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ABSTRACT 

Groundwater is an essential part of the hydrologic functions and an important element for 

socio-economic development. Groundwater plays significant role in arid and semi-arid 

regions worldwide by providing for both human consumption and the preservation of the 

ecology. The semi-arid upper Molopo River catchment (UMRC) is no exception. 

Observations from this catchment are that there is a water shortage which is attributed to 

groundwater level decline caused by poor water groundwater monitoring done only in one 

part of the study area at the expense of the other parts. Hence, an alternative groundwater 

monitoring system should be implemented in cases where such a system is not in place. 

The estimation of trends in groundwater resource is important for sustainable utilization and 

management. Groundwater potential zones in the study area were delineated using 

Geographical Information Systems (GIS) and Remote sensing (RS) techniques. Various 

thematic layers, such as soil type, geology, elevation, slope, lineament, land use type and 

drainage density, were created; and integrated in ArcMap 10.2 on a scale of 1 to 5 according 

to their relative significance to groundwater potential. The integrated map generated five 

categories, which are, very low, low, moderate, high and very high. The groundwater 

potential sites were related to groundwater level data obtained from the Department of Water 

and Sanitation. 

A direct relationship existing between groundwater and phreatophytic vegetation condition as 

surrogate for groundwater regime in the absence of rainfall has been noted. Phreatophyte 

vegetation densities in areas, such as the upper Molopo River catchment, are controlled by 

the existence of groundwater during dry season and exhibit the behaviour of groundwater 

level. Remote Sensing techniques were utilized to map phreatophyte vegetation density from 

1995 to 2015 using supervised maximum likelihood algorithm. The multi-temporal Soil-

Adjusted Vegetation Index (SAVI) images were created and used as a base from which 

phreatophytic vegetation density classes were extracted. Vegetation cover change detection 

was performed to determine the spatial-temporal trends in phreatophyte vegetation condition.  

It was noted that evapotranspiration (ET) demand, in the dry seasons of arid and semi-arid 

environments, is met by groundwater discharged by phreatophytes, and through seepage into 

the shallow groundwater sites. This relationship is substantial for groundwater modelling. As 

a result, a surface energy balance algorithm for land (SEBAL) was applied in the upper 

Molopo River catchment to estimate potential ET, which provided indication of groundwater 
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depths condition. The input variables for the SEBAL model were derived from Landsat data. 

The variables included land surface temperature, surface emissivity, surface albedo, 

Normalized Difference Vegetation Index, vegetation proportion, leaf area index, and 

elevation map. Other input variables were meteorological data - specific humidity, wind 

speed, air temperature and air pressure. A simple regression analysis was then used to 

establish the relationship between groundwater level and potential ET for the year 2015 and 

groundwater level. 

Phreatophytic vegetation water potential was also investigated in order to model groundwater 

availability. The assumption was that trends in groundwater depth conditions could be 

explained by phreatophytic vegetation water potential. An integrated remote sensing-field 

survey methodology was utilized to map the spatio-temporal trends in phreatophytic 

vegetation water potential between 1995 and 2015. The Normalized Difference Water Index 

(NDWI) was derived from each specified satellite image to retrieve spatio-temporal 

information about vegetation water potential. A decline in NDWI values was then noted from 

1995 to 2015. Relative water content (RWC) measurements were also collected from three 

surveyed phreatophytic vegetation species, namely Ziziphus Mucronata, Euclea Undulata 

and Rhus Lancea, in order to determine leaf water potential. A simple regression analysis was 

also used to establish the relationship between vegetation water potential and groundwater 

depth. 

The multinomial logistic regression analysis revealed a significant relationship between 

groundwater potential sites and groundwater level. The simple regression analysis revealed a 

linear trend between groundwater level and the 2015 phreatophytic vegetation density. 

Shallow groundwater was observed in areas of high phreatophyte vegetation density, in 

contrast to low phreatophyte vegetation density where deep groundwater levels were 

observed. The linear regression analysis revealed a significant relationship between 

groundwater level and ET intensity. It was concluded that trends in potential ET, during the 

study area’s dry seasons, exhibited groundwater level. The linear regression analysis revealed 

a significant relationship between leaf water potential and NDWI values, and between 

groundwater level and phreatophytic vegetation density. Hence, the phreatophytic vegetation 

water potential can be utilized as a diagnostic tool for groundwater behaviour and for the 

establishment of informed decisions. 

Implications emerging from the obtained results suggest that GIS and RS can efficiently and 

reliably provide valuable information regarding potential sites for groundwater in the UMRC 
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and for groundwater monitoring and management purposes. These results also indicate the 

importance of remote sensing techniques in unpacking trends in phreatophyte vegetation 

condition, potential ET, and phreatophytic vegetation water potential as surrogate for 

groundwater levels for informed decisions on groundwater monitoring and management.   
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DEFINITION OF CONCEPTS 

Evapotranspiration: The process by which water is transferred from the soil by evaporation 

and from plants by transpiration. The extent to which this process takes place depends on 

multiple factors, however, the primary factor determining occurrence of this process is water 

availability. 

Geographic Information Systems: A computer based technology which captures, stores, 

manipulates, analyzes and display spatial data. Its advantage over other information systems 

lies in its ability to analyze and solve problems from a spatio-temporal perspective; it enables 

us to visualize any problem in terms of space and time. 

Groundwater: This is water that is available underneath the Earth's surface in soil pore 

spaces and in the fractures of rock formations known as aquifers, which can yield a usable 

amount of water. The water may occur close to the land surface or may lie hundreds of feet 

below the surface. The closer it is to the Earth’s surface, the easier it is to abstract, vice versa. 

Groundwater level: The upper surface of groundwater below which soil is saturated with 

water that fills all voids and interstices. The closer it is to the Earth’s surface, the easier it is 

to abstract groundwater. 

Groundwater potential sites: Sites that have a certain probability of groundwater 

occurrence. The higher the potentiality the higher the chance that the water table is situated 

closer to the Earth’s surface, vice versa. Groundwater potential sites provide information 

pertaining to possible sites for high groundwater yield and where abstraction can be made. 

Leaf relative water content: It referes to the measurement of plant leaf hydration status 

(actual water content) relative to its maximum water holding capacity at full turgidity. It 

provides a measurement of the ‘water deficit’ of the leaf, and may indicate a degree of stress 

expressed under drought and heat stress. 

Phreatophytes: These are plants that depend on groundwater within reach of their roots for 

their water supply. Their conditions exhibit the difficulty or easiness with which they access 

groundwater. 

Remote sensing: This is an art or science of acquiring information about land surface 

features without coming into contact with the feature studied. It records land surface features 

using their reflectance. 
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Surface Energy Balance Algorithm for Land (SEBAL): A developed algorithm used to 

estimate spatio-temporal distribution of potential evapotranspiration as a residual of surface 

energy balance. Thus, evapotranspiration can be calculated using satellite-based and 

meteorological data. 

Vegetation water potential: It is a measure of the concentration of free water molecules. It 

measures the tendency of these molecules to diffuse to another area and operates on the 

principle that the freer water molecules, the higher the water potential. 
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CHAPTER 1 

1.  INTRODUCTION AND CHARACTERIZATION OF THE STUDY AREA 

This chapter outlines a general overview of water resource scarcity, with a specific focus on 

groundwater resource monitoring and management. A general overview of GIS and remote 

sensing applications in groundwater monitoring is also provided in this chapter, just as the 

characteristics of the study area described in relation with groundwater conditions. 

1.1. Introduction 

1.1.1. A review of water resource scarcity and demand 

Water is the most significant natural resource across the Earth and it has recently become a 

scarce resource worldwide (Alcamo et al. 2007; Heleba, 2009; Molden, 2007; Ohlsson & 

Turton, 1999; Vörösmarty et al. 2000). The increasing pressure on global water resources is 

impacting heavily our environmental, social, and economic well-being (Cooley et al. 2013). 

Nonetheless, water scarcity is caused by an ever-increasing water demand, which is mainly 

driven by an increase in population, urban development, food and energy security policies, 

and macro-economic processes such as trade globalization and trends in water resource 

utilization (Cooley et al. 2013). Previous studies noted that water resource demand has 

already surpassed supply in many parts of the world (Bos et al. 2005; Gourbesville, 2008; 

Naiman et al. 2002; Smakhtin et al. 2004). Water resource demand is projected to rise in all 

areas of production (Smakhtin et al. 2004) and it is predicted that not less than 3.5 billion 

people (almost half of the world’s population) will have water shortage by 2025 (Lalzad, 

2007). It is also projected that by 2030, the world will face at least a 40% water shortage 

under the business-as usual (BAU) situation (2030 Water Resources Group, 2009). 

The accessibility to water has influence on patterns of social development and economic 

growth (Allan, 2002). According to Bos et al (2005), approximately half of the world’s 

population lives within ‘water stress’ condition. This implies that the available water per 

person is less than the expected 1.7m3/year for people living in water stress environments 

(Heleba, 2009). The high rates of population growth in Africa, complemented by an ever-

increasing demand for water resources have led to several countries reaching the point where 

water scarcity eventually restricts further development (Freitas, 2013). A comparison of the 

supply of water resource in Africa with that of the rest of the world, shows that the supply is 
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exceptionally variable and water is unevenly distributed in both the spatial and temporal 

context (Mwangi, 2002). However, Africa, which has only 64% of the population with access 

to water supplies, has the lowest relative coverage than any other region of the world 

(Mwangi, 2002). 

There is concern over water resources management in South Africa (Albhaisi, 2012). South 

Africa is a semi-arid, water scarce country, with a mean annual rainfall of roughly 450 mm 

(Otieno & Ochieng, 2004), which is recognisably less than the world mean annual rainfall of 

about 860 mm (Albhaisi, 2012). An estimation based on the then current usage trends 

suggests that water demand in South Africa will exceed availability of the economically 

usable water resource by 2025 (Beekman & Xu, 2003). Observations made in 2000 showed 

that the overall requirements of water resources exceeded available water in eleven of the 

nineteen water management areas (WMA) (Beekman & Yu, 2003), one of which is the 

Marico Water Management area, where the upper Molopo River catchment (UMRC) is 

situated. 

Water scarcity may appear to be an uncomplicated phenomenon, but it can be challenging to 

define it in the environments that are highly characterized by human activities (Jaeger et al. 

2013). Two types of water scarcity have been described by Keller et al (2000) and these are: 

physical water scarcity and economic water scarcity. Physical water scarcity, on the one 

hand, takes place when the available water resource cannot meet all demands, including those 

required for ecosystem functioning (Rijsberman, 2006). It has been observed that 

approximately 33.3% of the world’s population lives in areas that are exposed to physical 

water scarcity (Porkka, 2011; Vörösmarty, 2000) and with water extractions for agricultural, 

industrial and domestic purposes surpassing 75% of river flows (IWMI, 2001). An additional 

500 million people in the world live in areas impending physical water scarcity (Cooley et al. 

2013). Physical water scarcity can be further classified into two major categories, which are 

population driven water scarcity and demand driven water stress (Falkenmark et al. 2007). 

The former happens when a large population is dependent on a limited water resource, while 

the latter is associated with the extreme use of otherwise sufficient water resources 

(Falkenmark et al. 2007). 

Economic water scarcity, on the other hand, occurs as a result of a lack of investment in 

water resources or human’s incapability to respond to growing water demands (Birol et al. 

2009). An economic water scarcity is is rooted on the lack of desire to utilize and manage 
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water sustainably. This condition, which can persist for a long period, is charcaterized by an 

uneven distribution of water resource for various reasons such as ethnic and political conflict 

(Birol et al. 2009). Approximately 1.6 billion people live in areas under economic water 

scarcity, where water resources are available but the human capacity or financial resources 

inhibit accessibility to water resource (Cooley et al. 2013). Hence, global water scarcity is 

associated with the unavailability of suitable infrastructure or the inequitable distribution of 

water in situations where the infrastructure is available (IWMI 2001). 

1.1.2. A review of South Africa’s water policy and goal 

The National Water Act (No. 36 of 1998) of South Africa, developed a National Water 

Resource Strategy (NWRS) whose objective is to provide the background for the protection, 

use, development, conservation, management and control of the country’s water resources 

(DWAF, 2010). This Act also supports the principles of Integrated Water Resource 

Management (IWRM), where a holistic approach is employed to address all the aspects of the 

water cycle.  Therefore, the groundwater resource is no longer considered as stand-alone 

resource from other water resources, ecosystem needs, or from the requirements of the 

greater user community (DWAF, 2010). It is envisaged that by 2030, an effectiveness of 

water resource management and services derived from it will support a strong national 

economy and healthy environment (National Planning Commission, 2011). It is also 

envisaged that before 2030, all South Africans will have an affordable and reliable water 

supply (National Planning Commission, 2011). 

The goal of the Nation’s water resource management is to attain the best, continual, 

environmentally feasible, socio-economic benefits for people as they use these resources 

(DWAF, 2004). There are three major objectives focusing managing of South Africa's water 

resources in accordance with the Bill of Rights of the Constitution of South Africa, 1996 (No. 

108 of 1996), which are: (a) to attain equality in accessing water related services, to 

ustilization water resource utilization, and to the benefits from the water resource utilization; 

(b) to attain sustainable water utilization by progressively adjusting water resource utilization 

with the purpose of creating an equilibrium between water supply and demands, and by 

establishing initiatives to protect water resources; and (c)  to achieve efficiency and efficacy 

in water resource utilization for best socio-economic benefits. However, regular monitoring 

of water resources should be considered in order to achieve these goals. Therefore, the 

current study contributes towards the national water resource goal by suggesting a reliable 
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methodology for monitoring trends in groundwater resource that will play a significant role in 

the development of a reasonable groundwater resource management system. 

1.1.3. Background on groundwater resources 

Groundwater is an appreciated natural resource for the dependable and economic provision of 

better quality water supply in many regions of the Earth (Magesh et al. 2012). There is only 

2.8% of the total available water on the Earth that is catergorized as fresh water (Raghunath, 

2006), with 97% of which being groundwater (Sekhri, 2013). Groundwater is important for 

both human consumption and the preservation of the ecological value of many areas world-

wide. Groundwater has emerged as a poverty reduction tool in many developing countries 

because it can be cost-effectively and uncomplicatedly distributed to poor rural areas than 

surface water (IWMI, 2001). Approximately 34% of the overall global annual water supply is 

groundwater (Magesh et al. 2012), with the surface water resource alone being insufficient to 

fulfil the ever-increasing population demand for water. In addition, more than 50% of the 

global population relies on groundwater resources to cater for their basic day-to-day water 

needs, while majority of farmers depend on groundwater to cater for their wellbeing and 

contribute to the food security of so many others (Beekman & Xu, 2003). Groundwater also 

represents approximately 43% of all water used in irrigation globally (Siebert et al. 2010). It 

is preferred the most because it is more usually protected from the hazards of pollution, hence 

it requires less treatment when compared to surface water (Murasingh, 2014). Groundwater 

supplies are, nevertheless, declining, with a projected 20% of the world’s aquifers presently 

over-exploited (WWAP, 2014). Approximately 40% of global groundwater abstraction 

occurs in arid and semi-arid regions and yet the shortage of rain in these regions implies that 

only 2% of groundwater recharge takes place there (Wada et al. 2010). Therefore, 

understanding the nature and occurrence of these resources is imperative for their sustainable 

utilization and management purpose. 

Groundwater has emerged to be the only reliable source of water supply in the arid and semi-

arid regions of South Africa (Turton et al. 2006). Groundwater resources account for about 

13% of all water consumed by South Africans. About 65% of the country’s population which 

is dependent on this resource has recently been experiencing serious shortage of this resource 

(Levy & Xu, 2011). A shortage of water in the arid and semi-arid regions has been attributed 

to their unsustainable utilization and management (Abiye, 2012; Pietersen et al. 2011; 

Albhaisi, 2012; Cobbing et al. 2008). Subsequently, there is a low assurance of water supply, 
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which will present a serious challenge to the future economic growth of the country (Turton 

et al. 2006). Surface water in the North West Province of South Africa is limited and 

groundwater is the only reliable source of water supply (Pavelic et al. 2012). More than 80% 

of rural communities in this province depend on groundwater as only source of water supply 

(Tessema & Nzotta, 2013). The depletion of these resources has been noted, thus 

underscoring the need for the development of mechanisms that will guard against their 

exploitation (DWAF, 2010). However, although groundwater resources are significant source 

of livelihood to a large population segment in this Province, they remain under the threat of 

quantitative degradation in the face of human-induced pressure (Tessema & Nzotta, 2013). 

Hence, a decline in groundwater level in the North West Province is attributable to the heavy 

abstraction for direct consumption and the sustenance of a wide range of human activities 

(Tessema & Nzotta, 2013). This decline will continue until recharge is increased and/or 

utilization/withdrawal is reduced to ensure a continued availability, which seems 

impracticable, considering that the population is always increasing and there is an ongoing 

infrastructural development. Subsequently, a proper monitoring of the water resources is 

imperative. 

1.1.4. Groundwater resource assessment 

Groundwater does not occur accidentally but through interactions between various complex 

processes that include rainfall, topography, climate, lithology and land use/cover. Its 

distribution varies according to both space and time. Therefore, these processes must be well 

understood for a proper development of this resource. However, in arid and semi-arid 

regions, groundwater resource trends tend to be influenced more by its utilization and 

management than by recharge (Wang et al. 2011). As a result, knowledge of groundwater 

trends enables one to use the relevant strategies for stopping or improving the trends, 

depending on its nature, in order to sustain an acceptable trends (Gao, 1996). Studies on 

groundwater resource development and management emphasize the need to explore 

groundwater controlling features and evaluate their role in groundwater occurrence 

(Maggirwar & Umrikar, 2011; Dillon et al. 2009; Yousef et al. 2009). Therefore, the 

delineation of the groundwater controlling parameters and assessment, in order to estimate 

groundwater potential, is of importance in the planning and development of this resource 

(Manikandan et al. 2014). 
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Groundwater studies are important for both the identification of groundwater exploitation 

sites as well as protecting this resource (Hutti & Nijagunappa 2011). The direct effects of 

precipitation on vegetation functioning in arid and semi-arid regions is very weak because of 

rainfall scarcity (Elmore et al. 2006). Therefore, the indigenous vegetation distribution in 

these regions is primarily controlled by groundwater table to surface (Wang et al., 2011). 

Several studies note a strong relationship between the spatio-temporal trends of groundwater 

level in dry season and the dynamics of phreatophytic vegetation (Manning, 1999; Martinet et 

al. 2009; Seeyan et al. 2014). An understanding of their relationship is important for 

groundwater resource management. For instance, the phreatophytic vegetation condition can 

alter in response to increase in depth to groundwater table (Colvin et al. 2002). However, this 

alteration can be determined by assessing the phreatophytic vegetation cover condition 

(Wang et al. 2011), phreatophytic vegetation water potential (Donovan et al. 2001; Nilsen et 

al. 1984), and evapotranspiration intensity associated with these vegetation species (Beamer 

et al., 2013; Shah et al. 2007). On this basis, phreatophytic vegetation condition can provide 

valuable information regarding groundwater potentiality in a region (Wang et al. 2011). 

Therefore, a consideration of this vegetation type response to changes in water availability is 

important for groundwater resource planning (Froend & Drake, 2006). 

Proper monitoring and development of groundwater resources is required if effective 

management of these resources is to be achieved. Various methods and techniques that have 

been employed to monitor changes in groundwater resource quantity rely on guesstimates 

rather than estimates (Hamandawana, 2008). This presents a serious challenge for water 

resource managers as it is difficult for them to obtain the actual trends in the quantity of this 

resource (Scanlon et al. 2006); particularly in arid and semi-arid areas where there are 

complex interactions between the recharge and abstraction rate (Hamandawana, 2008). For 

example, boreholes and wells require a high density distribution if they are to provide reliable 

estimates at large spatial scale (Hamandawana, 2008). Nonetheless, they only provide 

estimates at their points of installation and not other areas, while other geophysical methods 

such as airborne electromagnetic survey, ground penetrating radar, gravity and resistivity 

methods are too expensive to acquire. Furthermore, it is not cheap and easy to conduct a 

ground survey seeking to collect information regarding water parameters (Khan et al. 2008). 

In some cases, historical data of measured groundwater level are not readily available (Corluy 

et al. 2004), thus making it difficult to understand past trends on groundwater resources.  
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Therefore, a different methodology has to be established in cases where measured 

groundwater levels data are not available (Corluy et al. 2004). 

Geographical Information Systems (GIS) and remote sensing have long been known for their 

outstanding ability to monitor the long-term phreatophytic vegetation condition at a large 

spatial scale. Both GIS and remote sensing can be utilized in monitoring spatio-temporal 

change in the distribution of this vegetation community (Braimbridge et al. 2010; Saraf et al. 

2001; O’Grady et al. 2011), which would then provide an indication of long-term 

groundwater trends. Integrated remote sensing and GIS for preparing various thematic layers 

that have direct or indirect influence over groundwater occurrence assist in the identification 

of potential groundwater zones (Manikandan et al. 2014). Satellite remote sensing 

techniques, in particular, can detect changes in groundwater resources over a large spatio-

temporal scale (Batelaan, 2006). In addition, the advantage of employing GIS and remote 

sensing techniques is that they are able to monitor large areas in a short time period. These 

techniques are preferred because they are less expensive, freely available and able to gather 

information from inaccessible areas. Remote sensing has indeed shown to be a reliable tool in 

hydrogeological investigation in areas of the world where geological maps and field data are 

scarce (Hoffmann & Sander, 2006). Therefore, a systematic planning of groundwater 

exploration using GIS and RS is important for the efficiency in the utilization and 

management of groundwater resource (Hutti & Nijagunappa, 2011). 

1.1.5. Problem statement 

The UMRC has in recent years experienced extreme water shortages that are attributed to 

continuous abstraction of groundwater resource (Cobbing et al. 2008; DWAF, 2010; van 

Vuuren, 2013). The depletion of this resource results in poor water service delivery to water 

resource stakeholders and harms the aquifer systems (DWAF, 2010). If this problem is not 

properly addressed, water and food security, and consequently, the well-being and 

development of this area will be severely under threat. It is envisaged that an efficient and 

effective management of this study area’s groundwater resource is hampered by lack of 

reliable monitoring systems. The existing evidence of groundwater level monitoring through 

a borehole monitoring system in the study area has revealed serious challenges (van Vuuren, 

2013). The groundwater monitoring boreholes are concentrated in one part of the study area 

at the expense of the other parts (DWAF, 2010) and approximately 50% of the available 

boreholes are no longer considered for groundwater level monitoring. 
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1.1.6. Justification of the study 

Several studies emphasized the need to accurately and consistently monitor groundwater 

level for informed decision-making (Cobbing et al. 2008; DWAF, 2010; van Vuuren, 2013). 

However, shortfalls brought by current groundwater monitoring system demand that there  be 

an exploration of  an alternative cost effective and reliable monitoring system which would 

provide better estimates of groundwater levels at both spatial and temporal scales. Therefore, 

the current study seeks to fill the spatial and temporal dynamics gap existing in groundwater 

monitoring, by investigating the reliability of GIS and remote sensing techniques in 

monitoring groundwater resources for sustainable utilization and management of this 

resources. 

1.1.7. The principal aim of the research 

The principal aim of the study was to investigate the reliability of GIS and remote sensing 

techniques in estimating groundwater resource trends. 

1.1.8. Specific objectives 

The specific objectives formulated to achieve the principal aim of the study are: 

 To identify groundwater potential sites in order to reliably locate groundwater 

resources; 

 To characterize groundwater dynamics using phreatophytic vegetation density; 

 To model groundwater availability using remote sensing-based potential 

evapotranspiration; 

 To evaluate the reliability of phreatophytic vegetation water potential as a 

groundwater tracer. 

1.1.9. Primary hypothesis 

Integrated GIS-remote sensing techniques can provide reliable estimates of spatio-temporal 

trends in groundwater resource. 

1.1.10. Specific hypotheses 

The specific hypotheses of the study were that: 
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 Groundwater potential occurrence sites can be used to provide valuable information 

pertaining to groundwater levels. 

 Spatio-temporal dynamics of phreatophytic vegetation condition during the dry 

season can be used as indicators of groundwater depth trends. 

 There is correlation between dry season potential evapotranspiration and groundwater 

depth.  

 Dry season phreatophytic vegetation water potential is a reliable indicator of 

groundwater trends. 

1.2. The study area 

1.2.1. Background information and location 

The Molopo River catchment is a transboundary catchment shared between South Africa and 

Botswana in the north-western part of South Africa. Molopo River catchment is drained by 

the Molopo River, which is approximately 960 km long. This river ascends east of Mafikeng 

in Northwest Province of South Africa and flows usually westward for about 965 kilometers 

to join the Orange River near the Southern eastern boundary of Namibia. It stops surface 

flowing when it discharges into pans in Botswana before turning south and emerging as 

surface flow just before reaching the Orange River (DWAF, 2004).  The Upper Molopo River 

catchment, situated between 26˚40`13.42``S, 24˚19`23.1``E and 24˚39`25.33``S, 

26˚19`03.41``E, is the focus of this study and it covers an area of 4 300 km2 (DWAF, 2004) 

and is situated in the Marico Water Management area. Figure 1 shows the location of the 

upper Molopo River catchment in South Africa. 
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Figure 1: Location of the study area in the North West Province of South Africa 

1.2.2. Climatic and ecological settings 

Generally, the study area is characterized by an undependable and inconsistent ecology, with 

large variations in the mean annual rainfall common in this location. The rainfall in the study 

area varies in response to the topography of the area and it commonly experiences 

temperatures of above 34°C in summer, which frequently exceed 38°C at some points in 

time.  A total of two (2) topographical/ecological regions are found in the study area and 

these are the Highveld and Southern Kalahari. The climate within the Southern Kalahari eco-

region is semi-arid (Van Rooyen, 1984), with temperatures that fluctuate on both a seasonal 

and a daily basis. In addition, the Southern Kalahari’s rainfall is unreliable and irregular as it 

lasts for only short periods of time. As a result, the mean annual rainfall varies from 

approximately 223 mm to 250 mm. Finally, the humidity is low and evaporation is high 

(Parris 1984), with the latter leading to a huge shortfall in the annual water budget (Van 

Rooyen 1984). The Highveld, however, has a moderate to low relief and having rainfall 

which varies between 380 mm and 480 mm in the western side and 480 mm to 566 mm in the 

eastern side (Schulze, 1997). The Highveld’s drainage density is mostly low, but medium in 
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some areas. The annual average minimum temperature in this region is 120C, with the annual 

average maximum temperature being 320C (Kleynhas et al. 2005). Figure 2 provides the 

ecological conditions of the study area. 

 

Figure 2: Ecological regions 

1.2.3. The vegetation types of the study area 

The vegetation of the UMRC was classified according to the Acocks (1988) veld types. The 

study area is characterized by five (5) types of natural vegetation. Three (3) of the vegetation 

types, namely Mixed Bushveld, Kalahari Plains Thorn Bushveld, Kalahari Plateau Bushveld, 

all of the Savanna biome, are characterized by a grassy ground layer and  distinct upper layer 

of woody vegetation. The Mixed Bushveld is found in the eastern side of the study area, and 

comprises of tree species with average height of 3 to 7 meters (Balance et al. 1999). The 

vegetation of the Kalahari Plateau Bushveld generally varies from open to closed shrubveld 

and is typically composed of shrubs and some small trees (Balance et al. 1999). The Kalahari 

Plains Thorn Bushveld dominates the study area, covering over 50% of the study area. It is 
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predominantly covered by the Acacia thorn tree mosaic (Acocks, 1988). The tree species 

Umbrella Thorn Acacia tortilis, Rocky Highveld Grassland and Dry sandy Highveld 

Grassland of the grassland biome are also present in the study area. The vegetation types 

found in the study area are provided in Figure 3. 

 

Figure 3: Vegetation types 

1.2.4. Hydrogeological condition 

The study area is largely situated in the Ramotswa Transboundary aquifer (shared with 

Botswana), which is characterized by a high permeable region of dolomite intrusions 

transmissive zones formation along geological formation (Pietersen et al. 2011). This 

dolomite has a high yield of groundwater due to its high interlinks with surface water (Abiye, 

2012). Dolomite comprises strata of 200 to 1 900 meters thick that are made up of dolomitic 

rock (Pietersen et al. 2011). The dolomitic aquifers of this region provide possible sites for 

high yield boreholes (Pavelic et al. 2012). Figure 4 provides hydrogeological condition of the 

transboundary aquifers systems of South Africa. 
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Figure 4: South Africa's transboundary aquifers (adapted from Struckmeier et al. 2006) 

1.2.5. The water supply situation in the study area 

The main sources of water supply in the study area are rainfall, rivers and groundwater. 

Rivers are limited and rainfall is unreliable, which leaves groundwater as the only reliable 

source of water supply. The limited surface water supply and unreliable rainfall in this region 

compel a majority of the population to rely on groundwater resources for household purposes, 

agriculture and urban development. Increases in population, urban growth and agricultural 

expansion have exerted pressure on available water supply as all these developments are 

taking place at the expense of the existing groundwater resources.  

Groundwater over-abstraction from boreholes and wells has caused a serious decline in 

groundwater quantity (van Vuuren, 2013). The Minister of Water and Environmental Affairs 

acknowledged this decline in the 2010 communique, which indicated that there is a shortage 

of water supply in the households and other structures. This resulted in the development of a 

water supply schedule in some areas of this region, with the year 2013 witnessing water being 

supplied across these areas from 5:00 am to 10:00 am and 5:00 pm to 10:00 pm each day. 
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The shortage of water within the times not allocated for water supply presented challenges in 

all sectors that depend entirely on water resource for their operations.  Thus, groundwater 

quantity will continue to decline in this region if water availability and demand are not 

balanced through a systematic supply and water management process.  

1.3. Chapter Outline 

Chapter 1: Introduction and characterization of the study area 

Chapter 1 outlined the general background to water resource scarcity and demand, the 

objectives and goals of the South Africa’s water resource policy, and identified the research 

gap in the study area. The problems faced in the study area were also stated in this chapter. 

The chapter outlined further the hypothesis, main aim, objectives and research questions of 

the study. A discussion on the study area’s context of the location, topographical conditions, 

hydrogeological conditions, vegetation types and water supply situation, was also presented 

in this chapter.  

Chapter 2: Evaluating reliability of groundwater potential sites for groundwater 

occurrence 

This chapter investigated the potential sites for groundwater occurrence in the study area. It 

also investigated the parameters influencing groundwater occurrence in the study area. The 

chapter also drew on the multinomial logistic regression analysis in an attempt to unpack the 

groundwater potential sites and confirm their relationships with the field-based groundwater 

level. The relevance and significance of GIS and remote sensing in delineating groundwater 

potential sites also under focus, just as the implications emerging from the findings of this 

study were discussed in this chapter. 

Chapter 3: Characterizing groundwater dynamics using the phreatophytic vegetation 

density 

The chapter investigated the spatio-temporal trends in groundwater levels. The spatio-

temporal dynamics of phreatophytic vegetation conditions were used as a surrogate for 

groundwater level dynamics. The chapter also drew on and outlined its use of satellite remote 

sensing techniques in analysing trends in phreatophytic vegetation conditions. Finally, 

chapter also considered the relationships between the phreatophytic vegetation conditions and 

field-based groundwater level, using the linear logistic regression analysis. 
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Chapter 4: Modelling groundwater availability using remote sensing-based potential 

evapotranspiration 

Chapter 4 focused on the use of the remote sensing based SEBAL model to estimate the 

groundwater resource trends of the UMRC. It outlined the nature of the SEBAL model, the 

satellite data and meteorological data that are used in the estimation. The chapter also 

established the relationships between different evapotranspiration intensity levels and 

surveyed groundwater levels by means of the multinomial logistic regression analysis. 

Chapter 5: Evaluating the reliability of phreatophytic vegetation water potential in 

tracing groundwater resource 

This chapter analyzed the phreatophytic water potential trends using remote sensing-based 

NDWI and field based RWC, to determine their implications on the groundwater trends of 

the UMRC. The chapter also considered the NDWI images surrogate for phreatophytic 

vegetation water content in its analysis and outlined the use of the in-situ relative water 

content measurements in an effort to validate the NDWI values observed from the images.  

Chapter 6: Synthesis and Recommendations 

The chapter concluded the study. It offered a consolidative review of the results achieved in 

this study and outlines their implications for the groundwater trends estimation are provided. 

The applications of various integrated GIS-remote sensing methodologies in estimating 

groundwater trends were explored, and their reliability were also evaluated here. Finally, the 

chapter stated the recommendations regarding the possible ways to sustainably utilize 

groundwater resource, as well as the directions for future. 
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CHAPTER 2 

2. EVALUATING THE RELIABILITY OF GROUNDWATER POTENTIAL SITES 

IN PREDICTING GROUNDWATER LEVEL TRENDS 

Understanding factors that control groundwater occurrence in any region is important in 

groundwater resource monitoring and management. The sustainable management of any 

groundwater resource becomes difficult and consequently impossible if the resource is 

abstracted without an understanding of the factors governing its occurrence. This chapter, 

investigates the groundwater controlling features of the UMRC, and assesses their relative 

significance in groundwater occurrence. The chapter also attempts a demarcation of potential 

groundwater occurrence sites and an establishment of the relationship between potential 

groundwater occurrence sites and the groundwater level. 

2.1. Introduction 

A groundwater resource is responsible for sustaining and supporting domestic, industrial and 

agricultural activities (Elhag & Elzien, 2013). However, the rapid and drastic increase in 

population, agricultural, urban and industrial developments, and that of domestic activities 

over the past years has caused a rise in the demand for water demand (Ramu & Vinay, 2014; 

Varughese et al. 2012),  and thus resulting in water stress and degradation (Elhag & Elzien, 

2013). Groundwater is a dynamic resource as it varies spatially and temporally (Avtar et al. 

2010). Its availability is not infinite and, consequently, its use should be appropriately 

planned (Bera & Bandyopadhyay, 2012). Therefore, an assessment and management of 

groundwater quantity is critical if a sustainable utilization is to be achieved (Elhag & Elzien, 

2013), particularly in arid and semi-arid regions where rainfall is exceedingly intermittent 

and undependable (Varughese, 2012). 

Although groundwater resource is preferred ahead of surface water, it has not yet been 

appropriately exploited (Venkateswaran et al. 2014). This failure to fully exploit groundwater 

resources arises from a lack of expansive knowledge on the fundamentals of groundwater 

quantities (Murasingh, 2014). Groundwater develops into a dependable natural resource when 

the subsurface formations are sufficiently permeable to permit water to infiltrate through 

them, yield sufficient quantity for use, and to be refilled through a recharge process that 

allows its continual availability (Kuria et al. 2012). Therefore, there is need to be aware of 

the rate and amount of water involved in recharging an aquifer in order to achive a 

sustainable groundwater resource management (Ali, 2007). However, it is difficult to directly 
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measure this recharging process on any reasonable spatial and temporal scale (Ali, 2007). 

This is because groundwater is a hidden resource and therefore cannot be quantified but 

estimated (Hamandawana, 2008; Aizebeokhai, 2011). In addition, accurate estimates of 

groundwater resources in arid and semi-arid environments are extensively disadvantaged by 

lack of data (Brunner et al. 2004) and in that way making groundwater models unrealiable 

when it comes to decision-making. Nonetheless, the determination of potential groundwater 

occurrence sites is imperative for the monitoring and conservation of this resource 

(Varughese, 2012; Yeh et al. 2009). Therefore, the only aim for groundwater exploration is to 

locate the potential sites for high groundwater yield and to provide a reliable supply which 

meets quantity requirements in the sites of medium or low yield. 

The occurrence of groundwater resource varies from one area to another and responds to 

variations in geo-environmental conditions, which also leads to the need for what Avtar et al 

(2010) term a large amount of multidisciplinary data during the development and 

implementation of groundwater development programmes. Groundwater resources, indeed, 

manifest as a result of the interaction of several groundwater controlling parameters such as 

lineament density, topography, geology, soil type, drainage pattern, land-use and cover, and 

climatic settings (Bhupal & Reddy, 2013; Javed & Wani, 2009). Its movement is primarily 

controlled by topography, and porosity and permeability of underlying subsurface formation 

(Toleti et al. 2001). The most commonly agreed concept in groundwater studies is that water 

levels in an unconfined aquifer follow the topography in a gentle fashion (Ramu & Vinay, 

2014). The topography is often utilized as a rapid and preliminary method for identifying 

local and regional groundwater movement patterns within the upper-most saturated interval 

(Blauvelt & Fullmer 2011). It is also associated with the local and regional relief patterns and 

provides an indication regarding the groundwater flow direction and its role on groundwater 

recharge (Akram et al. 2014). However, the same water-bearing formation may have an 

uneven distribution of porosity and permeability on the basis of space, thus subsequently 

causing variations in groundwater availability across a region (Arkoprovo et al. 2012; 

Mohammed & Ibrahim, 2014). 

Studies on groundwater resource development and management emphasize the significance 

of investigating groundwater controlling parameters and evaluating their role in groundwater 

occurrence (Hammouri et al. 2012; Burke & Moench, 2000). The groundwater controlling 

parameters are responsible for governing the rate of groundwater recharge and aquifer storage 

potential (Selvam et al. 2012). However, an inappropriate assessment and evaluation of 
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groundwater resources and in the identification of potential sites for groundwater extraction 

can pose serious problems in groundwater exploration (Alemayehu, 2006). As a result, 

appropriate exploration methods and techniques are required in order to properly identify 

sites that are suitable for groundwater exploitation. Nonetheless, there is no direct method 

available to enable observation of this resource, which means that its availability can only be 

investigated indirectly through studying the distribution of its controlling parameters 

(Gintamo, 2010). 

Several methods have been devised to gather information regarding the occurrence and 

distribution of groundwater resource, in both the spatial and temporal frame. Among these 

methods are geophysical methods in the form of the gravity method (Araffa & Pek, 2014; 

Murty & Raghavan, 2002), airborne electromagnetic survey (Christiansen et al. 2011; Smith 

et al. 200), seismic refraction (Alhassan et al. 2010; Seshunarayana & Sundararajan, 2012), 

and electrical resistivity (Raji, 2014). Although these methods can provide a reliable estimate 

of groundwater level, their accessibility and affordability have proven to be a challenge in 

groundwater studies of economically disadvantaged rural regions. Furthermore, field-based 

methods, in the form of borehole and well drilling, are also available for groundwater level 

detection and monitoring (Chapman et al. 2014; Ahmadi & Sedghamiz, 2008; Nikroo et al. 

2010). However, these methods provide a point-based estimation (Chesnaux, 2012), and high 

borehole and well density is required if accurate estimates are to be achieved (Hamandawana, 

2008). Test drilling and stratigraphy analysis are also efficient and typical approaches that 

determine both the borehole location and the thickness of an aquifer unit. Nevertheless, these 

approaches are not expensive and time-consuming, and involve skilled labourer (Visser et al. 

2008). 

Integrated GIS-remote sensing has demonstrable ability to be an effective tool in the field of 

groundwater resource studies, especially in facilitating enhanced data analysis and 

interpretation of potential groundwater occurrence sites (Krishnamurthy et al. 1996; Murthy, 

2000; Saraf & Choudhary, 1998). A systematic development of groundwater exploration 

through GIS and RS is important in an appropriate utilization and management of this 

resource (Hutti & Nijagunappa, 2011). These tools, which assist in the assessment, 

monitoring, and conservation of groundwater resources, have become important in the area of 

groundwater study (Abiola et al. 2009). Studies have also recently acknowledged the 

significance of merging GIS and remote sensing methods in groundwater valuation studies 

(Avtar et al. 2010; Manikandan et al. 2014). This integration of remote sensing and GIS for 
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the preparation of various thematic layers that have influence over groundwater occurrence 

assists in the identification of potential groundwater zones (Manikandan et al. 2014). 

Satellite remote sensing techniques, in particular, offer contemporary data on the ease of 

access of an area to be investigated, especially information pertaining to the general 

topography, land use, presence of surface water and its drainage system (Godebo, 2005; 

Thangarajan, 2007). Satellite remote sensing is mostly preferred in groundwater resource 

monitoring due to its advantages of spectral, spatial and temporal availability of various data 

substantial for groundwater studies (Murugesan et al. 2012). The satellite data interpretation, 

in combination with appropriate ground-based information, enables the identification and 

outline of various features that can serve as direct and/or indirect indicators of groundwater 

occurrence (Ravindran & Jayaram 1997). The use of the Geographic Information System 

(GIS) tool, which is efficient for storing, managing and retrieving spatial and attribute 

information as well as for combining and analysing this information for best solutions, is 

important in the incorporation of information regarding the groundwater-controlling 

parameters (Kuria et al. 2012; Krishnamurthy et al. 1996). Howver, a principal factor 

enabling the integration of remote sensing data into a GIS platform is the digital form of the 

data (Legg, 1994). 

Several studies employed GIS and remote sensing in the the delineation of groundwater 

potential sites (Magesh et al. 2012; Mayilvaganan et al. 2011; Venkateswaran et al. 2014). 

However, these studies did not seek to establish the relationship between demarcated 

groundwater potential sites and in-situ groundwater level. It is therefore against this 

background that the current study investigates the reliability of this method and relates 

groundwater potential sites, demarcated using GIS and remote sensing, with the groundwater 

level.  

2.2. Methodology 

The delineation of groundwater potential sites forms a significant part of groundwater 

management systems in any region (Rose & Krishnan, 2009). An evaluation of groundwater 

potential sites against groundwater level was conducted using the methodology provided in 

Figure 5: 



20 

 

 

Figure 5: Flowchart diagram explaining groundwater potential sites delineation 
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2.2.1. Data Acquisition 

The upper Molopo River catchment boundary was obtained from Department of Water 

Affairs and Forestry in the form of a GIS shapefile, and was used to delineate the area under 

investigation. This shapefile was obtained in Lat/Long coordinate systems, referenced to 

WGS 84 ellipsoid. The Aster Global Digital Elevation Model (Aster DEM) data, with 30 

meter * 30 meter spatial resolution, was acquired from the South African National Space 

Agency (SANSA). The DEM was imported to the Idrisi Taiga software for the generation 

and analysis of the topographic characteristics of the study area. Landsat OLI-8, captured in 

06 March 2015, with 30 m * 30 m spatial resolution, was acquired from the USGS website 

(http://earthexplorer.usgs.gov) and used to generate lineament density and land use/cover 

maps.  The Landsat image for the summer season was used in this chapter because the study 

area only receives substantial amount of rainfall that is substantial for groundwater recharge 

during this season, hence land use/cover impact on groundwater recharge is assessed during 

this season. This image was taken through the pre-processing, image classification, and 

accuracy assessment processes explained in Chapter 3. 

The Soil data, in the form of a GIS layer, were acquired from the Agricultural Research 

Council (ARC). The rainfall data, in the form of a GIS layer, was obtained from the 

Department of Environmental Affairs and Tourism. Streams shapefile was downloaded from 

the Department of Water Affairs and Forestry. Borehole data, in the form of borehole 

locations and the groundwater levels, collected in July 2015, were acquired from the South 

African Department of Water and Sanitation. These data included locations, groundwater 

level and the functionality of each borehole. 

2.2.2. Delineating groundwater potential sites 

The occurrence of groundwater is determined by multiple factors, which influence the ability 

of a site to store groundwater. Eight groundwater parameters that significantly control 

occurrence and distribution of groundwater were investigated and integrated to demarcate the 

groundwater potential sites on the upper Molopo River catchment. The investigated 

parameters were lineaments, drainage pattern, geology, soils, rainfall, elevation, slope, and 

land use/land cover. These factors were investigated as follows: 
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a. Spatial data preparation 

The thematic maps for the investigated groundwater controlling features were prepared using 

integrated GIS-remote sensing techniques: 

Lineament density mapping 

Lineaments were extracted in the present study using the visual lineament extraction method. 

The method assisted in the manual digitization of lineaments from the imagery using a visual 

interpretation of different digitally enhanced band 6 (shortwave infrared) of Landsat OLI-8 

(2015), in black and white; and colour composite and principal component images. An effort 

was made to avoid linear features that do not correspond to geological structures, viz roads, 

railway lines and crop-field boundaries. 

Image enhancement provided contrast stretching which enhance the tonal difference between 

several features in an image scene, and spatial filtering, which enhances (or suppresses) 

specific spatial arrangements in an image. Image enhancement was applied to improve the 

visualization of landscape features from the Landsat OLI-8 imagery. A linear contrast stretch 

was used to analyze the distribution of pixels. An examination of the distribution of pixel 

amplitudes provided some valuable information about the visual appearance of an image 

(Marghany & Hashim, 2010). A linear stretch enabled the creation of a new image by linearly 

scaling values between a specified upper and lower boundaries. All values greater than or 

equal to the upper boundary were assigned the highest output class value, whereas all those 

equal to or less than the lower boundary, were assigned the lowest output class value. 

The Sobel edge detection filtering method was applied to identify points where the image 

brightness has discontinuities. These points are typically prepared into a set of line segments 

known as edges. The results of the Sobel edge detector at each point in an image is the 

gradient vector. The algorithm employs two 3×3 kernels that are coiled together with the 

original image to compute estimates of the derivatives; one for the vertical, and the other for 

horizontal changes (Idrisi Taiga manual, 2009). The Sobel edge detection equation was 

computed using equation 1: 

                                                                   (1) 
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Where: 

Gx is measurements of the gradient component in x-direction, and 

 Gy is measurements of the gradient component y-direction 

 * is the 2-dimensional convolution operation 

Since the Sobel kernels were decayed as the results of an averaging and a differentiation 

kernel, they computed the gradient with smoothing. Gx can be computed using equation 2: 

                                                                                                        (2) 

The x-coordinate can be defined here as increasing in the "right"-direction, and the y-

coordinate is defined as increasing in the "down"-direction. The resulting gradient 

approximations can be consolidated at each point in the image to offer the slope magnitude, 

using equation 3: 

                                                                                                                                   (3) 

This information was also used to calculate the gradient's direction using equation 4: 

                                                                                                                            (4)  

Where Θ is 0 for a vertical edge which is darker on the right side. 

Upon successful extraction of the lineaments, the lineament density was calculated using the 

“Density” tool in the ArcMap 10.2, and the data as input to the density operation using the 

digitized vector lineament. 

Drainage density 

The drainage density of the study area was derived from the stream network data obtained 

from the Department of Water Affairs and Forestry using Spatial Analyst Extension in 

ArcMap 10.2. 

Geology, soil and rainfall 

The geology, soil and rainfall data of the study area were extracted from the overall 

respective data of South Africa. 
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Elevation and slope 

The elevation and slope data for the current study were derived from the Aster DEM in the 

ArcMap 10.2 software.  

Land use/cover 

The true colour composite (TCC) and false colour composite (FCC) images were produced 

for the study area’s land use/cover types and served as bases from which land use/cover types 

were extracted. The supervised object-oriented image classification procedure, fully 

explained in Chapter 3, was utilized to categorize land use/cover types, based on the site 

knowledge and spectral properties of features present. The remote sensing image 

classification accuracy assessment was performed to determine if the spectral classes match 

the information classes as observed during the field survey. The image classification accuracy 

assessment was reasonably high, having the overall accuracy of 0.8302 and the Kappa Index 

of Agreement (KIA) of 0.7670. 

b. Rasterization 

The groundwater controlling features, in vector layers, were rasterized prior to performing the 

reclassification of the investigated groundwater controlling features in order to conform to the 

format required for reclassification and overlay analysis. 

c. Reclassification 

The groundwater controlling features were reclassified on the basis of their respective 

significance in groundwater occurrence. 

d. Weightage overlay 

The weightage analysis was performed to assign the weight of each groundwater controlling 

feature. The Satty’s ranking method was utilized to assign weight to each groundwater 

controlling parameter. This is a method that was designed for decision makers to deal with 

multiple criterion problems (Ramu et al. 2014). 

e. Delineation of the groundwater potential sites 

The groundwater potential map was produced from an intergration of the layer maps of the 

groundwater controlling features and an assigning of the weighted values based on their 
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significance in groundwater occurrence. The GIS-based Weighted Overlay Analysis method 

was employed to integrate the groundwater controlling parameters according to their 

respective weights. This method considers the relative significance of groundwater 

controlling features and the classes belonging to each feature (Riad et al. 2011). The 

groundwater potential zones were, therefore, determined after a consideration of the 

weightage of each class of each groundwater controlling parameter and fusing them with all 

the GIS layers. 

2.3. Results 

 The section provides results that were obtained using a hybrid approach comprising different 

methods and techniques. 

2.3.1. Exploring groundwater controlling parameters 

Various thematic maps of groundwater controlling parameters were prepared and reclassified 

based on their importance to groundwater occurrence. The groundwater controlling features 

that were investigated for the purpose of this study were: 

a. Lineament density 

The lineament density of an area has a direct impact on groundwater potentiality. Lineaments 

are known to be highly associated with geological structures such as faults, joints and 

fractures. The presence of these structures indicates the possibility of groundwater occurrence 

in that region (Prabu & Rajagopalan, 2013). According to Selvam et al (2012), lineament 

density is a ratio of the total length of linear features calculated in grid. Lineaments are 

important because they serve as conduits for groundwater recharge and therefore are hydro-

geologically important. In areas where their density is high, groundwater recharge is expected 

to be more, compared to areas where lineament density is low. Figure 6 and 7 provide the 

lineament map and lineament density condition of the study area, respectively. The lineament 

density was classified into five (5) categories, which are very low, low, moderate, high and 

very high on the basis of the lineament lengths. 



26 

 

 

Figure 6: Lineament map 

 

Figure 7: Lineament density map 
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A high lineament density and very high lineament density have dominated the study area’s 

western part (Figure 7), and have covered 8.79% and 3.74% respectively. However, the larger 

part of the study area is marked by a very low lineament density (61.13%) (see Table 1). A 

low lineament density and very low lineament density occupied 12.91% and13.43%, 

respectively. By implication, groundwater is expected to be more in the regions of high and 

very high lineament density, fair in the region of moderate lineament density, and low in 

areas of low and very low drainage density (Figure 7). Therefore, a high chance of 

groundwater occurrence was expected in the south-western part of the study area than in 

other parts of the study area, where a low chance of groundwater occurrence expected. 

Table 1: Area covered by each lineament density class 

Lineament density class Area covered (%) 

Very low 61.13 

Low 12.91 

Moderate 13.43 

High 8.79 

Very high 3.74 

b. Drainage density 

Drainage density plays a crucial role in groundwater occurrence. It characterizes the run off 

in the area and contributes to groundwater recharge. It is the overall length of the streams and 

rivers divide by catchment area (Sajjad et al. 2014). Drainage density is an important 

groundwater occurrence parameter as it determines the amount of water the rate of runoff 

after a rainfall period. It provides a numerical measurement of landscape dissection and run-

off potential (Ramu & Vinay, 2014). The low drainage density indicates the prevalence of 

highly resistant/impermeable strata, whereas, a high drainage density prevails in the 

weak/permeable rocks in a region (Magesh et al. 2012). The higher the drainage density, the 

higher would be runoff and the lower the drainage density, and the higher is the probability of 

recharge or potential of groundwater occurrence. Figure 8 shows a stream network from 

which drainage density was derived, and Figure 9 shows drainage density classes on the basis 

of their significance in groundwater occurrence. The drainage density of the study area was 

investigated and categorized into five (5) classes: very low, low, moderate, high and very 

high. 
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Figure 8: Stream network 

 

Figure 9: Drainage density map 
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A very low drainage density covers 46.07% the study area, while a low drainage density 

occupies 16.73 % (see Table 2). A moderate drainage density was found to occupy 15.97% of 

the study area (see Table 2.2). However, a high and very high drainage density occupied 

11.41% and 9.82% of the study area, respectively (see Table 2). By implication, groundwater 

is expected to be more in the regions of low and very low drainage density, fair in the region 

of moderate drainage density, and low in areas of high and very high drainage density (Figure 

9). Therefore, a low chance of groundwater occurrence was expected in the south-western 

part of the study area compared to other parts of the study area, where a low chance of 

groundwater occurrence expected. 

Table 2: Area covered by each drainage density class 

Drainage density class Area covered (%) 

Very low 46.07 

Low 16.73 

Moderate 15.97 

High 11.41 

Very high 9.82 

 

c. Geology 

Geology, which acts as groundwater storage media, is an integral aspect in predicting 

groundwater prospective sites. Swazian granite and gneiss has enhanced groundwater 

occurrence due to the presence of fractures and dykes. Kalahari beds consist of closely 

consolidated deposits that are between a few meters and almost 400 m thick (Carney et al. 

1994). These formations have groundwater yields greater than 3 litres per second (Tessema & 

Nzotta, 2013). Groundwater flows through fracture networks and/or pore space in these 

consolidated sediments. Malmani dolomites are of sub-group of the Chuniespoort Group of 

the Transvaal Supergroup. From a groundwater perspective, the chert content is the most 

important, with the chert-rich formations forming the main aquifers. Black reef has low 

permeability with no primary aquifers, but good yields in some fractures (Carney et al. 1994). 

Dwyka diamictite and shale rock consist of mudstone and fluvio-glacial gravel, with low 

hydraulic conductivities and virtually no primary pores. Generally, a low-yielding fractured 

aquifer and water are confined within narrow discontinuities like jointing and fracturing. 

Rietgat formations consist of inter-granular and fractured shale and conglomerate, with an 

ability to hold water in inter-granular interstices and fractures. Allanridge formations consist 
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of fractured and weathered andesitic lava and tuffs of the Ventersdorp super-group. They are 

targeted for groundwater exploitation. The geological categories are provided in Figure 10. 

 

Figure 10: Geology map 

The Kalahari formation was found to be the dominant geology and covering 56.09% of the 

area (see Table 3). The Malmani and Swazian were second and third in terms of areal extent; 

they covered 15.03% and 8.74% of the study area, respectively. Other formations, such as 

Dwyka, Rietgat, Allanridge and Black reef, formed a small portion of the study area, and 

covered 2.17%, 2.11%, 1.06% and 0.79%, respectively. By implications, a high chance of 

groundwater occurrence was expected in the areas covered by Allanridge, Black reef and 

Malmani formations. A better chance of groundwater occurrence was expected in areas 

occupied by the Kalahari and Rietgat formations and a low chance of groundwater 

occurrence was expected in areas occupied by Dwyka and Swazian. 
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Table 3: Area covered by grouped geology 

Geology types Area covered (%) 

Swazian 8.74 

Kalahari 56.09 

Malmani 15.03 

Dwyka 2.17 

Rietgat 2.11 

Black reef 0.79 

Allanridge 1.06 

 

d. Elevation 

The relief exhibits the terrain’s roughness, which can be described by steeper topographic 

gradient and hydraulic gradients (Sajjad et al. 2014). The areas of low elevation tends to store 

more water, or to permit more groundwater recharge, compared to high elevation areas 

(Sajikumar & Pulikkottil, 2013). This is because water at a high elevation tends to move 

downwards under the influence of the slope to settle at the lower elevation. Figure 11 shows 

the elevation distribution. An investigation of the study area’s elevation showed that it range 

between 984 m to 1522 m asl. 

 

Figure 11: Elevation map 
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Table 4 shows that a large part of the study area is covered by covered by elevation class of 

1195m – 1263m (covering 27.19%). However, the elevation <1195m, covered 20.03% of the 

study area, while elevations of 1264m – 1335m, 1336m – 1421m and > 1421m covered 

18.02%, 17.94% and 16.82% of the area, respectively. A visual interpretation of Figure 11 

shows tthat the lower elevation dominated the western part of the study area, thus suggesting 

a high chance of groundwater occurrence.  Furthermore, high elevation was observed in the 

eastern part of the study area, which implies a very limited chance of groundwater 

occurrence. 

Table 4: Area covered by each eleveation category 

Elevation category Area covered (%) 

< 1195 m 20.03 

1195 m - 1263 m 27.19 

1264 m - 1335 m 18.02 

1336 m -1421 m 17.94 

> 1421 m 16.82 

 

e. Slope 

Slope influences the surface and sub-surface flow of rainwater and its recharge to the 

groundwater storage. The gentle slope areas have slow surface runoff, which allows more 

time for water to infiltrate the ground, whereas, the areas with steep slope facilitates high 

runoff, thereby permitting less residence time for rainwater and hence reasonably less 

infiltration (Bhatnagar & Goyal, 2012; Krishnamurthy et al. 1996; Magesh et al. 2012; Patil 

& Mohite, 2014). Figure 12 provides the slope condition of the study area. The slope value of 

the study area was observed to range from 0.01° to 16.12°. 
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Figure 12: Slope map 

Table 5 shows that the study area is dominated by the slope categories that facilitate high 

groundwater occurrence, with <2.89° slope and 2.89° - 5.54° slope occupying 28.39% and 

27.76% respectively. The slope category of 5.55° - 8.44°, occupying 19.08% of the study 

area, facilitated better chances of groundwater occurrence. However, the slope categories of 

8.45° - 12.78° and > 12.78° occupied 11.13% and 13.64% of the study area, respectively, and 

this suggested a low chance of groundwater occurrence. From Figure 12, it was noted that the 

study area was characterized by variable slope categories. However, the slope > 12.78° was 

found to have dominated the eastern part of the study area. 

Table 5: Area covered by each slope category 

Slope class Area covered (%) 

< 2.89° 28.39 

2.89° - 5.54° 27.76 

5.55° - 8.44° 19.08 

8.45° - 12.78° 11.13 

> 12.78° 13.64 
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f. Soil types 

Soil type is one of the principal factors that determine the occurrence of groundwater (Ramu 

& Vinay, 2014). The infiltration of surface water into the ground is dependent on the porosity 

and permeability of the soil in a particulat area (Nagarajan & Singh, 2009). Porous or 

permeable area containing large amount of sand or gravel permits approximately 50% of 

precipitation to infiltrate the ground and contribute to groundwater (Nagarajan & Singh, 

2009). Less permeable areas have as little as five percent of water seeping in (Ramu & Vinay, 

2014). The rest becomes runoff or evaporates. Novetheless, only three (3) soil classes were 

observed in the study area, and these are ferruginous lateritic, Kalahari sand and Kalahari 

sand on lime (Figure 13).  

 

Figure 13: Soil map 

Ferruginous lateritic soils are porous and slightly permeable, and can also function as 

aquifers. The Kalahari sand is poorly sorted orange buff fine silty sand with occasional gravel 

(Dahlin, 2010). The ferrasols developed on the Kalahari Sands are of very high infiltration 

capacity and effective porosity (Dahlin, 2010). In addition, the Kalahari sands on lime are 

poorly structured and infertile soils with a low moisture holding capacity (Viles, 2007). As a 
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result, Kalahari sand have no permanent surface drainage and little or no run-off (Dahlin, 

2010). Viles (2007), however, states that areas of no or limited Kalahari sand cover play an 

active role in the recharging of any aquifers. 

Table 6 shows that Ferruginous lateritic soils occupied 52.44%, whereas Kalahari sand and 

Kalahari sand on lime occupied 18.37% and 29.19%, respectively. By implication, Kalahari 

sand and Kalahari sand on lime facilitated high groundwater occurrence. However, the 

Ferruginous lateritic soils also facilitated a better chance of groundwater in the majority of 

the study area. 

Table 6: Area covered by each soil type 

Soil types Area covered (%) 

Ferruginous lateritic 52.44 

Kalahari sand 18.37 

Kalahari sand on lime 29.19 

 

g. Average annual rainfall 

Rainfall is the main source for groundwater availability through the hydrological cycle 

(Ramu & Vinay, 2014). The amount of rainfall received in any area varies in accordance to 

the environmental conditions of that place (Ramu & Vinay, 2014). The possibility of 

groundwater occurrence is high in areas that receive a large amount of rainfall, while those 

receiving a low rainfall amount posess a low chance of groundwater occurrence. Figure 14 

provides the average annual rainfall received in the study area. Only two (2) categories of 

rainfall in the study area were observed, namely 350 mm - 500 mm and 500 mm - 650 mm. 
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Figure 14: Annual average rainfall map 

Table 7 shows that a large portion (59.09%) of the study area received annual average rainfall 

ranging from 350mm to 500mm. In addition, 40.01% of the study area receives an annual 

average rainfall of category 500mm – 650mm. By implication, the western side of the study 

area, which received 500 mm to 650 mm rainfall, has a better chance of groundwater 

occurrence, unlike the western part, which had a low chance for groundwater occurrence. 

Table 7: Area covered by each rainfall intensity type 

Average annual rainfall (mm) Area (%) covered 

350 - 500 59.09 

500 - 650 40.01 

 

 

h. Land use and cover 

Land use/cover types determine the amount of water that contribute to groundwater recharge 

through infiltration process. The effect of land use and cover type is shown either by reducing 
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runoff and promoting infiltration, or vice-a-versa. Generally, bare areas are observed to be the 

least suitable land cover for infiltration, while vegetated surfaces are highly rated for reducing 

runoff and facilitating infiltration (Nagarajan & Singh, 2009). Five general land use/cover 

classes were observed, and these were intact vegetation, sparse vegetation, grassland, bare 

land and water. These land use/cover types were reclassified on the basis of their runoff and 

water logging characteristics. Figure 15 shows the distribution of different land use/cover 

classes in the study area. The image classification accuracy assessment results obtained 

during field verification include an overall accuracy of 0.791 and KIA of 0763 (Figure B1 of 

Appendix B). 

 

Figure 15: Land use/cover map 

It is observed in Table 8 that intact vegetation, sparse vegetation, grassland, bare land and 

water occupied 3.16%, 50.11%, 41.39%, 3.97% and 1.37% of the study area, respectively. 

Intact vegetation, sparse vegetation and grassland, contribute highly to rainfall infiltration, 

thus suggesting a better chance of groundwater occurrence. Bare land facilitated high runoff 

and evaporation, implying a low contribution to groundwater occurrence. Water bodies are 
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treated as mask, because they can function as a groundwater recharge agent and also be 

sustained by water discharged from aquifers. 

Table 8: Area covered by each land use/cover class 

Land cover type Area (%) covered 

Intact vegetation 3.16 

Sparse vegetation 50.11 

Grassland 41.39 

Bare land 3.97 

Water 1.37 

2.3.2. Identifying groundwater potential sitess 

In order to produce the groundwater potential sites map, the groundwater controlling 

parameters were integrated in a GIS platform. The weights were assigned to each 

groundwater controlling feature using Satty’s model of hierarchical ranking, according to 

Preeja et al., (2011). The method considers a set of evaluation criteria and a set of alternative 

options, among which the best decision is made (Ghodratabadi & Feizi, 2015). This method 

generates a weight for each evaluation criterion according to the decision maker‘s pairwise 

comparisons of the criteria; the higher the weight, the more important the corresponding 

criterion (Ghodratabadi & Feizi, 2015). Table 9 provides information regarding the weight of 

each investigated parameter, and the score of their respective categories. Groundwater 

Potential Sites were derived using the following weight (%): 16 * lineament map + 11 * 

drainage density map + 16 * geology map + 6* elevation map + 11* slope map + 13 * soil 

map + 20 * rainfall map + 7 * Land use/ Land cover map. Ultimately, the groundwater 

potential sites were categorized into the five classes: namely very low, low, moderate, high 

and very high (Figure 16). 
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Table 9: The weight of each thematic layer and those of their categorical features 

SI No. Thematic Layers Weight Feature description Feature Score 

(Weight) 

1 Lineament density 16 Very low 1 

Low 2 

Moderate 3 

High 4 

Very high 5 

2 Drainage density 11 Very low 5 

Low 4 

Moderate 3 

High 2 

Very high 1 

3 Geology 16 Swazian 2 

Kalahari 3 

Malmani 4 

Dwyka 1 

Rietgat 3 

Black reef 5 

Allanridge 5 

4 Elevation 6 < 1195 m 5 

1195 m – 1263 m 4 

1264 m – 1335 m 3 

1336 m – 1421 m 2 

>1421 m 1 

5 Slope 11 < 2.89˚ 5 

2.89 ˚ - 5.54 ˚ 4 

5.55 ˚ - 8.44 ˚ 3 

8.45 ˚ - 12.78 ˚ 2 

>12.78 ˚ 1 

6 Soil types 13 Ferruginous lateritic soils 3 

Kalahari Sand 4 

Kalahari Sand on lime 5 

7 Rainfall 20 350 mm – 500 mm 3 

500 mm – 650 mm 3 

8 Land use/cover 7 Intact vegetation 5 

Sparse vegetation 4 

Grassland  3 

Built-up/barren land 1 

Water (used as mask) 0 
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Figure 16: Groundwater potential sites map 

The results show that the study area is dominated by sites of moderate and high groundwater 

potentiality. The sites of high potentiality can be observed in the western side, whereas 

moderate groundwater potentiality dominates the south-eastern side of the study area. As a 

result, the study area may be considered as having a reasonably good groundwater potential. 

Table 10 provides the details regarding the area covered by each groundwater potential site in 

the study area. 

Table 10: Area covered by each groundwater potential site 

Groundwater potentiality Area (%) covered 

Very high 0.04 

High 55.21 

Moderate 42.6 

Low 0.08 

Very low 2.07 
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2.3.3. Borehole distribution and groundwater depth condition in the study area 

A total of 61 groundwater level monitoring boreholes existed in the study area. Among these 

boreholes, 29 were still active for monitoring, while 32 were inactive and no longer 

considered for groundwater level monitoring. Borehole data was received in a Microsoft 

Excel file and imported onto ArcMap 10.2 to create a shapefile for active boreholes and 

inactive boreholes respectively. However, groundwater level measurements were done in 

some among the active boreholes, while others were not considered (see Appendix A). 

The monitoring-boreholes in the study area are unevenly distributed. They are concentrated 

in the north-eastern part of the study area, while the large part of the study area does not have 

monitoring boreholes (Figure 17). The implications emerging from the groundwater level 

monitoring borehole distribution suggest that monitoring is done in one part of the study area 

at the expense of the other parts. As a result, it is difficult to monitor the groundwater trends 

in the entire study area. Appendix A provides detailed information regarding borehole 

distribution and groundwater depth conditions in the study area. 

 

Figure 17: Groundwater monitoring and borehole distribution map 
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2.3.4. Validating groundwater potentiality with in-situ groundwater level data 

The investigated groundwater potential sites were validated using ground truth data (i.e. 

groundwater depth data) in order to measure their reliability. The multinomial logistic 

regression analysis was employed to establish the relationship between the groundwater 

potential sites and the in-situ measured groundwater level. Results indicate a positive 

significant relationship between groundwater potential sites and the groundwater level 

(N=145; χ2 = 43.39; p = <.05). An observation of the significant relationship between 

groundwater potential sites and measured groundwater level leads to the conclusion that the 

groundwater potential sites map reflects the groundwater depths in the study area, even in 

those sites where groundwater monitoring is not conducted. The multinomial logistic 

regression results are provided in Table D1 of Appendix D. 

2.4. Summary 

A cost-effective methodology for demarcating groundwater potentiality of the UMRC, that 

utilizes GIS and remote sensing techniques, was developed in this study. This methodology 

was established through an evaluation of groundwater controlling variables. The study 

confirmed that integrated GIS-remote sensing techniques are more suitable and reliable tools 

for locating possible sites of groundwater occurrence. Their reliability helps on the rapid 

assessment of groundwater potentiality and in cutting the cost associated with conventional 

methods of monitoring site groundwater potentiality. This may also be useful in the 

establishment of an effective and efficient groundwater exploitation strategy, and to ensure a 

long-term sustainability in the utilization and management of this resource. The advantage of 

this methodology is that it is standard in nature, grounded on rational conditions and 

reasoning, and can be applicable in a number of regions across the world with less intricacies. 

Moreover, the methodology’s cost-effectiveness means that it an also be employed in regions 

of low-income, where suitable groundwater data are often unavailable due to high costs. 

Map scale and satellite image resolution play a significant role in spatial accuracy of mapped 

features. A smaller scale and low resolution result in uncertainties in the spatial accuracy of 

mapped features, while a larger scale and high resolution scale facilitates a high spatial 

accuracy of the mapped features. This is also evident in the current study, as it used data of 

multiple scales and resolutions. For example, the geology data that was utilized was obtained 

at a map scale of 1:1000 000, whereas the Aster DEM data was obtained at a map resolution 



43 

 

of 30m*30m. The accuracy in mapped groundwater potential sites could have been better if 

large scale and high resolution data for groundwater controlling features were used, 

something which was not possible due to unavailability of these datasets. 

The groundwater potentiality of the study area could have been confirmed by conducting 

field measurement of groundwater level within each groundwater potential zone category. 

However, there was inconsistence in the distribution of boreholes across different sites of 

groundwater potentiality. Otherwise, the groundwater potentiality-groundwater level 

relationship validity could have been more improved if the distribution of monitoring 

boreholes was consistent across all the groundwater potential zones. The results of this 

study’s use of selected data show that Satty’s Analytical Hierarchical Process is one of the 

suitable approaches for weight assigning in groundwater exploration studies. However, the 

significant relationship between the groundwater potential sites and the groundwater level 

proves that these results can be used to indicate the possible sites for groundwater 

availability. Therefore, this study draws on this relationship to propose this method for 

groundwater resource exploration. This information can be of significance for the study 

area’s water resource managers and water resource stakeholders’ development of the 

sustainable utilization and management of the groundwater resource. 

Although potential sites for groundwater exploitation have been investigated and identified in 

this chapter, information regarding the spatio-temporal trends of groundwater resource is 

imperative for arid and semi-arid groundwater resource management. This is of importance if 

sustainable utilization of this resource is to be achieved. Therefore, the subsequent chapter 

(Chapter 3) investigates the spatio-temporal trends on the study area’s groundwater resource. 
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CHAPTER 3 

3. CHARACTERIZING GROUNDWATER DYNAMICS USING 

PHREATOPHYTIC VEGETATION DENSITY 

Groundwater studies are important for both the identification of potential sites for 

groundwater exploitation and for monitoring and protecting this resource. The previous 

chapter investigated the groundwater potential sites of the UMRC and identified the sites of 

high and low potentiality. Although the identification of these sites is imperative for the 

sustainable utilization and planning of this resource, the monitoring of spatio-temporal trends 

of groundwater is imperative if continual availability of this resource is to be achieved. The 

trends in groundwater level are known to influence phreatophytic vegetation distribution, 

therefore, the current chapter investigates whether spatio-temporal trends in phreatophytic 

vegetation density could be utilized as proxy to groundwater depth trends. 

3.1. Introduction 

Groundwater is important for regional development, meeting human needs and for ecosystem 

sustainability (Eamus et al. 2015; Esteban, 2012; Gannon, 2014; Laio et al. 2015). The 

interactions between phreatophytic vegetation and groundwater have long been known 

(Batelaan et al. 2003; Moran et al. 1994; Naumburg et al. 2005; Stromberg & Tiller, 1996), 

and have provided a new dimension for monitoring groundwater trends. These interactions 

have received a renewed attention (M´aguas et al. 2011; Orellana et al. 2012), due to the fact 

that groundwater is the principal source of water supply for human needs and ecosystems, 

especially in arid and semi-arid regions (Valentini et al. 1995). Groundwater is significant 

source of water for phreatophytic vegetation in arid and semi-arid areas, as a result of a lack 

of precipitation and high evapotranspiration (Cui & Shao, 2005; Naumburg et al. 2005). 

Phreatophytic vegetation comprises groups of species that exhibit diverse levels of 

dependency on groundwater (Eamus et al. 2006a). A typical characteristic of phreatophyte 

species is a dimorphic root structure, which has deep tap roots that are able to access 

groundwater and shallow lateral roots and provide access to soil nutrients and rainfall (Eamus 

et al. 2006a; Le Maitre et al. 1999). The capacity of phreatophytic vegetation to exploit 

underground water resource makes it possible for them to survive during long dry periods of 

no rain (Cramer et al., 1999; Williams & Ehleringer 2000). However, the spatial variation 

and temporal fluctuation of water tables control the state of water supply for these vegetation 
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species (Horton & Clark, 2001; Padilla & Pugnaire, 2007), and causes heterogeneity in the 

spatial distribution of these vegetation types (Stromberg & Tiler, 1996; Rains et al. 2004). 

The phreatophytic vegetation condition change is common, especially if water table 

fluctuation divides roots from their source of water supply (Eamus et al. 2006b; Sommer & 

Froend, 2014; Naumburg et al. 2005).  

The phreatophytic vegetation condition exhibits the extent of stress experienced by 

vegetation in their environment (Laio et al. 2001). A high density of vegetation exhibits in 

sites where groundwater is at shallow depth, in contrast to regions of deep water table where 

vegetation comes under stress (Naumburg et al. 2005). In cases where vegetation is 

associated with shallow groundwater, an inception point to their growth, which may 

demarcate changes between conditions, is the groundwater availability (water table 

immediacy) (Sommer & Froend, 2014). Therefore, groundwater availability can be observed 

through observations of its adjacent phreatophytic vegetation conditions (Orellana et al. 

2012). Furthermore, integrating phreatophytic vegetation with groundwater monitoring brings 

an additional dimension that is critical for water resource planning (Froend & Drake 2006). 

Knowledge about the degree to which groundwater changes affect vegetation cover and 

composition is essnitial for the sustainable management of groundwater in vegetation 

occupying zones that have intermediate groundwater depth (Elmore et al. 2006). Vegetation 

responds to water shortages in different manners (Waring & Running, 1998). Vegetation is 

also essential in transferring water from the soil to the atmosphere, and vice versa (Smith et 

al. 1999). During the dry season, groundwater availability to phreatophytes is of importance 

to maintain the functionality of these vegetation types. Vegetation exposed to stress due to 

decreasing water supply exhibit different response, in terms of species, nature and the extent 

of the stress. This water shortage, which is caused by a groundwater level decline, inhibits 

transpiration and induces stomatal closure, which consequently causes less water 

transpiration (Ceccato et al. 2001). This also leads to reduced live biomass (Naumburg et al. 

2005). This is indeed true if the change in the depth separates roots from their water source 

(Naumburg et al. 2005). 

Several studies have successfully investigated the relationship between phreatophytic 

vegetation and groundwater depths. Nilsen et al (1984) notes these vegetation species avoid 

water stress in the arid and semi-arid regions by tapping water from underground. In their 

study which investigates the influence of groundwater seepage on plant ecology, Klijn and 
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Witte (1999) note that some vegetation species may be utilized as seepage indicators in rapid 

assessments and surveys. Although rises in groundwater level can produce anoxic conditions 

that also cause water stress (Naumburg et al. 2005), this is unlikely to take place in arid and 

semi-arid regions because of limited precipitation as a source of groundwater recharge.  A 

consideration of the spatial dimension alone shows that vegetation species may be distributed 

according to the characteristics related to water availability and use such as the depth of roots 

(Runyan & D'Odorico, 2010), stomatal function and xylem hydraulic structure (Runyan & 

D'Odorico, 2010; Pockman & Sperry 2000). 

There have been considerable studies on identifying the water requirements and, in particular, 

the degree of groundwater dependency by phreatophytes in arid and semi-arid regions (Le 

Maitre et al. 1999; Pan et al. 2008; Sanderson & Cooper, 2008). These studies found out that 

changes in vegetation species composition in arid and semi-arid environments correlate 

highly with variations in water availability. Several methods have been devised for the 

investigation of vegetation dependency on groundwater (Eamus et al. 2006b; Zhou et al. 

2013). Eamus et al. (2006a) employed satellite remote sensing to determine effects of 

groundwater level on vegetation cover in the Owens Valley. De Smedt and Batelaan (2001) 

found that groundwater level change can be assessed from vegetation mapping using GIS and 

remote sensing. The study by Zhou et al. (2013), which investigates vegetation dependency 

on groundwater for water resource management, observed much denser vegetation cover in 

areas of shallow water table, in contrast to sparsely distributed vegetation in areas of deep 

water table. The dependency of vegetation on groundwater was determined by relating 

groundwater level to the Normalized Difference vegetation Index (NDVI) (Lv et al. 2013). 

The NDVI was found to decrease with an increase in the depth of groundwater. 

Hamandawana (2008) monitored the transition in vegetation cover to detect the long-term 

trends in groundwater resources and found out that spatial and temporal variations in 

vegetation distribution can be used to provide reliable information regarding long-term trends 

in groundwater resources in and around Lake Ngami. Thus, roundwater trends can be 

estimated by understanding the behaviour of phreatophytic vegetation in relation to 

groundwater depth. However, identifying vegetation which is dependent on groundwater 

remains subjective; it varies from species to species. Ultimately, an improved quantification 

of groundwater consumption by vegetation significantly supports management decisions that 

lead to the sustainable management of groundwater resources. 
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The monitoring of vegetation conditions and patterns within a landscape can provide a 

foundation for future assessment and an ecological basis for land, water management and 

conservation decisions (Gould, 2000). Monitoring phreatophytic vegetation can assist in 

determining the spatio-temporal behaviour of the water table. According to Elzinga et al 

(1998), the purpose of the monitoring is to provide an early warning that the current system is 

not is not effective, and therefore should be reviewed. The main purpose of vegetation 

monitoring in this study is to use particular vegetation species as groundwater availability 

indicators. The rate at which vegetation species and composition responds to increasing 

groundwater depth is usually slow (Sommer & Froend, 2014), and therefore a long period of 

monitoring may be required.  The monitoring of vegetation pattern and composition in the 

contextual setting of space and time has limitations, if conducted using conventional methods 

only (Roy & Ravan, 1996), and  vegetation quantity over a large area and a long period are 

unlikely to be achieved using ground-based measurements and is thus impracticable. 

However, remote sensing techniques have emerged as a significant and reliable tool for 

monitoring and analysing vegetation density and condition. Phreatophytic vegetation types 

are not an exception. These techniques present superior subjective methods where dominant 

vegetation structures are identified based on spectral properties of vegetation canopy (Ravan 

et al. 1995). They provide timely, up-to-date and accurate data and in that way permitting 

sustainable and effective vegetation management (Adam et al. 2009; Ravan et al. 1995). 

Numerous satellite sensors, such as Landsat, Systeme Pour I’Observation de la Terre (SPOT), 

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), Advanced 

Very High Resolution Radiometer (AVHRR), have the ability to provide information 

regarding the vegetation condition. Satellite imagery, Landsat in particular, has been widely 

used for assessing vegetation condition (Hunt et al., 2003). Landsat imagery is an invaluable 

asset in land use/cover change detection studies because of its huge archive of data which 

dates back to 1972 (Mhangara, 2011). Its significance is justified by its ability to record 

landscape features within a broad range of electromagnetic spectrum, which includes the 

visible and infrared regions, where the vegetation condition can be detected.  

The data collected by remote sensors represent the spectral reflectance and emittance 

characteristics of vegetation (Hoffer, 1986). Phenological and structural variations among 

vegetation composition can be distinguished by spectral signatures which are recorded by 

satellite sensors. Spectral reflectance and chlorophyll fluorescence are the most useful, non-
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invasive methods that can be utilized to measure the degree and extent of vegetation stress 

(Richardson and Berlyn, 2002). Vegetation has a spectral signature that is caused by 

chlorophyll absorptions of a portion of the electromagnetic spectrum, which is called 

photosynthetic active radiation. The spectral characteristics of vegetation change from one 

season to another, with the investigations by van Til et al (2004) revealing that the spectral 

properties of vegetation transform during the growing season. Remote sensing assesses 

vegetation condition on the basis of spectral characteristics of plant leaves. Several studies 

have indicated that different vegetation types and conditions reflect and emit various amounts 

of energy in a single spectral band (Levin, 1999, Richards & Jia, 2006, Campbell, 1996). 

Radiation in red and blue channels of electromagnetic spectrum are strongly absorbed by 

green vegetation, whereas radiation in the green channel is reflected. The internal structure of 

green vegetation serves as diffuse reflector of near-infrared channel (Jones & Vaughan, 

2010). The reflection increases dramatically in the near-infrared portion of the 

electromagnetic spectrum where spectral profiles of vegetation clearly show due to the 

presence of chlorophyll (Trodd, 2009).  

The assessment and monitoring of vegetation condition using remote sensing techniques is 

best illustrated by employing a digital image analysis in the form of vegetation indices (Amiri 

& Tabatabaie, 2009), as a precise radiometric measure of the spatial and temporal change in 

photosynthetic activity (Huete et al. 1997). Vegetation indices are feature extraction 

operations intended to yield estimates of vegetation cover from imagery (Philpot, 2011). 

They provide an efficient and reliable way of monitoring and mapping vegetation condition. 

They have proven to be sensitive indicators of the presence and state of vegetation (Levin, 

1999). In this case, the vegetation condition is assessed using mathematical equations that use 

reflectivity at red and near infrared channels as input (Jensen, 2005). These two spectral 

bands are preferred because they are highly affected by absorption of chlorophyll in green 

vegetation and by green vegetation density on the surface (Hunt et al. 2013). Furthermore, 

the selection of these bands is due to sharp contrasts between vegetation and soil (Roujean & 

Breon, 1995). Their derivation may be influenced by various factors, depending on the 

environment of the area under study. Soils always have an influence on vegetation indices, 

unless the vegetation completely covers the area under study (Russell, 2004). 

Several vegetation indices have been developed for vegetation condition monitoring, and 

their suitability differs from one environment to another. The Normalized Difference 
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Vegetation Index, introduced by Rouse et al (1974), has become the most commonly used 

vegetation index in vegetation monitoring because of its ability to distinguish between green 

vegetation and background soil brightness (Silleos et al. 2006). The NDVI is known for 

improving the contrast between the soil and vegetation, while minimizing the effects of 

illumination conditions (Baret & Guyot, 1991). NDVI is capable of minimizing the 

topographic effects while producing a linear measurement scale (Silleos et al. 2006). It 

measures the vegetation state using values ranging between -1 and +1. However, it has shown 

to be sensitive to soil brightness effects (Roujean & Breon, 1995).  In addition, the Soil 

Adjusted Vegetation Index (SAVI), introduced by Huete (1988), has an outstanding 

capability of minimizing soil background in arid and semi-arid regions, where a pixel is a 

mixture of vegetation and soil. It attempts to act as a hybrid between the ratio-based indices 

and perpendicular indices (Huete et al. 1997). Huete (1988) observes that SAVI contributed 

first-order soil–vegetation interactions far better than the NDVI. SAVI is intended to reduce 

the effects of soil background on vegetation signal by integrating a constant soil adjustment 

factor L into the denominator of NDVI equation. The purpose here is that the vegetation 

isolines are not parallel and that they do not converge at the same point (Huete & Jackson, 

1988). L is an adjustment factor which ranges from 0 to 1, with 0 value utilized for a very 

high vegetation cover and 1 for a very low vegetation cover (Jiang et al. 2008). The most 

typically used L value is 0.5, which is for intermediary vegetation cover (Huete, 1988). This 

makes SAVI the most suitable vegetation index in arid and semi-arid regions, where 

vegetation is mixed with soil and different exposed soils exhibit different spectral reflectance 

properties. 

The important issue during the integration of digital imagery into classification processes is 

that the spectral response for a given land cover unit is signified in digital imagery as 

sequences of discrete pixels covering a broad range of spectral values, yet for classification 

purposes, the land use unit is seen as a single homogeneous polygon (Hall et al. 2004). Using 

the per-pixel method of supervised image classification, Barrile and Bilotta (2008) notes that 

accurate landscape feature classes are unlikely to be achieved due to its ambiguousness of 

statistical definition of landscape feature classes. These problems include pixel 

misclassification (pixels assigned to wrong classes) and unclassified pixels (Hall et al. 2004). 

One solution to this problem is to use the supervised object-oriented classification approach, 

which aggregates the individual pixels representing the landscape feature into an object 

represented spectrally as the combined response of all underlying pixels (Mhangara, 2011). 
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The image objects are created through the image segmentation technique. According to 

Babykalpana and ThanushKodi (2010), image segmentation is the partition and pick-up of 

homogeneous regions of an image. This approach has recently gained popularity due to its 

ability to overcome limitations brought by the traditional per-pixel classification, by 

providing accurate classification (Corcoran & Winstanely, 2007). The supervised object-

oriented image classification approach anables a set of knowledge-based classification rules 

to describe each class. Compared to the pixel-based classification approach, the image objects 

contain additional information such as shape, object texture, and the relations to adjacent 

regions (Leukert, 2004). The use of the object-oriented classification method aids in 

overcoming the disadvantages of the traditional per-pixel classification methods because it 

eliminates the mixed-pixels problem (Mhangara, 2011). Many studies that have recently 

incorporated remote sensing landscape feature classification utilized this classification 

technique in their respective investigations (Aplin & Smith, 2008; Benz et al. 2004; Li et al. 

2010). On this basis, the supervised object-oriented image classification approach was 

preferred ahead of its pixel-based counterpart in monitoring phreatophytic vegetation density.  

The accuracy of image classification is analyzed using an error matrix and a kappa analysis 

(Yang et al. 2003). The error matrix is the most common method for assessing classification 

accuracy (Setiawan & Yoshino 2012). It determines the relationship between the results from 

classified image and measured ground conditions (Collingwood et al. 2009). In addition, the 

KIA is a discrete multivariate technique which is used to statistically evaluate the accuracy of 

classified data (Collingwood et al. 2009). It is commonly used to quantify the agreement 

between two images on a categorical basis. It also considers the effect of chance agreement in 

the error matrix (Collingwood et al. 2009). Two images must be categorized into equal 

groups in order for this agreement to be obtained (Foody, 2002). The advantage of the KIA 

over the standard error matrix is that it measures both overall and individual class accuracy 

(Collingwood et al. 2009). 

Singh (1989) defines change detection as the method of identifying variations in the 

condition of an object or phenomenon by examining it at different times. Macleod and 

Congalton (1998) mentioned four objectives achieved when performing change detection in 

remote sensing environment and these are: (a) to detect if the changes have occurred, (b) to 

identify the nature of the change, (c) to measure the spatial extent of the change, and (d) to 

assess the spatial pattern of the change. Image differentiation, image regression, change 
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vector analysis (CVA) and image rationing are the most widely used change detection 

algorithms (Cohen & Fiorell, 1998; Coppin et al. 1996; Woodwell et al. 1986) while the post-

classification change detection method is regarded as the most reliable method for 

quantifying changes in vegetation condition (Woodwell et al. 1986). However, it is 

important, when using these algorithms, to select a threshold that determines the changed 

areas (Madanian et al. 2012). This technique is performed on the classified images, where 

training data play a significant role in determining the quality classification results (Lu et al. 

2004). Here the two images, classified independent of each other, are compared with each 

other (Coppin et al. 1996) and the change is then analysed in terms of “from-to” class 

information (Jensen, 2005). 

Several studies have been conducted to determine factors influencing vegetation condition 

distribution at both small and large scales (Nakagoshi & Ohta, 1992; Nyoike, 2008; Zhu et al. 

2011). However, determining whether indeed identified factors are the ones responsible for 

vegetation condition distribution requires the quantification of the relationship between the 

spatial vegetation condition trends and identified factors. Statistical methods are very useful 

in determining the relationship among variables. They define the degree of relationship 

among variables, significance of group differences, prediction of group membership, 

structure, and questions that focus on the time course of events (O‘Neil, 2009). Several 

statistical approaches can be employed to determine the relationship among various variables, 

and these include multiple regression, logistic regression, linear regression, multinomial 

logistic regression, and linear regression analysis. 

Regression modelling is a more convenient statistical method that enables the assessment of 

the strength of the relationships in the data and the uncertainty in the model through the use 

of confidence intervals (Kelly et al. 2003). A simple regression analysis is performed to 

assess the comparative influence of a predictor variable on a specific outcome. However, the 

main objective of linear regression is to fit a straight line through the data that predicts Y 

based on X. This regression method assists in finding a set of regression parameters such that 

the sum of squared residuals (the differences between the observed values of the outcome 

variable and the fitted values) are minimized (Kelly et al. 2003). The fitted Y value is then 

computed as a function of the given X value and the estimated intercept and slope regression 

parameter. Kelly et al (2003) note that the regression model analysis is performed to: (a) 

determine if the assumptions underlying a normal relationship are met in the data, (b) obtain 
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the equation that best fits the data, (c) evaluate the equation to determine the strength of the 

relationship for prediction and estimation, and (d) assess whether the data fit these criteria 

before the equation is applied for prediction and estimation. Finally, a successful application 

of the linear regression analysis determines the significant correlation between the assessed 

variables. 

Several studies conducted in order to investigate the phreatophytic vegetation-groundwater 

relationship set focus on the extent to which groundwater depth affects the phreatophytic 

vegetation condition (Manning, 1999; Naumburg et al. 2005; Somer & Froend, 2014). 

Loheide II et al (2005) considere phreatophytes in determining groundwater consumption by 

these species, however, the study does not determine whether these species could be utilized 

as groundwater tracers. Hence, this study fills this gap by investigating whether phreatophytic 

vegetation density during dry season can be used as a groundwater tracer.  

3.2. Methodology 

Assessing trends in groundwater level is important for sustainable groundwater resource 

management. The use of phreatophytic vegetation density to determine trends in groundwater 

levels in the study area were investigated using the sequence shown in Figure 18. 
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Figure 18: Flowchart diagram explaining groundwater dynamics characterization 
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3.2.1. Data acquisition 

Multi-temporal satellite data were used for the purpose of this study. A total of three (3) 

Landsat images were acquired from the USGS website, and these included the Landsat 5 

Thematic Mapper (TM) and Landsat Operational Land Imager (OLI), which were all 

captured during the dry season (between June and August) (Table 11). The satellite images 

utilized for this chapter of the study were deliberately acquired during the dry season to avoid 

the effect of summer rainfall on the phreatophytic vegetation condition. 

Table 11: Information regarding satellite data utilized 

Sensor Scene ID Image date 

Landsat 5 TM LT51720781995170JSA00 1995/06/19 

Landsat 5 TM LT51720782005165JSA00 2005/06/14 

Landsat 8-OLI LC81720782015177LGN00 2015/06/26 

 

Accurate change detection results could be achieved if the comparison is made between 

images of different years captured in the same month. The unavailability of the images of the 

same day limited image selection in the current study, which resulted in only images of the 

same month being selected. These images were also selected on the basis of their reasonable 

spatial resolution - 30m x 30m, cloud free condition, and ability to detect Earth surface 

materials in a broad range of spectrum. These images were received in Universal Transverse 

Mercator (UTM) World Geodetic System 1984 ellipsoid and in Tagged Image File Format 

(TIFF), and subsequently imported to the Idrisi GIS programme, where they were 

geometrically prepared for processing. 

Field-based data, in the form of vegetation density, were also collected during field survey. 

The groundwater level data described in Section 2.2.1 of Chapter 2 were used in order to 

achieve the purpose of the current chapter. 

3.2.2. Image pre-processing 

The image scenes acquired for the current study covered a much larger area than the study 

area. Only the portion occupied by the upper Molopo River catchment was extracted from 

these images, using the Window module in Idrisi Taiga GIS environment. Geometric 

registration plays an important role in remote sensing change detection. This is a process 
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whereby images are assigned new coordinate systems through re-projection or transformation 

(Gao & Zhang, 2009). The main purpose of geometric corrections is to improve the reliability 

of relative spatial or absolute locational aspects of image brightness values (Hussain et al. 

2013). A geometric registration was undertaken to geometrically register images of all the 

years of investigation, using the Image Resample module embedded in Idrisi Taiga software. 

This technique is the most preferred in situations where the images are to undergo 

classification (Richards & Jia, 2006). Ground Control Points (GCPs) were collected to serve 

as reference points for the geometric correction of image scenes. Resampling of image bands 

was achieved using the Nearest Neighbour resampling algorithm, based on twenty (20) 

control points, common to all images. Road intersections and stream junctions were used as 

reference sites from which the main reference points were obtained. An image of each year of 

investigation was then projected to the Latitude Longitude coordinate system and referenced 

to WGS 84 ellipsoid (reference system for the catchment shapefile) in order to make sure that 

the catchment shapefile perfectly overlay onto the images. The results of the resampling 

process were tables revealing root mean square (RMS) error values of each GCP involved in 

the geometric transformation. The GCPs with the highest RMS error were then removed from 

the transformation process for a better accuracy. The removal of points was continued until 

16 GCPs were left, which yielded the most acceptable RMS error value of 0.06. 

Atmospheric and radiometric corrections are important if the images of different years are to 

be compared and analysed to detect changes in land surface features (Hadjimitsis et al. 2010). 

Radiometric corrects eliminate the influence of errors or inconsistencies (noise) in image 

brightness values that may inhibit the capacity to interpret landscape features on satellite 

images (Lin et al. 2015).  The observation of an energy reflection by a sensor does not concur 

with the energy reflected from the same Earth’s surface material from a short distance 

(Reddy, 2008), as a result of elevation, the sun’s azimuth and atmospheric conditions. This is 

especially true for sensors such as the Landsat Thematic Mapper (TM) that capture 

information in the visible and near infrared portions of the electromagnetic spectrum (Priti & 

Bhosle, 2011). The radiometric correction was achieved using the CALIBRATE module 

embedded in Idrisi Taiga. Calibration is often performed to reduce the effects of sensor 

differences when comparing images from two dates. 

The radiation emitted from the sun is absorbed and/or scattered by the atmosphere during 

transmission to the land surface, while energy reflected or emitted from the ground is 



56 

 

scattered and/or absorbed before it reaches a sensor (Vermote et al. 2006). Thus, a sensor will 

receive the directly reflected energy and radiations scattered from a target as well as from the 

atmosphere (Vermote et al. 2006). Therefore, atmospheric corrections are important for 

correcting these effects.  Atmospheric absorption affects mainly the visible and infrared 

bands, which are substantial in the derivation of vegetation condition and composition (Priti 

& Bhosle, 2011). This affects the quality of the information, such as vegetation indices, that 

will be extracted from the remote measurements (Courault et al. 2003). It reduces the solar 

radiance within the absorption bands of the atmospheric gases (Priti & Bhosle, 2011). 

Nonetheless, atmospheric correction was performed on the image of each year, using 

ATMOSC module in Idrisi Taiga. 

3.2.3. Derivation of the SAVI 

The Soil Adjusted Vegetation Index (SAVI) images of the study area were calculated using 

the Red (R) and the Near-Infrared (NIR) bands of the TM and OLI. The SAVI was calculated 

using the equation (5) according to Huete (1988): 

𝑆𝐴𝑉𝐼 =  [(𝑁𝐼𝑅 − 𝑅𝐸𝐷) ÷  (𝑁𝐼𝑅 +  𝑅𝐸𝐷 +  𝐿)] × (1 + 𝐿)                                                    (5) 

Where: 

R = the red channel in the visible spectrum, 

NIR = the near-infrared channel in the infrared spectrum, 

L = the soil adjustment factor. 

The selection of SAVI ahead of other vegetation indices in this study is justified by its 

capability to discriminate between the vegetation and soil in cases where there is low 

vegetation cover and exposed soil surfaces (Ndou, 2013). The SAVI is well suited for arid 

and semi-arid environments, such as the upper Molopo River catchment, due to its ability to 

minimize the effects of the soil background noise on vegetation signals and attempts to 

supply equal vegetation index results for both dark and light soils. This vegetation index was 

developed to overcome the limitations of the NDVI in discriminating vegetation signals 

where soil brightness is very high (Mróz & Bialous, 2004). The multi-temporal SAVI images 

were utilized as the base from which desired land cover classes were extracted. 
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3.2.4. Image classification  

The phreatophytic density classification was achieved through the execution of the 

supervised object-oriented image classification. The object-oriented classification technique 

utilized selected image objects, on the basis of the nearest neighbourhood classification 

algorithm, as training data (Mhangara, 2011). The segmentation employed a watershed 

delineation approach to partition input imagery based on their variance.  Although the 

unsupervised image classification method also achieves the partitioning of the image into 

classes, these classes are just spectral and not informational (Smith, 2012). Consequently, the 

unsupervised classification method would not yield the classes of interest for the purpose of 

this study.  The use of the supervised object-oriented classification technique means that a 

derived variance image is treated as a surface image allocating pixels to particular segments 

based on variance similarity. The use of the supervised object-oriented classification assisted 

in the extraction of a maximum of three phreatophytic condition classes, namely dense 

phreatophytes, sparse phreatophytes and degraded phreatophytes, from the derived SAVI 

images. Additional categories, representing non-phreatophytic conditions (bare surface and 

water) were also extracted from the multi-temporal SAVI images. 

3.2.5. Image classification accuracy assessment 

The image classification accuracy assessment process involves the identification of features 

that were common in the images of 1985, 1995, 2005, which were still present in the most 

recent image of 2015. Twenty sample points were collected in the field per land cover class 

using the stratified random sampling method. GPS readings were taken using the centimetre 

level precision Ashtech®ProMark2™ Global Positioning System (GPS) receiver. Ground-

surveyed points collected from the various recognizable land cover sites were entered into 

Microsoft Excel, according to their representative classes. These points were imported into 

ArcMap and converted into shapefiles. The point shapefiles were then overlain on the SAVI 

images for each year and vector layers were digitised around these points to create new 

training files. The supervised object-oriented classification was also used to create new 

classified images (ground truth images). The ground truth image was then compared with the 

spectrally classified image for each year of investigation using the error matrix analysis 

algorithm (ERRMAT) that is built into the Idrisi Taiga software, to determine the degree of 

accuracy in each land cover category. Estimates of error were provided by module results, 

i.e.: 
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 Error of Omission - occurs when pixels of class 1 were wrongly assigned to class 2, 

and from a class 1 perspective, these pixels should have been assigned to class 1 but 

were omitted. 

 Error of Commission - occurs when pixels of class 2 were wrongly assigned to class 

1, and from a class 1 perspective, these pixels should not have been assigned to class 

1 but were included. 

The Kappa Index of Agreement (KIA) value for each image was calculated and is provided in 

Table 3.2. 

3.2.6. Phreatophytic vegetation condition change analysis 

Field-based techniques have proven to be incapable of assessing changes in regional 

vegetation condition over a long period (Elmore et al. 2006). The ability to detect detailed 

vegetation change by means of satellite image has become of utmost significance to many 

environmental projects (Jensen, 2007; Lillesand et al. 2008). Changes in land cover classes 

between 1985 and 2015 were assessed through the use of two change analysis algorithms 

embedded in Idrisi Taiga, i.e. the AREA module and CROSSTAB module. The AREA 

module shows the extent of areal changes per land cover category between different years, 

while the CROSSTAB module provides “from-to’’ changes per each land cover category 

between different years of investigation. These change analysis algorithms were employed to 

determine the spatial changes in each land cover category, specifically the phreatophyte 

vegetation density, between different years. 

3.2.7. Field measurements of phreatophytic vegetation density 

The Landsat sensors perform landscape mapping at the spatial resolutions of 30*30 meters 

and as such the ground area covered by a pixel is typically a mosaic of more than one 

landscape feature types. The radiance measured by the sensor exhibits the combined 

characteristics of this mosaic (Arieira et al. 2011). However, field-based and remotely sensed 

methods each have their limitations in continuous vegetation monitoring (Guisan & 

Zimmermann, 2000). As a result, both methods need to be integrated to improve accuracy in 

vegetation mapping (Miller et al. 2007; Ferrier, 2002). Field data are required to calibrate 

remote sensing-based models and validate model results (Baccini et al. 2007). Phreatophytic 

vegetation density field measurements were undertaken on each sampled vegetation density 
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class, as reflected by the satellite image. A stratified random sampling method was employed 

to select the 18 sites (six sites per phreatophytic density class) for field verification. A total of 

four quadrats, each measuring 30*30 meters, were surveyed. The measured vegetation 

parameters, within these surveyed quadrats, include phreatophytic density and species 

frequencies. These measured vegetation parameters within surveyed transects include: tree 

heights, basal cover and vegetation density. Vegetation density was calculated using equation 

(6): 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑟𝑒𝑎𝑡𝑜𝑝ℎ𝑦𝑡𝑒𝑠 𝑖𝑛 𝑎𝑟𝑒𝑎 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑/𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑟𝑒𝑎 𝑠𝑖𝑧𝑒     (6)   

The timing of field survey is of importance if accurate field verification is to be achieved. 

Usually, field survey should be conducted during the exact date at which the utilized satellite 

images were captured (McCoy, 2005). However, this was impossible due to variations in 

image acquisition dates. Subsequently, the field survey was conducted during the dry season 

in order to match the season in which the utilized images were captured, and in order to 

obtain vegetation functional parameters independent of rainfall influence. Effort was made, 

during field survey, to deliberately disregard pristine vegetation situated along the riparian 

zones.  Riparian vegetation is privileged to prolonged water access than the other vegetation 

types, due to soil moisture which is drained from the outer zone and settles within the riparian 

zone (Hettenbergerová et al. 2013). 

The successful measurement of the phreatophytic density was followed by a testing of the 

homogeneity of variance to determine if there were differences in the phreatophytic density 

across the surveyed sites. The homogeneity in phreatophytic vegetation density was 

determined using the following Levene’s k-comparison equation (equation 7):  

                                                                                              (7) 

Where 

 is the result of the test, 

 is the number of different groups to which the sampled cases belong, 

 is the total number of cases in all groups, 
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 is the number of cases in the th group, 

 is the value of the measured variable for the th case from the th group, using equation 

(8) 

                                                                           (8) 

Where, Z is computed using equation (9) 

  𝑖𝑠 𝑡ℎ𝑒 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑎𝑙𝑙 𝑍 {𝑖𝑗}                                                                                      (9) 

Whereas Zij is expressed using equation (10) 

 𝑖𝑠 𝑡ℎ𝑒 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑍 {𝑖𝑗}𝑓𝑜𝑟 𝑔𝑟𝑜𝑢𝑝 𝑖                                                    (10) 

This method tests the assumption that one or more categorical independent variables have the 

same variances on the interval dependent (Garson, 2012). 

3.2.8. Determining the relationship between groundwater level and the 

phreatophytic vegetation condition 

The created shapefile for only active boreholes, containing locations and groundwater level, 

was overlain on top of the 2015 SAVI image. A buffering operation was performed to create 

100 meters buffer zones around the active boreholes. Five (5) points were randomly digitized 

in the vicinity of each created buffer zone in order to extract SAVI values that could be 

related to groundwater depth. The digitized vector points were rasterized, using the 

“RASTERVECTOR” module in IDRISI Taiga version. The “EXTRACT” module in Idrisi 

was used to extract attribute value files from the 2015 SAVI image. The attribute value files 

were used as surrogate for vegetation condition. 

A linear logistic regression analysis was employed after the successful extraction of the SAVI 

values in the vicinity of buffered boreholes in order to determine the relationship between 

groundwater level and the SAVI values, which are surrogate for phreatophytic vegetation 

condition for the year 2015. Linear regression analysis was selected on the basis of its merit 
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to examine the behaviour of dependent variable in response to that of independent variables 

using equation (11) according to (Nau, 2015):  

 𝑌 =  𝑎 +  𝑏𝑋                                                                                                                                      (11) 

Where: 

 X = Groundwater depth value (in meters) 

Y = SAVI value. 

3.3. Results 

3.3.1. Image classification accuracy assessment 

Dependability of spatio-temporal trends in the phreatophytic vegetation condition depends on 

the classification accuracy assessment of the images. This is presented by overall accuracy 

and Kappa Index of Agreement (KIA). Land cover classes are considered accurate when the 

KIA value is at least 0.70 (Smith, 2012). According to image classification accuracy 

assessment results, the overall accuracies ranged from 0.7625 to 0.8854 and KIA from 0.742 

to 0.821. Table 12 provides the image classification accuracy assessment results for the year 

1995, 2005 and 2015. Hence, based on the KIA values provided in Table 12, the land cover 

classes are considered to be accurate. Detailed information regarding the image classification 

accuracy assessment is provided in Figure B2 to Figure B4 of Appendix B. 

Table 12: Image classification accuracy assessment results 

Year Overall accuracy KIA 

1995 0.8097 0.742 

2005 0.8854 0.799 

2015 0.7625 0.796 

3.3.2. Spatio-temporal trends in the phreatophytic vegetation condition 

An assessment of variations in the phreatophytic vegetation condition over the period 

between 1995 and 2015 was done. Figure 3.1 to Figure 3.3 show the spatial trends in the 

different phreatophytic vegetation conditions within the study area. Figure 19 highlights the 

phreatophytic vegetation condition in 1995, which provided a benchmark against which the 

phreatophytic vegetation condition in the study area was assessed. Figure 20 and 21 indicate 
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changes to the phreatophytic vegetation condition after the initial phreatophytic vegetation 

condition assessment. 

 

Figure 19: Phreatophytic vegetation condition in 1995 
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Figure 20: Phreatophytic vegetation condition in 2005 

 

Figure 21: Phreatophytic vegetation condition in 2015 
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A visual interpretation shows that there was a decline in high phreatophytic vegetation 

density and medium density phreatophytic between 1995 and 2015, with a subsequent 

increase in low density phreatophytes between 1995 and 2015. In general, the phreatophytic 

vegetation was in a reasonably good condition in 1995 (Figure 19), with a gradual and 

consistent deterioration observed in 2005 and 2015 (Figures 20 to 21). However, the detailed 

changes in the phreatophytic vegetation condition are provided in Table 13. 

Table 13: Extent of land cover classes and area covered by each phreatophytic vegetation 

density class 

Land cover type 1995 area (%) 2005 area (%) 2015 area (%) 

High density phreatophytes 0.17 0.08 0.06 

Medium density phreatophytes 76.02 49.37 43.07 

Low density phreatophytes 16.41 46.71 47.27 

Bare surface 6.32 2.06 7.91 

Water 1.08 1.78 1.69 

In 1995, medium density phreatophytic vegetation covered 76.02 % of the UMRC, which 

declined to 49.37% by 2005 and then to 43.07% by 2015. In contrast to the decline in the 

medium phreatophytic vegetation, low density phreatophytic covered 16.41% of the study 

area in 1995 but increased to 46.71% and 47.27% in 2005 and 2015, respectively. However, 

inconsistency in the bare surface trends can clearly be observed from Table 13, and this 

probably due to exposed soils within cultivated lands. 

3.3.3. Field observed distribution of phreatophytes 

Phreatophytic vegetation densities were investigated to determine their distribution across 18 

surveyed sites. A total of four (4) major phreatophytic vegetation species were observed, and 

these were Ziziphus mucronata, Rhus lancea, Euclea undulata and Acacia mellifera. Each 

phreatophytic vegetation species frequency was determined across all the surveyed sites. 

Variations in their abundance were noted; some phreatophytic vegetation species dominated 

in some surveyed sites, vice-a-versa (Figure 22). The variations were noted in both the 

species frequency and overall phreatophytic vegetation density per site. This was confirmed 

by the homogeneity test using the Levene’s k-sample comparison of variances. At 179.00 

observed phreatophytic trees, p-value was found to be 0.027 at significance level alpha of 

0.05 (Figure C1 of Appendix C). The computed p-value was lower than the significance level 

alpha, which implied a significant difference in phreatophytic vegetation density distribution 
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measured across different surveyed sites. Figure 22 shows the surveyed sites overlain on 

2015 vegetation map. 

 

Figure 22: Surveyed sites overlain on 2015 vegetation map 

3.3.4. Relating groundwater depths condition to phreatophytic density  

The relationship between groundwater depth and the phreatophytic vegetation condition was 

determined. A regression line was drawn to depict a relationship. The distribution of 

variables along the regression line was analysed. A least square regression was calculated to 

determine the percentage of variables that fit to the model. Residues were also analysed to 

validate the assumption that a linear relationship exists between groundwater trends and 

phreatophytic potential. The relationship is considered strong if the correlation is -0.5 or +0.5, 

and a correlation close to -1 and +1 means a perfect relationship; the only difference is in 

their directions (Barnston, 1992). The linear regression results show a least square regression 

(R2) of 0.7338, thus signifying a strong relationship between groundwater depth and the 

phreatophytic vegetation condition. Figure 23 provides the linear regression model results. 

Table D2 of Appendix D provides the detailed results of the linear regression model for this 

relationship. 
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Figure 23: Linear regression model of groundwater depth against SAVI values 

Based on the significant relationship between phreatophytic vegetation condition and 

groundwater depth, vegetation densities over the period spanning from 1995 to 2015 could be 

used to infer to spatio-temporal dynamics of groundwater for the same years of investigation. 

3.4. Summary 

This chapter investigated the spatio-temporal dynamics in groundwater using the 

phreatophytic vegetation condition in the Upper Molopo River catchment. This study also 

demonstrated the significance of remote sensing and GIS in assessing the phreatophytic 

vegetation condition both at the spatial and temporal scales. Remote sensing data has the 

capability to map vegetation condition over a regional scale over a short period of time. The 

SAVI was found to be the most suitable index due to its ability to separate vegetation from 

the soil and reduce topographic effects, especially in semi-arid conditions (Gilabert et al. 

2002; Qi et al. 1994). The index reliably facilitated identification of areas covered by high, 

medium and low density phreatophytic vegetation, and bare surfaces (Lawrence & Ripple, 

1998; Mundava et al. 2014). 

An analyses of both the 2015 satellite imagery and field observations indicate variations in 

the phreatophytic vegetation condition in the study area. Borehole data also revealed 

variations in the depths of groundwater across various sites of the study area. The role of 

groundwater depth in influencing the distribution of phreatophytic vegetation species is well 

known (Sommer & Froend, 2011). Accordingly, all phreatophytic vegetation species 
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presented a significant difference across sites of different groundwater depths. Considerations 

of these vegetation types in monitoring groundwater trends is important, particularly in cases 

where regular monitoring of groundwater level is not practiced (Wang et al. 2011). The 

absence of recorded groundwater data that was established using conventional methods gives 

way for remote sensing of the phreatophytic vegetation monitoring as a surrogate for 

groundwater trends, because it is a quick and cost-effective method which can provide 

reliable time-series groundwater estimates for water resource management. 

 Different phreatophytic vegetation types respond to groundwater changes differently 

(Naumburg et al. 2005; Sommer & Froend, 2014; Xu & Chen, 2005), hence it is important to 

make comparisons on the existence of the same species across different sites (Groom et al. 

2005; Wierda et al. 1997). The factors influencing the structure and conditions of vegetation 

are broad, as a result, the main challenge in using phreatophytic vegetation as surrogate for 

groundwater quantity could be the difference between human-induced vegetation dynamics 

and those caused by a decline in groundwater level (Naumburg et al. 2005). However, an 

absence of human-induced factors, such as fuel wood collection, deforestation and livestock 

browsing, increases the accuracy of the estimates of groundwater quantity using dry season 

phreatophytic vegetation cover dynamics. This method can be highly reliable if coupled with 

field data (Groom et al. 2005). The study’s phreatophytic condition-groundwater relationship 

was only tested in the vicinity of active boreholes where groundwater depths were measured 

to estimate groundwater trends in those sites where groundwater level was not measured. 

This chapter has shown that the distribution of phreatophytic vegetation condition in the 

UMRC exhibits groundwater depth trends even in those sites with no monitoring boreholes. 

In view of the above findings, the primary hypothesis of this study, which is that “the trends 

in phreatophytic vegetation condition could explain trends in groundwater depths” is 

accepted. Although the chapter provides critical insights into phreatophytic vegetation 

condition surrogate for groundwater trends, it is also generally known that evapotranspiration 

intensity during the arid and semi-arid regions’ dry seasons is highly dependent on 

groundwater availability, especially in areas of very limited surface water. It is therefore 

imperative to investigate the behaviour of evapotranspiration. The following chapter 

estimates potential evapotranspiration, in order to model groundwater availability in the 

UMRC. 
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CHAPTER 4 

4. MODELLING GROUNDWATER AVAILABILITY USING REMOTE SENSING-

BASED POTENTIAL EVAPOTRANSPIRATION 

It was noted in the previous chapter (Chapter 3) that phreatophytic vegetation density 

conditions can be utilized to characterize groundwater dynamics. It is also important to note 

that amount of water transpired and evaporated from vegetated surface during dry seasons 

depends on groundwater availability. Vegetation absorbs water from underground to support 

evapotranspiration. Therefore, estimating potential evapotranspiration could provide further 

information regarding trends in groundwater resources. Conversely, areas with high 

evapotranspiration are indicative of a high groundwater potential, vice versa. 

4.1. Introduction 

The measurement or prediction of evapotranspiration (ET) is often related to studies on water 

balance and water management. ET is one of the components of a hydrological budget that 

occurs during soil water-vegetation interaction process, and it can have significant impact on 

the spatial and temporal distribution of water resource (Anderson et al. 2012). According to 

Gibson (2013), ET is the overall water loss from the soil to the atmosphere (including 

intercepted water) by means of evaporation process, and from plants through transpiration. 

Evaporation is a physical process influenced by a broad range of meteorological variables 

where surface water vaporizes into the atmosphere. On the other hand, transpiration is 

principally a botanical process influenced by vegetation’s functioning and soil water 

characteristics where groundwater is extracted through the plants and transferred into the 

atmosphere (Devitt et al. 2011). Evapotranspiration is, thus generally, the second largest 

component of the water budget, after precipitation (Scanlon et al. 2006). 

It was reported that ET is accountable for approximately 90% of precipitation inputs in arid 

and semi-arid ecosystems (Wilcox et al. 2003). ET accounts for approximately 80% of the 

water output in a hydrologically closed basin (Chimner & Cooper, 2004). Although the long-

term typical amount of available water for human activity and ecological sustenance in any 

region is approximately the difference between the annual average precipitation and annual 

average ET (Postel et al. 1996), the ET is commonly larger in proportion, compared to the 

precipitation. Approximately 60% of the precipitation received on the land surface is returned 

back to the atmosphere by means of ET (Brutsaert, 1986). However, at the local scale, the 

percentage is much higher and at approximately 80% (Almhab, 2003). Therefore, an accurate 
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estimation of ET over local scale is imperative for a more accurate assessment of 

hydrological balance (Ceccato et al. 2001), assessment of water resource development and 

for management options especially groundwater. 

The ET-groundwater relationship has widely been established (Hassan, 2008; Martinet et al., 

2009; Mazur et al. 2014) and utilized in modelling groundwater availability (Cao et al. 2013; 

Chen et al. 2005; Yang et al. 2006). There is direct link between ET and groundwater 

availability in arid and semi-arid phreatophytic environments (Howes et al. 2014; Shah et al. 

2007). The limited availability of precipitation in these environments results in ET demand 

being met by groundwater availability, especially during dry seasons (Noy-Meir, 1973; 

Rodriguez-Iturbe, 2000). When groundwater level depth increases, ET decreases (Chen et al. 

2005). During midday, transpiration rate is equivalent to water transfer by conductive tissue 

of plant (Pfautsch & Adams, 2013). In addition, the lower the transpiration rate, the more 

difficult it is for the plant to obtain water and vice versa. The relationship between 

groundwater level and ET was initially established by White (1932) in the Escalante Valley 

of Utah, where a linear correlation between groundwater level and ET was noted. The ET-

groundwater relationship is bidirectional: land surface ET on a regional scale can 

significantly influence the amount and spatial distribution of groundwater resources (Jin et al. 

2007), while groundwater availability can also influence the ET rate and intensity, thereby 

limiting or increasing it (Shah et al. 2007; Soylu et al. 2011). Therefore, a precise monitoring 

of groundwater ET (ETg) can provide a valuable insight about the behaviour of groundwater 

resources (Scanlon et al. 2006; Sampic, 2012). 

Several methods have been developed and are available to monitor ET. Conventional 

methods for estimating ET, such as weighing lysimeter, eddy covariance techniques, Energy 

Balance Bowen Ratio (EBBR), pan-measurement, scintillometer and sap flow, are 

predominantly based on a diversity of complex models that are applicable at a local scale. 

Generally, these methods are capable of providing precise estimations of ET if conducted 

over a homogeneous landscape (Allen, 2005). However, their applicability cannot be 

extended to estimate ET over a regional scale with land surface heterogeneity and intricate 

hydrologic processes. They require several measurements of surface and landscape 

parameters. Furthemore, their applicability is often labour-intensive, time-consuming, 

expensive, and sometimes contingent on instrument failure (Howes et al. 2014). However, 

remote sensing technology can provide an ET estimate over a large and continuous spatial 
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coverage at a cost below that when the same estimate is acquired using traditional methods 

(Howes et al. 2014).  

Remote sensing technology is one of the approaches that can accurately estimate ET under 

un-gauged regions where measurements by man are tremendously challenging to employ 

(Nouri et al. 2012). An intergration of ground-based information and remote sensing 

technology often has ability to offer continual estimates of ET (Wilson et al. 2003).  Several 

methods are also available to estimate ET within remote sensing technology, however, they 

differ in terms of their applicability and categories (Allen et al. 2011; Kustas & Norman 

1996; Li et al. 2005). The most complete classification was proposed by Courault et al. 

(2003) and well discussed by Calcagno et al (2007). They categorized remote sensing 

methods for estimating ET into four groups, which are empirical, inference, deterministic and 

residual methods. 

The empirical models often apply statistical regression to estimate ET, using satellite 

vegetation indices and other meteorological data such as air temperature and surface net 

radiation (Courault et al. 2003; Nagler et al. 2007; Wang & Dickinson, 2012). They are based 

on remote sensing application for measuring the vegetation adjustment factor, such as 

landscape factor, in order to determine ET (Courault et al. 2003). These methods can provide 

accurate ET estimations if a study is conducted at a local scale, and if calibrations and 

interpolations have accurately been performed (Nouri et al. 2012). However, empirical 

models require a high ground-based calibration for local climate and ecosystem adaptation, 

and a further re-calibration as climatic conditions change (Courault et al. 2003; Yan et al. 

2012). 

Empirical models also strongly rely on the relationship between surface radiant temperature 

and NDVI, which is envisaged as yielding more accurate estimates of the soil water 

conditions (Carlson & Ripley, 1997). However, Yuan et al (2010) note that this relationship 

varies seasonally; consequently thermal infrared remote sensing is recommended for mixed 

landscape environments. In addition, the heterogeneity in vegetation species and density, and 

microclimate may lead to inaccurate ET rates, even at small scales (Nouri et al. 2012). 

Burnett (2007) also notes that inaccurate estimates of ET can be obtained due to the inability 

of NDVI to quantify evaporation from the soil surface, and failure to detect vegetation stress 

due to water shortage. The mapping of ET at high resolution and with internalized calibration 

(METRIC) is one of the residual methods that make use of visible, near infrared and thermal 
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infrared radiation data from satellites to compute a pixel-based energy balance in estimating 

ET (Allen et al. 2011, Pocas et al. 2013). The drawback of METRIC is that it involves 

expertise in ET physics to review and calibrate images (Allen, 2005). 

Physically-based models employ various biophysical metrics, which are acquired from 

remote sensing (Yan et al. 2012) and can be further categorized into two types, namely 

surface conductance-based models and energy balance models. Surface conductance-based 

models were established from the Penman–Monteith (PM) combination equation (Monteith, 

1965), which integrates the effects of both vegetation physiology and evaporative demand on 

ET (Yan et al. 2012). The disadvantage of these models is that they tend to overestimate ET 

in humid regions and underestimate ET in arid regions (Droogers & Allen, 2002; Hargreaves 

& Allen, 2003). Additionally, there is need to calibrate the model according to the annual 

rainfall intensity, for without calibration, accurate results can be compromised (López-

Moreno et al. 2011). 

Surface energy balance models estimate ET by evaluating the instantaneous energy exchange 

in the soil-vegetation-atmosphere continuum (Roerink et al. 2000). ET is estimated, through 

the surface energy balance models, as the residual of the energy balance using thermal 

infrared (TIR) temperature as the most important input and integrated with other data (Yan et 

al. 2012). The discrepancy between the incoming solar energyand the outgoing solar energy 

is surface net radiation (Rn) (Boni et al. 2001), which denotes the overall heat energy source 

in the surface energy balance method. Reasonably accurate results can be achieved when this 

method is used during daytime, cloud-free conditions (Nouri et al. 2012). However, ground-

based meteorological conditions data are generally needed for interpolating the results for the 

longer periods of daily or monthly records. Several methods have been developed and applied 

to estimate ET using the energy balance method. These methods include the surface energy 

balance index (SEBI) (Galleguillos et al. 2011), simplified surface energy balance index (S-

SEBI) (Sobrino et al. 2005), surface energy balance system (SEBS) (Rwasoka et al. 2011), 

two-source energy balance (TSEB) (Colaizzi et al. 2012) and the surface energy balance 

algorithm for land (SEBAL) (Sun et al. 2011). An additional energy balance model is the 

triangle method, which utilizes the slope of remote sensing surface temperature to vegetation 

indices in estimating ET (Nishida et al. 2003). These models do not require precipitation and 

soil texture data as input (Yan et al. 2012). 
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With SEBAL, the remotely sensed surface radiances are converted into surface properties 

such as vegetation indices, albedo, surface emissivity and surface temperature (Gowda et al. 

2011). These variables are utilized when estimating different components of the surface 

energy balance equation. SEBAL can accurately estimate ET with minimum use of ancillary 

ground-based meteorological data (Tasumi et al. 2005) and no prior knowledge of the soil, 

vegetation and management conditions (Bastiaanssen et al. 2005). Moreover, SEBAL 

provides automatic internal correction, which avoids the strict correction of atmospheric 

effects on surface temperature, and internal calibration, which is done within each analyzed 

image (Liou & Kar, 2014). Such internal calibration excludes the necessity for a thorough 

atmospheric correction of surface temperature or reflectance (albedo) measurements using the 

radiative transfer mode (Tasumi et al. 2005). The internal calibration also minimizes the 

impact of any biases in the assessment of aerodynamic stability correction or surface 

roughness (Liou & Kar, 2014). The disadvantage of SEBAL is that it requires cloud free 

conditions, because thermal infrared radiation cannot penetrate cloud conditions (Yan et al. 

2012). Consequently, it cannot be applied in cloudy humid conditions (Ryu et al. 2012), but it 

is ideal for the arid and semi-arid regions as they are characterized by clear skies during most 

times of the dry season. 

The SEBAL model was utilized to model groundwater availability using potential ET in the 

Upper Molopo river catchment. The potential ET is utilized as a diagnostic tool for depth 

conditions of groundwater. However, studies that used SEBAL-based potential ET to model 

groundwater only relied on assumption that “ET during dry seasons is sustained by 

groundwater” (Anderson et al. 2015; Matic et al. 2011), without validating the assumption. 

Thus, the current study improves on this by integrating groundwater level data into SEBAL 

as a means of validating the assumption. The hypothesis being tested is that, “trends in dry 

season potential ET exhibit trends in groundwater depth”. 

4.2. Methodology 

This section provides a detailed outline of the methodology used to estimate potential ET. 

Figure 24 shows the flowchart diagram of the methodology: 
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Figure 24: Flowchart diagram explaining groundwater modelling using potential ET 
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4.2.1. Data acquisition 

Satellite datasets processed and discussed in Chapter 3 form the basis of data for the 

estimation of potential ET. Meteorological data were acquired from the South African 

Weather Services (SAWS). The data included specific humidity, air temperature, wind speed 

and air pressure and it was used as input variables to the ET model. The groundwater data 

described in Section 2.2.1 of Chapter 2 were utilized in the establishment of the groundwater 

depth-potential ET relationship. 

4.2.2. Estimating potential evapotranspiration 

The potential ET was monitored on two components of land surface, which were vegetated 

surface and non-vegetated surface, by applying the SEBAL model. Under the supposition that 

the energy storage of a canopy and energy advection is insignificant, potential ET was 

calculated as residual of the energy balance (Waters et al. 2002). The surface energy balance 

method can be mathematically expressed according to Lu et al (2012) as in equation (12): 

𝐿𝐸 =  𝑅𝑛 −  𝐻 –  𝐺                                                                                                                            (12) 

where: 

Rn is the net radiation, H is the sensible heat flux, LE is the latent heat flux and is equivalent 

to ET, and G is the soil heat flux. 

The equation can be rephrased and written as in equation (13): 

𝐸𝑇 =  𝑅𝑛 –  𝐺 –  𝐻                                                                                                                             (13)  

The surface energy balance method is illustrated in Figure 25. 



75 

 

 

Figure 25: Illustration of potential ET estimation 

 (Source: Elhaddad et al. 2011) 

 

a. Remote sensing-based SEBAL input variables 

Land surface albedo 

The land surface albedo was retrieved from Landsat data using equation (14) by Smith 

(2010): 

𝛼 𝑠ℎ𝑜𝑟𝑡 =
(

(0.356 ∗  𝐵𝐿𝑈𝐸) +  (0.130 ∗  𝑅𝐸𝐷) +  (0.373 ∗  𝑁𝐼𝑅)

+ (0.085 ∗  𝑆𝑊𝐼𝑅) +  (0.072 ∗  𝑆𝑊𝐼𝑅) −  0.018
)

1.016
                              (14) 

where: 

 α short = the shortwave for each band. 

Vegetation parameters 

The required vegetation parameters for the SEBAL model are the Normalized Difference 

Vegetation Index (NDVI), vegetation proportion (Pv) (used to assign surface emissivity 

values), Soil Adjusted Vegetation Index (SAVI) and Leaf Area Index (LAI).  

The NDVI for each year was calculated from the respective satellite images using equation 

(15): 
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𝑁𝐷𝑉𝐼 =
(𝑁𝐼𝑅 − 𝑅𝐸𝐷)

(𝑁𝐼𝑅 + 𝑅𝐸𝐷)
                                                                                                                     (15) 

The Pv for each year was calculated using the NDVI computed in equation (15) as input 

using equation (16) by Carlson and Ripley (1997): 

𝑃𝑣 =  [(𝑁𝐷𝑉𝐼 −  𝑁𝐷𝑉𝐼𝑚𝑖𝑛) /(𝑁𝐷𝑉𝐼𝑚𝑎𝑥 − 𝑁𝐷𝑉𝐼𝑚𝑖𝑛)]2                                                  (16) 

where, according to Sobrino et al. (2001), NDVImax = 0.5 and NDVImin = 0.15. 

Land surface emissivity (LSE) 

For Landsat-5 TM images, LSE was calculated by considering the Pv in equation (16) value 

for individual pixels. The emissivity was then calculated using equation (17) by Sobrino et al 

(2001): 

ɛ =  0.004𝑃𝑣 +  0.986                                                                                                                    (17)  

where: 

Pv is the vegetation proportion 

For Landsat-8 OLI image, LSE for both band 10 and band 11 was computed using the LSE 

standard values provided by Skokovic et al (2014), where ɛs for band 10 is 0.971 and for band 

11 is 0.977; ɛv for band 10 is 0.987 and for band 11 is 0.989. 

For Landsat-8 OLI image, equation (18) adopted from Latif (2014) was used to calculate ɛ 

for band 10 and band 11: 

ɛ =  ɛ𝑠 ∗  (1 − 𝑃𝑣) +  ɛ𝑣 ∗  𝑃𝑣                                                                                                     (18) 

where, 

ɛs is the emissivity for the soil, and 

ɛv is the emissivity for the vegetation. 
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The final LSE was obtained by calculating the average of LSE for band 10 and LSE for band 

11, as recommended by Latif (2014) using equation (19): 

𝑀𝑒𝑎𝑛 𝑜𝑓 𝐿𝑆𝐸 =  𝑚 =
(𝐿𝑆𝐸10 + 𝐿𝑆𝐸11)

2
                                                                                            (19)  

 

Land surface temperature 

Land surface temperature (LST) was calculated by converting the thermal radiance values 

into LST value. LST is calculated with brightness temperature and surface emissivity 

(Sobrino & Raissouni, 2000). This was achieved by applying the following steps: 

Converting DN to at-satellite radiance 

The calculation of the at-satellite temperature requires the information about spectral 

radiance. This is the outgoing radiation energy of the band observed at the top of the 

atmosphere by the satellite. Therefore, the first stage to calculating at-satellite temperature is 

to convert digital number (DN) values to radiance for all utilized satellite images. Digital 

Number (DN) values of Landsat TIR band for each image of each year of investigation were 

converted to spectral radiance (L) using equation (20) according to Chen et al (2011): 

𝐿𝜆 =  ((𝐿𝑚𝑎𝑥 – 𝐿𝑚𝑖𝑛)  ÷ 𝑄𝑐𝑎𝑙 𝑚𝑎𝑥  ))  ∗  𝑄𝑐𝑎𝑙 +  𝐿𝑚𝑖𝑛                                                       (20) 

where: 

L𝜆 = Spectral radiance at sensor’s aperture 

𝐿min = minimum spectral radiance value of TIR band for both TM and OLI (DNmin = 1) 

Lmax = maximum spectral radiance value of TIR band for both TM and OLI (DNmax = 255) 

Qcal = quantized calibrated pixel value in DNs 

Calculation of brightness temperature 

The calculation of brightness temperature was done using band 6 for Landsat-5 TM images, 

and band 10 and 11 for Landsat-8 OLI image. The brightness temperature utilized the at-
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satellite radiance value as input and was calculated for all utilized satellite images according 

to the equation (21) by Sobrino et al (2001): 

𝑇 =  𝐾𝟐  ÷ [𝑙𝑛 ((𝐾1 ÷ 𝐿𝜆) +  1)]   (𝑢𝑛𝑖𝑡: 𝐾𝑒𝑙𝑣𝑖𝑛)                                                                   (21)  

where: 

T = Effective at-satellite temperature, and 𝑇 = 𝑇–273 (Conversion from Kelvin to Celsius) 

K1 = Calibration constant (607.76 for Landsat-5, and 774.89 and 480.89 for band 10 and 11 

of Landsat-8 respectively), 

K2 = Calibration constant (1260.56 for Landsat-5, and 1321.08 and1201.14 for band 10 and 

11 of Landsat-8 respectively)  

L𝜆 = spectral radiance 

Final land surface temperature (LST) 

Algorithms for deriving LST from Landsat-5 TM and Landsat-8 OLI images are different due 

to variations in radiometric properties of the images. Therefore, two different algorithms were 

used in the LST derivation. 

For Landsat-5 TM images, LST was computed using the equation (22) according to Sobrino 

et al (2001): 

𝐿𝑆𝑇 =  𝑇 ÷  [1 +  (𝜆 +
𝑇

𝜌
) ∗ 𝐼𝑛 𝜀]                                                                                                (22)  

where: 

λ is the wavelength of the emitted radiance which is equal to 11.5µm, 

ρ is  air density, expressed in equation (23) 

ρ = h*c/σ                                                                                                                                (23)  

where: 
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σ = Stefan Boltzmann’s constant, which is equal to 5.67 x 10-8 Wm-2 K -4, h = Plank’s 

constant (6.626 x 10 -34 J/Sec), c = velocity of light (2.998 x 108 m/sec). 

ε is the surface emissivity 

For Landsat-8 OLI, LST was computed using equation (24) developed by Latif (2014): 

𝐿𝑆𝑇 =  𝑇𝐵10 + 𝐶1 (𝑇𝐵10 − 𝑇𝐵11) + 𝐶2 (𝑇𝐵10 − 𝑇𝐵11)2  +  𝐶0  +  (𝐶3 + 𝐶4𝑊)(1 − 𝑚) +

 (𝐶5 + 𝐶6𝑊)∆𝑚                                                                                                                                   (24)  

where: 

TB10 and TB11 = brightness temperature of band 10 and 11 of Landsat-8 OLI, 

C0 to C6 = Split-Window coefficient values (Table 14) according to Skokovic et al (2014) 

Table 14: Split-Window coefficients 

Constant Value 

C0 -0.268 

C1 1.378 

C2 0.183 

C3 54.300 

C4 -2.238 

C5 -129.20 

C6 16.400 

m = mean of ε 

∆m = difference of ε 

W = atmospheric water vapour content, which is estimated using water vapour concentration 

derived from the vapour pressure using equation (25): 

𝑃 =
𝑛𝑅𝑇

𝑉
                                                                                                                                                 (25)  

where 

P = the pressure in Pa, 

V = the volume in cm3, 
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T = the temperature in K (˚C + 273), and 

n = the quantity of gas expressed in molar mass (0.018 kg in the case of water) 

Therefore, vapour concentration was converted from vapour pressure using equation (26): 

𝐾𝑔

0.018

𝑉
=

𝑝

𝑅𝑇
                                                                                                                                               (26)  

Leading to equation (27): 

𝐾𝑔

𝑚3 =  0.002166 𝑥 𝑝 ÷ (𝑡 +  273)                                                                                                 (27)  

b. Ancillary data for SEBAL 

In addition to the derivation of the remotely sensed data for SEBAL, the following 

meteorological parameters were utilized for the model: 

Specific humidity 

Specific humidity is obtained on the basis of equation (28) according to Sobrino et al (2001): 

𝑞 =  [𝑅𝑑  ÷  𝑅𝑣] ∗  [𝑒𝑎  ÷  𝑝𝑠]𝑘𝑔. 𝑘𝑔−1                                                                                       (28)    

where: ea is actual vapour pressure 

Rd and Rv are gas constants for dry air and water vapour air respectively 

Actual vapour pressure (ea) 

Actual vapour pressure is computed using the relative humidity and air temperature at the 

reference site. This is calculated using equation (29): 

𝑒𝑎  =  𝑅𝐻 ÷  [100 (𝑒𝑠)]                                                                                                                    (29)  

where:  

ea = in kPa 

es = the saturated vapour pressure in kPa, and is calculated using equation (30): 
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𝑒𝑠 =  0.611 𝑒𝑥𝑝 [(17.27 𝑥 𝑇𝑎) ÷  (𝑇𝑎 +  237.3)]                                                                   (30)  

where: Ta is the temperature in degree Celsius (˚C) 

c. Parameterization of land surface heat flux 

Calculation of Net Radiation (Rn) 

The Net Radiation was calculated by employing equation (31) according to Sobrino et al 

2001): 

𝑅𝑛 =  (1– 𝛼)𝑅𝑆 ↓  + 𝜀. 𝑅𝐿 ↓  − (1–  𝜀)𝑅𝐿 ↑                                                                             (31)  

where: 

α is surface albedo, 

RS ↓ is the incoming shortwave radiation 

RL ↓ is the incoming longwave radiation 

ε is the emissivity 

RL ↑ is the outgoing longwave radiation 

The incoming shortwave radiation is the direct and diffuse solar radiation flux that essentially 

strikes the earth’s surface (W/m2) (Waters et al. 2002). Normally, RS↓ is measured from a 

weather station and it is measured, supposing cloud-free conditions, as a constant for the 

image time (Waters et al. 2002). However, for the cloudless conditions, RS↓ = 75% and for 

cloudy conditions RS↓ = 25% (Hatzianastassiou et al. 2004). 

The outgoing longwave radiation (RL↑) is calculated using equation (32) according to Waters 

et al (2002): 

𝑅𝐿 ↑ =  𝜀 ×  𝜎 × 𝑇𝑆
4                                                                                                                          (32)  

where: 
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ε is the surface emissivity, and TS is the surface temperature. 

The incoming longwave radiation (RL↓) is the downward thermal radiation flux from the 

atmosphere (W/m2). The RL↓ is calculated according to equation (33) by Tursilowati et al 

(2009): 

𝑅𝐿 ↓ =  𝜎. ɛɑ. 𝑇ɑ
4                                                                                                                                  (33)  

where: 

Ta is the air temperature, 

ɛɑ is the emissivity of air, calculated according equation (34) by  Campbell and Norman 

(1998) as: 

ɛɑ  =  9.2 × 10−6  ×  (𝑇ɑ + 273)2                                                                                                 (34)  

where: 

Tɑ is the air temperature (obtained from weather station) 

Calculation of the soil heat flux (G) 

The soil heat flux is the rate at which heat is stored into the soil and vegetation due to 

conduction (Waters et al., 2002). It is computed using equation (35) according to Waters et al 

(2002): 

𝐺 =  (𝑅𝑛  ×  𝑇𝑠) × (0.0038 +  0.0074 ×  𝛼) × (1 −  0.98 ×  𝑁𝐷𝑉𝐼4)                          (35) 

Calculating the sensible heat flux (H) 

The sensible heat flux is described as the extent to which heat is lost to the air through 

convection and conduction, as a result of variations in temperature (Waters et al. 2002). It is 

calculated using equation (36) for heat transference: 

𝐻 =  (𝜌 ×  𝑐𝑝  ×  𝑑𝑇)  ÷ 𝑟𝑎ℎ                                                                                                           (36)  

where: 
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ρ = air density (kg/m3) 

cp = air specific heat (1004 J/kg/K) 

dT (K) = the temperature difference (T1 – T2) between two heights (z1 and z2), and  

rah = the aerodynamic resistance to heat between the surface and the reference level (s m-1). 

In order to calculate the value of dT for each pixel, the SEBAL method hypothesizes that 

there is a linear correlation exists between dT and the surface temperature Ts (Trezza, 2006). 

Temperature difference was calculated using equation (37):  

𝑑𝑇 =  𝑎𝑇𝑠 +  𝑏                                                                                                                                     (37) 

where: 

Ts is the surface temperature, and  

“a” and “b” are empirical coefficients obtained from the so called “anchor” pixels 

(Bastiaanssen et al., 1995). 

The supposition implicit in the SEBAL is that hot areas with large thermal emittance create a 

higher vertical dT than cold surfaces, and that this relationship is linear (Trezza, 2006). 

The rah = computed for neutral stability according to Waters et al (2002) using equation (38): 

𝑟𝑎ℎ  =  𝑙𝑛
𝑧2 – 𝑧1

𝑢∗
 𝑘                                                                                                                                 (38)  

where: 

 z1 and z2 = heights in meters above the zero plane displacement (d) of the vegetation, 

 u* = the friction velocity (m/s) which quantifies the turbulent velocity fluctuations in the air,  

k = von Karman’s constant (= 0.41). 

The friction velocity (u*) is calculated on the basis of the logarithmic wind law for neutral 

atmospheric conditions using equation (39): 
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u ∗ =
kux

ln
(

zx

zom
)                                                                                                                       (39)  

where: 

ux = the wind speed (m/s), measured at weather observation station, 

zX = the blending height (~ 100m) 

 zom = the roughness length for momentum (m). zom is a measure of the form drag and skin 

friction for the layer of air that interacts with the surface (Kustas & Norman, 1996). zom is 

empirically estimated from the mean vegetation height around the weather station by 

employing the equation (40) by Brutsaert (1986): 

zom  =  0.12ℎ                                                                                                                                      (40)  

where: 

h = the vegetation height (m). The commonly used vegetation height is 2m (Allen et al. 

1998). 

d. Determination of potential ET 

Final potential ET was determined using equation (41): 

ET =  Rn –  G –  H                                                                                                                               (41)  

The SEBAL model were prepared after all the data input and the potential ET for each year 

of investigation was determined using the Image calculator module embedded in Idrisi Taiga 

software. 

4.2.3. Relationship between potential ET and groundwater depths 

Upon successful derivation of potential ET from satellite data, the relationship between the 

potential ET trends and groundwater depth conditions was investigated. This was achieved by 

overlying the borehole shapefile (explained in Section 2.1.1 of Chapter 2) with the 2015 

potential ET image, where 200 meter buffer zones were created around each active borehole. 

A total of five points were randomly digitized within each buffer zone and pixel values 
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representing respective potential ET were extracted. A linear regression analysis was 

performed to determine the significance of the relationship. 

4.2.4. Establishing the relationship between potential ET and vegetation 

condition 

The trends in the phreatophytic vegetation conditions exhibit groundwater depth conditions 

(chapter 3 of this thesis). A total of 150 points were randomly digitized from the 2015 

potential ET map in order to extract continuous values of potential ET. The digitized points 

were then overlaid on the 2015 SAVI image (utilized as surrogate for vegetation condition in 

Chapter 3) to extract SAVI values. A linear regression analysis was also performed to 

establish the relationship between the vegetation condition (SAVI) and potential ET. 

4.3. Results  

4.3.1. Mapping the land surface albedo 

The surface albedo significantly influences the surface energy balance, which in turn 

facilitates change in hydrological patterns (Gao et al. 2014). It represents the portion of the 

incident sunlight that is reflected by the surface (Coakley, 2003). In this case, radiation which 

is not reflected is absorbed by the land surface. In semi-arid regions, an increase in surface 

albedo results in a loss of radiative energy by absorption at the surface, and convective 

overturning is reduced (Li et al. 2004). An increase in surface albedo also causes ET decline, 

thus further hindering the occurrence of precipitation (Gao et al. 2014; Wu et al. 2003). 

Figure 26 shows that the surface albedo has generally increased over the period spanning 

from 1995 to 2015. However, the extent to which this variable was distributed differs with 

time. There was an increase in the area covered with high albedo, where intensities increased 

from 131.90 units in 1995 to 142.17 in 2005 and finally 199.97 units in 2015. It can be 

noticed, from a visual interpretation that, low albedo values were dominant in the eastern and 

north-eastern part of the study area throughout all the years of investigation, in contrast to 

other parts of the area where high albedo values were observed. 
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Figure 26: Land surface albedo maps 
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4.3.2. Mapping phreatophytic vegetative parameters 

Vegetation cover conditions facilitate water loss from the surface and sub-surface through 

transpiration. When soil moisture drops below wilting point, vegetation becomes stressed and 

the canopy temperature increases, and consequently, transpiration stops due to water 

unavailability (Beamer et al. 2013). If soil moisture stays above wilting point, vegetation will 

continue to tap water from the soil and supply the transpiration process (D’Odorico et al. 

2007). The study’s vegetation parameters were the NDVI and vegetation proportion: 

a. NDVI 

Vegetation indices, estimated from satellite data, are essential tools for monitoring 

evapotranspiration in vegetated surface. Water deficit causes vegetation stress, thus resulting 

in the closure of stomata leaves in order to reduce transpiration (Xu & Chen, 2005). Using the 

principle of energy balance, the sensible heat flux would then increase, resulting in an 

increase in leaf surface temperature (Xu & Chen, 2005). The derived NDVIs revealed a 

gradual decline in the study area’s vegetation cover condition during the study period (Figure 

27). The maximum NDVI value increased from 0.711 to 0.747 between 1995 and 2005, but 

drastically declined to 0.508 in the year 2015.  
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Figure 27: NDVI maps 
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b. Vegetation proportion 

Vegetation proportion (Pv) is an imperative surface parameter and it  determines the size of 

the vegetated portion of the land surface which communicates with the atmosphere (Zeng et 

al. 2000). Vegetation can transpire, evaporate, absorb radiation, and store energy depending 

on the size of leaves per area of ground (Zeng et al. 2000). Most importantly, Pv expresses 

the degree to which soil is directly exposed to sunshine (Yang et al. 1998). The significance 

of Pv in the current study is that it facilitates successful derivation of surface emissivity, 

which is substantial for determining land surface temperature from the imagery (Rozenstein 

et al. 2014). Figure 28 displays Pv for the study area under different years of investigation. It 

was noted that Pv generally decreased over the period between 1995 and 2005, and increased 

between 2005 and 2015. 
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Figure 28: Vegetation proportion maps 



91 

 

4.3.3. Determining the land surface emissivity 

Land surface emissivity determines the ability of the surface to emit thermal energy 

(Jiménez-Muñoz et al. 2006). It is defined as the proportion of energy being emitted in 

relation to that emitted by a black body (surface material that is a perfect energy emitter). A 

surface material that is a perfect emitter of heat energy has an emissivity value of 1, whereas 

a surface material with an emissivity value of 0 would be considered a perfect thermal mirror 

(Payan & Royer, 2004). Monitoring emissivity is important for an accurate estimation of the 

land surface temperature (T) which is substantial for global-change studies, radiation budgets 

estimation and heat-balance studies (Dash et al. 2005). Land surface emissivity varies with 

surface composition, moisture, roughness, and particle size (Jiménez-Muñoz et al. 2006). For 

land surface features (non-metallic features), emissivity normally decreases with the increase 

in land surface temperature. The emissivity for the year 1995, 2005 and 2015 was 

investigated in the study area and its spatio-temporal distribution is provided in Figure 29. 
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Figure 29: Land surface emissivity maps 
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4.3.4. Mapping land surface temperature 

Land surface temperature is a significant parameter in the energy balance assessment of land 

surface and it plays an important role in the interaction between the hydrosphere-biosphere-

atmosphere and the water cycle (Daou et al. 2012). LST facilitates the amount of water that 

can be evaporated and/or transpired from the surface to the atmosphere, guided by water 

availability (Wu et al. 2008). The higher the temperature, the higher the rate at which water 

can be transpired and evaporated from the surface.The land surface temperature for each year 

of investigation was derived from TIR bands of Landsat images. The results show that there 

has been a decline in the maximum temperature between 1995 and 2015. In addition, a visual 

interpretation shows that a large part of the study area was dominated by high temperatures 

throughout the years of investigation (Figure 30). 
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Figure 30: Land surface temperature maps 
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4.3.5. Determining net radiation (Rn) 

Understanding Rn and its distribution is important for elucidating patterns of various 

landscape processes, such as heating the air, warming the surface and causing water to 

evaporate (Huber et al. 2014). Net radiation in evapotranspiration represents the principal 

source of energy present to natural processes such as water loss by vegetated surfaces and 

difference in temperature in the soil-plant-atmosphere continuum (Pereira et al. 2014). It is 

responsible for estimating the transfer of water from vegetated surfaces into the atmosphere 

(Pocas et al. 2013) and it has a great influence on ET (Pocas et al. 2013). Rn is positive when 

the amount of the incoming radiation exceeds that of the outgoing radiation (characteristically 

takes place in daytime when air temperature is the warmest); a negative value is associated 

with an absence of incoming solar radiation and when the net longwave is dominated by the 

outgoing terrestrial longwave flux (especially during the night). Figure 31 shows the spatio-

temporal trends in the distribution of net radiation in the study area. The Rn magnitude 

seemed to have slightly decreased over the period of investigation.



96 

 

 

Figure 31: Net radiation maps 
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4.3.6. Determining soil heat flux (G) 

An estimation of regional soil heat flux is important in meteorology and hydrology (Lu et al. 

2005). The capability of soil to conduct heat determines the rate of change in its temperature 

during a day or between seasons (Jurry & Horton, 2004). G is positive when the soil is 

warming and negative when the soil is cooling (Liou & Kar, 2014). The soil heat flux for the 

study area was calculated and its spatial distribution was assessed. It was noted that there was 

decrease in soil heat flux during the period between 1995 and 2015 (Figure 32). 
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Figure 32: Soil heat flux maps 
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4.3.7. Determining sensible heat flux (H) 

H measures the amount of heat energy transferred from the Earth's surface to the atmosphere 

by conduction and convection (McJannet et al. 2011). The relevance of H in ET is that it is 

closely related to temperature, since temperature is a measure of the H content (Gieske & 

Meijninger, 2003). When H is reduced, surface temperature also falls (McJannet et al. 2011). 

H for the study area was calculated and provided in Figure 33. There were variations in the 

spatio-temporal distribution of H in the study area. 
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Figure 33: Sensible heat flux maps 
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4.3.8. Estimating potential evapotranspiration 

Ultimately, potential ET for each year of investigation was estimated using net radiation, soil 

heat flux and sensible heat flux as input variables. Figure 34 provides the spatio-temporal 

distribution of potential ET in the study area. It was noted through visual interpretation, that 

the potential ET in the study area generally decreased in areal extent over the study period 

with the western and south-western part showing reasonably high potential ET. 
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Figure 34: Potential ET maps 
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Having managed to estimate the potential ET, the relationship between potential ET and 

groundwater depth was investigated and the results are presented in the subsequent section. 

4.3.9. Relationship between potential ET and groundwater depth 

Having managed to determine trends in the potential ET in the study area, it was then 

envisaged that the dry season potential ET trends exhibit trends in groundwater depths across 

the study area. In this case, a high ET implies that availability of enough groundwater, 

whereas a low ET implies a shortage of groundwater to sustain ET. The relationship between 

ET and groundwater depths was investigated using a simple linear regression analysis. The 

assumption was that the linear relationship exists between potential ET and groundwater 

depth conditions. At N=150, DF = 149, and CI = 95%, the relationship between potential ET 

and groundwater depth conditions yielded a significant R2 of 0.677. Figure 35 is the 

scatterplot diagram displaying the distribution of potential ET values against SAVI values 

(surrogate for phreatophytic vegetation condition). Table D3 of Appendix D provides detailed 

results of the potential ET-groundwater depth relationship. The potential ET was observed to 

vary across different groundwater depths. A high potential ET was observed in sites of 

shallow groundwater, in sharp contrast to a deep water table where low potential ET was 

observed (Figure 35). This, therefore, confirms the assumption that dry season potential ET 

can be utilized as a diagnostic tool for trends in groundwater depth. 

 

Figure 35: Scatterplot graph of potential ET against groundwater depth 
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4.3.10. Vegetation condition-potential ET relationship 

The significant role played by vegetation during dry seasons in transferring water from 

underground to the atmosphere (Yang & Friedl, 2003) made it important that the distribution 

of ET across different vegetation conditions be analyzed using a linear regression analysis.  

SAVI values were utilized as surrogate for the vegetation condition. At N = 150, DF = 149, 

and CI = 95%, the R2 was calculated and found to be 0.623, thus signifying a positive 

relationship. Table D4 of Appendix D provides the detailed results regarding the potential 

ET-vegetation condition relationship. Figure 36 is the scatterplot diagram displaying the 

distribution of potential ET against SAVI values (surrogate for the phreatophytic vegetation 

condition).  A high potential ET was observed in vegetated surfaces, in contrast to non-

vegetated surfaces where a low potential ET was observed (Figure 36). This agrees well with 

the findings in Chapter 3; areas where groundwater was shallow, the density of vegetation 

was high whereas areas with deep water tables had a low vegetation density. 

 

Figure 36: Scatterplot graph of potential ET against SAVI values 
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gain an insight into water losses through evaporation and transpiration on a specific time 

scale. The potential ET was investigated due to its relationship with groundwater level during 

dry seasons. The estimation of the potential ET was critical because of its significant 

hydrologic behaviour that complicates the water balance analysis. The study indicated the 

efficacy of satellite remote sensing technology in the estimation of surface parameters and 

fluxes required for an estimation of potential ET. The approach enabled both the 

determination of potential ET and depiction of the spatial characteristics of the groundwater 

depths.  

The study also demonstrated the positive and significant relationship between potential ET 

and groundwater level, which further suggested that the potential ET could be utilized to infer 

groundwater availability in the study area. Differences were significant: the greatest 

differences were found in parts covered with dense vegetation, where a great amount of 

available energy is used in the process of potential ET. As a result, the specific hypothesis 

that, “trends in dry season potential ET exhibit trends in groundwater depth of the UMRC”, 

was accepted. Monitoring ET is a complex process because it requires a multidisciplinary 

approach and multiple data, most of which are subject to change in a short space of time.  

There was also a challenge with regard to distinguishing between the spectral signature of 

natural vegetation and irrigation supported crops. Consequently, a high potential ET was also 

noted in those areas with irrigation supported crops, which would not be correlated with 

groundwater depth conditions. However, the results exhibit specific day-time potential ET, 

controlled by the amount of energy held by land surface and gradual heating of the surface 

(surface temperature). 

Although the estimation of potential ET provided insights regarding the behaviour of the 

groundwater level during dry seasons of arid and semi-arid regions, it is also important to 

note that the phreatophytic vegetation species act, during these seasons, as conduits that 

transfer water from the underground to the atmosphere in order to meet the ET demand. The 

forthcoming chapter analyses the phreatophytic vegetation water potential of the UMRC and 

its implications on groundwater trends. 
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CHAPTER 5 

5. EVALUATING THE RELIABILITY OF THE PHREATOPHYTIC 

VEGETATION WATER POTENTIAL IN TRACING GROUNDWATER 

RESOURCE 

It was observed in the previous chapter, that there is a strong relationship between 

evapotranspiration intensity and groundwater level. High evapotranspiration intensity was 

found in areas of reasonably shallow groundwater depth, while a low evapotranspiration 

intensity was observed in the sites of deep water table.  The amount of water available in 

phreatophytic vegetation, during the day when ET is at its maximum, explains how easy or 

difficult it is for these vegetation species to access water from underground and to supply 

acquired water to meet ET demand. This chapter, however, assesses the spatio-temporal 

trends in phreatophytic vegetation water potential as well as analyze their implications for 

groundwater trends. 

5.1. Introduction 

An understanding of the interactions between groundwater and vegetation is fundamental for 

sustainable water resource management and planning at a local and regional scale. These 

interactions are important because of the impact of groundwater extraction on natural 

vegetation (Orellana et al., 2012), which usually affects the composition and development of 

vegetation communities as well as the structural and functional stability of ecosystems related 

to water availability (Chen et al., 2006). Water availability is the principal variable which 

controls vegetation growth in over 40% of the Earth’s vegetated surface (Mu et al., 2007). 

The dry seasons of arid and semi-arid regions are characterized by a scarcity of rainfall, 

which means that the amount of water available for vegetation is substantially obtained from 

groundwater (Miller et al., 2010). Any decline of the water table causes moisture stress on 

vegetation that is dependent on groundwater, (Cooper et al., 2006; Koch et al., 2004; 

Stromberg et al., 1996), as it becomes more difficult for these plants to uptake water from the 

declining depths of the water table (DWT). During evapotranspiration, groundwater is 

transferred from underground by the plant roots to the leaves through the xylem conductive 

tissues. Tension builds in the plants’ conductive tissue when there is a shortage in water 

supply to meet the transpiration demand, and this is known as plant water stress (Colvin et 

al., 2002). Vegetation water stress at any point of time is influenced by the dynamic 
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interrelationships between the groundwater uptake rate from the subsurface and the water loss 

rate through transpiration (Cowan, 1965). The vegetation water potential is determined by 

calculating vegetation water content (VWC), the overall water quantity present in stems and 

leaves. VWC is one of the most significant parameters for soil water content retrieval, which 

normally denotes the groundwater discharge potential in dry seasons of arid environments. 

Therefore, an assessment of the vegetation water potential is an important component of 

groundwater resource management (Serrano et al., 2000). Meinzer et al (2004) noted that 

groundwater management can be improved if real time information regarding the plant water 

stress is made available to the water resource stakeholders. 

During the day, the rate of water loss is high because of a relatively higher saturation 

shortage of the air and opening of stomata in response to light (Chakraborty & Seshasai, 

2014). Consequently, the vegetation water content becomes dynamic due to changes in the 

transpiration demand of the atmosphere, the influence of the temperature and the availability 

of water in the soil (Gerten et al., 2004). In cases where there is a continuous availability of 

groundwater, phreatophytic vegetation is expected to consume an amount of water equivalent 

to that which is lost through transpiration, thus keeping the vegetation water content constant 

(Chakraborty & Seshasai, 2014). However, in conditions where there is groundwater 

deficiency, phreatophytes become unable to effectively recover water loss during the day, and 

vegetation water content drops. Water loss through transpiration stops during the night but 

the vegetation continues to uptake water and this results in vegetation water content increases 

(Chakraborty & Seshasai, 2014). At this time, the amount of water that is available in a plant 

denotes the maximum quantity of water that a plant can store in stress-free conditions, other 

than the ability of plant to replace its lost water quantity during concurrent water loss-

recovery processes. Therefore, a day-time assessment of plant water potential is viable for 

estimating soil water availability because at this time, plants in abundant water easily recover 

water loss compared to those in water deficit sites. 

Vegetation water status can be determined from various vegetation parameters such as roots, 

stems, and leaves or the whole canopy (Feng et al., 2012; Chen et al., 2006). The ability of 

vegetation to extract groundwater from different soil layers depends primarily on their 

rooting depth (Schwinning et al., 2005), although this may differ with the degree of water 

supply (Leffler et al., 2005). The water source can shift from shallow to greater depth when 

the shallow groundwater is depleted (Nippert & Knapp, 2007). Phreatophytic vegetation 



  

 

108 

 

species are capable of shifting from one water source to another, and usually have 

competitive advantages in arid and semi-arid environments (Ehleringer et al., 1991). 

However, the soil water release potential and hydraulic properties primarily facilitate 

groundwater availability to these vegetation species. The transfer of water by the roots is 

controlled by water potential gradients in the soil-vegetation-atmosphere continuum. 

However, roots are more complex to measure than any other parts of plants (Sperry & Hacke, 

2002). This complexity shows that the estimation of groundwater availability by measuring 

vegetation water at root level cannot be achieved easily; especially in regions where soil 

physical and chemical properties are not defined (Sperry & Hacke, 2002). 

Water deficit on vegetation reduces plant leaf area and the related-ecosystem-activity 

(Howard et al., 2009). Water availability controls the stomatal conductance and 

photosynthetic assimilation rate of plants (Mu et al., 2007). The leaf, when compared with 

other tissues of a plant, is the most convenient parameter to use in assessing vegetation water 

content (Running & Kimball, 2005) because plant leaf parameters are easy to characterize, 

unlike vegetation canopies (Ceccato et al., 2001). Therefore, determination of vegetation 

water content at leaf scale can be utilized to replicate groundwater availability. This is 

because the growth of a leaf is closely related to its water content (Hayatu & Mukhtar, 2010), 

which can provide information pertaining to vegetation water stress (Jackson et al., 2000).  

Dry season phreatophytic leaf water content is temporally and spatially variable in response 

to spatial and temporal patterns of soil water. Therefore, monitoring the daytime leaf water 

potential (Ψdt), as an index of plant water stress, may provide reliable information regarding 

availability of groundwater. 

It is difficult to monitor vegetation water potential over a large spatial and temporal context 

using traditional methods. However, the advent of remote sensing technology has enabled the 

monitoring of vegetation water potential over a large area, with less effort. Several remote 

sensing indices have been developed and related to vegetation water content.  Indices based 

on vegetation water content detection are, unlike those indices based on chlorophyll 

absorption features, such as normalized difference vegetation index (NDVI) and Soil 

Adjusted Vegetation Index (SAVI), expected to penetrate more deeply into thick canopies 

and have a preferential sensitivity to thin tissues (Sims & Gamon, 2003). In fact, NDVI and 

SAVI have limitations in estimating VWC because they are affected by other factors 

(Jackson et al., 2004). Each vegetation species has its own relationship of chlorophyll content 
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and VWC, i.e., a decline in chlorophyll content does not indicate a decline in VWC, and vice 

versa (Ceccato et al., 2001). These predictions are based on the very low absorption 

coefficients for water content in the short wavelength water channels as compared to 

chlorophyll.  

Several studies have been conducted to establish the relationships between total canopy water 

content and spectral reflectance indices (Gao, 1996; Hardisky et al., 1983; Tucker, 1980; 

Yilmaz et al., 2008). Indices based on vegetation water content are derived from the near 

infrared (NIR) and short wave infrared (SWIR) reflectance, which makes these indices 

sensitive to changes in both the liquid water content and spongy mesophyll of vegetation 

canopies (Gao, 1996; Ceccato et al., 2001). The SWIR reflectance reflects changes in both 

the vegetation water content and the spongy mesophyll structure in vegetation canopies, 

while the NIR reflectance is influenced by both the leaf internal structure and leaf dry matter 

content, and not by water content. Combining the NIR and the SWIR eliminates differences 

caused by leaf internal structure and leaf dry matter content and in the process enhances the 

accuracy in detecting water content in plants (Ceccato et al., 2001). The amount of water 

present in the internal leaf structure basically influences the spectral reflectance in the SWIR 

channel of energy spectrum. These spectral bands are resistant to atmospheric noise such as 

haze and smoke (Ceccato et al., 2001) and hence ideal for vegetation water content retrieval. 

Several remote sensing based indices are available to monitor vegetation water content, using 

a combination of NIR and SWIR spectral regions. These indices include the normalized 

difference shortwave infrared index (NDSWIR) (Gerard et al., 2003), leaf water content 

index (LWCI) (Hunt & Rock, 1989) and the normalized difference water index (NDWI) 

(Jackson et al., 2004). However, the applicability of these indices in estimating vegetation 

water content differs from environment to environment. The NDSWIR provides reliable 

vegetation water content estimates in forested area (Brewer et al., 2005; Miller & Thode, 

2007); therefore it cannot be applied in arid and semi-arid environments where the landscape 

is a mixture of vegetation and soils. The LWCI perfectly corresponds with plant relative 

water content (Hunt et al., 1987), and can be applied in different types of vegetation. 

However, its application in the field is not possible as the method can only be performed in a 

laboratory where conditions can be controlled (Hunt & Rock, 1989). LWCI is regarded the 

best surrogate for vegetation water status (Gao, 1996). Ceccato et al (2001) noted that indices 

based on the contrast between the SWIR channel and the NIR channel are sensitive to the 
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mass or volume of water and not to the fractional percentage of water.  Moreover, remote 

sensing data do not provide indications regarding depth to water table required for many 

groundwater models to calculate ETg. 

Several methods are available to measure and validate vegetation leaf water content 

determined by remote sensing methods. These methods include predawn water potential 

(Ψpd) (Donovan et al., 2001; Williams & Araujo, 2002), chlorophyll and carotenoid pigment 

concentration (Goncalvest et al., 2001), leaf chlorophyll fluorescence (Ni et al., 2015; 

Oyetunji et al., 2007), and diurnal leaf water potential (Ψdt) (Colombo et al., 2008). The leaf 

chlorophyll fluorescence method does not provide direct measurements of leaf water content, 

as it provides photosynthetic properties of vegetation, which are further utilized to assume 

leaf water content (Govender et al., 2009). The use of chlorophyll and carotenoid pigment 

concentrations to measure plant water potential is difficult because of the calibration that is 

required to acquire the actual chlorophyll concentrations for different plant species and 

environmental conditions (Govender et al., 2009). The Ψdt has widely been utilized as a 

ground-based technique for vegetation water content characterization (Donovan et al., 2001). 

The assumption derived from using this method is that leaf water potential (Ψleaf) equilibrates 

the groundwater potential (Ψgw) around the plant roots (Donovan et al, 2001; Slatyer, 1967). 

Nonetheless, although the Ψpd method is advantageous in quantifying water deficit (Williams 

et al., 2010), it underestimates the vegetation water content, particularly when the spatial 

distribution of soil moisture is heterogeneous (Prieto et al., 2012). 

It should be underscored that Ψpd also has the ability to determine soil water availability 

(Correira et al., 1995). However, its application is limited due to the fact that Ψpd indicates 

overnight plant water recovery condition, instead of the actual water potential (van Leeuwen 

et al., 2001). Furthermore, a high Ψpd does not significantly imply that no water deficit occurs 

during the day (Greenspan et al., 1996). In addition, Ψpd measures fresh, turgid and dry 

weights to obtain relative water content which may impose restrictions if measurements are 

done at a regional scale (Carbonneau et al., 2004). However, increasing the number of 

samples would enhance data reliability for this technique (Carbonneau et al., 2004). The 

remote sensing technique, in conjunction with relative water content technique, can yield 

reliable estimates of soil water content (Cohen & Naor, 2002; Carbonneau et al., 2004). Veste 

et al (2008) evaluated the applicability of vegetation leaf water potential in estimating the 

spatio-temporal trends in drylands soil water. The results revealed that the measurements of 



  

 

111 

 

diurnal leaf water potential could be utilized as a diagnostic tool for a rapid assessment of 

water availability at the subsurface level. 

Several methods and techniques have been devised to measure diurnal vegetation leaf water 

potential in the field. These methods include the pressure chamber, sap flow, changes in stem 

diameter, changes in leaf temperature and that of the leaf relative water content (RWC). The 

pressure chamber has extensively been utilized for field assessments of leaf water potential. 

This method is simply about applying pressure around a leafy shoot until a xylem sap appears 

at the cut end of the shoot (Boyer, 1967). The pressure amount necessary to force water out 

of the leaf is a function of leaf water potential (Boyer, 1967). The disadvantage of this 

technique is that the sunction force applied to the plant tissue is uncontrollable (Chone et al., 

2001), and because this force can be enormous at high pressures, it can harm soft tissues or 

even disturb water flow (Boyer, 1995). The pressure chamber method also alters the 

microclimatic conditions of a plant (Goulden & Field, 1994). Conversely, the sap flow 

technique is an automated method which continuously records plant water potential with high 

temporal resolution (Smith & Allen, 1996). However, the cost associate with the sap flow 

technique makes its availability a huge challenge.  

The plant water status can also be determined by analyzing changes in stem diameter. This 

approach uses the concept that the movement of water out of the cells owing to transpiration 

leads to cell shrinkage. This shrinkage in cell size causes a small but detectable decrease in 

stem diameter (Roberts, 1987). However, stem diameter and leaf water potential are not 

related by a single-valued function because there is a diurnal hysteresis between the two; i.e., 

plant growth cause an increase in stem diameter each night (Klepper et al., 1971). Plant water 

status can also be determined by assessing changes in leaf temperature. In this case, the 

assumption is that the decline in transpiration, assuming the relative constant radiation flux 

and wind structure, causes a decline in latent heat exchange between the plant and the 

atmosphere results in an increase in leaf temperature (Roberts, 1987). Disadvantage of using 

this approach lies on the predicament in attaining uniform samples (Udompetaikul et al., 

2011). Furthermore, a leaf perpendicular to incident solar radiation will have a significantly 

higher temperature, in contrast to the one with a large angle of incidence or one that is totally 

under a shade (Udompetaikul et al., 2011). 

However, the leaf relative water content (RWC) method has been found to be a significant 

and reliable indicator of vegetation water condition than other plant water potential 
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parameters (Lugojan & Ciulca, 2011). This method closely reflects the equilibrium between 

water supplied to the leaves and the transpiration rate (Farquhar et al., 1989; Schonfeld et al., 

1988). Using this method, the present water status of the sampled leaf tissue can be estimated 

in relation to the maximum water-holding capacity at full turgidity (Lugojan & Ciulca, 2011), 

that is, a 100% RWC equals to zero plant water deficit (Roberts, 1987). For transpiring leaves 

with easy access to water, the normal RWC value is at least 80% (Lugojan & Ciulca, 2011), 

while  for the leaves with difficult access to water, the RWC value is about 40% (Lugojan & 

Ciulca, 2011). Nonetheless, the typical RWC at about wilting point is ~60% in most 

vegetation species (Schonfeld et al., 1988). Moreover, the RWC method can be employed in 

any environment with very little disturbance to the in-situ plant conditions (Baker & Van 

Bavel, 1987). However, it is time consuming and there may be a considerable time lag 

between sampling and obtaining the result (Smart & Bingham, 1974) though, this can be 

avoided by acquiring enough manpower. 

Several studies that investigated vegetation water potential set their focus on determining the 

sources of water consumed by phreatophytes (Eamus et al., 2015; Maguas et al., 2011; 

Snyder & Williams, 2000). However, these studies did not seek to determine whether 

vegetation water potential can be used to trace groundwater. Therefore, the current study 

evaluate the degree to which phreatophytic vegetation water potential can explain 

groundwater trends. In this chapter, the hypothesis that “trends in phreatophytic vegetation 

water potential exhibit trends in groundwater depths” is tested. 

5.2. Methodology 

An investigation of the phreatophytic vegetation water potential and implications for 

groundwater trends was achieved by employing the methodology outlined in the subsequent 

sections. Figure 37 provides the flow chart illustrating the methodology.  
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Figure 37: Flowchart diagram explaining phreatophytic vegetation water potential 

investigation 
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5.2.1. Data acquisition 

a. Satellite data 

Satellite datasets processed and discussed in Chapter 3 form the basis of data for the 

estimation of potential ET. 

b. Field data 

Vegetation leaf water content data, substantial in determining vegetation water potential, 

were collected on the field. The data included measurements of fresh leaf weight, dry weight 

and turgid weight, and GPS points marking locations at which measurements were taken. 

Observation was also conducted during the field survey to visually interpret the vegetation 

condition on field. 

c. Groundwater data 

The groundwater data described in Section 2.2.1 of Chapter 2 were utilized in the 

establishment of groundwater depth-potential ET relationship. 

5.2.2. Assessing trends in the phreatophytic vegetation water potential from 

satellite data 

The trends in phreatophytic vegetation water potential between 1995 and 2015 were 

investigated using satellite data. The study area’s NDWI for each year of investigation was 

derived and utilized as surrogate for phreatophytic vegetation water content. The NDWI has 

values ranging between -1 and +1, where -1 value represent the surface features with no 

water content and +1 value indicates surface features with abundance of water (Bayala & 

Rivas, 2014). The selection of this index in this study is justified by its capability to 

effectively draw distinction between water saturated vegetation and water stressed vegetation, 

even when applied in heterogeneous landscape that encompass a  mixture of dry soils and 

green vegetation (Ceccato et al., 2001; Gao, 1996; Jackson et al., 2004). The NDWI for each 

year was computed using equation (42) according to Jackson et al., (2004): 

NDWI =  (NIR − SWIR) ÷  (NIR + SWIR)                                                                                 (42)  

 where: 

NIR = the reflectance in the near-infrared channel,  
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SWIR = the reflectance in the shortwave channel  

5.2.3. Field Investigations of the phreatophytic water potential 

Due to their susceptibility to errors (stated in Chapter 3), satellite remote sensing data in this 

chapter were also accompanied by fieldwork, in order to verify the trends in vegetation water 

content. A total of eighteen (18) sites were selected for the survey using the stratified random 

sampling method. Each site had a total of two (2) 100m * 100m transects surveyed in the 

vicinity of phreatophytic vegetation species. A maximum of four trees per species were 

randomly selected within the surveyed transects for measurement. For this purpose, trees 

located in well-lit and totally unshaded environments were considered for leaf water content 

investigation. However, plants which were severely affected by herbivores or pathogens were 

excluded. Guided by the presence of phreatophytic vegetation, stratified random sampling 

was used to select the sites at which measurements were carried out. Leaves were collected 

from three different phreatophytic vegetation species, i.e., Ziziphus mucronata, Euclea 

undulata and Rhus lancea. The number of trees included for measurement per species per site 

was based on species presence, thus, if the species was in abundance, only four 

representatives were randomly selected for measurement, otherwise, all available species 

would be considered for measurement. The Acacia mellifera type of phreatophyte was 

omitted from this investigation, because the mass weighing instrument could not respond to 

its leaf weight. A total of five leaves were sampled per selected phreatophytic tree of each 

species under investigation. 

5.2.4. Field determination of phreatophytic leaf water content 

Changes in leaf water status need to be investigated because a leaf’s growth is closely related 

to its water content (Hayatu & Mukhtar, 2010). The the Relative Water Content (RWC) 

method was employed on the field in order to obtain the phreatophytic leaf water content. 

The locations (GPS points) at which the leaf water content measurements were to be 

conducted were recorded prior to measurements. These GPS points were utilized in 

establishing the relationship between leaf water content and the NDWI values. Leaf water 

content was determined by measuring leaf weight using portable electronic scale. The target 

population for leaf water content were the topmost fully expanded leaves, which were fully 

exposed to light. Leaves were immediately weighed using a digital scale to obtain the fresh 

weight (FW). The leaves were put in small sealed plastic bags and kept in a cooler box, as 
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recommended by Hayatu et al., (2014). The leaves were then independently soaked in water 

for at least 4 hours and cleaned to remove moisture. The leaves were then independently 

weighed to obtain their turgid weight (TW). Finally the leaves were oven-dried in a ventilated 

oven at the temperature of 70˚C for approximately 24 hours (Datt, 1999), to obtain their dry 

weight (DW). The leaves’ relative water content (RWC) was then calculated using Equation 

(43) as proposed by Roberts (1987): 

RWC (%)  =  [(FW − DW) / (TW − DW)] ∗  100                                                                    (43)  

where: 

FW = sample fresh weight, 

TW = sample turgid weight and 

DW = sample dry weight  

The day’s period between 13:00 and 15:00 was perfect time to run the experiment because 

transpiration is at its peak during this period (White & Raine, 2008). The experiment was 

undertaken weekly between June and August. RWC determines groundwater level through 

the phreatophytic vegetation species’ accessibility to it. Plate 1 provides photos taken during 

leaf fresh weight measuring process. 
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Plate 1: Photos taken during the leaf fresh weight measurement process 

5.2.5. Testing homogeneity in the distribution of leaf water content across the 

surveyed sites 

Determining homogeneity in the distribution of leaf water content was of importance because 

it provides an indication of the sites where vegetation has easy access of water and those 

where vegetation is under water stress. The Levene’s test of homogeneity, explained in detail 

in Section 3.2.7 of Chapter 3, was performed to investigate the leaf water content distribution 

across the 18 surveyed sites.  

5.2.6. Establishing the relationship between NDWI and leaf water content 

Upon the successful derivation of multi-temporal NDWI and measurements of leaf water 

content, the relationship was established in order to evaluate whether NDWI could be used as 

surrogate for vegetation leaf water potential. To this end, the GPS points, representing 

different sites at which field surveys were conducted, were entered into Microsoft Excel and 

imported into the ArcGIS environment, where they were converted into a GIS shapefile. 

These points were then imported into the Idrisi Taiga GIS environment, where they were 

superimposed with the 2015 NDWI raster data of the study area. Finally, linear regression 

was computed to establish the relationship between NDWI and leaf water content. 

5.2.7. Relating vegetation water potential with groundwater depth 

The implications of the phreatophytic vegetation water potential for groundwater trends were 

investigated. A shapefile for active borehole was overlain on top of the 2015 NDWI in the 

Idrisi Taiga software. A 500 meters buffer zone was created around each active borehole. A 

total of five points were randomly digitized within the established proximity. The 

“EXTRACT” module in Idrisi Taiga software was used to extract an attribute value file, 

containing 2015 NDWI pixel values in the vicinity of the respective digitized points. The 

attribute value file was used as surrogate for the phreatophytic vegetation water potential. 

Finally, linear regression analysis was used to establish the relationship between vegetation 

water potential and depths groundwater level. 

5.2.8. Measurement of sampled leaf area 

Leaf size provides information on vegetation that includes plant activity with regard to water 

transpiration (Gigante et al., 2009). The sampled leaves were considered further for area 
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measurements in the laboratory prior to the measurement of the turgid weight. A picture of 

each sampled leaf was taken using a digital camera. The length of each leaf was then 

measured in centimetres using a ruler and this length was used to set the scale for each leaf in 

the ImageJ software. The area of a leaf was determined by digitizing/tracing the edge of the 

leaf. Each leaf area was determined after a successful edge tracing. 

5.2.9. Determining the relationship between water availability and leaf size 

An assessment of changes in leaf area/size is important because the size of a leaf is closely 

related to its water content (Xu & Zhou, 2008). The relationship between leaf area and leaf 

water content was established by linear regression analysis. The leaf area was treated as a 

dependent variable and leaf water content was treated as independent variable. 

5.2.10. Establishing relationship between leaf water content and potential ET  

There is a close relationship, in vegetated surfaces, between leaf water content and potential 

ET (Verbesselt et al., 2002). That is, a leaf with abundance of water releases a large quantity 

of water to support ET, unlike a leaf with less water which releases a little amount 

(Verbesselt et al., 2002). The relationship between leaf water content and potential ET was 

investigated. The digitized points, utilized in extraction of NDWI values in Section 5.2.5, 

were superimposed on top of the 2015 potential ET map (presented in Section 4.10 of 

Chapter 4). Potential ET values were extracted from the exact locations at which NDWI 

values were extracted. These points were used to create a scatterplot graph, using the linear 

regression. In this case, the NDWI values were treated as independent variables, while the 

potential ET values were treated as dependent variables. 

5.2.11. Relating vegetation water content with vegetation condition 

Studies have noted a strong relationship between leaf chlorophyll and leaf water content (Gu 

et al., 2007; Jackson et al., 2004). A decrease in leaf water content also results in a leaf 

chlorophyll content decrease (Jackson et al., 2004). In the current study, the SAVI values 

(surrogate for vegetation condition) were extracted in the exact locations at which NDWI 

values were extracted. The relationship between SAVI and NDWI was also established using 

linear regression. In this case, the SAVI values were treated as dependent variables, whereas 

the NDWI values were treated as independent variables. 
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5.3.Results 

5.3.1. Trends in the phreatophytic vegetation water potential 

An assessment of trends in the phreatophytic vegetation water potential between 1995 and 

2015 was done. Figures 38 to Figure 40 provide the spatio-temporal distribution of the 

phreatophytic vegetation water content in the study area. It was noted through visual 

interpretation that there was a decline in the phreatophytic vegetation water content over the 

period under investigation. A visual comparison of the NDWI images during the different 

years revealed a decline in areal extent, with a high vegetation water content noted in 1995 

but reduced in 2005 and 2015. This was also noted from the NDWI images, where the 

maximum values dropped from 0.903 in 1995 to 0.824 in 2005 to 0.671 in 2015.  

 

Figure 38: NDWI for the year 1995 
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Figure 39: NDWI for the year 2005 

 

Figure 40: NDWI for the year 2015 
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5.3.2. Results of the trends in the phreatophytic vegetation water potential 

A field-based phreatophytic vegetation water potential assessment was conducted in order to 

determine the trends of leaf water content. Figure 41 shows the 2015 NDWI with the 

surveyed sites. 

 

Figure 41: Surveyed sites overlain on 2015 NDWI 

The distribution of leaf water content across 18 surveyed sites was investigated. The null 

hypothesis formulated was that “there is NO variation in the distribution of phreatophytic 

vegetation leaf water content across the surveyed sites”. Table 15 provides the Levene’s 

homogeneity test results for each phreatophytic vegetation leaf water content. 

Table 15: Results for Levene's k-comparison test 

 

Ziziphus mucronata Rhus lancea Euclea undulata 

F (Observed value) 16.865 4.188 15.028 

F (Critical value) 1.653 1.653 1.653 

DF1 17 17 17 

DF2 342 342 342 

p-value (one-tailed) 0.014 0.016 0.002 

alpha 0.05 0.05 0.05 
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The results from this study showed that the distribution of phreatophytic vegetation leaf water 

content differed statistically across the surveyed sites [F (0.05, 17, 342) = 16.8, P < 0.014]; [F 

(0.05, 17, 342) = 4.188, P < 0.016]; [F (0.05, 17, 342) = 15.028, P < 0.002] (Table 5.1). The 

detailed results of Levene’s k-comparison of water potential within mentioned vegetation 

species are provided in Table C2 to Table C4 of Appendix C). The RWC measurements show 

that the leaf water content at some surveyed sites was reasonably high, in contrast to other 

surveyed sites where low leaf water content was observed. However, leaf water content was 

observed to be site-specific and not species-specific, hence, there was no significant 

difference in the leaf water content of all the species per site. 

5.3.3. The relationship between NDWI and RWC 

It was hypothesized in this chapter that the NDWI exhibits vegetation water content (or 

potential) in the study area. The R2 values obtained from the satellite derived NDWI and 

measured leaf RWC was 0.702 (p-value 0.05; n = 183; df = 182). Table D5 of Appendix D 

provides details regarding the NDWI-RWC relationship. Figure 42 below, however, shows 

the distribution of 2015 NDWI values against the on-site measured RWC values. It was noted 

that the RWC values increased with an increase in NDWI. By implication, the NDWI data in 

the study area exhibit the RWC or vegetation water potential. This might have been due to 

great influence of depth to groundwater level. 

 

Figure 42: Scatterplot graph of NDWI against RWC 
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5.3.4. The relationship between phreatophytic water potential and groundwater 

level 

It was of important, after noting a variation in vegetation leaf water content, to investigate 

whether the phreatophytic vegetation water potential could explain trends in groundwater 

level. The results yielded a positive relationship between the phreatophytic vegetation water 

potential and groundwater level trends (R2 = 0.698; p-value = 0.05; n = 175; df = 174). Table 

D6 of Appendix D provides details regarding the phreatophytic vegetation water potential-

groundwater level relationship. Implications emerging from the established relationship 

suggest that a dry season phreatophytic vegetation water potential can be utilized to infer 

groundwater level trends. Figure 43 provides the relationship between mapped vegetation 

water potential and measured groundwater depth. 

 

Figure 43: Scatterplot graph of NDWI against groundwater depth 

5.3.5. The relationship between leaf water content and leaf area 

Studies have noted that water quantity in a leaf can also be explained by the size or area of 

that leaf. The relationship between leaf water content and leaf area was investigated across all 

phreatophytic vegetation species. Among these species, Euclea undulata was the least 

dominant phreatophytic vegetation species. A statistically significant relationship between the 

leaf area and leaf water content was obtained (R2 = 0.762; p-value = 0.05; n = 32; df = 31). 
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Figure 44 provides the linear regression results. Table D7 of Appendix D provides details 

regarding the leaf area-leaf water content relationship for Euclea Undulata. 

 

Figure 44: Scatterplot graph of leaf area against RWC (Euclea undulata) 

Similarly, Ziziphus mucronata yielded a statistically significant relationship between leaf area 

and leaf water content (R2 = 0.714; p-value = 0.05; n = 74; df = 73). Figure 45 provides the 
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regarding the leaf area-leaf water content relationship for Ziziphus Mucronata. 
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Figure 45: Scatterplot graph of leaf area against RWC (Ziziphus mucronata) 

The relationship between the leaf area and leaf water content of Rhus lancea generated a 

statistically significant relationship of R2 = 0.612; p-value = 0.05; n = 72; df = 71. Figure 46 

provides the linear regression results explaining this relationship. Table D9 of Appendix D 

provides details regarding the leaf area-leaf water content relationship for Rhus Lancea. 

 

Figure 46: Scatterplot graph of leaf area against RWC (Rhus lancea) 
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Generally, the leaf area of trees with higher leaf water content was found to be significantly 

higher than that of water-stressed plants. 

5.3.6. Relating vegetation water potential with potential ET  

The distribution of potential ET explains trends in groundwater level in the study area 

(Chapter 4 of this thesis). On this basis, it was important to investigate if the current findings 

agree well with those of Chapter 4. The linear regression results suggested that there is a 

significant relationship between NDWI and potential ET, with R2 = 0.811. Figure 47 provides 

the results of the linear regression analysis. Table D10 of Appendix D provides details 

regarding vegetation water potential-potential ET relationship. 

 

Figure 47: Scatterplot graph of NDWI against potential ET 
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Figure 48: Scatterplot graph of NDWI against SAVI values 

These results agree well with the findings in Chapter 3 and Chapter 4. Against this 

background, it was concluded that trends in the phreatophytic vegetation water potential in 

the study area reflect groundwater depth distribution. 

5.4. Summary 
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phreatophytic vegetation water potential were investigated through the derivation of NDWI 
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of the NDWI in the retrieval of the vegetation water content within a heterogeneous 
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low vegetation water potential (O'Grady et al. 2002). The usefulness of the RWC methods 

also provided valuable information for validating the NDWI. A significant relationship 

between groundwater level and the phreatophytic vegetation water potential was established 

by means of a linear regression model and a strong relationship was revealed.  

Tree height also plays significant role in leaf water content. That is, the same potential ET 

and same rate at which up-taken water from underground by the roots is transferred through 

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

-1 -0.5 0 0.5 1 1.5

SA
V

I (
va

lu
e

s)

NDWI (Values)

Regression of Y by X (R²=0.670)

Training set Model(Y)
Conf. interval (Mean 95%) Conf. interval (Obs 95%)



  

 

128 

 

the plant to the leaves means that water will travel longer in tall trees. Comparably, water 

movement in short trees can be fast to reach the leaves (McDowell et al. 2002), hence there 

can be variations in water content across species on the same site. However, in spite of 

variations in tree heights, there was no significant difference in the leaf water content of all 

the species per site; the leaf water content measured from different species of different 

heights per site showed no significant variations. 

Although trends in vegetation water content exhibit groundwater trends, the ability of the 

plants to tap water from underground also depends on the root depths (Meinzer et al. 2001). 

Root depth can be limited by the tree growth itself, or by impermeable surface. Therefore, a 

low vegetation water content may not always imply a deep water table but can also imply a 

plant’s inability to extend its roots to access water. However, irrigation supported crops 

exhibited spectral characteristics similar to those of the phreatophytic vegetation. Due to this, 

it was difficult to distinguish between the phreatophytic vegetation water content and 

irrigated crop water content from the imagery. However, the knowledge pertaining to 

landscape features in the study area enabled the omission of irrigated crops during the pixel 

values extraction from the imagery for establishing relationship between NDWI and other 

variables such as groundwater depth, SAVI, and potential ET. 

The reliability of the phreatophytic vegetation leaf water potential as a tracer for groundwater 

was noted and could be utilized to replicate groundwater potentiality. This understanding can 

inform and provide confidence during decision-making processes focusing on the 

management of groundwater resources. Ultimately, a number of integrated GIS-remote 

sensing methods have been developed in this study to estimate trends in groundwater 

resource. Thus, there is a need for synthesis to deliver a holistic overview of the results and 

evaluation of the methods applied in this study. This aspect is addressed in the Chapter 6. 
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CHAPTER 6 

6. SYNTHESIS AND RECOMMENDATIONS  

This chapter provides a consolidated overview of the results and their implications on the 

methodology applied in estimating groundwater trends in the UMRC. The effectiveness and 

shortfalls of the techniques implemented to estimate groundwater trends in this study are also 

evaluated. The knowledge gaps filled by this study are also included in this chapter. A 

discussion of the possible interventions required to address the shortfalls of the reviewed 

results is provided. The chapter also outlines the final conclusions of this study and directions 

for future research. 

6.1. Introduction 

This study presented alternative approaches to estimating groundwater trends through a 

repackaging of already existing methodologies. The study was primarily aimed at evaluating 

integrated GIS-remote sensing approaches in estimating groundwater trends. Specifically, the 

study aimed to: (1) identify groundwater potential sites in order to reliably locate 

groundwater resources, (2) characterize groundwater dynamics using phreatophytic 

vegetation density, (3) model groundwater availability using potential ET, and (4) to evaluate 

the reliability of the phreatophytic vegetation water potential as groundwater tracer. 

6.2. Summary 

Several approaches were employed in this study in order to comprehend the hydrogeological 

conditions of the UMRC. Groundwater development is dependent on the processes taking 

place at the ground surfaces and in the unsaturated zone (Yeh & Famiglietti, 2009). The study 

demonstrated the significant contribution of GIS and remote sensing techniques in 

groundwater resource monitoring. 

The spatial distribution of groundwater potential sites in the study area was explored by 

determining the distribution of multiple variables that are responsible for groundwater 

occurrence. The availability of spatial data to derive variables, such as drainage density, 

lineament density, geology, rainfall, slope, land use/cover, soil type and elevation, made it 

possible to identify groundwater potential sites. Satellite data, coupled with digital image 

processing techniques accurately produced detailed maps. Implications emerging from data 

manipulation and the weighted index overlay suggests that integrating these multiple 
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variables as layers in the GIS system plays a significant role in determining probable sites for 

groundwater potential. The derived variables directly measure hydrogeological properties and 

provide continuous detailed landscape information, thus permitting the mapping of features 

significant to groundwater development (Mwega et al. 2013). The groundwater controlling 

factors discussed in Chapter 2 were described on the basis of their governance in relation to 

groundwater occurrence. The study demonstrates the reliability of GIS and remotely sensed 

data as a source of information in the generation of thematic data for groundwater potential 

studies. 

Spatio-temporal trends in groundwater resource have also been estimated over the period 

spanning from 1995 to 2015. Multi-temporal Landsat data facilitated the successful 

monitoring of trends in the groundwater resource. Several methods have been developed to 

monitor these trends through an integration of satellite data and other data sources. 

Groundwater dynamics were characterized using phreatophytic vegetation density, a remote 

sensing technique which has proven to be a convenient tool to analyse trends in vegetation 

condition (Nichols, 1994; Yahdjian & Sala, 2006). The ability of the SAVI to distinguish 

vegetation from other landscape features on heterogeneous landscape enabled the accurate 

identification of vegetation fragments (Glenn et al. 2008; Thenkabail et al. 2000). 

Consequently, the phreatophytic vegetation was classified into various conditions, which are 

low density, medium density and high density. 

The study demonstrated the ability of object-oriented classification in assessing the 

phreatophytic vegetation trends.  Supervised object-oriented classification and post-

classification change detection techniques were used to evaluate the spatio-temporal trends in 

phreatophytic vegetation density. The object-oriented classification marks an important 

paradigm shift in remote sensing image classification since the traditional remote sensing 

image classification using pixel-based classification algorithms proved to yield less accurate 

results (Mhangara, 2011). Using object-oriented classification, Rogan et al (2003) noted that 

image objects derived from multi-resolution segmentation closely replicate ecological units. 

However, using the object-oriented approach also poses a challenge in detecting minor 

changes within land use/land cover classes (Mhangara, 2011). Whereas this drawback also 

challenges per-pixel post-classification approach (Rogan et al. 2003), it is magnified in 

object-oriented classification methods because similar pixels are aggregated to form objects 
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(Mhangara, 2011). As a result, the detection of minor changes within land cover classes is 

avoided. 

A field survey in the form of measurements facilitated a successful validation of the 

phreatophytic vegetation classes.  Accuracy assessment, using reference data obtained during 

the field survey, demonstrated the importance of validating the image classification of the 

study area. An accuracy assessment helped to identify systematic errors in the classification 

scheme and to improve class definitions. Consequently, the process can serve as an 

imperative learning tool to efficiently identify the most important sources of error in the 

image processing chain (Powell et al. 2004). By comparing these data, the percentage of the 

pixels appropriately classified can be estimated (Zăvoianu et al. 2001). However, the use of 

overall accuracy to represent the quality of a classification performance, does not clearly 

represent the real agreement between the reference data and the classifier (Gómez & 

Montero, 2008).  Hence, a Kappa index can be used for any classification problem as a 

measure of agreement between the field reference and classified map (Gómez & Montero, 

2008). The Kappa statistic provides the best estimates of the overall accuracy for all classes 

extracted from images, especially when sample sizes cover all land cover types (Zăvoianu et 

al. 2001). Several studies have indicated that enhanced results and higher accuracy is attained 

when object-oriented classified image is used in comparison to pixel-based approaches 

(Hussain et al. 2013; Johansen et al. 2010; McDermid et al. 2008). Valid map accuracy 

measures are important, yet can be imprecise even when well-established procedures were 

followed (Foody, 1999); what is valid and practical over a small area may not apply to 

regional or global scale (Congalton, 1992). However, if the scale is taken into consideration, 

Kappa can provide the most valuable information for classification accuracy assessment. 

The post-classification change detection techniques facilitated the identification of spatio-

temporal changes in the phreatophytic vegetation density. The spatial dimension of the real-

world objects modelled as pixels in an image are not fully exploited using the traditional 

pixel-based change detection methods (Hussain et al. 2013). The extensively utilized pixel-

based techniques have been, and continue to be a significant research topic, and were 

successfully applied in many environments to measure changes using remote sensing data 

(Robertson & King, 2011). However, compared to pixel-based approaches, object-based 

change detection facilitates the multi-scale analysis to permit demarcating landscape features 

at various scales, and minimizes the small changes (Myint et al. 2011). Several studies 
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applied both the per-pixel and object-oriented classification methods to compare the change 

detection performance (Desclée et al. 2006; Im et al. 2008). These studies noted that object-

based change detection has a great potential for answering the challenges of pixel-based 

change detection techniques. 

The reliability of linear regression analysis in determining relationships among variables has 

made linear regression the perfect method for establishing the relationship between the 

phreatophytic vegetation density trends and groundwater depths. 

A precise estimation of groundwater ET (ETg) is important for a reliable valuation of 

groundwater resources. The current study successfully demonstrated the significance of 

potential ET in modelling groundwater availability in the study area. Luo et al (2009) note 

that a substantial amount of groundwater is lost through the ET process in arid and semi-arid 

regions. In this study, ETg was evaluated during the dry season when the recharge was almost 

zero; i.e. all other sources of water for consumption by phreatophytes were assumed 

negligible except groundwater.  Potential ETg estimation was achieved by intergrating multi-

temporal satellite data with meteorological data, which were input to SEBAL model. ETg 

becomes significant when the depth to the water table is comparable to the rooting depth of 

vegetation (Yeh & Famiglietti, 2009). Satellite-based ET models are constrained to work 

under clear sky conditions, which imperatively hinders their applications in a variety of 

conditions (Long, 2011). However, due to their capability to provide spatially distributed and 

temporal consistent ET estimates (Long, 2011), satellite-based ET models are rated above 

other conventional methods of estimating ET. ETg by SEBAL was found to be greatly rated, 

which highlighted its strong performance, especially in water limited conditions (Santos et al. 

2010; Irmak, 2011; Zhou & Zhou, 2009). In the current study, the SEBAL model algorithm 

produced acceptable results in estimating ETg. 

In addition to estimating ETg, an evaluation of the vegetation water potential trends was done 

in order to determine its relationship with groundwater trends. The use of the thermal infrared 

showed that the visible and NIR wavelength channels alone or established vegetation indices 

was unsuitable for derivation of vegetation water content at the leaf level (Ceccato et al. 

2001; Jackson et al. 2004). The study also demonstrated that the use of the SWIR wavelength 

makes it easy to detect and monitor the vegetation water content by deriving NDWI. Chen et 
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al (2003) notes that NDWI demonstrated to be a better parameter to monitor vegetation water 

content due to its later saturation and high correlation compared to the NDVI. Similarly, 

Jackson et al (2004), notes that the NDWI is superior based upon a quantitative analysis of 

bias and standard error, while Zhao et al (2016) observes strong correlations between the 

NDWI and leaf water content. Field data collected using the RWC method enabled the 

validation of vegetation water potential trends reflected by satellite data. RWC is an 

imperative indicator on whether plants are living under limited water condition or not 

(Virginia et al. 2012). With the RWC, leaf water content can be measured without the need 

for expensive specialized instruments (Farooq et al. 2009), in contrast to other plant water 

content measurement tools. Another advantage of this method is that it incorporates leaf 

water potential (ψ; another valuable determinant of vegetation water status) with the effect of 

osmotic adjustment (a powerful mechanism of conserving cellular hydration) as a 

measurement of the vegetation water status (Stokes, 2004). 

The groundwater potentiality results revealed that the study area is dominated by high and 

moderate groundwater potential sites. An analysis of the multinomial logistic regression 

results revealed that the groundwater depth conditions of the study area are closely related 

with the groundwater potential sites. The study further demonstrated the capability of remote 

sensing and GIS technology in identifying potential sites for groundwater. However, these 

factors do not have the equal influence on groundwater occurrence (Thilagavathi et al. 2015; 

Haji et al. 2015). Furthermore, the groundwater controlling variables investigated in this 

study were involved due to the availability of data to derive their thematic maps from. Data 

from which thematic layer representing geomorphology of the study area were not available. 

Parameters, such as slope angle, work both positively and negatively in influencing 

groundwater occurrence. This provides a more realistic groundwater potential map, which is 

useful for a groundwater development and management plan (Mayilvaganan et al. 2011). 

The spatio-temporal phreatophytic vegetation change analysis, which involved post-

classification change detection from 1995 to 2015, represents a significant decline in the 

phreatophytic vegetation density. Specifically, results indicate a decline in high phreatophytic 

vegetation density, and an increase in medium phreatophytic vegetation density and bare 

soils. Groundwater depth analyses done in the study area indicate variations in depths across 

different monitoring boreholes - where measurements were taken. Analyses of both the 2015 

imagery and field survey revealed variations in the phreatophytic vegetation condition in the 
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study area. More dense and productive phreatophytic vegetation covers were found in sites 

where the water table was closer to the surface. Characteristics of vegetation density varying 

with the groundwater depth were also investigated by Lowry and Loheide (2010), who notes 

that vegetation cover condition decline with an increase in the depth of groundwater. 

Lamontagne et al (2005) also note that natural vegetation in the Tarim River deteriorated and 

even died due to a considerable drop of groundwater level caused by the exploitation of water 

resources. Therefore, the relationship between the phreatophytic vegetation composition and 

groundwater is explained by known depths from which species can exponentially extract 

water. Phreatophytic vegetation is more sensitive to the depth of groundwater (Duan et al. 

2015), hence, this sensitivity can be utilized as a diagnostic tool for changes in groundwater 

occurrence vis-à-vis monitoring in the study area. 

Groundwater ET is an important variable in surface-groundwater interaction modelling. The 

analysis of the imagery revealed spatio-temporal variations in potential ET in the study area 

over the period between 1995 and 2015. A regression analysis of the 2015 imagery and 

borehole data indicates that the spatial variations in potential ET are inversely related to 

variations in water table depths; high potential ET was found in areas of shallow depth 

whereas low potential ET was found in areas of deep water table. The findings indicate a 

strong influence of water table depth and groundwater contributions to potential ET. These 

findings agree with Liu and Luo (2012) who observe that an alarming amount of groundwater 

is evapotranspirated by phreatophytes in semi-arid regions due to a shallow groundwater 

table. Pangle et al (2014) also note that a lowering of the water table reduced estimated total 

annual ET. This clear relationship suggests that spatio-temporal variations in potential ET can 

be utilized to infer about groundwater depths trends. 

An analysis of satellite imagery and field data revealed spatio-temporal variations in the 

phreatophytic vegetation water potential in the study area. Linear regression analysis results 

obtained through the 2015 satellite data and borehole data revealed a significant relationship 

between the phreatophytic vegetation water potential and groundwater depths. A high 

phreatophytic vegetation water content was noted in areas of shallow water table, while a low 

phreatophytic vegetation water content was observed in areas of deep water table. This agrees 

well with findings by Seeyan et al (2014) who note that, during dry season of semi-arid 

regions, water available in vegetation is provided by groundwater. This was also supported 
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by Soylu et al (2014) who found out that physiological functions of plants in arid (including 

leaf water) are sensitive to water table depths. 

6.3. Limitations of the study 

Major limitations identified during groundwater resource trends estimation using an 

integrated GIS-remote sensing methodology are as follows: 

 Difficulties in the field measurement of phreatophytic vegetation density and water 

potential due to inability to access some areas of interest that are deemed as private 

properties. 

 Lack of spatial consistency in groundwater monitoring of borehole distribution 

resulted in the estimation of groundwater trends of the whole study area using 

borehole data available in one part of the study area. 

 Variations in scales and spatial resolutions of data used to derive potential sites for 

groundwater occurrence might have slightly reduced accuracy of the groundwater 

potential sites mapping. 

 Similarities in spectral characteristics of phreatophytic vegetation and irrigation 

supported crops posed challenges in dealing with the spectral characteristics of 

phreatophytic vegetation. 

 Distinguishing between dry vegetation due to water table decline and human induced 

activities was challenging. 

 Monitoring of leaf water content was confined to the sites that had open access areas 

because some areas were secured and thus restricting access to take measurements. 

 There was lack of reference ET data to validate remote sensing based potential ET. 

6.4. Research contribution to knowledge 

DWAF (2010) acknowledges lack of regular monitoring of groundwater level and 

abstraction, and poor groundwater data management. The current study managed to fill the 

spatio-temporal dynamics gap existing at global, continental, national, regional and local 

level regarding groundwater monitoring, by providing alternative, reliable and cost-effective 
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methodological approaches for estimating groundwater trends using limited available data. 

The study managed to consolidate multiple datasets to produce information about spatio-

temporal trends in groundwater occurrence, availability, replenishment and depth. Filling this 

gap is of significance to water resource managers and planners in their development and 

implementation of strategic plans seeking to conserve groundwater resources. 

6.5. Conclusion 

The current study has provided insights into the spatial and temporal trends in groundwater 

resources between 1995 and 2015. The groundwater potential map generated through 

integrating multiple groundwater controlling variables is realistic and therefore may be used 

in locating potential sites for groundwater abstraction, the optimum utilization of 

groundwater resources, preparation of better management strategies, in the betterment of 

human and development in the study area. The dry season phreatophytic vegetation density 

was found to have a significant relationship with groundwater depth conditions, thus 

confirming that the presence of these species can be utilized to infer to groundwater 

availability. The dependence of the phreatophytic vegetation condition on groundwater is 

logical because vegetation directly performs transpiration (Pangle et al. 2014). The results of 

this study further suggest that variations in potential ET are most associated with variations in 

the study area’s groundwater depths. The phreatophytic vegetation water potential results also 

reflected a significant relationship with groundwater level, which suggests that trends in the 

phreatophytic vegetation water potential can be used as indicator of trends in groundwater 

depth. Ultimately, all the methodological aproaches employed in this study were found to be 

reliable in estimating groundwater resources. These methods alsoproduced similar results 

regarding the location of groundwater potential sites, as they all exhibit linear trends in their 

relationship with groundwater depths. Therefore, the current study achieved all the 

formulated objectives set out in Chapter 1, because: 

 Groundwater potential sites were demarcated using an integrated approach and 

groundwater depth data. Hence, the specific hypothesis that, “integrated groundwater 

controlling parameters can provide valuable information pertaining to groundwater 

depths”, was accepted. 

 Spatio-temporal groundwater trends were analyzed through an examination of the 

phreatophytic vegetation conditions and groundwater depth data. This procedure 
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allowed the specific hypothesis that, “trends in the phreatophytic vegetation condition 

during dry season explain trends in groundwater depths”, to be accepted. 

 Spatio-temporal trends in groundwater were investigated by analysing potential ET 

and groundwater depth data. This procedure allowed the specific hypothesis that, 

“trends in dry season evapotranspiration intensity exhibit trends in groundwater depth 

of the UMRC”, to be accepted. 

 Spatio-temporal trends in groundwater were also investigated through an analysis of 

the phreatophytic vegetation water potential and groundwater depth data. On the basis 

of the logic outlined above, the specific hypothesis that, “the dry season phreatophytic 

water potential of the UMRC reflects trends in groundwater depths”, was accepted. 

In view of the above findings, the primary hypothesis of this study, which is that, “an 

integrated GIS and remote sensing technology can provide reliable information regarding 

spatio-temporal changes in groundwater”, was accepted. 

6.6. Recommendations 

A consideration of GIS and remote sensing techniques, field observations, and 

meteorological data, shows that there is strong evidence, from obtained results, that GIS and 

remote sensing methods are reliable in estimating groundwater resources. Having 

successfully applied these techniques, the following recommendations are made in relation to 

shortfalls identified regarding these methods: 

 GIS and remote sensing should be used as key investigative tools when analysing 

trends in groundwater depth conditions, as they provide an unremitting source of 

spatio-temporal data (including historical data) for modelling trends in groundwater 

resources. 

 Large scale and high spatial resolution data must be employed in order to further 

enhance the reliability of these techniques. 

 The anthropogenic impacts on the phreatophytic vegetation species must be 

investigated and distinguished from natural effects. 
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 ET reference data must be incorporated into SEBAL-based potential ET mapping to 

validate the ET modelled measurements. 

 It is therefore strongly recommended that the methodology used in this investigation 

be used in guiding planning processes by those interested in locating groundwater 

resources because the method used is universally applicable, easy to use and user 

friendly. 

6.7. Directions for future research 

Although the current study managed to fill the spatio-temporal dynamic gaps existing in 

groundwater depth trends, some gaps still need to be filled. These include: 

 Monitoring seasonal variations in the phreatophytic vegetation water potential, in an 

attempt to identify water potential behaviour in rainfall supported conditions and 

during an absence of rainfall. 

 Investigating daily and seasonal trends in the future because SEBAL-based ET is 

derived by integrating dynamic variables. 

 Investigating applicability of remote sensing-based land surface temperature as a 

groundwater tracer. 

 Developing a GIS-based groundwater utilization map for sustainable groundwater 

resource management. 
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APPENDIX A: BOREHOLE DATA 

Table B: Information regarding borehole location, status and groundwater level 

B_H No. Station Name X Y Water level (meters) Status 

A3N0008 Wonderfontein ptn 26.16342 -25.8812 _ Active 

A3N0507 Moilwas Ptn. Ikalafeng 25.75963 -25.4406 _ Inactive 

D4N0037 Verlies ptn. Verlies 25.92253 -25.982 _ Inactive 

D4N0039 Doornplaat ptn. Doornplaat 25.91797 -25.9111 14.07 Active 

D4N0051 Grootfontein ptn Grootfontein 25.89106 -25.9634 _ Inactive 

D4N0053 Grootfontein ptn. Grootfontein 25.89306 -25.9094 _ Inactive 

D4N0075 Grootfontein ptn. Grootfontein 25.86256 -25.9185 20 Active 

D4N0102 Valleifontein ptn Valleifontein 25.82792 -25.9189 12.19 Active 

D4N0108 Grootfontein ptn. Grootfontein 25.88625 -25.9084 15.43 Active 

D4N0113 Grootfontein ptn. Grootfontein 25.88136 -25.9091 23.13 Active 

D4N0120 Blaauwbank 25.88475 -26.0143 42.66 Active 

D4N0128 Trekgrift 25.97581 -25.941 13.2 Active 

D4N0129 Trekdrift 25.97956 -25.9143 _ Inactive 

D4N0135 Hendriksdal 26.02742 -26.0313 _ Inactive 

D4N0139 Uitgevonden 26.08372 -25.9511 26.12 Active 

D4N0141 Ruigtelaagte ptn. Ruiglaagte 26.13483 -25.9596 _ Active 

D4N0142 Klipkuil 26.17186 -25.8973 23.94 Active 

D4N0143 Wonderfontein 26.14 -25.8942 _ Active 

D4N0146 Mallepoos Oog Alias Nooitgedacht 26.01967 -25.8855 _ Inactive 

D4N0147 Mallepoos Oog Alias Nooitgedach 26.05733 -25.8943 19.93 Active 

D4N0148 Malllepoos Oog Alias Nooitgedacht 26.04586 -25.8716 33.72 Active 

D4N0665 Weltevreden 25.86414 -25.9253 _ Inactive 

D4N0686 Vaalkoppie ptn. Vaalkoppie 25.98308 -25.868 _ Inactive 

D4N0687 Vaalkoppie ptn. Vaalkoppie 25.96578 -25.8928 _ Inactive 

D4N0688 Vaalkoppie ptn. Vaalkoppie 25.96489 -25.8624 _ Active 

D4N0697 Valleifontein ptn. Valleifontein 25.86183 -25.9189 _ Inactive 

D4N0829 Grootfontein ptn. Grootfontein 25.87817 -25.9133 24.89 Active 

D4N0830 Grootfontein ptn. Grootfontein 25.88653 -25.9089 27.56 Active 

D4N0852 Valleifontein ptn. Valleifontein 25.86125 -25.9189 28.38 Active 

D4N0854 Valleifontein 25.86058 -25.9176 _ Inactive 

D4N1467 Sondagspan 25.87653 -25.6825 29.25 Active 

D4N1534 Ga-Modimola ptn.Molopo (Ratshidi) 25.45547 -25.8608 _ Inactive 

D4N1652 Rietfontein 25.68658 -26.0886 13.96 Active 

D4N1653 Makouspan 25.63822 -26.0846 _ Inactive 

D4N1654 Nooitgedacht 25.60589 -26.1398 14.29 Active 

D4N1655 Rietfontein 25.66425 -26.0459 13.47 Active 

D4N1664 Hendriksdal 26.01856 -26.0485 46.55 Active 

D4N1667 Hendriksdal 26.02747 -26.0312 33.36 Active 

D4N1669 Zondagspan Ged Sondagspan 25.86569 -25.6747 31.48 Active 

D4N1889 Springbokpan 25.77192 -26.1036 _ Inactive 



  

 

182 

 

D4N1890 Springbokpan 25.77128 -26.1016 _ Inactive 

D4N2501 Molopo (Masibi) ptn. Molopo river 25.27194 -25.7961 _ Active 

D4N2506 Duivenhoek 25.43053 -26.1655 12.38 Active 

D4N2514 Vergenoegd 25.95831 -25.616 33.65 Active 

D4N2515 Uitval Grond 25.95817 -25.5994 28.19 Active 

D4N2516 Uitval Grond 25.96867 -25.6024 34.43 Active 

D4N2517 Uitval Grond 25.97367 -25.5996 24.05 Active 

D4N2518 Uitval Grond 25.97164 -25.6047 25.69 Active 

D4N2519 Molcwa 25.79628 -25.4634 24.75 Active 

D4N2520 Klippan 25.77389 -25.5619 4.83 Active 

D4N2626 Klippan 25.76157 -25.5584 25.48 Active 

D4N2627 Moilwas ptn. Ikalafeng 25.78028 -25.4415 34.58 Active 

D4N2633 Jagersfontein 25.74439 -25.6087 17.42 Active 

D4N2498 Duivenhoek 25.43039 -26.1662 10.37 Active 

D4N2499 Weltevreden 25.47283 -26.1601 12.25 Active 

D4N2503 Molopo Mariba(motsewakhumo) 25.13333 -25.7603 14.52 Active 

D4N2505 Zondagspan 25.84531 -25.666 13.32 Active 

D4N2531 Harmony Gold Mine 25.23392 -26.1578 _ Active 

D4N2538 Schuins Vlakte ptn. Delareyville 25.34081 -26.5346 _ Inactive 

D4N2539 Schuins Vlakte ptn. Delareyville 25.34636 -26.5366 _ Active 

D4N2540 Schuins Vlakte ptn. Delareyville 25.3465 -26.5364 _ Active 

D4N2557 Schuins Vlakte ptn. Tswaing 25.34597 -26.5364 _ Active 
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APPENDIX B: ACCURACY ASSESSMENT RESULTS 

Figure B1: Accuracy results for 2015 land cover image (used in Chapter 2) 
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Figure B2: 1995 vegetation image classification accuracy assessment 
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Figure B3: 2005 vegetation image classification accuracy assessment 
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Figure B4: 2015 vegetation image classification accuracy assessment 
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APPENDIX C: LEVENE’S K-SAMPLE OF VARIANCE RESULTS 

Table C1: Levene’s K-sample comparison results for phreatophytic vegetation density across surveyed sites 

 
XLSTAT 2015.4.01.21575  - k-sample comparison of variances - on 2015/09/23 at 04:16:11 PM 

 Samples: Workbook = PHREATOPHYTES.xlsx / Sheet = Sheet2 / Range = Sheet2!$L$4:$AC$8 / 4 rows and 18 columns 

Significance level (%): 5 
       Summary statistics: 

        

          

Variable Observations 
Obs. with  

missing data 
Obs. without  
missing data Minimum Maximum Mean 

Std. 
deviation 

  Site 1 4 0 4 1.000 4.000 2.750 1.500 
  Site 2 4 0 4 2.000 4.000 2.750 0.957 
  Site 3 4 0 4 1.000 6.000 3.250 2.217 
  Site 4 4 0 4 0.000 10.000 2.750 4.856 
  Site 5 4 0 4 1.000 3.000 2.250 0.957 
  Site 6 4 0 4 1.000 4.000 3.000 1.414 
  Site 7 4 0 4 0.000 3.000 0.750 1.500 
  Site 8 4 0 4 0.000 3.000 1.750 1.258 
  Site 9 4 0 4 0.000 6.000 1.500 3.000 
  Site 10 4 0 4 0.000 3.000 1.750 1.500 
  Site 11 4 0 4 0.000 3.000 1.250 1.500 
  Site 12 4 0 4 1.000 3.000 1.750 0.957 
  Site 13 4 0 4 2.000 7.000 4.000 2.160 
  Site 14 4 0 4 0.000 3.000 1.500 1.291 
  Site 15 4 0 4 0.000 3.000 1.250 1.500 
  Site 16 4 0 4 2.000 6.000 3.250 1.893 
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Site 17 4 0 4 0.000 7.000 2.000 3.367 
  Site 18 4 0 4 2.000 6.000 3.500 1.732 
  

          

          Levene's test (Mean) / Two-tailed test (Site 1): 
     

          F (Observed 
value) 2.011 

        F (Critical value) 1.816 
        DF1 17 
        DF2 54 
        p-value (one-

tailed) 0.027 
        alpha 0.05 
        

          Test interpretation: 
        H0: The variances are identical. 

      Ha: At least one of the variances is different from another. 
    As the computed p-value is lower than the significance level alpha=0.05, one should reject the null hypothesis H0, and accept the 

alternative hypothesis Ha.  

 The risk to reject the null hypothesis H0 while it is true is lower than 2.69%. 
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Table C2: Levene’s K-sample comparison results for Leaf water content of Ziziphus Mucronata across surveyed sites 

XLSTAT 2016.01.26779  - k-sample comparison of variances - Start time: 2016/04/23 at 09:59:50 AM / End time:2016/04/23 at 09:59:51 AM 

Samples: Workbook = Ziziphus.xlsx / Sheet = Sheet1 / Range = Sheet1!$B$1:$S$21 / 20 rows and 18 columns 
 Significance level (%): 5 

         Summary statistics: 
          

            

Variable Observations 
Obs. with  

missing data 
Obs. without  
missing data Minimum Maximum Mean 

Std. 
deviation 

    Site 1 20 0 20 0.000 93.820 60.110 36.479 
    Site 2 20 0 20 0.000 93.490 50.980 42.985 
    Site 3 20 0 20 54.540 90.440 76.565 10.436 
    Site 4 20 0 20 53.220 99.560 74.071 10.231 
    Site 5 20 0 20 0.000 92.220 55.158 38.087 
    Site 6 20 0 20 49.170 92.610 71.951 12.461 
    Site 7 20 0 20 17.190 78.550 51.869 15.561 
    Siet 8 20 0 20 27.860 68.560 47.292 10.472 
    Site 9 20 0 20 0.000 68.270 33.454 24.575 
    Site 10 20 0 20 0.000 76.550 39.387 25.589 
    Site 11 20 0 20 14.290 60.750 44.323 11.204 
    Site 12 20 0 20 0.000 63.330 30.620 22.454 
    Site 13 20 0 20 28.640 70.660 51.427 11.840 
    Site 14 20 0 20 0.000 62.330 20.068 22.935 
    Site 15 20 0 20 0.000 68.290 13.807 25.138 
    Site 16 20 0 20 0.000 62.220 23.760 25.107 
    Site 17 20 0 20 0.000 62.610 29.487 23.944 
    Site 18 20 0 20 36.580 88.640 74.161 11.153 
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            Levene's test (Mean) / Two-tailed test (Site 1): 
       

            F (Observed value) 16.865 
          F (Critical value) 1.653 
          DF1 17 
          DF2 342 
          p-value (one-tailed) 0.014 
          alpha 0.05 
          

            Test interpretation: 
          H0: The variances are identical. 

        Ha: At least one of the variances is different from another. 
      As the computed p-value is lower than the significance level alpha=0.05, one should reject the null hypothesis H0, and accept the alternative 

hypothesis Ha.    

   The risk to reject the null hypothesis H0 while it is true is lower than 0.01%. 
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Table C3: Levene’s K-sample comparison results for Leaf water content of Rhus Lancea across surveyed sites 

XLSTAT 2016.01.26779  - k-sample comparison of variances - Start time: 2016/04/23 at 10:07:48 AM / End time:2016/04/23 at 10:07:48 AM 

Samples: Workbook = Rhus.xlsx / Sheet = Sheet1 / Range = Sheet1!$B$1:$S$21 / 20 rows and 18 columns 
   

Significance level (%): 5 
          Summary statistics: 

           

             

Variable Observations 
Obs. with  

missing data 
Obs. without  
missing data Minimum Maximum Mean 

Std. 
deviation 

     Site 1 20 0 20 0.000 90.290 39.884 41.173 
     Site 2 20 0 20 0.000 90.640 40.958 42.172 
     Site 3 20 0 20 0.000 8362.000 479.518 1855.654 
     Site 4 20 0 20 0.000 0.000 0.000 0.000 
     Site 5 20 0 20 0.000 89.640 45.560 42.601 
     Site 6 20 0 20 0.000 90.230 57.110 34.482 
     Site 7 20 0 20 0.000 66.350 26.001 27.680 
     Site 8 20 0 20 0.000 63.330 37.081 24.096 
     Site 9 20 0 20 0.000 91.090 49.432 35.503 
     Site 10 20 0 20 0.000 71.280 27.185 29.186 
     Site 11 20 0 20 0.000 56.860 10.856 20.280 
     Site 12 20 0 20 0.000 79.660 36.811 23.478 
     Site 13 20 0 20 0.000 56.220 8.952 17.334 
     Site 14 20 0 20 0.000 68.290 26.573 28.800 
     Site 15 20 0 20 0.000 71.120 34.267 21.918 
     Site 16 20 0 20 0.000 69.220 32.242 25.545 
     Site 17 20 0 20 0.000 58.090 18.426 22.068 
     Site 18 20 0 20 0.000 92.160 42.725 40.288 
      

 
        



  

 

192 

 

 
Levene's test (Mean) / Two-tailed test (Site 1): 

             F (Observed value) 4.188 
           F (Critical value) 1.653 
           DF1 17 
           DF2 342 
           p-value (one-tailed) 0.016 
           alpha 0.05 
           

             Test interpretation: 
           H0: The variances are identical. 

         Ha: At least one of the variances is different from another. 
       As the computed p-value is lower than the significance level alpha=0.05, one should reject the null hypothesis H0, and accept the alternative 

hypothesis Ha.     

    The risk to reject the null hypothesis H0 while it is true is lower than 0.01%. 
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Table C4: Levene’s K-sample comparison results for Leaf water content of Euclea Undulata across surveyed sites 

XLSTAT 2016.01.26779  - k-sample comparison of variances - Start time: 2016/04/23 at 10:02:13 AM / End time:2016/04/23 at 10:02:17 AM 

Samples: Workbook = Euclea.xlsx / Sheet = Sheet1 / Range = Sheet1!$B$1:$S$21 / 20 rows and 18 columns 
  Significance level (%): 5 

          Summary statistics: 
           

             

Variable Observations Obs. with missing data Obs. without missing data Minimum Maximum Mean 
Std. 

deviation 
     Site 1 20 0 20 0.000 92.160 40.451 41.920 
     Site 2 20 0 20 11.110 92.610 73.747 17.647 
     Site 3 20 0 20 0.000 83.244 16.853 31.560 
     Site 4 20 0 20 0.000 92.610 36.693 38.493 
     Site 5 20 0 20 0.000 92.220 53.529 34.686 
     Site 6 20 0 20 0.000 86.360 37.553 38.965 
     Site 7 20 0 20 0.000 67.190 27.651 29.000 
     Site 8 20 0 20 0.000 52.220 9.836 18.809 
     Site 9 20 0 20 0.000 61.670 33.572 22.137 
     Site 10 20 0 20 11.110 85.420 36.844 21.022 
     Site 11 20 0 20 0.000 66.360 13.493 24.390 
     Site 12 20 0 20 0.000 61.670 10.829 20.842 
     Site 13 20 0 20 0.000 50.700 20.306 22.246 
     Site 14 20 0 20 0.000 61.790 11.620 21.776 
     Site 15 20 0 20 0.000 57.780 17.424 20.348 
     Site 16 20 0 20 0.000 61.670 33.225 23.104 
     Site 17 20 0 20 0.000 0.000 0.000 0.000 
     Ste 18 20 0 20 0.000 92.220 56.879 34.724 
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Levene's test (Mean) / Two-tailed test (Site 1): 
        

             F (Observed value) 15.028 
           F (Critical value) 1.653 
           DF1 17 
           DF2 342 
           p-value (one-tailed) 0.002 
           alpha 0.05 
           

             Test interpretation: 
           H0: The variances are identical. 

         Ha: At least one of the variances is different from another. 
       As the computed p-value is lower than the significance level alpha=0.05, one should reject the null hypothesis H0, and accept the alternative 

hypothesis Ha.     

    The risk to reject the null hypothesis H0 while it is true is lower than 0.01%. 
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APPENDIX D: REGRESSION ANALYSIS RESULTS 

Table D1: Multinomial logistic regression analysis results for groundwater potential sites-groundwater level relationship 

XLSTAT 2015.5.01.23680  - Logistic regression - on 2015/07/22 at 08:36:54 PM 

Response variable(s): Workbook = GWPS_GW_level.xlsx / Sheet = Sheet1 / Range = Sheet1!$B$1:$B$30 / 29 rows and 1 column 

Quantitative: Workbook = GWPS_GW_level.xlsx / Sheet = Sheet1 / Range = Sheet1!$A$1:$A$30 / 29 rows and 1 column 

Model: Logit 

Response type: Multinomial 

Control category: 1 

Confidence interval (%): 95 

Critical value: 3.84 

Stop conditions: Iterations = 100 / Convergence = 0.000001 

Maximization of the likelihood function using the Newton-Raphson algorithm 

 

Summary statistics: 

Variable Categories Frequencies %       

GW_P_sites 1 7 17.241       

 2 11 37.931       

  3 13 44.828       

 4 9 16.011       

 5 3 3.989       

Variable Observation
s 

Obs. With 
missing data 

Obs. 
without 
missing data 

Minimum Maximu
m 

Mean Std. deviation   

Water level 29 0 29 4.830 46.550 24.415 12.270   
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Regression of variable GW_P_sites:        

          

Goodness of fit statistics (Variable P_sites): 

          

Statistic Independent Full        

Observations 29 29        

Sum of 
weights 

29.000 29.000        

DF 28 25        

-2 
Log(Likelihood
) 

59.766 16.373        

R²(McFadden) 0.000 0.726        

R²(Cox and 
Snell) 

0.000 0.776        

R²(Nagelkerke) 0.000 0.889        

AIC 63.766 24.373        

SBC 66.501 29.842        

Iterations 0 9        

          

          

Test of the null hypothesis H0: Y=0.379 (Variable GW_P_Sites): 

          

Statistic DF Chi-square Pr > Chi²       

-2 
Log(Likelihood) 

2 43.393 < 0.0001       

Score 2 23.722 < 0.0001       
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Wald 2 8.845 0.012       

          

          

Type II analysis (Variable GW_ P_sites):        

          

Source DF Chi-square 
(Wald) 

Pr > Wald Chi-
square 
(LR) 

Pr > LR     

Water level 2 8.845 0.012 43.393 < 0.0001     

          

          

Model parameters (Variable P_Sites): 

          

Category Source Value Standard error Wald Chi-
Square 

Pr > Chi² Wald Lower 
bound (95%) 

Wald Upper 
bound (95%) 

Odds 
ratio 

Odds ratio Lower 
bound (95%) 

2.000 Intercept 22.684 14.798 2.350 0.125 -6.320 51.687     

Water level -0.567 0.357 2.517 0.113 -1.268 0.134 0.567 0.281 

3.000 Intercept 32.080 15.262 4.418 0.036 2.167 61.993   

Water level -1.032 0.403 6.570 0.010 -1.821 -0.243 0.356 0.162 
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Table D2: Linear regression analysis results for phreatophytic vegetation condition-

groundwater level relationship 

XLSTAT 2015.4.01.21575  - Linear regression - on 2015/09/28 at 08:04:05 PM 
    Y / Quantitative: Workbook = SAVI.xlsx / Sheet = Sheet1 / Range = Sheet1!$B$1:$B$176 / 175 rows and 1 column 

X / Quantitative: Workbook = SAVI.xlsx / Sheet = Sheet1 / Range = Sheet1!$A$1:$A$176 / 175 rows and 1 column 

Confidence interval (%): 95 
        Tolerance: 0.0001 

         Summary statistics: 
         

Variable Observations 
Obs. with  
missing data 

Obs. without  
missing data Minimum Maximum Mean 

Std. 
deviation 

   Y 175 0 175 -0.661 1.113 0.433 0.437 
   X 175 0 175 4.830 46.550 22.782 9.710 
   

           Correlation matrix: 
         Variables X Y 

        X 1.000 -0.857 
        Y -0.857 1.000 
        

           Regression of variable Y: 
         Goodness of fit statistics: 

        

           Observations 175.000 
         Sum of 

weights 175.000 
         DF 173.000 
         R² 0.734 
         Adjusted R² 0.732 
         MSE 0.051 
         RMSE 0.226 
         MAPE 423.870 
         DW 1.744 
         Cp 2.000 
         AIC -517.952 
         SBC -511.623 
         PC 0.272 
         Analysis of variance: 
         

Source DF 
Sum of 
squares 

Mean 
squares F Pr > F 

     Model 1 24.436 24.436 476.833 < 0.0001 
     Error 173 8.866 0.051 

       Corrected 
Total 174 33.302       
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Computed against model Y=Mean(Y) 

Model parameters: 
         

Source Value 
Standard 

error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

    Intercept 1.312 0.044 29.987 < 0.0001 1.226 1.398 
    X -0.039 0.002 -21.837 < 0.0001 -0.042 -0.035 
    

           Equation of the model: 
         Y = 1.31198028552308-0.038594516966161*X 

        
Standardized 
coefficients: 

          

Source Value 
Standard 

error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

    X -0.857 0.039 -21.837 < 0.0001 -0.934 -0.779 
     

 

Table D3: Linear regression analysis results for Potential ET-groundwater level relationship 

XLSTAT 2016.01.26779  - Linear regression - Start time: 2016/03/22 at 11:37:55 AM / End time: 2016/03/22 at 11:37 AM 

Y / Dependent variables: Workbook = Book1 / Sheet = Sheet1 / Range = Sheet1!$B$1:$B$171 / 170 rows and 1 column 
 X / Quantitative: Workbook = Book1 / Sheet = Sheet1 / Range = Sheet1!$A$1:$A$171 / 170 rows and 1 column 
 Confidence interval (%): 95 

         Tolerance: 0.0001 
          Summary statistics: 

        

Variable Observations 
Obs. with 
missing data 

Obs. without 
missing data Minimum Maximum Mean 

Std. 
deviation 

    Y 170 0 170 56.223 297.352 185.068 54.065 
    X 170 0 170 4.830 46.550 22.741 9.852 
    Correlation matrix: 

            X Y 
         X 1 -0.823 
         Y -0.823 1 
         

            Regression of variable Y: 
         

            Goodness of fit statistics (Y): 
         Observations 170.000 

          Sum of 
weights 170.000 

          DF 168.000 
          R² 0.677 
          Adjusted R² 0.675 
          MSE 948.665 
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RMSE 30.800 
          MAPE 15.736 
          DW 1.067 
          Cp 2.000 
          AIC 1167.348 
          SBC 1173.619 
          PC 0.330 
          

            Analysis of variance  (Y): 
         

            

Source DF 
Sum of 
squares 

Mean 
squares F Pr > F 

      Model 1 334621.959 334621.959 352.729 < 0.0001 
      Error 168 159375.786 948.665 

        Corrected 
Total 169 493997.745       

       
Computed against model Y=Mean(Y) 

        Model parameters (Y): 
         

Source Value 
Standard 
error t Pr > |t| 

Lower bound 
(95%) 

Upper 
bound 
(95%) 

     Intercept 287.774 5.957 48.308 < 0.0001 276.014 299.535 
     X -4.516 0.240 -18.781 < 0.0001 -4.991 -4.042 
      

Equation of the model (Y): 
         Y = 287.77439969206-4.51643729730467*X 

        Standardized 
coefficients 
(Y): 

           

Source Value 
Standard 
error t Pr > |t| 

Lower bound 
(95%) 

Upper 
bound 
(95%) 

     X -0.823 0.044 -18.781 < 0.0001 -0.910 -0.737 
      

Table D4: Linear regression analysis results for potential ET-phreatophytic vegetation  

condition relationship 

XLSTAT 2016.01.26779  - Linear regression - Start time: 2016/03/22 at 11:36:03 AM / End time: 2016/03/22 at 11:36 AM 

Y / Dependent variables: Workbook = ET_GW.xlsx / Sheet = Sheet2 / Range = Sheet2!$H$1:$ / 170 rows and 1 column 

X / Quantitative: Workbook = ET_GW.xlsx / Sheet = Sheet2 / Range = Sheet2!$G$1:$G$171 / 170 rows and 1 column 
 Confidence interval (%): 95 

         Tolerance: 0.0001 
           

Summary statistics: 
        

Variable Observations 
Obs. With 
missing data 

Obs. 
without 
missing 
data Minimum Maximum Mean 

Std. 
deviation 
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Y 170 0 170 56.223 297.352 185.068 54.065 
    X 170 0 170 -0.661 1.113 0.445 0.439 
     

Correlation matrix: 
            X Y 

         X 1 0.723 
         Y 0.723 1 
         Regression of variable Y: 
         

            Goodness of fit statistics (Y): 
         

            Observations 170.000 
          Sum of 

weights 170.000 
          DF 168.000 
          R² 0.623 
          Adjusted R² 0.520 
          MSE 1403.293 
          RMSE 37.461 
          MAPE 19.773 
          DW 1.365 
          Cp 2.000 
          AIC 1233.906 
          SBC 1240.178 
          PC 0.489 
          Analysis of variance  (Y): 

         

            

Source DF 
Sum of 
squares 

Mean 
squares F Pr > F 

      Model 1 258244.539 258244.539 184.028 < 0.0001 
      Error 168 235753.206 1403.293 

        Corrected 
Total 169 493997.745       

       
Computed against model Y=Mean(Y) 

        Model parameters (Y): 
         

            

Source Value 
Standard 
error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

     Intercept 145.464 4.096 35.513 < 0.0001 137.377 153.550 
     X 89.013 6.562 13.566 < 0.0001 76.060 101.967 
      

Equation of the model (Y): 
         Y = 145.463773503115 + 89.013465691004*X 
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Standardized coefficients (Y): 

            

Source Value 
Standard 
error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

     X 0.723 0.053 13.566 < 0.0001 0.618 0.828 
     

             

Table D5: Linear regression analysis results for leaf area-leaf water content relationship 

(Euclea Undulata) 

XLSTAT 2016.01.26779  - Linear regression - Start time: 2016/04/17 at 02:59:15 PM / End time: 2016/04/17 at 02:59 PM 

Y / Dependent variables: Workbook = RWC_leaf.xlsx / Sheet = Sheet1 / Range = Sheet1!$B$1:$ / 32 rows and 1 column 

X / Quantitative: Workbook = RWC_leaf.xlsx / Sheet = Sheet1 / Range = Sheet1!$A$1:$A$33 / 32 rows and 1 column 

Confidence interval (%): 95 
         Tolerance: 0.0001 

          Summary statistics: 
        

Variable Observations 
Obs. with 
missing data 

Obs. without 
missing data Minimum Maximum Mean 

Std. 
deviation 

    Y 32 0 32 1.030 4.550 3.161 0.942 
    X 32 0 32 11.110 92.610 63.761 23.437 
    

            Correlation matrix: 
            X Y 

         X 1 0.873 
         Y 0.873 1 
          

Regression of variable Y: 
         Goodness of fit statistics (Y): 
         Observations 32.000 

          Sum of 
weights 32.000 

          DF 30.000 
          R² 0.762 
          Adjusted R² 0.754 
          MSE 0.218 
          RMSE 0.467 
          MAPE 14.081 
          DW 1.362 
          Cp 2.000 
          AIC -46.810 
          SBC -43.879 
          PC 0.269 
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Analysis of variance  (Y): 

Source DF 
Sum of 
squares 

Mean 
squares F Pr > F 

      Model 1 20.983 20.983 96.254 < 0.0001 
      Error 30 6.540 0.218 

        Corrected 
Total 31 27.523       

       
 
Computed against model Y=Mean(Y) 

        Model parameters (Y): 
         

Source Value 
Standard 
error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

     Intercept 0.923 0.243 3.803 0.001 0.427 1.418 
     X 0.035 0.004 9.811 < 0.0001 0.028 0.042 
     Equation of the model (Y): 

         

            Y = 0.922736350793036+3.51030838762754E-02*X 
       Standardized coefficients (Y): 

         

Source Value 
Standard 
error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

     X 0.873 0.089 9.811 < 0.0001 0.691 1.055 
     

             

Table D6: Linear regression analysis results for leaf area-leaf water content relationship 

(Ziziphus Mucronata) 

 

XLSTAT 2016.01.26779  - Linear regression - Start time: 2016/04/17 at 03:00:18 PM / End time: 2016/04/17 at 03:00 PM 
  Y / Dependent variables: Workbook = RWC_leaf.xlsx / Sheet = Sheet1 / Range = Sheet1!$ 75 / 74 rows and 1 column 
  X / Quantitative: Workbook = RWC_leaf.xlsx / Sheet = Sheet1 / Range = Sheet1!$G$1:$G$75 / 74 rows and 1 column 
  Confidence interval (%): 95 

           Tolerance: 0.0001 
            Summary statistics: 

          

Variable Observations 
Obs. with 

missing data 
Obs. without 
missing data Minimum Maximum Mean 

Std. 
deviation 

      Y 74 0 74 4.140 13.880 8.666 2.771 
      X 74 0 74 11.050 93.820 57.910 21.603 
      Correlation matrix: 

              X Y 
           X 1 0.845 
           Y 0.845 1 
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Regression of variable Y: 

Goodness of fit statistics (Y): 
           Observations 74.000 

            Sum of 
weights 74.000 

            DF 72.000 
            R² 0.714 
            Adjusted R² 0.710 
            MSE 2.224 
            RMSE 1.491 
            MAPE 15.374 
            DW 1.571 
            Cp 2.000 
            AIC 61.113 
            SBC 65.721 
            PC 0.302 
             

 
 
Analysis of variance  (Y): 

           

Source DF 
Sum of 
squares 

Mean 
squares F Pr > F 

        Model 1 400.236 400.236 179.982 < 0.0001 
        Error 72 160.110 2.224 

          Corrected 
Total 73 560.346       

        Computed against model Y=Mean(Y) 
           

Model parameters (Y): 
           

Source Value 
Standard 

error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

       Intercept 2.389 0.499 4.788 < 0.0001 1.394 3.384 
       X 0.108 0.008 13.416 < 0.0001 0.092 0.124 
        

Equation of the model (Y): 
           Y = 2.3890811947049+0.108385836201693*X 

          
Standardized coefficients (Y): 

           

Source Value 
Standard 

error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

       X 0.845 0.063 13.416 < 0.0001 0.720 0.971 
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Table D7: Linear regression analysis results for leaf area-leaf water content relationship  

(Rhus lancea) 

 

XLSTAT 2016.01.26779  - Linear regression - Start time: 2016/04/17 at 02:57:52 PM / End time: 2016/04/17 at 02:57 PM 

Y / Dependent variables: Workbook = RWC_leaf.xlsx / Sheet = Sheet2 / Range = Sheet2!$B$1:$B$75 / 74 rows and 1 column 

X / Quantitative: Workbook = RWC_leaf.xlsx / Sheet = Sheet2 / Range = Sheet2!$A$1:$A$75 / 74 rows and 1 column 

Confidence interval (%): 95 
         Tolerance: 0.0001 

          Summary statistics: 
        

Variable Observations 
Obs. with 
missing data 

Obs. without 
missing data Minimum Maximum Mean 

Std. 
deviation 

    Y 74 0 74 0.330 5.220 2.693 1.140 
    X 74 0 74 13.250 91.120 51.587 16.786 
     

Correlation matrix: 
            X Y 

         X 1 0.782 
         Y 0.782 1 
          

Regression of variable Y: 
         Goodness of fit statistics (Y): 
         Observations 74.000 

          Sum of 
weights 74.000 

          DF 72.000 
          R² 0.612 
          Adjusted R² 0.606 
          MSE 0.511 
          RMSE 0.715 
          MAPE 24.945 
          DW 1.423 
          Cp 2.000 
          AIC -47.686 
          SBC -43.078 
          PC 0.410 
           

Analysis of variance  (Y): 
         

Source DF 
Sum of 
squares 

Mean 
squares F Pr > F 

      Model 1 58.009 58.009 113.485 < 0.0001 
      Error 72 36.804 0.511 

        Corrected 
Total 73 94.813       
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Computed against model Y=Mean(Y) 

Model parameters (Y): 
         

Source Value 
Standard 
error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

     Intercept -0.047 0.270 -0.174 0.863 -0.586 0.492 
     X 0.053 0.005 10.653 < 0.0001 0.043 0.063 
     

            Equation of the model (Y): 
         Y = -4.69099136166791E-02+5.31042920904502E-02*X 

       
Standardized coefficients (Y): 

         

Source Value 
Standard 
error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

     X 0.782 0.073 10.653 < 0.0001 0.636 0.929 
     

             
 

Table D8: Linear regression analysis results for NDWI-RWC relationship (all phreatophytic species) 

 

XLSTAT 2016.01.26779  - Linear regression - Start time: 2016/04/17 at 12:10:31 PM / End time: 2016/04/17 at 12:10 PM 
Y / Dependent variables: Workbook = NDWI_RWC.xlsx / Sheet = Sheet1 / Range = Sheet1!$B$1:$B$171 / 170 rows and 1  
column 

X / Quantitative: Workbook = NDWI_RWC.xlsx / Sheet = Sheet1 / Range = Sheet1!$A$1:$A$171 / 170 rows and 1 column 

Confidence interval (%): 95 
         Tolerance: 0.0001 

           
 
Summary statistics: 

        

Variable Observations 
Obs. with 
missing data 

Obs. without 
missing data Minimum Maximum Mean 

Std. 
deviation 

    Y 170 0 170 11.055 92.610 54.670 20.851 
    X 170 0 170 -0.199 0.658 0.276 0.208 
     

Correlation matrix: 
            X Y 

         X 1 0.838 
         Y 0.838 1 
          

Regression of variable Y: 
         Goodness of fit statistics (Y): 
         Observations 170.000 

          Sum of 
weights 170.000 

          DF 168.000 
          R² 0.702 
          Adjusted R² 0.700 
          MSE 130.526 
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RMSE 11.425 
          MAPE 23.567 
          DW 1.955 
          Cp 2.000 
          AIC 830.156 
          SBC 836.427 
          PC 0.306 
           

Analysis of variance  (Y): 
         

Source DF 
Sum of 
squares 

Mean 
squares F Pr > F 

      Model 1 51546.566 51546.566 394.913 < 0.0001 
      Error 168 21928.408 130.526 

        Corrected 
Total 169 73474.974       

       
 
 
Computed against model Y=Mean(Y) 

        Model parameters (Y): 
         

Source Value 
Standard 
error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

     Intercept 31.524 1.458 21.628 < 0.0001 28.646 34.401 
     X 83.963 4.225 19.872 < 0.0001 75.622 92.304 
      

Equation of the model (Y): 
         Y = 31.5238305364021+83.9628679998216*X 

        
Standardized coefficients (Y): 

         

Source Value 
Standard 
error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

     X 0.838 0.042 19.872 < 0.0001 0.754 0.921 
     

             
 

Table D9: Linear regression analysis results for vegetation water potential-groundwater  

level relationship 

 

Confidence interval (%): 95 
        Tolerance: 0.0001 

         Summary statistics (Quantitative data): 
       

Variable Observations 
Obs. with 
missing data 

Obs. without 
missing data Minimum Maximum 

          
Mean 

Std. 
deviation 

   Y 170 0 170 0.008 0.658                0.321 0.172 
    X 170 0 170 4.830 46.550               23.060 9.713 
     

Correlation matrix: 
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  X Y 
        X 1 -0.836 
        Y -0.836 1 
         

Regression of variable Y: 
        Goodness of fit statistics (Y): 
        Observations 170.000 

         Sum of 
weights 170.000 

         DF 168.000 
         R² 0.698 
         Adjusted R² 0.696 
         MSE 0.009 
         RMSE 0.095 
         MAPE 65.713 
         DW 1.691 
         Cp 2.000 
         AIC -799.910 
         SBC -793.639 
         PC 0.309 
          

Analysis of variance  (Y): 
        

Source DF 
Sum of 
squares Mean squares F Pr > F 

     

Model 1 3.476 3.476 388.759 
< 
0.0001 

     Error 168 1.502 0.009 
       Corrected 

Total 169 4.978       
      

 
Computed against model Y=Mean(Y) 

       Model parameters (Y): 
        

Source Value Standard error t Pr > |t| 

Lower 
bound 
(95%) Upper bound (95%) 

    Intercept 0.661 0.019 35.308 < 0.0001 0.624 0.698 
    

X -0.015 0.001 
-
19.717 < 0.0001 -0.016 -0.013 

     
Equation of the model (Y): 

        Y = 0.661319620195537-1.47652153391343E-02*X 
       

Standardized coefficients (Y): 
        

Source Value Standard error t 
Pr > 
|t| 

Lower 
bound 
(95%) Upper bound (95%) 

    

X -0.836 0.042 -19.717 
< 
0.0001 -0.919 -0.752 
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Table D10: Linear regression analysis results for vegetation water potential-potential  

ET relationship 

 

XLSTAT 2016.01.26779  - Linear regression - Start time: 2016/04/17 at 11:52:39 AM / End time: 2016/04/17 at 11:52 AM 

Y / Dependent variables: Workbook = NDWI_ET.xlsx / Sheet = Sheet1 / Range = Sheet1!$B$1:$ / 170 rows and 1 column 

X / Quantitative: Workbook = NDWI_ET.xlsx / Sheet = Sheet1 / Range = Sheet1!$A$1:$A$171 / 170 rows and 1 column 
 Confidence interval (%): 95 

         Tolerance: 0.0001 
          Summary statistics (Quantitative data): 

        

Variable Observations 
Obs. with 
missing data 

Obs. without 
missing data Minimum Maximum Mean 

Std. 
deviation 

    Y 170 0 170 68.891 289.569 194.152 60.345 
    X 170 0 170 0.008 0.658 0.326 0.173 
     

Correlation matrix: 
            X Y 

         X 1 0.900 
         Y 0.900 1 
         Regression of variable Y: 
         Goodness of fit statistics (Y): 
         Observations 170.000 

          Sum of 
weights 170.000 

          DF 168.000 
          R² 0.811 
          Adjusted R² 0.810 
          MSE 693.437 
          RMSE 26.333 
          MAPE 12.191 
          DW 1.998 
          Cp 2.000 
          AIC 1114.070 
          SBC 1120.342 
          PC 0.194 
           

Analysis of variance  (Y): 
         

Source DF 
Sum of 
squares 

Mean 
squares F Pr > F 

      Model 1 498925.968 498925.968 719.497 < 0.0001 
      Error 168 116497.469 693.437 

        Corrected 
Total 169 615423.438       

       
 
 
 
 
Computed against model Y=Mean(Y) 
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Model parameters (Y): 
         

Source Value 
Standard 
error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

     Intercept 91.973 4.312 21.332 < 0.0001 83.462 100.485 
     X 313.328 11.681 26.823 < 0.0001 290.268 336.389 
      

Equation of the model (Y): 
         Y = 91.9734141183075+313.328413721414*X 

         
Standardized coefficients (Y): 

         

Source Value 
Standard 
error t Pr > |t| 

Lower 
bound 
(95%) 

Upper 
bound 
(95%) 

     X 0.900 0.034 26.823 < 0.0001 0.834 0.967 
     

            Table D11: Linear regression analysis results for vegetation water potential-vegetation  

density relationship 

 
XLSTAT 2016.01.26779  - Linear regression - Start time: 2016/04/17 at 03:14:44 PM / End time: 2016/04/17 at 03:14PM 

Y / Dependent variables: Workbook = SAVI.xlsx / Sheet = Sheet1 / Range = Sheet1!$G$1:$G$176 / 175 rows and 1 column 

X / Quantitative: Workbook = SAVI.xlsx / Sheet = Sheet1 / Range = Sheet1!$F$1:$F$176 / 175 rows and 1 column 
 Confidence interval (%): 95 

         Tolerance: 0.0001 
          Summary statistics: 

        

Variable Observations 
Obs. with 
missing data 

Obs. without 
missing data Minimum Maximum Mean 

Std. 
deviation 

    Y 175 0 175 0.003 0.670 0.329 0.189 
    X 175 0 175 -0.661 1.113 0.433 0.437 
     

Correlation matrix: 
            X Y 

         X 1 0.818 
         Y 0.818 1 
          

Regression of variable Y: 
         Goodness of fit statistics (Y): 
         Observations 175.000 

          Sum of 
weights 175.000 

          DF 173.000 
          R² 0.670 
          Adjusted R² 0.668 
          MSE 0.012 
          RMSE 0.109 
          MAPE 125.864 
          DW 1.915 
          Cp 2.000 
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AIC -774.595 
          SBC -768.266 
          PC 0.338 
           

Analysis of variance  (Y): 
         

Source DF 
Sum of 
squares 

Mean 
squares F Pr > F 

      Model 1 4.146 4.146 350.678 < 0.0001 
      Error 173 2.046 0.012 

        Corrected 
Total 174 6.192       

       
Computed against model Y=Mean(Y) 

         
Model parameters (Y): 

         

Source Value 
Standard 
error t Pr > |t| 

Lower bound 
(95%) 

Upper 
bound 
(95%) 

     Intercept 0.176 0.012 15.240 < 0.0001 0.154 0.199 
     X 0.353 0.019 18.726 < 0.0001 0.316 0.390 
      

Equation of the model (Y): 
         Y = 0.176448390960368+0.352858088132683*X 

        
 
Standardized coefficients (Y): 

         

Source Value 
Standard 
error t Pr > |t| 

Lower bound 
(95%) 

Upper 
bound 
(95%) 

     X 0.818 0.044 18.726 < 0.0001 0.732 0.905 
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APPENDIX E: CERTIFICATE OF ETHICS APPROAVAL 

 

 

 

 



 

 

213 

 

APPENDIX F:  CONFIRMATION OF LANGUAGE EDITING

 


