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ABSTRACT 

The main purpose of this study is to identify water stressed areas as a response to climate variability 

(Drought), Aridity, and water exploitation in the Raymond Mhlaba Local Municipality (RMLM) 

using Geographical Information Systems (GIS) and Remote Sensing (RS). This study focused on 

evaluating whether it is best to address the issue of drought and water stress as a municipal problem 

instead of a community-based problem. To achieve this, the study was attempting to establish four 

things: the climate condition of the municipality, whether the municipality is a drought prone area, 

how the surface water is being exploited in the municipality, and identify areas that should be 

considered water stressed areas. There are several indices used to compute water stress and the 

study opted for indices that can monitor climate variability, and surface water resources. Therefore, 

the de Martone Aridity Index (MA) was used to compute the aridity of the municipality the 

Standardized Precipitation Evapotranspiration Index (SPEI) to compute drought, and the Water 

Exploitation Index (WEI) to measure population water exploitation. Data used was from 25 

weather stations provided by the Meteoblue website and water data from the department of water 

and sanitation. Thereafter, the Analytical Hierarchy Process (AHP) was used to determine the 

weights of each variables’ contribution to water stress. For validation, the Shapiro, Jarqua Bera 

and Kolmogorov-Smirnov tests were used and results showed that the data was normally 

distributed and a two-sample t-test confirmed that there was no significant difference between the 

measured and simulated data. According to the de Martonne there are three main climatic regions 

in the Raymond Mhlaba Municipality namely: the Mediterranean, semi-humid and humid region. 

The Mediterranean region is equally prone to drought as the humid region while the semi-humid 

region was a wet prone. This was contradictory to literature that expected drier regions to 

experience more frequent drought. However, this may have been influenced by the number of 

weather points that cover the humid region that is far lower than the ones covering the 

Mediterranean region. In addition, the municipality is 50% drought prone and would experience 

extreme events about 30% of the time. The study discovered that towns such as Fort Beaufort, 

Alice, Adelaide, and Middle drift are water stressed areas. While most of the other regions are low 

water users. These challenges with water stress could be reduced with the implementation of water 

saving mechanisms such as water tanks and the avoidance of addressing water stress as municipal 

challenges as opposed to a town specific challenge.   

KEY WORDS AND PHRASES: Aridity, Drought, Water exploitation, Water stress. 
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1 

CHAPTER 1: INTRODUCTION TO IDENTIFYING WATER STRESSED 

AREAS 

Water stress is an event that occurs when water demand is greater than supply over a certain period 

of time. It is also referred to as the inability to meet human and ecological water needs. Population 

activities influence water demand, whilst the nature of available water resources, the provision of 

infrastructure, and the condition of the ecosystem have an impact on water supply (Shiao & 

Stockholm 2013; Cashman 2014). Plant water content, soil moisture, surface, and ground water 

resources, or climatic conditions are examples of water stress indicators (Hughes & Saunders 

2002; Maliva & Missimer 2012; Shiao & Stockholm 2013).   

1.1 BACKGROUND 

Geographical Information Systems (GIS) and Remote Sensing (RS) are widely used tools to 

monitor and manage water resources. Various researchers have applied them to map water bodies, 

evaluate water content in vegetation (vegetation water stress), measure soil moisture and even 

investigate ground water availability. Some applications of GIS and Remote Sensing were to 

develop methods for classifying dry lands with the objective of preparing consistent maps 

identifying water stress regions (Govender et al. 2009; Ghosh et al. 2013; Klemas & Pieterse 

2015). To monitor water stress in vegetation, the Normalised Difference Vegetation Index (NDVI) 

has been mostly utilised to measure vegetation greenness. Some opted for the use of the 

Normalised Difference Water Index (NDWI) that measure the quantity of water in vegetation, and 

recently, the new Normalised Difference Drought Index (NDDI) method that has been created to 

measure moisture deficiency and said to be a better method for this purpose (GU et al. 2007; Ghosh 

et al. 2013). Other methods such as the Standardised Precipitation Index (SPI) are designed to use 

rainfall alone to determine whether an area is under water stress (Hughes & Saunders 2002; 

Christos et al. 2011). Regardless of the way water stress is measured, there are several 

characteristics that could indicate if an area is water stressed. 

1.2 CHARACTERISTICS OF WATER STRESSED AREAS 

In order to identify water stressed areas for water management purposes, fair utilization, 

accessibility, and availability, it is important to understand the characteristics of water stressed 

areas. The main variables of  water stressed areas are water demand and supply; and the main 

contributors of  water stress are high water exploitation, aridity, and drought severity.  Because 

arid regions are continuously dry, they are prone to drought events which in turn reduce the amount 



 
2 

of renewable water leading to water scarcity, and water stress later on due to increasing water 

demand exceeding supply (Shiao & Stockholm 2013; Klemas & Pieterse 2015). 

Drought is a temporary and recurring reduction of precipitation in an area. It is a normal climatic 

cycle where for a limited period, water levels and moisture are less than the considered normal 

quantity (Palmer 1965; Maliva & Missimer 2012). Water scarcity, on the other hand, is a 

volumetric insufficiency of water (Shiao & Stockholm 2013). Van Loon & Van Lanen (2013) 

proposed an observation modelling framework to demonstrate the effects drought and abstraction 

have on water resources. Their results showed that the impact of water abstraction on the 

hydrological system was, on average, four times higher than the impact of drought. They further 

added that, the synchronism of drought and water scarcity does not influence their respective, 

distinctive socio-economic impacts. It will be incorrect to confuse drought events and water 

scarcity, because, water managers can combat over-exploitation of water resources, but can only 

adapt to climate variability by reducing vulnerability and increasing resilience using pro-active 

measures (Van Loon & Van Lanen 2013). In South Africa, eight out of nine provinces were 

drought disaster areas for up to 70% of a 30-year period (DMP 2005). In 2009, the Amathole 

District was declared a disaster area, because of the persistent drought in a large portion of the 

district, and water in dams and other reservoirs began to decrease (ACN 2010; ADM IDP 2011/12). 

Aridity is a measure of long-term average climatic conditions (Maliva & Missimer 2012). Some 

regions are arid and some are humid, however, even though both regions could experience drought, 

arid regions are more likely to experience drought. The definition of drought has real world 

consequences such as a decrease in crop yield and land abandonment, due to insufficient water 

supply causing land degradation. Whereas aridity is a climatic state of an area that may or may not 

have any effects on the ecosystem (Van Loon & Van Lanen 2013). Water stress therefore, is a 

result of the co-occurrence of drought events and increasing water scarcity, especially in arid 

regions. 

1.3 JUSTIFICATION 

Various studies based on drought discovered that, drought has a considerable impact on water 

resources; It is therefore important to monitor water stressed areas as they may experience 

challenges such as land degradation, crop yield and streamflow reduction amongst others (IPCC 

2007; Manyevere et al. 2014). The former Nkonkobe and Nxuba municipalities were drought 

prone areas, with a management system that was not able to monitor and manage drought (DMP 

2005; Mniki 2009; Jane & Martine 2012; Chari 2016; IDP 2012-2017). Therefore, various 

researchers concluded that these areas are unable to adapt to climate change (Jane & Martine 2012; 

Manyevere et al. 2014; Chari 2016). Climate change over time and space affects both water 
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resources and crop production either positively or negatively (Hughes & Saunders 2002; Vaghefi 

et al. 2013). Therefore, an effective identification of water stressed areas would require monitoring 

the impact of drought events on water resources and population water access and abstraction.  

It is crucial to identify water problems for specific areas within the municipality rather than 

highlighting them as a global case of the municipality. This resolves the challenges in the 

uncertainty of responsive measures that can be implemented in certain areas where there is an 

ignorance of local water problems. Knowing exact water challenges for local areas, within the 

municipality improves the adequacy of resource allocation as a responsive measure. This is 

important for the administration so that they do not confuse a drought-stricken area with a water 

scarce area, to avoid implementing adaptive measures instead of improving water exploitation 

policies. 

1.4 RESEARCH PROBLEM 

Identifying water stressed areas is key to improving water management in regions where drought 

and abstraction are affecting water resources. Considering the adaptive capacity of the 

municipality determined by Jane & Martine (2012), the Raymond Mhlaba Local Municipality 

(RMLM) is vulnerable to climate change. Both Nkonkobe and Nxuba were municipalities that 

were often declared drought-stricken areas; however, this does not indicate that the entire 

municipality requires the same proactive response. According to Alice weather station’s historical 

rainfall data, in 2004, Alice did not encounter drought even though the municipality was a drought 

hazard area (Alice weather station 2004; Mniki 2009; Manyevere et al. 2014; Chari 2016). 

Prolonged drought events affect farmlands, water resources and population dynamics. During 

these periods, because of rainfall reduction, water quantity reduces in both dams and stream flows; 

farmlands degrade forcing people to rely on distant conveyance of water to resolve irrigation 

limitations. Farmers abandon their lands due to lack of funding, and unavailability of the necessary 

tools to adapt to drought and manage water exploitation (Manyevere et al. 2014). In 2004, farmers 

submitted a drought relief request to the municipality due to prolonged drought events to which 

they could not adapt. Given that only 14 % of the complainers received help from the municipality 

until 2009, shows that the management was unable to intervene. It is still unclear why the 

municipality was unable to resolve the issue. Especially because millions were allocated to resolve 

this issue (Mniki 2009). This situation also affected the health and education of the population of 

the Nkonkobe Local Municipality (Mniki 2009; Manyevere et al. 2014). The municipality 

administration should have a strong, localised management system that can identify drought-

stricken areas in order to anticipate water stress in specific areas within the larger municipal area 

(DMP 2005; Jane & Martine 2012). 
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1.5 AIM AND OBJECTIVES 

The main aim of the study is to identify water stressed areas due to drought severity, aridity, and 

water exploitation within the Raymond Mhlaba Local Municipality (RMLM) using GIS and 

Remote Sensing techniques. The following are the specific objectives to attain the aim: 

• To classify the climate condition of the RMLM in order to identify the different climatic 

regions within the municipality. 

• To quantitatively measure meteorological drought severity in order to determine its spatial 

variation within the municipality. 

• To measure the amount of water exploited by the population for domestic and farming 

purposes. 

• To identify water stressed areas within the municipality based on drought severity, aridity 

and water exploitation. 

1.6 THESIS OUTLINE 

Chapter 1 will introduce the concept of water stress and its relationship to climate conditions and 

drought. It will provide a description of key terms and concepts as used in the study, identification 

of problems, research aims, and objectives. 

Chapter 2 will be a review of existing literature on the application of GIS and Remote Sensing to 

climate condition monitoring, with special attention to drought severity, aridity, water exploitation, 

and population dynamics as factors influencing water stress. It will also contain an extensive 

description of the methods chosen to achieve the aim and objectives. 

Chapter 3 will aim to give a detailed description of the research methods used to identify water 

stressed areas, the data used and the study area.  

Chapter 4 will present the application of the methods chosen, and the results obtained. It will 

include statistical analysis and description of findings from all the methods and the identification 

of water stressed areas.  

Chapter 5 will present a discussion, conclusions, and recommendations based on the results 

derived from the previous chapter. It will also revisit the objectives listed in the first chapter, and 

the methods selected in the second chapter.
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1.7 RESEARCH DESIGN 

Figure 1.1 describes each chapter and its expected outcome. It is a design of the study and how 

each chapter relates to another. 

 

Figure 1.1: Research Design
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CHAPTER 2: WATER STRESS CONCEPT AND ITS DRIVING FACTORS 

Water stress occurs when continuous abstraction is greater than the amount of renewable water, 

affecting the availability of water resources. This causes water quantity to continuously reduce 

until it becomes difficult to meet human and ecological water needs (Shiao & Stockholm 2013; 

Barbara et al. 2014). Water stress is married to climate variability that leads to aridity and drought, 

such that it is important to understand both conditions and their relation to water stress.  

2.1 BACKGROUND 

Climate variability refers to short term changes in climate variables such as temperature, solar 

radiation, evapotranspiration, and rainfall. It has a serious impact on population health, it threatens 

food security, water resources, biodiversity conservation, and affects the socio-economic aspect 

of a community (Xu et al. 2017). Change in climate is more gradual over a longer period, however, 

on a multi-seasonal time scale, climate experience short fluctuations (IPCC 2007). Yet, even 

though this shows differences in climate events, yet, it may not affect the long-term average. These 

short-term changes in climate play a very important role that cannot be ignored.  

Different researchers have established that mortality rates, disease outbreaks, fish population and 

fishery activities, and respiratory diseases of infants are strongly linked to climate variability 

(Gubler et al. 2001; Lehodeya et al. 2006; Xu et al. 2017;  Budiyono et al. 2017). The variability 

of climate is responsible for the increase in sea surface temperature and severity of extreme 

weather events such as flooding and droughts (Luber & Prudent 2009; Guimarães et al. 2017). 

Amongst other aspects of climate variability, drought is one of the major driving factors behind 

land degradation, streamflow reduction, food security and diseases (Gubler et al. 2001; Luber & 

Prudent 2009; Manyevere et al. 2014).  

Drought is regarded as a period of lower rainfall relative to a long-term average (Wilhite & Glantz 

1985; Maliva & Missimer 2012). Despite all the understanding around drought, it is difficult to 

precisely define at what point drought starts. This is due to the fact that drought occurs over an 

extensive period of time (Wilhite & Glantz 1985). When drought occurs continuously within a 

region, it affects water resources due to less rainwater supply (Maliva & Missimer 2012; Klemas 

& Pieterse 2015). Drought occurs in both high and low rainfall regions. Therefore, depending on 

the amount of moisture, a region’s climate condition could be determined as either humid or arid. 

A region is arid if it experiences lower rainfall more often or has a low amount of moisture. Even 

though humid regions can experience drought, arid regions are more vulnerable to drought, 

because of their dry conditions (Wilhite & Glantz 1985). A population living in dry conditions that 
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frequently experiences drought spells will likely over-exploit water resources in the attempt to 

respond to drought impacts. This continuous exploitation of water resources will then result in 

water stress (Barbara et al. 2014). Different researchers have used Geographic Information 

Systems (GIS) and Remote Sensing (RS) in water management studies. It is recommended by 

various researchers to use GIS and RS as analytical tools to monitor the impact of  climate 

variability on water resources in order to implement adaptive and responsive measures (Govender 

et al. 2009; Ghosh et al. 2013; Van Loon & Van Lanen 2013).  

2.2 WATER RESOURCES IN SOUTH AFRICA 

The Republic of South Africa (RSA) has different types of water resources that vary from fresh 

water to salt water resources. River basins of RSA share boundaries with some of the neighbouring 

countries, namely: Lesotho, Swaziland, Mozambique, Zimbabwe, Botswana and Namibia (Ashton 

et al. 2008). These basins are: Nkomati, Limpopo, Maputo, Orange-Senqu, Thukela and Umbeluzi. 

The Limpopo basin covers RSA, Botswana, Zimbabwe, and Mozambique, the Komati Basin 

covers RSA, Swaziland, and Mozambique, the Maputo Basin covers South Africa, Swaziland and 

Mozambique, and the Orange basins across Botswana, South Africa, Lesotho and Namibia. These 

basins contain about 40% of the available water resource (DWAF 2004). Surface water bodies 

(composed of dams and rivers), ground water occurrences, and wetlands constitute the water 

capacity of RSA. However, despite the presence of all these water resources, water availability is 

not proportionally distributed across the country. This disproportion varies greatly even within the 

different catchments (DEA 2014). 

2.2.1 Salt-water resources 

Salinity is a measure of the amount of salt or solids dissolved in water (DEA 2014). Water 

resources in RSA are often at risk of salinization and this is considered a serious issue to be 

addressed (DEA 2014). This is mainly caused by anthropogenic activities such as irrigation, 

industrial activities, and poor flow regulations (Rensburg et al. 2011; DEA 2014).  Given the lack 

of sufficient rainfall in the country, it becomes difficult to avoid utilising irrigation practices for 

farming purposes (Van Rensburg et al. 2011). Despite the fact that irrigation contributes to salinity, 

salt water poses an undeniable threat to agricultural activities as it reduces crop production (Omami 

2005; DEA 2014; FAO 2011; Original 2011). Usually, the increase in salt concentration comes as 

a result of environmental factors. Geological and alluvium depositions are just an example of these 

contributing factors (Omami 2005). 
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Figure 2.1: Water management areas in RSA.  

Source: (DWA 2014) 

2.2.2 Fresh-water resources 

South Africa is a water stressed country, ranked as the 30th driest country with a variety of water 

sources. The climate in RSA varies with strong extreme events of droughts. Water resources in 

RSA are distributed as follows; 77% of surface water, 9% of ground water, and 14% obtained from 

reuse flows (GreenCape 2017). It is also worth noting that 50% of the surface water resources are 

found only within 8% of the country, which are also known as water source areas (WSA). It is 

estimated that by 2025 the country will be subjected to water stress. This is expected to constitute 

a major economical weight on the country (IPCC 2014; GreenCape 2017). Water distribution by 

sector presented in Figure 2.2 shows that irrigation activities take up the majority of the available 

water resources available. 



 
9 

 

Figure 2.2 Water use by sector in RSA. 

Source: (GreenCape 2014) 

2.2.2.1 Groundwater resources 

The amount of utilizable groundwater exploitation potential (UGEP) in RSA is about 10 300 

m3/annum under normal rainfall period. This may change to 7500 m3/annum under a drought 

conditions (DWA 2010). Regardless of the amount of available UGEP, the distribution of this 

resource is not even across the country. In some areas it is less available, in others it is more 

available (DEA 2013). Figure 2.3 shows the variation and distribution of groundwater recharge 

across RSA. It is clear that the majority of the country has a relatively good recharge capacity.  
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Figure 2.3: Map showing high groundwater recharge areas around South Africa.  

Source: (Nel et al. 2011) 

This shows that, even though the recharge capacity is relatively good in RSA, the fact that the 

UGEP is low may be subjective to the low amount of rainfall that occurs in the country. 

Groundwater is used for irrigation practices, it is the primary source of water for rural areas, and 

is also used in the mining industry (StatsSA 2011; DEA 2013). 

2.2.2.2 Surface water resources 

Surface water in South Africa are the main sources of water supply, which constitutes about 77% 

of water resources. They are essentially comprised of rivers and dams across the country. These 

water bodies are mainly affected by low occurrences of rainfall that reduces the total runoff (Binns 

et al. 2001; DEA 2014; DWA 2011). On average, the total runoff in RSA is about 49 000 million 

m3/annum (DEA 2014). Despite this, the majority of this water comes from catchment areas 

situated in mountains and is usually affected by the spatial and climate variability (Binns et al. 

2001; DEA 2014). The total nett Full Storage Capacity (FSC) of dams around RSA amount to 

32016 million m3 as shown in Table 2.1 (DWA 2017). Even though these dams are relatively large, 

the amount of water available on a week to week basis is usually not equal to the carrying capacity 

(Table 2.1). This is due to climate variability and abstraction. Different reports suggest that by the 

year 2025, the entire country would have exceeded its ability to meet water demand (DWAF 2004; 

DWA 2011; DEA 2014; IPCC 2014).  
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Table 2.1: Summary of water resources (Registered Dams) in South Africa. Department of Water and Sanitation.  

Province Nett FSC million m3 7-12th-Jan 2019(%) 31st-5th  -Jan 2019 (%) Last Year (%) 

Eastern Cape 1807 59 59 59 

Free State 15945 73 74 67 

Gauteng 128 94 93 93 

Kwazulu-Natal 4802 56 56 51 

Lesotho* 2363 33 33 33 

Limpopo 1522 60 58 67 

Mpumalanga 2539 67 65 78 

North West 868 53 51 70 

Northern Cape 147 72 71 76 

Western Cape 1866 52 54 28 

Total 31987 64 64 60 

Source: https://www.dwa.gov.za/Hydrology/Weekly/SUMWss.aspx. 2018. 

This is a cause for alarm, as the climate of RSA is getting drier, and the population is increasing, 

which will lead to excessive abstraction (Watson & Davies 2009; Okello et al. 2015; StatsSA 

2017). Hence, the country has relied on inter-basin water exchange to supplement areas where 

demand has already exceeded supply (Van der Merwe-Botha 2009; DEA 2014). 

2.3 PRESSURE ON SURFACE WATER RESOURCES 

In prior studies, water stress was monitored in specific fields including soil moisture, vegetation, 

surface, groundwater, and rainfall deficiency (Hughes & Saunders 2002; Ghosh et al. 2013; 

Vaghefi et al. 2013; Chari 2016). To prove the occurrence of water stress, a study should consider 

monitoring influencing factors of water resource reduction. The majority of the research on water 

stress was done using the argument that factors such as drought, abstraction or even aridity are the 

main drivers of water stress. They concluded that climate variations, particularly drought are the 

main factor causing water stress heedless of the field of study (Mukheibir & Sparks 2003; Collins 

et al. 2009; Maliva & Missimer 2012; Barbara et al. 2014).   

It is difficult to single out an aspect of climate change and definitively say, it is the true definition 

of water stress (Shiao & Stockholm 2013). Both ground water resources and surface water 

resources are useful for all human needs. This does not exclude the fact that rainfall is also useful 

for human needs. Therefore, a reduction in rainfall could also be referred to as water stress (IPCC 

https://www.dwa.gov.za/Hydrology/Weekly/SUMWss.aspx.%202018
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2007; Adams & Peck 2008; Raneesh 2014). Water stress is a two-word concept, water and 

stress. To confidently say there is water stress, there has to be water and a factor causing it to 

reduce in quantity. The process of causing water to reduce is referred to as water demand. In this 

light, some researchers have identified evapotranspiration as a stressing factor to both rain water 

and surface water resources (IPCC 2007). In this case, it could be said that water stress has 

occurred. In other cases, abstraction and climate variability have played a contributing role to the 

depletion of water resources (Adams & Peck 2008; Van Loon & Van Lanen, 2013; Raneesh 2014). 

In this case also, it could be said that there is water stress. Therefore, water stress is not limited to 

the reduction of surface water resources such that it becomes difficult to meet human needs. 

Rather, it extends to any stressing factor that prevents the entire ecosystem to be water-satisfied.  

In the case of this study, water stressed is viewed from the perspective of surface water reducing, 

due to climate and population water demand. This process is more pronounced in arid regions 

where drought is more frequent (Maliva & Missimer 2012). 

2.4 CAUSES OF WATER STRESS 

Challenges with water resource management in South Africa are attributed to low rainfall events, 

political breakdowns, racial groups, limited physical resources, rapid population growth and a 

stagnant economy (Molobela & Sinha 2011). The lack of a definite definition of water stress 

discussed above highlights that there are various causes that in turn have various effects on water 

resources. The causes include, but are not limited to primarily aridity, drought resulting from 

climate variability, and abstraction and secondarily population growth, policy implementation for 

management of water resources (Seppala 2002; Shiao & Stockholm 2013; Klemas & Pieterse 

2015; Pradhan et al. 2017). Each of these factors has a role that it plays in the ecosystem, as each 

influence water resources in different ways. It is important to investigate how each of these factors 

affects water resources in order to be able to design possible solutions to water stress. 

2.4.1 The role of climate change 

Climate change is one of the factors influencing water resources. Precipitation, temperature and 

evapotranspiration are the major climate change drivers that affect water resources (IPCC 2007; 

Adams & Peck 2008; Raneesh 2014). According to the global assessment of water resources, water 

resources will be subjected to stress by climate change, and population growth scenarios around 

the world (Raneesh 2014). According to the Global Climate Model (GCM), within the next 100 

years, temperatures will rise, causing rainfall to decrease in some areas and increase in other areas 

(IPCC 2007). This change in climate will also affect seasonal precipitation such that winter rain 

will increase and yet, this increase might not occur in times when it is most needed (Raneesh 2014). 
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The increase in temperature and decrease in precipitation will eventually affect the balance 

between water demand and supply (Adams & Peck 2008; Raneesh 2014). The natural changes in 

climate are expected to lead to more frequent drought in some areas, and floods in other areas. 

This will also cause aridification of lands by reducing soil moisture content, the amount of 

expected rainfall, and severe agricultural drought (Adams & Peck 2008; Raneesh 2014; Ettera et 

al. 2017; Xing-Guo et al. 2017). This evidence shows that drought and aridity are climatic 

components that will affect water resources. 

2.4.1.1 The role of aridity 

Aridity is a measure of long-term average climate condition (Maliva & Missimer 2012). The IPCC 

has already reported an increase in temperature of about 0.74% since the early 90s, and have 

predicted a continuous increase in the next 100 years (IPCC 2007). This process of aridification 

affects people and their behaviour as well as agricultural potential (Alam & Iskander 2013; Ettera 

et al. 2017). Based on whether temperature increases or decreases a region’s moisture will also 

increase or decrease (IPCC 2007; Battsetseg.T & Erdenetuya 2012). Aridity affects water 

resources, precipitation, surface water, and aquifers (Jarvis & Petraud 2011). However, this impact 

is not direct on these variables. Adams and Peck (2008) suggest that aridification, which is a 

process of temperature increase that causes lands to become drier over a long period will affect 

surface water resources through the varying intensity of rainfall. A theory that seems to be agreed 

upon by the authors of the IPCC (2007) and various other researchers (Raneesh 2014; Ettera et al. 

2017; Xing-Guo et al. 2017).  

Water stress is not a result of increased temperature, rather, it is a result of reduced precipitation 

(drought) caused by temperature rise (Sehmi & Kundzewicz 1997; IPCC 2007; Raneesh 2014; 

Ettera et al. 2017; Xing-Guo et al. 2017). Therefore, the investigation of aridity’s contribution to 

water resources variations should be as a factor responsible for promoting drought as opposed to 

having a direct impact on water resources. 

2.4.1.2 The role of drought 

Drought occurs as a result of a decrease in yield potential. There are various characteristics to 

drought; it sometimes occurs as meteorological, hydrological, agricultural or socio-economic 

drought. In addition, occasionally the four types occur simultaneously (Chopra 2006; Adams & 

Peck 2008; Mniki 2009). Meteorological drought occurs when precipitation amount decreases over 

an extended period due to climate variability. The severity of drought impact is measured by how 

rainfall reduced below the expected average (Maliva & Missimer 2012; Kumar et al. 2009). 

Scholars have reported that, meteorological drought is responsible for causing soil moisture 
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deficiencies (agricultural drought) and hydrological drought (Kumar et al. 2009; Labedzki 2016; 

Leelaruban et al. 2017). 

Hydrological drought occurs as a response to meteorological drought and sometimes as a 

combination of multiple factors, including excessive abstraction (Van Loon & Van Lanen 2013).  

When plant water content decreases such that annual agricultural production or vegetation in 

general is affected, agricultural drought has taken place (Fensham & Holman 1999; Mniki 2009). 

Because of reduction in crop production, the livelihood of communal farmers is threatened, 

especially in areas where necessary drought mitigating measures are not available (Mniki 2009; 

Jane & Martine 2012; Manyevere et al. 2014).  

Socio-economic drought occurs when, the impact of meteorological drought, agricultural drought 

and hydrological drought affects the population, such that yearly yields are reduced and not able 

to withstand population demand (Parry et al. 2004; NOAA 2012). Occasionally, minor drought 

affects crop production more than severe droughts due to their higher frequency (Simelton et al. 

2009). Regardless of the intensity of drought, the fact remains, the sensitivity of crops to climate 

variability largely affects the economy of any agricultural area (Simelton et al. 2009). Based on 

the discussion above, this study will therefore focus on meteorological drought as it plays a major 

contributing role on the economy, hydrology, and even agriculture (Parry et al. 2004; Simelton et 

al. 2009; Van Loon & Van Lanen 2013). 

2.4.2 The role of abstraction 

Abstraction is defined as the extraction of water for ecological demand. Abstraction occurs in the 

form of evapotranspiration, which is an interaction between climate and water resources, or as 

human water extraction for domestic, industrial or agricultural use (Vorosmarty et al. 2000; IPCC 

2007; Raneesh 2014). This means, with a changing climate and a growing population, abstraction 

rates will vary as well. 

2.4.2.1 Abstraction for domestic needs 

Domestic water needs is one of the main water consumptions that occurs around the world. 

Domestic needs include cooking, washing, cleaning, and leisure such as swimming pools (Jeffes 

et al. 2015).  Lack of adequate water supply may lead to chronic diseases that may lead to deaths 

(WHO 2003). A study in Cape Town established that the presence of a swimming pool in a 

household increased demand by 15-20% (Jeffes et al. 2015). The consumption of water may vary 

from individual to individual even within a household due to different climate conditions and 

psychological predispositions (Scheele & Malz 2016). This means, with a growing population, 
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domestic water use will increase over the years and cause a serious shortage of water that may 

not be met in future. 

2.4.2.2 Commercial water needs 

Commercial water use includes industrial and agricultural activities (Scheele & Malz 2016).  It 

sometimes extends to domestic need when an area’s water quality is poor. The population may 

result in buying bottled water for drinking purposes (Kamara et al. 2016). In order to improve 

agricultural production, areas experiencing rain water shortage rely on irrigation practices as an 

additional water supply (Jovanovic et al. 2002). Water consumption within different sectors, such 

as industrial and agricultural is meant for a purpose. In the industry, due to the need to produce 

more products of good quality, a factory may require more water. The same goes for agriculture. 

However, due to the lower rainfall, irrigation practices are used (Jovanovic et al. 2002; 

Bezuidenhout et al. 2006).  

A study investigating the impact of sugarcane farming on water resources discovered that, 

irrigation practices for this farming product was significantly affecting water resources 

(Bezuidenhout et al. 2006). Timber farming is one of the major water users in RSA within the 

commercial forestry sector. Because timber satisfies the country’s need at 95%, and because of its 

revenue, it has become a major contributor to the economy of the country (Tewari 2005). However, 

the value of water used in commercial forestry is much higher than the charges level estimated by 

water managers (Tewari 2005). Tawari (2005) adds that, prior to 2005, water was not priced for 

commercial forestry, yet, when pricing policies were implemented, the prices were not equivalent 

to the water demand. Due to the high abstraction of water for both domestic, industrial, and 

agricultural purposes, water in RSA has been stressed intensely. Given that RSA is a water stressed 

area, policy makers should find a way to monitor abstraction to not excessively deplete water 

resources. 

2.4.3 The role of policy  

Everyone has the right to sufficient water (Bill of Rights, Constitution of South Africa, Section 27 

(1) (b)). The National Water Act No.36.1998 was designed for four purposes. To protect, use, 

preserve and develop water resources. Previously, the Apartheid regime was responsible for the 

uneven distribution of water that gave preference to the privileged class, while neglecting the rest 

of the population (Goldin 2008). Water management plans and policy implementation are not 

strong enough to monitor water resources at local levels. This is due to the lack of personnel and 

technical provisions (Pietersen et al. 2012). 
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Despite the abolition of the Apartheid regime, a good number of people are still water poor 

(Goldin 2008). Though the policy requires everyone to have sufficient water for their needs, it is 

not always the case that water is distributed on the scale of need versus availability. Even though 

the new act has awarded equal rights of access to water resources. The implementation of policy 

and water supply mechanism play an important role in optimizing the use of water resources. 

However, water services are not able to meet population water needs (Kapfudzaruwa & Sowman 

2009). Kapfudzaruwa & Sowman (2009) further stated that, to improve the efficiency of water 

supply and control water availability in order to avoid stress, it may be advisable to associate both 

religious and traditional competency. The Constitutional court case of Mazibuko that resulted in 

the decision to provide at least 25 litres of water per person per day is inadequate. This is because 

it does not take into account water availability within the local region and population density, 

which is growing fast (Heleba 2011).  

2.4.4 The role of population growth rate 

The population of RSA is estimated at 56.5 million inhabitants in 2017 with a total estimated 

growth rate of 1.61% from 2016 to 2017 (StatsSA 2017). According to the StatsSA report of 2017, 

RSA’s growth rate has been increasing for the past 15 years since 2002 from 1.17% to 1.61%, as 

represented in Table 2.2. Population growth (PG) plays a contributing role to water stress. This is 

due to the increase in demand, that grows together with a growing population (IPCC 2014). This 

impact becomes more severe when evapotranspiration rates increase alongside PG and double up 

the pressure on water resources (Liu & Chen 2006). PG includes industrial growth and 

urbanization, which will increase demand, especially on a fixed supply of water resources (PAI 

2011). PG also influences the change in land use, and thus contributing to the increase in water 

demand (Okello et al. 2015).  

Okello et al. (2015) suggest that a model which includes, climate change, sea level rise, and PG, 

will give a better risk assessment to freshwater degradation. This may be true for coastal regions 

where sea level rise may have a direct impact on freshwater resources. However, for inland cases; 

climate change and PG would be the main drivers. The rates of PG also affect how soon water 

demand changes (Watson & Davies 2009; Okello et al. 2015). A projection of PG would be useful 

to help predict how water demand may increase, depending on growth rate and availability. 
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 Table 2.2: Estimated annual population growth rates. 2002-2017.  

Period Children 0-14 Youth 15-34 Elderly 60+ Total 

2002-2003 -0.85 2.48 1.34 1.17 

2003-2004 -05 2.35 1.45 1.20 

2004-2005 -0.16 2.18 1.60 1.23 

2005-2006 0.21 1.96 1.74 1.26 

2006-2007 0.45 1.73 1.87 1.29 

2007-2008 0.58 1.61 2.11 1.32 

2008-2009 0.74 1.49 2.3 1.35 

2009-2010 0.84 1.36 2.46 1.38 

2010-2011 0.94 1.24 2.59 1.41 

2011-2012 1.23 1.02 2.69 1.45 

2012-2013 1.39 0.87 2.75 1.48 

2013-2014 1.46 078 2.90 1.51 

2014-2015 1.44 068 2.95 1.54 

2015-2016 1.54 0.32 2.98 1.58 

2016-2017 1.56 0.18 2.99 1.61 

Source: (StatsSA 2017) 

2.5 IMPACT OF WATER STRESS 

Based on both predictive and current information available about climate and water resources, 

RSA is a water stressed region with approximately 500 mm/year average rainfall (Mukheibir & 

Sparks 2003; WWF-RSA 2016; SAWS 2017; Figure 2.4). The impact of water stress stretches 

from food security, health, education, and poverty (IPCC 2007). 
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Figure 2.4: South Africa normal seasonal rainfall period, from July 2016 to January 2017.  

Source: SAWS, 2017 http://www.weathersa.co.za/climate/historical-rain-maps 

2.5.1 The impact of water stress in South Africa 

A large portion of South Africa’s economy depends on agricultural activities, increasing the 

country’s economic stress in the event of a climatic disaster, due to the vulnerability of agricultural 

activities to climate change (Jane & Martine 2012). This is challenging as the climate has 

significantly changed until now, and will continue to change in the coming decades (IPCC 2007; 

Benhin 2008). Lack of adequate water supply and persistent drought affects the population’s 

finances and health, which leads to a vicious cycle of poverty in poor communities (Mniki 2009). 

2.5.2 The impact of water stress in Raymond Mhlaba Local Municipality 

Several times it was reported that the Eastern Cape (EC) is water stressed due to drought. These 

multiple occurrences of drought have affected crops, water resources, and livestock (Mniki 2009; 

Manyevere et al. 2014; Chari 2016). Amongst the areas affected by water, the Raymond Mhlaba 

Local Municipality (RMLM) has also been declared a disaster area (Mniki 2009; Yadhana 2018). 

In 2004, the former Nkonkobe municipality experienced an intensive drought that affected more 

than 1000 farmers that requested for assistance from local authorities. However, due to the lack of 

a good monitoring system, it was reported that only 14% of the farmers were helped (Mniki 2009). 

This scenario repeated itself in 2008, and despite the fact that R20 million was allocated for this 

purpose, it was not enough to salvage most farms. In the process, many people lost their jobs 
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(Mgwatyu & Sokopo 2008). The repeated occurrence of extreme weather events in the RMLM 

caused water resources to reduce drastically. Various towns’ water bodies were completely 

depleted (Yadhana 2018). 

Ideally, a municipality should have a system that can monitor climate conditions, predict drought 

occurrences, and monitor the impact of these two variables together with abstraction on water 

resources.  Unfortunately, local municipalities are not equipped to monitor or anticipate drought 

events and other factors affecting water resources within their jurisdictional boundaries. One such 

municipality is the RMLM (DMP 2005; Mniki 2009;Jane & Martine 2012).  

2.6 INDICES USED TO MONITOR WATER STRESS 

Water stress comes in different forms. It may be seen in vegetation water content, depletion of 

water resources, reduction in precipitation amount also referred to as drought (IPCC 2007). These 

conditions are often as a result of climate change. This effect of change in climate causes land to 

become drier, thus provoking frequent occurrences of water insufficiencies. Therefore, to monitor 

water stress, one needs to consider climate condition, and how this relates to extreme weather 

events and abstraction.  

2.6.1 Determining climate condition 

There are various climate indices that are used to determine the climate of a specific area. These 

includes the de Martonne aridity index (MA), the Köppen and Geirge (KG), the enrich index (AI), 

and the UNEP index (AI) to mention a few. 

2.6.1.1 De Martonne Aridity Index (MA) 

Emmanuel de Martonne first created this index in 1926 to measure the aridity-humidity of a 

climate with precision. The study evaluated the spatial variations of temperature and precipitation, 

and revealed that temperature had higher predominance in higher latitudes, and precipitation 

towards the equator (de Martonne 1926). Therefore, the best way to represent climatic condition 

was to combine both temperature in degrees Celsius and precipitation in millimetres. The best to 

represent this relationship was found to be a division of the mean annual precipitation (Pam) by 

annual mean temperature (Tam) plus 10 (Equation 2.1). Adjusting temperature with 10 was 

suggested in order to avoid negative values for negative temperatures (de Martonne 1926). 

𝑀𝐴 =  
𝑃𝑎

𝑇𝑎𝑚+10
   

Equation 2.1: de Martonne Aridity Index computed using annual mean precipitation and mean annual temperature. 
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The MA is used because of its effectiveness to determine climatic regions (de Martonne 1926; 

Paltineanu et al. 2006; Baltas 2007; Chowdhury 2018). According to some researchers, if the MA 

scores less than 30, this means that the region needs irrigation for agricultural purposes. Above 30, 

precipitation is enough and there is no need for irrigation practices (de Martonne 1926; Baltas 

2007). Using the Normalised Difference Vegetation Index (NDVI), the MA was confirmed to be 

effective in identifying climate regions and confirming the need for irrigation for agricultural 

practices (Mavrakis & Papavasileiou 2013). The MA is flexible because it can be computed for 

individual months. This is profitable because then, it could be determined for which months 

irrigation practices are needed (Baltas 2007). 

2.6.1.2 The Pinna Combinative Aridity Index 

According to Baltas (2007), the Pinna combinative index (PCI) describes better climatic regions 

and seasons where irrigation is necessary than the MA. This index includes the precipitation and 

air temperature of the driest month as additional input to the MA (Baltas 2007). When the PCI is 

less than 10, the climate is characterized as dry and when it varies between 10 and 20, the climate 

is considered semi-dry Mediterranean with formal Mediterranean vegetation. Where P and T are 

the mean values of precipitation and air temperature of the driest month.  

𝑀𝐴 =  
𝑃𝑎𝑚

𝑇𝑎𝑚+10
+ 

12𝑝

𝑡+10

2
  

Equation 2.2: Pinna Combinative Aridity Index computed as the average of the MA and the ration of precipitation and 

temperature of driest month. 

Baltas (2007) states that the PCI is better than the MA due to the additional variables that permits 

it to differentiate better climate conditions within different areas. Denis et al. (2011) seem to 

disagree with this. Their study revealed that; the MA is more appropriate over the PCI on two 

points: (i) It has more classes used as classification (six) as opposed to the two classes of the PCI. 

(ii) Even though the Pinna has more input variables, Denis et al. (2011) discovered that there was 

no spatial difference in the classification of the climate. These conclusions were reached in another 

study by Nestor (2016). Even though Baltas (2007) indicated that the PCI is better due to its 

additional variables, all the above-mentioned authors agree that these two indices correlate and 

present similar results. They all concluded that the MA is more appropriate within their respective 

studies. Considering this, the MA has a definite advantage over the PCI, especially because it has 

more classes (Table 2.3), it can be evaluated monthly, and is simple enough to compute (Deniz et 

al. 2011; Nistor 2016).  
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Table 2.3: The Pinna and the de Martonne Aridity Index Classification 

De Martonne classification Pinna combinative index 

Classification MA Precipitation Classification PCI 

Dry < 10 <200 Dry <10 

Semi-Dry 10 – 19.9 200 – 399.9 Semi – dry Mediterranean 10 - 20 

Mediterranean 20 – 23.9 400 – 499.9   

Semi-Humid 24 – 27.9 500 – 599.9   

Humid 28 - 34.9 600 – 699.9   

Very Humid 35 – 55 700 – 800   

Extremely-humid >55 >800   

Source: (Baltas 2007, Denis et al. 2011) 

Many researchers have widely used the de Martonne index and found it to correlate to some 

drought indices including the Standardised Precipitation Index (SPI), and the NDVI (Livada & 

Assimakopoulos 2005; Battsetseg.T & Erdenetuya 2012; Mavrakis & Papavasileiou 2013; Leech 

2013).  

2.6.1.3 Enric Aridity Index 

Enric proposes a different approach to what de Martonne initially proposed. Instead, Enric 

suggested the aridity index should use annual mean precipitation (Pam) divided by annual mean 

maximum temperature (Tmax) (Equation 2.3; Alam & Iskander 2013). The classification method 

proposed by Enric is shown in Table 2.4. 

𝐼𝑚 =  
𝑃𝑎𝑚

𝑇𝑚𝑎𝑥
   

Equation 2.3: Enric Aridity Index expressed as a ration between annual mean precipitation and annual mean maximum 

temperature. 

Table 2.4: Aridity Classification as introduced by Enric (1996) 

Im Climate Type Vegetation Type 

< 8 Absolute Aridity Desert 

8 – 15 Arid Desert –like Steppe 

15 – 23 Semi – Arid Steppe 

23 - 40 Semi – humid  Forest 

40 – 50 Humid Humid Forest 

>55 Very Humid Very Humid Forest 

Source : (Alam & Iskander 2013) 

2.6.1.4 UNESCO Aridity Index (AI) 

The United Nation Educational Scientific and Cultural Organization (UNESCO) developed an 

aridity index (AI) that depends only on the ratio between mean annual precipitation and annual 
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evapotranspiration ETa (Equation 2.4). Precipitation alone is not enough to describe aridity. 

Therefore, temperature becomes a significant contributing factor. The classification of AI in this 

case varies from Hyper-arid to humid as shown in Table 2.5 (Gamo et al. 2013).  

Evapotranspiration is inferred based on temperature. This means, if temperature increases, ETa 

also increases and decreases along with temperature (Gamo et al. 2013). There are different 

methods used to estimate Eta. However, employing either one of them is a matter of availability 

of data to compute the method. Some researchers used the Thornthwaite method for this purpose, 

because it is easier and uses simple input variables (Gamo et al. 2013; Barbara et al. 2014). Other 

researchers used the Penman (1948) method as the input ETa (Maliva & Missimer 2012; Tabaria 

& Aghajanloob 2013; Li et al. 2017). 

𝐴𝐼 =  
𝑃𝑎

𝐸𝑇𝑎
  

Equation 2.4: UNESCO Aridity Index expressed as a ration of annual precipitation and evapotranspiration. 

Table 2.5: Classification of the UNESCO Aridity Index.  

AI Classification 

< 0.03 Hyper-arid 

0.03 – 0.2 Arid 

0.21 – 0.5 Semi-arid 

0.5 – 0.65  Dry Sub-humid 

>0.65 Humid 

Source: (Maliva & Missimer 2012) 

For a study that uses the UNESCO index, depending on availability of data, a user may use either 

of the existing ETa methods. 

2.6.1.5 Summary 

By comparison the MA was previously declared to be a better method because of its ability to 

delineate climate regions more appropriately (Baltas 2007). The three methods discussed in this 

chapter are all easy to use and have been widely used. However, the ability to differentiate different 

climate conditions, easy implementation and accessible data were three pillars used here in order 

to choose a method that would be suitable for this study. Even though all these methods are easy 

to use and use accessible data, the MA has more climatic class representations when compared to 

other methods. This means, it stands a greater chance to identify and differentiate different climatic 

regions than the other methods.  

Compared to the AI, the MA is preferable because it uses measured temperature data as opposed 

to estimated ETa data used in the AI. In addition, the performance of the AI depends on the 

effectiveness of the ETa method used. This becomes an issue given that the ETa’s accuracy 
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depends on the number of variables used to estimate it. In most cases such as this project, most 

variables are difficult to obtain and forces users to settle for approximate methods (Baltas 2007; 

Mavrakis & Papavasileiou 2013). Therefore, this study will focus on the MA to evaluate the 

climate of the study area, because it is able to delineate climate regions, it is easy to use, and uses 

accessible variables as temperature and precipitation. 

2.6.2 Monitoring drought  

Drought is defined as a reduction or absence of precipitation over a long period (generally longer 

than four months) (Palmer 1965; Hughes & Saunders 2002; Maliva & Missimer 2012). Extended 

drought events due to climate change plays a major role affecting the ecosystem and increasing 

the number of regions exposed to water stress (Miles et al. 2000; Oki & Kanae 2006). Many 

researchers have developed many indices in order to effectively monitor drought. Some of these 

methods include the Standardized Precipitation Index (SPI), the Standardized Precipitation 

Evapotranspiration Index (SPEI), the china z-score, and the palmer index.  

A more suitable drought index is one that considers multiple factors such as rain, temperature and 

evapotranspiration in order to account for all variables playing a role in how climate is altered 

through the years (Begueria et al. 2011). There is no consensus as to which drought index is best 

to use in all parts of the world. However, SPEI has a potential lead due to its unique multi-temporal 

aspect inherited from the SPI, coupled with its multi-variable capabilities that include PET in its 

computation may be spatially adaptable (Vicente-Serrano 2015).  

2.6.2.1 The Standardized Precipitation Index (SPI) 

The SPI uses statistical distributions such as Gamma and Normal distribution to measure the 

probability of a rainfall event occurring (Hughes & Saunders 2002). It monitors drought using 

rainfall data to measure the response of water resources to climate change (Christos et al. 2011). 

Although, there is a dispute as to what distribution to use for rainfall modelling; standard practise 

is to use the Gamma distribution (Wu et al. 2001; Kumar et al. 2009; Christos et al. 2011; Maliva 

& Missimer 2012). Some of the advantages of the SPI includes, its multi-temporal aspect and 

flexibility. Even though there is a disagreement about a standard distribution to use across the 

world, the SPI is flexible enough in that it allows an identification of the appropriate distribution 

for a specific study. However, the main limitation of the SPI comes from its univariate aspect. It 

only requires precipitation as the singular input in its model (Parul 2006;Vicente-Serrano 2015; 

Georgia 2016). This means, it does not account for other climatic variables that contribute to 

drought and water depletion such as evapotranspiration. Hence, the SPEI was proposed in order to 
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account for the contribution of evapotranspiration (Vicente-Serrano 2015). McKee et al. (1993) 

proposed to classify drought using values in the range of -2 to 2 as shown in Table 2.6.  

The SPI was built under the assumption that only rainfall is the climatic variable and other 

variables such as temperature or evapotranspiration are constant. This fact alone, made the use of 

SPI limiting as a drought model, given that the assumption is false and temperature worldwide has 

changed by an increase of 0.5 oC to 2 oC in the past 150 years (Begueria et al. 2011). 

Table 2.6: Classification method of the SPI has proposed by McKee et al (1993) 

Class Description 

SPI ≥ 2 Extremely wet 

1.5 ≤ SPI < 2 Very wet 

1 ≤ SPI < 1.5 Moderately wet 

-1 ≤ SPI < 1 Near Normal 

-1.5 ≤ SPI < -1 Moderate Drought 

-2 ≤ SPI < -1.5 Severe Drought 

SPI <-2 Extreme Drought 

2.6.2.2 The Standardised Precipitation Evapotranspiration Index (SPEI) 

The strength of the SPEI lies in its ability to include multiple climatic variables to compute 

drought, instead of using a single variable like the SPI. Studies that evaluated differences between 

SPEI and SPI found that, the PET contributes significantly to the performance of the SPEI as it 

accounts for the balance between rainfall and evaporation (Begueria et al. 2011; Vicente-Serrano 

2015). These studies also determined that there is a statistical difference between SPI and SPEI. 

Therefore, even though, the procedure is similar, the SPEI is preferable as an alternative method 

over the SPI. The SPEI’s weakness comes from its sensitivity to the method chosen to compute 

PET. Depending on the accuracy or the strength of the PET method, the SPEI will perform 

accordingly (Vicente-Serrano 2015).  

2.6.2.3 Palmer Drought Severity Index (PDSI) 

The Palmer Drought Severity Index (PDSI) monitors relative dryness using temperature and 

precipitation data (Palmer 1965). It is a standardized method spanning from -10 (dry) to +10 (wet). 

The index is based on a combination of water balance, supply and demand concept (Dai 2017).  

Another purpose of this index is to measure standardized moisture conditions for comparison 

between months and locations (Palmer 1965). This index is effective when determining long-term 

drought, considers the effect of global warming through PET and influence of historical events. 

Its weakness is its lack of multi-temporal aspects that make it difficult to correlate with water 

resources. Therefore, it is incapable of measuring the impact of drought on water resources flexibly 

(Dai 2017). Some studies comparing the SPI and the PDSI discovered that the SPI was better 

because it can determine the start and end of a drought event effectively (Szalai & Szinell 2000). 
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The SPI was also found to have a better spatial standardization than the PDSI with respect to 

extreme drought events (Hughes & Saunders 2002).  

2.6.2.4 The Z-score Index 

The Z-score is calculated as a standard variate between each observation and the empirical mean. 

Its computation is simple and has been used so far on a singular variable (rainfall) (WU et al. 

2001). However, this index could be easily used with multiple variables if these variables could 

be combined into a single variable. One advantage of the Z-score is that it does not require data to 

follow a statistical distribution model to be effective (Wu et al. 2001). However, some researchers 

stated that, for shorter time scales, the Z-score might not represent drought appropriately (Edwards 

& McKee 1997). Also, compared to the SPI, the Z-score tends to be biased towards positive values 

describing wet conditions (Wu et al. 2001). 

2.6.2.5 Summary 

There are various other indices that could be discussed such as the China – z index. However, 

according the several researchers, the SPEI remains the best method. This is based on the fact that 

it is both multi-temporal and accommodates multiple climatic variables as input variables 

(Begueria et al. 2011; Vicente-Serrano 2015).  

2.6.3 Measuring water exploitation 

There are various methods used to measure water exploitation. Such methods include, the Water 

Exploitation Index (WEI), the Water Poverty Index (WPI), and Water Supply Stress Index (WSSI) 

(Brown 2011).  

2.6.3.1 Water Poverty Index 

The initial intention of the WPI was to help decision makers and to empower impoverished 

communities to better participate in water sector interventions (Lawrence et al. 2002). Its 

advantage is its ability to include multiple factors influencing water availability (Sullivan 2002; 

Anju et al. 2017). Such variables include adjusted water availability (A), access to safe and clean 

water (S), and time taken to collect domestic water (T).  Each variable is assigned a weight based 

on level of importance such that their sum is one and expressed as a percentage. The WPI is 

therefore taken as the average of these three variables as shown in Equation 2.5  (Sullivan 2002). 

𝑊𝑃𝐼 =  
𝑤𝑎𝐴+ 𝑤𝑠𝑆+𝑤𝑡(100−𝑇)

3
  

Equation 2.5: Water Poverty index expressed as the average of available water, percentage of clean water, and time 

taken to collect abstraction water. 
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Source: (Sullivan 2002). 

The measure of water exploitation depends on how low or high the WPI is. Therefore, the higher 

the WPI, the less water stress (Sullivan 2002). 

To classify the WPI, a matrix approach was proposed (Sullivan 2002).  The x-axis bares the 

availability (sanitation index) of water available and accessibility, and the y-axis bares the capacity 

and use of water resources (Figure 2.5).  

 

Figure 2.5:  The Matrix Approach to express WPI as x and y cartesian plot for certain countries in the world.  

Source: (Sullivan 2002) 

2.6.3.2 Water Exploitation Index (WEI) 

The Local Water Exploitation Index (LWEI) is an index that measures water exploitation from a 

specific water source. The purpose of this index is to monitor vulnerability of water resources to 

climate change and the impact of abstraction on water bodies (Barbara et al. 2014). Usually four 

steps are required to compute LWEI. Firstly, identification of the types of water demand, secondly 

computation of weights to assign to each water demand, thirdly computation of the present water 

demand (PWD), and lastly, divide PWD by the total runoff (Equation 2.6). There are three types 

of water demand that occurs in most areas, namely, domestic water demand (DWD), industrial 

water demand (IWD), and agricultural water demand (AWD). However, the WEI is flexible 

enough to accommodate areas where either one of the water demands do not occur.  
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𝐿𝑊𝐸𝐼 =  
𝐴𝑊𝐷∗

𝑆𝑓
𝑆𝑡

⁄ +𝐷𝑊𝐷∗
𝑝

𝑃⁄ +𝐼𝑊𝐷∗𝑖
𝑆𝑡

⁄

𝐿𝑇𝑅
  

Equation 2.6: Water exploitation index presented as a ratio of industrial, domestic and agricultural water demand to 

total runoff. 

Source: (Barbara et al. 2014) 

Where: 

LTR = Precipitation - Actual Evapotranspiration 

Sf: Surface of farm, St: Surface of Town 

p: population in town 

P: total population in municipality. 

i: industrial area 

Values of the WEI are classified from very low water stress to very high-water stress (Table 2.7). 

Table 2.7: Classification of water exploitation Index as proposed by the European Agency. 

Class Description 

<0.2 Very low water stress 

0.2 - 0.4 Low water stress 

0.4 – 0.6 Medium water stress 

0.6 – 0.8 High water stress 

>0.8 Very high-water stress 

Source: (Barbara et al. 2014) 

2.6.3.3 Water Supply Stress Index (WaSSI) 

WaSSI uses an approach similar to the WEI, as it is expressed as the ratio between water demand 

and water supply (total runoff). Water supply includes total ground water plus, watershed, annual 

flow accumulations, and including water flows in upstream (Averyt et al. 2013). In actual fact, 

WaSSI and WEI are two indices that could be said to be the same based on their similar 

computation requirements. Different researchers have shown that these two methods could be used 

and adapted to any limitations or absence of either one of the variables (Reilly et al. 2008). Water 

availability is usually estimated as a summation of all available water regardless of its form. This 

could be watersheds, ground water, rivers, dams and even wetlands (Barbara et al. 2014). 

However, different researchers have used both methods despite some limitations caused by 

unavailable data, or bad quality data, and still obtained acceptable results (Sun et al. 2008; Sun et 

al. 2011; Caldwell et al. 2012; Tavernia et al. 2013).  
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Even though the WaSSI and the WEI have strong similarities, WaSSI evaluates the ability of a 

water system to meet water demand (Averyt et al. 2013). Whereas, WEI evaluates how change in 

the ecosystem affects water resources (Barbara et al 2014). 

2.6.3.4 Summary 

The advantage of the WPI lies in its environmental aspect that links water issues to poverty 

(Lawrence et al. 2002; Anju et al. 2017). Yet, it uses complex method of representing index scores, 

and also does not take into account water demand. Water exploitation could be estimated as a 

measure of the pressure the ecosystem puts on water resources (Gubler et al. 2001; Lehodeya et 

al. 2006; IPCC 2007; Collins et al. 2009; Mniki 2009; Maliva & Missimer 2012; Barbara et al. 

2014; Xu et al. 2017; Budiyono et al. 2017). A common issue that always arises is the 

unavailability of data to use an index to its full potential. Therefore, the best index should be able 

to monitor how certain aspects of water could be used to determine water stress. Therefore, in this 

study, the WEI is a good method to consider to achieve this. Unlike the WaSSI, the WEI evaluates 

water availability from a demand perspective rather than from a supply perspective (Averyt et al. 

2013; Barbara et al. 2014). Which makes more sense for this study, as water stress develop due to 

increased demand and not supply. 

2.7 APPLICATION OF INDICES TO MONITOR WATER STRESS 

GIS and RS have played a major role in understanding how abstraction and climate variability 

affect water resources (Al-Bakri et al. 2016; Barbara et al. 2014; Bates et al. 2008; Battsetseg.T 

& Erdenetuya 2012). The advantage of using GIS and RS to identify climate conditions lies in 

their abilities to investigate spatially the variability of climate (Chari 2016; Gu et al. 2007). It is 

proven that, climate varies with location, and thus, water resources are affected differently in 

different areas (Jane et al. 2009; Van Loon & Van Lanen 2013). This makes it advantageous to 

use GIS and RS to understand spatial variations in water availability. 

Another advantage of using GIS and RS  lies in its ability to integrate data from a variety of 

sources. GIS and RS can include data from indices such as the SPEI, the MA, or the WEI. 

Researchers have applied GIS techniques such as interpolation, multi-criteria analysis (MCA) 

together with drought tools such as the SPEI to investigate drought intensity and duration. These 

methods are referred to as spatial analysis (Hayes et al. 1999; Christos et al. 2011; Moran-Tejeda 

et al. 2012).  
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2.7.1 Integrating indices and interpolation techniques for spatial analysis 

Interpolation methods are RS methods used to estimate possible events through a spatial extent 

from a known observed value. There are different existing interpolation methods that have been 

compared in different studies (Caruso & Quarta 1998; Mitas & Mitasova 2000; Luo et al. 2007; 

Garnero & Godoneb 2013; Wong et al. 2004; Ren-ping et al. 2016). Piri et al. (2016) studied the 

ability of geospatial methods to create climatic zoning in Iran. They used the root mean square 

error (RMSE), and the mean absolute error (MAE) to select the best interpolation method. Also, 

they used the semi-variogram tool in ArcGIS to determine a spatial correlation (R2) of the MA. 

They discovered that, amongst the inverse distance weighting (IDW), global polynomial 

interpolation (GPI), radial basis function (RBF), local polynomial interpolation (LPI), as well as 

Kriging method; the Kriging method was the best interpolation with the lowest estimation error 

and highest spatial correlation (Piri et al. 2016). Based on the measure of error and the correlation 

coefficient, Hormoz & Ziari (2007) identified the Kriging to be a better interpolation method over 

the IDW. Yet, they recommended the investigation of the interpolation method before it is used in 

a study. Zarco-Perello & Simões (2017) using the RMSE and R2 found that in Madagascar, the 

IDW performed better than the Kriging method. Their study focused on evaluating the 

performance of these two methods to estimate the distribution and abundance of hard corals, 

octocorals, macroalgae, sponges and zoantharians. Their study aimed at identifying hotspots for 

these organisms.  A study based on the estimation of elevation compared the kriging and IDW and 

discovered that the kriging method was better than the IDW (Setianto & Triandini 2013).  

Another study using interpolation methods, investigated four spatial interpolation methods for 

estimating soil moisture in a complex terrain catchment (Yao et al. 2013). These methods were: 

Ordinary Kriging, Inverse Distance Weighting, Linear Regression and Regression Kriging. Unlike 

the previous authors, Yao et al. (2013) discovered that, due to the complexity of the terrain, 

discontinuous environmental variables, and the small catchment scale; both the kriging and the 

IDW performed poorly. Instead, their study revealed the linear regression was better than the IDW 

and the kriging method. They concluded that, within the scope of their study, the hybrid regression 

kriging was the best method (Yao et al. 2013). Another study comparing multiple interpolation 

methods to predict spatial variations of temperature identified the thin-plate smoothing splines 

(ANUSPLIN), as the best method over the kriging, cokriging, IDW, and the Empirical Bayesian 

Kriging (EBK) (Ren-ping et al. 2016). While estimating electromagnetic field magnitude, Azpurua 

& Dos Ramos (2010) concluded that the IDW method was better than the kriging and the Spline 

method.  

Multiple researchers’ advisee the use of different interpolation methods while investigating 

prediction models for a specific variable as discussed here. However, the consensus amongst all 



 
30 

authors is that certain conditions had to be met for certain methods to perform better than the 

others (Yao et al. 2013). Some authors stated that the variability of the variables under 

investigation constitutes a contributing factor to the performance of a method (Ren-ping et al. 

2016). Wong et al. (2004) stated that, the IDW worked better with digital elevation models than 

the natural neighbour or the spline method. 

Evidently, different researchers have identified different methods to be the best within the frame 

work of their study. However, the common point amongst all researchers is the fact that the best 

predictor was measured against its ability to effectively reduce prediction errors from a known 

point and have a higher spatial correlation (Caruso & Quarta 1998; Mitas & Mitasova 2000; Luo 

et al. 2007; Garnero & Godoneb 2013; Wong et al. 2004; Ren-ping et al. 2016). Wong et al. (2004) 

states that different methods may not be too different in one case, and behave totally differently in 

another case. Based on the different authors, this is a valid statement. Under different 

circumstances, different methods performed better over others. Therefore, the best way to 

optimally use interpolation methods is to test their viability within the framework of a study. 

Another common trait discovered in literature is the constant comparison between the IDW and 

the kriging methods (Caruso & Quarta 1998; Mitas & Mitasova 2000; Wong et al. 2004; Luo et 

al. 2007; Azpurua & Dos Ramos 2010; Garnero & Godoneb 2013; Ren-ping et al. 2016). This 

suggests that the two methods are the most effective methods that have been used by researchers. 

Therefore, these two methods’ ability to predict climate and water demand data will be compared 

in this study to determine regions of water stress.   

2.7.2 Using overlay analysis for spatial analysis 

Overlay analysis is one of the most used methods in GIS to resolve spatial questions related to 

urban planning, site suitability, ground water delineation, and even potential flood hazardous areas 

(Kourgialas & Karatzas 2011; Kumar et al. 2016; Buruso 2017; Nag & Kundu 2018). Overlaying 

is a process that requires multiple spatial layers that can be combined together as input variables 

in order to resolve a spatial problem. Different researchers have applied the concepts of Multi 

Criteria Evaluation (MCE) to determine weights for each input layers. The most common MCE 

used by different researchers is analytic hierarchy process (AHP) (Kourgialas & Karatzas 2011; 

Pramanik 2016; Shit et al. 2016; Yalew et al. 2016; Muhsin et al. 2017; Owusu et al. 2017; Buruso 

2017). MCEs are criteria determination models that are easily incorporated with GIS to resolve 

land suitability problems (Blachowski 2015). Some of the MCE methods include, the Weight 

Linear Combination (WLC), Fuzzy AHP, ordered weighted averaging (OWA), and analytic 

network process (ANP). Despite the fact that different research includes a combination of MCE, 

most of them advocates that the AHP is a better method to determine weights of variables 
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(Kourgialas & Karatzas 2011; Pramanik 2016; Shit et al. 2016; Yalew et al. 2016; Muhsin et 

al. 2017; Owusu et al. 2017; Buruso 2017; Akther et al. 2018; Nag & Kundu 2018; Purnamasari 

et al. 2018). 

2.8 CONCLUSION 

There are various methods used to identify water stress within a specific region. However, it is 

important to consider the following factors when choosing a method: the applicability of the 

method to the target region, the adaptability of the method to the varying data from region to 

region, and the availability of resources to achieve the method. Methods such as the Standardized 

Precipitation Evapotranspiration Index (SPEI) and the de Martonne aridity index (MA) have 

become common amongst researchers. They are ease to apply, adaptable, and use accessible 

datasets (Christos et al. 2011; Maliva & Missimer 2012; Barbara et al. 2014). The same could be 

said about the Water Exploitation Index (WEI). Though there was no evidence found of its use in 

other regions but Europe, it uses simple data structures as input variables. It is therefore easy to 

adapt it to any region of study. Hence, for the purpose of this research, the SPEI, the MA, and the 

WEI will be used to monitor the three variable aspects of water stress. In order to effectively 

conduct the study, RS methods such as interpolations and GIS methods such as overlay analysis 

will be employed to identify water stressed areas.  
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CHAPTER 3: RESEARCH METHODOLOGY  

There are various factors that influence water availability. Aridity, drought, and abstraction to 

name a few, are included in those factors (Gubler et al. 2001; Lehodeya et al. 2006; IPCC 2007; 

Collins et al. 2009; Mniki 2009; Maliva & Missimer 2012; Barbara et al. 2014; Xu et al. 2017; 

Budiyono et al. 2017). It is therefore important to understand how to measure water stress within 

the context of these three variables. 

3.1 METHODOLOGY 

Previous studies have evaluated water stress as a measure of water quantity in dams, soil moisture 

or water content in vegetation (Palmer 1993; Collins et al. 2009; Barbara et al. 2014; Chari 2016). 

Despite the various ways to monitor water stress, researchers listed drought as one of the main 

drivers influencing water availability (Mniki 2009; Collins et al. 2009; Maliva & Missimer 2012; 

Van Loon & Van Lanen 2013; Barbara et al. 2014). To identify water stress in an area effectively, 

it is important to consider climate conditions, because arid regions are more prone to drought 

events than humid regions. Arid regions are not necessarily the causing element of drought; rather, 

because of their dry conditions, they increase the frequency of drought events in the area 

(Lehodeya et al. 2006; IPCC 2007; Maliva & Missimer 2012; Xu et al. 2017; Budiyono et al. 

2017).  

To declare an area as drought stricken, rainfall events should fall below the long-term average 

rainfall. When this drought period is prolonged (> 4 months), the amount of renewable water 

decreases resulting in a continuous depletion of water in reservoirs (Kumar et al. 2015). In 

addition, due to population dynamics (farming, domestic, and industrial water use), abstraction 

which is a combination of industrial water demand (IWD), domestic water demand (DWD), and 

agricultural water demand (AWD); Will exceed the availability of renewable water, and result in 

an inability to meet human and ecological water needs (water stress). Abstraction varies together 

with climate, and sometimes has a greater influence on water availability than drought (Van Loon 

& Van Lanen, 2013; Barbara et al. 2014).  

The application of GIS and Remote Sensing has proven to be a powerful aspect in mapping water 

resource accessibility, planning water allocation, developing irrigation schemes and detecting 

environmental changes due to climate variability (Bastiaanssen et al. 2000; Ghosh et al. 2013; 

Klemas & Pieterse 2015). The ability of GIS and Remote Sensing to integrate data from a variety 

of sources, and to detect and interpret both climate and spatial changes is a more effective approach 

for water management practices (Al-Bakri et al. 2016). 
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3.2 DATA COLLECTION AND DESCRIPTION  

The study focused on rainfall and temperature data provided by Meteoblue weather services to 

classify aridity and drought severity of the RMLM. Dam water data was provided by the 

Department of Water and Sanitation (DWS), and used to quantify water availability. The 

population density was used to estimate water demand. 

3.2.1 Climate data 

Due to the inconsistencies and the limited number of weather stations in the RMLM, Meteoblue 

data was used to analyse drought and aridity. The data was downloaded from the Meteoblue 

website. The data is available for all areas since they are using simulated models. This was 

advantageous because it resolved the issue of missing values usually encountered with measured 

data from local stations. The climate data obtained from Meteoblue dated from January 1985 to 

December 2017. Temperature is recorded as monthly means in oC, and precipitation as monthly 

sums in mm. 

3.2.2 Abstraction data 

Dam water data was downloaded from the DWS website as monthly values. Water data is updated 

bi-weekly, though it is presented as monthly volumes. This data is recorded in units of million 

m3/month. 

3.2.3 Population data 

The population data was downloaded from the Space-Time Research website: www.str.com.au. 

The census of 2001 and that of 2011 were collected from the same website. 

3.2.4 Irrigated lands 

Irrigated lands data was downloaded from the environmental affairs GIS website: 

https://egis.environment.gov.za/data_egis/data_download/current. Using vector clip tool in the 

software TNTgis 2019, all irrigated lands for the year 2017 were extracted. The Raymond Mhlaba 

boundary was used as the clip region while the South African irrigated lands layer was used as the 

input feature. 

3.3 DATA SAMPLING  

Literature states that within different climate conditions, the ecosystem behaves differently. 

Climate changes in short terms and causes extreme weather events to occur (Luber & Prudent, 

2009; Guimarães et al. 2017). In drier regions there are higher chances of experiencing frequent 

http://www.str.com.au/
https://egis.environment.gov.za/data_egis/data_download/current
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droughts, and in contrast, in wetter regions flood related rainfalls. Different researchers have 

established that mortality rates, disease outbreaks, fish population and fishery activities, water 

availability and respiratory diseases on infants are strongly linked to climate variability (Gubler et 

al. 2001; Lehodeya et al. 2006; IPCC 2007; Xu et al. 2017; Budiyono et al. 2017).  

Therefore, to sample the RMLM, the MA was used to identify zones (regions) based on the 

climatic condition. This will help understand how water resources are utilized under different 

climatic regions and how drought frequency differs within different climatic conditions. 31 

weather points were collected, and all towns and villages population were used. Water data was 

used from  four major dams, namely: Kat River, Sandile, Adelaide, and Bindfield dam. 

3.4 DATA MANAGEMENT  

Since Meteoblue data is simulated, some statistical tests were used to validate the dataset. This 

involved testing for normality to determine whether to carry out a parametric or non-parametric 

test in order to evaluate the accuracy of simulated data as compared to measured data (Ghasemi & 

Zahediasl 2012).  

3.4.1 Testing for normality 

In this study, the Kolmogorov Smirnov (K-S), the Shapiro – Wilk (SW), and the Jarqua-Bera (JB) 

tests were used to test normality of data. Evaluating the following hypotheses: 

H0: The sample data are not significantly different from the normal distribution 

H1: The sample data are significantly different from the normal distribution 

H0 was rejected if the power value (pvalue) obtained for the test was less than α the significance 

of test. In this study, α is used as equal to 0.05 (95% significance) for all tests, which is common 

in most studies (Pharoah 2007; Dahiru 2008; Dorey 2010; Bangdiwala 2016; Greenland et al. 

2016; Altman & Krzywinski 2017; Altman & Krzywinski 2017). 

Rattle software was used to compute the KS and SW tests. The SW is best suited for sample sizes 

less than 50, which works for this case study since the rainfall data obtained from Meteoblue is 33 

years. It also does not work well if several values are modal like, which is fine for this study, since 

rainfall is random. The JB test was computed manually in MS Excel. It required three steps; the 

computation of the kurtosis, the skewness, then the squares of skewness and kurtosis as a single 

statistic. The JB test evaluates if the kurtosis and skewness of the sample data matches that of the 

normal distribution, where x is each one of the observations, n the sample size, Sk is the skewness 

and k the kurtosis (Das & Imon 2016). 



 
35 

𝑆𝑘 =  
∑ (𝑥𝑖−�̅�)3𝑛

𝑖=1

𝑛𝑠3  (1)  𝑘 =  
∑ (𝑥𝑖−�̅�)4𝑛

𝑖=1

𝑛𝑠4 − 3 (2) 

𝐽𝐵 = 𝑛 (
(𝑆𝑘)2

6
+

(𝑘)2

24
) (3) 

Equation 3.1: The Jarqua-Bera Normaility Test. 1sample skewness, 2sample kurtosis, 3test statistic 

Under the normal distribution, JB follows a chi-square distribution with two degrees of freedom. 

Therefore, where JB was greater than the critical value obtained from the chi-square Table, H0 

above was rejected (Yap & Sim 2011; Das & Imon 2016). 

3.4.2 Testing equality of samples 

By determining the normality of the data, a decision can be taken on whether to use a parametric 

test or a non-parametric test. Since the comparison was between two sample datasets from 

Meteoblue and the measured data from the weather station, there were only two choices, either 

perform a two-sample t-test, or a non-parametric Mann Whitney test. 

The following hypotheses were evaluated: 

H0: The means of the measured data and simulated data are the same 

H1: The means are not the same. 

The latest dataset obtained from SAWS was recorded until 2017, therefore, the comparison was 

done for the years 2015 to 2017 in Fort Beaufort. For the Alice station, data from Honey Dale 

Farm (HDF) was only recorded until 2013. Therefore, the comparison was done for the years 2011 

to 2013.  

3.4.3 Comparing suitability of interpolation techniques 

For each variable (aridity, drought, and water exploitation), the Geostatistical Analyst tool in 

ArcGIS was used to compare between the kriging and the Inverse Distance Weighting (IDW) 

interpolation methods (Attorre et al. 2007; Setianto & Triandini 2013). The Pearson correlation 

coefficient was used to measure the spatial relationship and the RMSE (measure of error) to 

determine which of the method was best. 

3.4.3.1 Kriging 

The simple kriging method as the kriging type was used, and the prediction option as the output 

surface type. The transformation type was set to normal score. Other options were left as default. 

The output Table was exported to MS Excel where the correlation coefficient was computed. This 

is because the Geostatistical Analysis tool only provided the RMSE. 
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3.4.3.2 The Inverse Distance Weighting (IDW) 

With the Geostatistical Analyst tool, this method does not need setting up options, and can be 

computed without changing settings. Since the tool only provides the RMSE, the output Table was 

also imported into MS Excel where the correlation coefficient was computed. 

3.5 DATA ANALYSIS 

Data analysis for this study involved the following methods: 

1) To classify the climate condition of the RMLM in order to identify the different climatic 

regions within the municipality. 

2) To quantitatively measure meteorological drought severity in order to determine its spatial 

variation within the municipality. 

3) To measure the amount of water exploited by the population for domestic and farming 

purposes. 

4) To identify water stressed areas within the municipality based on drought severity, aridity 

and water exploitation. 

A general description of the RMLM, and justification for choosing it as the study area, provided 

the context for these chosen methods. 

3.5.1 Justification for selection of the study area 

RSA is said to be a water stress area (Donnenfeld et al. 2018). Most areas within the country are 

experiencing water shortage conditions, due to the fact that the distribution of precipitation 

throughout the country is not even (Binns et al. 2001; DEA 2014). In addition, due to lack of 

resources or systems that can analyse climate conditions at local level, drought or any other climate 

event are usually reported at a global scale (DMP 2005; Mniki 2009; Jane & Martine 2012; Chari 

2016; IDP 2012-2017). 

The Raymond Mhlaba Local Municipality (RMLM) has been referred to as a drought-stricken area 

(Jane & Martine 2012; IDP 2015-2016). However, the lack of detailed data has caused this area to 

not be attended to appropriately. It is true that many adaptation plans have been put in place, to 

resolve the vulnerability of household and local farmers to resist extreme weather events (Mniki 

2009). However, the lack of more detailed description of climate within the local areas requires a 

more holistic approach to the implementation of solutions to problems that may not be global. 

Unlike most areas in RSA, this municipality has only one weather station from the SAWS 

Department, and another found on the Honey Dale Farm (HDF). However, data obtain from both 

stations demonstrate inconsistencies. Therefore, the RMLM is a good area to demonstrate why it 
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is important to analyse water stress from a local perspective and encourage the stakeholders to 

invest resources that will permit a local monitoring of water stress. 

The RMLM is a Local Municipality located around 32° 42’ 0’’ S, 26° 18’ 0’’ E in the Amathole 

District Municipality (ADM) of the Eastern Cape Province, South Africa. Established in August 

2016, the RMLM was formed by merging the Nkonkobe and the Nxuba Local Municipalities 

(Figure 3.1). 

3.5.1.1 Climate conditions 

The climate conditions of the South Africa vary between arid and temperate, according to the 

Köppen Climate Classification. The Western Cape Province’s climate is Mediterranean, whereas 

the Eastern Cape Province varies from semi-arid to humid (Zandalinas et al. 2018). Parts of the 

country, such the Eastern Cape, are frequently water stressed. In addition, due to climate 

variability, some areas within the Eastern Cape including the RMLM have been declared drought 

disaster areas (Rouault & Richard 2003; DMP 2005; Mniki 2009; Manyevere et al. 2014; Chari 

2016). According to climate data, the RMLM’s rainfall varies between 400 mm to 700 mm. It 

follows that the region’s climatic conditions vary between Mediterranean to semi-humid according 

to the de Martonne classification (Baltas 2007).  

The long-term average rainfall is approximately 600 mm around Alice and approximately 500 mm 

around Fort Beaufort. Both the former Nxuba and Nkonkobe Local Municipalities were drought-

stricken areas and vulnerable to climate change. Due to the persistent drought that caused reduction 

in stream flows and dams, different researchers reported several times that farmers in this area are 

continuously losing their land. Most of the time, the Government has to organize drought relief 

plans in order to assist farmers during such periods (Hebinck & Van Averbeke 2007; Mniki 2009; 

Jane & Martine 2012; Manyevere et al. 2014). 

3.5.1.2 Population dynamics 

The combined population of the RMLM is 151 379 and covers a total area of 6 474.45 km2 

(StatsSA 2011; DIDP 2017).  The population of the RMLM is predominantly poor and the majority 

of the people are living in villages (StatsSA 2011). Approximately 42.2% of the population has 

only a secondary education, 28.2% have never been to school, 19.6 have primary education, and 

the rest have a higher education. The main activities conducted within the municipality are 

communal farming activities, fishery, and breeding (Mniki 2009; StatsSA 2011; Manyevere et al. 

2014). The population of the RMLM is vulnerable to water stress and will suffer a great loss if a 

drought situation becomes severe or water limitations are not mitigated (Jane & Martine 2012; 
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Manyevere et al. 2014). Therefore, identifying water stressed areas is an important step in 

resource allocation implementation, especially in areas that do not have a local drought warning 

system. 

3.5.1.3 Water resources 

There are a number of rivers in the RMLM, namely the Thyme River running from Hogsback 

towards Alice, the Great Fish River, Kat River located in the northern side of the municipality, the 

Keiskamma River in the east, and the Koonap River located in the southern region of the 

municipality (IDP 2017). There are also three main dams within the municipality, namely Kat 

River Dam and the Binfield Park Dam, and the Adelaide Dam. There are other small dams 

available in the municipality such as the Debe Dam, and the Foxwood Dam that is currently under 

construction in Adelaide (DIDP 2017). 31% of the population of the RMLM has access to tap 

water, while the majority of the population rely on the distant conveyance of water (StatsSA 2011).   
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Figure 3.1: Study area Map of the Raymond Mhlaba Local Municipality 
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3.5.2 Classify climate condition of the RMLM.  

The de Martonne aridity index (MA) was used to classify the climate of the Raymond Mhlaba 

Local Municipality (RMLM). Using the formula proposed by de Martonne (1926) as shown in 

Equation 3.2 that uses the annual precipitation (Pa) and annual mean temperature (Tam).  

𝑀𝐴 =  
𝑃𝑎

𝑇𝑎𝑚+10
   

Equation 3.2: The MA aridity equation proposed by de Martonne (1926) 

Source: (Barbara et al. 2014) 

3.5.2.1 Statistical validation 

The MA is an index that works better in areas with temperatures greater than -10 oC. de Martonne 

(1926) used 10 as an adjustment value to make sure temperatures less than zero do not cause the 

results to be negative. However, temperature is a variable that changes spatially and temporally 

(Adams & Peck, 2008; Raneesh 2014). Given that within the RMLM, the average temperature 

does not occur as low as -10, therefore, it was necessary to test whether using 10 as a constant 

adjustment value will be fit for this study.  

To achieve this, the chi-square goodness of fit test together with the Root Mean Square Error 

(RMSE) were used to test the adequacy of the formula to quantify dryness within the RMLM. 

Instead of using a constant value 10, in this study, it was substituted with a variable k making 

Equation 3.2 to become: 

𝑀𝐴 =  
𝑃𝑎

𝑇𝑎𝑚+𝑘
 0 ≤ 𝑘 ≤ 10  

Equation 3.3: Modified de Martonne index to compute aridity index 

The MA was then computed using values between zero and 10. The Chi-Squared (𝜒2) is known 

as the independence test. It is also used to evaluate whether a dataset can be efficiently analysed 

using a particular distribution or model. This test is known as the goodness of fit test (Franke et 

al. 2011; Rana & Singhal 2015). The chi-square test is not highly recommended for continuous 

data, since the basis of its application is on the counts of observations within a specific class instead 

of the actual observations themselves (Yap & Sim 2011). To resolve this, the rainfall events were 

grouped according to their classes, following the classification proposed by Baltas (2007) in order 

to generate counts of events, testing the following hypothesis: 

H0: the formula is fit  

H1: the formula is not fit 
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Assuming Oj is the number of rainfall observations within a specific class j, with j = 1,2 …c, 

and 𝑃𝑗
∗ is the probability of a random rainfall event to belong to a certain class j. If the hypothesis 

being tested is true, then, class j should be expected to have 𝐸𝑗 = 𝑃𝑗
∗ 𝑛 with n the sample size. If 

each observation stands an equal chance of occurring within any of the classes, then 𝑃𝑗
∗ =

1

𝑐
; 

otherwise, the probabilities follows the expression given by the frequency of observed values 

divided by the sample size. 

The chi-squared test is therefore: 

𝜒2 =  ∑
(𝑂𝐽−𝐸𝐽)

2

𝐸𝑗

𝑐
𝑗=1   

Equation 3.4: Chi-square goodness of fit test 

In this case, reject the null hypothesis if 𝜒2is greater than the critical value𝜒(𝑐−1,𝛼)
2 . With c the 

number of classes and α, the significance level. 

Table 3.1 De Martonne Classification (Baltas 2007)  

Classification MA(j) Precipitation (j) 

Dry < 10 <200 

Semi-Dry 10 – 19.9 200 – 399.9 

Mediterranean 20 – 23.9 400 – 499.9 

Semi-Humid 24 – 27.9 500 – 599.9 

Humid 28 - 34.9 600 – 699.9 

Very Humid 35 – 55 700 – 800 

Extremely-humid > 55 >800 

 

The precipitation-based frequencies were representing the expected values, and the observed 

values were obtained from the frequencies built based on the actual MA classification. Therefore, 

equation 3.4 became: 

𝜒2 =
∑ (𝑀𝐴𝑗−𝑃𝑎𝑗)

2𝑐
𝑗=1

𝑃𝑎𝑗
  

Equation 3.5: Adapted Chi-squared goodness of fit test 

Where MAj was the observed frequency, and Paj the expected frequency. The MA was computed 

using MS Excel spreadsheets. 

In addition to the  𝜒2, the RMSE was also computed to measure the accuracy of the simulated data. 

In this case, the frequencies from the expected classes were used as the expected value, and the 
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frequencies from the index classes as the observed value. The measure of error was then 

computed as the difference between expected and observed data. Then, by using the expression in 

equation 3.6, it was possible to determine the accuracy between expected and observed. 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
∑ 𝑒𝑖

2𝑛
𝑖=1   

Equation 3.6: Root Mean Square Error measure of accuracy. 

Where ei is the difference between the observed and the predicted. 

3.5.2.2 Computing the de Martonne index 

After computing both the RMSE and the 𝜒2, the MA was computed for each dataset using the 

value with the lowest RMSE and the suitable 𝜒2.  

3.5.3 Measure drought severity  

After establishing climate conditions of each area within the municipality, it becomes easy to 

determine which ones are prone to drought events. The standardised precipitation 

evapotranspiration index (SPEI) was used to measure drought severity. The SPEI has a similar 

method as the Standardised Precipitation Index (SPI) proposed by McKee et al. (1993), with the 

evapotranspiration as the second variable associated to the SPI that solely depended on 

precipitation (Begueria et al. 2011). To compute the SPEI, the first step is to choose a suitable 

statistical distribution model to compute the probabilities of rainfall events.  

3.5.3.1 Testing distribution fitness 

The fitness of the gamma, the Pearson, and the normal distribution was evaluated because they are 

the most used distributions (Hayes et al. 1999; WU et al. 2001; Christos et al. 2011; Jane & 

Martine 2012; Vicente-Serrano 2015). Using the p-value and the correlation coefficient, the study 

determined the fitness of a tested distribution using Minitab, with the aid of the individual 

distribution identification option in the quality distribution tool. The correlation was computed in 

MS Excel. The distribution with the highest p-value and correlation was considered the best model 

giving first preference to correlation as this describes the relationship between water balance and 

estimated drought events. 

3.5.3.2 Building probabilities frequency 

First, water balance was evaluated as a difference between precipitation and evapotranspiration as 

the input value to calculate the probabilities.  

The Potential Evapotranspiration (PET) was estimated using the Thornthwaite’ method given by: 
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𝑃𝐸𝑇 = 16 (
𝐿

12
) (

𝑁

30
) (

10𝑇𝑎𝑚

𝐼
)

𝛼

  

Equation 3.7: Thornthwaite’ PET method 

Where L = average day length (hours) of the month being calculated; N = number of days in the 

month being calculated; Tam = the monthly mean Temperature (°C; if negative, use 0) of the 

month being calculated. I = Heat Index and α, the constant. 

𝐼 =  ∑ (
𝑇𝑎𝑚

5
)

1.51412

1

 

𝛼 = 6.75 ∗ 10−7 ∗ 𝐼3 − 7.71 ∗ 10−5 ∗ 𝐼2 + 1.792 ∗  10−2 ∗ 𝐼 + 0.49239 

Equation 3.8: Heat Index 

For cases when there is no rainfall, the probability of non-exceedance (H(x)) was used to adjust 

since the inverse normal distribution cannot estimate standard values when the input is zero. 

𝐻(𝑥) = (1 − 𝑞)𝑃(𝑥) + 𝑞  

Equation 3.9: Probability of non-exceedance used to adjust for probabilities when there is no rainfall 

Where q is the probability of no rainfall and P(x) the probability of any given rainfall event. 

3.5.3.3 Generating standardised precipitation evapotranspiration index 

The next step was to transform the cumulative probabilities to the standard normal distribution 

with mean of zero and variance of one. This transformation of the probabilities produces the SPEI 

values. These values were computed using MS Excel spreadsheets 

3.5.4 Measure the impact of population on water bodies 

The Local Water Exploitation Index (LWEI) was used to measure the impact of population on 

water resources. One of the purposes of this index is to monitor vulnerability of water resources 

under climate change (Barbara et al. 2014). Four main steps were taken to compute LWEI. 

3.5.4.1 Determine individual water demands 

There are two types of water demands in the RMLM, namely, agricultural water demand (AWD), 

and domestic water demand (DWD). Their respective weights were computed and assigned to each 

water demand. For DWD, the weight was computed as the ratio of the population in a town (p)to 

the total population (P) of the RMLM. For AWD, the weight was computed as the ration of the 

surface area of Farm (irrigated) lands (Fa) divided by the total municipal area (Ma)  (Barbara et al. 

2014). Therefore, the respective weights of AWD and DWD becomes: 
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𝐷𝑤 =
𝑝

𝑃
(1) 

𝐴𝑤 =
𝐹𝑎

𝑀𝑎

(2) 

Equation 3.10: Individual Water demands weights, 1 domestic weight based on population density, 2 agricultural 

weight based on irrigated lands. 

Consequently, the AWD and DWD were computed as a product of available water to each weight 

as shown in Equation 3.11. 

Water availability (WA) was computed by summing the amount of water available in the different 

dams. Then the annual average of these values was used as input of the annual available water. 

WA was also adjusted using the amount of water abstracted from water bodies annually to estimate 

the actual amount of available water (AWA).  

𝐴𝑊𝐷 = 𝐴𝑊𝐴 ∗ 𝐴𝑤(1) 

𝐷𝑊𝐷 = 𝐴𝑊𝐴 ∗ 𝐷𝑤(2) 

Equation 3.11: Individual water demand, 1 agricultural water demand computed based irrigated lands, 2 domestic water 

demand-based population density 

3.5.4.2 Evaluate water demand. 

Water demand (WD) was evaluated as the sum of DWD and AWD (Equation 3.12). All water data 

was collected in units of million m3/month. This data was adjusted to million mm3/month since 

the rainfall data is also used in mm/month. 

𝑊𝐷𝑎 = 𝐷𝑊𝐷𝑎 + 𝐴𝑊𝐷𝑎  

Equation 3.12: Annual water demand based on the sum of agricultural and domestic water demand. 

3.5.4.3 Estimate availability of renewable water 

The amount of renewable water was evaluated using the Thornthwaite water balance (Q) equation 

between annual precipitation (Pa) and annual evapotranspiration (PETa) (Equation 3.13). 

 𝑄𝑎 =  𝑃𝑎 − 𝑃𝐸𝑇𝑎 

Equation 3.13: Water balance model estimated as a difference between annual precipitation and annual 

evapotranspiration. 

3.5.4.4 Measuring water exploitation index 

To measure water exploitation in the municipality, WDa was divided by Qa: 
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𝐿𝑊𝐸𝐼𝑎 =  
𝑊𝐷𝑎

𝑄𝑎
   

Equation 3.14: Local water exploitation index estimated as the ration between water demand and water balance. 

Table 3.2 was used as the classification method for LWEI. 

Table 3.2: Water exploitation index classification  

Class description 

>0.8 Very high-water stress 

0.8 - 0.6 High water stress 

0.6 - 0.4 Medium water stress 

0.4 - 0.2 Low water stress 

0.2 - 0 Very low water stress 

Source: (Barbara et al. 2014) 

3.5.5 Classify water stress level within the municipality  

To identify water stressed areas within the municipality, weighted average overlay analysis was 

used. The three layers namely, Aridity, Drought severity and Water exploitation were used as the 

input data. Given that the three factors are all contributing to the occurrence of water stress, and 

each factor influences the other in one way or another. The first step was to determine weights for 

each variable. 

3.5.5.1 Determining weights for each contributing factor 

To determine the weight for each variable, the AHP approach was used as shown in Figure 3.2. 

Figure 3.2 was drawn as an illustration of the relationship amongst the contributing factors to water 

stress, and how they affect one another.  

Dark solid lines represent a major influence, and dashed red lines represent minor influence. 

According to Figure 3.2, Drought events have a major influence on water abstraction (AWD and 

DWD) and is a major cause of water stress. Abstraction directly influences water stress through 

DWD and AWD. Aridity, on the other hand, has a minor influence on water stress. Although it is 

prone to drought, it is not the main cause of drought occurrences (Bastiaanssen et al. 2000; Collins 

et al. 2009; Maliva & Missimer 2012; Ghosh et al. 2013; Barbara et al. 2014; Klemas & Pieterse 

2015). 

Therefore, in this study, every major line was given a score of one and the dashed lines a score of 

a half. Each of the contributors’ influence score was computed as follows: 

MA = 0 major lines + 2 Minor lines = 0 * 1 + 2 * 0.5 = 1 

WEI = 2 Major lines + 0 Minor lines = 2 * 1+ 0 * 0.5 = 2  
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SPEI = 3 Major lines + 0 Minor lines = 3 * 1 + 0 * 0.5 = 3  

This means, SPEI has influence 3 over MA and WEI, and WEI has influence 2 over MA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

To determine the weights, first, the number of classes for each variable were coded from one to 

highest, then these coded values were multiplied to the scores and summed up to get the variable 

scores. For example, the variable MA has 7 classes, these would be recoded from one to seven. 

Then multiplied by the influence score (one in this case).  

For the purposed of this study, all variables were adjusted to six classes each, then the variable 

scores were computed for the six classes. This was done for all three variables. Then the weights 

were obtained by dividing the individual variable scores to the sum of all variable scores.  

To achieve this, all layers were standardized. Given that the different variables use a different 

range of values to represent the indicator, the results may become difficult to classify when these 

are combined. Therefore, data transformation methods were used to standardize these variables. 

These methods are used as functions to change a value from one variable to another by relating 

the two variables. For example, if Y = 3X. if x = 20, then, using the function given, 20 becomes 

60 because it is transformed from X to Y. This means in other words, a range of values between 0 

and 1 represent the same thing between 0 and 2 if those values are multiplied by 2. 

Climate 
Water Data 

DWD 

AWD 

Drought 

Aridity 

Water stress 

Figure 3.2: Conceptual layout of interaction amongst factors influencing water stress.  

 

Figure 3.3: Domestic water demand computed as a ratio of population in town to population in municipality based on the 

years 2004 - 2016. 
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In some cases, data transformation is considered as part of data preparation before performing 

any statistical analysis (Manikandan 2010). It could be suspected that data transformation is a way 

of manipulating the outcome of an analysis. Data transformation is a method that simply rearranges 

data into a format that could be much significant for the study. Tukey (1977) referred to data 

transformation as data “re-expression”. This was to explain in simpler terms that data 

transformations are not methods used to manipulate the outcome of an analysis. 

Usually, the purpose of standardizing or transforming data is so that variables represented in 

different ranges could be meaningfully combined. As a matter of fact, results obtained from 

analysis based on standardised variables are better (Shanker et al. 1996; Willems et al. 2008; 

Manikandan 2010).  

Due to the diversity among the classification for each variable in this study, it was more appropriate 

to standardize each of them before performing overlay. Therefore, all three variables were 

transformed such that the new data were fixed between the range values of -3 to 3; with -3 being 

the worst-case scenario and 3 the best-case scenario. Equation 3.15 was used to standardize all the 

variables. 

𝑆𝐼 =  
𝐼−�̅�

𝛿
  

Equation 3.15: Standardization method, expressed as a relationship between the index value and, the rate of change 

between classes, and the expected index value. 

Where, SI: Standardized index, I: The index score, �̅�: The expected (mean) value for each variable, 

and δ: The rate of change from one class to another. 

3.5.5.2 Performing overlay analysis 

After obtaining the weights, using ArcGIS software, the weighted overlay analysis was evaluated 

using the relationship in Equation 3.16. 

𝑊𝑆𝐼 =
𝑆𝑀𝐴∗𝑊𝑎+𝑆𝑃𝐸𝐼∗𝑊𝑏+ 𝑆𝑊𝐸𝐼∗𝑊𝑐

𝑘
  

Equation 3.16: Water stress model expressed as the sum of all variables multiplied by their respective weights 

Where, WS: Water stress index, S_MA: the standardized MA, Wa: Weight for the MA, Wb: Weight 

for the SPEI, S_WEI: Standardized WEI, Wc: Weight for the WEI, and k the number of variables, 

in this case 3. 
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CHAPTER 4: IDENTIFYING WATER STRESSED AREAS 

Using the normality test, the first step in identifying water stressed areas (WSA) was to measure 

the validity of the Meteoblue dataset to sufficiently represent water stress (WS). All statistical tests 

were performed by means of the Rattle (R) and MINITAB software packages. 

4.1 VALIDATION OF THE METEOBLUE DATASET  

The first step was to test normality of the Meteoblue dataset to the monthly accumulation’s rainfall 

data of the weather stations in the study area. Due to the limited number of rainfall stations, 

measured data from the SAWS station for the years 2017, 2016, 2015, and 2014 were used and 

compared to the Meteoblue dataset. In addition, the latest available data from the Honey Dale Farm 

(HDF) station from 2010 – 2013 was to compare against Meteoblue.  

4.1.1 Normality test 

Results presented in Table 4.1 includes the p-value and test statistics of the three numerical 

normality tests. The decision to either reject or accept the hypothesis that the data is normal was 

based on the p-value. All p-value greater than 0.05 indicates that the data is normally distributed 

(Greenland et al. 2016; Mark et al. 2016). Based on this, it follows that both the Meteoblue and 

measured data are normally distributed. The p-values for all tests were greater than 0.05. Thus, 

failing to reject the null hypothesis, and concluding that the data is not different from a normally 

distributed data. However, in Fort Beaufort, the p-value for the Meteoblue data of the JB tested 

negative against the null hypothesis, which indicates that this particular data is not normal. Given 

that the majority of the tests showed that the data followed a normal distribution. It follows that 

based on the Shapiro’s results and the Kolmogorov results this dataset can be said to follow the 

normal distribution as well. Therefore, it is safe to use a parametric test to validate the dataset from 

Meteoblue (Table 4.1). 

Table 4.1: Hypothesis test of the Meteoblue dataset and measured data. a test for normality using the Shapiro, 

Kolmogorov-smirnov and Jarqua Bera Test 

 Shapiro-Wilk Kolmogorov-Smirnov test Jarqua Bera Test 

Alice 

HDF 
W = 0.97926 D = 0.13333 JB = 0.280791 

p-value = 0.8054 p-value = 0.9578 p-value = 0.869014 

Meteoblue 
W = 0.95194 D = 0.2 JB = 0.03367 

p-value = 0.1905 p-value = 0.5941 p-value = 0.983306 

Fort Beaufort 

Meteoblue 
W = 0.96825 D = 0.2 JB = 14.5875 

p-value = 0.7175 p-value = 0.832 p-value = 0.00068 

SAWS 
W = 0.96156 D = 0.3 JB = 3.976528 

p-value = 0.5755 p-value = 0.3356 p-value = 0.136933 
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All tests concluded that the datasets are normally distributed. Therefore, the two-sample t-test 

was applied to test equality of the dataset between Meteoblue and measured data. 

4.1.2 Testing equality of samples 

A two sampled t-test between measured data and simulated data was performed. Results presented 

in Table 4.2 reveal that there was no significant difference between the measured data and the 

simulated data. Given that all comparisons tested positive in favour of the null hypothesis. 

Therefore, the conclusion is that simulated data could be used, and still provide an acceptable 

representation of the climate conditions of the area. 

Table 4.2: Two sample t-test between measured data and simulated data from Meteoblue 

Months Statistic 2013 2012 2011 2010 

Alice 

T 0.43 -0.91 0.40 -0.04 

p-value 0.67 0.37 0.69 0.97 

Months Statistic 2017 2016 2015 2014 

Fort Beaufort 

T -2.30 -0.20 -0.88 -0.58 

p-value 0.03 0.85 0.39 0.57 

To identify water stressed areas, three components; Aridity, drought, and water exploitation were 

analysed, and the findings are presented below. 

4.2 MAPPING CLIMATE CONDITION IN RMLM 

Statistical tests were performed on the De Martonne Index (MA) to evaluate its acceptability as an 

indicator of aridity in the RMLM, and to identify the appropriate adjustment value.   

4.2.1 Identifying the best adjustment value (AV) 

The results presented in Table 4.3 include the RMSE, the test decision with “No” meaning “null 

hypothesis not rejected” and “Yes” meaning the “null hypothesis is rejected”. This Table only 

includes the values identified as best optimizers based on the RMSE and 𝜒2. 

It was discovered that, using 10 as the adjustment value will be misleading given that the null 

hypothesis was rejected in all areas for this value. Instead, results showed that it was possible to 

optimize the MA using different adjustment values (AV) other than 10 (Table 4.3). Also, it was 

discovered that more than one AV could optimize the MA (Appendix A). In cases such as these, 

the AV with the lowest RMSE and test statistic should be used as the best optimizer. It became 

clear that different values should be used in different areas to compute the MA, and for some areas 
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such as Hogsback or Kwamanola, no suitable adjustment value was found between zero and 10. 

Other tests using different set of numbers could still not identify the appropriate AV. Therefore, 

the AV with the lowest RMSE and 𝜒2 was used regardless of the rejection decision.  

Table 4.3: Chi-Square Test of the MA index, including the rejection decision, RMSE, and degrees of freedom (DF).  

Town AV 𝝌𝟐 RMSE DF Reject 

Adelaide 1 2.00 1.06 4 No 

Alice 0 1.57 1.57 5 No 

Balfour 0 1.67 0.98 5 No 

Bedford 2 0.20 0.89 5 No 

Fort Beaufort 0 2.46 1.07 5 No 

HealdTown 2 4.59 0.85 5 No 

Hermanuskop 4 3.72 0.85 5 No 

Hogsback 4 14.00 0.70 5 Yes 

Katberg 3 5.76 0.74 5 No 

Kwamanola 1 14.00 0.94 5 Yes 

KwaPita 0 3.85 1.37 5 No 

Melani 0 6.67 0.92 5 No 

MiddleDrift 1 3.64 1.18 5 No 

MountProspect 4 0.21 0.74 5 No 

Quma 1 6.00 1.28 5 No 

Seymour 1 3.17 0.90 5 No 

Skurftekop 5 2.04 0.72 4 No 

Tower 1 8.00 0.90 5 No 

Watersvale 2 3.18 0.98 4 No 

Waterkloof 5 0.21 0.67 5 No 

Windsor 3 6.30 0.97 4 No 

WolfRidge 4 5.07 1.09 4 No 

Katrivier 1 4.33 0.90 5 No 

MountMitchel 5 0.21 0.65 5 No 

Sheshego 1 5.64 0.89 5 No 

Mambadla 1 1.90 0.90 5 No 

4.2.2 Identifying the best interpolation method 

Results showed the IDW as the best method to compute interpolations. While comparing the r2 

and the RMSE between the IDW and the Kriging, it was discovered that the IDW had a better 

spatial correlation than the Kriging method. In addition, the RMSE was lower for the IDW than 

that of the Kriging (Table 4.4). This implies that, to compute interpolation for the MA, it will be 

more appropriate to use the IDW. 

Table 4.4: Accuracy assessment for the IDW and the Kriging interpolation method, including the regression result 

and the RMSE. 

Accuracy Assessment 

Regression Statistics IDW Kriging 

r2 0.780972 0.715561 

RMSE  1.39162 1.543378 

Observations 25 25 



 
51 

The study used ArcGIS software to run interpolations on the index calculated using the 

adjustment values identified in Table 4.3. The study used the IDW to compute the interpolation of 

the aridity index since it provides a more accurate estimation than the kriging method. 

4.2.3 Mapping climatic regions in RMLM 

Figure 4.1 includes a rainfall classification, the index classification based on the optimized MA, 

and a classification based on the index calculated using 10 as the common adjustment value.  

The rainfall map shows three distinct climate regions; the Mediterranean, the semi-humid, and the 

humid region. This classification agrees with the one presented by the optimized MA, while the 

index based on 10 as the AV only identifies two climate regions; the semi-dry and Mediterranean. 

Consequently, it appears that the method used to identify the best adjustment values significantly 

improved the MA, and matched better the rainfall classes and the index classes as proposed by 

Baltas (2007) (Table 3.1). 

The results presented in Figure 4.1 reveal that the RMLM’ climate varies from Mediterranean to 

Humid based on the optimized MA. Sub-humid regions (semi-humid) are often characterised with 

high humidity that affects the soil’s physical and chemical interactions. While the high 

temperatures in the Mediterranean region would increase evapotranspiration rates, causing water 

balances to decrease (Verheye 2007). This may lead to soil erosions and disintegration of the soil’s 

organic components.  

The only difference between and semi-humid region and a Mediterranean region is the seasonal 

patterns in rainfall following the Köppen and Geirge (KG) climate classification method (Rubel et 

al. 2017; Kottek et al. 2017). The Mediterranean region is expected to have winter rainfalls, while 

the semi-humid and humid region have yearly rainfalls with only seasonal differences. Otherwise, 

the annual amount of rainfall is usually the same in the Mediterranean and semi-humid region 

(Kottek et al. 2017).  This poses a problem because, in the RMLM, it rains throughout the year. 

However, the KG’s classification focusses on rainfall amount, pattern, and intensity of temperature 

to determine climatic classes (Rubel et al. 2017; Kottek et al. 2017).  The MA, on the other hand, 

only focuses on rainfall amount and temperature (Baltas 2007). Therefore, the north-west region 

is rightfully classified as Mediterranean even though it rains throughout the year in this region. 
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Figure 4.1: de Martonne classification using 10 as the AV, the best AV against the rainfall classification map.
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From results obtained, the Raymond Mhlaba Local Municipality (RMLM)’s climate varies 

between Mediterranean and humid. Each climate condition experiences different types of 

weather extremities. It is therefore reasonable to expect that, water resources, farming practices 

or population health will be affected differently in the different climatic regions. These 

differences may occur either in the way the weather varies, or in the time the variation occurs. 

For example, arid regions would experience more extreme drought, whereas humid regions 

would often experience large amounts of rainfalls that may lead to flooding (IPCC 2007). 

Nevertheless, both regions may experience both events one more often than the other (Luber 

& Prudent 2009; Guimarães et al. 2017). 

It is also possible that drought events may occur at the same time in all three regions in this 

area. However, the Mediterranean region is expected to have a more intensive and frequent 

drought than the humid region. In contrast, the humid region is expected to have higher rainfall 

events than the Mediterranean region (Luber & Prudent 2009; Guimarães et al. 2017). 

However, climate projection shows that, the former Nxuba municipality which is the 

Mediterranean region in the study area shows that there will be an increase in temperature of 

about 1.5 to 2.5 oC. An increase and decrease in average annual rainfall are expected to occur 

with heavier and more intense rainfall in different areas within this region (IDP 2012-2017). It 

can be recommended that, preparedness for risk and disaster management is important. An 

increase in temperature will likely cause wild fires and reduce water balance that will finally 

result in water scarcity leading to water stress. About 14 villages in the humid and semi-humid 

region were identified as vulnerable villages to climate change in the municipality (Chari et al. 

2017). This implies that, with this changing climate, these 14 villages will be at greater risk of 

suffering severe water stress.  

The three regions identified represent the sampling areas according to the concept of this study 

(section 3.5). Therefore, according to the climate region identified in this section, the study 

area will be categorised by three regions: the Mediterranean region, the semi-humid region, 

and the humid region. Extreme weather events are expected to occur in close time intervals in 

the different regions, and vary spatially in terms of time of occurrence, duration, and intensity. 

This means, although drought may occur within the same year throughout the RMLM, it will 

differ from the starting time, intensity, and duration.  
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4.3 MAPPING DROUGHT IN THE RMLM. 

Different researchers argue about the distribution to use when computing the SPEI. Given that 

rainfall occurrence varies from place to place, it should also be expected that the distribution 

to use will also vary spatially (Wu et al. 2001; Hughes & Saunders 2002; Kumar et al. 2015; 

Labedzki 2016).  Another very important point that is usually overlooked by researchers is the 

fact that the purpose of computing this index is to model drought intensity and duration. The 

distribution fitness is just one of the many steps required to compute this index. The question 

to answer when analysing drought is, what is the normal expected rainfall event, what is the 

expected minimum rainfall event and what is the expected maximum rainfall amount (Hayes 

et al. 1999; Jackson 1970; Leelaruban et al. 2017; Ntale & Gan 2003). Therefore, the choice 

of a distribution should not be based solely on whether the data fits a certain distribution. It 

should also consider whether there is a strong relationship between each rainfall event and their 

estimated index score. The drought was analyzed temporally from the year 1985 to 2017. 

However, for the purpose of this study, results were presented for the years 2004, 2008, 2012, 

and 2016. This is because, literature reported severe drought in the years 2004, and 2008 with 

details of damages caused to the municipality. It is important that these two dates be 

investigated especially given that they are contributing evidence that support the suggestion 

that the RMLM is drought prone. 

4.3.1 Identifying a distribution function 

Using Minitab, the fitness of three most common used distributions were analysed. The Gamma 

distribution which is mostly used by researchers (Wu et al. 2001; Hughes & Saunders 2002; 

Kumar et al. 2015; Labedzki 2016). The Pearson’s distribution (PE3) which is said to be the 

best distribution to use for the SPEI (Guttmann 1999; Blain 2010), and the Normal distribution. 

To choose the best distribution, the correlation coefficient and the p-value were used as 

indicators of fitness. Table 4.5 includes the name of the rainfall points that were collected, the 

p-value score from the goodness of fit test, and the correlation coefficient (r2). Minitab’s results 

present the best fit model with a p-value recorded as “*”. 

Results showed that, the PE3 outperformed the gamma and normal distribution. This is 

represented by “*” which describes the best fit. However, for the most part, the normal 

distribution is found to be fit as well. On the other hand, based on the correlation coefficient, it 

was discovered that the Normal distribution correlated better to the water balance than the PE3. 

This was not expected, given that the PE3 was identified as the best fit model. This means, 
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even though the PE3 is better than the other two distribution in determining probabilities 

events, SPEI values obtained from this distribution will not represent better water balance than 

the normal distribution will. Therefore, it will be more appropriate to use the normal 

distribution to compute SPEI values based on two reasons; it has a significant model fit, and 

correlates better to the water balance. For a normal distribution, it is not necessary to compute 

probabilities than standardize them. One could simply use the central limit theorem that 

consists of subtracting the mean (�̅�) from the event (x), then divide by the standard deviation 

(δ). This method produces the same results as the probability method (Equation 4.1). 

𝑆𝑃𝐸𝐼 =  
𝑥−�̅�

𝛿
  

Equation 4.1: SPEI model computed using the central limit theorem. 

Table 4.5: Distribution Fit test using Minitab quality tool. including, the test pvalue at 0.05 significance level, 

and the correlation coefficient for the Normal, the Pearson distribution, and the Gamma distribution 

Name Normal  PE3  Gam  

α = 0.05 Pvalue 𝒓𝟐 Pvalue 𝒓𝟐 Pvalue 𝒓𝟐 

Adelaide 0.076 1 * 0.997 0.073 0.987 

Alice 0.056 1 * 0.998665 0.019 0.993608 

Balfour 0.031 1 * 0.998546 0.014 0.989392 

Bedford 0.035 1 * 0.998605 0.05 0.986309 

Fort Beaufort 0.091 1 * 0.998051 0.024 0.991141 

HealdTown 0.051 1 * 0.999777 0.006 0.989175 

Hermanuskop 0.023 1 * 0.999955 0.007 0.988734 

Hogsback 0.005 1 * 0.978 0.014 0.982371 

Katberg 0.372 1 * 0.999887 0.064 0.982358 

Katriver 0.019 1 * 0.992145 0.04 0.985548 

Kwamanola 0.005 1 * 0.978664 0.013 0.983086 

KwaPita 0.563 1 * 0.999965 0.137 0.992305 

Mabandla 0.032 1 * 0.998 0.015 0.988716 

Melani 0.032 1 * 0.998 0.015 0.988766 

MiddleDrift 0.197 1 * 1 0.053 0.988445 

MountMitchel 0.008 1 * 0.999 0.013 0.984555 

MountProspect 0.078 1 * 0.998 0.025 0.98426 

Quma 0.229 1 * 0.999 0.191 0.990713 

Seymour 0.019 1 * 0.992 0.04 0.985522 

Sheshego 0.592 1 * 1 0.031 0.987865 

Skurftekop 0.068 1 * 0.998 0.121 0.985809 

Tower 0.778 1 * 1 0.134 0.991598 

Watersvale 0.009 1 * 0.871 0.015 0.98545 

Waterkloof 0.008 1 * 0.999 0.013 0.984638 

Windsor 0.51 1 * 1 0.012 0.984903 

WolfRidge 0.22 1 * 0.999 0.183 0.990355 
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4.3.2 Choosing an interpolation method 

Table 4.6 shows that the kriging generally had lower spatial correlations and higher RMSE 

than the IDW. The kriging method had better results only for the 2012 year where the 

correlation was higher, and the RMSE was lower than the IDW. However, in 2008, while the 

RMSE was lower for the Kriging, the correlation was lower than that of the IDW. This 

constituted the basis of choosing the IDW to compute interpolations.  

Table 4.6: Statistical interpolation measure. this includes the RMSE, and the 𝒓𝟐for the years 2004 to 2016. 

Test 
Kriging_2

016 

Kriging_2

012 

Kriging_2

008 

Kriging_2

004 

IDW_20

16 

IDW_20

12 

IDW_20

08 

IDW_20

04 

RMS

E 
0.998 0.795 0.223 0.192 0.945 0.829 0.239 0.156 

𝒓𝟐 0.664 0.220 0.045 0.619 0.720 0.204 0.139 0.764 

4.3.3 Mapping drought-stricken areas 

Results presented in Figure 4.2 includes drought maps of 2004, 2008, 2012, and 2016. It also 

includes climate delineations from Mediterranean limited by the blue counter. The semi humid 

region goes from the blue counter line to the black line, and the humid region beyond the black 

counter line. According to the findings (Figure 4.2), in 2004, the RMLM experienced a climate 

condition varying from normal wet to moderately wet. These results seem to not corroborate 

with the reports mentioned by Mniki (2009) about farmers that submitted drought relief plans. 

Two assumptions can be made here: firstly, the years before were under a severe drought that 

the impact of these events was still visible in 2004. The second assumption could be that, even 

though these are wet conditions, the amount of renewable water was not enough to sustain crop 

production in the municipality.  To resolve this uncertainty, a Table showing the drought scores 

of the year 2003 was presented in Table 4.7. It was discovered that the RMLM was 

experiencing drought conditions in 2003. It is then logical to assume that it was the drought of 

2003 that was affecting the municipality.   

 Table 4.7: Drought condition of for some of the towns in RMLM of during the year 2003. 

Name SPEI Name SPEI Name SPEI Name SPEI 

Adelaide -1.22 Bedford -1.28 Hermanuskop -1.16 Katriver -1.07 

Alice -1.12 Fort Beaufort -1.09 Hogsback -0.96 Kwamanola -0.96 

Balfour -1.15 HealdTown -0.98 Katberg -1.24 KwaPita -1.09 

Mabandla -1.14 MiddleDrift -1.22 MountProspect -1.14 Seymour -1.07 

Melani -1.14 MountMitchel -1.30 Quma -1.39 Sheshego -1.11 

Skurftekop -1.27 Tower -1.21 Watersvale -1.30 Waterkloof -1.30 

WolfRidge -1.39 Windsor -1.07     
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Figure 4.2: SPEI map of the years 2004 to 2016. including counter lines delineating the Mediterranean region, semi humid region, and the humid region.
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In 2008, the climate conditions varied from drought to moderate drought. Even though these 

are relatively mild drought conditions, these results agree with the reports that were given about 

farmers suffering crop loss, and the serious stream flow reduction (Mgwatyu & Sokopo 2008).  

In 2012, the climate varied from mild drought to extremely wet in the Mediterranean area. In 

the semi-humid region, most of the area was wet, and the humid region was mostly going 

through a mild drought.  

In the case of 2016, drought-stricken areas were mostly in the southern part of the municipality 

through the different regions. However, the humid region was entirely drought-stricken, and 

the Mediterranean region appears to be experiencing relatively wet conditions. This realization 

seems to contradict the expectations of the study. From literature, it was established that humid 

region will tend to be wetter than the Mediterranean region. However, in this case, it appears 

the humid region seem to experience drier conditions than the Mediterranean region. In 

addition, it was concluded that it is erroneous to assume just because drought is occurring in 

some of the main places in a region, the entire municipality is drought stricken. Thus, different 

conditions may occur in different regions within the same timeframe. In this case, it was 

expected that the humid region would often be wet. However, the study revealed a different 

outcome. This could be a product of coincidence as these are just four years that were picked 

out of 33 years. To resolve the issue, the study then counted from the original dataset the 

number of times drought occurred in order to determine if the humid region is experiencing 

more drought than the Mediterranean region. 

According to Table 4.8, the Mediterranean region on average is likely to experience more 

drought event than the humid region based on the frequency of occurrence between the drought 

and wet event. This shows that, the fact that Figure 4.2 showed prominent drought occurrences 

are in the humid region is a product of coincidence with the years used for analysis. It is also 

worth noting that, the number of stations used in this study within the humid region is fewer 

than the rest of the regions. This could have influenced the fact that the humid region shows 

that it is more prone to drought than the semi-humid region. It can then be concluded that, the 

humid region experiences longer wetter conditions than the Mediterranean region.
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Table 4.8: drought count based on the three climatic regions identified in this study. 

Region Drought Wet  

 Count Probability Count Probability Proneness 

Mediterranean 18 0.54 15 0.46 Drought Prone 

Semi-Humid 16 0.48 17 0.52 Wet Prone 

Humid 17 0.52 16 0.48 Drought prone 

RMLM 17 0.52 16 0.48 Drought Prone 

Literature has it that the RMLM is a drought-stricken area (Manyevere et al. 2014, Chari et al. 

2018), and that due to this factor, it is expected that water resources and farm lands will be 

affected (IPCC 2007, Manyevere et al. 2014). This was noticed in the years 2004 and 2008. 

This broad statement may become unacceptable in the future as the expected changes in climate 

are predicted to increase rainfall in some of the areas (Johnston et al. 2011). Climate projections 

performed between 2007 and 2011 showed that there will be an increase in rainfall in the 

Eastern Cape over the 50 subsequent years (Midgley et al. 2007; Johnston et al. 2011). This 

increase in rainfall promises higher water balance and consequently, providing enough water 

supply. Figure 4.4 confirms this expected increase in both rainfall and water resources as shown 

by the linear trend.  

 

Figure 4.3: Linear trend of water balance in the Raymond Mhlaba Local Municipality 

Even though water balance is expected to increase in the RMLM, in the event where drought 

occurs, the question to answer is whether each drought event has a similar impact on water 

resources or farmlands. Table 4.9 reveals that the RMLM has a potential to experience drought 

events most of the times. Around 50% of the time the climate of RMLM will vary between 

near wet to near dry. In addition, about 18% of the time, the municipality will either be 

moderately dry, dry or extremely dry. Otherwise it will be wet. However, in actual facts, the 

climate of this region on average seem to be 50% wet and 50% dry. Although the RMLM is 

drought prone, results revealed that extreme events are not expected to be frequent on average 
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per year. Therefore, it is more appropriate to investigate drought events individually in order 

to understand its impact on water resources. 

Table 4.9: The probability of each drought event occurring in the RMLM 

Variable Ext wet Very wet Wet Mod wet Near wet 

Frequency 6 53 127 52 244 

Probability 0.01 0.06 0.13 0.05 0.25 

Variable Near Dry Mod Drought Drought Sev Drought Ext Drought 

Frequency 264 87 47 38 39 

Probability 0.28 0.09 0.05 0.04 0.04 

According to literature, the areas affected by drought are expected to experience water stress 

(Gubler et al. 2001; Luber & Prudent 2009; Manyevere et al. 2014). This means, because the 

humid region in 2016 was drought stricken, it will then be expected that this region would have 

likely experienced water stress in that same year. The recent drought noticed from the year 

2015 to 2017 which actually extended to 2018 affected the municipality severely such that as 

a result of this extended drought period, one of the small dams in Fort Beaufort completely 

dried up and the population of Fort Beaufort was made to live two full days without water. 

Therefore, the municipality should implement methods that will enable the regulation of water 

usage to save water, especially in anticipation of a prolonged drought. 

        

  

Figure 4.4: Pictures of one of the dams in Fort Beaufort taken during the drought period in December 2018. 

A spatial correlation computed to determine if there is a significant relationship between aridity 

and drought showed that with an increase in dryness there will be an increase in drought (Tale 

4.10). Results show that, when the climate is wet, it correlates negatively with aridity like in 

the case of 2004, 2012, and 2016 which denotes a reduction in dryness. However, when the 

climate is dry, it correlates positively with aridity like in the case of 2008, which denotes an 

increase in dryness. This shows that drier regions will increase the likelihood of drought 

occurring. The long-term occurrence of drought shows that there is a negative relationship 
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between climate variability of the municipality and aridity. This simply means, regions that 

were expected to experience a higher frequency of drought did not in this case. Consequently, 

it can be determined that drier regions are supposed to experience a higher frequency of 

drought. 

Table 4.10: Correlation coefficient between drought and aridity for the years: 2004, 2008, 2012, and 2016 

 Drought  

Years 2004 2008 2012 2016 Long-term 

Aridity -0.41565 0.18641 -0.57929 -0.30478 -0.27245 

4.4 MAPPING WATER EXPLOITATION 

The first step to map water exploitation was to determine water demand based on both 

population size, and irrigated lands. Then, estimate the amount of renewable water in order to 

measure the ratio between availability and demand. However, the types of crops cultivated in 

this region were not considered in order to account for the actual amount of water needed to 

grow the crops. The same datasets of irrigated lands were used for the four years being 

analysed. This means, the only variable was the amount of available water. 

4.4.1 Mapping water demand 

Water demand was determined as a combination of agricultural water demand (AWD), and 

domestic water demand (DWD). 

Water demand is normally measured based on the amount of water abstracted from a water 

body to the population (Barbara et al. 2014). However, this method does not account for the 

population without access to piped water. In addition, if abstraction data is used as the amount 

of water withdrawn from water resources, it becomes useless to use weights. Therefore, to be 

able to account for all water access (legal and illegal), the study computed water demand based 

on the amount of available water. The AWD map presented in this study revealed that there is 

a higher water demand towards the humid region than towards the Mediterranean region.  

In 2004, 2008, and 2016 AWD seem to have a similar pattern, varying from less than a 100 

mm3 to 300 mm3/farm area. The majority of the areas within the semi-humid region share an 

AWD between the brackets of 50 to 100, and 100 and 300 mm3. Water demand in the humid 

region was completely in the brackets of 100 to 300 mm3. This means, AWD was lower in the 

Mediterranean region, and varied uniformly to become higher in the humid region (Figure 4.5). 
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Figure 4.5: Agricultural water demand for the years 2004 – 2016. 
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In 2012, it appears that the AWD had a slightly different demand, especially in the semi-humid 

region where the demand was relatively higher than in the other three years. This might be due 

to the increase in the amount of water available which also increased demand. 

This may seem to be contradicting the logic that, water stress increases if there is a little amount 

of water available. However, water demand in this case is measured as a product of water 

available to the size of the irrigated land. Therefore, if the amount of available water is higher, 

the hypothetical water demand would increase as well, since the amount of available water 

varies from year to year. This is one aspect of the index that should be improved as it may lead 

to the misinterpretation of water exploitation. Given that there is a greater number of irrigated 

lands in the Mediterranean region, it would be expected that greater demand comes from this 

region. However, results showed that this area had a lower water demand. This is due to the 

fact that the farm areas in the semi-humid to humid region are relatively larger, which means 

they would require more water. Moreover, the investigation of water demand was based on 

individual farms, without considering clustering and proximity of these farms. Therefore, this 

may explain why there was a higher demand in the humid region than in the Mediterranean 

region (Figure 4.5). 

Figure 4.6 present Domestic Water Demand (DWD) per the different places (Sub-places) in 

the municipality. The results reveal that there was a higher- water demand in the Mediterranean 

region than towards the humid region. This high-water demand was not so much as a result of 

lower rainfall, but rather the population size was the major contributor, given that DWD was 

computed based on population size. In 2004, DWD was estimated to be greater than 300 mm3 

in the Mediterranean region. In the humid region, the demand was estimated to vary between 

50 and 300 mm3. The semi-humid region experienced a mixture water demand between 50 and 

500 mm3 with few patches of water demand in the range of 0 to 40 mm3. This was with the 

exception of two areas, Alice and Fort Beaufort that had a water demand greater than 500. That 

can be attributed to the fact that Alice and Fort Beaufort are highly populated areas.   

A pattern similar to that of 2004 was observed in 2008. There are two factors that could be 

responsible for these similarities. The population size that was used was the same, and the 

climate conditions were similar in these years (Mniki 2009; Manyevere et al. 2014). Based on 

the findings in Figure 4.2, the climate of 2004 and that of 2008 were not found to be similar. 

However, Table 4.7 demonstrated that the year 2003 was under severe drought condition. 
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Figure 4.6: Domestic water demand computed as a ratio of population in town to population in municipality based on the years 2004 - 2016. 
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Given that the climate conditions were not similar in 2004 and 2008, it is difficult to conclude 

that climate was a contributing factor based on the individual year’s conditions. However, with 

reference to Table 4.7, it could be said that, even though the climate of 2004 is different from 

that of 2008, climate variability in this time frame was similar. This argument is based on the 

fact that the population is constant for 2004 and 2008, and only climate and available water are 

variables. Therefore, it could be concluded that, the reason why DWD seems to be similar in 

both years was because of climate variability during that period (2003-2008).  

The population size that was used for 2012 and 2016 was from the 2011 census data. It was 

reported that the population reduced by -0.21% for Nkonkobe and -0.23% for Nxuba 

Municipality. Even though this is not a very big change in population, it was still expected to 

be different from the previous two years. In 2012, the Mediterranean region still had the highest 

water demand. Considering the climate condition of 2012, the municipality was under 

relatively wet conditions. That must be the main contributor to the high demand in the 

Mediterranean region. After computing water demand, it was discovered that, of the three 

regions, the Mediterranean region has a greater water demand than the semi-humid or the 

humid region. From the results obtained from the AWD and the DWD, it was discovered that 

the AWD had higher demand towards the humid regions, and this was influenced by the size 

of the farms in these areas. Whereas in the case of the DWD, the Mediterranean region had 

higher water demand and that was influenced by the higher density of population (Figure 4.7). 

It appears that water demand for the years 2004, 2008 and 2016 seem to have the same spatial 

pattern. The humid region had a water demand estimated between 50 and 300 mm3, and the 

semi-humid region between 50 and 500 mm3 with the greater portion in the west between 100 

and 300 mm3. In 2012, the humid region had a greater portion with a water demand varying 

from 100 to 300 mm3. It was also discovered that, in 2012, the semi-humid had a water demand 

varying from 50 to 500 mm3. The difference between 2012 and the other years lies in the fact 

that in the other years the semi-humid region was mostly varying between 50 and 300 mm3 of 

demand. In 2012, this region seems to be equally spread between the ranges 50 – 100, 100 – 

300, and 300 - 500 mm3. The reason why WD in 2012 seems to be higher is because of the 

high rainfalls that occurred in this year that might have increased the amount of available water.  
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Figure 4.7: Water Demand in the RMLM for the years 2004 to 2016 computed as a sum of AWD and DWD. 
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It is worth noting that when rainfall increases, the amount of available water also increases. 

This consequently increases the estimated amount of water demand because the water 

exploitation index is computed based on the year’s available water independently of the other 

years. Therefore, if the amount of water increases, water demand will also increase as the 

method assumes the available water is distributed proportionally to the population or farm size 

(Barbara et al. 2014). This method needs to be revised because it does not describe water 

exploitation adequately as the logic should be, when there is an increase in water resources, 

water exploitation should reduce. 

4.4.2 Estimate availability of renewable water 

Results presented in Figure 4.8, includes the total run off (LTR) or otherwise called water 

balance (WB) for all four years (2004, 2008, 2012, and 2016). 

In 2004, the LTR in the Mediterranean region varied between 200 and 300 mm, 300 to 400 mm 

in the semi-humid region, and between 300 and 500 mm in the humid region. This was 

expected, as the Mediterranean region is characterized by high temperatures and lower rainfall, 

whilst the humid region has lower temperatures and high rainfalls. In 2008, the LTR varied 

between 0 to 300 mm. As expected, the Mediterranean region had the lowest LTR. The semi-

humid region varied between the brackets of 100-200 mm and that of 200-300 mm, while LTR 

in the humid region varied between 200-300 mm. In 2012, the LTR was approximately 

uniformly distributed throughout the municipality within the 300 to 400 mm brackets with only 

a few patches of higher LTR in the humid region. The case of 2016 was different from the other 

years. It was noticeable for the other years that the amount of renewable water varied from the 

Mediterranean region to the humid region. However, in 2016 the LTR varied from the southern 

region around Windsor up to the northern region around Hogsback. Within the different climate 

regions, LTR varied from 100 to 400 mm. Except for the semi-humid region, where LTR 

reached around 600 mm.  

It is difficult at this point to determine why there was a change in the horizontal west-east 

climate pattern in 2004, 2008, 2012 to a vertical south-north pattern in 2016. However, the 

clear difference in climate events in the different regions explains the fact that climate must be 

investigated individually in the different towns as opposed to having a spatially holistic 

approach.  
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                               Figure 4.8: Local Total Runoff of the years 2004-2016 computed based on the difference between rainfall and evapotranspiration.
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4.4.3 Measuring water exploitation  

After computing the water exploitation index, the results were presented in Figure 4.8 for the 

four years (2004, 2008, 2012, and 2016). It is evident that the municipality is very high-water 

exploitation (VHWE) area. Regardless of the fact that the amount of water available and 

climate conditions were different in the different years, water exploitation (WE) was still 

approximately very high in the municipality. 

In 2004, the Mediterranean region was experiencing VHWE, while the semi-humid and humid 

region was experiencing Low Water Exploitation (LWE) to High Water Exploitation (HWE).  

In the semi-humid region, towns such as Fort Beaufort, Alice, Seymour, Balfour were 

experiencing VHWE. Whereas, the humid region was experiencing (HWE). This is logical as 

these towns are high populated areas in the municipality.  

In 2008, the municipality was completely experiencing VHWE. In as much as a small region 

of the municipality was experiencing between medium to high water exploitation. Water 

demand in 2004 and 2008 was relatively the same, therefore it would be expected that 

exploitation will also be the same. However, the findings in Figure 4.8 show that, because of 

the drought in 2008, WE were higher in 2008 than in 2004.  

In 2012, water demand was estimated to be higher than in the other years. However, the WEI 

revealed that some areas of the municipality were experiencing LWE to HWE. This, however, 

does not seem correct given that water demand was higher this year. Comparatively to the year 

2004, 2012 was experiencing higher LTR. Therefore, WE should have been lower in 2012. It 

is true that because LTR was higher in 2012, WEI could be expected to not be as extreme as in 

2008. However, since the amount of available water is higher in 2012, this year should have 

experienced much lower water exploitation. According to Table 4.11, it is clear that there was 

more water available in 2012 than the other years. This suggests that there should be low water 

exploitation in this year instead of the VHWE that is seen in Figure 4.8.  

Table 4.11: Amount of available water for the years 2004, 2008, 2012, and 2016 in million cubic mm. 

Year 2004 2008 2012 2016 

Available Water 27135.525 28487.41967 37150.887 26220.503 

It is strongly believed that the reason for this high exploitation stems from the fact that water 

demand is estimated as a product between the available water and population plus the size of 

the farm lands. Therefore, this should be adjusted. 
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                            Figure 4.9: Water Exploitation Index computed as a ratio between water demand and water balance (LTR) for the years 2004 - 2016.
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If the amount of available water is high, WD will also be high. This then justifies the VHWE 

in 2012. In addition, the fact that some areas showed LWE proves that when there is enough 

rainfall, WEI becomes lower. In 2016, only areas in the north of the municipality were found 

to have a high-water balance showed an LWE to HWE. This indicates that areas where water 

balance is higher and population density is low, the WE will be lower. Therefore, using 

population density and climate data, it is possible to anticipate which areas could experience 

HWE. 

At this point, a relationship has been established between WD, LTR, and WEI. If LTR is higher, 

it will be expected that WEI will be lower as long as WD is not very high. This means, 

population dynamics (domestic and agricultural) have a significant contribution to water 

exploitation. However, this can be influenced by the climate component (LTR) (Van Loon & 

Van Lanen 2013; Barbara et al. 2014).  Based on this study, a town with greater than 5% of the 

municipal population will likely overexploit water resources regardless of the agricultural 

activities, like in the case of Fort Beaufort and Alice. Also, results show that a town with less 

or equal to 5% of the municipal population is less likely to overexploit water unless the LTR 

is lower like in the case of middle drift, Katberg or Healdton.  

Therefore, it is evident that what Van Loon & Van Lanen (2013) stated about the population 

affecting water resources four times greater than drought might be true; since the variability of 

climate is much higher than that of the population. Therefore, a drought will not always visibly 

affect water resources, as this event does not always occur, unless the study area is highly 

drought prone area or experiences a long period of drought. In a case like that of this study, 

where the probability of drought is equal to that of wet period, the effect of drought may be 

experienced only as a short-term impact instead of a long-term impact. Also, analysing water 

exploitation using a ratio of the density to the amount of available water of the particular year, 

has a tendency to have a confusing representation of water exploitation. This is supported by 

the situation encountered in the case of 2012. This constitutes a point to consider revising this 

index in order to optimize it. Therefore, the study proposes to compute water exploitation as 

follows:  

• Determine an adequate amount of water to distribute the population. This amount 

should be constant for all years, as it stands as the optimum capacity of water supply 

within the given area. In this case, the long-term average of the available amount of 

water (MAW).  

• Estimate water demand based on that constant amount of water. 
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• Adjust water balance with the percentage of the difference between the amount of water 

to be distributed and the actual amount of water available (AW). 

• The ratio between the amount of water to be distributed and the adjusted water balance 

becomes the water exploitation index  

𝐴𝑑𝑗 =  
𝑀𝐴𝑊−𝐴𝑊

100
 (1)  

𝑊𝐸𝐼 =  
𝑀𝐴𝑊

𝐿𝑇𝑅+𝐴𝑑𝑗
 (2)  

Equation 4.2: Adjusted water exploitation index computed based on the ratio of the long-term available water to 

the adjusted LTR. Where (1) is the adjusted value, and (2) the adjusted WEI 

Unlike the previous method that computed water demand based on the amount of water 

available in that month, this method provides a better way to measure the expected water 

demand. Then, based on the expected water demand, it becomes easy to measure whether water 

balance contributes significantly to water exploitation. This method also removes the biased 

aspect of the previous one, making water demand to only vary with population and not with 

the amount of available water which was misleading.   

If the long-term MAW is 28584.69, Table 4.12 shows the actual AW for the four years, and 

their adjusted values to the MAW. It is seen that there was more water available in 2012 than 

the other years that were experiencing drought. 

Table 4.12: Water available for the years 2004, 2008, 2012, and 2016 including their adjusted valued with 

respect to MAW 

Year 2004 2008 2012 2016 

Available Water 27135.525 28487.41967 37150.887 26220.503 

Adjusted value -14.49 -0.97 85.66 -23.64 

The study showed that for the years 2004, 2008, and 2016, there was not much change from 

the previously obtained results. However, for the year 2012, water exploitation was 

appropriately adjusted. Given that, there was enough water resources, and water balance water 

also high, water exploitation was expected to be lower in the humid and semi-humid region as 

shown in Figure 4.10. Based on the findings in Figure 4.10, it could be said that water 

exploitation was better represented using the modified WEI. It is therefore better to use the 

modified WEI to compute water exploitation. 
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Figure 4.10: Adjusted Water Exploitation index for the four years 2004,2008, 2012, and 2016 
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One of the main issues with any management is the fact that proactive measures implemented 

in areas experiencing water scarcity are not used to prevent other areas from getting to the same 

issue. Small communities such as those in the RMLM do not have to experience extreme 

conditions such as those encountered in Cape Town. This could be averted if proactive 

measures are implemented diligently.  

In the case of Cape Town that experiences serious water stress, two main proactive measures 

were implemented in order to save water: the use of water efficient devices (WED), and 

regulation of the time spent in showers that was reduced to two minutes only. Whilst 

investigating solutions for Cape Town to ensure water security, Tieho (2015) reported that 20% 

of the available water could be saved every year if appropriate proactive measures are 

implemented. Consequently, the estimated date when water resources will become extremely 

insufficient will be postponed from 2021 to 2027 (Tieho 2015).  

A small experiment was conducted in a small apartment of two adult men between the age of 

27 to 32. This experiment was to evaluate whether the use of WED such as JoJo tanks could 

effectively reduce water demand. The experiment was conducted over six months between July 

and December, and the water meter was monitored to see how water use could change under 

certain conditions. In the first month, water was used without any WED. This means, no 

washing machine was used, no water was drawn from JoJo tank, no restriction on shower times 

and the flushing toilet was used. The score for this month was about 6 kilo-litre (kl).  

Between August and November, the study employed the use of washing machines coupled with 

water from JoJo tanks, while the other parameters were left intact. The unit score dropped to 

an average of 4kl. In December, in addition to the use of JoJo tanks for laundry, the experiment 

completely removed the use of flushed toilets. It rather used water from JoJo tanks to pour in 

toilets. Showers were limited to strictly two minutes. The unit score was dropped to about 2kl 

(Table 4.13). 

Table 4.13: Water consumption progress under several controlling parameters. 

Month Volume (kilo-liters) Flushed toilet 
2min 

shower 
JoJo tank Washing Machine 

July 6 Yes no no No 

Aug - Nov 4 Yes no yes Yes 

Dec 2 No yes yes yes 

Tale 4.13 clearly shows that, if proactive measures are seriously implemented, water usage per 

household could be significantly reduced. The flushing toilet did not have adequate pressure, 
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thus required in most cases 3 flushes to properly clean the toilet. Which contributed immensely 

to the water usage of the household.  

Assuming the water usage was being controlled by the parameters addressed in this study. 

Assuming that on a monthly basis every single individual in the municipality uses 1kl since the 

household used had two men. If each individual uses 1kl, the adjusted water demand (aWDm) 

would reduce greatly from the water demand computed under equal water distribution concept. 

Table 4.14 shows that, on average, about 36% of the water exploited could be saved each year. 

Table 4.14: Water exploitation based on strict water usage policy 

 Q Population WD WEI aWDm AWEI %WD %aWD Acc 

Adelaide 245.572 6126 1097.764 4.470 73.512 0.299 0.038 0.003 0.036 

Alice 289.002 15143 2713.588 9.390 181.716 0.629 0.095 0.006 0.089 

Balfour 297.099 3102 555.871 1.871 37.224 0.125 0.019 0.001 0.018 

Bedford 249.522 5976 1070.884 4.292 71.712 0.287 0.037 0.003 0.035 

Fort Beaufort 286.803 25668 4599.641 16.038 308.016 1.074 0.161 0.011 0.150 

Hogsback 311.124 1029 184.394 0.593 12.348 0.040 0.006 0.000 0.006 

MiddleDrift 406.005 2140 383.483 0.945 25.680 0.063 0.013 0.001 0.013 

Seymour 306.555 2467 442.080 1.442 29.604 0.097 0.015 0.001 0.014 

Total Population 159515 AW 28584.69     Net % 36 

 

Based on the computation of water exploitation index using the respective usage of water under 

different controlling factors. Water exploitation can be reduced to very low even for some of 

the highly populated areas such as Alice. The only town that constantly remained a water over-

exploiting area was Fort Beaufort, while Alice only reduced to HWE. Therefore, this suggests 

that Fort Beaufort and Alice are a high-water exploitation area (Table 4.15). 

Implementing WED promises a great advantage as this will help save water. If population uses 

3kl/person, about 31% of the available water could be saved, if this water distribution policy is 

implemented in the towns listed above. If water usage is limited to 2kl/person, about 33% of 

water could be saved yearly. If 1kl is allocated to everyone, relatively 36% of the available 

water will be saved. In addition, on average, the municipality could potentially be reclassified 

from a very high-water exploitation region, to a low water exploitation region. 

This suggests that, if the management could implement the use of WED seriously in each town, 

there is a chance about 36% of the amount of available water could be saved. It is true that it is 

a tedious endeavor to use buckets to pour water into the toilet in order to reduce water 

consumption. 
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Table 4.15: Water exploitation computed under controlling mechanisms 

 3kl water demand 2kl water demand 1kl water demand 

Towns WD WEI Class WD WEI Class WD WEI Class 

Adelaide 220.54 0.90 VHWE 147.02 0.60 HWE 73.51 0.30 LWE 

Alice 545.15 1.89 EWU 363.43 1.26 EWU 181.72 0.63 HWE 

Balfour 111.67 0.38 LWE 74.45 0.25 LWE 37.22 0.13 VLWE 

Bedford 215.14 0.86 VHWE 143.42 0.57 MWE 71.71 0.29 LWE 

Fort Beaufort 924.05 3.22 EWU 616.03 2.15 EWU 308.02 1.07 EWU 

Hogsback 37.04 0.12 VLWE 24.70 0.08 VLWE 12.35 0.04 VLWE 

MiddleDrift 77.04 0.19 VLWE 51.36 0.13 VLWE 25.68 0.06 VLWE 

Seymour 88.81 0.29 LWE 59.21 0.19 VLWE 29.60 0.10 VLWE 

  Average 0.98  Average 0.65  Average 0.33 

  Net % 31.00  Net % 33.00  Net % 36.00 

 

However, if the municipality could consider installing JoJo tanks as part of the canalization of 

the water system, this could significantly reduce natural water usage. If rain harvested water 

could be connected to the toilet system, about 2.5kl can be dedicated to laundry and toilets, 

while water from the municipality will be dedicated to drinking and cooking. If the strict 2min 

shower time is enforced by installing timers that could control the flow of water, then water 

usage will be reduced significantly. 

4.5 MAPPING WATER STRESS IN THE MUNICIPALITY 

Before performing weighted overlay analysis, the study first standardized each variable in order 

to produce a water stress index (WSI).  

4.5.1 Standardizing indices 

The main differences between the Mediterranean and the semi-humid region is the pattern of 

rainfall and not the amount of rainfall per year (Pindwin 2006; Rubel & Kottek 2010; Rubel et 

al. 2017; Kottek et al. 2017). Given that the analysis was conducted on yearly data, it follows 

that these two classes can be merged together as they are similar. Therefore, the MA was 

reclassified. In order to standardize the index appropriately, the Mediterranean class and the 

semi-humid class were merged. Then, the class limits were adjusted to an equidistant class 

width of 10 such that the semi-humid varies between 20 and 30 (Table 4.16), using 10 as the 

rate of change, and 30 as the expected value as this is the mean value for the adjusted classes.  

The new standardized classes were represented as dry between -3 and -2, semi-dry between -2 

and -1. The semi-humid region between -1 and 0, the humid region between 0 and 1. Between 

1 and 2 the very humid region, and extreme humid found between 2 and 3 (Table 4.16). 
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Table 4.16 the revised classification schema of the MA, from the original classification to the proposed altered 

classification. 

 

A test to evaluate if the new classification proposed was adequate was carried out.  This test 

was conducted on data from a few towns in the study area testing the hypothesis that the two-

classification methods are different to the alternative that they are the same. The findings 

revealed that, the two classification methods are not different from one another, which leads to 

the conclusion that, the proposed classification method could be employed and still obtain 

adequate results (Table 4.17).  

It should be noted that, the index based on the new classification is most likely to reduce the 

RMSE and increase the number of optimizing values (Appendix C). From the results obtained, 

only Bedford showed that the two classifications where different. In the other cases, the 

classifications were the same. The results presented below are those corresponding to the best 

adjusting values identified in Table 4.3.  

Table 4.17: Independence test between the new and the old MA classification. 

Town AV Test RMSE DF Same p-value 

Adelaide 1 13.56923 0.852803 4 Yes 0.008805 

Alice 0 25.19062 1 4 Yes 4.61E-05 

Bedford 2 8.789189 0.797724 4 No 0.06659 

Balfour 0 28.28571 1.073087 4 Yes 1.09E-05 

Fort Beaufort 0 25.99373 1 4 Yes 3.17E-05 

Middledrift 1 33.81886 1.267304 4 Yes 8.12E-07 

Seymour 1 25.51173 1.073087 4 Yes 3.97E-05 

Hogsback 4 25.91799 1.029857 4 Yes 3.29E-05 

 

Classification MA Class Name Adjusted Class 
 

Standardized MA 

Dry < 10 Dry (D) 0 – 10 -3 -2 

Semi-Dry 10 – 19.9 Semi - Dry (SD) 10 – 20 -2 -1 

Mediterranean 20 – 23.9 Semi – Humid (SH) 20 – 30 -1 0 

Semi-Humid 24 – 27.9 Humid (H) 30 – 40 0 1 

Humid 28 - 34.9 Very - Humid (VH) 40 – 50 1 2 

Very Humid 35 – 55 
Extremely Humid 

(EH) 
50 – 60 2 3 

Extremely-humid >55   
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Since the SPEI is already standardised, there was no need to modify it. Instead, the classes were 

only readjusted as shown in Table 4.18. In a normally distributed data, 68% of the data are 

expected to be within one standard deviation of the mean, and 95% within two standard 

deviation (std) of the mean (Limpert & Stahel 2011). Based on Table 4.8, it could be deducted 

that, 67% of times, weather events will vary between moderately dry to moderately wet, this is 

actually one standard deviation from the expected mean. Exactly 95% of the weather events 

are between wet conditions to severe drought. This is two standard deviation from the mean. It 

follows that, extreme drought events are beyond the second standard deviation. 

Therefore, instead of the many breaks that were subjectively selected by McKee et al. (1993), 

it is proposed that a moderate drought event is likely to occur within one std of the expected 

rainfall. Severe drought would occur within two std of the expected rainfall. While extreme 

events beyond two std of the expected rainfall. 

Table 4.18: Adjusted classes of the SPEI from the originally proposed method to the proposed adjustment for 

this study. 

Class Description Description Adjusted Classes 

SPEI ≥ 2 Extremely wet Extremely wet 3 > SPEI ≥ 2 

1.5 ≤ SPEI < 2 Very wet Wet 2 > SPEI ≥ 1 

1 ≤ SPEI < 1.5 Moderately wet Moderately wet 1 > SPEI ≥ 0 

-1 ≤ SPEI < 1 Near Normal Moderate Drought 0 > SPEI ≥ -1 

-1.5 ≤ SPEI < -1 Moderate Drought Severe Drought -1> SPEI ≥ -2 

-2 ≤ SPEI < -1.5 Severe Drought Extreme Drought -2 > SPEI ≥ -3 

SPEI <-2 Extreme Drought   

 

The water exploitation index has five classes ranging from 0 very low water exploitation to 

greater than 0.8 very high-water exploitation. This range needs to be changed in order to 

standardize the index to derive the six desired classes. Since all the values of water exploitation 

are positive values, and have a constant rate of change of 0.2. The easiest is to use the lowest 

limit to zero and increasing the highest limit to 1.2, following the 0.2-step increase proposed 

in the original method (Barbara et al. 2014).  

The very high-water exploitation was adjusted to an upper limit of 1, then an additional class 

was added and set to vary between 1 and 1.2. This class was categorised as extreme water 

exploitation (Table 4.19). The WEI is classified from the smallest value that symbolises a better 

condition to the highest value that symbolises the worst condition. This acts as an inverse for 

the MA classification, where better conditions were represented by higher values. To maintain 
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the same standard, it is better to use the negative score of the standardized index while 

standardizing the WEI. This means if the index score is 2, its actual standardized score should 

be -2 if its negative score is used. 

Table 4.19 A revised classification method of the WEI, from original proposed by Barbara et al. (2014) to the 

adjusted and standardized WEI (S_WEI) classes as proposed in this study 

Class Description Description Adjusted Class Standardized WEI 

< 0.2 VLWE VLWE 0 – 0.2 3 2 

0.2 - 0.4 LWE LWE 0.2 – 0.4 2 1 

0.4 – 0.6 MWE MWE 0.4 – 0.6 1 0 

0.6 – 0.8 HWE HWE 0.6 – 0.8 0 -1 

>0.8 VHWE VHWE 0.8 – 1 -1 -2 

  EHWE 1 – 1.2 -2 -3 

4.5.2 Identifying water stressed areas  

Using the AHP method, the weight of the S_MA, S_WEI, and SPEI was determined to be 0.17, 

0.33, and 0.5, respectively (Table 4.20). 

Table 4.20: An AHP approach to determining weights for each contributing factor. 

S_MA Points Value S_WEI Points Value SPEI Points Value  

6 1 6 6 2 12 6 3 18  

5 1 5 5 2 10 5 3 15  

4 1 4 4 2 8 4 3 12  

3 1 3 3 2 6 3 3 9  

2 1 2 2 2 4 2 3 6  

1 1 1 1 2 2 1 3 3 Totals 

Totals 21   42   63 126 

Net Percent 0.166667   0.333333   0.5 1 

Rounded Percent 0.17   0.33   0.5 1 

The water stress model was expressed as proposed in equation 4.3: 

𝑊𝑆𝐼 = (𝑆𝑀𝐴 ∗  0.17 +  𝑆𝑊𝐸𝐼 ∗  0.33 +  𝑆𝑃𝐸𝐼 ∗  0.5) ∗  
1

3
  

Equation 4.3: The proposed model to compute water stress index. 

To classify the water stress index (WSI), the classification method shown in Table 4.21 was 

used. This classification was obtained by combining the standardized classification of the 

variables, adjusted by using their respective contributing weights. Results indicated that water 

stress would be expected to vary between -1 to 1, ranging from very high-water stress (VHWS) 

to extreme low water stress (ELWS) between 0.67 to 1. A water stress score below -1 should 

be considered an extreme usage of water (EUW). 
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Table 4.21: Proposed Water stress index classification based on the three standardized indicators. 

MA Weight WEI Weight SPI Weight 
Water Stress 

Class 

Class 

Names 

-3 -2 0.17 -3 -2 0.33 -3 -2 0.5 -1.00 -0.67 VHWS 

-2 -1 0.17 -2 -1 0.33 -2 -1 0.5 -0.67 -0.33 HWS 

-1 0 0.17 -1 0 0.33 -1 0 0.5 -0.33 0.00 MWS 

0 1 0.17 0 1 0.33 0 1 0.5 0.00 0.33 LWS 

1 2 0.17 1 2 0.33 1 2 0.5 0.33 0.67 VLWS 

2 3 0.17 2 3 0.33 2 3 0.5 0.67 1.00 ELWS 

 

After classifying WSI in the municipality, the results presented in Figure 4.11 show that in 

2004 and 2012, during periods of high rainfall, the municipality was experiencing fairly low 

water stress. While in the years that were experiencing drought events, the municipality was 

experiencing high water stress.  

The Mediterranean region should be considered a water stressed area. In all four years, it had 

the highest water stress score than the other two regions. There are two main reasons attached 

to this situation. The frequent lower rainfalls that could not balance with water demand and the 

high population size in towns such as Adelaide. However, it appears that climate variability 

influences more water stress score, as during periods of wet conditions such as in 2012, 

Adelaide was experiencing VHWE instead of the excessive usage seen in the other years.  

In the humid and semi-humid region, water stress was low only when rainfall events are high, 

like in the case of 2004 and 2012. During periods of droughts, these regions experience HWS 

to VHWS. It also appears that, towns such as: Fort Beaufort, Alice, Seymour, and Balfour have 

a tendency to stress water resources. Alice and Fort Beaufort should be monitored closely as 

they experience EUW even during periods of high rainfalls. This is definitely due to the 

population size that overexploits water resources. Therefore, highly populated areas mentioned 

here should be flagged water stressed areas, because they overexploit water resources. The 

Mediterranean region must be flagged water stressed area because it experiences low rainfalls. 

In as much as the study has managed to identify specific areas that are water stressed regions, 

the municipality as a whole seems to be at risk of experiencing water stress. Especially if the 

period of drought events increases. Therefore, it is best to monitor drought closely, as this 

contributes greatly to water stress. In addition, areas with population size above 5% should be 

monitored closely, as they will experience high water stress. 
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Figure 4.11: Water Stress map of the Raymond Mhlaba Local Municipality derived based on weighted average of the SPEI, S_WEI, and S_MA.
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4.5.3 Summary 

Based on the way water stress intensity varied in the different years, it could be said that 

drought plays a major role on water stress than the other two variables. Towns such as Fort 

Beaufort, Alice, Adelaide are highly populated areas and have the largest farm land activities. 

Therefore, with the amount of water balance that occur in the municipality, it becomes difficult 

to balance demand versus supply. Hence, these towns were flagged water stressed areas, and 

should be monitored closely.  

It was discovered that, during wet periods, the local total runoff can balance between demand 

and supply. In the case of 2004, the municipality appeared to experience high water stress only 

in the Mediterranean region. In the case 2008, due to the high drought intensity, it was shown 

that water stress increased even in areas where there was low water exploitation in 2004. It was 

also shown that, the Mediterranean region is an area that over used water resources. In 2012, 

water stress was also lower, which corresponds to the wet conditions of that year. In 2016, 

water stress followed the same spatial pattern as drought and water exploitation varying from 

extreme usage of water conditions in the southern region, to LWS in the northern region. This 

confirms that, drought can serve as an indicator to identify water stressed areas. Also, water 

exploitation plays a high contributing role to water stress (IPCC 2007; Van Loon & Van Lanen, 

2013; Jane & Martine 2012; IPCC 2014; Barbara et al. 2014).  

One may argue the fact that water exploitation does not occur in a similar pattern as drought. 

For example, in 2012, the Mediterranean region was experiencing wet conditions, while water 

exploitation in this region was high. The region that was experiencing a mild drought had very 

low water exploitation. Therefore, concluding that drought is not the sole contributor to water 

stress. This statement is true. Water stress is not drought, it is also not water exploitation. 

Rather, it is a combination of drought, water exploitation and aridity.  

As explained earlier, water is stressed by a factor; this may be climate and/or population 

dynamics (domestic and agriculture). Drought accounts for climate variability stress, water 

exploitation accounts for the demographic stress, and aridity for the climate change factor. 

Therefore, even though drought seems to have a direct impact of water stress, it is therefore, 

important to understand that water stress occurs when these three contributors collectively 

come into play. Hence, in 2012, even though in the Mediterranean region the population is 

stressing water, the climate still provides a good quantity of water to balance water exploitation. 
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Table 4.22 reveals that there is a strong relationship between water exploitation and water stress 

than any other factors. This is quite understandable for a few reasons: water stress is prevalent 

in regions where the population is high. Even though climate influences water resources and 

population dynamics, there is no guarantee it will balance water exploitation. Hence, drought 

correlated poorly to water stress as opposed to aridity and WEI. It is shown that there is a 

negative relationship between wet periods and water stress. This is because the analysis was 

conducted under the assumption that the three factors cause water stress. Therefore, if a variable 

reduces water stress, it will have a negative influence on water stress. Hence, in the wet years, 

the correlation coefficient was negative, whilst it was positive in dry years. However, even 

though the correlation is not so strong between drought and water stress, it is evident that when 

drought occurs, it contributes to water stress. In addition, considering Figure 4.9, it appears 

drought does contribute significantly to water stress and is able to balance with water 

exploitation. Areas with high populations should be closely monitored as they will increase 

water stress. The correlation index shows that if population increases, water stress will also 

increase. This is true also for aridity; water stress seems to be higher in drier regions than wetter 

regions. It appears that aridity is a good indicator of water stress, as in the drier region water 

stress, was excessive than in the humid region. Therefore, population size and aridity can also 

be used as an indicator of which areas are expected to experience water stress. 

Table 4.22: Correlation between water stress and the three contributing factors 

Dependent Years Drought Aridity WEI 

WSI 

2004 -0.22953 0.78035 0.99819 

2008 0.25325 0.82142 0.99905 

2012 -0.12427 0.6007 0.97476 

2016 0.52703 0.39563 0.99052 

 

Based on the findings of this study, it was discovered that, the Mediterranean region is a water 

stressed area, Fort Beaufort, Alice, Middledrift, Seymour, and Belfour are water stressing 

towns. These towns were identified to have a high adaptive capacity to climate change (Chari 

et al. 2017). However, the small villages around these towns are not equipped to withstand the 

pressures of climate change, thus, during events of drought occurrences, they will mostly 

require assistance to procure water for domestic use.  
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS 

The aim of this study was to use GIS and Remote Sensing to identify water stressed areas that 

occur as a response to drought severity, aridity, and water exploitation within the Raymond 

Mhlaba Local Municipality (RMLM). To achieve this, four main objectives were investigated. 

These include: classifying climate conditions (Aridity), measuring drought severity, measuring 

water exploitation, and classifying water stress. 

Statistical and spatial analyses underlined the fact that drier regions tend to experience drought 

more frequently than wetter regions. Results showed that water stress will also be expected to 

be higher in drier regions than wetter regions. However, densely populated areas will contribute 

more to water stress as it will become difficult to balance water exploitation especially in dry 

regions. 

5.1 RE-VISITING OBJECTIVES 

The study identified three climatic regions, based on the optimized MA: The Mediterranean 

region in the western area of the municipality, the semi-humid region in the central area of the 

municipality, and the humid region in the eastern part of the municipality. Areas in the 

Mediterranean region should be closely monitored as these will frequently experience lower 

rainfall than the rest of the municipality. This also means, the Mediterranean area will 

experience lower flow rates, insufficient water resources, and consequently water stress 

(Gubler et al. 2001; IPCC 2007; Luber & Prudent 2009; Van Loon & Van Lanen, 2013; Jane 

& Martine 2012; IPCC 2014; Barbara et al. 2014).  

The results confirmed the statement about the spatial and temporal variation of drought. In 

different years, droughts occurred in different regions of the RMLM. In some cases, the humid 

region was experiencing drought, while the Mediterranean region was under wet conditions. 

Considering the results obtained on water stress, it was concluded that areas experiencing 

intense periods of drought, will experience high to extreme water stress. As previously stated 

by other researchers, drought events affect water resources by reducing streamflow, and 

affecting farmlands that rely on irrigation practices (Gubler et al. 2001; Luber & Prudent 2009; 

Manyevere et al. 2014). This suggests that drought highly influences water exploitation, and 

can be used to predict areas that are likely to experience high water stress.   
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The municipality is expected to experience normal conditions about 50% of the time, and only 

about 13% of the time will it experience extreme dry events. About 19% of the time the 

municipality will experience wet conditions (Table 4.9). Therefore, it cannot be conclusively 

said the municipality is highly prone to drought. Further studies investigating drought 

proneness should be conducted to resolve this. 

According to the findings, domestic water demand seems to have a higher contribution to water 

stress than agricultural water demand. However, the fact that water demand was higher was not 

related to climate change. Rather, it was related to the size of the population and the farms in 

the municipality. On the other hand, water exploitation reflected both the impact of population 

dynamics and climate change. Results showed that there was somewhat a synchronous pattern 

in the way water was being exploited and the climate conditions. It tends to be higher in the 

Mediterranean region, which denotes a drier region, and tend to be lesser towards the humid 

region. When a community is greater than 5% of the population, the WEI score shows that it 

will usually be difficult to balance demand and supply in the RMLM. Van Loon & Van Lanen 

(2013) stated that, the impact of abstraction is four times greater than that of drought. This 

could be justified by the fact that the variability in climate is more regular than in population 

size. Therefore, during dry periods, it will become difficult to reduce water exploitation. 

Although studies have determined that there is a relationship between drought and aridity 

(IPCC 2007), the question is whether balancing drought and water exploitation could help 

understand water stress. Based on the findings in Figure 4.9, the study managed to establish 

that water stress is low in areas where there is enough water balance. In addition, areas that are 

densely populated will tend to over-exploit water such that periods of high rainfall may not be 

able to balance water stress. Given that population is spatially randomly distributed, it is 

difficult to expect a reasonable correlation between the variation of climate and water 

exploitation since water exploitation depends on the population.  

The main and unique aspect of this study was the fact that water stress was addressed from the 

perspective of a variable inducing stress on water resources. Unlike other studies that focused 

on drought alone or water exploitation as an indicator of water stress (Gubler et al. 2001; 

Lehodeya et al. 2006; IPCC 2007; Collins et al. 2009; Mniki 2009; Maliva & Missimer 2012; 

Barbara et al. 2014; Xu et al. 2017; Budiyono et al. 2017). This study evaluated water stress 

as a measure of climate and population dynamics as stressing agents on water resources. 
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5.2 LIMITATIONS 

The main limitation of this study was the lack of data. 

To compute the drought index, the Meteoblue dataset was used, which is produced through 

simulation procedures. Ideally, it is more accurate to use measured data to get results that are 

close to reality. Nonetheless, the simulated data provided good and reliable results since they 

were validated against available measured data. It would be better if more weather stations 

could be installed in the municipality so that the Meteoblue dataset could be calibrated for 

validation purposes as its results could be influenced by the type of models used to simulate 

the data. 

The study only focused on surface water bodies (dams) as the input for water resources. It did 

not consider ground water data and river flow due to data unavailability. Water exploitation 

was measured between domestic use and agricultural use. The study did not take into 

consideration the type of crop cultivated in this region to estimate accurately AWD. Ideally, a 

farmland that is growing oranges will use water resources differently than the one growing 

maize. An analysis including these factors would be a better representation of water 

exploitation than one that is limited to farm size. The study did not include the actual population 

sizes with access to water. However, the study was conducted under the assumption that the 

entire population has access to water and it is distributed equally. This was motivated by the 

fact that, whether a household has access to tap water or not, they procure water by either 

walking long distances to dams, or households that have access to tap water, or communal taps. 

To improve the evaluation of water exploitation, it will be more appropriate to obtained 

information such as the water distribution mechanism. This will enable a more detailed analysis 

of water exploitation with respect to the communities that have access to the specific water 

bodies. 

5.3 RECOMMENDATIONS  

The purpose of this study was to use GIS and RS to identify water stressed areas in order to 

optimize solution implementation.  

5.3.1 How to compute water stress 

This study analyzed the three factors contributing to water stress and here proposes a way they 

could be improved. 
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5.3.1.1 Aridity 

Initially, de Martonne (1926) proposed to compute the MA by adjusting the temperature with 

10. This proved to be inefficient as not all areas around the world experience temperatures as 

low as -10 oC. Instead of using 10 as the constant adjustment value, it became evident that, if 

the chi-squared and RMSE are used as testing tools, better adjustment values could be found 

to optimize the MA. While applying these testing methods, the MA was successfully optimized 

during this study. Therefore, for each area of interest, a different adjustment value should be 

used provided it satisfies the statistical test proposed in this study. Hence, the modified de 

Martonne will be expressed as: 

 𝑀𝐴 =  
𝑃𝑎

𝑇𝑎𝑚+𝑘
 0 ≤ 𝑘 ≤ 10  

Equation 5.1: Proposed modified de Martonne index 

5.3.1.2 Drought 

There are many ways to measure drought occurrences. However, studies must migrate from a 

drought classification-oriented analysis to a drought intensity-oriented analysis. This suggests 

that, the intensity of drought should be considered more seriously than the class in which a 

drought event occurs. Therefore, while identifying the method to compute drought, the choice 

should be based on how drought index scores relate to each weather event rather than which 

distribution fits better the dataset. 

It is proposed that, to identify the best distribution to use to compute drought index, a study 

should also use the Pearson correlation coefficient as an additional test to the distribution fitness 

test to determine the best method.  

Instead of using the classification method proposed by Mc Kee et al. (1997), the use of a 

different classification structure is recommended. Given that the SPEI follows a normal 

distribution, it would be logical to use a classification that is based on the properties of a 

normally distributed dataset. In a normally distributed dataset, 68% of observation is expected 

to be within one standard deviation (std) of the mean and 95% within two std of the mean 

(Limpert & Stahel 2011). Therefore, it is recommended to use three classes to describe drought 

intensity. Moderate drought within the first std of the expected rainfall, severe drought within 

the second std of the expected rainfall, and extreme events beyond the second std of the 

expected rainfall (Table 5.1). 



 
88 

Table 5.1: Proposed classification of drought 

Description Adjusted Classes 

Extremely wet 3 > SPEI ≥ 2 

Very Wet 2 > SPEI ≥ 1 

Moderately wet 1 > SPEI ≥ 0 

Moderate Drought 0 > SPEI ≥ -1 

Severe Drought -1> SPEI ≥ -2 

Extreme Drought -2 > SPEI ≥ -3 

 

Furthermore, it is recommended that, even within local municipalities, drought should be 

investigated per different places, instead of using a holistic approach. This was determined by 

the spatial variation of drought noticed in this study and is especially relevant to a study that 

investigates how drought affects other variables such as water resources, vegetation, or soil 

moisture content.  

5.3.1.3 Evaluation of water exploitation 

As discussed earlier, evaluating water exploitation as individual events each year gives 

misleading information. Therefore, a modified approach to evaluating water exploitation can 

be recommended. This method still uses four steps, and is computed on the basis of a constant 

water demand instead of variable water demand. In the previous method, water demand was 

estimated based on the year's available water. The method proposed here suggests that there 

has to be an amount of water that is allocated to each community regardless of the amount of 

water available. Then, the difference between the amount allocated and the amount available 

is added to the amount of renewable water. This creates a better balance between demand and 

supply. 

Based on the findings in section 4.4.4, equation 5.2 is a better representation of water 

exploitation than the empirical formula (Barbara et al. 2014). 

𝐴𝑑𝑗 =  
𝑀𝑊𝐷−𝐴𝑊

100
 (1)  

𝑊𝐸𝐼 =  
𝑀𝑊𝐷

𝐿𝑇𝑅+𝐴𝑑𝑗
 (2)  

Equation 5.2: proposed adjusted water exploitation index computed based on the ratio of the long-term available 

water to the adjusted LTR. Where (1) is the adjusted value, and (2) the adjusted WEI 
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5.3.1.4 The water stress model 

Water stress occurs as a response to climate variability and population dynamics. This study 

established that Wa = 0.17, Wb = 0.33, and Wc = 0.5. The model proposed to compute water 

stress presented in equation 5.3 proved to be effective in identifying water stressed areas. 

𝑊𝑆𝐼 = (𝑆𝑀𝐴 ∗  𝑊𝑎 +  𝑆𝑊𝐸𝐼 ∗  𝑊𝑏 +  𝑆𝑃𝐸𝐼 ∗ 𝑊𝑐) ∗  
1

3
  

Equation 5.3: The proposed model to compute water stress index. 

To classify the level of water stress in the municipality, it is advisable to use the classification 

in Table 5.2. 

Table 5.2: Proposed water stress classification 

Water Stress Class Class Names 

-1.00 -0.67 Very High-Water Stress 

-0.67 -0.33 High Water Stress 

-0.33 0.00 Medium Water Stress 

0.00 0.33 Low Water Stress 

0.33 0.67 Very Low Water Stress 

0.67 1.00 Extremely Low Water Stress 

5.3.2 Proactive measures to implement 

It is recommended that local authorities should employ the use of water efficient devices to 

monitor the use of water in the municipality. These may include the use of plastic containers 

to store water from the tap. This could be used as a mechanism to control water usage for 

cooking and washing dishes. This method of storing water has been used in most rural 

communities that rely on the distant conveyance of water (Figure 5.1). If this method is 

implemented in households, it could reduce significantly the amount of water lost from 

unnecessary water flows from the tap during tooth brushing, hand washing and in some cases 

one or two dish-washing. 

(1)  (2)  

Figure 5.1: Water storing containers  
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Source: (1) https://www.multitanks.com/pt/tanques-caixas-garrafas-e-silos/frascos-e-plastic-barris/barris-para-

bungs/1309-bidon-de-10-litres.html?post=1 (2)https://www.info-afrique.com/1521-temoignage-rdc-eau-potable-

bukavu/;  

Another efficient way of reducing wastage of water is to reduce the time spent in showers like 

already implemented in Cape Town.  

Water storage resources such as JoJo tanks could be installed as part of the canalization setting 

in every home, in order to optimize its use. During periods of low water supply problems in 

Alice in 2018, the University of Fort Hare (UFH) authorities opted to bring in JoJo tanks on 

campus in order to supply water to residences and academic buildings. However, these tanks 

were not positioned in such a way they could harvest rain, which could easily render the 

solution useless as this will require the municipality to bring in water from off-campus. 

Between February and November, the UFH brings over 15000 students into Alice. This is over 

10% of the normal population in a town in RMLM. A population this high will over use water 

resources. Therefore, it is in the best interest of the municipality that, these tanks to be treated 

more than a temporary arrangement. Rather, they should be repositioning the tanks in such a 

way rain harvesting could be optimized. In addition, a policy should be formulated and 

implemented to require universities to invest in water storing pools. These pools could be 

strategically positioned to amass rain water. They can then be used as local water sources for 

universities.  

The municipality should also invest in weather stations in order to improve weather monitoring 

systems which will help farmers forecast the local weather. With the recent increasing need to 

understand climate variability and how it affects water resources, it is advisable that a 

municipality monitors its own weather and provides adequate information to its farmers.  

5.4 CONCLUSION 

In summary, water stress occurs due to excessive abstraction that cannot be balanced by the 

climate. However, with a good water exploitation monitoring system, and enough weather 

stations, a municipal management system should be able to identify specific areas within their 

jurisdiction exposed to water stress. This will help water managers to implement proactive 

measures to both save and efficiently distribute water. GIS and Remote Sensing, in conjunction 

with statistical analyses have proven to be vital tools available to municipalities to contribute 

to these water resource management strategies. 

 

https://www.multitanks.com/pt/tanques-caixas-garrafas-e-silos/frascos-e-plastic-barris/barris-para-bungs/1309-bidon-de-10-litres.html?post=1
https://www.multitanks.com/pt/tanques-caixas-garrafas-e-silos/frascos-e-plastic-barris/barris-para-bungs/1309-bidon-de-10-litres.html?post=1
https://www.info-afrique.com/1521-temoignage-rdc-eau-potable-bukavu/
https://www.info-afrique.com/1521-temoignage-rdc-eau-potable-bukavu/
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APPENDIX A:  THE DE MARTONNE ANALYSIS 

MA Adelaide Alice Balfour Bedford Quma 

 Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject 

10 66.37 1.36 3.00 Yes 230.39 1.72 3.00 Yes 212.88 1.75 3.00 Yes 66.37 1.36 3.00 Yes 29.32 2.12 4.00 Yes 

9 66.37 1.36 3.00 Yes 213.18 1.68 3.00 Yes 181.54 1.68 3.00 Yes 66.37 1.36 3.00 Yes 36.82 2.02 4.00 Yes 

8 48.47 1.36 3.00 Yes 151.57 1.54 3.00 Yes 99.47 1.68 3.00 Yes 42.59 1.36 4.00 Yes 28.76 2.02 5.00 Yes 

7 48.47 1.22 3.00 Yes 151.57 1.54 3.00 Yes 99.47 1.45 3.00 Yes 42.59 1.10 4.00 Yes 28.76 1.75 5.00 Yes 

6 37.72 1.22 4.00 Yes 67.28 1.17 4.00 Yes 59.47 1.45 4.00 Yes 28.43 1.10 4.00 Yes 31.84 1.75 5.00 Yes 

5 20.89 1.22 4.00 Yes 52.65 1.07 4.00 Yes 50.18 1.45 4.00 Yes 9.11 1.10 4.00 No 27.37 1.75 5.00 Yes 

4 7.23 1.22 4.00 No 32.49 0.89 4.00 Yes 40.56 1.45 4.00 Yes 6.96 1.10 4.00 No 34.94 1.75 5.00 Yes 

3 6.71 1.06 4.00 No 32.02 0.83 4.00 Yes 33.23 1.11 4.00 Yes 3.52 0.87 4.00 No 34.01 1.53 5.00 Yes 

2 2.00 1.06 4.00 No 11.95 0.65 4.00 Yes 9.51 1.11 4.00 Yes 0.20 0.87 5.00 No 11.22 1.53 5.00 Yes 

1 2.64 0.83 5.00 No 9.69 1.68 5.00 No 6.04 0.97 5.00 No 9.89 0.74 5.00 No 7.76 1.27 5.00 No 

0 15.47 0.83 5.00 Yes 1.50 1.54 5.00 No 3.72 0.97 5.00 No 24.77 0.74 5.00 Yes 6.86 1.27 4.00 No 

MA Fort Beaufort HealdTown Hermanuskop Katberg Skurftekop 

 Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject 

10 165.34 1.71 3.00 Yes 108.26 1.60 3.00 Yes 57.12 1.15 4.00 Yes 71.58 1.40 4.00 Yes 47.87 1.14 4.00 Yes 

9 152.88 1.67 3.00 Yes 63.42 1.36 3.00 Yes 48.45 1.02 4.00 Yes 67.98 1.30 5.00 Yes 28.43 0.87 4.00 Yes 

8 120.20 1.67 3.00 Yes 46.03 1.36 4.00 Yes 38.79 1.02 4.00 Yes 56.87 1.30 5.00 Yes 6.89 0.87 4.00 No 

7 120.20 1.59 3.00 Yes 46.03 0.95 4.00 Yes 38.79 0.85 4.00 Yes 56.87 0.85 5.00 Yes 6.89 0.72 4.00 No 

6 55.88 1.59 4.00 Yes 33.70 0.95 4.00 Yes 9.63 0.85 4.00 Yes 22.15 0.85 5.00 Yes 2.64 0.72 4.00 No 

5 42.58 1.59 4.00 Yes 29.20 0.95 4.00 Yes 7.51 0.85 5.00 No 23.54 0.85 5.00 Yes 2.13 0.72 4.00 No 

4 35.26 1.59 4.00 Yes 4.70 0.95 4.00 No 2.67 0.85 5.00 No 22.87 0.85 5.00 Yes 7.19 0.72 5.00 No 

3 31.01 1.19 4.00 Yes 2.80 0.83 5.00 No 53.79 0.67 5.00 Yes 6.73 0.72 5.00 No 15.04 0.55 5.00 Yes 

2 9.94 1.19 4.00 Yes 3.72 0.83 5.00 No 98.20 0.67 5.00 Yes 12.99 0.72 5.00 Yes 18.89 0.55 5.00 Yes 

1 4.81 1.06 5.00 No 45.20 0.80 5.00 Yes 131.70 0.55 4.00 Yes 21.49 0.63 5.00 Yes 50.89 0.39 5.00 Yes 

0 1.57 1.06 5.00 No 82.19 0.80 5.00 Yes 109.17 0.55 4.00 Yes 49.28 0.63 5.00 Yes 85.89 0.39 5.00 Yes 
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MA Katriver Kwamanola KwaPita Mabandla Windsor 

 Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject 

10 179.94 1.71 4.00 Yes 179.57 1.75 4.00 Yes 142.97 2.09 3.00 Yes 212.24 1.68 3.00 Yes 101.80 1.69 4.00 Yes 

9 165.44 1.68 4.00 Yes 166.23 1.68 4.00 Yes 108.37 1.94 3.00 Yes 195.69 1.65 3.00 Yes 83.80 1.60 4.00 Yes 

8 66.33 1.68 4.00 Yes 59.74 1.68 5.00 Yes 68.44 1.94 4.00 Yes 70.69 1.65 4.00 Yes 45.54 1.60 4.00 Yes 

7 66.33 1.28 4.00 Yes 59.74 1.21 5.00 Yes 68.44 1.63 4.00 Yes 70.69 1.24 4.00 Yes 45.54 1.21 4.00 Yes 

6 52.33 1.28 4.00 Yes 48.86 1.21 5.00 Yes 57.16 1.63 4.00 Yes 52.69 1.24 4.00 Yes 29.49 1.21 4.00 Yes 

5 40.60 1.28 5.00 Yes 36.30 1.21 5.00 Yes 45.10 1.63 4.00 Yes 35.73 1.24 4.00 Yes 22.15 1.21 4.00 Yes 

4 35.42 1.28 5.00 Yes 38.27 1.21 5.00 Yes 25.57 1.63 4.00 Yes 31.26 1.24 4.00 Yes 11.14 1.21 4.00 Yes 

3 11.88 1.11 5.00 Yes 11.45 1.11 5.00 Yes 16.17 1.55 4.00 Yes 10.91 1.07 4.00 Yes 6.30 0.97 4.00 No 

2 8.03 1.11 5.00 No 10.24 1.11 5.00 No 10.92 1.55 5.00 No 7.35 1.07 5.00 No 8.48 0.97 5.00 No 

1 7.03 0.89 5.00 No 6.00 0.92 5.00 No 8.04 1.36 5.00 No 2.52 0.89 5.00 No 13.68 0.85 5.00 Yes 

0 9.40 0.89 5.00 No 34.55 0.92 5.00 Yes 3.38 1.36 5.00 No 24.27 0.89 5.00 Yes 16.97 0.85 5.00 Yes 

MA Melani Middledrift MountMitchel MountProspect Wolfridge 

 Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject 

10 212.24 1.68 3.00 Yes 84.57 2.02 4.00 Yes 52.68 1.11 4.00 Yes 55.57 1.31 3.00 Yes 30.64 1.60 5.00 Yes 

9 195.69 1.65 3.00 Yes 70.99 1.89 4.00 Yes 31.25 0.87 4.00 Yes 39.90 1.13 4.00 Yes 21.10 1.31 5.00 Yes 

8 93.53 1.65 3.00 Yes 71.99 1.89 5.00 Yes 6.71 0.87 4.00 No 9.79 1.13 4.00 Yes 25.19 1.31 5.00 Yes 

7 93.53 1.38 3.00 Yes 71.99 1.55 5.00 Yes 6.71 0.65 4.00 No 9.79 0.74 4.00 Yes 25.19 1.09 5.00 Yes 

6 56.90 1.38 4.00 Yes 52.04 1.55 5.00 Yes 2.61 0.65 4.00 No 8.54 0.74 4.00 No 8.27 1.09 5.00 No 

5 36.77 1.38 4.00 Yes 63.70 1.55 5.00 Yes 0.00 0.65 5.00 No 2.69 0.74 4.00 No 5.29 1.09 5.00 No 

4 31.26 1.38 4.00 Yes 58.09 1.55 5.00 Yes 13.71 0.65 5.00 Yes 0.21 0.74 5.00 No 5.09 1.09 4.00 No 

3 24.58 1.11 4.00 Yes 16.00 1.29 5.00 Yes 19.18 0.49 5.00 Yes 7.50 0.67 5.00 No 7.89 0.85 4.00 No 

2 9.40 1.11 4.00 No 6.98 1.29 5.00 No 23.07 0.49 5.00 Yes 12.03 0.67 5.00 Yes 11.09 0.85 4.00 Yes 

1 7.46 0.90 5.00 No 3.64 1.17 5.00 No 56.11 0.25 5.00 Yes 18.32 0.49 5.00 Yes 42.34 0.65 4.00 Yes 

0 5.06 0.90 5.00 No 4.45 1.17 5.00 No 94.57 0.25 5.00 Yes 56.83 0.49 5.00 Yes 62.15 0.65 4.00 Yes 
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MA Seymour Sheshego Water-kloof 

AV Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject 

10 179.94 1.71 4.00 Yes 124.80 1.75 3.00 Yes 52.68 1.11 4.00 Yes 

9 165.44 1.68 4.00 Yes 104.40 1.65 3.00 Yes 36.04 0.89 4.00 Yes 

8 62.16 1.68 4.00 Yes 56.40 1.65 3.00 Yes 7.21 0.89 4.00 No 

7 62.16 1.24 4.00 Yes 56.40 1.35 3.00 Yes 7.21 0.67 4.00 No 

6 47.57 1.24 4.00 Yes 40.97 1.35 4.00 Yes 2.61 0.67 4.00 No 

5 40.60 1.24 5.00 Yes 25.09 1.35 4.00 Yes 0.21 0.67 5.00 No 

4 35.77 1.24 5.00 Yes 12.17 1.35 4.00 Yes 10.50 0.67 5.00 No 

3 9.95 1.10 5.00 No 6.88 1.13 4.00 No 21.54 0.49 5.00 Yes 

2 11.44 1.10 5.00 Yes 9.09 1.13 4.00 No 26.68 0.49 5.00 Yes 

1 5.87 0.89 5.00 No 5.64 0.89 5.00 No 50.71 0.17 5.00 Yes 

0 17.58 0.89 5.00 Yes 12.34 0.89 5.00 Yes 94.57 0.17 5.00 Yes 

MA Watersvale Hogsback Tower 

AV Index RMSE DF Reject Index RMSE DF Reject Index RMSE DF Reject 

10 80.29 1.37 3.00 Yes 64.39 1.24 5.00 Yes 124.80 1.75 3.00 Yes 

9 80.29 1.37 3.00 Yes 48.86 1.11 5.00 Yes 97.73 1.62 3.00 Yes 

8 59.36 1.37 3.00 Yes 38.27 1.11 5.00 Yes 56.40 1.62 3.00 Yes 

7 59.36 1.19 3.00 Yes 38.27 0.85 5.00 Yes 56.40 1.35 3.00 Yes 

6 36.11 1.19 4.00 Yes 11.45 0.85 5.00 Yes 44.97 1.35 4.00 Yes 

5 16.39 1.19 4.00 Yes 10.24 0.85 5.00 No 25.09 1.35 4.00 Yes 

4 6.71 1.19 4.00 No 6.00 0.85 5.00 No 10.04 1.35 4.00 Yes 

3 7.54 0.97 4.00 No 34.55 0.67 5.00 Yes 6.88 1.17 4.00 No 

2 2.11 0.97 4.00 No 83.11 0.67 5.00 Yes 9.09 1.17 4.00 No 

1 5.36 0.80 5.00 No 111.89 0.55 5.00 Yes 5.64 0.89 5.00 No 

0 20.89 0.80 5.00 Yes 92.27 0.55 5.00 Yes 15.64 0.89 5.00 Yes 
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APPENDIX B:  THE STANDARDIZED PRECIPITATION EVAPOTRANSPIRATION INDEX RESULTS 

Years Adelaide Alice Balfour Bedford Fort Beaufort HealdTown Hermanuskop Hogsback Katberg Katriver Kwamanola KwaPita Mabandla Melani 

1985 0.63 0.19 0.08 0.57 0.21 0.26 0.06 -0.04 0.11 0.07 -0.03 0.79 0.11 0.11 

1986 -1.00 -1.20 -1.23 -1.07 -1.17 -1.07 -1.25 -1.02 -1.00 -1.13 -1.01 0.15 -1.22 -1.22 

1987 0.10 0.44 0.32 0.04 0.47 0.53 0.35 0.06 1.04 0.17 0.06 0.49 0.35 0.35 

1988 -0.07 0.03 -0.07 -0.13 0.06 0.12 -0.06 -0.21 0.68 -0.16 -0.21 0.22 -0.04 -0.04 

1989 0.46 0.16 0.05 0.41 0.19 0.25 0.07 -0.13 -0.06 -0.05 -0.13 1.10 0.08 0.08 

1990 -1.40 -1.66 -1.66 -1.47 -1.63 -1.51 -1.69 -1.31 -1.50 -1.50 -1.31 -0.95 -1.66 -1.66 

1991 -0.17 -0.11 -0.20 -0.23 -0.08 -0.01 -0.19 -0.30 0.06 -0.27 -0.31 -0.51 -0.18 -0.18 

1992 -1.26 -1.20 -1.22 -1.33 -1.17 -1.06 -1.24 -1.01 -2.12 -1.13 -1.01 -0.74 -1.22 -1.22 

1993 0.34 0.38 0.27 0.28 0.41 0.47 0.29 0.02 0.18 0.13 0.02 1.28 0.29 0.29 

1994 -1.23 -1.69 -1.69 -1.30 -1.66 -1.54 -1.72 -1.33 -1.58 -1.52 -1.33 -0.99 -1.68 -1.68 

1995 0.08 0.05 -0.05 0.03 0.08 0.15 -0.03 -0.19 -0.33 -0.14 -0.20 0.05 -0.02 -0.02 

1996 0.52 0.93 0.78 0.46 0.95 0.99 0.81 0.37 0.55 0.56 0.37 1.75 0.81 0.81 

1997 -0.30 0.12 0.01 -0.36 0.15 0.21 0.03 -0.15 0.05 -0.09 -0.16 0.96 0.04 0.04 

1998 -0.05 0.33 0.22 -0.11 0.36 0.42 0.24 -0.01 -0.10 0.09 -0.01 -0.02 0.25 0.25 

1999 -1.70 -1.79 -1.79 -1.77 -1.76 -1.64 -1.81 -1.40 -1.30 -1.61 -1.40 -1.59 -1.78 -1.78 

2000 -0.13 -0.33 -0.41 -0.19 -0.30 -0.23 -0.40 -0.45 -0.42 -0.44 -0.45 -0.23 -0.39 -0.39 

2001 0.07 -0.16 -0.25 0.02 -0.14 -0.06 -0.24 -0.34 0.01 -0.31 -0.34 0.53 -0.23 -0.23 

2002 0.42 0.22 0.12 0.36 0.25 0.31 0.14 -0.08 -0.97 0.00 -0.09 0.56 0.14 0.14 

2003 -1.22 -1.12 -1.15 -1.28 -1.09 -0.98 -1.16 -0.96 -1.24 -1.07 -0.96 -1.09 -1.14 -1.14 

2004 0.61 0.69 0.56 0.56 0.72 0.77 0.59 0.22 0.22 0.37 0.22 0.19 0.59 0.59 

2005 0.37 0.28 0.17 0.32 0.31 0.37 0.19 -0.05 0.67 0.05 -0.05 0.79 0.20 0.20 

2006 1.80 1.59 1.40 1.75 1.61 1.63 1.45 0.80 0.99 1.08 0.80 1.53 1.44 1.44 

2007 0.05 0.06 -0.04 -0.01 0.09 0.15 -0.03 -0.19 -0.17 -0.13 -0.19 0.18 -0.01 -0.01 

2008 -0.97 -1.19 -1.22 -1.04 -1.16 -1.06 -1.24 -1.01 -0.99 -1.13 -1.01 -0.72 -1.21 -1.21 

2009 0.50 0.43 0.31 0.44 0.46 0.51 0.34 0.05 0.77 0.17 0.05 0.79 0.34 0.34 

2010 -0.36 0.41 0.29 -0.43 0.44 0.49 0.32 0.04 0.18 0.15 0.04 -1.47 0.32 0.32 

2011 2.87 2.50 2.26 2.82 2.52 2.52 2.34 1.40 0.91 1.81 1.39 1.39 2.32 2.32 

2012 1.53 1.25 1.08 1.48 1.27 1.30 1.12 0.58 0.32 0.81 0.58 -1.04 1.12 1.12 

2013 -0.04 -0.04 -0.14 -0.10 -0.01 0.05 -0.12 -0.26 -0.32 -0.21 -0.26 -0.23 -0.11 -0.11 

2014 0.18 -0.35 -0.42 0.12 -0.32 -0.24 -0.42 -0.46 -0.01 -0.46 -0.46 0.14 -0.40 -0.40 

2015 1.50 1.89 2.35 1.89 1.69 1.02 2.36 3.01 2.80 3.02 3.00 0.48 2.51 2.51 

2016 -0.86 -1.03 -0.07 0.02 -1.31 -1.98 0.23 2.03 1.13 1.03 2.02 -2.24 -0.29 -0.29 

2017 -1.25 -0.09 1.34 -0.77 -0.46 -1.12 0.68 2.33 1.45 1.83 2.35 -1.58 0.65 0.65 
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Years MiddleDrift MountMitchel MountProspect Quma Seymour Sheshego Skurftekop Tower Watersvale Waterkloof Windsor WolfRidge 

1985 0.33 0.47 0.63 0.24 0.07 0.29 0.56 0.38 0.51 0.49 0.29 0.21 

1986 -0.66 -1.10 -0.94 -0.80 -1.13 -0.47 -1.06 -0.54 -1.09 -1.09 -0.45 -0.81 

1987 0.89 -0.01 0.14 0.83 0.17 -0.17 0.06 -0.22 -0.01 0.01 -0.15 0.83 

1988 0.10 -0.17 -0.02 0.00 -0.16 -0.03 -0.11 -0.07 -0.17 -0.16 -0.01 0.00 

1989 0.50 0.35 0.50 0.42 -0.05 1.07 0.43 1.09 0.35 0.37 1.06 0.42 

1990 -1.20 -1.48 -1.32 -1.38 -1.50 -0.73 -1.45 -0.80 -1.48 -1.48 -0.69 -1.38 

1991 -0.06 -0.26 -0.11 -0.17 -0.27 -0.20 -0.21 -0.25 -0.27 -0.25 -0.18 -0.17 

1992 -1.27 -1.34 -1.18 -1.45 -1.13 -0.46 -1.31 -0.52 -1.34 -1.34 -0.43 -1.44 

1993 0.35 0.22 0.37 0.25 0.13 1.25 0.30 1.28 0.23 0.24 1.24 0.26 

1994 -1.68 -1.31 -1.15 -1.88 -1.52 -0.91 -1.28 -1.00 -1.31 -1.31 -0.88 -1.88 

1995 0.02 -0.02 0.13 -0.09 -0.14 0.41 0.05 0.39 -0.02 -0.01 0.42 -0.08 

1996 0.85 0.41 0.55 0.78 0.56 1.68 0.49 1.73 0.41 0.42 1.66 0.78 

1997 0.16 -0.40 -0.25 0.06 -0.09 0.03 -0.34 -0.01 -0.40 -0.39 0.04 0.06 

1998 0.39 -0.15 0.00 0.30 0.09 -0.06 -0.09 -0.10 -0.15 -0.14 -0.04 0.30 

1999 -1.28 -1.77 -1.61 -1.46 -1.61 -1.83 -1.75 -1.96 -1.78 -1.77 -1.77 -1.46 

2000 -0.08 -0.23 -0.08 -0.20 -0.44 0.39 -0.17 0.37 -0.23 -0.22 0.39 -0.20 

2001 -0.20 -0.03 0.12 -0.32 -0.31 0.28 0.04 0.26 -0.03 -0.02 0.29 -0.32 

2002 0.09 0.31 0.45 -0.01 0.00 0.79 0.38 0.80 0.30 0.32 0.79 -0.01 

2003 -1.22 -1.30 -1.14 -1.39 -1.07 -1.11 -1.27 -1.21 -1.30 -1.30 -1.07 -1.39 

2004 0.17 0.50 0.65 0.07 0.37 0.78 0.58 0.78 0.50 0.52 0.77 0.07 

2005 0.53 0.26 0.41 0.45 0.05 0.68 0.34 0.67 0.26 0.28 0.68 0.45 

2006 1.02 1.67 1.80 0.96 1.08 1.74 1.78 1.79 1.67 1.69 1.72 0.97 

2007 -0.41 -0.06 0.09 -0.55 -0.13 0.45 0.01 0.43 -0.06 -0.05 0.45 -0.55 

2008 -0.79 -1.06 -0.90 -0.94 -1.13 -0.42 -1.02 -0.48 -1.06 -1.06 -0.39 -0.94 

2009 0.31 0.39 0.53 0.21 0.17 0.79 0.46 0.79 0.38 0.40 0.78 0.22 

2010 1.40 -0.46 -0.31 1.36 0.15 -1.48 -0.41 -1.60 -0.46 -0.45 -1.43 1.37 

2011 2.80 2.72 2.84 2.83 1.81 1.52 2.86 1.56 2.71 2.75 1.50 2.84 

2012 1.58 1.40 1.54 1.56 0.81 -0.59 1.51 -0.66 1.40 1.43 -0.56 1.56 

2013 -0.11 -0.15 0.00 -0.23 -0.21 0.15 -0.08 0.12 -0.15 -0.13 0.16 -0.23 

2014 0.05 0.08 0.23 -0.05 -0.46 0.24 0.15 0.22 0.07 0.09 0.25 -0.05 

2015 0.59 2.30 1.03 1.53 3.02 0.13 1.80 0.36 2.30 2.22 0.00 1.53 

2016 -1.97 0.15 -1.27 -0.90 1.03 -2.23 -0.72 -2.01 0.14 -0.07 -2.30 -0.90 

2017 -1.22 0.07 -1.77 -0.03 1.83 -1.97 -0.50 -1.58 0.07 0.02 -2.14 -0.02 



 
109 

Years A B C 

1985 -0.17 0.65 -0.09 

1986 -0.83 0.28 -0.98 

1987 0.23 0.37 0.45 

1988 0.46 0.37 0.75 

1989 -0.11 1.49 -0.01 

1990 -1.12 -1.25 -1.37 

1991 -0.39 -0.22 -0.39 

1992 -1.34 -1.13 -1.66 

1993 -0.40 0.89 -0.40 

1994 -0.68 -0.34 -0.77 

1995 -0.55 -0.35 -0.60 

1996 -0.26 2.01 -0.22 

1997 -0.30 1.23 -0.26 

1998 -0.29 -0.07 -0.24 

1999 -1.11 -1.70 -1.34 

2000 -0.14 -0.01 -0.05 

2001 -0.12 0.38 -0.03 

2002 -0.40 0.65 -0.43 

2003 -0.92 -1.00 -1.06 

2004 0.08 0.24 0.23 

2005 -0.05 0.71 0.07 

2006 0.62 1.37 0.97 

2007 -0.16 -0.36 -0.08 

2008 -0.95 -1.04 -1.14 

2009 0.18 0.68 0.38 

2010 0.08 -1.18 0.25 

2011 1.16 1.81 1.70 

2012 0.55 -1.08 0.87 

2013 -0.55 -1.04 -0.55 

2014 -0.34 -0.51 -0.32 

2015 2.51 0.55 2.43 

2016 2.17 -1.72 1.20 

2017 3.16 -0.70 2.68 
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APPENDIX C:  CHI-SQUARED INDEPENDENCE TEST OF TWO CLASSIFICATION METHODS 

 WindSor C B 

AV Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue 

10 3.36 0.30 2 No 0.19 3.82 0.43 4 No 0.43 8.40 0.63 3 Yes 0.04 

9 3.29 0.30 2 No 0.19 3.69 0.43 3 No 0.30 9.90 0.63 3 Yes 0.02 

8 7.13 0.43 2 Yes 0.03 2.25 0.43 3 No 0.52 15.78 0.85 3 Yes 0.00 

7 11.31 0.60 3 Yes 0.01 2.22 0.35 3 No 0.53 15.60 0.87 3 Yes 0.00 

6 16.00 0.80 3 Yes 0.00 4.75 0.55 3 No 0.19 12.24 0.74 3 Yes 0.01 

5 13.02 0.72 3 Yes 0.00 4.43 0.58 4 No 0.35 17.90 1.04 4 Yes 0.00 

4 18.20 1.00 3 Yes 0.00 6.18 0.63 4 No 0.19 22.26 1.23 4 Yes 0.00 

3 20.42 1.00 3 Yes 0.00 12.06 0.98 4 Yes 0.02 23.85 1.24 4 Yes 0.00 

2 24.07 1.17 4 Yes 0.00 10.84 0.90 4 Yes 0.03 27.70 1.33 3 Yes 0.00 

1 30.27 1.28 4 Yes 0.00 15.32 0.97 4 Yes 0.00 28.35 1.26 3 Yes 0.00 

0 31.31 1.22 4 Yes 0.00 21.49 1.30 4 Yes 0.00 24.95 1.29 3 Yes 0.00 
 Wolridge Watersvale Tower 

AV Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue 

10 1.11 0.17 2 No 0.57 1.11 0.17 2 No 0.57 2.17 0.25 2 No 0.34 

9 1.11 0.17 2 No 0.57 1.11 0.17 2 No 0.57 3.31 0.30 2 No 0.19 

8 2.50 0.25 2 No 0.29 2.50 0.25 2 No 0.29 4.47 0.35 2 No 0.11 

7 3.69 0.30 2 No 0.16 3.69 0.30 2 No 0.16 10.00 0.49 2 Yes 0.01 

6 4.89 0.46 3 No 0.18 4.89 0.46 3 No 0.18 11.31 0.67 3 Yes 0.01 

5 3.37 0.39 3 No 0.34 3.37 0.39 3 No 0.34 17.33 0.82 3 Yes 0.00 

4 3.40 0.49 3 No 0.33 3.40 0.49 3 No 0.33 18.07 0.85 3 Yes 0.00 

3 3.21 0.49 3 No 0.36 3.21 0.49 3 No 0.36 22.16 1.03 3 Yes 0.00 

2 6.86 0.74 3 No 0.08 6.86 0.74 3 No 0.08 19.76 1.04 3 Yes 0.00 

1 14.45 0.83 4 Yes 0.01 14.45 0.83 4 Yes 0.01 26.99 1.19 4 Yes 0.00 

0 23.92 0.89 4.00 Yes 0.00 23.92 0.89 4.00 Yes 0.00 28.68 1.24 4.00 Yes 0.00 
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 A Skurftekop Waterkloof 

AV Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue 

10 3.83 0.55 5 No 0.57 3.69 0.43 3 No 0.30 3.60 0.43 3 No 0.31 

9 4.11 0.46 4 No 0.39 6.32 0.49 3 No 0.10 6.32 0.49 3 No 0.10 

8 4.09 0.46 4 No 0.39 3.33 0.39 3 No 0.34 3.33 0.39 3 No 0.34 

7 2.40 0.46 4 No 0.66 3.24 0.39 3 No 0.36 3.42 0.49 3 No 0.33 

6 3.42 0.63 4 No 0.49 6.92 0.65 3 No 0.07 6.86 0.65 3 No 0.08 

5 3.81 0.65 4 No 0.43 7.97 0.76 3 Yes 0.05 7.68 0.78 4 No 0.10 

4 6.53 0.63 4 No 0.16 14.38 0.80 4 Yes 0.01 14.38 0.80 4 Yes 0.01 

3 9.03 0.82 4 No 0.06 19.80 0.95 4 Yes 0.00 27.13 1.04 4 Yes 0.00 

2 9.21 0.83 4 No 0.06 24.65 1.13 4 Yes 0.00 27.73 1.19 4 Yes 0.00 

1 10.81 0.94 5 No 0.06 25.25 1.40 4 Yes 0.00 24.49 1.37 4 Yes 0.00 

0 20.11 1.14 5 Yes 0.00 32.34 1.33 4 Yes 0.00 34.18 1.33 4 Yes 0.00 
 Hogsback Sheshego Seymour 

AV Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue 

10 5.13 0.58 4 No 0.27 2.17 0.25 2 No 0.34 4.32 0.43 3 No 0.23 

9 4.47 0.63 4 No 0.35 3.33 0.30 2 No 0.19 2.01 0.30 3 No 0.57 

8 4.75 0.60 4 No 0.31 5.81 0.39 2 No 0.05 1.85 0.30 3 No 0.60 

7 4.12 0.74 4 No 0.39 10.00 0.49 2 Yes 0.01 3.74 0.49 3 No 0.29 

6 14.02 0.94 4 Yes 0.01 12.94 0.70 3 Yes 0.00 6.19 0.63 3 No 0.10 

5 23.76 1.02 4 Yes 0.00 17.33 0.82 3 Yes 0.00 3.74 0.58 4 No 0.44 

4 25.92 1.03 4 Yes 0.00 16.16 0.83 3 Yes 0.00 5.03 0.67 4 No 0.28 

3 21.96 1.23 4 Yes 0.00 22.16 1.03 3 Yes 0.00 15.08 0.94 4 Yes 0.00 

2 21.62 1.36 4 Yes 0.00 19.76 1.04 3 Yes 0.00 21.08 1.02 4 Yes 0.00 

1 32.98 1.23 4 Yes 0.00 26.99 1.19 4 Yes 0.00 25.51 1.07 4 Yes 0.00 

0 28.60 1.11 4 Yes 0.00 27.98 1.21 4.00 Yes 0.00 24.25 1.23 4 Yes 0.00 
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Quma Mountprospect MountMitchel 

AV Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue 

10 7.08 0.49 3 No 0.07 1.11 0.17 2 No 0.57 3.60 0.43 3 No 0.31 

9 6.76 0.49 3 No 0.08 2.29 0.39 3 No 0.52 6.32 0.49 3 No 0.10 

8 9.58 0.70 3 Yes 0.02 4.80 0.46 3 No 0.19 3.47 0.49 3 No 0.32 

7 11.13 0.83 4 Yes 0.03 2.29 0.35 3 No 0.51 3.40 0.49 3 No 0.33 

6 16.53 0.89 4 Yes 0.00 2.24 0.35 3 No 0.52 5.19 0.58 3 No 0.16 

5 20.00 1.03 4 Yes 0.00 6.90 0.58 3 No 0.08 7.68 0.78 4 No 0.10 

4 22.90 1.03 4 Yes 0.00 9.09 0.78 4 No 0.06 18.33 0.83 4 Yes 0.00 

3 22.26 1.02 4 Yes 0.00 17.09 0.80 4 Yes 0.00 24.33 1.03 4 Yes 0.00 

2 24.11 1.27 4 Yes 0.00 23.26 1.00 4 Yes 0.00 27.20 1.18 4 Yes 0.00 

1 28.60 1.29 4 Yes 0.00 26.14 1.15 4 Yes 0.00 27.50 1.47 4 Yes 0.00 

0 34.41 1.39 3 Yes 0.00 23.89 1.35 4 Yes 0.00 34.44 1.26 4 Yes 0.00 
 

Middledrift Melani Mabandla 

AV Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue 

10 5.57 0.46 3 No 0.13 2.40 0.25 2 No 0.30 2.40 0.25 2 No 0.30 

9 6.83 0.58 3 No 0.08 2.33 0.25 2 No 0.31 2.33 0.25 2 No 0.31 

8 9.63 0.63 3 Yes 0.02 2.25 0.25 2 No 0.32 2.22 0.25 2 No 0.33 

7 17.19 0.82 4 Yes 0.00 3.31 0.30 2 No 0.19 3.26 0.43 3 No 0.35 

6 20.93 1.02 4 Yes 0.00 4.44 0.55 3 No 0.22 4.42 0.55 3 No 0.22 

5 28.49 1.10 4 Yes 0.00 4.41 0.52 3 No 0.22 3.05 0.43 3 No 0.38 

4 23.17 1.00 4 Yes 0.00 3.87 0.46 3 No 0.28 3.87 0.46 3 No 0.28 

3 23.18 1.24 4 Yes 0.00 7.38 0.63 3 No 0.06 15.06 0.80 3 Yes 0.00 

2 27.06 1.33 4 Yes 0.00 22.97 0.89 3 Yes 0.00 25.47 0.95 4 Yes 0.00 

1 33.82 1.27 4 Yes 0.00 30.43 1.09 4 Yes 0.00 27.68 1.06 4 Yes 0.00 

0 33.12 1.24 4 Yes 0.00 28.55 1.11 4 Yes 0.00 28.17 1.23 4 Yes 0.00 
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Kwapita Kwamanola Katriver 

AV Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue 

10 4.57 0.35 2 No 0.10 3.15 0.46 3 No 0.37 3.69 0.43 3 No 0.30 

9 5.76 0.39 2 No 0.06 3.67 0.46 3 No 0.30 1.62 0.30 3 No 0.66 

8 8.40 0.46 2 Yes 0.01 4.06 0.46 4 No 0.40 1.56 0.30 3 No 0.67 

7 14.67 0.65 3 Yes 0.00 4.49 0.60 4 No 0.34 3.50 0.49 3 No 0.32 

6 14.46 0.78 3 Yes 0.00 4.47 0.63 4 No 0.35 4.68 0.60 3 No 0.20 

5 18.46 0.85 3 Yes 0.00 4.75 0.67 4 No 0.31 4.11 0.58 4 No 0.39 

4 18.26 0.92 3 Yes 0.00 4.12 0.74 4 No 0.39 4.90 0.60 4 No 0.30 

3 23.22 1.10 3 Yes 0.00 14.02 0.94 4 Yes 0.01 14.89 0.92 4 Yes 0.00 

2 20.29 1.10 4 Yes 0.00 23.76 1.02 4 Yes 0.00 19.97 0.90 4 Yes 0.00 

1 24.47 1.15 4 Yes 0.00 25.92 1.03 4 Yes 0.00 28.50 1.11 4 Yes 0.00 

0 31.76 1.30 4 Yes 0.00 21.96 1.23 4 Yes 0.00 24.19 1.15 4 Yes 0.00  
Katberg Hermanuskop HealdTown 

AV Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue 

10 11.03 0.65 3 Yes 0.01 4.42 0.46 3 No 0.22 1.08 0.17 2 No 0.58 

9 12.67 0.80 4 Yes 0.01 5.61 0.58 3 No 0.13 2.15 0.25 2 No 0.34 

8 15.58 0.95 4 Yes 0.00 4.86 0.49 3 No 0.18 3.26 0.43 3 No 0.35 

7 26.86 1.13 4 Yes 0.00 5.14 0.58 3 No 0.16 4.40 0.46 3 No 0.22 

6 20.80 1.03 4 Yes 0.00 18.88 0.83 3 Yes 0.00 5.47 0.46 3 No 0.14 

5 21.45 1.02 4 Yes 0.00 28.17 0.97 4 Yes 0.00 6.83 0.58 3 No 0.08 

4 26.59 1.22 4 Yes 0.00 30.55 1.11 4 Yes 0.00 25.22 0.85 3 Yes 0.00 

3 28.37 1.36 4 Yes 0.00 29.52 1.34 4 Yes 0.00 23.70 0.94 4 Yes 0.00 

2 38.07 1.39 4 Yes 0.00 27.02 1.37 4 Yes 0.00 29.33 1.04 4 Yes 0.00 

1 32.63 1.28 4 Yes 0.00 38.90 1.24 3 Yes 0.00 25.22 1.24 4 Yes 0.00 

0 23.61 1.30 4 Yes 0.00 33.68 1.17 3 Yes 0.00 26.15 1.21 4 Yes 0.00 
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Fort Beaufort Balfour Bedford 

AV Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue 

10 1.11 0.17 2 No 0.57 2.4 0.25 2 No 0.30 1.11 0.17 2 No 0.57 

9 1.09 0.17 2 No 0.57 2.28 0.25 2 No 0.31 1.11 0.17 2 No 0.57 

8 1.07 0.17 2 No 0.58 2.28 0.25 2 No 0.31 1.11 0.17 2 No 0.57 

7 1.05 0.17 2 No 0.58 3.33 0.30 2 No 0.18 3.6 0.43 3 No 0.30 

6 3.27 0.43 3 No 0.35 5.67 0.58 3 No 0.12 6.31 0.49 3 No 0.09 

5 5.71 0.49 3 No 0.12 4.40 0.52 3 No 0.22 3.3 0.39 3 No 0.34 

4 4.27 0.43 3 No 0.23 4.85 0.49 3 No 0.18 3.2 0.39 3 No 0.36 

3 5.56 0.55 3 No 0.13 7.6 0.70 3 No 0.05 6.99 0.72 3 No 0.07 

2 18.45 0.85 3 Yes 0.00 25.74 0.94 3 Yes 0.00 8.78 0.80 4 No 0.06 

1 23.70 0.94 4 Yes 0.00 27.98 1.04 4 Yes 0.00 16.26 0.82 4 Yes 0.00 

0 25.99 1.00 4 Yes 0.00 28.28 1.07 4 Yes 0.00 28.83 1.06 4 Yes 0.00  
Alice Adelaide 

AV Test RMSE DF Same Pvalue Test RMSE DF Same Pvalue 

10 1.11 0.17 2 No 0.57 1.11 0.17 2 No 0.57 

9 1.09 0.17 2 No 0.58 1.11 0.17 2 No 0.57 

8 1.08 0.17 2 No 0.58 1.11 0.17 2 No 0.57 

7 2.22 0.25 2 No 0.33 2.29 0.25 2 No 0.32 

6 4.50 0.46 3 No 0.21 3.53 0.43 3 No 0.32 

5 5.71 0.49 3 No 0.13 3.53 0.39 3 No 0.32 

4 5.47 0.46 3 No 0.14 3.24 0.39 3 No 0.36 

3 5.66 0.63 3 No 0.13 3.40 0.49 3 No 0.33 

2 18.10 0.85 3 Yes 0.00 8.35 0.74 3 Yes 0.04 

1 23.70 0.94 4 Yes 0.00 13.57 0.85 4 Yes 0.01 

0 25.19 1.00 4 Yes 0.00 19.30 0.85 4 Yes 0.00 
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APPENDIX D:  ETHICAL CLEARANCE CERTIFICATE 
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