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ABSTRACT 
 

The study investigated aridity and its impacts on water resource availability in the 

Luvuvhu River Catchment (LRC). Hydrological information indicates gradual 

changes towards more arid conditions in the LRC. The shift towards aridity has 

impacted negatively on water resources availability. Aridity indices for the LRC were 

determined using both meteorological and hydrological data. The 5-year or 10-year 

rainfall or streamflow averages were used to detect drought thresholds, except 

during flood events. A significant study was done on drought conditions using 

Standardised Precipitation Index (SPI), Standardised Precipitation-

Evapotranspiration (SPEI) and Standardised Streamflow Index (SDI). The study 

hypothesised increased inter-station variations (spatial and temporal) observable 

from 5-year or 10-year rainfall or streamflow averages over a historical hydrological 

period. The study used rainfall and temperature data from the Agricultural Research 

Council (ARC) and South African Weather Service (SAWS) spanning 58 years (1961 

- 2018). National Centers for Environmental Prediction (NCEP) data with a resolution 

of 10 km was used to determine historical and future aridity in the LRC. The 

spatiotemporal variations and trends of aridity are reflected in the availability and 

distribution of water resources. The study developed the aridity indices using United 

Nations Environment Programme (UNEP) Aridity Index (AI) to determine the 

spatiotemporal variability of water resources in the LRC.  The variations and trends 

of aridity indices were determined using the coefficient of variation and Mann Kendall 

test, respectively. Due to a limited number of weather stations in the study area, the 

Kriging method was used to interpolate aridity indices for areas with no stations. The 

temporal changes of the 5-year or 10-year cycles of hydrological data analyses show 

progressive, gradual increases linked to global environmental changes such as 

global warming. The Hierarchical clustering (HC) analysis revealed the presence of 

two factors that account for 59.7% and 39.3% of the variability in rainfall within the 

LRC. The results show that upstream of the catchment experiences more rainfall and 

lower temperatures than downstream. The increase in temperature and decrease in 

rainfall might negatively impact the availability of water resources for downstream 

users. Thus, more arid conditions are experienced downstream of the catchment 

than upstream. Flood events have become rare and more intense, a characteristic 
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associated with areas prone to droughts. The results of the study reveal significant 

year-to-year variability in floods and drought events. The increase in aridity should 

be considered when allocating water resources and implementing sustainable water 

resources management in the LRC. Thus, the study provides a baseline for 

monitoring and modelling hydrological processes in arid environments. 

 

Keywords: Aridity; drought; land-use change; Luvuvhu River Catchment; 

streamflow; and water resources availability 
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The study’s contributions to knowledge include: 
 

• Determination of arid indices and conditions at a catchment scale will aid in 

decision-making by water resources managers. 

• The study established the rainfall distribution in the LRC based on orographic 

influence. This information is useful in understanding the distribution of water 

resources availability in the LRC. 

• The current study also provided a forecast for the availability of water in the 

LRC using a standardized measure for computing standardized arid index.  

• This present study provided the importance of integrating drought and floods 

analysis on water resource availability.  
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• This study could bring valuable understandings into water resource 

management economic and sustainable development.  
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CHAPTER ONE: INTRODUCTION 
 

1.1 Background 

Climate variability and change that are a result of both natural processes and human 

activity are highly important environmental concerns. These issues have the 

potential to significantly impact the world throughout the 21st century (Abram et al., 

2021; Hulme, 2001; Kenny et al., 2001). Distinguishing between the latter two is a 

challenging task. Furthermore, it presents a significant difficulty in distinguishing the 

effects of climate change from long-term fluctuations in climate over several decades 

(Berdowski et al., 2001).   

Variations in rainfall are controlled by the distribution and amount in both time and 

space. In some instances, these variations are reported to be influenced by El Nino 

Southern Oscillation (ENSO). For example, a study by Manatsa and Matarira (2009) 

among others has shown that ENSO events influence rainfall variability in southern 

Africa. However, it is essential to note that variations cannot be linked to the latter in 

some instances. As a result, a gap for further investigation exists with the purpose of 

identifying and quantifying the other causes.  

Aridity is a climatic characteristic characterised by low annual precipitation, 

inadequate water, and significant spatial and temporal fluctuations (Ahmed et al., 

2019). This leads to reduced moisture levels and ecosystem support for living 

organisms (Pereira et al., 2009). According to Adamo and Crews-Meyer (2006), 

aridity may be a result of high frequency of droughts occurrence. This has been 

reported in studies such as Maliva and Missimer (2012) which indicated the negative 

impact on water resources availability. Areas with arid climates are defined by their 

limited and unpredictable rainfall patterns, typically accumulating between 100 to 600 

mm of precipitation each year (Muli, 2014). The primary characteristic of aridity is the 

presence of dry conditions, which arises due to an imbalance between the amount of 

annual precipitation and the process of evaporation (Martano et al., 2015). This 

poses a threat to areas which rely on these water resources. According to Sun 

(2009), aridity may occur due to frequent occurrence of droughts. The availability of 
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water resources is adversely affected by this situation (Kabanda, 2004). Thus, in 

recent times, the issues of aridity and drought have gained significant importance at 

a global level due to their wide-ranging implications on the environment and socio-

economic factors (Salvati et al., 2012). According to the International Hydrological 

Programme (IHP, 1999) approximately 33 percent of the land surface on Earth can 

be considered as either arid or semi-arid. This is further worsened when one 

considers the fact that more than two thirds of South African land surface is 

considered as both arid and semi-arid (Dennis and Nell, 2002). 

1.2 Problem statement 

Rainfall in Luvuvhu River Catchment (LRC) is characterised by seasonal and annual 

variations. Rainfall is mainly received in the summer season which is associated with 

high temperatures. Thus, high rates of evapotranspiration are experienced in this 

area. Both rainfall and evapotranspiration amounts vary in both time and space with 

droughts becoming more frequent with a few floods in transition as reported by 

(Kabanda, 2004). Additionally, Singo et al. (2012) has shown that there are temporal 

variabilities in both the rainfall and streamflow in the study area. Odiyo et al. (2015) 

also confirm the above findings in a study on long-term trends and variability in 

streamflow and rainfall in the same area.  

Arid and semi-arid zones are characterised by low annual rainfall and very high 

evaporation rate, resulting in  to severely limited water resources availability (Hadji et 

al., 2010). Climatic variation and climate change have a significant impact on the 

hydrology in arid and semi-arid regions, highlighting its sensitivity (Misra, 2014). In 

these areas, even slight alteration in temperature and precipitation can lead to 

significant variations in runoff, which in turn raises the chances of experiencing 

severe droughts and floods  (Field et al., 2012).  

Several studies such as Odiyo et al. (2015), Singo et al. (2012) and Odiyo et al. 

(2020) have shown that the LRC has been prone to variations of both rainfall and 

streamflow over the years. This variability in hydrological variables is responsible for 

major shifts in the hydrological cycle as reported by Elhag (2006). This can manifest 

itself in the form of aridity in areas which used to be semi-arid. Thus, semi-arid 

conditions can be converted into arid conditions if there is a decrease in rainfall. This 
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in most cases is coupled by high temperatures. Aridity may be one of the permanent 

conditions replacing the normal conditions in most parts of the world including the 

LRC (Hulme, 2001, Quesada-Hernandez et al., 2019). With evidence of climate 

change having effects on the hydrology of the LRC, it is likely to impact on the semi-

arid environment (Mukwada et al., 2021). The regions of the world currently and 

expected to experience the greatest water stress are the arid and semi-arid areas 

(Masoud et al., 2022). 

Recently, there has been a noticeable shift towards a drier and more unpredictable 

climate in certain areas (Wasti et al., 2022). This has contributed to an increase in 

the occurrence of intense precipitation events on a global scale, while more 

moderate precipitation events have decreased. This phenomenon has had a 

particularly strong impact on semi-arid or arid regions. As a result, damage from 

extreme flood events has steadily increased despite the ongoing challenges of water 

scarcity in certain areas (Kundzewicz and Kaczmarek, 2000). 

Most studies dealing with aridity have been done at the regional scale. These include 

studies such as that of Araghi et al. (2018), Yin et al. (2015) and Brutsaert and 

Stricker (1979) amongst others, all of which overlooked the fact that water resources 

are mostly managed on a catchment scale. Studies at a provincial level have 

indicated that the Limpopo Province where the LRC is located has water deficit 

(Monashane, 2011, Muller et al., 2009). In other words, evapotranspiration is higher 

than the precipitation received. The latter excludes the requirement by water users. 

Thus, there is a need to undertake research on aridity at a catchment scale where 

decisions on water resources and supply can be made. This study will aid in decision 

making by water resources managers. It will also help reservoir operators in knowing 

when to release water. It is therefore essential that appropriate research methods 

are developed and applied for the former and that strategies for the development of 

water resources in arid and semi-arid regions consider the main features of in situ 

hydrological processes.  

1.3 Justification of the study 

Water scarcity is a critically significant issue, but when compared to other climatic 

regions, semi-arid hydrology has not been given as much focus (Govender et al., 
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2022). Additionally, historical hydrological data have been largely inadequate and 

basins with this type of data may be regarded as ungauged basins due to the 

potential irrelevance of the information (Wheater, 2008). The restricted nature of the 

data arises from the scarce number of hydrological monitoring networks in those 

areas, where construction and upkeep are challenging and costly. It is therefore 

important to understand aridity and its influence on water resources availability in 

semi-arid areas. 

Rainfall and streamflow in LRC are characterised by seasonal and annual variations. 

Rainfall is mainly received in the summer season which is associated with high 

temperatures. Thus, a high rate of evaporation is experienced in this area. The 

rainfall amounts vary in both time and space with droughts becoming more frequent 

and a few floods as reported by (Kabanda, 2004). A study by Nkuna (2012) has 

shown that there are temporal variations in both rainfall and streamflow in the study 

area. Through allowing hydrologists, hydrological and hydraulic engineers to 

construct adequate flood mitigation measures, accurate flood recurrence estimation 

can save human lives and property damage  (Haghighatafshar et al., 2020). 

Aridity research at a catchment scale will aid in decision-making by water resources 

managers. It will also help reservoir operators in knowing when to release water i.e., 

manage water resources in the catchment effectively to sustain economic and social 

development of the livelihoods that depend on them. Thus, the study establishes the 

nature and distribution of rainfall in the LRC. The study also developed a forecast for 

the availability of water in the LRC using a standardized measure for computing 

standardized aridity index. It also provides the most useful information on the 

distribution of available water over an area. This study is justified by the need to 

better understand the consequences of drought and floods on water resource 

availability. This study could bring valuable understandings into water resource 

management economic and sustainable development.  
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1.4 Research objectives 

1.4.1 Main objective 

The main objective of this study was to investigate the effect of aridity and its 

impacts on water resources availability in the LRC. 

1.4.2 Specific Objectives 

• To determine the inter-station variability (spatial and temporal) observable 

from 5-year or 10-year rainfall time series data of at least 30 years in the 

study area. 

• To assess variations and trends in rainfall, temperature and streamflow of 5-

year or 10-year cycles over at least 30 years of time series data in the study 

area. 

• To determine flood and drought thresholds, duration, magnitude/intensity and 

frequency in the study area. 

• To determine aridity indices in the study area. 

• To assess the historical and future impact of spatial-temporal variation of 

aridity on water resources in the LRC. 

1.5 Research questions 

• Is inter-station variability (spatial and temporal) detectable in the study area 

from 5-year or 10-year rainfall time series data spanning at least 30 years? 

• To what extent are variations and trends in rainfall, temperature, and 

streamflow explained by 5-year or 10-year cycles in the study area, using at 

least 30 years of time series data? 

• What are the flood and drought thresholds, duration, magnitude/intensity and 

frequency in the study area? 

• What are the aridity indices in the study area? 

• How does historical and future spatial-temporal variation of aridity impact on 

water resources availability in the LRC? 
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1.6 Research assumption 

The present study assumed that the LRC is changing towards arid conditions which 

pose serious impacts on the availability of water resources.  

1.7 The study area 

1.7.1 Location 

The Luvuvhu River Catchment (LRC) is a large and diverse area in the Limpopo 

Province's Northern Region. It is located within one of the five districts within the 

latter province called Vhembe District Municipality (VDM).  It spans a significant 

distance between the longitudes 29°49'46.16"E and 31°23'32.02"E and the latitudes 

22°17'33.57"S and 23°17'57.31"S. It covers an area of approximately 5941 km2 

(Figure 1.1).   

 
Figure 1.1: A map of the Luvuvhu River Catchment 
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1.7.2 Climate 

The LRC experiences distinct seasons that bring about varying weather patterns. 

During the summer season, the area is characterised by hot and wet conditions, with 

an average daily temperature of 28°C and an average rainfall of 450 mm per annum. 

In contrast, the winter season brings about cold and dry weather conditions. The 

contrast between the seasons in this region is clear, with temperatures and rainfall 

patterns shifting dramatically between the two seasons. Thus, some areas of the 

catchment with very low rainfall and high temperature can be described as semi-arid 

to arid. 

 

1.7.3 Topography 

The predominant topographical feature in the LRC is the Soutpansberg Mountain 

range. The upper section of the LRC holds the most elevated points and steepest 

slopes (Figure 1.2). The altitude ranges from 200 m in the northeast to 1600 m in the 

southwest. The study area encompasses a blend of gently rolling plains, where 

slopes of less than 5% predominate across over 80% of the region, as well as 

lowlands, hills, and mountains characterized by varying degrees of elevation (Kundu 

et al., 2015).  The topographic influence has a substantial impact on the hydrology of 

the remaining catchment, resulting in a notable increase in rainfall. 
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Figure 1.2: Topography of the Luvuvhu River Catchment 

 

1.7.3 Hydrology 

The study area is drained by the Luvuvhu River and its seven tributaries, namely 

Doringspruit, Latonyanda, Dzindi, Mutshundudi, Mutale, Mbwedi, and Tshinane. This 

can be seen in Figure 1.1. As it flows towards Kruger National Park, the Luvuvhu 

River merges with the Limpopo River, which extends into Mozambique and 

eventually meets the Indian Ocean. Originating from the perennial streams in the 

Soutpansberg, both the Luvuvhu River and its tributaries maintain a constant flow. 

The annual average precipitation in the area stands at 608 mm, resulting in an 

annual runoff of 519 million cubic meters, with a range between 85 and 1900 million 

cubic meters according to the State of the Rivers Report in 2001 (WRC, 2001). 
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1.7.4 Geology 

The geology of the area is varied and complex, with sedimentary rocks dominating in 

the northern regions while metamorphic and igneous rocks reign supreme in the 

southern territories. The contrast between the two types of rock formations is 

evidence of the dynamic and ever-changing nature of the earth's crust. In addition to 

the diverse rock formations, high-quality coal deposits can be found near 

Tshikondeni and in the northern part of the KNP, adding yet another layer of 

complexity to the landscape. With the exception of sandy aquifers found in the 

Limpopo River Valley, the composition of the formation exhibits a comparatively 

limited capacity to hold water (Busari, 2008). The presence of the Sibasa basalt has 

played a significant role in shaping the fundamental geological formation of the 

mountains within the Sibasa region, as well as certain adjacent areas (Magakane, 

2019). Dolerite dykes and unclassified surface deposits are found sporadically in 

various locations within the vicinity of Thulamela. These dikes are the most heavily 

aquifer bearing structures and are considered locally important. It is of great 

importance to acknowledge the intricate network of faults present within the region, 

predominantly aligned with the Fundudzi and Sibasa basalt formations. 

 

1.7.5 Vegetation and land use 

Land use activities in the LRC include forestry, agriculture and settlement. Forest 

plantations cover the upper reaches of the Luvuvhu and Latonyanda rivers and 

decrease towards the Albasini Dam. Land cover in the southern highlands of the 

LRC is dominated by exotic tree plantations of pine and eucalyptus, with some 

remaining and fragmented patches of indigenous forest (Griscom et al., 2010).  

Subsistence farming is about a third of the total agricultural component. Riparian 

vegetation is a sight to behold, characterised by dense stands of large trees, shrubs, 

and reeds that grow along the banks of rivers, streams, and other bodies of water. 

The trees that make up this vegetation are often tall and imposing, creating a canopy 

that shades the water below. The shrubs and reeds, on the other hand, are often 

smaller and more delicate, but they play a critical role in stabilizing the soil and 

preventing erosion. Together, these plants create a thriving ecosystem (WRC, 2001). 

The dry acacia forest species make up the riparian vegetation. To accommodate 
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increasing demand for agriculture, space for orchards are created by clearing 

extensive portions of the riparian area in the LRC (Riddell et al., 2022). Additionally, 

alien vegetation such as eucalyptus, poplar and Mauritius thorn have encroached on 

the riparian zone (Butt et al., 1994). 

 

Community farms are located on the steep slopes near the upper parts of the Dzindi 

River, while activities such as grazing and tree felling take place in the riparian zone. 

Subsistence farming dominates in the upper parts of the Mutshindudi and Mbwedi 

rivers, with a significant area of the sub-catchment covered by plantations. The 

Mutale catchment is occupied by subsistence farming. In the proximity Albasini 

foothills, huge citrus, mango, banana, and vegetable farms are plentiful. 
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CHAPTER TWO: LITERATURE REVIEW 

 

2.1 Preamble 

This chapter reviewed the historical trends in aridity encroachment and 

determination using applicable methodologies and the contemporary research in this 

field. It begins by reviewing the global issue of aridity with specific emphasis on the 

causes of aridity and its effects on water resources in Southern Africa. This is 

because it is a crucial issue that influences water resources management and 

planning. The physical characteristics and processes associated with aridity are 

discussed in this chapter. According to Andersen (2008), semi-arid regions have 

received little attention mainly due to their complexity in the hydrological settings and 

the lack of hydrological data. This chapter also reviews key hydrological processes 

occurring in semi-arid regions and how they can be measured or estimated. 

Hydrological extremes (droughts and floods) are reviewed with specific emphasis to 

arid and semi-arid areas. The issue of water scarcity and stress are discussed on a 

global and local scale. 

The sustainability of water resources is being hindered by several factors. These 

include the natural location of the country within the arid zone, where water is 

already scarce, as well as groundwater deterioration due to excessive pumping and 

pollution. Additionally, the population growth has increased the demand for water, 

while agriculture consumes a significant amount of water resources for irrigation 

(Murad et al., 2010). 

The concept of spatial-temporal aridity indices, their importance in assessing aridity, 

and how they are calculated was explored. different types of aridity indices 

discussed including their use and limitations. By the end of this literature, a better 

understanding of the significance of spatial-temporal aridity indices in monitoring and 

predicting aridity in arid regions is revealed. 

2.2 Arid environment 

It is important to differentiate between drought and aridity when looking at arid 

environments. An arid environment is defined as a region that is very dry and has 



 
 
 

12 
 

little vegetation (Basso et al., 2000). Thus, the arid environment is regarded as a 

climatic phenomenon characterised by a temporary and periodic anomaly caused by 

a prolonged lack of precipitation (Wilhite and Glantz, 1985). Several authors have 

linked drought to a shortage of water resources availability (Rossi, 2000, Tsakiris 

and Vangelis, 2005). Aridity, on the other hand, is an enduring feature of climate 

associated with dry regions that are subject to frequent or continuous occurrences of 

drought (Incoom et al., 2020). Due to the complexity in the requirements such as 

temperature, rainfall, and evaporation, aridity is difficult to quantify (Zomer et al., 

2022). Arid and semi-arid zones are known for their scanty annual rainfall and very 

high rates of evaporation, resulting in water resources being extremely insufficient 

(Hadji et al., 2010). However, it is essential to note that an arid area can also be 

defined as an area that receives less than 250 mm of rainfall each year (Botkin and 

Keller, 2010). Very arid regions are deserts in nature. Desert is a landscape form or 

region that receives very little precipitation. According to Laity (2009), deserts are 

areas with an average annual rainfall of less than 200 mm. An arid area is also 

defined as an area falling within the rainfall zones of 0 -300 mm. This implies that the 

arid environments are very diverse in landforms, soil, fauna, flora, water balances 

and human activities.  

 

Aridity is typically expressed as a function of rainfall and temperature (Rojas et al., 

2014). A region is arid when it is characterised by a severe lack of water availability 

that prevents the development of plants and animals. Areas exposed to arid climates 

tend to deficiency vegetation and are referred to as Xeri or Dexeric. The majority of 

dry climates are located around the equator including Africa and parts of South 

America, Central America and Australia (Mason and de Blij, 2016). 

In the United States of America areas that receive 500 mm and above of rainfall do 

not irrigate their crops while areas that receive less than 500 mm irrigate their crops 

(Lillesand et al., 2015). The above statement should be compared with the South 

African (SA) scenario with more than 50 percent considered arid and that SA 

receives rainfall less than the global average per annum as indicated by Joubert et 

al. (1996).  
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Arid regions are also facing problems such as soil erosion, over cultivation, 

deforestation, biological invasion, overgrazing, population growth and 

overexploitation of resources that result in desertification in certain areas (Becerril-

Piña and Mastachi-Loza, 2021). Thus, the characteristics below are amongst the 

ones that make arid regions unable to support some human activities:  

 

• Rainfall pattern. 

The rainfall is not reliable. People are unable to predict whether they will 

receive rain or not in the next season. Because of unreliable rainfall, it is 

impossible to practice agricultural activities and supply communities with 

sufficient surface water (Konapala et al., 2020). Despite repeated attempts at 

forecasting, the weather patterns have become highly unpredictable, making it 

nearly impossible for farmers to plan their harvests. This has led to much 

uncertainty and anxiety among the farming community, as their livelihoods 

depend entirely on the rainfall, they receive each year. 

 

• High rate of potential evapotranspiration. 

Evapotranspiration, the combination of water evaporation and plant 

transpiration, is known to be a crucial component of the water cycle. However, 

when evapotranspiration rates are high, they can result in structural land 

degradation. This occurs because excessive water absorption can cause soil 

erosion, leading to an increased risk of landslides, reduced soil fertility, and 

decreased plant growth. As such, it is important to monitor evapotranspiration 

levels and take steps to mitigate the effects of high rates, such as preventing 

over-irrigation and promoting sustainable land management practices. 

 

• Low organic matter level. 

When an area has low organic matter naturally, it can be difficult for plants to 

grow and thrive. To increase the amount of organic matter in these areas, 

people often turn to artificial means. This can include adding fertilizers, 

compost, and other materials to the soil to help create a nutrient-rich 

environment for plants. While these methods can be effective in the short-

term, they may not be sustainable in the long-term. Artificial means of 
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increasing organic matter can also negatively impact the environment, 

contributing to soil erosion and water pollution. Therefore, it is important to 

consider more natural and sustainable ways of increasing organic matter, 

such as crop rotation, cover crops and organic fertilisers. 

 

• The arid soil tends to support more weeds than cultivated crops. 

Weeds outcompete selected crops for resources, which is a significant 

challenge for farmers and agricultural practitioners. The soil supports more 

weeds than selected crops, making optimum crop yield difficult to achieve. 

Weeds grow faster and more aggressively than selected crops, and as a 

result, they outcompete them for food, sunlight, and other essential resources. 

This can result in stunted growth and low yields for the crops in question. 

Agricultural practitioners must devise weed-management strategies to ensure 

that selected crops thrive and produce high yields. A study by  Zhang et al. 

(2020b) showed how maize production can be improved areas with limited 

water. 

 

• Prone to flash floods. 

Arid regions, characterised by their low precipitation and high evaporation 

rates, often receive heavy showers of rain within a short period of time. 

However, due to the sandy or compacted soil, much of the water is lost 

through runoff and less infiltration into the ground. As a result, the area 

remains dry even after rainfall, and the water that does seep into the soil is 

quickly absorbed by plants or evaporates (Sharma, 2021). Additionally, the 

lack of vegetation in arid regions means there is little to no water retained in 

the ground, exacerbating the issue of water scarcity. This highlights the 

importance of sustainable water management in arid regions, including 

methods such as rainwater harvesting and soil conservation to help prevent 

water loss and promote long-term water availability. 

 

• Arid regions are typically windy. 

Arid regions are characterised by their high levels of wind due to the lack of 

vegetation that can impede air movement. The scarcity of plant life in these 
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regions means that the wind can move freely across the landscape, 

unencumbered by obstacles. This can have a significant impact on the water 

cycle in these areas, as wind removes moist air around the plants and soil 

due to the absence of any barrier to slow it down. As a result, arid regions are 

often subject to drought conditions as the moisture is quickly carried away by 

the wind, leaving the soil dry and barren. The high levels of wind in these 

regions also contribute to the formation of sand dunes and other geological 

features, which can have a dramatic impact on the local environment. 

 

• Vegetation in arid regions is scarce. 

They have vegetation, a mixture of grasses, herbs, small plants, shrubs, and 

trees, but they are scarce. The plant species in arid areas are scattered, and 

most of the plant species in those areas survive short life cycle. In that short 

life cycle, they can germinate, grow and produce during a short period of 

available moisture. Plant species with dead and extensive root systems can 

adapt to such an environment. They can gather water over a wide area. 

Those areas also have species which store water in their tissues and release 

that water very slowly. It makes them adapt to such conditions. 

2.2.1 Types of arid environments 
 
The types of arid environment include hyper-arid covers (4.2 percent), the arid zone 

(14.6 percent), and the semi-arid zone (12.2 percent) (Goyal et al. 2013). Almost a 

third of the total surface of the earth is therefore arid land (Figure 2.1).   
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Figure 2.1: World aridity zones (IPCC, 2001) 

 

Arid environments are characterised by dry and hot conditions and are home to 

diverse flora and fauna that have adapted to survive in these extreme conditions. 

These environments can be classified into three main types based on their level of 

aridity. The first type is hyper-arid covers, which comprise only 4.2 percent of arid 

environments. These areas are extremely dry and have little to no vegetation. The 

second type is the arid zone, which covers 14.6 percent of these environments. 

These areas are also dry but can support some vegetation and wildlife. The third and 

final type is the semi-arid zone, which covers 12.2 percent of these environments. 

These areas have a slightly higher moisture level and can support more vegetation 

and wildlife than hyper-arid and arid zones. Understanding the different types of arid 

environments is crucial for conservation efforts and developing sustainable practices 

in these regions. 

 

Drought refers to less availability of water compared to the usual or average 

condition for certain periods.  The aridity indicates permanent state of the climate 

over the given location. The aridity index (AI) is a measure of climatic condition 

over a given place. However, the drought is a temporary phenomenon. Deterioration 

of rainfall regime or degradation of the environment by human activities may cause 

aridity (Verheye, 2009).  
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Aridity occurs when moist air is cooled either by rising, mixing, radiant cooling, or 

contact cooling. The processes that contribute to the development of aridity generally 

hinder the occurrence of cooling by promoting air stability, creating temperature 

inversions, or raising atmospheric temperatures. When air descends, it tends to 

warm up, resulting in decreased relative humidity and increased aridity. The majority 

of arid regions are located in the tropics, where they receive substantial amounts of 

solar radiant energy that can be harnessed for environmental heating, wind power 

generation, or evaporation purposes (Thompson, 1975, Walton, 1969). Regional 

aridity can be attributed to four primary factors: elevated atmospheric pressure, 

continental air currents, the rain shadow effect, and frigid oceanic currents  (Agnew, 

1991, Thompson, 1975). 

 

High pressure 
Air heated at the equator has a significant role in shaping the Earth's climate. This air 

rises due to its lower density and moves towards the poles where it cools, becoming 

denser and heavier. The cooled air then sinks in the subtropics, roughly around 20o 

to 30o north and south latitude. This sinking motion creates high-pressure areas that 

are responsible for producing dry and sunny weather conditions. This process is 

known as the Hadley cell circulation and it affects the climate and weather conditions 

globally. Understanding the Hadley cell circulation is vital for predicting and 

managing weather patterns, which can have significant impacts on human activities, 

such as agriculture, transportation, and energy production.  

 

Continental winds 
Continental interior winds possess a distinct characteristic that distinguishes them 

from their oceanic counterparts (Bradley and Diaz, 2021). Due to the absence of 

water bodies, these winds have less chance of absorbing moisture, resulting in low 

humidity levels. This phenomenon is evident in several regions of the world, 

including South-west Asia and the Middle East. The dry, stable winds that blow 

across these areas have significant impacts on the climate and weather patterns. For 

instance, they contribute to the formation of arid and semi-arid landscapes, which 

are characterised by low rainfall and high temperatures. The stability of these winds 

also makes them ideal for certain economic activities, such as wind energy 
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production and aviation. Overall, the unique properties of continental interior winds 

make them an important factor to consider when studying climate and weather 

phenomena. In the context of moist airstreams, the distance along their flow paths 

from the ocean holds greater significance than the actual distance itself (Villiger et 

al., 2022). 

 

Rain shadow effect 
When air masses interact with mountain ranges, the cooling of the air causes 

precipitation and moisture loss. As air is forced to rise over the mountains, it cools 

and reaches its dew point, forming clouds and eventually, precipitation. This process, 

called orographic lifting, is responsible for the creation of many weather patterns, 

such as snowfall and rainfall. However, as the air cools and loses moisture, it 

becomes drier and less humid. This can result in arid conditions on the leeward side 

of the mountains, where the air mass descends, with little precipitation and a lack of 

moisture. The cooling of air by mountain ranges is an important factor in the regional 

climate, affecting both the precipitation and moisture levels in an area. 

 
Cold ocean currents  
The temperature of the lower atmosphere can be significantly affected by cool ocean 

currents near the shore. As these currents move along the coast, they can cool the 

surrounding air and create a stark contrast between the air temperature on land and 

the ocean. However, this phenomenon can also lead to a temperature inversion, 

where warmer air aloft does not allow cooler air near the surface to rise. This can 

create a stable layer of air that can cause a variety of weather conditions, such as 

fog and low-level clouds. In addition, temperature inversions can also trap pollutants 

near the surface, leading to poor air quality in the affected areas. Understanding the 

impact of cold ocean currents on the atmosphere is essential for predicting weather 

patterns and mitigating the potential effects of temperature inversions. This 

decreases humidity in areas such as coastal Peru, Oman, and Namibia (Warner, 

2009). 

 
The increasing occurrence of radioactive trace gases in the atmosphere is expected 

to lead to changes in climatic conditions. These changes could have significant 

impacts on the spatial and temporal distribution of land and water resources, water 
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quality, the hydrological cycle of water bodies, water supply systems, and water 

resource needs in different regions. To effectively address potential water resource 

issues related to industrial use, domestic consumption, power generation, 

transportation, agriculture, future planning and management of water resource 

systems, and protection of the natural environment, it is crucial to have reliable 

quantitative estimates of the hydrological impacts of climate change.  

 

The phenomenon of climate change is anticipated to bring about alterations in both 

soil moisture and water resources. The accurate prediction of regional precipitation, 

which stands as the most crucial climate variable subject to change, poses 

considerable challenges. In semi-arid regions, even slight alterations in precipitation 

can have a significant impact on water supply and utilisation, given their high 

sensitivity to such variations. Regarding the impact of increased temperature on 

precipitation, it is worth mentioning that the majority of precipitation is retained 

through natural processes such as infiltration and evapotranspiration initiated by 

vegetation (Hanel et al., 2018). While higher temperatures may promote more 

evapotranspiration, it is expected that this effect will be partly mitigated by reduced 

plant water usage under a CO2-enriched atmosphere. Furthermore, in areas with 

transitional winter snow zones, an increase in temperature could potentially lead to 

more winter precipitation in the form of rain, thereby increasing runoff during the 

winter season and reducing snowmelt flows in the spring and summer. 

Unfortunately, when the surplus winter runoff cannot be retained due to flood control 

regulations or inadequate storage capacity, it may lead to an undesirable reduction 

in the available water resources.  According to Tsakiris and Vangelis (2005), the 

following types of arid conditions were proposed by Food and Agricultural 

Organisation and can be distinguished based on aridity: 

 

The hyper-arid zone (arid index 0.3) 

The hyper-arid zone includes dryland areas with no vegetation, except for a few 

dispersed shrubs. Nomadic pastoralism is commonly practiced where rainfall on an 

annual basis low, seldom exceeding 100 mm (Swift, 2019). The rains are infrequent 

and irregular, sometimes without rain for long periods of several years according to 

Sharma (2021) and Dlamini et al. (2022). 
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Arid zone (arid index 0.03-0.20) 

Arid zone is characterised by pastoralism. Agriculture can only be possible with 

irrigation. Native vegetation is mostly sparse and consist of annual and perennial 

grasses and other herbaceous plants, as well as shrubs and small trees (Sharma, 

2021). High rainfall variability with annual amounts between is predominant in this 

area. 

 

The semi-arid zone (arid index 0.20-0.50) 

Semi-arid zone can support rain-fed agriculture with sustained levels of production 

(Zhang et al., 2020b). There is also a presence of sedentary production in the area. 

The native flora consists of a diverse range of species, including grasses, grass-like 

plants, subshrubs, and trees. The amount of annual rainfall fluctuates from 200 to 

250 mm to 450 to 500 mm, with a predominance of winter precipitation. 

The sub-humid zone (with an arid index of 0.50-0.75) also experiences arid 

conditions. In this context, the term "arid zone" encompasses the hyper-arid, arid, 

semi-arid, and sub-humid zones collectively. Therefore, the term "aridification" is 

generally used to describe an arid index that falls below 0.75. 

2.2.2 Aridity Index (AI) 
 
An aridity index (AI) is a numerical indicator of the aridity of the climate at a given 

location (Thornthwaite, 1948). It provides a simple way of understanding or 

expressing the ratio of precipitation to evapotranspiration. High AI represents a 

humid climate whereas low AI represents an arid area. The use of AI has the 

potential to measure the amount of precipitation that is accessible for use against the 

atmospheric water requirements (UNEP, 1997). AI can also be employed to 

represent aridity and is used to determine the suitability of rainfall in satisfying the 

water requirements crops (Tsiros et al., 2008). In addition, low AI signifies insufficient 

levels of moisture for prospective plant development, as well as a lack of capacity for 

soil to retain moisture. This may be associated with high drought vulnerability.  

 

The aridity index has been used to predict inter-annual variability of the 

evapotranspiration and runoff fluxes (Koster and Suarez, 1999). This has been used 
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to estimate the change in annual runoff due to changes in climate. This required data 

on precipitation and potential evaporation. More complex indices consider 

evapotranspiration and even wind and solar radiation. For time series analysis, it is 

necessary to have a complete set of variables for a long period to retrieve 

statistically significant results (Scordo et al., 2009). In a separate study, De Martonne 

(1926) used characteristics of soil hydrologic regime to classify climate by 

determining the aridity index. In this study, low values indicated dry conditions. 

Harouna and Carlson (1994) used the normalized deviation from the mean of 

monthly precipitation and subtracted it from the normalized deviation from the mean 

of monthly maximum temperatures, applied in the same way to calculate an aridity 

index. 

2.2.3 Determination of aridity 

Determination of aridity can be dated back to as early as early 20th century (De 

Martonne, 1926). This looked at the ratio between precipitation and temperature plus 

10oC. It was followed by several methods afterwards. This included among others 

more complex methods such as the use of reference evapotranspiration (ETo). The 

latter was developed by (Thornthwaite, 1948). Despite the two methods above, there 

was still no standard method for determining aridity. This led to further development 

of these methods. Penmann and Monteith were the first to get international 

recognition since they included crop evapotranspiration and irrigation water 

requirements (Allen et al., 1998).  

Aridity can also be used to determine soil moisture holding capacity in certain areas 

such as in Romania (Paltineanu et al., 2007). Despite the differences in the 

requirements of the equations used to determine aridity, the resulting aridity index 

has been used to check the relationship between soil type and soil moisture regime 

in some areas. Some of the key internationally recognised aridity indices are 

discussed and further summarised in Table 2.1. The ranking criteria for the aridity 

index was based on the requirement of data and the applicability of the method in 

different parts of the world. 
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Table 2.1: The climatic indices, along with their corresponding equations, 
classifications, and rankings (Modified from Chowdhury, 2018) 

 

Index Equation classification Rank number 
UNEP Arid Index, 
UAI 𝑈𝑈𝑈𝑈𝑈𝑈 =

𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃

 

 
P = Precipitation, PET= Potential 
evapotranspiration 

UAI< 0.05: Hyper-arid 
0.05≤UAI<0.2: Arid 
0.2≤ UAI< 0.5: Semi-arid 
0.5≤ UAI< 0.65: Dry sub-humid 
0.65 ≤ UAI<1: Sub-humid 
> 1: Humid 

1 

De Martonne’s 
aridity index, IDM 𝐼𝐼𝐷𝐷𝐷𝐷 =

𝑃𝑃
𝑇𝑇 + 10

 

 
 P= average rainfall, T= average 
temperature. 

IDM < 10: Arid 
10 ≤ IDM < 20: Semiarid 
20 ≤ IDM < 24: Mediterranean 
24 ≤ IDM < 28:Semi-humid 
28 ≤ IDM < 35: Humid 
35 ≤ IDM <  55: Very humid 
> 55: Extremely humid 

2 

Thornthwaite 
index  𝑃𝑃𝑃𝑃 = � 115 �

𝑃𝑃
𝑇𝑇 + 10

�
10/912

𝑛𝑛=1
 

𝑃𝑃𝑃𝑃 < 16:𝐴𝐴rid 
16 ≤ PE ≤ 31: Semi-arid 
32 ≤ PE ≤ 63: Semi-humid 
PE > 63: Humid  

3 

Minar’s moisture 
certainty, IM 𝐼𝐼𝑀𝑀 =

𝑃𝑃 − 30(𝑇𝑇 − 30)
𝑇𝑇

 IM<0: Highly-Arid  
1≤ IM < 7: Arid  
8≤ IM < 14: Semi-Arid  
15≤ IM < 21: Stable 
22≤ IM < 28: Semi-Humid 
29 IM < 35: Humid 
> 35: Per- Humid. 

4 

Pinna 
Combinative, IP 𝐼𝐼𝑝𝑝 =

1
2
�

𝑃𝑃𝑦𝑦
𝑇𝑇𝑦𝑦 + 10

+
12𝑃𝑃𝑑𝑑
𝑇𝑇𝑑𝑑 + 10

� 

Ip= Pinna Combinative Index, P= 
Yearly precipitation, T= 
Temperature means, Pd and 
Td= Precipitation and 
Temperature means in the 

 
Ip<10 arid climate; 
10≤Ip<20 Semi-dry; 
 Ip >20 Humid 
 

5 

Lang’s Rainfall 
Factor, IL 

𝐼𝐼𝐿𝐿 =
𝑃𝑃
𝑇𝑇

 

IL= Lang’s rainfall factor, P = 
Average rainfall, T= Average 
temperature 

IL< 40: Arid  
40≤ IL <60: Semi-arid 
60≤ IL <100: Humid 
>100: Per-Humid 

6 

The Emberger 
Index 𝐼𝐼𝐸𝐸 =

2000𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 𝑃𝑃
  𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇 

 

 
Average rainfall, T= Average 
temperature, Tmax= maximum 
temperature 

IE <10 Per-arid  
10≤ IE<30 Arid 
30≤ IE<65 Semi-arid 
65≤ IE<120 Sub-humid 
120≤ IE<170 Humid 
>170 Per-humid 

7 

Lobova Index 𝑉𝑉𝑎𝑎 =
𝑃𝑃

6.12∑𝑇𝑇𝐴𝐴−𝑂𝑂 − 30.6
 

 
Va= Lobova index, P = Average 
rainfall, T= Average 
temperature, A=April, 
O=October 
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UNEP Arid Index 
 
UNEP arid index (UAI) is the ratio of the precipitation (P) and potential 

evapotranspiration (PET) (UNEP, 1997).  UIA can give a reliable calculation of water 

balance (Greve et al., 2019). This index is better for assessing the availability of 

water resources because it is not solely based on precipitation (Zarch et al., 2015). 

Using this method can better understand precipitation patterns over time and how 

they may change due to climate change or other factors. It is a reliable tool for 

mitigating and adapting to climate change impacts. This is because it helps to 

identify areas that are susceptible to drought and water scarcity. This information 

can be critical for predicting weather patterns and planning for future water 

resources. This index has been widely used by researchers and policymakers to 

assess the water resources of a region and make informed decisions about water 

management. By understanding the UAI arid index, we can gain valuable insights 

into the water availability, drought risk, and climate variability of a region, which is 

key for effective water resource planning and management. Thus, the UAI is ranked 

number one in most studies of aridity. 

 

De Martonne’s aridity index (IDM) 
The De Martonnes index is employed to assess the aridity of a specific location by 

comparing the mean annual precipitation and average annual air temperature. The 

de Martonne aridity index is expressed as precipitation divided by temperature 

proposed by de Martonne in 1926. It is the oldest method used to measure aridity. 

The de Martonne is sometimes referred to as de Martonne drought index wherein its 

computation is based on the ration between precipitation and temperature plus 10 

(Greve et al., 2019). It can be computed monthly. Although it is considered as one of 

the most ancient indices, De Martonne's aridity index remains a reliable tool 

implemented to recognise aridity levels in diverse regions (Araghi et al., 2018).  

 

Thornthwaite index  
The Thornthwaite index, sometimes referred to as the Precipitation Effectiveness 

index, is a measure used to assess the effectiveness of precipitation in sustaining 

vegetation growth (Thornthwaite, 1948). This index considers both the amount and 
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distribution of precipitation throughout the year, as well as the temperature and 

evapotranspiration rates in the area. By using this index, researchers and 

environmentalists can better understand the relationship between precipitation and 

vegetation growth in a given region (Wang et al., 2012). The Thornthwaite index 

serves as a valuable tool for assessing the overall health and sustainability of 

ecosystems in various regions of the world. The precipitation effectiveness index 

(PE), a comprehensive measure of the impact of weather conditions on precipitation, 

combines monthly measurements of both precipitation and temperature (Marani-

Barzani et al., 2017). 

 

Minar's Moisture certainty  
Minar's Moisture certainty, a reliable method for determining moisture levels in 

specific locations, is directly influenced by the amount of rainfall and temperature 

(Chowdhury, 2018). The ratio of average rainfall in each period to average air 

temperature in the same period yields the amount of rainfall that falls on every 

degree of average temperature in a specific time interval. Minar's Moisture certainty 

is a valuable tool that allows users to determine the presence of moisture in specific 

locations. However, it is important to note that this measure is closely related to both 

rainfall and temperature. As such, it's crucial to take these factors into account when 

interpreting data gathered by Minar's Moisture certainty. By analysing moisture levels 

in conjunction with climate patterns, users can gain valuable insights into the overall 

health and condition of their environment. This information can be used to make 

informed decisions about land use, farming practices, and other important 

environmental factors. Ultimately, Minar's Moisture certainty is a powerful tool that 

provides critical information for anyone looking to better understand and manage 

moisture in their environment. 

 

Pinna Combinative Index   
Pinna combinative index is a tool that was developed by Pinna and has been used 

extensively in the field of environmental science. This index considers the mean 

value of precipitation and temperature, and it has been shown to be particularly 

useful in predicting weather patterns and identifying potential changes in the climate. 

The development of this index has been well-documented in various scientific 
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journals, including works by Deniz et al. (2011) and Ullah et al. (2022) among others. 

As such, the Pinna combinative index is a valuable resource for researchers and 

professionals in the field of environmental science and continues to be widely used 

and studied today. However, there are certain disadvantages associated with this 

technique that need to be considered. One of the main disadvantages is the 

complexity of the combinative index itself.  

 

This index can be difficult to understand and interpret, particularly for those who are 

not well-versed in climate analysis. Additionally, the accuracy of the analysis can be 

compromised if the data used to calculate the index is not reliable or consistent. It is 

also important to note that the results obtained from this technique may not always 

be applicable to other regions or areas with different geographical and climatic 

conditions. Therefore, while Pinna climate analysis using combinative index can 

provide valuable insights into climatic changes, it is important to approach it with 

caution and to consider its limitations when interpreting the results (Moral et al., 

2016). Additionally, the index may not consider important local factors that can 

impact climate, such as topography, vegetation, and urbanization. Finally, the 

combinative index may not be suitable for all regions or climates, as it was 

developed based on specific environmental conditions and may not be applicable to 

other areas. Therefore, while the Pinna climate analysis using combinative index 

may provide some insights into climate patterns, it should be used with caution and 

in conjunction with other methods for a more comprehensive analysis. 

 

Lang’s Rainfall factor  
Lang's rainfall factor is an important tool used in assessing the natural irrigation 

conditions of a landscape. This factor considers the relationship between rainfall and 

air temperature, which are two key factors that influence the ability of a landscape to 

retain moisture. By analysing this relationship, Lang's rainfall factor can provide 

valuable information on the water needs of a landscape and help identify areas 

where irrigation may be necessary. This information is particularly important for 

farmers and other individuals involved in land management, as it can help them 

make informed decisions about crop selection and irrigation practices. Overall, 

Lang's rainfall factor is a valuable tool for anyone looking to optimize the natural 



 
 
 

26 
 

irrigation conditions of their landscape. The Lang rainfall factor value is determined 

by assessing the correlation between the average annual rainfall and the average 

temperature.   

 

Emberger index  
The Emberger index is a useful tool for studying climate and weather patterns. This 

index is calculated by comparing the annual precipitation to the difference in 

temperature between the hottest and coldest months of the year (Benaradj et al., 

2022). The result is a ratio that provides insight into the conditions of an area. The 

Emberger index can be used to compare different regions and determine which 

areas are more arid or humid. By analysing data obtained from this index, scientists 

can make predictions about future weather patterns and assess the impact of climate 

change on various regions. Overall, the Emberger index is an important tool for 

understanding the dynamics of weather and climate in different parts of the world 

(Shaban et al., 2019). This index helps in understanding the climatic conditions and 

planning water management strategies accordingly. 

 

The Emberger Index is a commonly used method to quantify the aridity of a given 

climate zone. While it has its benefits, there are some notable disadvantages to 

using this index in climatology. This means that its accuracy can be compromised in 

areas where these variables have a significant impact on the climate. Additionally, 

the Emberger Index assumes a constant relationship between precipitation and 

evapotranspiration, which may not hold true in regions with complex hydrological 

cycles (Arkian et al., 2018, Moral et al., 2016). Finally, the index does not account for 

any changes in land use or land cover, which can have a significant impact on the 

water balance of an area. Therefore, while the Emberger Index can provide some 

insights into the aridity of a given region, it should be used with caution and in 

conjunction with other climatic indices for a more complete analysis. 

 
Lobova Index 
Lobova index is another way of assessing aridity. It uses average annual 

precipitation minus the monthly temperature of the wet period by subtracting the 

monthly temperature from the average annual precipitation, the Lobova index can 
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accurately identify regions with low moisture availability, such as deserts or semi-arid 

regions. Burić et al. (2018) used it Montenegro that experiences low rainfall amount 

between April and October. This measurement is particularly useful in areas where 

water availability is critical for agriculture, human habitation, or natural ecosystems. 

The Lobova index is a valuable tool for researchers and policymakers who need to 

understand the aridity of a region to make informed decisions about land use, water 

management, and environmental conservation. 

2.3 Challenges of water resources in an arid environment 

Water availability in an area is associated with the water scarcity index developed by 

Asheesh (2007). The Water Scarcity Index (WSI) takes into consideration various 

factors such as population growth rate, water availability, and the utilisation of water 

for domestic, industrial, and ecological purposes. The increasing population and 

recent periods of drought are placing significant strain on water resources. As a 

result, there is a pressing need for innovative strategies in water planning and 

management to prevent escalating conflicts and reverse environmental degradation. 

However, it is concerning that countries are utilising their water resources with 

greater intensity.  

Insufficient precipitation is progressively causing significant water shortages at a 

national level, resulting in the decline of water tables and the depletion of reservoirs, 

wetlands, and rivers (Forootan et al., 2019). Global warming is expected to lead to 

additional alterations, fluctuations, and a heightened level of unpredictability. 

Numerous factors pose challenges to the long-term viability of water resources. 

These factors encompass the inherent geographical positioning of the country in an 

arid zone, degradation of groundwater quality, rapid population expansion, 

agricultural and industrial operations, as well as the impact of tourism. 

Climatic variation and climate change have a significant impact on the hydrology of 

arid and semi-arid regions (Raulino et al., 2021). It is noteworthy that even slight 

fluctuations in temperature and precipitation within these regions may lead to 

significant variations in runoff percentages, ultimately enhancing the possibility and 

intensity of both droughts and floods (Parry et al., 2007). Throughout the twentieth 

century, there was a notable shift towards arid and unpredictable weather patterns, 



 
 
 

28 
 

leading to a substantial rise in the occurrence of intense precipitation events 

worldwide (IPCC, 2001). This increase came at the expense of more moderate 

weather events. The influence of this climate alteration is significantly prominent in 

regions of the world characterised as semi-arid and arid. Despite the challenge of 

water scarcity being widespread, this modification has resulted in a constant surge of 

harm associated with catastrophic flood occurrences (Kundzewicz and Kaczmarek, 

2000). 

The Limpopo Province is facing the issue of deforestation, which is coupled with a 

change in species composition (Musakwa et al., 2020). Communal areas are also 

affected by this problem, with a significant portion of the province being overrun by 

non-native or alien plants (Maema et al., 2016). According Hoffman and Ashwell 

(2001), Limpopo Province has been identified as one of the most environmentally 

damaged provinces in South Africa, especially in communal areas. According to 

Orimoloye (2023) drought is the most significant contributor to degradation.  

Drought conditions which are persistent have been reported to enhance arid 

conditions in the Volta River Basin in West Africa (Totin et al., 2014). These 

conditions are also associated with changes in hydrological regimes. To be specific, 

surface runoff reduced by 13% over a period of 40 years. This poses a threat on 

water resources availability.  

It is anticipated that global climate variations will give way to dwindling levels of 

precipitation in many areas of the world. However, due to the impending rise in 

temperatures, evaporation rates will likely surge, leading to arid climate. In addition, 

downpours are anticipated to decrease in frequency while intensifying in nature. 

These elements combined will most likely result in more frequent occurrences of 

both droughts and floods. Anticipated reductions in precipitation, as per climate 

models, are expected to exacerbate the already arid conditions in regions like 

northern Africa (Schilling et al., 2020). According Döll (2002)  has projected a rise in 

crop water requirements by more than 5% by 2070. However, it is important to note 

that this increase may vary in different regions and could even reach up to a 15% 

surge (Cline, 2007, Kundzewicz et al., 2007). The latter will have serious 

repercussions not only on water resources availability, but also on food security 

(Garrity et al., 2010).  
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2.4 Hydrological Extremes 
 

Hydrological extremes entail both floods and droughts. These are among the 

topmost challenges that hydrologists have been faced with for a very long period. 

Fighting the consequences of these has been a challenge for both developing and 

developed countries. Thus, this section will provide an overview of hydrological 

extremes. It will also explore how the most talked about hydrological extremes, i.e., 

floods and droughts, are linked to arid conditions. These are expected, in some 

areas they come in handy while in some they are considered disastrous. Droughts in 

the tropics produce more disastrous situations than floods. The repercussions of 

flooding events tend to receive significant coverage in media and scientific 

publications. Their swift and conspicuous effects make them a prominent subject of 

interest. The most significant difference probably lies in the duration of the extremes. 

Several studies including Ponce (1995), Greve et al. (2014) and Molini (2016) have 

indicated that hydrological extremes are common in arid climates. These studies 

found that the following reasons are responsible: 

• Precipitation levels remain relatively low throughout the year, but when it does 

rain, it comes down in intense storms that cover only a small area,  

• The potential evaporation rates are quite high, and  

• Low volume of runoff throughout the year with occasional short-term flash 

floods do occur 

Despite the intricate projected spatial variations of hydroclimate change, it is highly 

probable that many regions with existing heavy rainfall may experience even heavier 

precipitation, and conversely, drier regions will suffer from even more severe 

droughts. In addition, certain intermediate regions lying on the fringes of current 

subtropical dry zones are predicted to face progressively increasing aridity (Seager 

et al., 2013). Anticipated modifications can intensify issues throughout the water 

cycle, placing more pressure on the already constrained water resources in arid and 

semi-arid regions, whilst also heightening the possibility of floods and erosion in wet 

regions. Adjustments in precipitation strength have the potential to intensify the 

complexity of managing water in the future (Sun et al., 2021). Furthermore, the 

instrumental, historical, and prehistorical records of hydrological variations suggest 

that drastic changes between wet and dry conditions can happen swiftly. These 
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transitions can impact the availability of water resources and have significant 

consequences for ecosystems, agriculture, and society. Therefore, understanding 

the mechanisms and triggers of hydrological extremes is crucial for developing 

effective water management strategies and adapting to potential future changes.  

Studying past hydroclimatic events can provide valuable insights into the range and 

frequency of natural variability, as well as the potential impacts of human activities 

on the hydrological cycle. By taking a proactive approach to water management, we 

can mitigate the risks associated with extreme hydrological events and ensure 

sustainable water use for future generations (Seager et al., 2013). For example, 

within decades, transitions between wet conditions and dry can occur within a year 

and last for several years (Clark et al., 1999).  

Some of the recent studies in the study area on drought include Mathivha et al. 

(2020), Mazibuko et al. (2021) and Mukwada et al. (2021). The study by Mathivha et 

al. (2020) used several indices to assess the drought characteristics in the study 

area. These methods were mainly rainfall and streamflow based. The latter study 

found that drought is a common phenomenon in the study area as earlier indicated in 

studies by Kabanda (2004) and Nkuna and Odiyo (2016). Mukwada et al. (2021) 

used the NDVI to show the prevalence of drought events in the LRC. It showed that 

the number of years with low NDVI has increased over the years by a significant 

percentage. The study further showed that this does not show the effects of floods. 

Thus, a study by Mazibuko et al. (2021) asserted the impacts of both floods and 

droughts in the same study area. The above study looked at both the phenomenon 

using the La Nina and El Nino years coupled with the SPI. This leads to the 

conclusion that both floods and droughts are a challenge in the study area. The 

study, however, did not indicate the magnitude of the flood as well as their return 

periods. This is crucial for planning and water allocation purposes. This suggests 

that integration of flood and drought studies is crucial for areas such as the one in 

the study. 

Floods and drought are accountable for more than 60% of natural disasters 

occurring worldwide (EM-DAT, 2019). This is responsible for most of the budgets set 

aside for dealing with disasters by most governments. According to Zhao et al. 
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(2020), this needs to be looked at holistically because they alternate and in certain 

case they occur abruptly. 

2.4.1 Floods  

Flood is defined as an extreme amount of rainfall received in a particular location 

with measurements that are above normal measurements (Heim Jr, 2015). However, 

it is important to note that the definition of flood differs with respect to amount of 

precipitation and its perceived purpose. Flat or low-lying areas (flood plains) are 

common causes of flooding. At high tide, the ground is saturated and the rate of 

runoff is always reduced. Floods can also occur when water falls onto an impervious 

surface such as concrete, pavement or frozen ground, and cannot rapidly be drained 

quickly into the ground (Barnes et al., 2001).  

 Floods are associated with disastrous effects in some areas while in some areas 

they are associated with good recharge of water sources. Their negative effects are 

associated with washing away of crops; erosion of fertile topsoil; destruction of 

hydraulic structures such as weirs and bridges. According to Akpalu and Hassan 

(2009) flooding impacts differently on maize depending on the stages of growth. The 

topography of the LRC is characterised by many gentle slopes in the lower reaches 

where vulnerable communities are concentrated, for example, Bende Mutale 

neighbouring the KNP. Plate 2.1 indicates some of the impacts associated with 

floods in the study area. 

 

 

Plate 2.1: Impacts of flood on road infrastructure 
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The over-saturation of water during floods on seasonal crops such as tomato plant, 

maize and other crops becomes a fatal disaster on the root's hairs and the 

underground part of the crop because the xylem is over filled with water and this lead 

to roots rotting (Akpalu and Hassan, 2009). This usually occurs on maize that are in 

their early growth as the stem becomes more water filled leading to rapid growth 

followed by premature pollination (Jain et al., 2019). A flood occurs as a result of an 

excess amount of surface water runoff that surpasses the capacity limit of either 

natural or man-made channels. Consequently, the water spills over stream banks 

and onto lower-level regions. Nevertheless, a flood only becomes a hazardous 

situation when it poses a threat to human life and property. The occurrence of 

flooding in a riverline is a direct result of its varying dynamics, greatly influenced by 

the surrounding terrain. The flat regions are more susceptible to this kind of flood, 

whereby the land may remain submerged in shallow and sluggish floodwater for an 

extended duration ranging from several days to several weeks. In contrast, 

mountainous areas experience floods a few minutes after heavy rain. 

The short duration, great depths and high speeds of flash floods make this type of 

flooding, which is common in arid and semi-arid areas, particularly dangerous. 

Riverline floodplains vary in width and topography, ranging from narrow, constrained 

channels to expansive, level zones. In steeper, narrower valleys, flooding can 

transpire rapidly and briefly, but it is liable to be swift and profound. In contrast, in 

floodplains that are relatively flat, inundated areas can persist for several days, or 

even weeks, but the flooding is generally gradual and superficial. 

For a hydrologist, the most suitable method of conveying flood magnitude is through 

the measurement of instantaneous peak discharge. On the other hand, when 

assessing the risk of flooding, it is more pertinent to consider the noteworthy level 

that water can attain. Flash floods can happen in a variety of situations. For instance, 

they may occur due to heavy rainfall occurring within a short period of time, or as a 

result of sudden releases of large quantities of water from dams or river blockages. 

Their impact is rapid and intense, causing immediate flooding in low-lying 

geomorphological areas including, but not limited to, dry lakes, rivers, and mudflats. 

The occurrence can be attributed to intense precipitation resulting from a severe 
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thunderstorm, hurricane, tropical storm, as well as meltwater from ice or snow 

traveling over ice sheets or snowfields (Ryu et al., 2017). Flash floods may happen 

as a result of the failure of a natural obstruction like a debris or ice dam, or as an 

outcome of infrastructure failures including those of man-made dams. A good 

example may be the Johnstown flood of 1889 which occurred after a dam wall 

collapsed in Pennsylvania in the USA (McCullough, 1968). 

Distinguishing flash floods from regular floods is determined by the duration of 

the event, which is typically less than six hours (Seo et al., 2013). Flash floods 

have the potential to happen in different scenarios. This natural phenomenon 

takes place when there is a sudden downpour on soil that is already soaked or 

on soil that has low absorption capacity. The water from the excessive rainfall 

mixes with rivers and gullies, creating a strong surge of water accompanied by 

debris. These floods are frequent in arid regions that receive sudden rainfall, 

and can even be seen far away from the actual source, several kilometres 

downstream (Schmittner and Giresse, 1996). Flash floods are most common 

in dry areas due to soil type and permeability, and the lack of vegetation 

conducive to infiltration. Flash floods can be amplified by the increase in 

impervious areas (Plate 2.2). 
 

 
Plate 2.2: Flash floods in Thohoyandou (February 2016) 
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Flood frequency analysis 

Flood magnitude and frequency are performed simultaneously (Archer, 1998). This 

is because flood magnitude alone may not divulge some of the important information 

about floods behaviour in an area. Thus, it is necessary to consider the frequency of 

these events. In this case, historical records are used to mimic the expected 

behaviour of future events. Mann et al. (2004) discuss methods of estimating flood 

frequency and return periods. The intensity of floods caused by rainstorm 

occurrences varies based on the amount and duration of rainfall. The magnitude of 

the event can be assessed statistically to indicate the likelihood of a recurrence of 

the same magnitude.  

 

The study of Flood Frequency Analysis (FFA) is important since it helps find the 

most appropriate model that can determine extreme events of a natural phenomenon 

like flood (Alam et al., 2018). In most flood frequency analyses, the probability of 

occurrence of events is determined. This results in establishing the relationship 

between the magnitude of extreme events and their frequency. To achieve the latter, 

probability distribution functions are used. Flood frequency was estimated by studies 

such as Abida and Ellouze (2008), Ahilan et al. (2012) and Alam et al. (2018) 

amongst others. Flood frequency and magnitude provide essential information for 

communities affected by tropical cyclones and other extreme weather events. 

 

Several studies were conducted on the frequency of floods were conducted in the 

study area (LRC). However, it is important to note that such studies were focusing on 

streamflow as an input into the flood model. For example, Odiyo and Maluleke 

(2005) used Log Pearson Type III (LP3) method to determine the flood frequency 

and magnitude in the LRC using data from one streamflow gauging station at 

Makhovha Village. In another study, Singo et al. (2012) used a combination of 

methods including the Gumbel Extreme Value (EV1) and Log Pearson Type III (LP3) 

to determine the frequency of floods in the LRC. The above studies showed that the 

Log LP3 and EV1 methods perform better in estimating the return period and the 

corresponding magnitude well. This is in agreement with a study by Alexander 

(2002) that showed the LP3 is suitable for analysing flood frequency analysis in  

South Africa. 
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Smithers and Schulze (2004) created a database to estimate design rainfall for 

various time periods for South Africa. An analysis was conducted on return durations 

that spanned from 5 minutes to 7 days, and even as far as 200 years. This analysis 

was conducted simultaneously with the application of goodness of fit testing. The 

purpose of these tests is to aid in the selection of suitable distribution based on the 

data provided. Thus, it is important to note that these tests are not meant to 

determine the ideal distribution, but rather to eliminate potential distributions. The 

test statistics generated through these tests can then be utilized to evaluate the 

degree of conformity between the data and specified distribution. These tests identify 

discrepancies involving observed and predicted data values from the distribution 

under investigation. 

 

2.4.2 Droughts  

Defining drought can be challenging as it varies according to people's professions 

and their reliance on precipitation (Backeberg and Viljoen, 2003). However, most of 

the definitions have one thing in common i.e., lack of moisture (water). According to 

Shaw et al. (2011) drought is characterised as a prolonged duration of inadequate 

rainfall, commonly encountered in arid and semi-arid climates. Its numerous 

dimensions can impact soil moisture, streams, groundwater, ecosystems, and 

human beings, which vary across each specific region. However, the initial cause of 

a drought is always the absence of precipitation. The occurrence of drought is a 

frequent global phenomenon, with distinct spatial and temporal features that differ 

markedly across regions (Tallaksen and Van Lanen, 2004). Due to its recurrence in 

nature, it is often confused with aridity which has already been discussed in the 

earlier section. The duration and severity of droughts have increased, often 

persisting throughout the rainy season, and their underlying factors remain 

insufficiently comprehended (Nicholson, 2017). 

 

This section reviews how droughts may affect the availability of water resources in 

arid areas. Different types of droughts are meteorological, agricultural, hydrological 

and socio-economic in nature. Each type of drought reflects different sectors' 
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perspectives on water scarcity and is discussed later in this section. Various types of 

drought can occur, each representing distinct stages of an ongoing and natural 

phenomenon (Smakhtin and Hughes, 2004). Figure 2.4 below shows different types 

of droughts and their impacts according to Tallaksen and Van Lanen (2004).  

 

 
Figure 2.2: Types of droughts  

 
The agricultural sector is particularly susceptible to the effects of drought as 

compared to other sectors, primarily because the impacts on crops tend to arise 

during harvesting periods. Additionally, droughts are often accompanied by 

increased atmospheric temperatures, leading to a rise in surface temperatures. This 

poses a greater threat to crops such as maize, as the warmer soil conditions result in 

reduced oxygen absorption capabilities by plant roots (Rouanet, 1987). The primary 
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reason for the drying up of maize roots is the lack of oxygen absorbability, leading to 

oxygen deficiency. 

Meteorological drought 

The definition of meteorological drought commonly pertains to the intensity of aridity 

as well as the length of the period without precipitation (Maliva et al., 2012). This is 

usually compared to something normal or average. The onset of a drought generally 

begins with a meteorological drought. It is imperative to consider that meteorological 

drought definitions should be tailored to a specific region, as the atmospheric factors 

that result in precipitation shortage differ significantly depending on the area (Wilhite 

and Buchanan-Smith, 2005). For example, in the realm of meteorology, drought is 

defined as a period characterised by a scarcity of precipitation, as determined by the 

frequency of days wherein the amount of rainfall falls below a certain threshold. This 

condition is specifically applicable to geographical areas that consistently experience 

precipitation throughout all seasons. These areas include tropical rainforests, where 

the climate is characterised by high rainfall and constant humidity, as well as humid 

subtropical regions and humid mid-latitude climates, which also have a significant 

amount of precipitation throughout the year. Meteorological droughts are a cyclical 

form of disaster, triggered by insufficient precipitation levels that can result in 

substantial financial repercussions (Smakhtin and Hughes, 2004). Meteorological 

droughts are inevitable occurrences that cannot be prevented (Smakhtin and 

Schipper, 2008). However, with the aid of accurate forecasting and diligent 

monitoring, their detrimental impacts can be anticipated and minimized. Furthermore, 

despite their association with meteorological droughts, they only show a rainfall 

deficit compared to an expected amount over a given period. This type of drought 

occurs when dry weather patterns dominate an area. Meteorological droughts can 

begin and end quickly, before the other types of drought manifest themselves 

(Keyantash and Dracup, 2002, Rossi, 2000, Wilhite and Buchanan-Smith, 2005). 

Agricultural drought 

Agricultural drought is a phenomenon that encompasses different aspects of 

meteorological or hydrological drought, specifically examining the effects it has on 

agriculture (Moorhead et al., 2015). This includes inadequate levels of precipitation, 
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insufficient soil moisture, diminished reserves of groundwater or reservoirs required 

for irrigation, and similar factors. In agriculture, the amount of water needed by plants 

is influenced by various factors such as weather conditions, biological traits of the 

plant, growth stage, as well as physical and biological qualities of the soil. A 

definition of agricultural drought that is comprehensive should factor in the varying 

susceptibility of crops during different developmental phases from emergence to 

maturity. Specifically, droughts in agriculture are linked to rain availability which can 

be measured by plant requirements during the growing season. Plate 2.3 shows the 

impact of rainfall shortage on maize. According to Sharma et al. (2020), short-term 

impacts dominate the nature of these droughts, which involve variations in both the 

amount and spatial distribution of rainfall. The quality of rainfall, as opposed to just 

its quantity, may also play a crucial role. The occurrence of this drought stems from 

the impact it has on crops (Walz et al., 2020).  

 

 
Plate 2.3: Impacts of drought on agricultural production (February, 2015) 

 
Hydrological drought 

Hydrological drought typically manifests itself as a consequence of prolonged deficits 

in precipitation, which in turn affects the availability of water resources like 

streamflow, reservoir and lake levels, as well as groundwater. This can have far-



 
 
 

39 
 

reaching implications for society, potentially leading to significant impacts. 

Hydrological drought, in terms of frequency and severity, is typically characterised on 

a watershed or river basin scale. While all droughts stem from a lack of precipitation, 

hydrologists primarily focus on understanding how this deficiency impacts the 

hydrologic system. Hydrological droughts specifically affect various components of 

the hydrological system, such as soil moisture, streamflow, and levels of 

groundwater and reservoirs. Unlike other types of droughts, hydrological droughts 

are specifically associated with reduced discharge in rivers and streams, indicating 

long-term water deficits. This type of drought becomes apparent when there is a 

noticeable decrease in water supply, particularly in streams, reservoirs, and 

groundwater levels. Typically, these conditions develop after several months of 

meteorological and agricultural droughts have already occurred (Figure 2.2). The 

process of development and recovery requires a significantly greater amount of time  

(Keyantash and Dracup, 2002). It is worthwhile to note that it is hard to detect the 

changes of this type of drought and possibly attribute it to climate change. This 

occurs due to the possibility that the perceived impact of climate change in certain 

instances might actually be attributable to the influence of long-term climate 

fluctuations, as reported by Van Lanen et al. (2013). 

 

Hydrological drought is a type of drought that can have significant societal impacts 

due to extended periods of precipitation shortfalls affecting water supply (Wilhite and 

Buchanan-Smith, 2005). Hydrologists have a specific focus on the implications of 

this insufficiency within the hydrological system, as it has the potential to affect 

critical aspects such as soil moisture, streamflow, as well as groundwater and 

reservoir levels. Unlike other types of drought, hydrological droughts are related to 

reduced discharge in rivers and streams, typically after many months of 

meteorological and agricultural droughts (Van Lanen et al., 2013). Plate 2.4 shows 

the impact of hydrological drought on streamflow. Detecting changes in this type of 

drought can be difficult and attributed to climate change because multi-decadal 

climate variability plays a role in some cases (Berdowski et al., 2001, Van Lanen et 

al., 2013). 
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Plate 2.4: Impacts of drought on hydrology (river discharge) 

 

2.5 Drought assessment and monitoring 

Drought indices integrate multiple factors such as precipitation, snow accumulation, 

streamflow, and other key water supply indicators to provide a comprehensive 

assessment. The value of a drought index is significant in facilitating decision-making 

processes, as it consolidates extensive data sets into a singular numerical value.. 

Various drought indices measure the level of precipitation deviation from historical 

standards over a particular period. It is worth noting that none of these indices can 

be deemed superior in all scenarios. Some indices are more appropriate for specific 

purposes compared to others. In international publications, different indices have 

been thoroughly discussed and applied, including the ones below: 

 

Percent of Normal  

The computation of this index involves dividing the current precipitation by the 

average precipitation, commonly referred to as the "normal" precipitation, which is 

typically based on a 30-year mean. The result is then multiplied by 100. This index 

has the flexibility to be calculated over different time periods, typically ranging from a 

single month to a collection of multiple months.  Discloses the proportion of 

precipitation during a specified time in relation to the standard precipitation during 
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the baseline period. The use of this method is limited in South African catchments. 

However, this method is mainly used on a seasonal scale.  

 

𝑃𝑃𝑁𝑁 = 𝑝𝑝𝑖𝑖
𝑝̅𝑝

× 100…………………………………………………………(2.1) 

 

Where: 

• 𝑝𝑝𝑖𝑖  is annual rainfall and 

• 𝑝̅𝑝 is long time rainfall mean. 

 

Deciles  

The time series of accumulated precipitation for a specific duration is split into 

segments, referred to as deciles, which represent 10% of the overall distribution. 

These deciles serve as a means to examine and comprehend the patterns of 

precipitation over time. This approach facilitates the identification of the most 

prevalent and least frequent precipitation values. It proves to be an invaluable 

technique for studying and predicting weather patterns, empowering us to make well-

informed choices and preparations by leveraging past data. However, it is worth 

noting that the applicability of this method is constrained within South African 

catchments.  

 

 

𝑃𝑃𝑖𝑖 = 𝑖𝑖
𝑛𝑛+1

× 100…………………………………………………………(2.2) 

 

Where: 

• Pi is probability of rain in number ith,  

• n is number of rainfall data 

 

Palmer Drought Severity Index (PDSI) 

Palmer (1965) devised an index that utilizes the water balance equation's supply-

and-demand concept. The purpose of this index is to assess the moisture supply's 

deviation from regular conditions in a place. It considers variables such as 

precipitation and temperature data, as well as meteorological parameters and the 
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soil's Available Water Content (AWC) at a local level. As per the PDSI classification, 

strong droughts are more frequent over eastern Europe's continental region. 

Conversely, areas along the northwest European seaboard, the Mediterranean 

seaboard, and the Alps rarely experience droughts. This index has been widely used 

in North America and Europe. Its implementation is gradually picking up speed in 

South Africa, and it has played a crucial role in studies such as Mbhamali and Jury 

(2021) and Theron et al. (2021) in assessing the impacts of drought on agriculture. 

The primary equation for the Palmer Drought Severity Index (PDSI) is relatively 

complex, encompassing several elements that must be derived from temperature, 

precipitation, and regional moisture information. The PDSI is based on the water 

balance equations below. 

 

𝑑𝑑 = 𝑃𝑃 − 𝑃̇𝑃…………….………………………………..……..(2.3) 

 

Where: 

d, is the difference between the actual precipitation (P) and climatically appropriate 

for existing conditions precipitation 𝑃̇𝑃 is an indicator of water deficiency or surplus. 

𝑃̇𝑃 = 𝐸𝐸𝐸𝐸 + 𝑅𝑅 + 𝑅𝑅𝑅𝑅 − 𝐿𝐿……………………………………………..(2.4) 

 

Where: 

• ET is the evapotranspiration (mm) 

• R is the recharge of soil moisture (mm) 

• RO is the runoff (mm); and  

• L is the loss of soil moisture (mm) 

 

Surface Water Supply Index (SWSI) 

The SWSI (Snow Water Supply Index) was created by Shafer and Dezman (1982) 

as a supplementary tool to the Palmer Index. Its purpose is to address the 

challenges posed by significant variations in topography within a given region, while 

also taking into consideration the accumulation of snow and resulting runoff. To 

calculate the SWSI for a specific basin, one must gather monthly data from all 

precipitation stations, reservoirs, and snowpack/streamflow measuring stations 

located within that basin. 
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𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = [(𝑎𝑎×𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆)(𝑏𝑏×𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)(𝑐𝑐×𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅)−50]
12

………………………..(2.5) 

Where: 

• PN is the probability of non-exceedance 

• SP is snowpack 

• RS reservoir components, during summer SP is replaced by SR for 

streamflow 

 

Standardized Precipitation Index (SPI) 

The Standardised Precipitation Index (SPI) was developed by McKee et al. (1993) 

with the purpose of measuring the shortage of precipitation for various time periods. 

Through its evaluation of different water resource availability, SPI reflects the impact 

of drought on soil moisture conditions on a shorter scale and on groundwater, 

streamflow, and reservoir storage on a longer scale. Thus, the index was originally 

determined for time periods of 3, 6, 12, 24, and 48 months (Moreira et al., 2015). The 

computation of SPI is based solely on precipitation records and involves calculating 

the difference between precipitation anomalies and their mean values for a given 

period, divided by the standard deviation of the data. This index is used worldwide 

because of its flexibility in data requirements.  

σ
x

Z xi −= …………………………………………….. (2.6) 

Where: 

• Z = normalized standardised departure 

• 𝑥̅𝑥= sample mean 

• 𝑥𝑥𝑖𝑖 = raw value 

• 𝜎𝜎 = sample standard deviation 

 

The Standardized Precipitation Index (SPI) exhibits homogeneity in terms of the 

spatial occurrence of severe drought events. according to Hayes et al. (1999), one 

potential drawback of the SPI is its inability to identify regions that are more 

susceptible to drought. However, a standard classification system should prioritize 

standardization in both space and time, ensuring that the frequency of a specific 
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event is not influenced by its location. Therefore, the SPI can be considered superior 

to the PDSI when it comes to categorizing droughts on a consistent scale. 

Additionally, aside from the spatial distribution of drought occurrence, the SPI12 

index produces identical results to those obtained with the PDSI. The latter agreed 

with Oladipo (1985), demonstrated through the analysis of data specific to Nebraska, 

that precipitation-based indices can exhibit strong performance in comparison to 

intricate hydrological indices like the PDSI. Moreover, the SPI possesses the added 

benefit of a flexible time scale, which proves advantageous in examining the 

chronological progression of events. A good example of the use of this is reported by 

(Hayes et al., 1999) for US drought of 1996. Their research highlights the various 

implications of such environmental challenges and illustrates how drought not only 

impacted agricultural productivity but also had far-reaching effects on water supply, 

ecosystem health, and the economic stability of communities. Nkuna and Odiyo 

(2016) used the SPI to show the variability of rainfall in the upper reaches of the 

LRC.  

 

Standardized Precipitation Evapotranspiration Index  

The Standardized Precipitation-Evapotranspiration Index (SPEI) is an advanced tool 

that climatologists and environmental scientists employ to evaluate the intensity and 

consequences of drought conditions in different areas (Habeeb et al., 2023). This 

index builds upon the conventional Standardized Precipitation Index (SPI) by 

integrating precipitation data with evapotranspiration factors, including water loss 

through soil evaporation and plant transpiration. SPEI uses a climatic water balance 

obtained at various time scales. The SPEI is particularly useful for assessing the 

balance between precipitation and evapotranspiration, which is critical in 

understanding agricultural droughts and water availability. In addition, SPEI 

effectively captures the primary impact of rising temperatures on water demand, 

showcasing its high sensitivity and resilience to climate change (Elbeltagi et al., 

2022). This is because one of the most important variables is temperature. 

Consequently, the SPEI offers a more thorough insight into hydrological conditions, 

enabling researchers and policymakers to analyse and address droughts more 

effectively. 
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The are a series of steps that can be followed to compute SPEI. Firstly, the 

difference between precipitation (P) and potential evapotranspiration (PET) over a 

given time period (typically on a monthly, seasonal, or annual basis) need to be 

calculated: 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑃𝑃 − 𝑃𝑃𝑃𝑃𝑃𝑃……………………………………………(2.7) 

Where: 

• P = Precipitation (mm),  

• PET = Potential Evapotranspiration (mm) 

 

Secondly, the difference between these two gives an indication of moisture deficit or 

surplus. Thus, the water balance values over a historical period are used to estimate 

a probability distribution (often a log-logistic distribution) to model the frequency and 

intensity of wet and dry periods. Thirdly, the water balance for each defined period, 

whether monthly or seasonal, is standardized. This involves transforming the water 

balance values into standard scores (z-scores) by comparing the observed water 

balance to the historical distribution. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑥𝑥𝑖𝑖−𝑥̅𝑥
𝛿𝛿

………………………………………………(2.8) 

Where: 

• xi = the observed water balance value 

• 𝑥̅𝑥= the mean of the historical water balance distribution 

• σ= the standard deviation of the historical water balance distribution 

 

Streamflow drought index 

Streamflow drought index (SDI) is a highly sophisticated and comprehensive 

measurement tool utilized by hydrologists and environmental scientists who are 

dedicated to understanding the dynamics of water systems. This index serves a 

critical purpose in assessing both the severity and duration of drought conditions in a 

specific geographic area by analysing water flow in rivers and streams. To produce 

its evaluations, the index considers a multitude of factors, including but not limited to 

precipitation levels, temperature variations, and historical streamflow data. By 
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synthesizing this diverse array of information, the SDI provides a clear, detailed 

understanding of water availability, which is crucial for managing water resources 

effectively (Malik et al., 2019). This thorough analysis enables policymakers, 

farmers, and conservationists to make well-informed decisions regarding agricultural 

practices, irrigation needs, and the conservation of vital ecosystems, ultimately 

supporting sustainability efforts in changing climate conditions. The SDI for each 

reference period k of the i-th hydrological year is determined based on the 

cumulative streamflow volume V(i, k) using equation 2.9  below. 

…………………………………………….(2.9) 

Where: 

• Vk represents the long-term average (mean) of the cumulative streamflow 

volume for the reference period k.  

• Sk represents the standard deviation of the cumulative streamflow volume for 

the reference period k, calculated over a long historical period. 

 

2.6 Water scarcity and stress 

Scarcity of water resources is a growing concern worldwide. The condition of water 

scarcity arises from a disparity in the availability and utilisation of water resources 

within a specific region.  It occurs when the amount of water available in an area 

does not meet the community's needs. Water scarcity is therefore defined as a 

situation where the demand for water is more than natural water availability in a river 

catchment (Liu et al., 2017). The precision of the indicators utilised to describe and 

chart water scarcity on a global scale is of significant significance. These indicators 

have brought to the forefront the discrepancy between the availability of and the 

demand for water, as well as recorded the progression of water scarcity over time. 

Water scarcity evaluations continue to underline worldwide assessments of food 

availability, poverty rates and human advancement, as well as economic and 

commercial opportunities and environmental well-being (Falkenmark, 2013). Given 

the widespread application of water scarcity indicators, their precision is of utmost 

importance. Figure 2.3 shows the number of months with water scarcity based on 
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the period of 1996-2005 for the entire world in areas that have data (Hoekstra et al., 

2012). 

 
Figure 2.3: Number of months with water scarcity based on the period of 1996-2005  

 
 
The impacts of population growth, urbanization, and human induced as well as 

natural climate change are anticipated to be experienced in developing countries, as 

the demand for resources continues to rise. Physical water scarcity is characterised 

by severe environmental deterioration, depleting groundwater reserves, and water 

distribution that prioritizes certain sectors over others (Molden, 2013). According to 

Falkenmark,s classification, the scarcity of water in southern Africa and some parts 

of the eastern Africa will experience a significant decline in the amount of water 

resources available for use (Howlett and Cuenca, 2017). This classification divides 

countries and areas into distinct categories based on their available freshwater 

resources in relation to their population sizes, providing critical insights into the 

challenges of water management (Figure 2.4). By taking into account factors such as 

annual renewable water availability, demographic pressures, and consumption 

patterns, Falkenmark's classification helps policymakers and researchers understand 

the complexities of water scarcity and develop effective strategies for sustainable 

water use. This framework serves as a vital tool for addressing issues like drought, 

over-extraction of water resources, and the impacts of climate change on global 

freshwater supplies. It is noteworthy that there is no consensus on which social and 

economic factors should be included and that these factors may be different for 

different countries and regions (Liu et al., 2017). Thus, determining the physical 
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availability of water is key. Below is the world map of water scarcity according to the 

Falkenmark indicator.  

 

 
Figure 2.4: World map of water scarcity as per Falkenmark indicator 

 

The development of economic water scarce infrastructure, which is designed to 

make limited water resources available for use, is widely acknowledged as critical in 

addressing the challenges of water scarcity. These infrastructure projects involve the 

construction of water storage facilities, such as reservoirs and dams, as well as the 

implementation of water distribution systems to ensure efficient and equitable access 

to water. Additionally, the use of innovative technologies, such as desalination plants 

and water recycling systems, plays a crucial role in maximizing the availability of 

water in regions facing water scarcity. 

 

2.7 Rainfall variability 
 

Rainfall variability pertains to the extent in which amounts of rainfall differ over time 

and space. According to Kizza et al. (2009), Liebmann et al. (2014), and Nicholson 

(2015),  amongst others variability comes in different forms and shapes. Several 

studies have shown that rainfall is characterised by significant trends that can easily 

be discerned from different time and spatial scales (Giorgi, 2002). In some cases, 

variability is due to physiographic attributes. These may include topography, 
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vegetation cover, distance from the ocean, prevailing winds, and latitude amongst 

others (Agnew and Palutikof, 2000, Makarieva et al., 2013). The above influence the 

spatial variability of rainfall. Studies such as Cammarano et al. (2019), Kalisa et al. 

(2019) and Srivastava et al. (2020) amongst others have reported the variability of 

rainfall with respect to physiography of an area. Rainfall variability varies form one 

geographical location to the other. According to Nicholls et al. (1997) some areas 

may be more variable than others despite having similar climates. This is because 

the are other factors involved apart from the physiography of an area. This may 

include amongst others the impact of ENSO (Wooldridge et al., 2001). Having a 

comprehensive comprehension of climate variability and trends proves to be highly 

advantageous when it comes to strategic planning and the sustainable development 

of water resources (Mengistu et al., 2014). This includes the vital aspect of equitable 

distribution and collaboration among riparian nations.  

 

Understanding of rainfall variability helps managers of water resources to deal with 

the effects of too much or less water in a catchment. Additionally, it helps to allocate 

water resources in an area. The other side of rainfall variability is the temporal 

aspect. This helps managers to allocate water resources with respect to when to 

abstract what volume and when not to. In recent times, studies focusing on variability 

of rainfall have increased in numbers to climate change and urbanisation leading to 

rapid land use change. According to Nicholson (2017), efforts to regionalize the 

precipitation patterns of eastern Africa have been undertaken in order to better 

understand its complex regime and facilitate prediction, agricultural planning, and 

analysis of interannual fluctuations. Most of the researches have employed principal 

component analysis (PCA), sometimes coupled with clustering techniques or linear 

correlation. These diverse studies exhibit considerable variations in relation to the 

geographical areas and seasons examined, the number of stations engaged in the 

examination, and the time assessed. The meridional displacements of the Inter-

Tropical Convergence Zone (ITCZ) are the primary driving force behind the seasonal 

patterns of rainfall in tropical Africa (Dedekind et al., 2016). According to (Konapala 

et al., 2020) the presence of consistent and sufficient precipitation, evenly spread 

across each month of the year, is an indicator of a reliable and ample source of 

atmospheric water. Similarly, significant levels of precipitation that are unevenly 
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distributed over the course of a month signify an excess of water resources during a 

certain time within a year, while also indicating a shortage of water resources during 

another time within that same year. Consequently, it is necessary to account for 

seasonal fluctuation in precipitation magnitude to avoid misrepresentation of water 

availability in an area. 

 

However, it is important to note that several studies have shown the disadvantages 

of correlation coefficients in determining the relationship between individual stations 

(Habib et al., 2001). Haile (2010) indicated that there are limitations in terms of the 

number of stations involved in interstation correlation. Variability and trend analysis 

categories. According to (Asfaw et al., 2018) variability analysis comprises the 

application of various statistical measures, including the Coefficient of Variation (CV), 

percentage deviation from the mean (Anomalies), Precipitation Concentration Index 

(PCI), and moving average amongst others. 

 

The categorization of rainfall variability can be established based on three levels: 

low, moderate, and high in accordance with a study by (Thangamani and Raviraj, 

2016). However, prior to the above study, Hare (1983) classified variability using CV 

(%) values as follows: < 20% as less variable, 20- 30% as moderately variable, and > 

30% as highly variable. The study used CV to characterise the annual spatial 

variability of rainfall. Table 2.2 shows the degree of variation and the corresponding 

percentage. Higher CV indicates higher variability of the rainfall (Teyso and Anjulo, 

2016). It can be discerned from it that high variability of greater than 30 percent 

indicate high degree of discrete rainfall distribution and very vulnerable to drought 

(Carroll et al., 2009). The low values of CV indicate regular temporal rainfall 

distribution.  

 

Table 2.2: The degree of variation and the corresponding percentage 

Percentage of CV Degree of variability 

<20% Low 

20%<35% Moderate 

>35 High  
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Rainfall variability can also be assessed using the rainfall variability index developed 

by the Australian Meteorological Bureau (AMB). In this case, the rainfall variability 

index is defined as the difference between ninetieth percentile and the tenth 

percentile divided by the fiftieth percentile (AMB, 2010). Table 2.3 show the rainfall 

variability index classes. Temporal variability is a good indicator for characterising 

climate and showing evidence of climate change.  

 

Table 2.3: The rainfall variability index classes  

Class Index  

>1.5 Very high 
1.25-1.5 High 

1-1.25 Moderate to high 

0.75-1 Moderate 

0.5-0.75 Low to moderate 

<0.5 Low 

 
 
2.8 Integrating flood and drought studies 
 

In most studies, floods and droughts are seldom investigated combined. Even 

though their effects are tied to the availability of water resources. Examining the 

effects of the two gives a comprehensive approach to water resource management 

they are two sides of the same coin and are intrinsically linked. Figure 2.8 depicts the 

magnitude-frequency relationship for rain events. Most hydrological risk research 

focuses on either flood risk or drought risk, even though floods and droughts are two 

extremes of the same hydrological cycle . When formulating metrics and approaches 

for the purpose of mitigating disaster risks, it is imperative to thoroughly evaluate the 

interdependencies that exist among these interconnected occurrences. Thus, a 

comprehensive analysis is necessary as this may provide an understanding of the 

effects of water resource availability. In most studies conducted within the field of 

environmental science, floods and droughts are seldom investigated in tandem, 

despite the significant and intricate relationship that exists between these two 

extreme weather phenomena. Researchers often focus on each disaster in isolation, 

overlooking the critical insights that could be gained from examining their combined 
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effects. This oversight is particularly concerning given that the impacts of both floods 

and droughts are intricately tied to the availability of water resources, which play a 

crucial role in agriculture, ecosystem health, and overall human well-being. By 

neglecting to study these events together, we may miss vital opportunities to 

understand their interdependencies and to develop more effective strategies for 

managing water resources in an increasingly unpredictable climate. 

 

In the majority of research, floods and droughts are infrequently analyzed in 

conjunction, even though their impacts are closely related to water resource 

availability. Investigating the effects of both phenomena provides a holistic 

perspective on water resource management, as they represent two facets of the 

same issue and are fundamentally interconnected. The magnitude-frequency 

relationship for rainfall events is illustrated in Figure 2.8. Most hydrological risk 

studies tend to concentrate on either flood risk or drought risk, despite the fact that 

floods and droughts are extreme manifestations of the same hydrological cycle 

(Ward et al., 2020). When developing metrics and strategies aimed at mitigating 

disaster risks, it is essential to conduct a thorough examination of the 

interdependencies inherent in these related occurrences. Therefore, a 

comprehensive analysis is warranted, as it may yield insights into the implications of 

water resource availability.  

 

In environmental science research, it is rare for floods and droughts to be studied 

simultaneously, despite the complex and significant relationship between these two 

extreme weather events. Researchers typically investigate each disaster 

independently, thereby overlooking critical insights that could emerge from analyzing 

their combined impacts (Tierney, 2007). This gap in research is particularly troubling 

given that the consequences of both floods and droughts are intricately linked to 

water resource availability. Failing to consider these events together risks missing 

important opportunities to comprehend their interdependencies and to devise more 

effective strategies for managing water resources in an increasingly erratic climate. 



 
 
 

53 
 

 
Figure 2.5: Relationship between the magnitude and frequency of rainfall-associated 
events 

 

2.9 Impacts of climate change on water resources 
 
The impact of climate change on water resources is a pressing concern that 

affects water resources. As global temperatures rise, the hydrological cycle is 

altered, leading to significant changes in precipitation patterns, evaporation 

rates, and water availability (Riedel and Weber, 2020). These shifts pose 

challenges to the availability of water resources. Thus, addressing these issues 

requires a concerted effort from governments, organisations, and communities to 

implement sustainable practices and develop adaptive strategies that ensure 

equitable access to water resources in an increasingly uncertain climate. 

  
Climate change significantly influences precipitation patterns, increasing rainfall 

in some regions and prolonged droughts in others (Clarke et al., 2022). Climate 

change alters precipitation timing, intensity, and distribution (Trenberth, 2011). 

Some regions are experiencing more intense rainfall events, while others are 

facing droughts and reduced rainfall (Frame et al., 2020). Areas that have 

traditionally relied on consistent rainfall may experience erratic weather 

conditions, causing water shortages during critical growing seasons. Conversely, 

flood-prone regions may experience increased rainfall, overloading existing 

water management systems and causing damage to infrastructure. This contrast 

complicates the allocation of water resources, as regions can go from surplus to 

deficit in a short period of time. Additionally, rising temperatures contribute to 
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increased evaporation rates, further reducing available freshwater supplies 

(Konapala et al., 2020). Lakes, rivers and reservoirs are particularly at risk, as 

higher temperatures can lead to falling water levels and changed drainage 

conditions. This not only impacts agricultural practices but also threatens aquatic 

ecosystems that rely on stable water conditions. In southern Africa, the effects of 

climate change on water resources have been reported in various studies such 

as Rouault and Richard (2005), Archer et al. (2018) and Konapala et al. (2020), 

amongst others. 
 
There are several ways in which climate change impacts on water resources can 

be assessed. Shared Socioeconomic Pathways (SSP) and Representative 

Concentration Pathways (RCP) are both used in climate science to model and 

project future climate scenarios (Tang et al., 2023). However, they represent 

different aspects of future conditions and are used in different context. These 

pathways are critical for understanding the potential future impacts of climate 

change on water resources. Table 2.4 provides a summary of comparison 

between SSP and RCP. 
 

Table 2.4: Summary of comparison between SSP and RCP 

Aspect SSP RCP 

Focus 
Socioeconomic drivers (e.g., 

economic, technological, 

social) 

Greenhouse gas 

concentration and radiative 

forcing 

Number of Scenarios 
5 (SSP1, SSP2, SSP3, SSP4, 

SSP5) 
4 (RCP2.6, RCP4.5, RCP6.0, 

RCP8.5) 

Use 
Describes societal conditions 

that influence emissions 

Represents potential future 

emissions and radiative 

forcing 

Timeframe 
Generally, through the 21st 

century and beyond 
Primarily through 2100 

Relation 
Used with RCPs to create 

complete climate scenarios 

Used to model climate 

impacts based on different 

emissions pathways 
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There are four primary RCPs, each representing different levels of global 

warming and carbon dioxide concentrations (Table 2.5). These pathways provide 

crucial scenarios that help scientists and policymakers understand the potential 

climate impacts associated with different greenhouse gas emission trajectories. 

Each RCP is characterised by its unique set of assumptions about socio-

economic development, technological advancements, and land-use changes, 

illustrating the complex interplay between human activities and the environment 

as the planet responds to increasing levels of carbon emissions.  

 

The RCP8.5 scenario, often regarded as the most extreme in its projections of 

fossil fuel consumption, has been carefully crafted to illustrate a range of 

possible futures (Schwalm et al., 2020). It suggests a persistent reliance on fossil 

fuels, leading to a scenario where greenhouse gas emissions soar unchecked, 

causing significant climate shifts and dire environmental impacts (Upreti, 2023). 

This scenario is essential for both researchers and policymakers, offering 

valuable perspectives on the possible consequences from existing energy habits 

and underscoring the critical necessity for sustainable solutions to address the 

imminent dangers of climate change (Khorram-Manesh et al., 2024). 

 
Table 2.5: Climate change impacts on water resources based on RCPs 

Impact RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5 

Water 

Availability 

Minor to moderate 

change, some 

regions may face 

scarcity 

Moderate 

reductions in 

availability 

Significant reductions 

in availability, some 

regions face chronic 

shortages 

Severe reductions in availability, 

widespread water stress 

Flooding 
Slight increase in 

frequency 

Increased 

frequency in some 

areas 

Increased frequency in 

many regions 
Severe flooding in many regions 

Droughts 
Slight increase, 

mainly in dry regions 

More frequent 

droughts, affecting 

agriculture 

Increased droughts in 

many areas, especially 

arid regions 

Widespread, severe droughts, 

particularly in semi-arid regions 

Saltwater 

Intrusion 
Limited to coastal 

areas 
Increased risk in 

coastal zones 
Major threat to coastal 

aquifers 

Severe impact on coastal 

aquifers, rendering many 

sources unusable 

Water 

Quality 
Moderate changes 

Water quality risks 

increase 
Significant degradation 

in water quality 

Severe water quality 

degradation, including high 

pollution and algal blooms 
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2.10 Summary  
 
The chapter discusses historical trends in aridity, focusing on its causes and 

effects on water resources in Southern Africa. It highlights the complexity of 

semi-arid regions and the lack of hydrological data, reviewing key hydrological 

processes, droughts, and floods in these areas. The chapter explored spatial-

temporal aridity indices, their significance in assessing aridity, and differentiates 

between drought (temporary) and aridity (permanent climatic feature) in arid 

environments. 

 

The determination of aridity began in the early 20th century with methods like the 

precipitation-to-temperature ratio proposed by De Martonne (1926) and evolved 

to include more complex methods such as reference evapotranspiration (ETo) 

developed by Thornthwaite (1948). Despite various approaches, a standardised 

method was lacking, leading to more refined indices, including those developed 

by Penman and Monteith that factor in crop evapotranspiration. Aridity indices, 

like the UNEP Arid Index (UAI), assess water availability by comparing 

precipitation and potential evapotranspiration, providing insights into water 

resources, drought risk, and climate variability essential for effective water 

management. The UAI is highly regarded in research and policymaking for its 

reliability in water resource assessments. 

 

Water resources in arid environments face significant challenges due to an 

increasing population, droughts, and climate change. Global warming contributes 

to unpredictable weather patterns, leading to both droughts and floods, 

particularly affecting arid and semi-arid regions. The Limpopo Province is 

specifically dealing with issues like deforestation and changes in species 

composition, adding to the environmental pressures. Innovative strategies in 

water management are urgently needed to address these challenges and 

prevent conflicts over dwindling resources. 

 

Drought is a complex phenomenon characterised by a prolonged lack of 

moisture, affecting various regions differently. It is primarily caused by 
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insufficient rainfall and can impact water resources, ecosystems, and human 

activities, particularly in arid and semi-arid areas. Droughts can be classified into 

four main types: meteorological, agricultural, hydrological, and socio-economic, 

each highlighting different aspects of water scarcity. The water sector is 

especially vulnerable to drought, as it affects water availability, exacerbated by 

higher atmospheric temperatures. The duration and severity of droughts have 

been increasing, but their underlying causes are not fully understood. 

 

Water scarcity is an increasing global concern defined as a situation where water 

demand exceeds natural availability. It highlights the gap between water supply 

and community needs, impacting food security, poverty, and economic 

opportunities. Key factors contributing to water scarcity include population 

growth, urbanisation, and climate change, particularly in developing countries. 

Addressing these challenges involves building infrastructure like reservoirs and 

implementing technologies like desalination and water recycling to enhance 

water availability. 

 

It further explores various spatial-temporal aridity indices, emphasising their vital 

significance in accurately assessing levels of aridity (Maliva et al., 2012). The 

text draws a clear distinction between the concepts of drought and aridity, 

considered a permanent climatic feature of arid environments, enhancing the 

reader's understanding of these critical distinctions. The impacts of climate 

change on water resources were also highlighted including the different ways in 

which they are assessed. 

 

Despite introducing various approaches to measure aridity, the chapter notes 

that a standardised method has been elusive, leading to the development of 

increasingly refined indices aimed at providing clearer insights into the dynamics 

of aridity and its implications for environmental sustainability and resource 

management in the region. A good example is that of SPI being refined to SPEI 

to address temperature in the main that affects water demand in the environment 

(Hernandez and Uddameri, 2014). In addition, the impacts of climate change are 

reflected easily in the SPEI. In addition, the SDI was also considered since it 
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included. The comprehensive flood analysis, which focused on both the 

magnitude and frequency of various flood events, was also considered in the 

broader context of environmental factors. Finally, the study reviewed how floods, 

often perceived as sudden disasters, can be linked to previous prolonged 

drought, creating a complex interplay between drought and subsequent floods. It 

examined how, by analysing historical data and meteorological patterns, 

researchers sought to uncover the underlying relationships that contribute to the 

occurrence of floods and develop a nuanced understanding of how climatic 

extremes can lead to such devastating water events.  
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CHAPTER THREE: METHODS AND MATERIALS 

 

3.1 Preamble 

Statistical techniques and computer software tools were used to analyze various 

data sets collected from various agencies in the study area. Initially, exploratory data 

analysis (EDA) was introduced to identify changes in time series - whether 

meteorological or hydrological. In addition, drought and flood evaluations were 

performed to determine hydrological extremes. Finally, spatial maps of the study 

area's aridity on different time scales were constructed to assess its impact on 

hydrology. 

3.2 Data required and selection 

The study used a combination of primary and secondary data, specifically focusing 

on instrumental records of hydrometeorological variables such as rainfall, 

temperature and streamflow. Selection of data was based on factors such as quality, 

length of record, percentage of missing data (gaps), and frequency of data. Majority 

of the stations considered in the study are not normally distributed except for Levubu 

and Matiwa. The study made use of the conceptual model shown in Figure 3.1. 

 

 

 

 

 

 

 

 

Figure 3.1: Conceptual framework 

Interstation variability Trends and variability in evapotranspiration 
and precipitation 

Floods and droughts 

Aridity and spatio-temporal variations 

Impacts on water resources (streamflow) 
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Hydrometeorological data  

Climate data including temperature and rainfall data at different temporal scales 

were obtained from the South African Weather Service (SAWS) (Appendices 1A and 

1B). These are stations that have long data sets within the catchment and represent 

almost all the topography of the catchment (i.e., high and low elevations). Of all the 

stations, Tshivhase and Thohoyandou had rainfall data which was used in the study 

with least records. Table 3.1 shows a list of stations used in the study including their 

location, length of records as well as the percentage of missing data in the records. 

Figure 3.2 shows the location of the stations used in the study. In cases where data 

were missing or there are gaps due to instruments malfunctioning and other reasons 

were spatially interpolated using Thiessen Polygon Method. Additionally, data from 

the (Lynch and Schulze, 2006) database was used, particularly for years prior to 

2000. The data spans a period between 1960 and 2018 for most of the stations. 

However, some stations did not have the entire period but were included in the study 

since they satisfy the WMO (1976) requirement of at least 30 years long record. 

Hydrological data including streamflow at different timescales were obtained from the 

Department of Water and Sanitation (DWS) (Appendix 1C).  
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Table 3.1: Meteorological stations used in the study 

Station 
name 

Station number Latitude Longitude Altitude 
(m) 

Start 
year 

End 
year 

Percentage 
of missing 
data 
(<10%) 

0812567 PAFURI -22.42 31.22 210 1960 2018 Yes 
0768011 PUNDA MARIA -22.68 31.02 509 1960 2018 Yes 
0766509 MATIWA -22.98 30.28 1311 1960 2018 Yes 
0723334 NOOITGEDACHT -23.07 30.20 762 1960 2018 Yes 
0723363 KLEIN 

AUSTRALIE 
-23.05 30.22 

702 
1960 2018 Yes 

0723513 TSHAKHUMA -23.05 30.30 1158 1960 2018 Yes 
0723363 LEVUBU -23.09 30.29 610 1966 2016 Yes 
0723155 GOEDEHOOP -23.07 30.13 811 1960 2018 Yes 
0722721 HANGLIP -23.02 29.92 1036 1960 2018 Yes 
0723603 TSIANDA -23.05 30.35 671 1960 2018 Yes 
0722614 ZWARTRANDJES -23.23 29.86 1036 1960 2018 Yes 
0723070 ELIM - HOSP -23.15 30.06 808 1960 2018 Yes 
0763603 THOHOYANDOU -22.97 30.50 605 1983 2018 Yes 
0766563 THATHE -22.88 30.32 1250 1964 2014 Yes 
0766480 ENTABENI BOS -23.00 30.27 1376 1960 2018 Yes 
0766779 PALMARYVILLE -22.98 30.43 570 1960 2018 Yes 
0766596 VONDO -22.93 30.33 1130 1963 2016 Yes 
0723182 SHAFEERA -23.03 30.12 1214 1960 2018 Yes 
0766827 RAMBUDA -22.79 30.43 762 1960 2016 Yes 
0723073 ROSSBACH -23.21 30.05 1190 1974 2016 Yes 
0766717 PHIPHIDI -22.96 30.38 900 1986 2016 Yes 
0766030 ROODEWAL -23.01 30.03 440 1966 2016 Yes 
0723664 THOHOYANDOU -23.08 30.38 614 1985 2018 Yes 
 

 

Figure 3.2: Location of hydrometeorological stations in LRC used for the study 
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3.3 Exploratory data analysis 

In an effort to explore, comprehend and present data, Exploratory Data Analysis 

(EDA) graphs were employed. This served as the initial basis for presumptions made 

whilst reviewing the data. It is capable of transforming the questions raised and 

revealing crucial details which would have otherwise remained elusive. Visual 

examination facilitates the identification of statistical characteristics such as 

independence, distribution, assumptions, and contributes to the comprehension, 

elucidation, and presentation of analysis outcomes. As an example, it determined 

whether the dataset being considered is composed of discrete or continuous data. 

Additionally, EDA proved instrumental in exposing voids within the record and 

provided information regarding the duration and frequency of these gaps. Statistical 

analysis was used to check whether the pattern identified through the EDA approach 

is significant or not (Kundzewicz and Kaczmarek, 2000; Kundzewicz and Robson, 

2004). 

  

Data quality was performed using a range of methods including the reliability, 

normality and distribution test. This is in line with the best practice before one can 

perform any meaningful analysis. The extent to which data quality analysis was 

performed was limited to the quality and quality of data (Hunziker et al., 2017). 

 

Quality control 
Quality control for rainfall, streamflow, and temperature was performed. In cases where 

there were missing records, simple methods of infilling were used. This included an 

average between two observations. Appendix 2 shows the summarised normality plots 

for all the rainfall stations used in the study.  
 

3.4 Data analysis 

3.4.1 Trends detection and variations 

The datasets’ variations were derived from various statistical parameters, such as 

the mean, standard deviation, variance, and coefficient of variation for temperature, 
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rainfall, evaporation, and streamflow. These were applied to all stations that fulfilled 

the requirements specified in subsection 3.2. Hydrological years were used to 

establish both seasonal and annual variations. The study tested numerous variables, 

including annual total rainfall and streamflow, monthly averages, annual total 

evaporation, and daily maximum and minimum temperatures. These were used to 

identify quinquennial and decadal variations within long-term datasets. Periods of 

five and ten years were employed to split the data for the latter. The outcomes were 

employed in assessing both spatial and temporal variations. The use of the 

quinquennial and decadal scale enabled the determination of the timing of the 

annual cycles. 

Using equation 3.1, the arithmetic average of dataset was computed, taking into 

account each individual value's contribution to the final result. 

𝑥̄𝑥 = 1
𝑛𝑛
∑ 𝑥𝑥𝑖𝑖𝑛𝑛
𝑖𝑖=1  ………………………………………………... (3.1) 

 

To calculate the variance of a data set, equation 3.2 was used. This involves finding 

the arithmetic average of the squared differences between each value in the set and 

the mean. This formula is a key tool in statistics, enabling researchers and analysts 

to assess the degree of variability within a given set of data. By understanding the 

variance of a data set, the distribution and patterns of the data can be identified. 

 

𝑆𝑆2 = ∑ (𝑥𝑥𝑛𝑛
𝑖𝑖=1 − 𝑥𝑥

−
)2

𝑛𝑛−1
Ѕ2 = ∑ (𝑥𝑥𝑛𝑛

𝑖𝑖=1 - 𝑥𝑥
−
)2   ……………………………………………… (3.2) 

  

Where: 

• S = standard deviation 

• N = number of individuals 

• (∑ 𝑥̄𝑥)2  = is the sum of squared mean 

 

The standard deviation was computed using Equation 3.3. This measure considered 

the differences between each data point and the mean, giving us an idea of how 

spread out the data is. The larger the standard deviation, the larger the spread of 

data, indicating greater variability between individual data points. 



 
 
 

64 
 

 

𝑠𝑠 = �𝑛𝑛∑ 𝑥̄𝑥2−(∑𝑥𝑥𝑖𝑖)2

𝑛𝑛(𝑛𝑛−1)
…………………………….………………. (3.3) 

 

Where: 

• S = standard deviation 

• N = number of individuals 

• (∑ 𝑥̄𝑥)2  = is the sum of squared mean 

 

CV= 𝑠𝑠
𝑥𝑥
−………………………………………………………….(3.4) 

Where: 

• 𝑥̅𝑥 = sample mean 

• Z = normalized standardised departure 

•  xi
= raw value 

• 𝜎𝜎 = sample standard deviation 

 

The Mann-Kendall (MK) test is widely recognized as the most commonly used 

method in natural time series data analysis, especially in hydrological time series 

data to detect trends (Odiyo et al., 2015). This statistical test is a non-parametric 

method that measures the correlation between data points over time, allowing for the 

identification of any significant upward or downward trends. With its robustness and 

ease of use, the Mann-Kendall test has become an essential tool for researchers 

and analysts in various fields, including environmental science, climate change 

studies, and finance. In this study, MK test was used for trend detection for rainfall, 

temperature and streamflow data used in the study. 

S = ∑
−

=

1

1

n

k

∑𝑛𝑛
𝑗𝑗=𝑘𝑘+1 sgn (𝑥𝑥j - 𝑥𝑥k)……………………………….. (3.5) 

sgn (𝑥𝑥j - 𝑥𝑥k) = �
+1𝑖𝑖𝑖𝑖(𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑘𝑘) > 0
0𝑖𝑖𝑖𝑖(𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑘𝑘) = 0
−1𝑖𝑖𝑖𝑖(𝑥𝑥𝑗𝑗 − 𝑥𝑥𝑘𝑘) < 0

�

………………………………...(3.6)

  

The value of zero mean and variance of Ѕ can be calculated by 
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Var (𝑆𝑆) =  [𝑛𝑛(𝑛𝑛−1)(2𝑛𝑛+5)−∑ 𝑡𝑡(𝑡𝑡−1)(2𝑡𝑡+5)𝑡𝑡 ]
18 ……………………..…(3.7)

 

 

When dealing with cases where the value of n is greater than 10, it is necessary to 

compute the standard normal variate z by using equation 3.8 (Ashraf et al., 2021). 

This equation considered a range of factors, including the sample size, mean, and 

standard deviation, and uses mathematical principles to arrive at an accurate result. 

By utilizing this equation, researchers can gain a deeper understanding of complex 

statistical concepts and make informed decisions based on their findings. 

 

Z=

⎩
⎪
⎨

⎪
⎧

𝑠𝑠−1
�𝑣𝑣𝑣𝑣𝑣𝑣(𝑠𝑠)

𝑖𝑖𝑖𝑖𝑖𝑖 > 0

0𝑖𝑖𝑖𝑖𝑖𝑖 = 0
𝑠𝑠−1

�𝑣𝑣𝑣𝑣𝑣𝑣(𝑠𝑠)
𝑖𝑖𝑖𝑖𝑖𝑖 < 0

⎭
⎪
⎬

⎪
⎫

…………………………...……….(3.8) 

3.4.2 Interstation correlation 
 

The full matrix of interstation correlation of annual precipitation was entered in a 

cluster analysis that identifies a tree of linkages between stations. Linkages between 

stations and/or groups is defined by the average linkage method (Wolter, 1987), 

which maximises correlation between individuals or derived groups, by using the 

average correlation of each group. Statistically significant correlations (0.05 level) 

are recorded and mapped as correlation fields. To establish the characteristic within 

a geographical region, the individual fields of constituent stations are combined by 

placing each at the origin of the correlation field and superimposing its significance 

values of correlation at the appropriate locations relative to this origin (Berndtsson, 

1988). The resulting field is indicative of the regional strength and structure of 

associations between annual precipitation, through the number and orientation of 

significant pairings.  
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Bivariate normal distribution 
 
The bivariate normal distribution was employed to examine the relationship between 

two variables. The main objective was to identify patterns and trends that could 

inform predictions of hydrometeorological events. In this study, Pearson’s correlation 

was used to measure the strength and direction of these relationships. This analysis 

was crucial for understanding how factors such as altitude influence rainfall 

distribution. 

 
Canonical correlation analysis 
 
Canonical correlation analysis (CCA) is one of the methods that can be used in 

comparing several variables. Within the fields of climatology and hydrology, the 

technique is employed to investigate the correlations that exist between two distinct 

sets of variables (Zhang et al., 2020a, Ahani et al., 2019, Forootan et al., 2019). It is 

important to note that the maximum number of years for which climate variables 

have been measured should statistically fall within canonical multivariate analysis 

(Ahani et al., 2019). Thus, certain assumptions were made on the data. The 

variables within each set, when combined with the first canonical coefficient, exhibit 

the strongest correlations with the variables in the other set. To identify the canonical 

variates with the highest correlations, correlation coefficients were computed and 

utilized for projecting x and y onto u and v. In this study, x represents the rainfall data 

vectors derived for LRC in equation 3.9, and y represents topographical data. 

XLSTAT’s statistical analysis software was used for CCA. 

……………………………..(3.9) 

 

Where: 

 Cxx and Cyy are covariance matrices of x and y, respectively and the objective in 

above function is to maximize the correlation R 
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Hierarchical clustering 
 
Hierarchical clustering (HC) is a statistical technique that is essential in canonical 

analysis. It systematically organises and classifies data points or variables based on 

their interrelationships within a dataset. This method produces a dendrogram, which 

is a tree-like diagram that effectively shows the degrees of similarity or dissimilarity 

among the data points. In this study, HC was particularly used for visualising and 

understanding the complex relationships revealed through canonical correlation 

analysis. This enables discovery of patterns and connections that might otherwise go 

unnoticed. 

 

3.4.3 Analysis of Variance (ANOVA) 

The ANOVA was performed to evaluate the source of variability in the dataset and to 

conduct significance tests. This procedure was first developed by Fisher (1918). 

Since the method was developed it has been widely used in many fields of science. 

The analysis of variance result demonstrates that there is a significant difference 

between the mean rainfalls throughout the LRC, as the observed p-value is less than 

0.05. This suggests that at least one of the rainfall stations evaluated differs 

significantly from the rest. Again, there is a substantial difference in mean rainfall 

across years, suggesting that at least one year's mean rainfall is significantly 

different from others. 

3.4.4 Spatial interpolations 

Geostatistical methods were applied to determine optimal weights for measurements 

at sampled locations for the estimation of values in locations not sampled such as 

Inverse Distance Weighting (IDW), Thiessen Polygon and Kriging, amongst others. 

Variogram modelling was used to characterise the spatial correlation in the station 

skew data as explained under interstation section (sub-section 3.5.2). The variogram 

model defines the linear weighting function used to krige the grid or lattice of skew 

estimates. Bossong (1999) have discussed in detail the variogram modelling and 

kriging procedure which were adopted in this study. Kriging is the most widely used 
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method due to its computational ease and data availability in most applications 

(Gentile et al., 2013). 

3.4.5 Drought analysis 

Standardized Precipitation Index 

The study area's drought magnitude and duration were assessed using the SPI to 

determine its spatial and temporal extent. The SPI has been widely used in drought 

analysis since it is not affected by geographical differences (Lana et al., 2001). The 

Standardized Precipitation Index (SPI) is based on precipitation probability at any 

time scale. In this study, the SPI was used to identify drought events since it is a 

reference index. The calculation of the SPI for a specific area depends on the 

historical data of precipitation over an extended period of time as shown in equation 

2.6. The SPI classification values from McKee et al. (1993) were used to discern 

between wet and dry spells/events. In this study rainfall data for all the stations 

considered in this study was used. SPI has been widely adopted globally.  

Standardized Evapotranspiration Index (SPEI) 

The SPEI calculation process was carried out, as it integrates the original SPI 

calculation method. Instead of relying on monthly or weekly precipitation exclusively, 

the SPEI considers the variance between precipitation and PET on a monthly or 

weekly basis. The aforementioned statement pertains to the calculation of the 

Standardized Precipitation-Evapotranspiration Index (SPEI) through the utilization of 

Thornthwaite's climatic water balance methodology (Thornthwaite, 1948). This 

approach involved assessing the water balance at various temporal scales as shown 

in equation 2.7 and 2.8. The SPEI then considered the number of rainy days 

throughout the wet season, in order to estimate both the probability and frequency of 

dry spells. The SPEI was used in this study to show the effects of increasing 

temperature on droughts.  

Streamflow Drought Index 

The Standardized Drought Index (SDI) method was used to thoroughly assess the 

severity and impact of drought conditions in different regions, considering numerous 
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environmental factors. This comprehensive method was specifically designed to 

assess and analyse the hydrological drought conditions prevailing in the study area 

and provides valuable insights not only into the severity and duration of these 

droughts but also their impacts on water resources, agriculture and ecosystems. 

Equation 2.9 was used to compute SDI for the study area. 

3.4.6 Flood frequency analysis 

Two methods were used to determine flood magnitudes and return periods. This was 

done for both rainfall and streamflow stations used in the study. For streamflow, 

three stations were used representing upstream, midstream and downstream of the 

LRC. Selection of the methods used in the study was given to those that are widely 

applicable in South Africa. Two methods were used to determine flood frequency 

and magnitude. This was done to minimize over and underestimation of flood 

magnitudes. The forms mentioned above are comprised of Gumbel's Extreme Value 

(EV1) and the Log Pearson Type three (LP3). The analysis of flood frequency and 

magnitude followed the guidelines developed by the USGS (England Jr et al., 2019). 

A threshold analysis was conducted for both floods. 

 

Log Pearson Type three 
 

The frequency of flood was determined by utilizing LP3 distribution along with 

parameter estimates that were derived through the moments obtained from the 

logarithms of the data. This method is reported to be most successful in the study 

and in South Africa (Alexandra et al, 2001). Thus, LP3 is recommended generally for 

flood frequency estimation (Singo et al., 2012). The descending order of the 

rainfall/streamflow data was employed in various statistical approaches and plotting 

positions to estimate the return period. Through the use of the rainfall/streamflow-

return period equation derived from the graphs produced for various plot position 

methods, an assessment was conducted to compute the rainfall/streamflow 

magnitudes corresponding to distinct return periods.  
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Where:  

G = skewness coefficient,σ x
, Xav, ∑𝑥𝑥 and n are as defined above 

 

The estimated discharge values for a given period can be evaluated using the 

logarithm of the design flood given by the following formula: 

 

σ xavTT KXQX +== log   ……………………………..…….. (3.11) 

σ xavTT KXQX +== log    ………………………......….…….. (3.12) 

 

Where: QT = the outflow for the estimated T-year return period, K = the probability 

factor based on an n-year return interval, which can be determined using a 

frequency factor table (Appendix 3) for gamma and LP3 distributions (Haan, 1977), 

Xav = the mean of the logarithms of annual peak flows at the streamflow gauging 

station and XT, =σ x
the standard deviation from the mean of the logarithms of 

annual peak flows.  

 

The calculation of the design flood involves the use of a equation 3.13, as provided 

below, that takes into account various factors and variables to determine the 

magnitude and characteristics of the flood event. 

 

XT = antilogQT =10𝑄𝑄𝑇𝑇 ………………………...………………..(3.13) 

 
 
Gumbel Extreme Value 
 
The utilization of GEV distribution parameter estimation was found to be possible. 

Although the method of parameter estimation via probability-weighted moments 

(PWM) may not be as efficient as maximum likelihood (ML), it is almost impartial, 

user-friendly, and usually not affected by outliers. 

 

( )
yeexXP

−−−=≥ 10  ……………………………………… (3.14) 
 
Where: P = the probability of occurrence, X = the event of the hydrologic series, x0

= 

the desired value of the event and y = the reduced variate: 𝑦𝑦 = 𝜎𝜎(𝑥𝑥 − 𝑎𝑎) 
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Where: 𝑥𝑥 = the variate value, 𝑎𝑎 = 𝑥𝑥
−
− 6𝑥𝑥 and 𝜎𝜎 =standard deviation of variate X and 

𝑥𝑥
−

=mean of the variate X 

 

The reduced variate is calculated as: 

577.0
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σ x

xx
y    ………………...……………… (3.15) 

 
The constants for reduced mean and variate, namely 1.2825 and 0.577, respectively, 

are utilized in calculating the estimated peak discharges for each return period in 

Gumbel's distribution according to the subsequent equation. The calculation of the 

Gumbel distribution's frequency factor (k) is accomplished by using equation 3.16: 

 

σ n

T Yn
K Y

−

−
=  ……………….……………………….. (3.16) 

Where: K = the frequency factor, YT = the value of peak discharge for a given 

recurrence interval, Yn = Gumbel’s reduced mean and =σ n
 Gumbel’s reduced 

standard deviation. 

 























−
−=

1
lnln

T
TY

r

r
T

 ………...…………………………….(3.17) 

 

3.5.7 Determination of aridity index and impacts on water resources 

Aridity Index calculations were performed by using UNEP (1992) method based on 

the equation 3.18:  

𝑈𝑈𝑈𝑈𝑈𝑈 = 𝑃𝑃
𝑃𝑃𝑃𝑃𝑃𝑃

 …………………………………………..…. (3.18) 

Where:  

• UAI is the UNEP aridity index;  

• P is precipitation and  

• РЕТ is potential evapotranspiration  

Combined graph of aridity indices was drawn for each station. Decadal averages and 

trend lines were built on each station’s graph to show the trend in aridity with time 
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over the study area (Sawa et al., 2015). The UAI’s aridity indices used were annual 

relationship precipitation and potential evapotranspiration to classify aridity. 

 
Spatial analysis to give descriptions of spatial distributions of rainfall conditions, land 

water balance and aridity index in the research area was performed using ArcGIS 

10.8 software. Each of the parameters above was used to generate thematic maps 

from annual totals. The generated thematic maps were overlaid upon each other to 

identify aridity levels for the study area, areas that are severely affected by aridity.  

 

The study used gridded rainfall and the minimum and maximum temperature time 

series data for arid index calculations. Gridded data was used due to limitations in 

the number of rainfall and temperature stations in the LRC. Future aridity indices 

were computed for the purpose of determining their potential impacts on water 

resources. A gridded climate dataset with a spatial resolution of 10 km × 10 km was 

used. National Centre for Environmental Prediction (NCEP) reanalysis downscaling 

was used in dealing with the computations of historical and future aridity indices. The 

projections were generated using RCP8.5 from the Max Planck Institute (MPI).  For 

this purpose, projected data between 2021 and 2070 was used. Rainfall and 

temperature data (maximum and minimum) were obtained from the Council for 

Scientific and Industrial Research (CSIR). The model used for this reanalysis was 

the conformal-cubic atmospheric model (CCAM) which is a variable-resolution global 

atmospheric model. The details of the methodology followed can be obtained in 

Archer et al. (2018). Figure 3.3 shows the location of virtual stations used in the 

study. The data was collected through a comprehensive study that analysed range of 

factors, such as average temperature, rainfall, and evapotranspiration rates, to 

determine the aridity indices. UNEP AI was used to calculate aridity value trends, 

annual rainfall total and then test these using the Mann-Kendall rank correlation 

coefficient test. The critical significance level of the test was at least 0.05. The impact 

of aridity on water resources was inferred based on the correlation between the 

sensitivity of streamflow and aridity using the streamflow drought index (SDI). 
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Figure 3.3: Location of virtual meteorological stations in LRC used for the study of 
aridity 
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CHAPTER FOUR: HYDROMETEOROLOGICAL VARIABILITY AND TRENDS 
 
4.1 Preamble 

 
In this chapter, findings pertaining to variations and trends in rainfall, temperature, 

and streamflow in the LRC are presented and deliberated with respect to changes 

over time and space. For temporal variation, different window periods are considered 

ranging from seasonal, annual, quinquennial and decadal. While for spatial variation, 

the distance between stations and the location of the stations with respect to the 

topography is investigated.  

 

4.2 Temporal variability and trends 
 

Several temporal scales are analysed and discussed. This ranged from annual, 

seasonal, quinquennial and decadal. The above was done for all the stations used in 

the study. The analysis of trends enables the identification of areas that are 

encountering notable rises or declines in rainfall patterns. This knowledge proves to 

be of great assistance in estimating the potential hazards posed by climate change 

and variability, thereby enabling prioritization of resources towards the most 

vulnerable regions. According to the study by Muthoni et al. (2019a), the 

comprehension of climate trends from the past can assist in predicting future 

developments and in turn, aid in the decision-making process towards deploying 

adaptive measures to specific areas. 

 
Annual variability  

 
Table 4.1 presents the yearly average rainfall statistics for the research region. The 

average precipitation measured ranged from 439 to 1832 mm with a mean of 800 

mm. Moreover, the table indicates that there is considerable diversity in rainfall 

patterns by displaying significant standard deviation values. The range of standard 

deviation values observed across stations is between 162 and 550 mm. Thirteen out 

of twenty-one stations used in the study had a CV of greater than 0.35. The other 

stations had CV values ranging between 0.25 and 0.34. This suggests that LRC has 
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high rainfall variability. This was portrayed by both temporal and spatial scales used 

in the study. The stations which portrayed a high degree of variability are those with 

low rainfall amounts in the study area. This study is consistent with studies such as 

that by Illius and O’Connor (1999) and Cheung et al. (2008)  who found higher 

variability of rainfall in areas with low rainfall amounts. Individual stations that 

showed a high degree of variability are those in the downstream part of the 

catchment. The upstream was associated with a low CV. The variation contrast can 

be logically explained by the geographical position of the stations, primarily induced 

by the Soutpansberg Mountain range that plays a significant role in influencing the 

distribution of rainfall within the area. The overall CV for rainfall for the stations used 

in the study area. Only Matiwa and Entabeni stations received more rainfall than 

other stations. The difference is probably related to the extremely low variability of 

rainfall as shown in this present study.  

 

Table 4.1: Basic long-term rainfall statistics and trends 
STATION_NA Minimum Maximum Average Standard deviation CV 

Pafuri 103 880 439 179.99 0.41 

Rambuda 67 2200 840 336 0.40 

Thathe 263 2916 1200 324 0.27 

Vondo 402 3020 1278 549.54 0.43 

Phiphidi 431 3144 1282 538.44 0.42 

Thohoyandou 193 1490 769 253.77 0.33 

Matiwa 520 4295 1832 512.96 0.28 

Palmaryville 228 2276 867 294.78 0.34 

Entabeni Bos 523 4009 1747 436.75 0.25 

Roodewal 292 2242 831 357.33 0.43 

Shafeera 166 3153 1378 496.08 0.36 

Klein australie 403 3304 1101 484.44 0.44 

Tshakhuma 226 1385 1117 346.27 0.31 

Tsianda 173 2095 877 359.57 0.41 

Nooitgedacht 438 2685 962 375.18 0.39 

Goedehoop 146 2758 843 404.64 0.48 

Levubu 256 2239 950 361.00 0.38 

Elim - hosp 172 1925 675 263.25 0.39 

Rossbach 421 1973 927 342.99 0.37 

Zwartrandjes 223 1385 507 162.24 0.32 
 

The changes observed in precipitation trends are closely linked to climate change. 

As per the reports of IPCC 2007, the global surface temperature has displayed a 
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consistent increase of 0.74 ± 0.18°C between the years 1906-2005. These changing 

climatic conditions may lead to a decline in the availability of fresh water in the 

future. Studies have also shown that by mid-21st century, the available water and 

average annual runoff may decrease by 10-30% (Parry et al., 2007). The temporal 

shift in precipitation patterns, observed through time-series analysis, represents the 

change in trend of precipitation over time. This change in trend, which can lead to 

either an increase or decrease in precipitation, is a significant factor contributing to 

climate variability. The MK Test and Cumulative Summation test were used in 

Zambia to investigate the long-term rainfall trend by Kampata et al. (2008). The 

investigation conducted by Xu et al. (2010) focused on the analysis of precipitation 

and runoff patterns in significant rivers across China. The researchers employed the 

Mann-Kendall statistical method as a means of detecting any existing trends in the 

data. 

 

All the observations are consistent with the regional climate of the study area 

including Gbetibouo (2009), Dube et al. (2016) and Wright et al. (2021). High 

variation of spatial distribution of rainfall in the LRC is indicative of topographical and 

meteorological factors playing their roles. The two factors make the western part of 

the catchment receive high rainfall more resilient to high variation. In contrast, the 

eastern part is characterised by relatively low rainfall amount with high variability. 

Makungo and Mashinye (2022) explained trends in rainfall in the LRC is mostly not 

statistically significance, but substantive. They identified altitude and vegetation as 

some of the factors influencing rainfall behaviour in the LRC.  

 

Most of the stations had negative Sen slope i.e., twelve out of twenty-one (Table 

4.2). This indicates that there is a decline in annual rainfall which is not significant at 

a 95% confidence interval. This may have implications for floods and droughts. This 

suggestion is congruent with that made by Joshi et al. (2014) on the implications for 

extreme events. The study specifically focused on extreme precipitation in 

mountainous areas. The results show differences between minimum and maximum 

rainfall in the study area. The minimum ranged from 103 and 523 mm while the 

maximum ranged between 880 and 4295 mm (Table 4.1). This difference among the 

stations suggests that there is a high variability of rainfall in the study area.   
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The magnitude of the rainfall trends for the study period was calculated from Sen’s 

slope estimator and presented in Table 4.2. The Sen’s slope values ranged from -

0.44 to 0.01 indicating that there is a shift in the behaviour of rainfall. Recent LRC 

climate change research anticipated that rainfall patterns in most locations have 

become extremely unreliable, uneven, and unpredictable (Odiyo et al., 2020). This 

finding is supported by Dourte et al. (2020), who indicated the effect of rainfall 

distribution on soil, hydrology, and plant health in general. This kind of climatic 

change makes it difficult for humans to survive in this environment. Thus, people 

must devise adequate solutions and plans for their personal safety, agricultural 

products, and livestock. Mann-Kendall test was used by Faiz et al. (2018) to 

determine rainfall trend analysis in China. The study revealed noteworthy variations 

in the monthly mean rainfall data, indicating a decline in some months and an uptick 

in others. Through analysis, the statistics displayed an upward slope trend in annual 

rainfall. Nonetheless, the results also showed a significant variation in rainfall 

patterns from year to year and season to season, suggesting the erratic nature of the 

country's overall rainfall patterns. The study by Muthoni et al. (2019b) analysed the 

spatial trends in rainfall in seven countries of the Eastern and Southern Africa (ESA). 

In the latter study, the occurrence of drought and flooding due to above-normal 

rainfall was detected through analysis of annual precipitation anomalies and their 

corresponding spatiotemporal distributions. 
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Table 4.2: Monthly rainfall trends and statistics 

Station No. of 
observations Minimum Maximum Mean Std. 

deviation 
Kendall's 

tau 
p-

value 
Sen's 
slope 

Zwartrandjes 696 0.00 702.40 42.19 61.18 -0.01 0.72 0.00 
Goodehoop 691 0.00 1388.00 70.12 104.85 -0.01 0.70 0.00 
Hanglip 696 0.00 836.40 58.03 77.56 -0.02 0.63 0.00 
Klein Australie 696 0.00 1483.50 91.80 128.90 0.01 0.73 0.01 
Levubu 645 0.00 1153.00 72.33 102.66 -0.17 <0.00 -0.24 
Entabeni 696 0.00 253.50 37.46 47.58 -0.07 0.193 0.00 
Matiwa 696 0.00 1803.00 152.61 183.01 -0.10 0.01 -0.41 
Mukumbani 306 0.00 1466.30 87.86 141.49 -0.17 0.01 -0.55 
Pafuri 386 0.00 440.80 36.51 53.72 -0.018 0.68 0.00 
Thate-bos 437 0.00 1159.20 96.14 138.75 -0.05 0.27 -0.08 
Thohoyandou AWS 429 0.00 1016.20 62.92 93.64 -0.031 0.50 -0.04 
Tshakhuma 579 0.00 1304.00 86.19 124.59 -0.09 0.03 -0.12 
Elim 673 0.00 1173.50 55.54 82.89 -0.08 0.03 -0.05 
Tsianda 696 0.00 799.50 71.66 100.00 -0.09 0.02 -0.08 
Punda 696 0.00 515.10 43.23 66.68 -0.04 0.33 -0.01 

Nooitgedacht 696 0.00 1364.10 80.13 110.77 -0.03 0.41 -0.04 
 

 

Seasonal variability and trends of rainfall 
 

Figure 4.1 presents a detailed analysis of the monthly rainfall patterns, indicating that 

the months of October, November, December, January, and February experience 

the highest average rainfall during the summer season, a period often characterized 

by fluctuating weather conditions. The standard deviation values for these months, 

show that they were comparatively lower than their corresponding mean values, 

suggesting a more consistent pattern of rainfall during this time. In contrast, the 

subsequent months exhibit larger standard deviation values relative to their mean 

rainfall, highlighting a greater variation in rainfall distribution over time and indicating 

that those months can be unpredictable. Additionally, the coefficient of variation and 

skewness are notably high in the month of August, reaching values of 1.02 and 2.5, 

respectively, which signifies a significant deviation from the average and a 

pronounced unevenness in the rainfall data. As a result of these findings, it is 

generally observed that the concentration of rainfall is significantly high during the 

summer months, particularly in the earlier part of the season, and this trend also 

notably decreases from west to east, revealing regional differences in rainfall 
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distribution that are critical for understanding the availability of water resources in the 

LRC. 

 

 
Figure 4.1: Statistical parameters for monthly rainfall analysis 

 
 
Quinquennial (pentad) variability  
 
The LRC experiences significant intraseasonal variability in rainfall. Only results from 

three stations representing upstream, mid-stream and downstream were presented. 

The other stations are presented Appendix 4. The rainfall standard deviation from 

pentad to pentad suggesting substantial variability. High average rainfall was 

recorded in pentads 4 and 9, which correspond to the years 1975-1979 and 2000-

2004, respectively (Figures 4.2 to 4.4). This may be attributed to the high rainfall 

amounts received in the years 1977 and 2000. In the eastern region of southern 

Africa, tropical cyclones have been found to be associated with elevated levels of 

rainfall amounts (Chikoore et al., 2015). The El Nino-Southern Oscillation (ENSO) 

plays a significant role in causing fluctuations in climate patterns on an annual basis. 

Nicholson (2014), suggests that identified several drivers are responsible for spatial-

temporal variability. However, Nicholson (2017) indicted that despite the strong 

relationship between ENSO and rainfall, overtime the relationship may weaken from 

region to region. These will affect water resources as well as managing water 

supplies. This may necessitate an awareness of climate variability in the LRC. 
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Figure 4.2: Quinquennial variability of rainfall for Matiwa 

 

 
Figure 4.3: Quinquennial variability of rainfall for Thohoyandou 
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Figure 4.4: Quinquennial variability of rainfall for Punda Maria 

 
Decadal variability 
Figures 4.5 to 4.7 show the decadal variability of rainfall in the LRC. The other 

stations are presented Appendix 5. The results show that rainfall is highly variable on 

a decadal scale. It shows that there are some decades with high rainfall averages 

while some with low. All the stations used in the study show that their last decade 

considered in the study had the lowest average. The decadal variability of rainfall is 

considered less well defined (Malherbe et al., 2016). Thus, linking it to weather 

systems is necessary. The subject of rainfall variability in southern Africa has been 

researched without convincing conclusions. This may be because of the 

mechanisms and the forcing involved (Nicholson, 2017). This increased decadal 

variability may influence water resource availability. This finding is supported by 

Christensen and Christensen (2007) who found that increased variability may put 

pressure on the hydrology of southern Africa region in which the LRC is found.  
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Figure 4.5: Decadal variability of rainfall for Matiwa 

 

 
Figure 4.6: Decadal variability of rainfall for Thohoyandou 

y = -103.51x + 2185.7
R² = 0.3404

0

500

1000

1500

2000

2500

1961-1970 1971-1980 1981-1990 1991-2000 2001-2010 2011-2018

Ra
in

fa
ll 

(m
m

)

Time (Decades)

Matiwa



 
 
 

83 
 

 
Figure 4.7: Decadal variability of rainfall for Punda Maria 

 
4.3 Temperature trends and variability 
 

Table 4.4 shows the minimum temperatures for three stations used in the study area. 

The minimum temperature in the period 1965-2018 was between 14.26 and 23.21 

°C. The minimum temperature for Levubu and Thohoyandou increased by 1.5°C and 

1.9°C, respectively. The increase is also observed in Tshivhase at 1.4°C for the 

period between 1990 and 2018. Higher maximum temperatures were recorded at 

Thohoyandou compared to the other stations used in the study. This could be related 

to the increase in residential areas for the growing town in contrast to Levubu and 

Tshivhase which are in predominantly densely vegetated areas. Densely vegetated 

areas can have relatively low temperatures. In addition, the altitude may also be a 

reason for the lower maximum temperatures in Levubu and Tshivhase. The results 

indicate that the temperature has shifted, which may result in higher evaporation 

rates. This could have a negative impact on the availability of water resources in the 

LRC. 
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Table 4.3: Temperature trends and variability 

Variable No. of 
observations Minimum Maximum Mean Std. 

deviation 
Kendall's 

tau p-value 
Sen's 
slope 

Min Tshivhase 29 14.23 16.83 15.11 0.52 0.207 <0.0001 0.016 

Max Tshivhase  29 23.15 26.59 24.47 0.81 0.234 0.000 0.031 
Min 
Thohoyandou 25 13.56 17.50 15.29 0.74 0.027 0.832 0.003 

Max 
Thohoyandou 25 26.00 29.27 27.60 0.80 

 
 

0.160 

 
 

0.028 

 
 
0.034 

Min Levubu 54 14.175 16.34 15.09 0.41 0.205 0.018 0.007 

Max Levubu 54 25.318 29.13 26.80 0.89 0.403 <0.0001 0.032 

 
 

MK and linear regression both revealed an increase in temperature. These results 

are supported by findings from other studies, such as Banda et al. (2021), 

Ncongwane et al. (2021) and Kalumba et al. (2013) amongst others. The above 

studies revealed that temperature in most areas of South Africa is continually 

increasing warmer than in the past for both minimum and maximum values. The MK 

analysis showed statistical significance at an alpha level of 0.05, confirming that the 

temperature variations are significant. Studies by Tshiala et al. (2011) and 

Shikwambana et al. (2021) found that the Limpopo Province where the study area is 

located is experiencing increase in temperature since the early 1990’s. Figures 4.8 to 

4.10 show a positive trend in temperature, but the linear regression trend for the 

period studied. It was also discovered that the temperature anomalies experienced 

between 1971 and 2003 were primarily negative in both minimum and maximum 

temperatures. It was also discovered that the minimum and maximum anomalies 

were much lower than the mean temperature between 1971 and 1986. However, the 

overall increase in temperature in the study area may suggest that rainfall may 

increase with time. This has been corroborated by a study carried out by Nkuna and 

Odiyo (2016) that showed there is a strong positive correlation between rainfall and 

temperature within the study area. The rainfall trends, however, displayed a declining 

as explained in sub-section 4.2. 
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Figure 4.8: Temperature trends for Thohoyandou 

 

 
 

Figure 4.9: Temperature trends for Tshivhase 
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Figure 4.10: Temperature trends for Levubu 

 
4.4 Streamflow trends and variability 
 
Streamflow characteristics vary greatly, and this is noticeable even within the LRC, 

as shown in Table 4.4 and Figures 4.11 to 4.13. All stations had their highest annual 

flows in 2000/2001, which can be attributed to the renowned flood of the year 2000. 

Variations in streamflow were observed at the stations in the lower reaches of the 

catchment. The monthly streamflow measurements obtained from Mhinga station 

(A9H012) were utilized to calculate the mean value, providing an overview of the 

temporal pattern of streamflow within the designated study region. Table 4.5 shows 

that the months of February and March received 65% of the total streamflow. The 

annual streamflow data showed uneven variations between the stations (Figures 

4.11 to 4.13). These disparities could be attributed to distinct meteorological and 

physiographic factors in the LRC. This results in uneven rainfall distribution and, 

thus, streamflow. The observed variations in the LRC align with what was suggested 

by Ashraf et al. (2021). The latter study found that different climatic regions were 

responsible for variations in streamflow in the Indus River basin. 
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Table 4.4: Streamflow trends 

Variable Observation
s 

No. of 
observ
ations 

Min Max Mean Std. 
deviation 

Kendal
l's tau 

p-
value 

Sen's 
slope 

A9H012 32 32 1.25 18.79 6.29 4.86 0.00 0.97 0.00 
A9H003 58 58 0.13 6.33 0.78 0.88 0.06 0.12 0.00 
A9H006 58 58 0.00 2.40 0.29 0.41 -0.01 0.86 0.00 
 

 

 
Figure 4.11: Average daily streamflow for station A9H003 

 

 
Figure 4.12: Average daily streamflow for station A9H006 
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Figure 4.13: Average daily streamflow for station A9H012 

 

The results presented above are in agreement with studies such as Pellicciotti et al. 

(2007) where over a period of 30 years, data was analyzed with the aim of identifying 

any patterns in precipitation and streamflow occurring annually, seasonally, or 

monthly within the Aconcagua River watershed - an arid Andes basin situated in 

Central Chile. Their findings have revealed a decrease in the average streamflow 

between years for the upper portion of the river and has also highlighted significant 

impacts resulting from El Niño Southern Oscillation (ENSO) occurrences. The study 

by Ávila et al. (2019) conducted an assessment of climate indicators for rainfall data 

in the upper basin area of the Cauca River with the objective of determining patterns 

in precipitation that occur spatially and temporally. Additionally, the study aimed to 

establish a correlation between historical floods and ENSO. The results of the study 

show a significant association between sea surface temperature (SST) and 

indicators of intense rainfall, backed by statistical evidence. In addition, the findings 

indicate a notable temporal delay of 2-3 months relating to ENSO and SST impacts. 

The findings of this study hold great importance in the realm of flood prediction and 

understanding of precipitation occurrences and climate fluctuations within the 

watersheds situated in the Colombian Andes. Puertas Orozco et al. (2011) 

conducted a study that examined the fluctuations in water availability caused by 

climatic variability in the gauging stations of the Upper and Middle Cauca River 

Basin. This analysis focused on the analysis of seasonal and monthly rainfall data. 
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Figure 4.14 shows that the average daily streamflow varied significantly during the 

study period. This variability can be seen through the fluctuations in the plotted data 

points, indicating that the streamflow values fluctuate significantly from day to day. 

Stations A9H003 and A9H006 showed high CV of 59 and 71 %, respectively. 

However, station A9H012 showed a very low CV of 11%. This finding has important 

implications for water resource management.  

 

 
Figure 4.14: Average pentad streamflow stations used in the study 

 

Based on the data shown in Figure 4.15, there has been a significant and notable 

decrease in the average daily streamflow over the last thirty years of this study. This 

was observed from all stations used in the study focusing on decadal daily average. 

Stations A9H003 and A9H006 showed high CV of 40 and 48 %, respectively. These 

results could indicate the presence of various factors, such as changing weather 

patterns, topography, and hydrological conditions in the catchment area. This could 

have significant environmental implications particularly on water resources. A 

significant decrease in CV was noted for station A9H012 with just 2%.  
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Figure 4.15: Average pentad streamflow stations used in the study 

 

4.5 Rainfall interstation correlation  
 

The analysis of spatial variability of rainfall was performed at different time scales in 

the study area. Table 4.5 shows the distance matrix of the stations used in the study. 

The longest distance apart from individual stations is 148.5 km, lying between 

Zwartrandjes and Pafuri upstream and downstream, respectively. The shortest 

distance is between Matiwa and Entabeni at 2.4 km. It is important to note that the 

rest have average distances of about 30 km between them.  
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Table 4.5: Distance matrices between rainfall stations in the LRC 
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Table 4.6 shows the interstation correlation between stations in the study area. The 

highest value for interstation correlation is 0.94 between Matiwa and Entabeni. This 

can be attributed to the shortest distance between stations as indicated in the 

previous paragraph. This is also further supported by the higher altitude at which the 

two stations are located as shown in Table 4.7. The lowest interstation correlation is 

between Shafeera and Pafuri with r=0.39. Though the two stations are not the ones 

with greatest distance in between, it is highly probably that altitude may be the 

explanation of this weak positive correlation. This may be due to variability 

topography. Additionally, factors such as land use, which can include agriculture, 

urban development, and natural reserves, may further contribute to the variability in 

measurements and outcomes between the two stations (Figure 5.16). 

 

 
Figure 5.16: Land use map of the study area 
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Table 4.6: Correlation matrices between rainfall stations in the LRC  
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THOHOYANDOU 1.00                     
RAMBUDA 0.71 1.00                    
SHAFEERA 0.82 0.52 1.00                   
ROODEWAL 0.64 0.83 0.54 1.00                  
PALMARYVILLE 0.85 0.77 0.63 0.77 1.00                 
ENTABENI BOS 0.81 0.82 0.61 0.85 0.84 1.00                
GOEDEHOOP 0.83 0.67 0.64 0.58 0.73 0.75 1.00               
HANGLIP 0.81 0.73 0.60 0.80 0.75 0.82 0.74 1.00              
KLEIN AUSTRALIE 0.85 0.75 0.59 0.76 0.86 0.86 0.85 0.83 1.00             
LEVUBU 0.82 0.84 0.54 0.86 0.85 0.86 0.63 0.75 0.77 1.00            
MATIWA 0.79 0.79 0.66 0.81 0.86 0.95 0.73 0.77 0.81 0.83 1.00           
PAFURI 0.62 0.63 0.39 0.66 0.67 0.67 0.50 0.60 0.61 0.72 0.61 1.00          
THATHE BOS 0.59 0.51 0.42 0.59 0.68 0.73 0.51 0.61 0.67 0.76 0.71 0.62 1.00         
ELIM 0.75 0.76 0.70 0.81 0.85 0.87 0.72 0.75 0.78 0.82 0.79 0.67 0.64 1.00        
TSHAKHUMA 0.73 0.63 0.53 0.70 0.77 0.77 0.59 0.70 0.68 0.79 0.78 0.52 0.74 0.75 1.00       
ZWAARTRANDJES 0.76 0.63 0.62 0.75 0.72 0.75 0.70 0.80 0.80 0.76 0.73 0.54 0.61 0.79 0.61 1.00      
TSIANDA 0.67 0.79 0.61 0.79 0.81 0.76 0.58 0.68 0.71 0.83 0.79 0.66 0.66 0.71 0.71 0.58 1.00     
PUNDA MARIA 0.85 0.77 0.52 0.80 0.79 0.77 0.57 0.75 0.72 0.83 0.71 0.73 0.62 0.72 0.73 0.68 0.70 1.00    
NOOITEGEDACHT 0.85 0.79 0.68 0.85 0.90 0.87 0.79 0.85 0.90 0.88 0.87 0.65 0.68 0.86 0.73 0.82 0.82 0.79 1.00   
PHIPHIDI -0.11 -0.08 -0.05 0.04 0.12 -0.01 -0.06 -0.08 -0.03 -0.03 0.03 0.28 -0.19 -0.19 -0.05 -0.13 0.11 -0.18 0.03 1.00  

ROSSBACH 0.79 0.70 0.67 0.70 0.75 0.78 0.65 0.66 0.81 0.83 0.74 0.66 0.72 0.86 0.59 0.79 0.66 0.76 0.84 -0.26 1.00 
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The interstation variability per pentad and decade were investigated to show the 

trends of rainfall in the study area. Station by station variability showed that it has 

increased by 10% of the whole study period considered (Table 4.7). The overall 

variability of rainfall on a pentad and decadal scale shows varying coefficients of 

variation. The highest variability is observed on the pentad scale while low variability 

is observed from decadal scale. This can be attributed to the fact that within a 

decade some events tend to repeat themselves unlike the pentad case. This can be 

justified by the events such as ENSO which tend to repeat themselves from three to 

five years (Dieppois et al., 2015).  
 

In a study conducted by Wazneh et al. (2017), the focus was on the examination of 

rainfall variability across different stations in Canada. To assess the extent of 

interstation variability and determine the representativeness of trend values, the 

researchers calculated the range of interstation variability among the station indices 

by dividing the absolute standard deviation by the mean absolute mean of the 

trends. 

 
4.6 Rainfall versus altitude 
The relationship between average rainfall and altitude in the LRC for the stations 

used produced a correlation coefficient of 0.76 (Figure 4.17). This shows that there is 

a strong effect of orography on the distribution of rainfall in the LRC association is 

moderately strong. Table 4.8 shows the relationship between rainfall and altitude in 

the LRC for the stations used in the study. This supports the theory that mountainous 

areas receive more rainfall and may have an influence on rainfall occurrence (Daly et 

al., 1994; Smith and Barstad, 2004; Tuladhar et al., 2020).  
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Table 4.7: Topography and rainfall variables used in the study 

STATION_ 
NAME LATITUDE LONGITUDE ALTITUDE 

AVERAGE_
RAINFALL 

CV 

ASPECT SLOPE 
PAFURI -22.42 31.22 210 439 0.41 68.88 0.64 
RAMBUDA -22.79 30.43 762 840 0.40 156.40 2.23 
THATHE -22.88 30.32 1250 1200 0.27 171.16 3.57 
VONDO -22.93 30.33 1130 1278 0.43 251.89 3.12 
PHIPHIDI -22.96 30.39 900 1282 0.42 143.67 5.66 
THOHOYANDO
U -22.967 30.5 605 769 

0.33 
287.24 0.79 

MATIWA -22.98 30.28 1311 1832 0.28 333.57 4.321 
PALMARYVILLE -22.98 30.43 570 867 0.34 70.78 0.64 
ENTABENI BOS -23 30.27 1376 1747 0.25 181.18 4.72 
ROODEWAL -23.01 30.03 440 831 0.43 207.78 8.14 
SHAFEERA -23.03 30.12 1214 1378 0.36 197.00 12.92 
KLEIN 
AUSTRALIE -23.05 30.22 702 1101 

0.44 
137.56 1.38 

TSHAKHUMA -23.05 30.30 1158 1117 0.31 282.82 2.11 
TSIANDA -23.05 30.35 671 877 0.41 130.09 2.13 
NOOITGEDACH
T -23.07 30.20 762 962 

0.39 
200.91 2.39 

GOEDEHOOP -23.07 30.13 811 843 0.48 67.25 1.35 
LEVUBU -23.09 30.30 610 950 0.38 68.92 1.04 
ELIM - HOSP -23.15 30.06 808 675 0.39 96.88 3.13 
ROSSBACH -23.21 30.05 1190 927 0.37 134.20 9.53 
ZWARTRANDJE
S -23.23 29.86 1036 507 

0.32 
149.64 1.09 

 
 

 
Figure 4.17: The correlation between altitude and rainfall in the study area 
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Figure 4.18 shows the location of rainfall stations in LRC with respect to altitude. The 

findings show that altitude has a statistically significant correlation with annual rainfall 

with a coefficient of determination of about 60% at a significant level of 0.05. Thus, 

altitude plays a vital role in the spatial distribution of rainfall while using annual 

series. Figure 4.19 shows the relationship between altitude and CV in the LRC for 

the stations used. It shows that there is a negative correlation of 0.56 with a co-

efficient of determination of about 32% at a significant level of 0.05. This suggests 

that with increasing altitude, the variability of annual precipitation decreases 

significantly, highlighting the complex interplay between altitude and precipitation 

patterns in the study area. This shows that more consistent weather patterns may 

occur at higher elevations, potentially reducing the precipitation fluctuations seen at 

lower elevations. It also emphasizes the importance of understanding the 

geographical and climatic factors that influence water distribution, which is critical to 

its availability in the region 

 

 
Figure 4.18: Location of rainfall stations in the LRC with their respective altitude 

 



 
 
 

97 
 

 

 
Figure 4.19: The relationship between the CV and the altitude of the stations 

calculated 

 
The altitude and rainfall relationship indicate a positive correlation of 0.68. This 

clearly shows that the distribution of rainfall in the LRC is somehow influenced by the 

presence of the Soutpansberg Mountain. A further confirmation can also be 

explained by the distance among the stations located in the higher altitudes and 

those in the lower elevations. The highest amount of rainfall occurs along the 

Soutpansberg mountain in terms of spatial distribution. The patterns of change of 

annual rainfall shows varying percentages with some showing increase while others 

showing a decrease. These patterns of change vary from one season to the other. 

This synonymous to the findings by Christensen and Christensen (2007). The east-

west gradient of rainfall distribution that was observed. 

 

The spatial distribution of the rainfall received in the LRC for the study period was 

manifest that the northeast part of the catchment received the least amount of 

rainfall. The rainfall distribution was supported by the distribution of natural 

vegetation of the LRC (Mukwada et al., 2021). Despite the spatial variability of 

rainfall, the higher altitudes remain important sources of water since they receive 

high rainfall amount. 
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Detection of changes in the rainfall was performed using annual rainfall amount at a 

significance level of 0.05. In this study, rainfall was regressed against time. The 

interstation variability was performed using the coefficient of correlation for individual 

stations. This study found that most of the stations along the Soutpansberg Mountain 

range within 20 km on the south facing slopes were relatively homogeneous than 

those located at a further distance (Table 4.6). However, this homogeneity was 

applicable to stations that are in the upstream part of the catchment. Table 4.7 show 

the correlation coefficients for rainfall and altitude for individual stations in the LRC.  

 

The implications of rainfall variability in the study area may have detrimental effects 

on different sectors of the economy and society. These may include domestic water 

supply, tourism, commercial and subsistence agriculture.  Consequently, the results 

of this study may help the concerned groups in understanding the patterns of rainfall 

to encourage them to implement better water saving strategies. 

 

The HC was performed on rainfall variables, including average rainfall and CV. The 

HC revealed two clusters in the LRC, with Cluster 1 explaining 46% of the total 

variation and Cluster 2 explaining 54% (Figure 4.20). These clusters were mainly 

influenced by topography. This is validated by various studies that attempted to show 

the effect of the Soutpansberg Mountain on the distribution of rainfall in the northern 

region of Limpopo Province (Kephe et al., 2016). The latter studies used composite 

rainfall and standardised anomaly index to make inferences on their findings. 

However, this overlooked other variables of topography and rainfall as indicated in a 

study by Mmbando and Kleyer (2018). However other studies demonstrate that 

topography (altitude) influences the distribution of rainfall in the LRC. This type of 

influence has been noticed in Kenya, where Camberlin et al. (2014) researched 

rainfall behaviour in Mount Kenya and nearby areas. The latter found that altitude 

and exposure played a vital role in the distribution of rainfall. However, in terms of 

variability, their study found high variability in high altitude as opposed to low altitude.  
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Figure 4.20: Clusters of rainfall stations used in the study 

 
The CCA results confirm there is a strong dependence of rainfall distribution on the 

study area's topography (Table 4.9). Three topographic factors, which are slope 

altitude and aspect were considered. Thus, altitude plays a significant role in the 

spatial distribution of rainfall while using annual series. The spatial distribution of 

rainfall in the LRC for the study period showed that the northeastern part of the 

catchment received the least amount of rainfall (Figure 4.16). The shape, height and 

orientation of the landforms are all contributing factors to the patterns of precipitation 

we observe. Canonical Correlation Analysis results have confirmed that there is a 

strong dependence of rainfall distribution on the study area's topography. This 

means that the study area's topography plays a critical role in determining how 

rainfall is distributed throughout the region. This information is crucial for researchers 

and policymakers alike, as it can help them to better understand and manage the 

area's water resources. 

 



 
 
 

100 
 

 
Figure 4.17: Spatial distribution of rainfall in the LRC 

 

Table 4.8: Correlation matrix for rainfall and topographic variables  
Variables AVERAGE_RAINFALL CV ASPECT SLOPE ALTITUDE 

AVERAGE_RAINFALL 1 -0.44 0.53 0.39 0.72 

CV -0.44 1 -0.43 -0.05 -0.58 

ASPECT 0.53 -0.43 1 0.21 0.47 

SLOPE 0.39 -0.05 0.21 1 0.42 

ALTITUDE 0.72 -0.58 0.47 0.42 1 
 

4.7 Summary of the chapter  
 

The general observation is that the CV of rainfall in the studied area varied 

greatly. Temperature also varied with time with a clear indication of an increasing 

trend. Topography and climatic drivers influence rainfall distribution in the study 

area. Changes in rainfall characteristics and temperature impact on seasonal, 

annual, and spatiotemporal distribution of water availability. The distribution of 

rainfall in the LRC can be better understood by knowing the altitude and the 

accompanying parameters such as orientation and slope. Consequently, the 

availability of water in the area can be comprehended. 

 

  

 

 

 

  
 

  



 
 
 

101 
 

CHAPTER FIVE: DROUGHTS AND FLOODS ANALYSIS 
 
5.1 Preamble 
This chapter presents the results of flood and drought thresholds, duration, 

magnitude/intensity and frequency. Drought analysis results are based on SPI, SPEI 

and SDI.  The goodness of fit test is described for flood analysis and the applicability 

of the method. In addition, a detailed analysis of the patterns and trends in 

flood/drought occurrence and severity are presented. 

 

5.2 Drought analysis 
Based on the number of droughts counted in the time series of SPEI, one can 

suggest the direction of rainfall trend. For this, several stations in the study area 

were considered. For all the stations considered there was confirmation that the 

higher the number of occurrences above and/or below the normal shows whether the 

area is moving towards a particular condition. 

 

5.2.1 SPI  
The time series data covering the study period indicated that drought have occurred 

in the LRC periodically (Table 5.1). The SPI results are presented in figures 5.1 to 

5.3, of more concern were droughts of 1982, 1992, and 2014 – 2016 wherein most 

provincial governments with the help of the national government declared drought 

emergencies. For the sake of clarity, only three stations were presented, one from 

upstream, one from mid-stream and one from downstream. Table 5.1 shows the 

summary of drought severity and duration over the study period. It shows that over 

the years there has been an increase in the number of drought events in days. The 

lower reaches of the catchment are the ones more susceptible to drought days since 

the period is greater there than the upper reaches. This suggests that rainfall in the 

study area does not follow the general assertion in South Africa (Reddy, 1986) that 

rainfall decreases from east to west. In the LRC, rainfall decreases from west to 

east. As earlier indicated in chapter 4, the Soutpansberg Mountain's presence plays 

a critical role in the distribution pattern of rainfall in the study area. Drought analysis 

is critical in this study area. The frequency of droughts is a good indicator of whether 

an area is transitioning to other climatic conditions such as aridity. Based on this 
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data, a considerable increase in the trend towards below-normal rainfall was 

observed over the years. Furthermore, there has been a significant decrease in 

rainfall trends during droughts. As a result, the number of drought episodes is 

increasing. This gives an indication that the area is transiting towards aridity 

conditions.  

 

The duration of drought in terms of the SPI show that a maximum of three months in 

the wet season is common among the drought years. The severity varied across the 

LRC which decreased from east to west. This is in line with the distribution of rainfall 

in the catchment as indicated in section 4.2 of Chapter 4. The variability of drought 

severity has also been supported by studies such as Kabanda (2004), Mazibuko et 

al. (2021). The latter studies agree that the severity was attributed mainly to the 

existence of the ENSO events, particularly El Nino.  

 

Table 5.1: Drought severity and duration in the study area using SPI   

Number of 
Drought Start of Drought 

Duration of 
Drought (days) 

Severity of 
Drought 

1 1/1/1965 365 0.684 
2 1/1/1968 366 0.058 
3 1/1/1970 365 1.15 
4 1/1/1979 365 0.116 
5 1/1/1982 730 2.3 
6 1/1/1986 365 0.768 
7 1/1/1989 730 0.78 
8 1/1/1992 1096 1.567 
9 1/1/2002 730 1.404 
10 1/1/2005 365 0.541 
11 1/1/2007 365 0.078 
12 1/1/2009 730 1.867 
13 1/1/2012 2557 9.998 
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Figure 5.1: SPI for Entabeni Bos 

 

 
Figure 5.2: SPI for Shafeera 
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Figure 5.3: SPI for Punda Maria 

 
5.2.2 SPEI 
 

Figure 5.4 presents the average duration and severity of drought in the LRC based 

on SPEI. Throughout the study period, the intensity of drought remains moderate in 

the upper reaches of the catchment. Moderate conditions occurred in 1992, 2002, 

and 2015 for the upper reaches as the lower reaches were experiencing severe 

droughts. There were no signs of moderate rainy weather at this station. In the year 

2000, there was an occurrence of exceptionally heavy rainfall, which led to a notable 

increase in the overall wetness levels observed during the entire study duration. 

Extreme rainfall occurred in 1977, 1996 and 2000. The subsequent years were near 

normal. 

 

Stations in the mid-stream of the catchment of the seldom encountered severe 

drought conditions. Moderate and severe conditions occurred in 1982, 1992, 1994, 

1999, 2002, 2003, and 2015, respectively. These conditions have posed significant 

challenges for the local communities and have impacted the wildlife and ecosystems 

in the affected areas. Severe rainy conditions occurred in 1996 and 2000. Moderate 

rain fell in 1984, 1996, 2000, and 2013. Some years observed near-normal weather. 

 

Stations in the downstream part of the catchment experienced severe drought in 

1982, 1992 and 2015. Extreme drought-related difficulties can have negative 
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economic environmental and social impacts in afflicted areas. The impact of the 

drought had a significant effect on the LRC. This led to a decline in water availability, 

affecting both the environment and the local communities. Drought conditions were 

moderate in 2002, 1999, and 2003. The wet cycle occurred when there were monthly 

temperature changes in the minimum and maximum temperatures. In 1981, extreme 

wet weather with low drought severity occurred. As a result, extremely rainy weather 

occurred in 1977, 1996, and 2000.  

 

 
Figure 5.4: Averaged drought duration and severity for LRC 

 

5.2.3 SDI 
 
The analysis of Figure 5.5 reveals noteworthy trends and patterns. Over the study 

period, the SDI displays considerable variability, with values ranging from -1.98 to 

3.39. This wide range indicates the diverse hydrological conditions observed in the 

LRC over time. Despite this variability, a clear trend emerges when examining the 

data across the years. The correlation coefficient of 0.87 suggests a strong positive 

relationship between the SDI-6 (6-month streamflow drought index) and SDI-12 (12-

month streamflow drought index). This indicates that the streamflow patterns over 

these two periods are closely related, meaning that when streamflow is low over 6 

months, it is likely also low over 12 months. 
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For SDI-6 this p-value indicates a 34.2% chance that the observed correlation for the 

6-month period could be due to random variation. Because this p-value is greater 

than 0.05, the correlation is not statistically significant at the conventional 95% 

confidence level. Similarly for SDI-12, the p-value for the 12 months is even higher at 

64.7%, suggesting that the observed correlation could likely be due to random 

chance. Again, this result is not statistically significant. The data provided does not 

allow us to confidently predict whether there will be more droughts. The strong 

correlation coefficient suggests that when drought conditions occur over a shorter 

period (6 months), they are likely to persist over a longer period (12 months).  

Although the strong correlation coefficient suggests that drought conditions may 

persist over 6-month and 12-month periods.   

 

 
Figure 5.5: Streamflow drought index for the study area 

 
 
5.3 Floods analysis 
 

This section presents the results and discussion of flood magnitude and return 

periods using the GEV and LP3 distribution in the LRC for the period used in this 

study. Table 5.2 shows the summary of statistics and their respective logarithmic 

transformation useful for estimating flood frequency and magnitude. The data 

analysis involved the calculation of several statistical parameters such as the total, 
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mean, standard deviation, skewness and coefficient of variation for the highest 

recorded daily rainfall values in a year.  

 

Two stations (Goodehoop and Mukumbani) showed great disparity in magnitude of 

100-year return period between LP3 and GEV. The disparity for both stations above 

is greater than 150 mm. This could be attributed to the distribution of the annual time 

series which showed a high degree of variability in rainfall as discussed in chapter 4. 

The results of flood estimation (magnitude and return period) are consistent with 

previous studies on the study area. In addition, a longer dataset and the use of 

predicted impacts of climate change makes the findings more robust. Table 5.3 

shows the number of rejections for the goodness-of-fit at a 5% significance level. 

After following the methods outlined in Chapter 3, the test results were calculated. 

These results were analysed to determine which distributions should be excluded 

when there is a clear trend. This was particularly useful when dealing with complex 

data sets, as it allows for a more accurate interpretation of the results. 

 

Table 5.2: Number of rejections at the 5% significance level for the 3 goodness of fit 
tests  
 EV LP3 

Kolmogorov-Smirnov 3 2 
Anderson-Darling 4 1 
Chi-Squared 3 2 
 
 
Figure 5.5 shows the average daily maximum rainfall per annum in the LRC. The 

data presented indicates a noticeable increase in the quantity of daily maximum 

rainfall per year in the LRC. This rise in rainfall can have serious implications for the 

region, including flooding and damage to infrastructure. 
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Figure 5.5: Average daily maximum rainfall per annum observed in the LRC during 
1961-2018  
 
Table 5.3 shows that data from the Normal and Log-transferred series are positively 

skewed. These results indicate that the LP3 distribution is a more acceptable fit for 

the data used in the study area compared to GEV. Figures 5.6 to 5.8 show the 

comparisons of the LP3 and GEV from upstream to downstream for some of the 

rainfall stations used in the study. The robustness of the LP3 distribution’s 

applicability in the study area is consistent with findings by Singo et al. (2012). In 

their study, they examined different methods for flood frequency analysis. On a 

national scale, Alexander (2002) has also found that the LP3 distribution is most 

suitable for South African conditions. In certain areas, such as the Upper Thames 

River Watershed, GEV and LP3 were performed better (Millington et al., 2011). This 

suggest the statistical parameters involved in the estimation and the hydrological 

regime played a vital role in the results yielded. 
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Table 5.3: Computed statistical parameters for annual maximum daily rainfall  
Station Statistical parameter Computed value Logarithmic 

transformation 
Pafuri 

 

 

 

Sum ( ∑𝑥𝑥 ) 2312.3 59.6 

Mean (𝑥̅𝑥 ) 70.1 1.8 

standard deviation  28.9 0.2 

skewness coefficient  0.5 -0.51 

 

Hanglip 

 

 

Sum ( ∑𝑥𝑥 ) 4578.0 109.4 

Mean (𝑥̅𝑥 ) 77.6 1.9 

standard deviation  32.4 0.2 

skewness coefficient  1.2 -0.16 

Tshakhuma 

 

 

 

Sum ( ∑𝑥𝑥 ) 7338.0 103.6 

Mean (𝑥̅𝑥 ) 149.8 2.1 

standard deviation  89.6 0.2 

skewness coefficient  1.8 0.46 

Elim Sum ( ∑𝑥𝑥 ) 5591.9 113.3 

Mean (𝑥̅𝑥 ) 94.8 1.9 

standard deviation  58.5 0.2 

skewness coefficient  2.9 0.65 

Thathe Bos 

 

 

 

Sum ( ∑𝑥𝑥 ) 4549.7 75.7 

Mean (𝑥̅𝑥 ) 123.0 2.0 

standard deviation  60.7 0.2 

skewness coefficient  1.4 0.34 

Matiwa 

 

 

Sum ( ∑𝑥𝑥 ) 8681.3 3.94 

Mean (𝑥̅𝑥 ) 147.1 2.17 

standard deviation  56.0 1.75 

skewness coefficient  0.9 -0.04 

Thohoyandou 

 

 

 

Sum ( ∑𝑥𝑥 ) 3505.1 70.4 

Mean (𝑥̅𝑥 ) 97.4 2.0 

standard deviation  41.1 0.2 

skewness coefficient  1.1 0.41 
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Table 5.3 continues 
Station Statistical parameter Computed value Logarithmic 

transformation 

ggffgZdsdgZwaartrandjes 

 

 

 

Sum ( ∑𝑥𝑥 ) 3894.5 3.59 

Mean (𝑥̅𝑥 ) 66.0 1.82 

standard deviation  39.5 1.60 

skewness coefficient  3.1 0.50 

Punda Maria Sum ( ∑𝑥𝑥 ) 4429.4 108.0 

 Mean (𝑥̅𝑥 ) 75.1 1.8 

 standard deviation  37.5 0.2 

 skewness coefficient  1.4 0.50 

Levubu Sum ( ∑𝑥𝑥 ) 5216.9 101.5 

 Mean (𝑥̅𝑥 ) 96.6 1.9 

 standard deviation  65.7 0.4 

 skewness coefficient  3.0 -2.93 

Goodehoop Sum ( ∑𝑥𝑥 ) 5476.5 111.5 

 Mean (𝑥̅𝑥 ) 92.8 1.9 

 standard deviation  67.2 0.3 

 skewness coefficient  3.0 0.20 

Rambuda Sum ( ∑𝑥𝑥 ) 28705.1 141.5 

 Mean (𝑥̅𝑥 ) 552.0 2.7 

 standard deviation  167.0 0.1 

 skewness coefficient  0.414 -0.47 

Mukumbani Sum ( ∑𝑥𝑥 ) 2976.0 52.6 

 Mean (𝑥̅𝑥 ) 110.2 1.9 

 standard deviation  56.4 0.4 

 skewness coefficient  0.5 -2.00 

Klein Australie Sum ( ∑𝑥𝑥 ) 7232.0 119.9 

 Mean (𝑥̅𝑥 ) 122.6 2.0 

 standard deviation  68.7 0.2 

 skewness coefficient  1.6 0.294 

Noitegedacht Sum ( ∑𝑥𝑥 ) 6305.7 116.4 

 Mean (𝑥̅𝑥 ) 106.9 2.0 

 standard deviation  61.3 0.2 

 skewness coefficient  1.8 0.423 
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Figure 5.6: Return periods and corresponding flood magnitude upstream 
 

 

    
 

    
 
Figure 5.7: Return periods and corresponding flood magnitude mid-stream 
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Figure 5.8: Return periods and corresponding flood magnitude downstream 

 
Return periods for streamflow 
 
The recorded flood levels in the area were compared to the mean annual flood 

calculated using the LP-III method, as shown in Table 5.4. It was observed that the 

recorded flood levels exceeded the mean annual flood. Based on the available time 

series data, it has been determined that the largest peak discharge happened in the 

year 2000. The greatest peak flows were measured at two specific locations, namely 

A9H012 and A9H013, reaching a staggering 590 and 450 m3s-1, respectively. These 

values are significantly higher than the required threshold, indicating a potential risk 

of flooding in the area. 

 

The A9H012 and A9H013 sites both experienced peak discharges, with values of 

418 and 290 m3s-1, respectively. These values were accompanied by standard 

deviations of 105 and 57 m3s-1. The logarithms of peak discharge for A9H012 and 

A9H013 were found to have average values of 1.89 and 1.51 m3s-1, respectively. 

Additionally, the logarithmic skewness coefficients for these stations are 0.42 and -

0.28, respectively. Finally, Tables 5.7 display results of LP3 and Gumbel computed 

discharges at different return periods of 1.05, 1.11, 1.25, 2,5, 10, 25, 50, 100, and 

200 years for all stations analysed in this study. 
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Table 5.4: Number of rejections at the 5% significance level for the 3 goodness of fit 
tests  
 EV LP3 

Kolmogorov-Smirnov 5 2 

Anderson-Darling 3 1 

Chi-Squared 3 2 

 
In all stations, it has been observed that the LP-III method generated more 

significant discharges with respect to the EV1 at 1.05, 1.11, and 1.25-year return 

periods. In contrast, the EV1 method yields greater outcomes compared to the LP-III 

method when analysing 2, 5, 10, and 25-year return periods. However, at 50, 100, 

and 200-year periods, LP3 delivers greater discharges than EV1. At the downstream 

location A9H012, there was a resemblance in the pattern where the discharges 

calculated utilizing the EV1 method at different return periods are greater in 

comparison to those calculated using the LP-III method. The Flood Frequency 

Analysis (FFA) carried out in the study indicated noteworthy outcomes, with the 

maximum flood discharges escalating from the upstream to downstream owing to the 

contributions made by the tributaries. The contribution of the significant Latonyanda 

River, originating from the Soutpansberg Mountain, supports this finding as reported 

by (Odiyo et al., 2012). Moreover, Section 4.8 indicates that the Lotanyanda area 

receives high amount of rainfall.  There has been an increase in the number of 

tropical cyclones reported in the last decade. This may associated with the impacts 

of climate change (Murakami et al., 2020, Knutson et al., 2021). According to 

Nicholson (2017), it is projected that the occurrence and severity of tropical storms in 

the Indian Ocean will escalate as a result of global warming. Plate 5.1 shows a 

flooded Luvuvhu River at gauging station A9H012 in Mhinga Village. 
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Plate 5.1: Flooded weir in Mhinga Village (A9H012) 

 

The extensive study period has illustrated a noteworthy and statistically significant 

increase in the yearly peak streamflow, as depicted in Figure 5.8. This upward trend 

is displayed in the accompanying figures 5.9 and 5.11, which complement Table 5.5 

by portraying a consistent and progressive rise in the maximum streamflow data 

across multiple years of observation. The elevated streamflow levels observed over 

this duration could potentially entail major consequences for effective water 

administration, resource allocation, and the crucial prevention of flooding in the 

locality, as municipalities and environmental agencies may need to reevaluate their 

existing strategies considering these significant changes. 
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Figure 5.8: Annual maximum daily streamflow observed in the LRC during 1961-
2018  
 

Table 5.5: Computed statistical parameters for annual maximum daily streamflow  
Station Statistical 

parameter 
Computed 
value 

Logarithmic 
transformation 

A9H003 Sum ( ∑𝑥𝑥 ) 712.53 46.70 

 Mean (𝑥̅𝑥 ) 12.29 0.80 

 standard deviation  22.35 0.47 

 skewness coefficient  5.46 0.40 

A9H006 Sum ( ∑𝑥𝑥 ) 292.41 12.61 

 Mean (𝑥̅𝑥 ) 5.04 0.22 

 standard deviation  6.24 0.85 

 skewness coefficient  1.74 -0.87 

A9H012 Sum ( ∑𝑥𝑥 ) 3670.45 60.51 

 Mean (𝑥̅𝑥 ) 114.70 1.89 

 standard deviation  105.19 0.42 

 skewness coefficient  1.89 -0.51 

A9H013 Sum ( ∑𝑥𝑥 ) 1688.19 46.67 

 Mean (𝑥̅𝑥 ) 54.46 1.51 

 standard deviation  57.86 0.48 

 skewness coefficient  1.69 -0.28 
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Figure 5.9: Streamflow return periods and corresponding flood magnitude for station 

A9H004 

 

  
Figure 5.9: Streamflow return periods and corresponding flood magnitude for station 

A9H006 
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Figure 5.10: Streamflow return periods and corresponding flood magnitude for 

station A9H012 
 
5.4 Summary of the chapter 
 
The reason for discussing the consequences of droughts and floods in this chapter 

was to show how they behave in relation to one another. In general, the study found 

significant year-to-year variability, suggesting that the entire LRC is extremely 

sensitive to drought and flooding. The results show that the data of both rainfall and 

streamflow fall below significant drought and flood thresholds. The results also 

showed that the LRC is vulnerable to flash flooding. In addition, the applicability of 

using SPI, SPEI and SDI as drought indicators was tested and found suitable for this 

study. This information is seriously required by disaster response teams in the study 

area. Thus, drought and flood analysis are becoming increasingly important for water 

resource managers, policymakers and users as global water supplies approach 

crisis proportions. Thus, valuable insights into the impact of climate change on water 

availability and the potential risks associated with extreme weather events are 

gained. 
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CHAPTER SIX: SPATIAL-TEMPORAL ARIDITY INDICES AND IMPACTS ON 
WATER RESOURCES 

 

6.1 Preamble 
 
This chapter presents and discusses the LRC's aridity indices determined using the 

UNEP Aridity Index. Spatial-temporal maps for various decades were created using 

historical and future projections. The areas covered by each class of aridity index are 

discussed. Furthermore, the trends of aridity indices are investigated as well as 

impacts on water resources. 

 

6.2 Temporal trends and variation of aridity 
 
 
Figure 6.1 shows the historical annual aridity indices for the stations used in the 

study. The figure shows there is a distinction among the stations. The individual plots 

for the stations are presented in Appendix 6. The results show that there are stations 

that experience evapotranspiration which is lesser than that the amount of 

precipitation received most part of the study period. The arid indices of most virtual 

stations decreased from 0.5 in the 1960's to 0.35 in the 1990's and decreased over 

the decades used in the study. A decrease in the aridity index indicates a move 

toward drier (arid) conditions. The number of stations with an increased aridity index 

was relatively small. However, precipitation may not have decreased significantly 

during the period under study. Temperature, which is the main input into potential 

evapotranspiration, has increased significantly, as shown in section 4.3 of Chapter 4. 

This resulted to an increase in the number of stations with a decrease in the aridity 

index. Most of the stations were classified as semi-arid. Overall, there is a downward 

trend in the study area since majority of stations had negative Sen’s slope in the 

historical records used in the study.  
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Figure 6.1: Aridity indices for the virtual stations used in the study 

 
Table 6.1 shows the MK trend test and Sen’s slope results of the annual aridity 

indices for all the virtual stations used in the study for the historical period (1961-

2020). The results showed that there is a statistically significant (P<0.05 level) 

decrease in aridity indices of almost all the stations except for station t-227306 that 

did not show a clear trend.  It can be inferred that certain factors within the locality 

may be influencing the level of aridity in that particular area where the station is 

located. However, the latter station did not show an overall increase. This suggests 

that there is an increase in evapotranspiration. The results are in line with the 

findings by Chai et al. (2021) that reported an increase in aridity of most parts of the 

world including Southern Africa. This will favour changes in the availability of water 

resulting in other environmental challenges such land degradation amongst others.  
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Table 6.1: Mann Kendall trend test and Sen’s slope 

Series\Test Kendall's 
tau p-value Sen's slope 

t-224307 -0.156 <0.0001 -0.001 
t-224308 -0.173 <0.0001 -0.001 
t-224309 -0.176 <0.0001 -0.001 
t-224310 -0.080 0.006 -0.001 
t-224311 -0.102 0.001 -0.001 
t-224312 -0.162 <0.0001 -0.001 
t-225306 -0.131 <0.0001 -0.001 
t-225307 -0.160 <0.0001 -0.001 
t-225308 -0.174 0.021 -0.001 
t-225309 -0.192 <0.0001 -0.001 
t-225310 -0.155 <0.0001 -0.001 
t-225311 -0.113 0.001 -0.001 
t-225312 -0.162 <0.0001 -0.001 
t-225313 -0.159 <0.0001 -0.001 
t-227306 -0.119 0.114 -0.001 
t-227307 -0.140 <0.0001 -0.001 
t-227308 -0.171 <0.0001 -0.001 
t-227309 -0.185 <0.0001 -0.001 
t-228304 -0.199 <0.0001 -0.004 
t-228305 -0.126 <0.0001 -0.001 
t-228306 -0.143 <0.0001 -0.001 
t-228307 -0.184 <0.0001 -0.002 
t-228308 -0.124 <0.0001 -0.004 
t-229304 -0.172 <0.0001 -0.002 
t-229305 -0.186 <0.0001 -0.002 
t-229306 -0.167 <0.0001 -0.001 
t-229307 -0.191 <0.0001 -0.001 
t-230300 -0.152 <0.0001 -0.002 
t-230302 -0.164 <0.0001 -0.003 
t-230303 -0.130 <0.0001 -0.004 
t-230304 -0.105 <0.0001 -0.003 
t-230305 -0.126 <0.0001 -0.001 
t-230306 -0.196 <0.0001 -0.001 
t-232299 -0.103 <0.0001 -0.001 
t-232300 -0.085 0.000 -0.001 
 

6.3 Spatial variation of aridity 
 
 
Temporal aridity maps for the study area in Figure 6.2. It shows that the upper 

reaches of the catchment experience lower potential evapotranspiration while the 
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lower reaches experience higher evapotranspiration. This graphic illustrates the 

results for the spatial distribution of the aridity indices in the study area. The map 

displays the different levels of aridity across the LRC, with warmer colours indicating 

areas with higher aridity and cooler colours representing areas with lower aridity. The 

results provide valuable insights into the climatic conditions of the region and can 

inform future research and planning endeavours. Figure 6.2 further revealed an 

interesting statistic, as it showed that about 60% of the stations analysed were 

classified as arid or semi-arid. This means that most of the locations studied 

experience limited rainfall and have dry climates, which can pose challenges for 

agriculture and other industries that rely on water availability. However, it is important 

to note that these classifications can change over time due to natural factors such as 

climate change or human activities like deforestation. Only a small percentage of the 

stations had an aridity index greater than 1, indicating they were humid. This 

suggests that higher temperatures are occurring in the lower elevations of the 

catchment, so the lower reaches experience higher potential evapotranspiration. 
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Figure 6.2: Temporal aridity in the study area based on decades 

 
 

There has been a significant increase in the area covered by lower aridity indices in 

the LRC i.e. semi-arid and arid (Table 6.2). This means that the region is 

experiencing more prolonged periods of low rainfall, leading to higher aridity levels. 
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The impact of this change could have severe consequences for the region's natural 

ecosystems and its inhabitants, including farmers and other rural communities. 

 

Table 6.2: Area covered by aridity indices in LRC in percentage  

  
Aridity index 

  

Area covered (%) 
1960s 1970s 1980s 1990s 2000s 2010s 

Arid 0.08 4.90 5.39 0.00 9.95 0.00 

Semi-arid 69.01 69.18 69.37 68.04 66.82 72.21 

Dry sub-humid 5.81 5.72 5.55 6.04 3.37 4.21 

Sub-humid 9.86 9.59 9.26 12.29 7.91 11.78 

Humid 15.23 10.60 10.44 13.63 11.95 11.80 

Total 100.00 100.00 100.00 100.00 100.00 100.00 

 

Figure 6.2 shows that decadal aridity line from the 2000 to 2010 is always below the 

line from 1991 to 2000. Since the lower value denotes a drier region, this suggests 

that aridity also scatters in pattern. Relatively low values of all aridity indices 

increased from 1991 to 2010, indicating that aridity is increasing in pattern. 

 

 
Figure 6.3: Decadal aridity in the study area for historical records 

 
Figure 6.4 shows that the projected arid indices for the LRC for a period of 50 years 

between 2020 and 2070.  Appendix 7 shows plots for individual stations for the 

projected aridity in the LRC. In Figure 6.4, the projected arid indices for the LRC, 
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which have been calculated for a period of 50 years between 2020 and 2070 ae 

presented. These indices are a measure of the dryness of an area, and in this case, 

the LRC region is expected to experience a significant increase in aridity over the 

next five decades. However, some decades within the projected period will 

experience an increase in aridity. This may not last longer as there is a great deal of 

alternative behaviour of the climatic conditions. The trend of arid indices in LRC 

further confirms that the area will high ETo (Table 6.3).  

 

 
Figure 6.4: Projected decadal aridity in the study area for historical records 

 
Table 6.3: Projected area covered by aridity indices in LRC  

 
Aridity index 

  

 Area covered (%) 

2020s 2030s 2040s 2050s 2060s 

Arid 10.10 3.38 7.74 16.85 14.83 

Semi-arid 60.98 69.52 63.96 57.06 61.44 

Dry sub-humid 6.53 6.40 6.06 5.05 7.07 

Sub-humid 10.10 8.42 11.29 11.45 7.74 

Humid 12.29 12.29 10.94 9.59 8.92 

Total 100 100 100 100 100 
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Figure 6.5: Projected aridity for the LRC 

 
Table 4.6 shows that the trend of arid indices in the LRC is an additional piece of 

evidence that supports the prediction that the area will continue to experience high 

evapotranspiration rates (ETo). This is in agreement with the study by Mathivha and 

Mbatha (2022) which found that the LRC has factors favourable for high evaporation 

rates. This trend, which is indicated by a decrease in the amount of moisture 
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available in the atmosphere, is likely to have significant implications for local 

ecosystems and water management strategies. Therefore, it is important for 

researchers and policymakers to closely monitor these trends and develop 

appropriate responses to address any potential challenges that may arise. 

 

Table 6.4: Mann Kendall trend test and Sen’s slope for projected arid indices  

Series\Test Kendall's 
tau p-value Sen's 

slope 
t-224307 -0.136 0.001 -0.001 
t-224308 -0.096 0.001 -0.001 
t-224309 -0.064 0.035 0.000 
t-224310 -0.016 0.637 0.000 
t-224311 0.019 0.516 0.000 
t-224312 -0.055 0.033 0.000 
t-225306 -0.131 0.001 -0.001 
t-225307 -0.060 0.123 -0.001 
t-225308 -0.096 0.002 -0.001 
t-225309 -0.050 0.073 0.000 
t-225310 -0.007 0.824 0.000 
t-225311 -0.025 0.440 0.000 
t-225312 -0.033 0.426 0.000 
t-225313 -0.017 0.637 0.000 
t-227306 -0.043 0.410 0.000 
t-227307 0.006 0.909 0.000 
t-227308 -0.055 0.167 0.000 
t-227309 -0.069 0.046 -0.001 
t-228304 -0.066 0.112 -0.001 
t-228305 -0.002 0.969 0.000 
t-228306 0.045 0.348 0.001 
t-228307 0.060 0.137 0.001 
t-228308 0.038 0.322 0.002 
t-229304 -0.012 0.743 0.000 
t-229305 0.040 0.340 0.001 
t-229306 0.071 0.069 0.001 
t-229307 0.033 0.339 0.000 
t-230300 -0.113 0.000 -0.001 
t-230302 -0.014 0.716 0.000 
t-230303 0.002 0.960 0.000 
t-230304 0.050 0.233 0.001 
t-230305 0.030 0.414 0.000 
t-230306 0.037 0.278 0.000 
t-232299 -0.012 0.740 0.000 
t-232300 -0.011 0.800 0.000 
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6.4 Impacts on water resources 
 
The impacts of aridity are closely tied to the amount of rainfall and streamflow. When 

there is a lack of rainfall and decreased streamflow, aridity can lead to soil erosion, 

reduced crop yields, and decreased water availability for human consumption, 

industrial activities, and wildlife habitats. This can ultimately result in a cycle of 

drought and desertification, negatively affecting the environment and communities 

that depend on it. 

 

The upstream areas, located at the beginning of a river system, have a significantly 

lower level of aridity when compared to the midstream and downstream regions. This 

is because the upstream areas are in the high rainfall zone and closer to the source 

of the water, and the water is still in its more natural state. As the water moves 

downstream, it becomes more affected by the surrounding environment, which can 

lead to changes in aridity levels. 

 

Examining environmental changes reveals that aridity is not the only factor affecting 

water resource availability. Seasonal rainfall patterns, temperature fluctuations, and 

human activities also play significant roles in determining water access for 

consumption, agriculture, and ecosystem health. Recognizing these factors is 

essential for effective water management, allowing policymakers and scientists to 

develop strategies that address water scarcity, promote sustainable use, and 

enhance ecosystem resilience in the face of climate change. Trends in rainfall and 

streamflow also exhibit comparable patterns, which imply a broader transformation in 

the ecosystem. Such changes may have noteworthy consequences on the flora and 

fauna, in addition to affecting the accessibility of resources for human settlements 

dependent on these natural systems. The results of the study indicate low rainfall 

and streamflow variability (Table 4.1 and 4.5) in the upper reaches of the catchment. 

The mid and lower reaches are dominated by high rainfall variability (Figures 4.1 to 

4.6 and Tables 4.1 to 4.3) and streamflow trends (Figures 4.10 to 4.13). 

 

In addition to changes in the amount of rainfall, scientists predict that there will be 

significant alterations in rainfall patterns, including changes in intensity and 

frequency. These were also indicated by the results of the current study (Table 5.4). 
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These alterations in rainfall patterns can lead to more severe occurrences, such as 

heavy downpours and prolonged periods of rain. These changes can have far-

reaching impacts on ecosystems, agriculture, and human societies, increasing flood 

risks, soil erosion, and water scarcity in certain regions. The changes in rainfall 

patterns can also affect the timing and availability of water resources. 

 

Changes in temperature and rainfall patterns can have a profound impact on the 

amount of evapotranspiration that occurs, as well as the quality and quantity of the 

resulting runoff. These changes in water availability can vary both spatially and 

temporally, leading to significant fluctuations in the overall availability of water 

resources. As temperatures rise, evapotranspiration rates can increase, leading to 

greater water loss from the ecosystem. Additionally, changes in precipitation patterns 

can influence the amount of water that can infiltrate the soil and replenish 

groundwater supplies, further affecting the overall availability of water. Taken 

together, these factors highlight the complex relationship between changes in 

temperature and rainfall and the availability of water resources. 

 

Figure 6.7 illustrates that the Standardized Drought Index (SDI) in the LRC reveals 

persistent drought patterns, characterised by moderate to severe drought conditions 

sustained over an extended duration. The level of aridity within a region serves as 

both a direct indicator and a predictive tool for assessing the extent of water 

availability. Conversely, the SDI exceeds the UNEP AI during prolonged drought 

periods and typical hydrological years. The UNEP AI significantly influences the 

long-term streamflow in water-stressed catchments. The correlation with the AI, with 

a value of -0.16. These important observations underscore critical trends in water 

scarcity and offer essential insights for managing water resources and formulating 

effective climate adaptation strategies. A comprehensive understanding of these 

patterns enables policymakers and water scientists to design targeted interventions, 

such as water conservation measures, drought-resistant crop varieties, and 

community-based water management programs, to alleviate the impacts of drought 

on agriculture, ecosystems, and local communities, thereby fostering a more 

sustainable management approach to vital water resources amidst the challenges 

posed by climate change.   
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Figure 6.6: SDI versus UNEP AI 

 

The impacts of aridity, characterised by a lack of precipitation and high evaporation 

rates, can significantly affect water resources. Aridity can decrease water availability 

for human consumption, agriculture, and natural ecosystems. It can also exacerbate 

water scarcity and increase the risk of droughts, impacting communities and 

economies. In addition, aridity can alter the quality of water resources, leading to 

higher concentrations of pollutants and other contaminants. These impacts highlight 

the importance of effective water management strategies in arid areas to ensure 

sustainable use of water resources. 

 

Spatiotemporal variation of aridity is a factor that affects the availability of water 

resources in the LRC. With increased aridity, water resources become scarce, 

leading to depletion of groundwater reserves and a decrease in surface water flow. 

The impact of these variations is significant in the LRC, where water resources are 

already heavily stressed due to population growth and increased industrialisation. 

Spatiotemporal variation in drought also affects the quality of water resources by 

increasing the concentration of pollutants in water bodies. The impacts of these 

changes on water resources in LRCs are severe and have adverse consequences 

for agriculture, human consumption, and commercial activities. Therefore, it is 
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necessary to understand the effects of spatiotemporal variation in drought on water 

resources in LRCs to develop sustainable strategies for water management and 

conservation. 

 

A similar pattern of results was observed in the study of Lickley and Solomon (2018) 

that reported drying trends in Southern Africa. It showed that aridity was projected to 

exceed 10% of the 21st century. This suggests a potentially significant decrease in 

available water resources, which could have severe implications for the local 

ecosystems and communities that rely on them. 

 

According to Banda et al. (2022) climate change is an undeniable threat to the 

stability of the hydrologic system sub-Saharan Africa. The country is already 

experiencing the effects of global warming through increased temperatures, erratic 

rainfall patterns, and prolonged droughts. These changes are putting immense 

pressure on the water resources in the region, affecting water availability, quality, 

and distribution. These findings are supported by a study by Wright et al. (2021) that 

revealed more significant warming in the Northern Cape Province and selected 

districts over Gauteng and Limpopo. Additionally, the frequency and intensity of 

extreme weather events such as floods and heatwaves have also increased, further 

exacerbating the vulnerability of the hydrologic system. In addition, the threat of 

water scarcity is imminent large, and the livelihoods of people who rely on agriculture 

and livestock are at risk. 

 

6.5 Summary of the chapter  
 
The aridity indices, both historical and projected, for the LRC were determined using 

the UNEP Aridity Index. Furthermore, spatial and temporal maps for various decades 

were analysed. The trends and variations of aridity indices are investigated, with a 

statistically significant decrease observed in almost all virtual stations except for one. 

Based on the results, it was evident that higher temperatures are occurring in the 

lower elevations of the catchment area. This, in turn, causes the lower reaches to 

experience higher potential evapotranspiration. Consequently, the aridity in the LRC 

is more concentrated in the downstream parts of the catchment. The area covered 

by humid conditions is decreasing substantially. Thus, indicating a shift towards drier 
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and less humid conditions. The increase in aridity may lead to significant implications 

for the water resources availability.  
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CHAPTER SEVEN: CONCLUSIONS AND RECOMMENDATIONS 
 

7.1 Conclusions 
 

The main aim of this study was to determine aridity and impacts on water resources 

availability in the LRC. Several objectives were set wherein the first objective was to 

evaluate spatiotemporal interstation variability and trends using pentads and decadal 

window periods. This was achieved by indicating that there are two classes in the 

study area i.e. stations with high and stations with low rainfall amount. Some rainfall 

stations showed a decreasing trend, while others showed an increasing trend. 

Topography played a pivotal role in these classes, particularly orientation and aspect 

with a positive correlation coefficient compared to rainfall. The results have affirmed 

the strong relationship between rainfall distribution and the topography of the study 

area. The area's topography plays a significant role in influencing rainfall distribution, 

thereby impacting the overall hydrological processes of the LRC. 

 

Both the Hierarchical Clustering (HC) and the Canonical Correlation Analysis (CCA) 

were used to study the association of rainfall and other physiographic features in the 

study area and the results of both methods were found to align and support each 

other, providing a robust and comprehensive analysis of the data. Thus, the LRC’s 

rainfall is highly variable. Through conducting CCA, it has been confirmed that the 

topography heavily influences the distribution of rainfall in the study area. The results 

of this analysis indicate a strong dependence between these two factors, suggesting 

that changes in the topography may have a significant impact on the rainfall patterns 

in the region. 

 

The second objective of the study was to assess variations and trends in rainfall, 

temperature and streamflow over 5-year or 10-year window periods. The findings 

revealed a significant increasing trend in temperature over time, suggesting a 

possible manifestation of climate change. Additionally, the study showed that there 

were noticeable fluctuations in streamflow patterns over the studied periods. The 

data collected and analysed revealed useful insights into the potential impact of 

climate change on water resource availability.  
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Determination of flood and drought thresholds, duration, extent/intensity and 

frequency in the study area was also performed. The study found significant year-to-

year variability, suggesting that the entire LRC is extremely sensitive to drought and 

flooding. Several events were recorded in the drought history in 58 years from 1961 

to 2018; this suggests that the drought occurred every 2 or 3 years on average. 

Determining floods and droughts in the study area is crucial to understanding the 

potential impacts of extreme weather events on the economy, environment and 

society. The study found significant year-to-year variability in floods and drought 

events, highlighting the need for longer-term monitoring and analysis to accurately 

assess trends and patterns over time. By identifying these extreme events and 

understanding their characteristics, policymakers and stakeholders can make 

informed decisions about land-use planning, infrastructure development and disaster 

preparedness in the face of climate change. The findings of this study provide 

valuable insights into the complex interplay between natural and human-driven 

factors that influence the environmental conditions of a region.  
 

The fourth specific objective focused on determination of aridity indices in the study 

area. The considered study period shows that the study area falls in different 

categories of aridity ranging from arid to sub-humid. The fifth specific objective was 

to assess the impact of spatial-temporal variation of aridity on water resources in the 

LRC. The projected future conditions show that there will be an increase in arid 

aridity due to continuous increase in temperature. This shift in weather patterns 

significantly impacts ecosystems, agriculture, and human communities that rely on 

water resources. As the trend towards drier and less humid conditions continues, it is 

crucial that steps are taken to adapt and mitigate the impacts of these changes. 

There is a strong correlation between drought and aridity in the study area 

influencing the availability of water resources in the LRC.  
 
 

7.2 Recommendations  
 
This research study can help authorities and societies protect against flooding. Due 

to the increasing flood intensity, the return period must be revised for planning 
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purposes. Infrastructure including roads and drainage networks must be properly 

managed to minimize damage associated with flooding. Further research works to 

be conducted on trend attribution. Further research will be necessary to fully 

understand the complex interactions such as at play in this environment.  

 

The study’s findings highlight the need for continued monitoring and research to 

better understand the impacts of climate change on local environments. This 

information can be valuable for policymakers and planners in the region to consider 

when designing long-term strategies for water management and land use. Thus, the 

study underscores the importance of continued research into the impacts of extreme 

weather events on vulnerable communities and ecosystems. 

 

Further research to understand the complex relationship between climate, 

geography, and human activity in the study area should sought.  Reliable information 

on the trends in temperature and streamflow is essential for policymakers and 

stakeholders to develop effective strategies to mitigate the impact of climate change 

and ensure sustainable use of natural resources. Thus, it is recommended that the 

monitoring network for hydrometeorological information should be expanded and 

extended in the LRC to whole area and long period, respectively. By utilizing 

technology for water resource monitoring and management, the LRC can be 

preserved as a productive and ecologically viable agricultural region for future 

generations. 

 

The study highlights the importance of sustainable water management practices to 

mitigate the effects of drought and ensure the long-term availability of water 

resources. The potential effects of climate change on rainfall patterns in the region 

cannot be ignored. However, proactive management techniques can be employed to 

lessen these impacts. This has far-reaching ramifications for agriculture and water 

resource management. 
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Appendix 1: Raw data used in the study 
 

Appendix 1A Raw rainfall data used in the study 
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Appendix 1B Raw temperature data used in the study 
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Appendix 1C Raw streamflow data used in the study 
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Appendix 2: Normality plots 
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Appendix 3: Frequency factor table 
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Appendix 4: Quinquennial (pentad) variability 
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Appendix 5: Decadal variability  
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Appendix 6: Historical aridity and their Sen’s slope 
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Appendix 7: Projected aridity and their Sen’s slope 
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