitation, soil characteristics and topographic features. The most probable cause 

for this could be the presence of lower variations of land cover in the area, i.e. the land cover 

map shows that more than 80% of the catchment is covered by similar vegetation (shrub land), 

as described in Chapter 3, Subsection 3.2.1.4.  

7.5 Conclusion 

The aims of this section were to analyse the spatio-temporal variability of runoff in an arid 

catchment in the Northern Cape Province, South Africa, based on the outputs of a SWAT 

model. It is expected that there might be considerable uncertainty in the modelling process, 

which could be attributed to the unavailability of flow data for calibration, uncertainty and 

validation of the model. However, it is also possible to note that the regionalization approach 

had been applied successfully, since the statistical results of the validation of the model with 

in situ soil water content were acceptable, and the comparison of the simulated results was 

consistent with previous studies in the catchment.  
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The Soutloop Catchment can be considered as one of the dry catchments in South Africa, where 

no runoff yield has been recorded over the last 30 years at the outlet or the junction with Orange 

River. However, local surface runoff and sub-surface runoff have been observed, although such 

runoff infiltrates along the way to the downstream river beds. Generally, the rainfall–runoff 

process exhibited higher spatial and temporal variations in the study catchment. It is worthy to 

note that most of the temporal variation of runoff was attributed to the variation of rainfall and 

the climate as a whole. The spatial variability of the runoff coefficient was also influenced by 

the variation in soil characteristics and topographic features, other than the rainfall distribution. 

It is also indicated that the impact of LULC was minimal, as the variation of LULC was 

minimal in the catchment. 

This study showed some interesting trends, with the majority of the data indicating that water 

resources in the study catchment are actually under threat, and that some of the water balance 

components, such as runoff and others discussed in Chapters 4, 5, 6 and 8, have significantly 

declined, which places additional stress on the already existing water deficit in the catchment. 

The additional water stress attributable to the indicated decreasing trends will constitute a huge 

disaster for the natural ecosystem. This indicates that future water resource planning is critical 

for ensuring a sufficient supply of water for the area. Further research is also recommended on 

the application of hydrological models on event-based rainfall–runoff relationships for 

comparison with continuous models like the SWAT model. This could constitute one way to 

decrease the uncertainty and to improve the reliability of model outputs.  
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CHAPTER 8 

THE SPATIO-TEMPORAL VARIATION OF GROUNDWATER RECHARGE IN 

THE CATCHMENT  

8.1 Introduction 

Groundwater is a major source of fresh water, and about two billion people and 40% of 

irrigation depend on it, globally (Jasechko et al., 2014). Hence, gaining an understanding of 

the spatio-temporal variation of recharge will help us to understand the linkages between 

groundwater and ecosystems that enable human adaptation in a changing climate (Taylor et al., 

2013; Jasechko et al., 2014). Moreover, the accurate estimation of groundwater recharge is 

extremely important for the proper management of groundwater systems, particularly in arid 

and semi-arid areas (Healy and Cook, 2002; Healy, 2010; Gates et al., 2014). Researchers 

(Kumar, 2003; Ochoa et al., 2012) have suggested that a balance should be implemented 

between ground water depletion and recharge in order to secure the long-term sustainability of 

ground water resources. Accordingly, the determination of the spatial and temporal rates of 

recharge helps to evaluate this balance in an area of interest for the better management of water 

resources. 

Groundwater recharge develops after the water content of the root zone exceeds its water 

holding capacity and the need for evapotranspiration and lateral flows are satisfied (Gates et 

al., 2014). Groundwater recharge varies both in spatial and temporal manner where many 

factors contribute for these variations. These factors can be seen in three categories, (i) due to 

variation in the sources of water (precipitation or irrigation), (ii) due to the characteristics of 

the infiltrating soil and (iii) characteristics of the land surface. Literature shows all the three 

categories significantly affect the recharge processes (e.g. Kumar, 2003; Ochoa et al., 2012; 

Gates et al., 2014). The first category, affects drainage by the intensity and duration of the 

precipitation and irrigation. The second category includes the hydraulic properties (hydraulic 

conductivity and capillary pressure) of the soil horizon and the unsaturated zone as a whole. 

Lastly, the land surface characteristics include topography, land use, land cover and 

management which plays a vital role. 

The determination of groundwater recharge is difficult to accomplish because of the high 

variability of recharge with respect to time and space (Gieske, 1992; Stone et al., 2001; Sibanda 

et al., 2009). However, it can be estimated by different methods. (i) The water table fluctuation 

method, which can be applied to derive local recharge data by assuming the change in water 
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level in the groundwater is attributable to the recharge arriving at the water table. (ii) Stream 

flow methods, which include the use of seepage meters, streamflow gain/loss measurements 

(seepage run) and recession-curve displacement methods. (iii) Hydrologic methods, including 

the use of hydrologic models like the Soil and Water Assessment Tool (SWAT) developed by 

Arnold et al. (1998), the Precipitation Runoff Modeling System (PRMS) (Leavesley et al., 

1983), and others. (iv) Tracer methods, which include using chloride, chlorofluorocarbons, 

temperature and tritium as tracers to estimate the ground water recharge by a mass balance 

equation. Detailed descriptions can be referred to in Adams et al. (2004), Risser et al. (2005), 

Sibanda et al. (2009), Wang et al. (2010), Crosbie et al., 2010; Upreti et al. (2015) and Chung 

et al. (2016). 

Numerous studies have been conducted on the spatio-temporal distribution of groundwater 

recharge, at global and continental scales. Döll and Fiedler (2008) presented a daily global 

dataset (0.5° by 0.5° spatial resolution) from 1961 to 1990, and found an average global 

groundwater recharge of 12666 km3 year-1. Jasechko et al. (2014) showed that winters are the 

highest periods of groundwater recharges for arid and temperate zones, while summers are the 

highest recharges in the tropics. Crosbie et al. (2010) showed that vegetation covers and soil 

types were the major determinants for groundwater recharges in Australia. Naylor et al. (2016) 

showed that 35% of the precipitation was converted to groundwater recharge in the mid-

western U.S.A. and that soil type was the major factor for recharge. Nasta et al. (2016) also 

found a decreasing trend for recharge in Africa. 

Similarly, some studies are available in a South African context, which include Conrad et al. 

(2004) in the Sandveld, Western Cape, and Wu (2005) in Table Mountains Group, who found 

that 0.2–3.4% and 1.65–3.30% of precipitation was converted to recharge, respectively. 

Another study by the Department of Water Affairs and Forestry (DWAF, 2006) estimated that 

most of the country experienced less than 100 mm year-1 except for some areas in the north-

eastern, eastern and south-eastern parts of the country. Albhaisi et al. (2013) found that an 8% 

annual increase in recharge was attributable to the clearance of alien vegetation in the upper 

Berg Catchment, Western Cape. Adams et al. (2004) also found recharge rates between 0.1 

and 10 mm year-1 in the Namaqualand region. The study of groundwater recharge in the South 

African context is relatively better covered, as compared with other components of the water 

balance. However, there are still limitations in clearly showing the spatio-temporal variations. 

Therefore, the aim of this study was to investigate the spatial and temporal variation of 
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groundwater recharge, in a catchment-scale study, in the Northern Cape Province, South 

Africa, by applying the SWAT model.  

8.2 Materials and methods 

8.2.1 Description of the study area 

The study catchment is located in the Northern Cape Province, South Africa, with a geographic 

location of between 22°11’00” and 23°28”00” E longitudes, and 28°03’00” to 29°06’00” S 

latitudes. The details for the location and description of the study catchment can be seen in 

Chapter 3, Subsection 3.2.1. 

8.2.2 Testing normality of data 

As already explained in previous Sections (e.g. Chapter 4, Subsection 4.2.2), the tests of 

normality were analysed by a graphical method (probability-probability (P-P plot) and 

quantile-quantile (Q-Q plot)) and by a statistical method (Shapiro-Wilk test).  

8.2.3 Trend analysis of groundwater recharge 

The trend analysis in the long-term (1980–2018) groundwater recharge data was investigated 

by the non-parametric Mann-Kendall test. For details, see Chapter 4, Subsection 4.2.3. 

8.2.4 The spatial variation of groundwater recharge 

SWAT was used to estimate the spatial and temporal values of the groundwater recharge and 

the associated flow in the catchment, at HRU and Sub-basin scales, as discussed in Chapter 3. 

In this section, therefore, the mean value of the long-term monthly and yearly variations are 

analysed with the help of ArcGIS ver.10.4.  

8.3 Results 

8.3.1 Normality test 

The tests of the normality of the time series for groundwater (both mean annual and monthly 

total groundwater recharge, which includes the sum of shallow and deep groundwater 

recharges) were conducted by visual assessment and statistical tests. The visual assessment is 

depicted in Figure 8.1 below, panels a–d, and the results of the numerical tests are given in 

Table 8.1 below. Based on the visual assessment (Figure 8.1 below, panels a–d), the annual 



192 
 

groundwater recharge data can be assumed to meet the requirements of a normal distribution, 

whereas the monthly time series do not show a normal distribution. The simple visual 

assessment is supported by the statistical test (Shapiro-Wilk test). Therefore, non-parametric 

tests are appropriate for use to further analyse the monthly groundwater recharge. 

Table 8.1: Tests of normality for the time series of groundwater recharge data 

Variable Observations Mini. Max. Mean Std. dev. 
Shapiro-Wilk test 

W p-value 

Annual recharge 39 3.900 64.918 26.501 15.058 0.952 0.094 

Monthly recharge 468 0.015 19.311 2.208 2.789 0.698 < 0.01 

 

Figure 8.1: Graphical sketches showing the normality of the groundwater recharge data. 

Notes: (a) probability-probability (P-P plot) for the mean annual groundwater recharge, (b) quantile-

quantile (Q-Q plot) for mean annual groundwater recharge, (c) probability-probability (P-P plot) for the 

mean monthly groundwater recharge, and (d) quantile-quantile (Q-Q plot) for the mean monthly 

groundwater recharge. 
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8.3.2 Trends of the groundwater recharge 

The time series means for monthly total, shallow and deep groundwater recharges, and their 

comparison with the corresponding trends of precipitation and percolation water in the 

catchment are given in Figure 8.2 below. It shows that the total groundwater recharge and the 

shallow groundwater recharge values nearly coincide, which shows that most of the percolated 

water from the base of the root zone was converted to shallow groundwater recharge. Hence, 

the shallow groundwater recharge varied from 0 to a maximum of 17.92 mm per month, while 

the deep groundwater recharge only attained a maximum of 1.32 mm per month in the 39-year 

monthly time series data. However, the trends of the fraction of precipitation that was converted 

to percolation show a very small amount. Figure 8.3 below shows the fraction of precipitation 

that was converted to percolation, as well as the fraction of percolation water converted to 

groundwater recharge (particularly shallow groundwater since most of the recharge water is 

stored in the shallow groundwater). It also shows the long-term monthly mean values of 

percolated water, the three recharges components (shallow, deep and their sum) and the 

corresponding mean precipitation in the catchment. Generally, the amount of percolated water 

varied from a minimum value 1% of the precipitation in October to a maximum of 26% in 

June. Similarly, the amount of shallow groundwater recharge, as a percentage of the percolated 

water, varied from a minimum of 48% in February to a maximum value of 96% of the 

percolated water in the month of May.  
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Figure 8.2: Trends of monthly recharges and comparison with precipitation and percolation in 

Soutloop Catchment 

The time series annual trends for the different groundwater recharges (total, shallow and deep), 

percolated water, and precipitation was also compared (Figure 8.4 below). It shows that the 

amounts of total groundwater recharge and percolated water nearly coincide. The amount of 

total groundwater recharge varied from a minimum of 3.9 mm per annum in 2018 to a 

maximum value of 64.92 mm per annum in 2004. Generally, the amount of percolated water 

and groundwater recharge follows similar trends as the precipitation does, i.e. as the 

precipitation increased, the percolation and hence the groundwater recharge increased, and vice 

versa. 

The Mann-Kendall trend analysis was also conducted to test for the presence of significant 

trends in both annual and monthly time series data of the total groundwater recharge in 

Soutloop Catchment. The results of the statistical analysis are given in Table 8.2 below. It 

shows that there is no significant trend in either the annual or monthly groundwater recharges 

(P<0.05).  
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Figure 8.3: Comparison of the long-term mean monthly recharges, percolation, precipitation and 

percent of precipitation converted to recharges in the catchment. 

 

Figure 8.4: Comparison of the long-term mean annual total groundwater recharge, shallow and deep 

groundwater recharges, percolation and precipitation. 
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Table 8.2: Statistics of the Mann-Kendall trend test for the mean annual and monthly groundwater 

recharge in Soutloop Catchment 

Parameters Annual recharge Monthly recharge 

Kendall's tau -0.0013 -0.0573 

S stat -1 -6266 

Var(S) 6834 11425622 

p-value 1 0.064 

Sen's slope -0.0040 -0.0007 

 

8.3.3 Spatial variation of groundwater recharge 

The spatial variation of the long-term mean annual total groundwater recharge and percolated 

water in the catchment is given in Figure 8.5 below. The magnitude of both the mean total 

groundwater recharge and percolated water is very similar, and only varies in some parts of the 

catchment. Therefore, both recharge and percolated water varied spatially from 0 to 128 mm 

in the catchment. As can be seen in Figure 8.5 below, the lower records of groundwater 

recharge have been found in large areas of the north-eastern (including Kolomela Mine area), 

western, and south-western parts of the catchment. On the other hand, relatively higher 

amounts of groundwater recharge have been recorded in large areas of the north-western and 

south-eastern parts of the catchment.  
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Figure 8.5: Spatial variations of the long-term mean annual a) total groundwater recharge and b) 

percolated water in Soutloop Catchment. 

 

Figure 8.6: Spatial variations of the long-term mean seasonal groundwater recharge in Soutloop 

Catchment. 

Notes: a) in summer season, b) in autumn season, c) in winter season, and d) in Spring season. 



198 
 

The spatial variation of the groundwater recharge was also analysed on seasonal time scales, 

as depicted in Figure 8.6 above. As shown, the groundwater recharge varied from 0 to 38 mm 

in summer, from 0 to 54 mm in autumn, from 0 to 43 mm in winter, and from 0 to 14 in spring. 

The long-term seasonal mean values show that most parts of the catchment during summer and 

spring had a groundwater recharge of less than 5 mm. Similarly, the larger part of the catchment 

had received more than 5 mm of groundwater recharge during autumn. The distribution in the 

winter season requires special attention, in that the groundwater recharge is relatively higher 

in the south-eastern part, having greater than 5 mm, whereas most of the other parts of the 

catchment remain lower than 5 mm. Generally, autumn was found to be the better season for a 

higher groundwater recharge in the study catchment, whereas spring was the season with the 

lowest magnitude of total groundwater recharge. 

8.4 Discussions 

Gaining an understanding of the groundwater recharge is a key step to take in achieving the 

sustainable management and monitoring of groundwater resources. Generally, there are two 

major classes of recharge: natural and artificial/managed groundwater recharges. The natural 

recharge might be derived from precipitation, lakes, ponds, and rivers (including perennial, 

seasonal, and ephemeral flows) and from other groundwater sources (Sophocleous, 2004; 

Hashemi et al., 2013). Sophocleous (2004) and Hashemi et al. (2013) also indicated that in arid 

catchments, groundwater recharge by direct percolation is not common, and that instead 

recharge from other sources, such as temporary ponds, lakes and river beds, play key roles. The 

latter type of recharge could be the most important groundwater recharge in the Soutloop 

Catchment, since no flow had been recorded for the last 30 years, as discussed in Chapter 7, 

Section 7.4. On the other hand, managed groundwater recharge and groundwater abstraction 

has been practiced around the Kolomela Mine area since the inception of the mine in 2010. 

However, the managed groundwater recharge and the groundwater abstraction are not 

considered in this analysis. The conceptualized groundwater modelling and major processes 

involved in the catchment are depicted in Figure 8.7 below. 
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Figure 8.7: Conceptual groundwater processes and modelling in SWAT. 

The results of the groundwater recharge showed a higher spatial and temporal variation in 

Soutloop Catchment. The long-term mean values (Figure 8.3 above) show that the groundwater 

recharge varied from a minimum value of 1% of the precipitation in October, to a maximum 

of 26% in June. It is also indicated that most of the percolated water was converted to shallow 

groundwater recharge. Hence, a mean value of 7.7% of the precipitation was converted 

annually to shallow groundwater recharge, whereas only 0.6% of the annual precipitation was 

used to replenish the deep groundwater in the catchment. This result is more or less consistent 

with previous studies, such as those of Colvin et al. (2016), who estimated the national average 

for South Africa to be 4%; Nakwafila (2015), who reported 1–5% in the Namaqualand area, 

and Van Dyk et al. (2008), who estimated between 0 and 10% of precipitation for Lower Vaal 

and Lower Orange water management areas. Similarly, the time series analysis (Figures 8.2 

above for monthly and 8.4 above for annual) shows that the amount of total groundwater 

recharge varied from a minimum of 3.9 mm per annum in 2018 to a maximum value of 64.92 

mm per annum in 2004. The lowest recorded value coincides with the longer drought 

conditions in the catchment that started in 2014 and which have continued to the current date. 

Similarly, the maximum value of the groundwater recharge is also consistent with the relatively 

wet year of 2004, as discussed in Chapter 4, Subsection 4.3.4. Moreover, the Mann-Kendall 

trend analysis identified no significant trend in either the annual or monthly time series values 

of groundwater recharge. Generally, the amounts of percolated water and groundwater recharge 
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follow similar trends, with the trends for the precipitation showing that the impact of 

precipitation was higher. The most probable reason for the temporal variation could be weather 

parameters, particularly precipitation, that play a vital role, as shown in the correlation analysis 

in Table 8.3 below.  

Regarding the spatial variations (Figure 8.5 above for annual and Figure 8.6 above for seasonal 

variations), the total recharges varied spatially from 0 to 128 mm and from 0 to 54 mm for the 

annual and seasonal time scales, respectively. The long-term seasonal mean values show that 

most parts of the catchment during summer and spring had groundwater recharges of less than 

5 mm, whereas during autumn, the larger part of the catchment had a groundwater recharge of 

greater than 5 mm. Generally, autumn was found to be the better season for a higher 

groundwater recharge in the study catchment, whereas spring was the season with the lowest 

total groundwater recharge, in terms of the magnitude. As is true for the spatial variability of 

other components of the catchment water balance, topography, and soil type played a 

significant role in the spatial variation of groundwater recharge. The correlation analysis (Table 

8.3 below) also shows that recharge negatively correlated with the available water capacity, 

slope class, soil depth and bulk density. This indicates that the groundwater recharge decreased 

as the available water capacity, slope class, soil depth and bulk density increased, and vice 

versa. It was also indicated that the embankments of the stream network, throughout the 

catchment, had recorded the highest recharge values. This confirms the reports of Sophocleous 

(2004), Hashemi et al. (2013), and Şen (2015) which explained that recharge in arid catchments 

is primarily derived from temporary ponds, lakes and river beds. The impact of LULC was 

very low, as was also true for total runoff, due to similar possible reasons (most of the 

catchment area has a similar land use/cover class, e.g. 80% is shrub land).  

Table 8.3: Correlation of groundwater recharge with other components of water balance, soil, 

topography and LULC 

Variable  Prec Perc LULC AWC SLOPE SOL_ZMX SOL_BD 

Groundwater 

recharge 

0.40 0.67 0.03 -0.61 -0.38 -0.65 -0.36 

 N.B: Prec-precipitation      Perc-percolation      LULC-land use and land cover class      AWC-available water capacity      

 SOL_ZMX-maximum soil depth      SOL_BD-soil bulk density      
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8.5 Conclusion 

This study was aimed at assessing the spatio-temporal variation of groundwater recharge in 

Soutloop River Catchment. The groundwater recharge was estimated by the application of a 

SWAT model. Although considerable uncertainty is expected due to the scarcity of data for the 

calibration, uncertainty and validation procedures, the comparison of similar reports indicated 

that the SWAT model successfully simulated the groundwater recharge. 

The study area is one of the driest catchments in South Africa that experience very low levels 

of natural groundwater recharge. The study indicated that the natural groundwater recharge 

exhibited a higher spatial and temporal variation in the catchment. Groundwater is the only 

source of freshwater that is available for developmental and environmental requirements. 

Besides the natural stress (low amounts of precipitation and higher evaporative demands), the 

impact of human activity is prominent in the area. Although the impact of land use change, 

from natural and open vegetation to an area with mining activity, is a common experience, the 

impacts of the human-induced LULC change were not considered in this study. Accordingly, 

a further study on the impacts of this manmade LULC change should be undertaken. The 

influence of artificial groundwater recharge on the soil quality and environment should also be 

studied with a better spatial and temporal scale. Further studies are also recommended on the 

application of other groundwater models to evaluate their performances and adopt the best ones 

that are suited to arid catchments, as compared with SWAT.  
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CHAPTER 9 

GENERAL CONCLUSIONS AND RECOMMENDATIONS 

9.1 General conclusions 

It is obvious nowadays that freshwater is a scarce resource on our planet earth, and this precious 

resource is considerably scarce in the South African context. More particularly, the study area 

(the Soutloop Catchment) is one of the driest catchments in South Africa, which is 

characterized by very low rainfall, but high evaporative demand, leading to the unavailability 

of surface water. As a result of this, any demands for water (whether economic, social or 

environmental) are entirely dependent on the groundwater resources of the area. This lead to 

increasingly destructive competition between the different entities of water demands, unless a 

proper management plan is urgently devised and implemented. 

Therefore, the general objectives of this thesis were to assess, quantify, and evaluate the spatio-

temporal variability of the different components of water balance at Soutloop Catchment. It 

was also aimed to identify the most probable causes of the spatio-temporal variability and 

evaluate the intensity of water stress in the catchment. This will assist researchers, educators, 

policymakers and resource managers in the water sector to suggest, develop and implement 

proper water management programmes. The study was further aimed at evaluating the 

application of hydrologic models, i.e. the Soil and Water Assessment Tool (SWAT), in arid 

and semi-arid catchments in a case with limited input data for model calibration, validation and 

uncertainty procedures, in a South African context. 

Regarding the modelling procedure, it is possible to generalize that the Soil and Water 

Assessment Tool (SWAT) model was applied successfully through the regionalization 

procedure using a physical similarity approach. This is indicated by the acceptable model 

calibration, uncertainty and validation statistics (although conducted in the donor catchment), 

consistency of the results with previous studies of the area, and by the in situ validation of the 

time series soil water content at selected sites in the Kolomela Mine area. However, it was also 

expected that there would be a considerable uncertainty of the modelling process, which would 

be primarily attributable to unavailability of flow data for in situ calibration, uncertainty and 

validation of the model.  

It was also observed that all the components of the catchment water balance exhibited a higher 

spatial and temporal variability in the catchment, primarily because of the variation of climatic 
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variables, soil factors, topographic features, and LULC variation. The climatic variations 

(except precipitation) were responsible primarily for the temporal/time series variability, 

whereas the soil type, topographic features and LULC variations were attributed mainly to the 

spatial variability of the components of water balance in the catchment. However, the influence 

of precipitation was significant for both spatial and temporal variations. On the other hand, the 

impact of the variation in LULC was found to be relatively small because most of the area was 

covered by similar LULC classes, which was classified as low shrub land, based on the national 

LULC classification of South Africa for the 2013/2014 year. 

Regarding the evaluation of water stress by using hydro-meteorological indicators, this study 

concluded that the application of the most-commonly used indicator, the SPI-standardized 

precipitation index, alone could lead to wrong conclusions being drawn, particularly for arid 

catchments. Hence, it should be interpreted together with other additional indicators, such as 

the aridity index (AI), soil water anomaly (SWA), evapotranspiration stress index (ESI), 

normalized difference vegetation index (NDVI), and others. More particularly, the application 

of the satellite-based indicator, NDVI, was found to be an important alternative for arid 

catchments, since it can show the timely time series relative variations of water stress on 

vegetation for an area with a better spatial and temporal coverage. The study also showed that 

the use of model-derived simulations for evaluating water stress and drought is an alternative 

data source and an encouraging approach that could be applied at local, national or regional 

scales in environmental monitoring programmes.  

9.2 Recommendations 

Arising from the analysis conducted so far in the catchment, the following tasks are 

recommended for further investigation and for attention to be given in order to obtain important 

and full information needed for the management of water resources, for the sake of the social, 

economic and environmental benefits of the area considered in this study.  

It is recommended that a hydro-census (inventory of water resources) should be carried out, 

particularly on groundwater abstraction. As the area is totally dependent on groundwater 

resources, the spatial distribution and the time series volumes of water abstracted should be 

recorded. One of the points of data in the area that is difficult to get relates to the volume of 

water abstracted from boreholes on private farms. Therefore, a procedure should be developed 

to record and gather this data on regular timescales (daily, monthly, annually) for the ease of 

future hydrological investigations. 
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As has already been made clear in many reports, climate change is inevitable and this is true 

for South Africa as well. One of the primary influences of climate change is experienced in 

water resources. Therefore, the assessment of climate change (e.g. precipitation and air 

temperature) could also help in planning a good strategy for managing water resources. 

As the study area is dominated by shrub land (which includes deep-rooted vegetation), any 

deleterious impacts suffered by groundwater resources will be immediately reflected in the 

vegetation status. Therefore, analysis of the impact of groundwater on vegetation in the area is 

expected to be straightforward. Hence, LULC change is a good indicator of the health of 

groundwater in such arid areas. Therefore, time series change detection with respect to the 

vegetation condition is recommended for further study.  

Various indices are available nowadays to evaluate or monitor the intensity of water stress of 

an area. Together with the land use change, other indicators are important, such as the 

standardized precipitation index (SPI), soil water anomaly (SWA), and the normalized 

difference vegetation index (NDVI. Therefore, analyses of these indices should be conducted 

regularly, with higher spatial and temporal scales for better environmental monitoring.  

It has been reported that a considerable amount of water is being released around the Kolomela 

Mine area into the environment (including the artificial aquifer recharge). The impacts of this 

on the quality and quantity of groundwater, soil quality, vegetation, and the environment as a 

whole should be investigated. 

The soil and water assessment tool (SWAT) is a continuous simulation model. In order to 

compare it with event-based models, further research is recommended to compare and contrast 

the two types of models as one way to decrease model uncertainty. 

Finally, this study considers only the variability of the natural hydrological processes, both in 

space and time. However, this area, particularly the northern part of the catchment, is well 

known for the intervention of human activity on the environment. More particularly, large-

scale mining activities, like iron ore mining, are common practice these days. Following on 

from the mining activity, other related practices that influence the water resource significantly, 

such as LULC changes and groundwater abstraction, become common. Therefore, the impacts 

of these human-induced economic activities should be studied further to better understand the 

hydro-climatological behaviours of the area.  
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APPENDICES 

Appendix 1: General characteristics of the catchment 

Name of the study catchment Soutloop Catchment 

No. of Sub-catchments 27 

No. of HRUs 1490 

Catchment area (ha) 676971.26 

Appendix 2: Soil characteristics 

SOIL 
No. 

Layers 
SOL_ZM

X 
SOL_Z

1 
SOL_BD

1 
SOL_Z

2 
SOL_BD

2 
AWC 
mm 

WP 
(mm) 

FC 
(mm) 

Saturation 
(mm) 

Calcic 2 350 150 1.52 200 1.57 24.50 9.50 24.50 74.90 

Cumulic 2 1550 450 1.38 1100 1.43 89.50 117.80 89.50 397.10 

Duplex 2 787 150 1.85 637 1.53 65.60 59.90 65.60 191.20 

Gleyic 2 1300 450 1.54 850 1.44 184.05 84.40 184.10 286.80 

Lithic 1 129 129 1.31 0 0.00 19.41 7.50 19.40 58.00 

Oxidic 2 876 150 1.32 726 1.44 87.36 52.80 87.40 285.50 

 

Appendix 3: Comparison of LULC classes in South African classification and SWAT 

databases classes 

LULC in SA classification LULC in SWAT SWAT Code Area (ha) 
Percent of 
catchment 

Cultivated comm fields/pivots med or low Agricultural Land-Generic AGRL 184.88 0.0273 

Cultivated comm pivots (high) Agricultural Land-Row AGRR 29.56 0.0044 

Bare land Barren BARR 13029.03 1.9246 

Plantations / Woodlots young or mature Forest-Evergreen FRSE 9.07 0.0013 
Thicket/woodland/urban informal/urban sports and golf 
dense bush or trees Forest-Mixed FRST 45386.10 6.7043 

Low shrub land Range-Brush RNGB 
540944.1

1 79.9065 

Grassland Range-Grasses RNGE 76385.78 11.2835 

Urban commercial Commercial UCOM 70.97 0.0105 

Urban school and sports ground Institutional UINS 44.56 0.0066 

Urban residential/township/built up dense trees or bush Residential-High density URHD 87.77 0.0130 
Urban informal/residential/sports and 
golf/township/village/built up-low vegetation or grass Residential-Low density URLD 543.14 0.0802 
Urban residential/sports and golf/township/village/built up 
open trees or bush) Residential-Medium density URMD 61.36 0.0091 

Water seasonal Wetlands-Non-Forested WETN 23.18 0.0034 

Cultivated comm fields (high) 
Agricultural Land-close-
grown AGRC 13.65 0.0020 

Urban industrial and Mine buildings Industrial UIDU 139.15 0.0206 

Water Water WATR 15.81 0.0023 

Cultivated vines Vineyard GRAP 3.14 0.0005 
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Appendix 4: Monthly minimum temperature (°C) 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1980 16.16 12.39 12.87 9.46 6.80 1.82 3.45 6.44 9.03 9.11 12.75 16.39 

1981 14.66 14.84 15.05 11.57 7.36 2.99 4.24 5.97 10.32 9.57 15.28 14.61 

1982 18.33 14.82 13.60 6.82 4.95 1.07 2.62 7.01 8.90 13.62 11.34 17.03 

1983 14.26 16.94 14.79 7.18 7.90 3.20 2.15 6.17 7.22 11.35 13.65 19.57 

1984 16.07 18.23 13.50 10.94 7.05 2.94 3.69 6.54 8.41 9.27 13.10 17.02 

1985 15.79 18.29 15.12 8.19 5.07 3.87 3.21 3.80 5.83 13.36 13.04 14.65 

1986 17.68 14.91 12.33 11.41 7.09 1.70 2.41 6.78 9.05 10.97 13.19 14.97 

1987 17.35 14.51 14.85 9.50 4.96 1.49 8.05 3.64 10.74 15.25 13.97 14.85 

1988 17.10 17.58 15.39 7.89 6.47 1.52 4.07 6.20 8.18 10.53 14.79 15.58 

1989 15.22 18.81 12.91 8.65 7.21 4.40 2.05 1.65 4.37 12.99 12.97 15.25 

1990 15.99 12.06 13.05 7.42 4.23 3.20 6.77 9.16 10.99 10.20 15.84 16.90 

1991 18.04 15.56 15.88 8.23 4.74 2.46 -0.42 3.97 8.37 8.70 13.37 16.18 

1992 14.37 17.06 15.61 7.26 5.69 3.68 1.68 4.63 9.19 10.31 14.55 15.93 

1993 16.95 17.16 15.06 9.28 6.70 4.91 6.67 1.17 8.44 12.63 13.94 18.17 

1994 16.16 18.82 14.10 7.86 6.17 0.76 3.78 7.22 6.88 14.73 13.45 18.16 

1995 18.58 15.12 15.41 11.77 5.58 1.19 -0.04 5.07 11.60 10.23 14.04 14.55 

1996 17.85 14.46 12.91 10.66 5.84 0.67 1.03 3.10 9.63 11.13 15.46 15.09 

1997 16.29 17.94 14.03 11.61 4.36 2.73 4.33 5.37 8.65 15.17 13.22 15.18 

1998 17.78 16.71 14.19 11.45 6.34 4.64 6.07 6.28 7.37 10.52 13.23 14.61 

1999 18.13 14.54 16.06 10.18 7.91 4.11 3.57 5.44 8.29 10.13 14.47 16.74 

2000 18.27 14.98 14.34 8.95 9.16 3.36 2.53 3.93 7.41 12.92 13.42 16.65 

2001 16.69 15.23 15.86 11.70 7.78 2.46 3.60 5.65 9.96 11.02 13.29 16.45 

2002 15.20 16.78 15.56 10.33 4.59 2.63 5.95 7.06 9.66 12.73 15.66 15.18 

2003 15.50 16.29 14.63 9.74 8.26 3.02 5.28 4.21 6.19 9.40 14.37 17.32 

2004 14.74 16.06 13.81 6.75 2.58 3.93 1.95 5.26 6.56 11.65 12.77 14.19 

2005 17.77 16.17 14.48 10.96 5.18 1.87 3.62 5.94 11.83 11.97 12.79 14.02 

2006 16.59 18.77 15.54 10.74 9.31 0.53 2.84 7.36 6.23 11.38 14.82 18.45 

2007 17.49 19.26 14.35 10.22 9.30 3.47 2.84 6.12 9.48 10.23 17.04 12.73 

2008 16.17 16.90 17.34 9.59 5.54 6.08 0.49 5.83 9.45 12.61 12.97 15.56 

2009 17.75 14.29 15.00 8.88 5.57 3.60 4.28 5.25 6.59 10.12 13.79 15.96 

2010 19.00 17.31 16.12 7.36 6.88 3.70 5.86 6.87 10.11 9.99 14.30 17.26 

2011 17.71 18.53 14.76 11.64 4.68 1.16 1.82 2.90 11.02 14.38 14.66 17.11 

2012 14.52 15.51 13.09 10.59 6.24 4.47 6.45 3.28 10.74 13.70 11.56 16.25 

2013 16.03 15.90 14.65 10.36 5.84 6.16 4.08 6.97 7.71 12.03 12.63 15.48 

2014 18.11 18.77 12.68 10.32 4.00 5.16 3.28 6.83 10.76 11.60 14.84 15.26 

2015 16.17 17.71 13.97 11.53 4.49 2.72 1.66 4.84 7.64 12.72 14.63 12.88 

2016 14.67 16.08 15.11 8.34 8.13 2.49 1.09 5.37 14.73 12.31 15.83 16.52 

2017 15.19 17.96 13.73 9.06 7.45 2.93 5.23 5.63 7.37 10.12 13.49 14.86 

2018 15.82 14.39 15.50 11.52 8.62 1.45 4.02 0.64 8.32 12.67 10.85 15.46 
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Appendix 5: Monthly maximum temperature (°C) 

 Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1980 33.07 30.38 29.26 25.10 22.90 18.19 19.16 24.67 28.08 26.85 31.28 32.02 

1981 34.49 31.30 29.34 27.92 23.29 18.03 21.64 21.52 25.11 30.44 32.97 33.82 

1982 38.00 32.53 27.22 24.71 17.14 15.50 19.62 24.88 30.47 29.86 27.17 33.86 

1983 33.85 31.59 29.25 26.73 24.01 17.44 19.31 24.79 23.20 30.91 30.87 38.62 

1984 32.89 32.47 29.34 26.01 21.52 18.53 18.23 24.16 29.39 26.07 29.53 33.29 

1985 35.25 33.14 28.90 23.34 17.18 18.34 19.53 23.36 27.31 33.00 30.07 30.60 

1986 38.21 28.74 27.08 23.93 23.55 13.55 14.65 24.07 27.43 26.67 30.81 31.05 

1987 29.89 32.58 30.75 27.20 18.65 12.90 20.39 20.13 27.76 30.00 28.91 29.57 

1988 32.00 31.76 30.00 25.95 22.84 16.83 23.39 20.81 23.97 28.71 33.75 32.78 

1989 33.39 33.59 28.10 23.78 18.86 19.79 15.84 19.85 20.42 32.70 31.02 31.96 

1990 32.82 32.03 30.41 24.50 23.37 17.86 23.13 27.43 30.75 26.69 31.48 32.42 

1991 35.23 30.76 30.35 25.86 22.41 17.39 16.06 21.52 24.78 23.83 35.69 33.57 

1992 31.79 33.32 28.92 22.44 24.99 18.90 15.41 21.51 26.10 29.17 34.54 35.44 

1993 35.90 31.24 28.51 24.21 20.25 18.91 22.36 17.93 25.98 31.51 34.24 31.21 

1994 31.39 30.82 32.47 21.88 18.66 14.31 20.02 23.68 22.82 31.38 28.84 33.88 

1995 37.87 31.77 28.32 25.99 20.87 17.55 17.44 21.87 23.25 26.44 31.93 33.06 

1996 33.57 29.77 28.58 21.60 23.11 17.41 18.14 21.71 28.31 28.91 31.17 32.88 

1997 31.49 33.10 27.52 24.98 18.52 17.94 20.24 24.03 26.35 31.82 31.04 34.79 

1998 34.91 31.09 27.42 26.47 18.37 17.97 20.22 24.13 26.42 30.14 34.18 33.92 

1999 33.73 29.34 28.99 26.31 25.31 16.71 16.51 20.70 21.22 27.66 30.87 36.22 

2000 37.03 32.42 30.55 25.35 24.47 15.08 19.11 21.33 25.38 32.02 32.90 31.75 

2001 33.63 32.73 29.62 27.46 22.12 14.39 18.48 22.65 24.09 25.47 30.28 32.55 

2002 31.88 31.31 31.62 27.92 22.68 16.32 17.54 24.11 29.08 30.26 33.81 34.89 

2003 31.32 29.44 27.02 23.75 21.57 18.57 18.29 21.46 26.66 25.39 35.41 34.43 

2004 30.22 29.07 28.33 23.48 17.11 14.77 18.81 24.69 24.08 27.77 33.60 34.97 

2005 31.49 28.47 29.30 26.48 20.89 16.82 18.89 22.85 28.20 29.48 32.96 30.72 

2006 32.01 30.38 33.16 27.88 21.34 17.73 17.45 23.40 26.47 30.75 34.56 35.97 

2007 33.97 34.62 29.78 27.70 25.37 20.35 17.20 22.52 26.97 30.74 35.46 28.42 

2008 32.49 34.03 31.39 24.26 24.72 21.69 17.53 24.27 27.39 28.46 31.49 36.09 

2009 37.13 30.22 27.81 22.59 18.96 21.24 19.92 23.59 26.09 27.03 32.48 32.62 

2010 34.48 33.65 31.03 24.78 23.37 14.44 22.88 25.07 25.48 24.64 29.65 30.82 

2011 36.94 35.37 31.67 26.66 20.01 12.32 14.71 20.38 30.15 32.55 30.88 34.59 

2012 30.66 30.08 28.33 26.32 19.14 17.90 22.11 20.79 27.79 27.27 29.88 30.76 

2013 31.77 31.79 28.44 27.48 21.24 21.60 21.18 25.23 28.66 30.86 30.41 31.44 

2014 33.14 32.97 26.18 22.23 17.26 21.36 19.08 24.70 29.40 32.95 35.29 30.98 

2015 31.79 31.21 31.35 26.29 19.43 18.41 17.38 24.29 26.75 29.63 34.78 31.25 

2016 29.71 32.06 30.70 27.49 24.15 17.90 20.02 25.33 32.20 30.01 33.70 36.74 

2017 34.34 32.38 28.38 23.28 24.25 19.99 22.94 23.12 26.45 30.58 32.78 30.84 

2018 32.86 29.75 28.88 26.42 24.36 18.59 19.75 21.60 27.10 29.52 32.74 33.79 
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Appendix 6: Monthly average temperature (°C) 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1980 24.62 21.38 21.06 17.28 14.85 10.00 11.30 15.55 18.55 17.98 22.02 24.21 

1981 24.57 23.07 22.19 19.74 15.32 10.51 12.94 13.75 17.72 20.01 24.13 24.22 

1982 28.17 23.68 20.41 15.77 11.04 8.29 11.12 15.94 19.68 21.74 19.26 25.45 

1983 24.05 24.26 22.02 16.96 15.96 10.32 10.73 15.48 15.21 21.13 22.26 29.10 

1984 24.48 25.35 21.42 18.47 14.29 10.73 10.96 15.35 18.90 17.67 21.32 25.16 

1985 25.52 25.71 22.01 15.77 11.12 11.10 11.37 13.58 16.57 23.18 21.55 22.62 

1986 27.94 21.82 19.71 17.67 15.32 7.62 8.53 15.43 18.24 18.82 22.00 23.01 

1987 23.62 23.54 22.80 18.35 11.81 7.20 14.22 11.89 19.25 22.62 21.44 22.21 

1988 24.55 24.67 22.70 16.92 14.66 9.17 13.73 13.51 16.07 19.62 24.27 24.18 

1989 24.30 26.20 20.51 16.22 13.03 12.09 8.95 10.75 12.40 22.85 21.99 23.60 

1990 24.40 22.04 21.73 15.96 13.80 10.53 14.95 18.30 20.87 18.44 23.66 24.66 

1991 26.64 23.16 23.11 17.05 13.57 9.93 7.82 12.75 16.58 16.26 24.53 24.88 

1992 23.08 25.19 22.27 14.85 15.34 11.29 8.55 13.07 17.64 19.74 24.55 25.68 

1993 26.43 24.20 21.78 16.75 13.48 11.91 14.52 9.55 17.21 22.07 24.09 24.69 

1994 23.77 24.82 23.29 14.87 12.41 7.53 11.90 15.45 14.85 23.06 21.15 26.02 

1995 28.22 23.44 21.87 18.88 13.22 9.37 8.70 13.47 17.43 18.34 22.98 23.80 

1996 25.71 22.11 20.75 16.13 14.47 9.04 9.58 12.40 18.97 20.02 23.31 23.99 

1997 23.89 25.52 20.77 18.29 11.44 10.33 12.28 14.70 17.50 23.50 22.13 24.98 

1998 26.34 23.90 20.81 18.96 12.35 11.31 13.14 15.21 16.89 20.33 23.70 24.26 

1999 25.93 21.94 22.53 18.24 16.61 10.41 10.04 13.07 14.75 18.89 22.67 26.48 

2000 27.65 23.70 22.44 17.15 16.81 9.22 10.82 12.63 16.39 22.47 23.16 24.20 

2001 25.16 23.98 22.74 19.58 14.95 8.43 11.04 14.15 17.02 18.25 21.79 24.50 

2002 23.54 24.04 23.59 19.13 13.64 9.47 11.74 15.58 19.37 21.50 24.74 25.03 

2003 23.41 22.87 20.82 16.75 14.92 10.79 11.78 12.83 16.43 17.39 24.89 25.87 

2004 22.48 22.57 21.07 15.11 9.85 9.35 10.38 14.98 15.32 19.71 23.19 24.58 

2005 24.63 22.32 21.89 18.72 13.04 9.35 11.26 14.39 20.02 20.72 22.88 22.37 

2006 24.30 24.58 24.35 19.31 15.33 9.13 10.14 15.38 16.35 21.07 24.69 27.21 

2007 25.73 26.94 22.07 18.96 17.33 11.91 10.02 14.32 18.23 20.49 26.25 20.58 

2008 24.33 25.47 24.36 16.93 15.13 13.89 9.01 15.05 18.42 20.54 22.23 25.83 

2009 27.44 22.25 21.40 15.74 12.26 12.42 12.10 14.42 16.34 18.58 23.13 24.29 

2010 26.74 25.48 23.58 16.07 15.12 9.07 14.37 15.97 17.79 17.32 21.98 24.04 

2011 27.33 26.95 23.22 19.15 12.34 6.74 8.27 11.64 20.59 23.46 22.77 25.85 

2012 22.59 22.80 20.71 18.45 12.69 11.18 14.28 12.03 19.27 20.49 20.72 23.51 

2013 23.90 23.84 21.55 18.92 13.54 13.88 12.63 16.10 18.19 21.44 21.52 23.46 

2014 25.62 25.87 19.43 16.27 10.63 13.26 11.18 15.77 20.08 22.28 25.07 23.12 

2015 23.98 24.46 22.66 18.91 11.96 10.56 9.52 14.56 17.19 21.18 24.71 22.07 

2016 22.19 24.07 22.90 17.92 16.14 10.20 10.56 15.35 23.46 21.16 24.76 26.63 

2017 24.77 25.17 21.06 16.17 15.85 11.46 14.08 14.37 16.91 20.35 23.14 22.85 

2018 24.34 22.07 22.19 18.97 16.49 10.02 11.88 11.12 17.71 21.09 21.80 24.63 
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Appendix 7: Annual and monthly potential evapotranspiration 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

1980 233.58 209.57 183.11 145.90 145.53 110.80 120.59 163.10 223.36 223.37 209.03 220.22 2188.16 

1981 289.35 207.22 157.10 145.66 115.31 106.07 142.71 129.14 134.93 266.60 242.46 292.54 2229.10 

1982 339.88 175.49 142.30 176.44 68.63 70.93 136.22 159.79 232.40 208.33 187.10 274.08 2171.61 

1983 270.10 154.43 157.78 190.48 132.51 95.00 128.96 165.33 167.53 249.33 243.78 302.65 2257.87 

1984 203.11 188.02 188.24 133.01 104.01 92.02 108.09 142.12 234.50 185.20 193.25 198.20 1969.77 

1985 306.27 200.64 134.05 121.61 68.04 102.07 118.46 141.39 224.70 280.04 203.03 221.83 2122.13 

1986 371.68 156.85 127.86 98.30 125.05 55.96 53.33 136.72 207.95 195.97 218.37 216.44 1964.47 

1987 170.42 202.19 184.46 196.30 89.24 52.22 108.73 116.13 184.51 170.42 177.72 180.34 1832.68 

1988 211.64 153.02 178.55 161.16 109.60 78.76 154.43 100.69 135.36 229.01 273.09 252.54 2037.86 

1989 277.78 218.54 149.08 119.93 69.64 101.69 62.19 108.48 145.60 284.37 256.03 214.06 2007.38 

1990 231.23 232.33 213.45 137.66 158.28 98.95 120.84 165.34 260.22 189.93 234.88 236.75 2279.87 

1991 281.59 180.88 190.50 182.02 123.73 109.65 100.88 111.66 178.13 157.18 331.85 262.71 2210.78 

1992 236.48 222.34 139.90 106.85 165.69 109.22 61.99 120.28 153.17 265.84 320.43 303.84 2206.02 

1993 312.49 157.93 140.69 135.17 101.21 72.55 133.84 105.91 176.97 293.71 297.87 183.56 2111.90 

1994 216.43 155.04 211.69 107.58 76.80 61.44 122.49 141.09 156.27 243.41 185.50 242.49 1920.25 

1995 344.49 181.89 123.65 150.41 98.58 101.93 120.92 123.48 126.65 168.17 253.46 283.86 2077.48 

1996 235.80 163.12 179.71 81.41 135.75 108.70 110.54 130.00 192.12 229.26 206.06 237.37 2009.85 

1997 189.43 149.67 119.16 109.53 81.57 92.59 119.36 145.12 178.47 261.84 254.34 300.92 2002.00 

1998 243.84 144.28 132.96 142.07 77.98 79.97 116.02 158.07 173.99 261.65 342.81 309.51 2183.15 

1999 201.35 163.99 140.03 140.42 139.92 65.07 72.38 101.14 123.09 190.41 230.82 327.32 1895.92 

2000 323.64 243.78 209.65 137.73 136.76 53.13 118.56 129.27 161.53 215.46 280.26 205.43 2215.21 

2001 225.76 194.16 155.62 152.87 90.38 63.48 117.63 135.13 141.42 150.06 230.40 205.98 1862.90 

2002 196.60 165.84 227.89 195.09 148.50 83.25 69.10 138.29 232.01 244.22 316.22 317.00 2334.01 

2003 190.01 131.66 118.10 94.45 83.76 99.45 62.61 119.00 228.77 205.12 306.69 241.02 1880.65 

2004 180.91 128.47 136.25 133.23 60.92 58.23 114.06 155.21 172.72 217.25 336.36 337.06 2030.69 

2005 186.99 134.31 141.14 136.53 105.81 89.26 119.99 156.85 182.26 247.86 332.52 210.26 2043.77 

2006 250.79 154.68 259.32 164.10 107.04 98.59 83.65 135.20 199.58 281.82 304.91 320.86 2360.51 

2007 241.09 180.42 188.44 164.46 123.05 128.64 71.05 136.50 219.78 267.51 298.10 160.82 2179.86 

2008 239.50 208.48 187.66 113.89 139.26 126.90 117.17 159.63 190.88 192.52 264.56 372.08 2312.54 

2009 319.11 159.26 126.48 93.69 74.98 116.02 127.77 138.49 212.32 221.51 234.21 234.58 2058.44 

2010 226.68 235.14 211.24 162.66 128.58 53.12 132.89 159.60 142.11 157.18 196.48 193.30 1998.98 

2011 339.51 239.63 219.74 150.61 102.07 45.25 57.46 140.53 225.08 271.39 225.01 279.25 2295.53 

2012 188.55 147.60 182.78 173.58 99.19 87.61 129.84 130.88 177.92 166.86 260.23 204.25 1949.27 

2013 188.77 179.84 143.27 163.08 121.85 122.15 127.79 161.25 198.75 247.07 185.70 195.53 2035.06 

2014 196.15 173.89 152.33 94.59 77.87 123.94 121.26 151.00 200.23 320.06 369.53 184.20 2165.04 

2015 207.36 163.32 203.18 152.44 84.47 99.05 110.52 159.71 175.17 258.63 343.70 248.75 2206.30 

2016 171.64 175.77 177.27 180.75 113.05 107.18 126.70 146.80 206.65 187.27 281.69 371.21 2245.99 

2017 283.83 142.43 174.04 102.96 117.04 107.62 149.67 150.18 212.53 282.73 262.14 224.57 2209.75 

2018 252.63 149.38 153.82 128.91 153.22 105.45 140.61 136.41 205.14 207.42 293.59 292.67 2219.25 
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Appendix 8: Components of the long-term mean annual water balance 

 

Appendix 9: DFM soil water measurement sensor 
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Appendix 10: Different soil profiles opened during field survey 

 

(a) Cumulic group (e.g. Dundee soil form) 
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(b) Oxydic group (e.g. Hutton soil form) 

 

(c)  Plinthic group (e.g. Bainsvlei soil form) 

 

 

(d) Lithic group (e.g. Mispa soil form) 
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(e) Calcic group (e.g. Coega soil form) 
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