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ABSTRACT 

An increase in the level of greenhouse gases (GHGs) in the atmosphere, combined with climatic 

variability, is likely to bring about extreme climate events, such as tropical storms, heat waves, 

floods, and droughts. In addition, a small change in the variance and mean of climate parameters 

might result in a strong shift in the intensity and frequency of extreme climatic events. The climatic 

conditions over southern Africa are highly variable and, and as such, southern Africa region 

becomes highly vulnerable to changes in extreme climatic conditions. Changes in climate 

extremes exert much pressure on the vegetation cover, thereby threatening the ecological stability 

of an area. This study analysed changes in vegetation cover and responses to extreme climate 

and weather events in the Limpopo Province, South Africa. The specific objectives of the study 

are to determine the nature of climate extremes from 2000 to 2017; to examine vegetation change 

in the study area, and analyse vegetation responses and sensitivity to climate extremes. In order 

to achieve these objectives, various quantitative techniques were employed. Extreme climate 

characterisation was done using GPCP precipitation, maximum temperature, and standardized 

precipitation evapotranspiration index (SPEI), whilst MODIS satellite was used for land use/ land 

cover change and vegetation response. To analyse vegetation response to extreme weather 

events, MODIS vegetation indices i.e. NDVI, EVI, and LSWI were used to analyse vegetation 

conditions and sensitivity in relation to extreme climatic events. Using the interannual rainfall 

variability and anomalies, seasons with abnormal rainfall patterns were chosen and analysed. 

Season with anomalous heavy rainfall occurred in 1999/00 and 2005/06 over Limpopo Province, 

whilst the anomalous low rainfall occurred during the summer season (DJF) in 2002/03 and 

2015/16. Over the region, heavy rainfall was observed to be negatively associated with maximum 

temperatures (r = -0.66). Severely dry or drought conditions were associated with very poor 

vegetation conditions due to excessive temperatures and increased evaporation rate resulting in 

land surface water loss (LSWI < 0) and vegetation stress, meanwhile, heavy rainfall had a strong 

association with good vegetation conditions. However, vegetation tends to lag by one month from 

heavy rainfall. Using the Pearson moment correlation coefficient, the vegetation conditions (NDVI 

and EVI) were correlated with Land Surface Water Index (LSWI) and climate variables i.e. GPCP 

precipitation and maximum temperatures, with correlation coefficient of LSWI against GPCP, 

Tmax, NDVI, and EVI (r = 0.83, r = -0.78, r = 0.73, r = 0.87 respectively), NDVI and EVI against 

GPCP precipitation and Tmax (r = 0.31, r = -0.70, r = 0.53, and r = -0.73 respectively). The study 

shows a link between extreme weather events i.e. drought/ floods conditions and vegetation 

conditions. The findings of the study could serve as a scientific baseline data for better 
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understanding the effects of drought and floods in relation to vegetation for sustainable 

management of the ecosystems.  With enough details or information about the vegetation, it can 

be possible to generate policies and launch programs to save ecosystems and the environment. 

Foresters, biodiversity officers, and policymakers could also find the information important in the 

formulation of policies, and programs that require development planning. 

Keywords: Limpopo Province, NDVI, EVI, LSWI, Vegetation Response 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Weather patterns are changing globally, increasingly driven by the rising atmospheric 

concentration of greenhouse gases (McElroy & Baker, 2012). The rise in the atmospheric 

concentration of greenhouse gases (GHGs), combined with climate variability result to critical 

changes in the climate of an area globally and regionally by bringing about more extreme weather 

events like tropical storms, floods and drought (Dangermond, 2010; McElroy & Baker, 2012).  

Changes in the magnitude and frequency of extreme climate such as prolonged drought and 

periods of heavy rainfall have been identified as signs of climate change (Meehl & Tebaldi 2004; 

Meehl et al., 2007). According to Easterling et al., (2000); Jentsch and Beierkuhnlein (2008), much 

of the impacts of extreme climate and weather events are felt in all levels of ecological hierarchy, 

from organisms to ecosystems. Easterling et al., (2000) reported that changes in the intensity and 

frequency of extreme climate are likely to impact the natural environment more.  

Nicholls and Larsen (2011), defined extreme climate as the occurrence of a value of climate and 

weather variables that are above or below the normal threshold. Recently, changes in the intensity 

and frequency of extreme climate have aggravated the Impacts of weather hazards economically 

and socially (Easterling et al., 2000), such as the 2015/ 2016 southern Africa drought and the 

tropical cyclone Dineo of February 2017. The occurrence, intensity, and character of many types 

of extremes are already changing and will very likely change in the future (time), as humans 

influence climate change (IPCC, 2013). Many studies in different regions prove that the frequency 

and impacts of extreme climates have changed already (Karl et al., 1995; Schar et al., 2004). 

Limpopo Province is highly prone to extreme climate and weather events, which makes it more 

vulnerable to climate change impacts (Levey & Jury, 1996; Cook et al., 2004). The emphasis of 

the study is on extreme maximum temperature (Tmax), minimum temperature (Tmin) and above-

normal precipitation and below-normal precipitation. Extremes climate and weather events also 

drive changes in vegetation cover much more than the average climate (Parmesan & Martens, 

2008). However, most changes are often negative, but others can be beneficial, such as wildfires, 

which is an integral aspect of the perpetuation of some types of ecosystems (Nicholls & Larsen, 

2011). Extreme climates can often determine how the ecosystems function, by determining the 

types of species that may exist in a certain ecosystem (Parmesan et al., 2000). For instance, it 
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can predict the role that drought plays in the forest dynamic, through influencing the mortality of 

tree species in the forests (Breshears et al., 2005). 

According to van Vliet and Leemans (2006), over the last decade, most of the unexpected 

ecological changes observed were explained in relation to their response to extreme climates and 

weather events. Using GIS and Remote sensing techniques allows us to utilise complex statistical 

methods to view vegetation dynamics and responses to the changes in extreme climate and 

weather events at specific times or over periods of time (Dangermond, 2010). The study employed 

two vegetation indices, namely, Normalised Difference Vegetation Index (NDVI) and Enhanced 

Vegetation Index (EVI), to determine the sensitivity of vegetation in relation to extreme climate 

and weather events in Limpopo Province. 

1.2 Problem Analysis and Motivation 

Globally, the frequency and intensity of extreme climate are expected to increase due to climate 

change, thus making it very important to understand their ecological impacts (Smith, 2011). 

Extreme climate and weather events are statistically defined by their rarity in magnitude, 

frequency, and duration for a single climate parameter (temperature or precipitation) or 

combination of parameters for a particular ecosystem (Goodin, 2004). The analysis of the impacts 

of extreme climates (floods, heatwaves, drought, and tropical storms) on human societies has 

been privileged over-analyzing the impacts of extreme climate on vegetation structure and 

functioning. This is in spite of the importance of vegetation in influencing energy balance on the 

earth’s surface and mitigating extreme local climate. According to Goodin (2004), extreme 

weather events can be identified and recognised based on the length of reliable observational 

data. Thus, the study determined the nature of extreme climate and weather events for the period 

of 18 years, from 2000-2017. Although many past studies were undertaken to investigate the 

impacts of climate extremes on ecosystem functioning, the emphasis of the study is on the 

changes and response of vegetation to extreme climate and weather events in Limpopo Province, 

South Africa. Using remotely sensed data namely, the Normalised Difference Vegetation Index 

(NDVI), Enhanced Vegetation Index (EVI), and Land Surface Water Index (LSWI) the study 

measured the vegetation responses to extreme climate events. In line with this, the research 

focuses on analyzing and quantifying the vegetation change and response to extreme climate 

and weather events in the study area. 
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1.3 Research Questions 

• What is the nature of extreme climate events in the study area from 2000 to 2017? 

• How has vegetation cover changed over time in the study area? 

• How does the vegetation respond to climate extremes? 

• How sensitive is vegetation to climate extreme? 

1.4 Aim and Specific Objectives 

1.4.1 Aim 

The aim of the study was to analyse and quantify vegetation changes and the response to climate 

extremes in Limpopo Province, South Africa for the period 2000 to 2017. 

1.4.2 Specific Objectives 

The objectives of this study were to: 

• Identify extreme climate events in the study area during the period; 

• Examine changes in the vegetation cover in the study area; and 

• Analyse the vegetation response and sensitivity to climate extremes. 

1.5 Delimitation of the study and Description of the Study Area 

1.5.1 Description of the Study Area 

The study focuses on Limpopo Province as shown in Figure 1.1, which is located in the northern 

province of South Africa, lying between the borders of the countries of Botswana to the West, 

Zimbabwe, and Mozambique to the North and East respectively. The province has displayed 

vulnerabilities to the impacts of changing climate, as the region is prone to extreme weather 

events (Levey & Jury, 1996; Cook et al., 2004). Limpopo Province (Figure 1.1) is subdivided into 

five district municipalities: namely, Vhembe, Greater Sekhukhune, Capricorn, Waterberg and 

Mopani Districts which are further subdivided into 25 local municipalities.  

The Limpopo province is comprised of four (4) distinct climate regions; namely, the subtropical 

plateau, with flat elevated interiors which is characterised by hot and dry, with winter rain. The 

moderate eastern plateau has warm to hot and rainy summers and cold dry winters, while the 
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escarpment region has colder weather because of the altitude and rain all year round. The 

subtropical Lowveld region has hot-rainy summers and warm-dry winters, also known as the 

South African Bushveld (Tshiala et al., 2011). 

 

Figure 1.1: Map showing the study location over Limpopo Province, South Africa 

• Vegetation Map 

The NASA Moderate Resolution Imaging Spectroradiometer (MODIS) 250-meter resolution was 

used to generate the mean annual vegetation condition over Limpopo Province (Figure 1.2). The 

vegetation condition map shows that the vegetation in the region varies from sparse to dense 

vegetation condition, with sparse representing an area of no vegetation or poor vegetation and 

dense an area of good vegetation condition. over the region, dense vegetation is found in area of 

higher elevation with slope > 25% and is characterised by forests vegetation such as Evergreen 

needleleaf forest, Evergreen broadleaf forest, Deciduous broadleaf forest, and Mixed forest, 

whereas grassland, water bodies, and permanent wetlands are located in area of slope between 

0 – 8% (see Figure 1.3 and Figure 5.1).  
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Figure 1.2: Vegetation condition map over Limpopo Province (Source USGS/EROS) 

Figure 1.2 shows the annual vegetation cover over Limpopo province. The vegetation of the 

region shows that it depends on the climatic condition over the region; with dense vegetation 

conditions over the region of high rainfall (see Figure 1.4). Sparse vegetation condition is 

experienced over the region of low rainfall or fine climatic conditions. The region is composed of 

climate variability as well as vegetation variability, with the slope (Figure 1.3) playing an important 

role in the rainfall distribution over the region (Chikoore, 2016). 

• Elevation of Limpopo Province 

The Shuttle Radar Topography Map (SRTM) 30-meter spatial resolution was used to map the 

slope of the project (Figure 4.12). Based on the slope map, it showed that the province is 

dominated by flat slopes of about 0-8% from the sea level, and with the highest slopes of about 

>45% from the sea level. 
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Figure 1.3: Map showing the elevation over Limpopo Province 

The creation of an accurate map requires a clear understanding of the variation between the 

imagery and the ground to relate one another (Green et al., 2017). The elevation such as the 

slope is one of the geological data layers that is used for thematic mapping of vegetation. The 

slope map created for Limpopo Province shows the area of lower elevation to higher elevation. 

From the elevation (Figure 1.2), integer values of percent slope were classified into 5 classes: 

Flat (0-8%), Gentle (8-15%), Moderate (15-25%), Steep (25-45%) and Very Steep (>45%).  

• Rainfall Map of Limpopo Province 

Figure 1.4 shows the mean annual rainfall map over Limpopo Province. The map shows that 

climatic condition over the region is highly variable, with the eastern part receiving higher rainfall 

and western part receiving lower rainfall. Limpopo province is located in the subtropical region, 

with high variability of the spatial mean annual rainfall. 
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Figure 1.4: Mean Annual Rainfall over Limpopo Province (Source: ARC-ISCW, 2014) 

Rainfall over the province is highly seasonal, with most of it occurring during summer season. The 

climatic conditions of the region vary significantly between the eastern part and the western part 

due to the escarpment barrier i.e. Soutpansberg mountain (Figure 1.3), with the eastern part 

receiving higher annual rainfall than the western part (Chikoore, 2016). The rainfall in the province 

is highly variable, with most of it recorded between October and April. Figure 1.4 illustrates the 

mean annual rainfall over Limpopo Province. The region is composed of an area of high rainfall 

and an area of low rainfall, with more than 1000 mm rainfall is recorded over the area of high 

rainfall and area of low rainfall receives below 300mm rainfall. 

1.5.2 Delimitation of the study 

The study focus is Limpopo Province, and various methods and datasets were used. During the 

period of heavy rainfall and availability of cloud covers over the region, certain areas were not 

clearly visible from other satellites such as LandSat, thus has influenced the selection and use of 

MODIS satellites to study the response of vegetation over the area. MODIS has the ability to 

cover a large area, with clear sky images were Landsat images, a mosaic of images is required. 
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Also, MODIS offers a better way of assessing vegetation using the MODIS MOD13Q1 vegetation 

composite indices at 16 days making it possible to study a short-term trend such as a single 

summer season (DJF). 

1.6 Definition of Key Concepts 

Extreme Climatic Events refer to periods of unusual, severe, and unseasonal weather extreme 

such as drought and floods which may lead to devastating consequences on the society, 

environment, and economy (Zhang et al., 2015). 

NDVI is defined as a satellite-based indicator with the aim to characterise and monitor the 

vegetation conditions across the globe from space (Saleska et al., 2007). 

EVI is defined as a vegetation condition indicator designed to optimise vegetation signal by 

improving sensitivity in the area of high biomass and improved vegetation monitoring through 

reducing atmospheric influences and de-coupling canopy background (Jiang et al., 2008). 

LSWI is defined as the measure of the amount of liquid in the vegetation canopies that interact 

with solar radiation and soil background (Gao, 1996; Chandrasekar et al., 2010). 

Vegetation response refers to the photosynthetic activity which is characterised by estimating 

the fraction of absorbed photosynthetic active radiation, determining the vegetation growth using 

NDVI obtained with multispectral radiometric data such as Landsat, MODIS, and AVHRR 

(Menenti et al., 2010). 

1.7 Dissertation Structure 

Chapter 1, introduces the setting of the study, whilst outlining the purpose and objectives, and 

defining the key concepts. The relationship between extreme weather events and vegetation 

indices is explained, while also outlining the impacts of extreme climate on vegetation conditions. 

The study area selection, vegetation condition of the region, the climate of the region, and 

elevation were also outlined. 

Chapter 2 gives a brief outline of the literature review, outlining the extreme weather events 

associated with changing climate and their impacts on vegetation conditions. It also gives a clear 

explanation or characterisation of indices that are used for the identification of extreme weather 

events and vegetation conditions.  
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Chapter 3 presents the research methodology followed in the study. The type of research design 

and methods of data collection and analysis were clearly stated. Steps used for data collection 

and archives data extracted from were shown. The methods and steps followed in the assessment 

of the impacts of extreme weather events were covered.  

Chapter 4 presents the results and discussion of extreme weather events in Limpopo Province 

and their frequencies and intensity. Using the web-based tool, mean patterns of GPCP 

precipitation and maximum temperature were displayed showing an overview of climatic 

conditions. Case studies of extreme weather events over the region were explained. 

Chapter 5 outlined the impacts of extreme weather events on vegetation conditions over the 

region. Using Normalised Difference Vegetation Index, Enhanced Vegetation Index, and Land 

Surface Water Index, the impacts of vegetation conditions are shown. Also, the Pearson moment 

correlation coefficient was used to relate the extreme weather events and vegetation conditions. 

After clear identification of extreme weather events and their impacts on vegetation conditions, 

chapter 6 concludes and makes recommendations. All chapters include a short summary outlining 

the findings, with detailed findings of this study presented together with the synthesis of the key 

findings, conclusions, and recommendations.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

This section reviews relevant literature for the study. The review compiles and evaluates the 

nature, characteristics, and impacts of extreme climate on vegetation, whilst disclosing materials 

that are necessary to examine and identify extreme climate and weather events as well as their 

impacts on vegetation ecosystems. 

2.2 Climate Dynamics of South Africa and Limpopo Province 

Climate is essentially defined as the distribution of weather variables (particularly the precipitation, 

temperature, and humidity) that an area/ region experiences over a long period of time (McElroy 

& Baker, 2012). Generally, it is often estimated using an observational experience of thirty years. 

Climate represents the accumulation of daily and seasonal weather events (the average range of 

weather) over a long period of time (Zhang et al., 2015); thus, it can be viewed as a synthesis of 

the aggregate of weather. 

A large-scale change in temperature and precipitation that happens over a decade or less are 

typically described as climatic change, which results in substantial disruptions in most of the 

social, economic and environmental costs, due to an increase in the frequency and severity of 

extreme events (Karl et al., 2008). Climate change involves an increase in the global mean 

temperature, with an intensification of extreme precipitation events, high frequency of longer 

storm period and longer-lasting dry periods such as drought (Easterling et al., 2000; IPCC, 2007; 

Groisman &Knight, 2008). The globe has been characterised by the successive warming of the 

earth’s surface from the past three decades (IPCC, 2013).  

Globally, the land and ocean surface temperature data showed a warming linear trend of 0.85 

(0.65 to 1.06)°C for the period between 1880 to 2012 (IPCC, 2013), with the total increase being 

averaged to 0.78 (0.72 to 0.85) based on the period 1850 – 1900 and 2003 – 2012. A warming 

climate in many regions is associated with a significant intensification (increase) of extreme 

climate events (Easterling et al., 2000; Alexander et al., 2006). 

Climate change primarily impacts the environment and society by increasing the intensity and 

frequency of extreme climate events (Song et al., 2014). Changes in the extreme climate events 

are strongly influenced by climate variability (Katz & Brown, 1992; Song et al., 2014). 
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2.2.1 Climate of South Africa 

Different studies have shown that southern Africa is prone to the occurrence of hydrological 

extreme conditions such as droughts and floods (e.g. Kruger & Shongwe, 2004). According to 

Ziervogel et al., (2014); South Africa over the past five decades, has experienced an increase in 

the intensity of extreme rainfall events. However, this is due to an increase in the mean annual 

temperature and the global average temperature observed of (0.65°C) has increased by 1.5 

times. Engelbrecht, (2015) reported that South Africa is expected to continue warming at a higher 

rate than 0.15 °C per decade as observed over the 20th century. According to the Department of 

Environmental Affairs (DEA, 2013), due to changes in climate across the country, maximum and 

minimum temperatures have increased whilst rainfall showing interannual variability with the 

number of rain days reduced almost everywhere around the country. Climate variability can result 

in extreme climate events such as drought or floods and these extreme conditions can be very 

destructive leading to loss of infrastructure, life and could also damage ecosystems and its 

functions. 

2.2.3 Climate of Limpopo Province 

According to the Limpopo Department of Agriculture (LDA, 2008), the province is described as 

relatively warm on most of the days, with long sunny days and dry weather conditions. The 

province receives summer rainfall with semi-arid on the western and sub-tropical on the eastern 

part. However, the western and far northern part of the region is prone to drought conditions.  

Around summer, it often receives short-lived thunderstorms which disturb the warm days of the 

season. The rainfall for the province ranges from 200mm in the hot dry areas to 15000mm in the 

high rainfall areas, with most of the rainfall happening between October and April (Tshiala et al., 

2011). According to Kruger and Shongwe, (2004), observations show strong evidence about the 

warming trend over southern Africa. Warming trends within the country are driven by changes in 

the maximum and minimum temperatures which result in a high levels of evaporation rate.  

2.3 Climate Variability 

Climate change is responsible for changes in the intensity, frequency, duration, timing and spatial 

extent of extreme climates which result in unprecedented extremes (Nicholls & Larsen, 2011). 

Globally and regionally, changes in precipitation and temperature are often described as the 

relevant aspects of climatic change in the warming world (Markus et al., 2016), with little 

consensus on the expected and observed changes in temperature and precipitation patterns. The 



12 
 

spatial patterns of changing climate are heterogeneous, with different regions displaying opposing 

trends from observed patterns (Donat et al., 2013). Extreme climates and weather events exhibit 

substantial variability. Vegetation mortality regionally is also believed to be influenced by climate 

change (McDowell et al., 2008). However, there is little consensus on the impacts of extreme 

climate and weather events on the natural environment (Easterling et al., (2000). Global warming 

simulations intensifications of extreme weather events such as precipitation in tropics and 

extratropical regions (Kharin et al., 2013 and O’Gorman and Schneider, 2009). Meanwhile, due 

to the warming climate, uncertainty remains (O’Gorman, 2012), probably because of the 

sensitivity in simulation models of extreme precipitations in the tropics such as convective 

parameterization (Wilcox & Donner, 2007).  

Studies from the past indicate that globally, climate change continues, along with the 

intensification and changes in the total annual precipitation and the number of measurable days 

with precipitation (Zhang et al., 2010). Globally, observed precipitation data show that the number 

of heavy precipitation events have intensified in most regions, rather than decreased. Thus, there 

is considerable variability in spatial trend patterns (Lenderink & Van Meijgaard; 2008; Westra et 

al., 2013; Donat et al., 2013,). The intensification and frequency of extreme climate are expected 

to change under the influence of climate change (Meehl et al., 2000). An increase in global 

temperatures is expected to cause or exacerbate the increase in extreme weather events, which 

in turn, affects the ecosystems and society. 

2.4 Extreme Climate and Weather Events 

Changes in the intensity and frequency of extreme events, such as drought, heatwave and heavy 

precipitation, have attracted a lot of attention because of their devastating consequences on 

society, economy and environment. Extreme weather events include very high temperatures, high 

rainfalls, and droughts or extreme weather events (Rosenzweig et al., 2001). It also includes 

unusual, severe or unseasonal weather, and weather at the extreme of the historical distribution 

(Zhang et al., 2015). Globally, the changing climate alters precipitation and temperature patterns 

(IPCC, 2013). This has been predicted to intensify extreme climate events, with considerable 

impacts on vegetation ecosystems. 

Despite an increase in temperature, global prediction models predict more and frequent severe 

extremes, such as floods, drought and heatwaves (Easterling et al., 2000; Schar et al., 2004). 
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The classical parametric method, such as the Generalized Extreme Value (GEV) theory, is used 

to analyse extreme events (Zhang et al., 2015),  

2.5 Extreme climate and weather events classification 

2.5.1. Heat Waves 

An increase in temperature variance is likely to influence the chances of extreme high-

temperature events over and above what could simply be expected from mean increase alone 

(Meehl et al., 2000). Temperature is associated with several types of extreme, such as human 

health, the physical environment and vegetation ecosystems (Seneviratne et al., 2012). However, 

past analysis of temperature extreme regionally and globally shows a consistent change with a 

warming climate, supported by previous assessment in AR4. Finally, temperature extremes also 

result in the formation and intensification of heatwaves. 

The heatwave is a period of at least three days where the combined effect of excess heat and 

heat stress is unusual with respect to the local climate (Nairn & Fawcett, 2011). Heat waves are 

generally driven by large-scale synoptic events such as quasi-stationary anticyclonic circulation 

anomalies or atmospheric blocking (Meehl & Tebaldi, 2004; Nairn & Fawcett, 2011). Heat waves 

around the globe have been shown to be responsible for more deaths than any other extremes, 

and its impacts include bush fires, storms, tropical cyclones and floods (Coates, 1996).  

Different scholars globally, have projected more heatwaves due to climate change from global 

warming (Alexander et al., 2007; CSIRO and Bureau of Meteorology, 2007). Nairn and Fawcett, 

(2011) reported that severe impacts of heatwaves globally, can either be direct or indirect. 

However, they are accountable for damage to vegetation ecosystems and crops. Heatwaves 

occasionally occur in mid-summer, with less intense heatwaves being experienced in spring and 

early autumn and are sometimes referred to as the period with exceptional and unusually hot 

weather (Nairn & Fawcett, 2011). McBride et al., (2009), concluded that surface heating is the 

dominant contributor to heatwave formations. 

2.5.2. Droughts 

Globally, changes in precipitation patterns have been identified as the relevant aspect of a 

warming climate in the world (Donat et al., 2017), yet there is little understanding about observed 

and expected changes in spatial precipitation patterns. Allen and Ingram (2002), reported that 

due to the warming climate, the intensifications of hydrological cycles are expected. 
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Alexander et al., (2006), Min et al., (2011) and Westra et al., (2013), all reported that increases in 

precipitation extreme can result, whilst Sillmann et al., (2013) and Kharin et al., (2013) further 

projected an intensification in the extremes for the future. According to Seneviratne et al., (2012), 

drought is influenced by the reduction in a mean or total precipitation. According to O’Gornam 

(2015), climate models have observed and simulated the intensification of extreme precipitation 

as a result of a warming climate. Other studies have found that increased concentrations of 

greenhouse gasses result in heavy daily precipitation events (Gordon et al., 1992). 

Drought is generally the period of the prolonged dry season or abnormal dry weather which 

causes hydrological imbalance (Seneviratne et al., 2012). Lack of precipitation, which is called 

meteorological drought, often results in drought and influences the intensification of 

evapotranspiration induced by enhanced wind speed, radiation and vapor pressure reduction.  

Regional-scale forest mortality has been associated with severe drought worldwide (McDowell et 

al., 2008). However, such widespread mortality events are known to have long-term impacts on 

the forest dynamic and interaction between species and may also impact atmospheric CO2 and 

climate. Due to extreme climatic events, regional drought is increasing in terms of frequency and 

severity, with significant impacts on eco-social, with increased interest in the impacts of extreme 

climate to ecology (Royer et al., 2011).   

Drought is a gradual process which intensifies as a period of the prolonged dry season continues 

over a time (Lei & Duan., 2011). Globally, extreme drought is responsible for growth reduction 

and vegetation mortality in the ecosystems (Allen et al., 2010). Drought, according to the remote 

sensing community, is defined as a complex phenomenon characterised by abnormal dry weather 

period which influences vegetation cover change (Tucker & Choudhury, 1987; Heim, 2002). 

Drought is characterised into three different categories, namely meteorological drought, 

hydrological drought and agricultural drought. 

Types of Drought 

• Meteorological Drought 

Droughts are the results of deficiency of precipitation over a period of time which results in the 

shortage of water for the environmental sector or some activities. Meteorological drought is mainly 

due to deficiencies of the natural precipitations and excessive evapotranspiration over a time 

period at different areal extent (Wang et al., 2016). Different types of drought display specific 

characteristics, although hydrological drought and agricultural drought start as a result of 

meteorological droughts. Meteorological drought can be characterised simply using standardised 
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precipitation index (SPI), standardized precipitation evapotranspiration index (SPEI) which have 

been found to be an effective in analysis (Zarch et al., 2015). Drought development involves a 

variety of interacting climate variables with various land-atmosphere feedback (Wang et al., 

2016).   

• Hydrological Drought 

Hydrological drought persists due to a shortage of precipitation associated with excessive 

temperatures and higher evaporation rates. As such, soil moisture declines to a point were 

terrestrial ecosystem or crops are affected, leading to hydrological drought (Van Lanen et al., 

2016; Wang et al., 2016). Normally, hydrological drought is often defined by the frequency and 

severity of watershed or river basin scale. Although all droughts are the results of precipitation 

deficiency (Wang et al., 2016), hydrological drought is more concerned with the hydrological cycle 

or system. 

Hydrological drought normally lags in occurrence of meteorological droughts and agricultural 

droughts (Wang et al., 2016), as it takes a longer period for precipitation deficiency to show up in 

components of the hydrological system such as soil moisture, reservoir levels, or stream flows.  

• Agricultural Drought 

The agricultural drought interlinks various characteristics of both meteorological droughts or 

hydrological droughts to agricultural impacts (Wang et al., 2016), focusing on soil moisture 

depletion, shortage of precipitation, excessive temperatures and increased evapotranspiration 

and decline of reservoir levels. Deficiency of precipitation leads to a decline in the topsoil moisture 

at planting which may hinder crop development, resulting in low crop per area hectare and a 

reduction of the final production (Van Lanen et al., 2016). Agricultural drought is referring to period 

of declining soil moisture and consequently leading to crop failure (Mishra & Singh, 2010). 

2.5.3. Floods 

Floods are defined as the accumulation of waters over areas that are not normally submerged or 

an overflow of normal confines of streams and other water bodies (Seneviratne et al., 2012). 

Extreme climate events are expected to be altered by climate change, such as floods (Death et 

al., 2015). Meanwhile, future changes in the intensity and frequency of extreme climatic conditions 

are expected to vary according to region. Floods are caused by an intensification of snow, long-

lasting rainfall or a combination of both or intense local storms (Smith & Ward, 1998). 
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Intense or extreme wind speed consequently threatens human safety, and the integrity of 

infrastructure and vegetation (Seneviratne et al., 2012). Trends of average wind speed influence 

increased evaporation rate and the availability of water by bringing intense local storms and 

drought (McVicar et al., 2008). 

• River Floods 

A river floods is due to an overflow of water over the banks of the riverbanks, outside its natural 

or artificial made. As surface water from runoff introduced or added into streams and river, it 

exceeds the river or stream’s capacity to accommodate the flow. River flows are considered 

normal or not hazard unless it threatens human life, and property (Burby, 2001). According to Ives 

(1989), the dynamics and intensity of river floods varies depending on the terrain of an area, with 

mountainous areas floods occurs after heavy rainfall, and low flat areas characterised by shallow 

and slow-moving floodwater. River flows normally occur when the river exceeds it carrying 

capacity, either at meanders or bends. 

• Flash Floods 

These are floods caused by excessive or copious heavy rainfall at a short period of time. Flash 

floods are associated with heavy rainfall due to thunderstorms, tropical cyclones, hurricane or 

melting of ice (Weather, 2007). This can be related to the 2000 floods that have affected most of 

southern Africa countries due to TCs Eline. It is associated with the creation of gullies and large 

volume of water flowing with debris. The flash floods can be distinguished from regular floods due 

to the time scale between heavy rainfall and the onset of flooding. 

• Urban Floods 

Urban areas are constituted by artificial surfaces which cannot absorb water from rainfall, such 

as pavement, parking lots, roads and buildings (Ramachandra et al., 2009). The urban floods are 

the result of excessive runoff developed in areas of hard surface where water doesn’t have 

anywhere to go.  Urban floods are usually linked to major natural disasters, such as tropical 

cyclones. 

2.5.4 Impacts of Extreme climate and weather events 

• Impacts of drought 

Drought is the naturally occurring disaster and it is critical that it be monitored. Wherever drought 

strikes, it leaves a wide-ranging trail of effects, such as in economy, agriculture, social, and 
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environmental (Vose et al., 2016). The physical characteristics of droughts drive the economy, 

social, agriculture and environmental effects, which include the severity, spatial extent, and 

duration. Most impacts of drought are based on social and economic activities.  

Economically, the effects of drought can either be direct or indirect, with direct effects associated 

with the water services, and timber productions. The indirect effects can be interlinked with 

agricultural drought and changes in the ecological conditions (Vose et al., 2016). The effects of 

drought lead to the reduction of water use for community and agriculture. Due to a shortage of 

water, it results in crop failure and an economic loss. The effects of drought are complex to monitor 

because they interplay both social, physical and technological responses. Vose et al., (2016), 

reported that the effects of drought on the ecosystem in more complex, with some biota being 

negatively affected. 

• Impacts of Floods 

Extreme precipitation also has large societal and environmental impacts and appears to be 

increasing with climate change in many regions globally. This is because a change in the intensity 

of precipitation is accompanied by an increase in daily extreme precipitation amounts during the 

growing season. Floods display both direct and indirect impacts.  

Floods have devastating effects on society, ecosystems, economy, and agriculture. During heavy 

rains, the river spills water in the flood plains causing water to move downstream and impose a 

threat on crops, plants, and animals resulting in an ecological disturbance. 

2.6 Synoptic Systems that cause extreme climate 

2.6.1 Cut Off Lows 

Cut-off Lows (COLs) are baroclinic temperate disturbances that take place on the westerlies as 

deep troughs that are associated with a cold-cored depression (Tyson & Preston-Whyte, 2000). 

Globally, it is known that COLs are associated with extreme precipitation events (Sabo, 1992; 

Zhao & Sun, 2007; Muller et al, 2008).  According to Sabo (1992), COLs are responsible for long-

lasting heavy precipitation in large areas of Austria. COLs are regarded as South Africa’s most 

important synoptic weather systems that are responsible for bringing widespread rainfall in the 

country, with some resulting in flood events (Taljaard, 1985; Roux & Van de Vyver, 1988; 

Singleton & Reason, 2007). From 1973 to 1982 and 1973 and 2002, studies conducted by 

Taljaard (1985) and Singleton and Reason (2007) both recorded 11 average COLs occurring per 

year. For instance, the 300 mm of rainfall in 24 hours at East London in August 2002, was reported 
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by Singleton and Reason (2006) to be associated with COLs which was situated over the South 

African’s western interior. According to Taljaard (1985) Singleton and Reason (2007), about 20% 

of the floods in South Africa are a result of COLs. 

 

Figure 2.1: Cut-off low circulation pattern at near surface at 500hpa levels. (Source: Tyson & 

Preston-Whyte, 2000) 

2.6.2 Tropical Cyclone (TCs) 

Tropical cyclones (TCs) are the rotating systems which are characterised by a low-pressure 

center with strong winds and heavy rainfall that results in severe damage both inland and outland 

(Córdoba et al., 2018). TCs are defined as intense, cyclonically rotating, low-pressure weather 

systems that form over the tropical oceans. In the South Indian Ocean, TCs form to the west of 

Australia where they are carried westward in the tropical easterlies before recurving southward in 

the South Indian Anticyclone before reaching land, and they often move south along the 

Mozambique Channel (Tyson & Preston, 2000). In the Australian, Indian and Pacific, 97 % of TCs 

form in the Monsoon Trough between the equatorial westerlies and tropical easterlies overlaid by 

200 hPa ridge. TCs in the Indian Ocean are mainly a summer and autumn phenomenon. TCs 

storms are always associated with heavy rainfall and flooding and are maintained by the release 

of latent heat. TCs have negative impacts on the environment along with places it passes as it 

produces heavy rainfall and strong winds (Kubota & Wang, 2009). Different scholars have 

reported that the amount of extreme precipitation influenced by TCs are increasing as they 
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increase the frequency and extreme precipitation associated with each TCs (Knight & Davis, 

2009). TCs produce heavy rainfall in a short period of time (extreme precipitation) which results 

in flooding (Denniston et al., 2015). Denniston et al., (2015) reported that recent ENSO are 

dominant controllers of interannual TCs activities globally as they influence the surface ocean 

gradients and atmospheric circulation. ENSO tends to influence the formation of TCs, for 

example, the tropical cyclone Eline resulted in most of southern Africa countries flooding in 2000. 

According to Reason and Keibel (2004), much of the January-February-March (JFM) 2000 

extreme rainfall in the southern Africa regions resulted from the TCs system. TCs Eline was 

recorded to be the longest-lived tropical storm in the Southwest Indian Ocean (SWIO) which 

penetrated far inland over the interior of southern Africa (Reason & Keibel, 2004). Another 

example is tropical cyclone Dineo, which brought extreme precipitation to some parts of the 

southern African countries, such as Mozambique, Zimbabwe, and some parts of South Africa, in 

Limpopo and Mpumalanga Provinces. 

2.7 Remote Influence of Extreme Climate Events 

2.7.1 El Nino Southern Oscillation (ENSO) 

ENSO is defined as the natural fluctuation of the global climate system as a result of equatorial 

atmospheric-ocean interaction in the tropical Pacific Ocean (Philander, 1992). ENSO is the 

dominant phenomenal mode of coupled atmosphere-ocean variability on interannual time scales 

in several regions of the world (Trenberth & Stepaniak, 2002). The ENSO cycles consist of three 

phases: El Nino, neutral phase and La Nina (Hanley et al., 2003). ENSO is defined as the irregular 

periodical variations in winds and SST in the equatorial Eastern Pacific Ocean and is associated 

with strong year to year climate variability around the globe (Climate Prediction Center, 2016 & 

Meehl et al., (2000). The phenomenon is one of the key factors that influence the interannual 

variability of precipitation (Panalba & Rivera, 2016). In the southern hemisphere, the Eastern 

Pacific Ocean atmospheric pressure conditions are affected due to SST which generates the 

ENSO, and substantially influences precipitation distribution (Mason & jury, 1997; Nicholson, 

1997).  



20 
 

 

Figure 2.2: EL Nino Southern Oscillation Source 
(https://www.smhi.se/polopoly_fs/1.10208.1490013686!/image/Fig%201_nina_normal_nino.jpg_
gen/derivatives/Original_1256px/image/Fig%201_nina_normal_nino.jpg) 

ENSO is the dominant force of tropical climate variability at interannual timescales and is 

characterised by SST and surface pressure anomalies across the Pacific Ocean (Williams & 

Hanan, 2011). The two extreme phases of this oscillation are known as El Nino and La Nina. An 

El Niño episode is one phase of the ENSO phenomenon and is associated with abnormally warm 

central and eastern equatorial Pacific Ocean surface temperatures (Seneviratne et al., 2012). In 

the other phase, La Niña episode is associated with abnormally cool ocean temperatures in this 

region. The ENSO phenomena are best explained by the Walker Circulation (WC). The WC 

features the trade winds blowing from east to west across the central Pacific, rising motion over 

the warm water of the western Pacific, returning flow from west to east in the upper troposphere, 

and sinking motion over the cold water of the eastern Pacific (Bjerkness, 1966). According to 

Overpeck and Cole (2006), El Nińo/ Southern Oscillation is more energetic and can influence 

climate anomalies globally. 

Both ENSO phases are characterised by spatial patterns of extreme events such as droughts and 

floods. Recent studies have suggested that both different phases of ENSO are associated with 

different frequencies of short-term weather extremes such as heavy rainfall events and extreme 

temperatures (Alexander et al., 2009). 
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Figure 2.3: Nino 3.4 Source (https://www.ncdc.noaa.gov/monitoring-
content/teleconnections/nino-regions.gif) 

To characterise the frequency and intensity of ENSO events, Oceanic Nińo Index (ONI) in the 

Nińo 3.4 region is used. ONI is the average in sea surface temperature anomaly in Nińo 3.4 region 

by 5°N-5°S from 150° - 90°W. An anomaly SST in the Pacific is either referred to as El Nińo or La 

Nina event when the 5-month running mean of the ONI index exceeds +0.5°𝐶 for El Nińo or -

0.5°𝐶 for La Nina for at least 6 consecutive months (Trenberth, 2000).  

2.7.2 Indian Ocean Dipole (IOD) 

Indian Ocean Dipole is a coupled ocean-atmospheric phenomenon in the Indian Ocean with the 

difference in the sea surface temperature (SST) between two areas/ poles, a western Indian 

ocean is sometimes referred to as western pole in the Arabian Sea and an eastern pole in the 

eastern Indian Ocean south of Indonesia. The SST difference usually develops and peaks 

between June and October. Indian Ocean Dipole has been established as the dominant influence 

over ENSO, as it exerts much of the influence on East African rainfall behaviour, particularly 

during the short rainy seasons of September, October and November (SON) [Black, 2005; Behera 

et al., 2005].  

During the dry season of May-October, IOD events bring more changes in the interannual rainfall 

(Hamada et al., 2012). The Indian Ocean Dipole (IOD) is divided into two phases, the negative 

phase (wet season) and the positive phase (dry season) see Figure 2.8. The negative IOD is 

characterised by warmer than normal SST in the eastern equatorial Indian Ocean and cooler than 
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normal SST in the western tropical Indian ocean (Saji et al., 1999). Whilst the positive IOD is 

characterised by cooler than normal SST in the western equatorial Indian Ocean and warmer than 

normal SST in the eastern tropical Indian Ocean.   

A positive IOD is associated with above-average sea surface temperature and increased 

precipitation in the western Indian Ocean region with a corresponding cooling of water in the 

eastern Indian Ocean. The reverse effects prevail during negative IOD conditions, with the cooling 

of water in the western Indian Ocean region associated with increased precipitation in the eastern 

Indian Ocean.  

The negative IOD and El Nińo happen together in the dry season and they are associated with 

below normal rainfall, resulting in drought conditions. On the other hand, positive IOD tends to 

bring wet seasons with or without the influence of La Nina (Hamada et al., 2012). The IOD tends 

to have an influence on the intensity and frequency of rainfall on the continent (Saji et al., 1999) 

During the phases of IOD (negative and positive), the sea surface temperature (SST) surrounding 

the continent tends to be cooler or warmer, influencing large-scale convergence and divergence 

(Hamada et al., 2012). This results in the suppression and induced rainfall on the continent. 

 

Figure 2.4: Indian Ocean Dipole Source (http://upscfever.com/upsc-
fever/en/geog/indgeo/images/slide_24.jpg) 
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2.7.3 Southern Annular Mode (SAM) 

Southern Annular Mode (SAM) is referred to as the largely zonally symmetric mode of variability 

in the southern Hemisphere, characterised by opposing perturbations of geopotential height with 

opposing signs over the Antarctic and zonal band (Gillett et al., 2006). SAM is defined as the ring 

of climatic variability circling the south pole. SAM describes the position of the westerly wind belt 

which in turn influences the strength and position of cold fronts, windiness and storm activity 

between the middle latitudes (40-50°𝐶) and higher latitudes, over the southern oceans and 

Antarctic sea ice zone (50-70°𝐶). SAM is associated with pressure anomalies centered over 

Antarctica, the relative influence of SAM is considered more dominant over the South Island than 

the North (Ummenhofer & England, 2007).  

The positive phase of SAM is characterised by a decline in geopotential height over the polar cap, 

with an increase in geopotential height over area of midlatitudes, strengthening poleward shifts of 

storm track over Southern Ocean (Thompson & Wallace, 2000). A positive phase of SAM results 

in anomalously cold surface temperatures over Antarctica, with the warming of the Antarctica 

Peninsula (Thompson & Wallace., 2000). The positive phase of SAM is associated with cool and 

wet conditions over Australia and South Africa and dry and warm conditions over Tasmania, New 

Zealand, and southern South America due to the southward shift of the storm track (Gillett et al., 

2006). The positive phase of SAM is relatively associated with light winds and settled weather 

conditions. Kidston et al, (2009) reported that, wind anomalies over summer season are easterly, 

becoming northeasterly over the North Island and the northwesterly over the southern South 

Island in winter. The negative phase of SAM is associated with more unsettled conditions with 

increased westerly winds. 

2.8 ENSO Teleconnections and Impacts 

The El Nińo and Southern Oscillation (ENSO) is the powerful atmospheric and oceanic 

phenomenon coupled with the interannual variability on earth, contributing to the temperatures, 

rainfall, and extreme weather events. The ENSO alternates between anomalous cold (La Niña) 

and warm (El Nińo) sea surface temperatures. During an El Nińo episode, the surface air 

temperatures over the western pacific become warmer and higher than the eastern pacific 

compared to a normal year, leading to weak trade winds (Yeh et al., 2018). The weak prevailing 

wind reduces the upwelling intensity, leading to shifting of rainfall patterns farther than normal to 

the eastern side (see Figure 2.5). During the period, southern Africa is typically warm and dry 
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whilst eastern Africa is cool and warm. The effects are largely revered during La Niña, with trade 

winds in the pacific become more stronger than normal resulting in increased upwelling intensity 

from South America. This results in shifting of rainfall pattern farther west (see Figure 2.6), leading 

wet and cool conditions southern Africa. 

ENSO has numerous impacts on humans and natural systems such as agriculture, public health, 

forestry, hydrologic cycle, marine, and terrestrial ecosystems. The ENSO impacts in areas outside 

of the Pacific occurs due to atmospheric and oceanic teleconnections (Yeh et al, 2018; 

Frischknecht et al, 2015). According to Yeh et al., (2018), teleconnections is referred to the remote 

response either current of after time, which is the case of ENSO. Extreme heat at the Australia 

coast is caused by ENSO oceanic teleconnection.  

Over the southern Africa region, during the El Nińo movement of walker circulation to the east 

attributes to anomalous subsidence and warming of the Indian Ocean region leading to less 

summer monsoon rainfall (Yeh et al., 2018). During this period, the region is subjected to warm 

and dry or drought conditions which also affect the economy, people, agriculture and terrestrial 

ecosystems (Figure 2.5). The impact on agriculture are through crop failure. The ENSO and 

atmospheric teleconnection also play a role in influencing climate and weather conditions over 

the world (Alexander et al., 2000). 

 

Figure 2.5: Rainfall patterns during El Nińo events during DJF (Source: 
http://www.srh.noaa.gov/jetstream/tropics/enso_impacts.htm NOAA) 
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Figure 2.6: Rainfall patterns during La Nina events during DJF (Source: 
http://www.srh.noaa.gov/jetstream/tropics/enso_impacts.htm NOAA) 

2.9 Extreme indices 

2.9.1 Extreme Value Theory (EVT) 

Extreme Value Theory (EVT) is defined as a statistical branch representing the behaviour of 

observational data (Fisher & Tippett, 1928; Coles, 2001).  The theory has been applied in many 

different studies to solve problems in finance, hydrology and recently in climate studies 

(Embrechts et al., 1997; Coles, 2001). According to Coles (2001), EVT requires an estimation of 

the probability of events that are more extreme than any that have been observed before, such 

that the observation is a very high maximum and a very low (minimum). EVT can be used as a 

method to disclose the knowledge and behaviour of extreme value (Rahayu, 2013). The theory is 

characterised by two statistical approaches; namely, the block maxima and peak over the 

threshold. Block Maxima from the theory is classically modeled by GEVD.  

Many researchers have used the EVT and studied the theory widely (Coles, 2001). The Natural 

Environment Research Council (NERC, 1975), have recommended that GEVD be used to 

analyse floods and rainfall frequency. Martins (2000) reported that GEVD in practical is used to 

model different natural climate extremes such as wind speeds, floods, drought, rainfall and other 

maxima. However, the distribution patterns of those natural climate extremes either follow one of 

the extreme values (EV types I, II, and III) types joined by GEVD. Rahayu in 2013 used the GEVD 

approach to identify climate change, and concluded that there is no climate change in the area. 
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Another study using the GEVD was conducted by Husna in 2012 using a 10-year period to model 

extreme temperatures in Penang.  

2.9.2 El Nino Southern Oscillation (ENSO) 

When studying ocean processes that determine ENSO phases, sea-surface temperatures (SSTs) 

are considered. Different ENSO indices exist depending on different variable inputs (Hanley et 

al., 2003). The study employed ONI and Southern oscillation Index (SOI). ONI are calculated from 

SSTs anomalies over the tropical Pacific Ocean basin [ 5°𝑁 – 5°𝑆, 170°𝑊 − 120°𝑊]. While SOI 

is considered from changes in sea-level pressure between Darwin and Tahiti. 

• Oceanic Nino Index (ONI) 

To compute Nino 3.4, long term means SSTs for Nińo regions were calculated from long records 

of SSTs data (Trenberth & Stepaniak, 2002). If the ocean is colder than the mean, it has a 

negative anomaly, while warmer than the mean ocean surface is a positive anomaly. The study 

used ENSO indices that correspond to times when SST anomalies in the Nino-3 region (5°N-5°S, 

150° - 90°W) exceed ±0.5°C or when sea surface temperature anomalies exceeds ±0.5°C in the 

region (5°N-5°S, 170°-120°W), which is evidently enough to cause perceptible impacts in the 

pacific rim countries (Trenberth, 2000). ENSO indices for ONI employ a threshold of ±0.5 

(Ropelewski & Halpert, 1987).  A negative value (<-0.5) indicates that values are cooler than 

usual, hence a La Nina episode. The positive value (>0.5) indicates values that are warmer than 

usual, hence an El Nino episode, whereas a neutral phase corresponds to values between ±0.5.  

Based on the HadISST Oceanic Nińo Index (ONI) from the Nińo 3.4 region (5°N-5°S from 150° - 

90°W), a composition of ENSO cycles is constructed from 2000-2017 (Figure 2.7). Sea Surface 

Temperature (SSTs) departures from Nińo 3.4 region that exceeds 0.5 (less than -0.5) are 

selected and considered as they represent ENSO seasons (Dahlman, 2009). As presented in 

Figure 2.7 and Figure 2.8, during the study period of 2000-2017 an average of 6 El Nińo events 

and 8 La Niña events are observed using ONI and SOI (Table 2.1). 
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Figure 2.7: Time series of the ONI for the period 2000-2017 over Limpopo Province 

The Oceanic Nińo Index (ONI) time series from 2000-2017 shows the fluctuation between the 

positive and negative phases (El Nińo and La Niña respectively). The ENSO (El Nińo and La 

Niña) have been found to influence the droughts and humid conditions over Southern Africa.  ONI 

employs a threshold range between -0.5 and +0.5, with at or below -0.5°𝐶 anomaly for cold (La 

Niña) events and at or above +0.5°𝐶 anomaly for warm (El Nińo) events (Trenberth, 2000).  

However, for the study, the threshold was further broken down into weak (with a ±0.5 to ±0.9 SST 

anomaly), moderate (±1.0 to ±1.4) and strong La Niña (≤ -1.5) or strong El Nińo at (≥ +1.5) events 

respectively.  

The ONI time series presented in Figure 2.7, show an active ENSO cycle for the time frame 2000-

2017. The period was featured by years of El Nińo episode which were associated with drought 

and La Niña episodes, associated with floods events. During the period, six dry years were 

recorded over the ocean (2002/03, 2004/05, 2006/07, 2009/10, 2014/15 and 2015/16) and eight 

wet years (1999/00, 2000/01, 2005/06, 2007/08, 2008/09, 2010/11, 2011/12 and 2015/16). ENSO 

cycles that occurred over the area for the period 2000-2017 are presented in Table 2.1. 

• Southern Oscillation Index SOI 

Southern Oscillation Index (SOI) displays the intensity /strength of the phase of difference in sea 

level pressure (SLP) between Tahiti and Darwin (Ropelewski & Halpert., 1987). A negative value 
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usually indicates that the oscillation has entered an El Nino phase while a positive value usually 

indicates a La Nina episode. SOI values range from below -8 hPa to +8 hPa (Deser and Wallace, 

1999; Harrison and Larkin, 1996). SOI values between +1 and -1 indicate neutral conditions, 

whilst condition above +1 indicates La Nina condition and below -1 indicates El Niño conditions.  

The Southern Oscillation Index (SOI) is defined as 

𝑆𝑂𝐼 = 10 ×  
𝑆𝐿𝑃𝑇𝑎ℎ𝑖𝑡𝑖 − 𝑆𝐿𝑃𝐷𝑎𝑟𝑤𝑖𝑛

𝜎
 ---------------- eq1 

Where 𝜎 is the standard deviation of the pressure difference. The time series of this index for the 

period from 2000 – 2017 is shown in Figure 2.8.   

The SOI (Figure 2.8) showing the time series of sea level pressure (SLP) anomalies for the time 

frame 2000-2017.  Like the SST, the SLP shows clear interannual fluctuations over the region for 

the time scale. The spatial structure of SLP variation is revealed by displaying SLP departures 

from 2000-2017.  

 

Figure 2.8: Time series of the Southern Oscillation Index for the period 2000-2017 over Limpopo 
Province 

The Southern Oscillation Index (Figure 2.8) time series from 2000-2017 shows the fluctuations of 

the ENSO cycle from positive departures (La Niña) to negative departures (El Nińo) phases. The 

average period of ENSO cycle is about four years, although the period varies between 2-7 years 
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(Marshal & Plumb, 1989; Tyson & Preston-Whyte, 2000). SOI gives an indication of the 

development and intensity of El Nińo and La Niña events in the Pacific Ocean.  

The time series of SOI features SLP anomalies with an active ENSO cycle during the period with 

six El Nińo episodes (2002/03, 2004/05, 2006/07, 2009/10, 2014/15 and, 2015/16) and eight La 

Niña episodes (1999/00, 2000/01, 2005/06, 2007/08, 2008/09, 2010/11, 2011/12 and, 2016/17). 

The SLP variability is an indicator of variability in climate conditions (Marshall & Plumb, 1989). 

The negative departures exceeding -1.0 indicate El Nińo events and positive departures 

exceeding +1.0 indicate La Niña events.  Generally, the ENSO coincides with the summer rainfall 

of Southern Africa, beginning around May-June and peaks during December-January (Chikoore, 

2016). The period was featured with two of the most prolonged periods and consecutive warmings 

events of the century (2014/15 and 2015/16). Table 2.1 presents the ENSO cycles that occurred 

during the 2000-2017 (Period). The ENSO cycles from the study correspond to that of Chikoore, 

(2016). 

Table 2.1: ENSO events from 2000- 2017 based on SOI and INO 

ENSO Events 

El Niño Events La Niña Events 

Weak Moderate Strong Weak Moderate Strong 

2004/05 2002/03 2015/16 2000/01 2011/12 1999/00 

2006/07 2009/10   2005/06   2007/08 

2014/15     2008/09   2010/11 

      2016/17     

           

 

2.9.4 Standardized Precipitation Evapotranspiration Index (SPEI) 

Drought is the most damaging and complex natural disaster to understand, as it is difficult to 

predict when it will start and when it will end (Tan et al, 2015; Mckee et al., 1993; Serrano et al., 

2010). Drought conditions result in some severe impacts on the environment, society, water 

resources and agricultural production (Chen et al., 2013; Zhang et al., 2015; Wang et al. ,2014; 

Wang and Meng, 2013). According to Tan et al., (2015) the SPEI has been developed with many 

other drought indices that are used to monitor, assess and predict the severity of drought on the 

natural environment or society. Among the developed indices we have Palmer Drought Index, 

SPI and SPEI.  
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The SPI and SPEI indices are used to calculate the time scale to indicate the status of drought 

severity on the environment (Tan et al., 2015). SPI and SPEI indices have proven to be a reliable 

index for monitoring and predicting the drought severity, by studying the temporal-spatial variation 

of drought.  

2.9.5 Palmer Drought Severity Index (PDSI) 

Droughts are naturally occurring events that are negatively associated with impact people or the 

environment. They are recognised as environmental disasters that have attracted attention from 

hydrologists, ecologists, environmentalists, and agricultural scientists. Several drought indices 

have been developed in recent decades (Mishra & Singh, 2010). A drought index is defined as 

the prime variable that is derived to assess and quantify the effects of drought, which include the 

duration, severity, intensity and spatial extent. Of the developed indices, PDSI (Palmer, 1965) is 

among them.  PDSI is perhaps the most widely used drought index to monitor drought by 

illustrating the extent and severity of drought episodes. However, several limitations have been 

documented about PDSI (Mckee et al., 2005). The limitations of PDSI includes, mountainous 

terrains or areas of higher elevations are often questionable, and area of frequent climatic 

extreme, along with assuming all precipitation is rain (Mishra & Singh, 2010). 

2.10. Biomes of South Africa 

Gonzalez et al., (2010) have reported that changes in the concentration of greenhouse gasses 

and climate in the atmosphere are drastically altering the distribution of biomes in South Africa. 

The observed changes in the forest covers, tree covers, and fire regimes are driven by climate 

change and intensification of extreme climate (Masubelele et al., 2014). Changes in the 

distribution of plant life are determined by climate (Schmiedel et al., 2010). According to 

Rutherford and Westfall (1994), biomes over southern Africa are based on their relation to 

temperature and rainfall. Many scholars have projected that global climate change by 2050 will 

result in changes from grassland dominated biome to shrub-dominated biome (Masubelele, 

2014). South Africa consists of nine (9) biomes (Figure 2.9), namely, Albany Thicket, Azonal 

Vegetation, Forest, Fynbos, Grassland, Nama Karoo, Succulent Karoo, Savanna and Savanna 

(Rutherford & Westfall, 1994). South Africa is dominated by Savanna biome, constituting almost 

46% of the land. 
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Figure 2.9: Map showing the Biome types over South Africa (source, SANBI, 2018) 

• Limpopo Province vegetation  

As shown in Figure 2.9, Limpopo Province lies in the savanna biome, which is mostly dominated 

by mixed grassland and small trees known to be bushveld (Limpopo Department of Agriculture, 

2008; Tshiala et al., 2011). The region is characterised by summer rainfall, with hot and humid 

summers and mist in the mountain areas and eastern and northern areas as subtropical. 
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Figure 2.10: Map showing Vegetation Cover over Limpopo Province 

2.11 Vegetation Dynamics 

Globally, climate plays a role in the vegetations functioning of an area, however, extreme climate 

events such as floods, severe drought and heat waves consequently impact the ecological 

functioning of an area (Smith, 2011). According to Huang et al., (2014), extreme climatic events 

in a changing climate are expected to intensify, thereby increasing the chances of research to 

evaluate environmental risk by vegetation response.  

Furthermore, climate extremes are likely to alter the vegetation functioning and structure and to 

transform its associated ecosystems properties (Gutschick & BassiriRad 2003; Gitlin et al., 2006; 

Jentsch et al., 2007; Overpeck & Cole 2006; Smith 2011), thereby reducing the uppermost canopy 

and increasing near-ground solar radiation (Royer et al., 2011), this directly affects the abiotic and 

biotic processes.  According to Royer et al., (2011), the extreme climate can potentially affect the 

entire region very rapidly. 

According to Smith (2011) and McDowell et al., (2008), drought is some of the extreme climatic 

events with severe impacts on the ecosystem. These events have the potential to extensively and 

rapidly alter the structure of vegetation and the functioning of the ecosystem as a result of drought-
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induced mortality of uppermost plants. In response to extreme climatic events, forest and 

woodland plants mortality can have a large-scale shift in the ecosystem functioning and structure 

(Allen & Breshears, 2007; Breshears et al., 2005; Shaw et al., 2005; Berg et al., 2006; Gitlin et 

al., 2006). Auclair (1993); Allen and Breshears, (2007), both reported about the observation of 

climate-related vegetation mortality in six vegetated continents, biomes and plant functional types. 

According to Jentsch et al., (2011), the current knowledge about an ecological response to 

extreme climate is based on the effects that are posed by climate trends, such as gradual warming 

of the atmosphere, changes in precipitation patterns and GHGs increase. As a result, to the 

context of extreme climate, ecology responds in the context which ranges from little to no 

response (Arnone et al., 2011; Jentsch et al., 2011), to responses that are large or ‘extreme’. 

A study of vegetation response to extreme events helps to forecast vegetation dynamic, as future 

average conditions will be close to current extreme events (Prus-Glowacki and Stephan, 1994). 

Meehl et al., (2007) projected that extreme temperature and heat waves are likely to increase in 

their intensity and frequency and they could also last longer than the current extremes. 

According to Singh (1989), vegetation change can be measured by remote sensing, thus 

vegetation change detection, which is used to identify differences in vegetation cover through 

observations at different times. As reported by Lu et al., (2004), it requires the application of multi-

temporal datasets, such as MODIS, SPOT and Landsat satellite imagery to quantitively 

investigate the temporal impacts of vegetation. 

2.12 Vegetation Indices 

From the past, the intensity and frequency of extreme climate have been increasing in many 

regions of the world (IPCC, 2013). However, these recurring changes negatively impact 

vegetation responses. Thus, due to the environmental ramification of extreme climate (Owrangi 

et al., 2011), satellites have been used to monitor and detect vegetation changes and respond to 

extreme climate events.  According to Owrangi (2011), the most efficient methods to monitor 

vegetation changes involve using remote sensing techniques such as NDVI, EVI and LSWI.  

According to Lillesand and Kiefer (2002), these vegetation indices are based on spectral 

reflectance on the visible and infrared bands, which help to inform about the absence and 

presence of vegetation. Huete et al., (2002) have reported that these vegetation indices help to 

intercompare vegetation activities by isolating green photosynthetic active signals from the spatial 

and temporal mixed pixels. Vegetation indices in the study include NDVI, EVI and LSWI. Beck et 
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al., (2006), have reported that NDVI is commonly the most used and relied on, as it focuses on 

the absorption of red radiation by the chlorophyll and other leaf pigments in the red spectrum, and 

strong scattering in the infrared spectrum. 

2.12.1 Normalized Difference Vegetation Index 

Satellite vegetation index products are commonly used applications aimed at monitoring and 

characterising vegetation cover and conditions from space. As a result of changing climate and 

land use/ land covers, continuous and long-term consistent satellite data are needed to monitor 

and quantify the rate of change to the terrestrial ecosystems (Jiang et al., 2008). NDVI generally 

provides an overview of global vegetation conditions and their spatial distribution, and is widely 

used for monitoring vegetation conditions to the impacts of extreme weather events. it proves to 

be a useful tool for monitoring vegetation (Byuiyan., 2004). Based on the remote sensing data 

developed to effectively detect extreme condition over the world.  

Extreme weather events cause stress to vegetation, the extent of drought and floods can be 

reflected using changes in the vegetation condition index. The NDVI is based on the normalised 

difference between near-infrared (NIR) and red reflectance (Karnieli et al., 2010; Chang et al., 

2017).  NDVI is the most widely used vegetation index to detect vegetation stress to extreme. 

NDVI is the mostly used indicator for vegetation growth conditions and the degree of change 

between land covers, and it ranges from -1 to +1. If the vegetation condition of an area I covered 

by vegetation, then it displays positive values and increases as vegetation cover increases as 

well (Aihui, 2004). 

2.12.2 Enhanced Vegetation Index 

Vegetation indices plays an important role in monitoring and mapping the variations in vegetation. 

The NDVI is considered used satellite-based vegetation index, however with few defects that 

enables NDVI to cancel out large proportion of noise forms as a result of topography and 

atmospheric conditions leading to large source of errors and uncertainty over the canopy 

background conditions and atmospheric variables (Matsushita et al., 2007).  

Based on the defects of NDVI, the Enhanced vegetation Index (EVI) was proposed and developed 

on the bases of the feedback-based approach incorporating background adjustments and 

atmospheric variable resistance into the NDVI. EVI is considered an improved version of NDVI, 

with modified sensitivity to high biomass regions and improved vegetation monitoring capability 

through the reduction of atmospheric influences and de-coupling of canopy background. The EVI 
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vegetation indices, was adopted by Moderate resolution Imaging Spectroradiometer (MODIS) as 

a global vegetation index for monitoring the world ecosystem photosynthetic vegetation activity.  

Although with improved features such as reduced effects of atmospheric conditions and soil 

background, EVI does not consider topographic effect (Matsushita et al., 2007). Unlike the NDVI, 

for EVI to reduce effects of environmental factors, it includes the soil adjustment L as its 

denominator. This makes EVI not to ignore topographic effects, like NDVI. 

2.12.3 Land Surface Water Index 

The Land Surface Water Index (LSWI) is a satellite-based monitoring vegetation index that uses 

shortwave infrared (SWIR) and near infrared band. LSWI is used to measure the amount of liquid 

water in soil background and vegetation (Chandrasekar et al., 2008). Due to the ability of 

shortwave Infrared (SWIR) to absorb light by liquid water, it has been widely used to monitor the 

influence of drought and floods on the analysis of vegetation stress. The LSWI is used as a water 

related vegetation index to evaluate the sensitivity to assess the impacts that droughts and floods 

are associated with (Bajgain et al., 2015).  

Although NDVI and EVI have been the most popular satellite-based tools for drought and floods 

monitoring, LSWI indices have proven to be an effective tool for monitoring water content of 

vegetations (Bajgain et al., 2015). More studies have reported that, water-related vegetation 

indices are more sensitive to climate variability than greenness related vegetation indices 

(Chandrasekar et al., 2010; Zhang et al., 2013; Bajgain et al., 2015). Satellite remote sensing is 

considered an effective tool for monitoring vegetation conditions of an area to climate variability, 

considering large spatial area coverage Zhang et al., 2013). 

2.13 Conceptual Framework 

The conceptual framework (Figure 2.11) shows key concepts that have guided the study. Extreme 

weather events are naturally occurring phenomena associated with devastating impacts on 

people, agriculture, marine and terrestrial ecosystems across the world. Various indices were 

produced to measure and quantify the magnitude, severity, and duration of such extreme, along 

with remote sensing indices to measure extreme climatic impacts of marine and terrestrial 

ecosystems. In this case, the conceptual framework is introduced as a guide to be followed when 

studying their vegetation response to extreme weather events in Limpopo Province. In general, 

to the overall flow of the study.  
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Figure 2.11: Conceptual Framework 

2.14 Summary 

The chapter covered the comprehensive literature from different studies about vegetation analysis 

and characteristics in relation to extreme climate and weather events such drought and wet 

conditions. Numerous droughts, wet condition and vegetation indices have been developed and 

used to analyse the impacts of drought and wet conditions on vegetation, response and 

sensitivity. The section revealed different vegetation indices that are used to analyse the impacts 

of a climate extremes to vegetation and the conceptual framework followed. NDVI, EVI and LSWI 

were identified as suitable indices to study drought and wet conditions. 
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CHAPTER 3: METHODOLOGY 

3.1 Introduction 

This chapter entails the research methodology applied in the study. It describes the design 

(research) covered and methods of data collection. It also describes the analysis methods 

outlined in order to achieve the objectives of the study. Extreme value theory and its components 

are explained, along with the vegetation indices for analysing vegetation change. 

3.2 Research design 

To achieve the main objective, the study adopted a quantitative approach. Raw data from South 

African Weather Services (SAWS), and satellite images from the US Geological Survey (USGS) 

and NASA were used to achieve the study. NOAA-NCEP reanalysis model, KNMI Climate 

Explorer, ground station data and satellite images for the period of 2000 to 2017 were used. 

The study aimed to use remotely-sensed indicators for vegetation condition, primarily the 

normalized difference vegetation index (NDVI), Enhanced Vegetation Indices (EVI), and climatic 

measurements from ground weather stations as well as the meteorological models such as NCEP 

and ERA-INTERIM to analyse the vegetation's response to climate extreme in Limpopo Province. 

These methods have been used to analyse the extreme climate and weather events by Zhong et 

al., (2017). 

3.3 Description of data 

3.3.1 NASA Satellite Data 

• Land Use/ Land Cover  

The MODIS MCD12Q1 land use/ land cover product (MCD12Q1/ Terra Land Use/Land Cover 

product 500-meter spatial resolution) were used to map the distribution of land use/ land cover 

types of Limpopo Province. The MCD12Q1 land use/ land cover product was acquired from Land 

Processes Distributed Active Archive Center (LP DAAC). The MODIS Land Cover Type Product 

(MCD12Q1) provides global land cover maps at annual time steps from 2001-present. 
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• Vegetation Indices 

The NASA Moderate Resolution Imaging Spectroradiometer (MODIS) was used to characterise 

the vegetation response and sensitivity over time. MODIS MOD13Q1 vegetation Indices product 

(MODIS/ Terra vegetation indices, 250-meter spatial resolution) datasets were used to determine 

vegetation response and sensitivity over Limpopo Province for the period 2000-2017. The 

vegetation indices product was used to calculate the Normalised Difference Vegetation Index 

(NDVI) and Enhanced Vegetation Index (EVI). The MODIS MOD13Q1 vegetation Indices Product 

was acquired from the Land Processes Distributed Active Archive Center (LP DAAC). From 

MODIS MOD13Q1, for NDVI calculation two bands were used, red band and near-infrared band, 

whilst for EVI calculation three bands were used, red band, blue band, and near-infrared band. 

3.3.2 Meteorological Data 

The study involved determining the nature of the climate extremes i.e. meteorological drought, 

and floods; therefore, climate parameters required for the study included temperature and rainfall. 

The study used different climate indices to monitor, detect and attribute changes in extreme 

events. Raw data for the study period was requested from the South African Weather Service 

(SAWS). 

• Temperature 

Raw data for temperature was requested from the SAWS for 18 years period. The temperature 

data was helpful in determining the heat level, whether its normal, below normal or above normal. 

The study used daily and monthly maximum temperature and minimum temperature data in order 

to detect and monitor changes in extreme events. Temperature data were subjected to EVA to 

detect extreme events that occurred. 

NCEP-NCAR reanalysis datasets were used to show annual temperature data which is available 

in a global grid of 2.50 ₓ 2.50. Data were analysed based on the case of extreme conditions. The 

reanalysis model was used to quantify extreme events occurring in Limpopo Province namely, 

the temperature °𝐶 and precipitation (mm) in relation to vegetation response. 

• Precipitation (Rainfall) 

Monthly rainfall data was requested from SAWS to be used to measure the scale of rainfall, 

whether it is above or below normal rainfall. Rainfall data was requested from the South African 

Weather Services for Limpopo Province for 17 years period, from 2000 to 2017.  The precipitation 
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data helped to quantify droughts, floods and normal rainfall experienced in the study area. Global 

Precipitation Climatology Project (GPCP) data was analyzed from NCEP reanalysis in the study. 

The data covered the period from 2000 to 2017. 

3.5 Methods of data analysis 

Changes in vegetation cover and responses caused by extreme climate and weather events were 

analysed using various methods discussed below. Remote sensing techniques were employed 

to examine vegetation response to extreme climate. Vegetation and atmospheric variables were 

studied through GIS, remote sensing, KNMI Climate Explorer and NOAA-NCEP reanalysis 

models.  

Rainfall and precipitation raw data from SAWS based on various ground stations in Limpopo 

Province were used for analysis.  The project El Nińo Southern Oscillation (ENSO) indices were 

employed in the study to analyse climate extreme occurring in the study area for the period of 17 

years from 2000 to 2017. The ENSO indices involve Oceanic Nińo Index (ONI) and the Southern 

Oscillation Index (SOI). 

Changes in vegetation cover and responses were analysed and mapped using ArcGIS and 

Remote Sensing Techniques and Standardized Precipitation Evapotranspiration Index (SPEI). 

The study used different vegetation indexes, namely, NDVI and EVI to determine the vegetation 

response and change due to extreme climate events. 

3.5.1 Time Series Analysis 

Over time, the time series modeling has attracted attentions of researchers. Time series modeling 

aims to collect and rigorously study the past observations to develop an appropriate model 

describing the structure of the series (Adhikari & Agrawal, 2013). A time series refers to sequential 

sets of data points typically observed and measured over successive time and is considered 

important in the field of climate analysis (Modelsee, 2010). In this study, time series analysis was 

used to compose trend, outlier / extreme and variability of rainfall data and temperature data. 

The time series approach is used for forecasting, past rainfall and temperature observation and 

develop a suitable mathematical modeling. It is an important forecasting application in many fields 

(Adhikari & Agrawal, 2013). A time series analysis was employed for the period 2000 to 2017 to 

analyse seasonal rainfall and temperature trends in Limpopo Province. 
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𝑌𝑡 =  𝑇𝑡 + 𝑆𝑡 + 𝐶𝑡 + 𝑅𝑡 --------------------- eq2 

Where: Yt = Time series 

• Tt = Trend  

• St = Seasonal 

• Ct = Cyclical  

• Rt = Random 

3.5.2 Climate extremes Identifications 

• Anomalies 

From the precipitation and temperature data, anomalies were used depicting abnormal or non-

conforming patterns such as anomalies or outliers. Anomalies aim to detect patterns that do not 

conform to a well-defined motion of expected behaviour of data (Chandola et al., 2009). The 

technique was used in the study, to identify or find a non-conforming pattern of data. Anomalies 

are classified into three categories namely; point anomaly, contextual anomalies, and collective 

anomalies.  

Point anomalies occur when an individual data is considered anomalous with entire data record, 

contextual anomalies associated with data anomalous in a specific context, while collective 

anomalies relate to a collection of related data being anomalous with the entire data record. 

3.5.3 Composite Analysis 

Several cases of extremely heavy rainfall (floods) and extremely low rainfall (drought) were 

studied to identify common characteristics of weather systems influencing floods and drought in 

the area. The study used composite analysis to visualise GPCP precipitation, wind vector and 

geopotential height for the period of 2000 to 2017. In studying the effects of extreme weather 

events, composites can be useful for exploring the large-scale impacts of teleconnections from 

modes of atmospheric variability such as El Nińo and La Nina and Southern Annular Mode (SAM). 

Composite of the weather over southern Africa was produced to study how precipitation and 

temperature variations due to ENSO. 
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3.5.4 Case Study 

The case study approach was applied to sample extreme climatic events in Limpopo Province. 

The study sampled cases according to their extremal events (anomalous wet departure i.e. floods 

conditions and anomalous dry departure such as meteorological drought) in order to facilitate the 

exploration of a phenomenon within its contexts. A case study is defined as a set of related events 

that aim at describing and explaining a phenomenon of interest through identifying structures, 

forms, and variables (Bromley, 2002; Starman, 2013). Analysis of vegetation cover and response 

was studied based on extreme cases identified and sampled. The study reviewed and reported 

on the extreme event cases identified.   

3.5.5 Land Use/ Land Cover Classification (LULC) 

Timely and accurate background knowledge on LULC of an area is important for management 

activities and is considered an essential element for understanding and modeling the earth as a 

system (Lillesand et al., 2014). The MODIS MCD12Q1 LULC product provides detailed 

characteristics for global coverage from the quality data of intermediate spatial resolution (500 

m).   
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Table 3.1: Below depicts MOD12Q1 annual IGBP land cover classes, adopted and modified 
from Friedl et al., (2010). 

 

The MCD12Q1 product is created using the supervised classification of MODIS reflectance data 

(Friedl et al., 2010). MODIS MOD12Q1 annual IGBP supervised classification at 500-meter 

resolution was employed to identify the LULC in terms of vegetation covers. The MOD12Q1 
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identifies classes into 17 as displayed in Table 3.2 above. MCD12Q1 data were used to analyse 

IGBP land use/ land covers for the period 2001, 2010, and 2017 over Limpopo Province. 

3.5.6 Vegetation Indices 

• Normalized Difference Vegetation Index (NDVI) 

According to Chen et al., (1998), Normalized Difference Vegetation Index (NDVI) is defined as 

vegetation indices that allow the study of vegetation conditions by generating satellite imagery 

displaying greenness such as relative biomass. NDVI is constantly used to monitor vegetation 

conditions (Tucker, 1979). MODIS MOD13Q1 vegetation product, terra at 16-days were used to 

extract NDVI from February-2000 to 2017. The NDVI is computed using the near-infrared and 

red, and is calculated using the formula,  

𝑁𝐷𝑉𝐼 =
(𝜌𝑁𝐼𝑅−𝜌𝑅𝐸𝐷)

(𝜌𝑁𝐼𝑅+𝜌𝑅𝐸𝐷)
  ----------------------- eq3 

Where 𝜌 represents spectral reflectance measurements in the RED and NIR regions of the 

electromagnetic spectrum, respectively. This spectral reflectance represents the ratio of reflected 

radiation to incoming radiation from each spectral band, with values ranging between 0.0 and 1.0. 

Theoretically, the NDVI values range between -1.0 and +1.0, typically ranged from vegetation and 

other earth surface materials between about -0.1 (less NIR than RED) for non-vegetated surfaces 

and as high as 0.9 for dense vegetation canopy. 

• Enhanced Vegetation Index (EVI) 

MODIS MOD13Q1 EVI was used for the assessment of increased sensitivity over a wide range 

of vegetation conditions and the removal of soil background influences and removal of 

atmospheric effects that are present in the NDVI. Vegetation indices recently have proven to be 

very useful in terms of indicating extreme events such as drought in terms of vegetation 

conditions. This is because they can cover the globe at relatively high spatial resolution (Jinghua 

et al., 2012). Satellite imagery data were employed in the study to determine the impacts that 

extreme climate events have on vegetation cover and dynamics. A series of images were used 

to calculate the EVI from 2000 to 2017. EVI is computed by the equation given below: 

𝐸𝑉𝐼 = 2.5 × 
𝑃𝑁𝐼𝑅− 𝑃𝑅𝑒𝑑

𝑃𝑁𝐼𝑅+ (6×𝑃𝑅𝑒𝑑−7.5×𝑃𝐵𝑙𝑢𝑒)+1
   -------------------eq4 
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where 𝑃𝑁𝐼𝑅, 𝑃𝑅𝑒𝑑 and 𝑃𝐵𝑙𝑢𝑒 are the reflectance in the near infra-red (NIR), red and blue channels, 

respectively; 2.5 is a gain factor, 6 and 7.5 are coefficients designed to correct for aerosol 

scattering and absorption and 1 is a canopy background adjustment (Huete et al., 1994; 1997). 

• Land Surface Water Index (LSWI) 

LSWI is a satellite-based tool that is used to measure and monitor the amount of liquid content in 

the vegetation canopy (Chandrasekar et al., 2010). MODIS MOD09A1 terra LSWI at 500m 

spatial resolution for month was derived from NOAA satellite for 2000 -2017 period. By 

using a combination of shortwave infrared (SWIR) and near infrared (NIR), LSWI were 

proposed and considered advanced and direct vegetation moisture indicators (Zhang et 

al., 2013). Using MODIS satellite data, the NIR and the SWIR bands as band 2 and band 

6 are used and defined as the this LSWI. LSWI follows the equation: 

LSWI=
(𝑃𝑁𝐼𝑅−𝑃𝑆𝑊𝐼𝑅)

(𝑃𝑁𝐼𝑅+𝑃𝑆𝑊𝐼𝑅)
   -------------------  eq5 

Where 𝜌 represents spectral reflectance measurements in the NIR and SWIR regions of the 

electromagnetic spectrum, respectively. 

3.5.7 Pearson’s product-moment correlation coefficient  

The correlation coefficient between the climate variables and vegetation indices was calculated 

to analyse the effects that temperature and precipitation have on the vegetation conditions over 

Limpopo Province from 2000 to 2017. The Pearson product-moment correlation coefficient was 

used to study the relationship between vegetation indices and climate variables. The study 

analysed the correlation between NDVI and temperature (𝑃𝑁𝐷𝑉𝐼−𝑇𝑀𝑎𝑥), NDVI,  precipitation 

(𝑃𝑁𝐷𝑉𝐼−𝑃) and NDVI and LSWI (𝑃𝑁𝐷𝑉𝐼−𝐿𝑆𝑊𝐼), EVI and temperature (𝑃𝐸𝑉𝐼−𝑇𝑀𝑎𝑥), precipitation 

(𝑃𝐸𝑉𝐼−𝑃), and LSWI (𝑃𝐸𝑉𝐼−𝐿𝑆𝑊𝐼) respectively.  

This method of Pearson Correlation Coefficient was used to validate a change in the relationship 

between climatic variables with NDVI (Chen et al., 2015). It summarises the relationship between 

two variables creating the correlation coefficient. The correlation coefficient is given by the symbol 

r and it ranges from -1 ≤ r ≤ 1. Pearson correlation follows the equations: 

𝑟 =
∑(𝑋𝑖−�̅�)(𝑌𝑖−�̅�)

√∑(𝑋𝑖−�̅�)2 ∑(𝑌𝑖−�̅�)2
   -------------------------   eq6 
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When computing the correlation coefficient r, it is useful to test the significance of the correlation 

coefficient. It gives the researcher a view on how large the correlation coefficient must be to 

demonstrate the relationship between two variables. 

• Hypothesis Tests 

The formula for hypothesis tests depends on the correlation coefficient calculated, whether it is 

tested against 0 or against other values.  

Testing H0: p = 0 

𝑡 =  
𝑟

√1−𝑟2

𝑛−2

  --------------------- eq7 

3.5.8 National Centers for Environmental Prediction (NCEP)  

NCEP reanalysis was employed in the study to map different types of mean synoptic circulation 

fields. This involves observations conducted at different sources, such as ground stations and 

satellites. The reanalysis model was used to reconstruct the past of the atmosphere incoherent 

way by combining numerical models with available observation (Solomon et al., 2007), as well as 

developing a comprehensive record through graphs of how mean synoptic circulation fields are 

changing. According to Compo et al., (2011), NCEP reanalysis reconstructs the past using similar 

methods, such as those of numerical weather predictions, for instance, the model base 

assimilation data methods. The circulation fields computed using the NCEP model includes 500-

hPa geopotential heights, 500-hPa wind vector, and 200-hPa OLR, all available from 1948 

(Chikoore, 2016). The composite of seasonal NCEP reanalysis data sets of geopotential height, 

vector winds and outgoing longwave radiation were analysed.  

3.5.10 KNMI Climate Explorer 

The KNMI Climate Explorer is a web-based climate analysis application used for data statistically. 

Statistical analysis performed using KNMI Climate Explorer includes maximum temperature and 

GPCP precipitation from ECMWF (ERA-int). Seasonal absolute mean precipitation and maximum 

temperature were investigated. The KNMI Climate Explorer has been a widely used tool for 

extracting and performing statistical analysis (e.g. Chikoore., 2016). Based on extreme weather 

events cases identified, precipitation and maximum temperature plots were produced using KNMI 

Climate Explorer. 
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3.5.9 Standardized Precipitation Evapotranspiration Index (SPEI) 

Vincente-Serrano et al., (2010) were the first to propose the use of standardized precipitation 

evapotranspiration index (SPEI) as an improvement to drought index suited to study the impacts 

of a warming climate on drought severity. SPEI is designed similarly to the Palmer Drought 

Severity Index (PDSI). However, it considers the effects of evapotranspiration on drought severity 

and identifying different types of drought and its impacts on the diverse systems (Vicente-

Serrano et al., 2012). 

Table 3.2: Table showing categories of SPEI 

Categories SPEI Value 

Extremely Dry < -2 

Severe Dry -1.99 to -1.5 

Moderate Dry -1.49 to -1.0 

Mild Drought  0 to -0.99 

Mildly Wet  0 to 0.99 

Moderate Wet 1.0 to 1.49 

Severe Wet 1.50 to 1.99 

Extremely Wet > 2 

 

SPEI was applied in the study to identify types of drought and its value. According to Huang et 

al., (2014), the method can be used to characterize types of extremes. Two sets of meteorological 

station data, namely, precipitation and temperature, are used in the study. 

According to Potop and Mozny (2011), the SPEI is based on a monthly (or weekly) climatic water 

balance (precipitation minus evapotranspiration) that is adjusted using a three-parameter log-

logistic distribution, to consider common negative values.  However, the selected record for the 

study covers the period from 2000 to 2017. To measure drought severity, this study applied a 

SPEI.  

The SPEI follows the equations (Abramowitz and Stegum, 1965): 

𝑆𝑃𝐸𝐼 = 𝑊
𝐶0+𝐶1𝑊+𝐶2𝑊2

1+𝑑1𝑊+𝑑2𝑊2+𝑑3𝑊3
     ------------------------------ eq8 

Where  𝑊 = √−2𝐼𝑛(𝑃) for p ≤ 0.5  
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and P is the probability of exceeding a determined D value, P = 1 – F(x). If P ˃ 0.5, then P is 

replaced by 1 - P and the sign of the resultant SPEI is reversed. The constants are C0 = 2.515517, 

C1 = 0.8022853, C2 = 0.010328, d1 = 1.432788, d2 = 0.189269, and d3 = 0.001308. 

3.5.11 Change Detection 

The change detection technique was used to identify the type of change and to quantify the 

amount of change. The study employed the post-classification approach using MODIS MCD12Q1 

IGBP classification at 500m annually to detect land use/ land cover changes between two images 

from 2001 to 2017. Post-classification change detection consists only of comparing the “from-to” 

information for each pixel or segment (Coppin et al., 2004; Yuan et al., 2005), to define the rate 

of change and location for land cover have transformed. However, due to the availability of MODIS 

MCD12Q1 data, land use and land cover were performed from 2001 to 2017, as well as change 

detection. Post classification change detection is the most widely used approach for identifying 

land use and land cover change and displays good accuracy (Lu et al., 2004).  

3.6 Quality Assurance 

The accuracy assessment of all satellite imagery products was conducted, depending on 

referenced data collected in the study area, called ground-truthing (Jensen, 1996). Reference 

data is known to represent high accuracy information about the accuracy assessment site or a 

specific area which can be theoretically 100 percent accurate. The referenced data is obtained 

through site visits or photographic interpretation or videos. It is represented generally in grouped 

pixels or polygons. It involves comparing site categorized data with the reference data of the 

visited sites (Jensen, 2007). For accuracy assessment over Limpopo Province, a total of 80, 110 

and 220 random pixels were selected from each land use and land cover and compared with 

original pixels in the corresponding images. To calculate the accuracy assessment, the total 

correct pixels (diagonal elements) are divided by the total number of pixels in the referenced 

image (Campbell, 2007).  Accuracy assessment also involves the calculation of the kappa 

coefficient to reveal the map results in relation to total labeling of imagery pixels (Congalton, 1991; 

Jensen, 1996; Lillesand and Kiefer, 1994). The user accuracy, producer accuracy, commission, 

omission, kappa coefficient, and overall accuracy were calculated. 
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3.7 Summary 

This chapter provided a description of the various methods used to collect and analyse the data. 

The study used precipitation and temperature data from South African Weather Service (SAWS) 

and web-based tools, along with remote sensing indices. A time-series analysis and anomalies 

methods were used. The impacts of extreme weather events, namely drought and floods were 

analysed using NDVI, EVI, LSWI. Pearson moment-product correlation was used to assess the 

level of association between climate variables and vegetation indices.  
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CHAPTER 4: EXTREME WEATHER EVENTS IN LIMPOPO PROVINCE 

4.1 Introduction 

The chapter presents the climatological variables over Limpopo Province. The section addresses 

the frequency of extreme weather events, dry or drought conditions and floods conditions within 

the austral summer (DJF), and their interannual variability for the 2000-2017 period. The 

characteristics and consequences of drought and floods events in the region were identified and 

their impacts were discussed. The occurrence of extreme weather events in the Limpopo region 

was characterised using GPCP Precipitation, maximum temperature, and the SPEI. 

4.2 Rainfall 

4.2.1 Mean Spatial Pattern 

Figure 4.1 shows a spatial distribution pattern in austral summer rainfall (DJF) for the southern 

Africa region from GPCP precipitation for the 2000-2017 period. The study region is located on 

the far North-Eastern part of South Africa and displays west to east rainfall gradients. 

 

Figure 4.1: Southern Africa mean summer (DJF) spatial GPCP rainfall distribution (mm/day)  

The mean spatial distribution pattern of summer rainfall (DJF) is highly variable in the southern 

Africa region, there is west to east gradient in the rainfall distribution over the region (Figure 4.1). 
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Rainfall varies from west to east with the highest rainfall in the eastern part of the region and 

lowest in the western part. The western part of the region is associated with the lowest rainfall, 

covering most of the region’s deserts (Chikoore, 2016). Limpopo Province is in the northeast part 

of South Africa and receives summer rainfall (DJF). From 2000 to 2017 the region received less 

than 2 mm/day of rainfall in the western part, while in the eastern part received average rainfall 

greater than 4 mm/day. 

The South Western Indian Ocean (SWIO) and warm Agulhas current may be attributed to the 

occurrence of eastern rainfall due to the onshore moisture from the Indian Ocean. The western 

part of South Africa receives low rainfall due to the offshore prevailing winds, making the western 

region dry. The province is a subject of distinct climatic conditions due to mountain ranges 

(Soutpansberg mountain) which extends from Drakensberg mountain. Due to the escarpment 

barrier, climate variability exists between the western part and eastern side of the escarpment, 

with the eastern part of the escarpment receiving higher annual rainfall exceeding 1500 mm than 

the western part (Chikoore, 2016). 

Tropical cyclones regularly form over the Indian Ocean in summer and are always associated 

with copious heavy rainfall and flooding (Tyson & Preston-Whyte, 2000; Chikoore et al., 2015). 

During TCs conditions in southern Africa, heavy rainfall occurs only across the eastern coast and 

adjacent inland areas, with fine and dry conditions prevailing over the central and western coast 

(Tyson & Preston-Whyte, 2000).  The rainfall distribution associated with tropical cyclones may 

have devastating effects as was the case with Eline (1999/00), Dando (2011/12) and the latest 

TC Idai 2018/19. The southern Africa region is vulnerable to the impacts of TCs (Chikoore et al., 

2015). Tropical cyclone (TC) Dando which developed in the south western Indian ocean resulted 

in flooding, eliciting damage in the eastern part of South Africa, Swaziland and Mozambique 

(Chikoore et al., 2015).  

4.2.2 Annual Cycles of Rainfall in Limpopo Province 

Figure 4.2 presents the mean annual cycles of rainfall for four weather stations from South African 

Weather Services (Mara, Lephalale, Polokwane & Warmbad Towoomba Weather Station, 

respectively). The rainfall distribution over Limpopo Province is strongly seasonal, with the highest 

recorded during the austral summer from October to March, with more of its wet years and dry 

years experienced during the austral summer. The stations present different annual cycle 

patterns; however, they depict the same sequence of austral summer rainfall (DJF). 
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Figure 4. 2: Mean annual cycles of rainfall over Limpopo Province based on South African 
Weather Services (SAWS) data 

The climate of the region is semi-arid with droughts and floods are a distinct and recurring feature 

of the summer climate (Chikoore, 2016), and are associated with the normal-dry winter season 

and wet summer seasons (Mpandeli, et al., 2015).  The mean annual cycles of rainfall in the 

Limpopo region shows that the region receives most of its rainfall during austral summer months 

from October to March, with its peak from December to February (Figure 4.2). From the annual 

cycles above (Figure 4.2) Mara peaks during January (81 mm), Lephalale peaked during 

December (80 mm), Polokwane peaked during November (100 mm) and Warmbad peaked in 

January (120 mm).  Since rainfall in the region peaks at different months, this shows that there is 

a strong seasonal rainfall variability over the area.  
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4.2.3 Interannual Variability 

The interannual rainfall variability over Limpopo shows a high variability from season to season. 

Figure 4.3 shows the interannual rainfall variability over the region for the 2000-2017 period. 

 

Figure 4.3: GPCP Interannual summer rainfall (DJF) variability over Limpopo Province 

The inter-annual rainfall distribution of Limpopo Province is highly gradual with an increase in the 

occurrence of extreme events. Interannual rainfall varies a lot over Limpopo with the region 

experiencing events of different intensity (different from one another) and receiving its rainfall 

during austral summer season (DJF) with the highest rainfall peak of about 14 mm/day during the 

year 2000, 6 mm/day for the year 2006. The lowest rainfall was recorded in 2002/03 (2 mm/day) 

and 2015/16 with rainfall less than 2 mm/day received. The year 2000 experienced the highest 

rainfall due to the occurrence of landfalling of tropical cyclone Eline formed over the southwest 

Indian Ocean and traversed southern Africa bringing historic floods (Dyson & Van Heerden, 2001; 

Reason & Keibel, 2004; Chikoore et al., 2015)). As a result of cyclone Eline, the year 2000 was 

recorded as the wettest year (Reason & Keibel, 2004).  The lowest rainfall received in 2002/03 

and 2015/16 of about 2 mm/day (of rainfall) was due to the El Nino induced drought that occurred, 

resulting in less rainfall over the region (see Figure 2.7 and Figure 2.8). 



53 
 

 

Figure 4.4: GPCP summer rainfall (DJF) anomalies over Limpopo Province 

Figure 4.4 presents austral summer (DJF) rainfall anomaly over Limpopo Province for the study 

time frame. Anomalous heavy rainfall events occurred over the region during the austral summer 

season (DJF) 1999/00 and 2005/06, whilst the anomalous low rainfall occurred during the austral 

summer season (DJF) 2002/03 and 2015/16 (Figure 4.4). The anomalous wet seasons in the 

case of 1999/2000 floods were caused by tropical cyclone Eline over the southwest Indian Ocean. 

Tropical cyclones have been found to influence the severe heavy rainfall and flooding in Limpopo 

(Chikoore, 2015). From the displayed Figure 4.4, it is evident that extreme floods and droughts 

are frequent in the region. 

Rainfall anomaly (Figure 4.4) provides evidence that the region is prone to frequent dry spells 

(droughts) and wet spells (floods). The ENSO cycle corresponds to wet years and dry years over 

the region (see Figure 2.7 and Figure 2.8). Wet years in the region are associated with floods 

whilst dry years are associated with droughts. Figure 4.4 shows that the region has a high 

occurrence of extreme weather events coming in every two to four years. The region was exposed 

to one of the successive hottest and driest years in 2014/15 and 2015/16, with negative anomalies 

of about -2mm/day respectively. 

The oceanic interaction with the atmosphere leads to intense weather conditions, which has 

considerable impacts on climate onshore (Linacre & Geerts, 1997; Tyson & Preston Whyte, 

2000). The El Nińo events are associated with catastrophic droughts in South Africa, with La Nina 
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associated with higher rainfall and floods (Tyson & Preston-Whyte, 2000).  The two successive 

El Nińo events 2014/15 and 2015/16 produced an extreme climate anomaly over southern Africa. 

Table 4.1: The ranks for selected droughts and floods over Limpopo Province, South Africa 

  

4.3 Temperature 

4.3.1 Mean Spatial Pattern 

Figure 4.5 below shows that the mean spatial pattern of maximum temperature is highly variable 

over the study region, showing that the area receives high values during the summer season. The 

annual cycles (Figure 4.6) for Limpopo Province show that the region is cooler (minimum 

temperature) in the winter season June-July, with the temperature rising to >33°𝐶 from October 

to January (Chikoore, 2016). The maximum temperature (Tmax) for Limpopo Province shows 

temporal and spatial variability. Tmax anomalies over the study area (Limpopo Province) appear 

to be associated highly with the drought and floods seasons. The interannual maximum 

temperature variability and maximum temperature anomalies show a rising trend, over the region. 

With observations (Figure 4.7 and Figure 4.8) from the region support that of Kruger and Shingle, 

(2004), by showing a piece of strong evidence about the warming trend over southern Africa. 

Rank Years ENSO Events

4 2006/07 El Nińo 

6 2000/01 El Nińo 

Rank Years ENSO Events

1 1999/00 La Nina 

3 2005/06 La Nina 
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Figure 4.5: Showing mean summer (DJF) spatial distribution of air temperatures over Southern 
Africa 

 

Figure 4.6: Annual cycles of maximum temperature over Limpopo Province based on South 
African Weather Service (SAWS) data 
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Figure 4.7: Interannual summer maximum temperature variability over Limpopo Province 

 

Figure 4.8: Maximum temperatures anomalies over Limpopo Province for the period 2000-2017 
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4.4 Extent and characteristics of extreme weather events using the Standardized 

Precipitation Evapotranspiration Index (SPEI) 

To establish the nature and characteristics of meteorological drought and floods over Limpopo 

Province, SPEI time series were analysed using monthly values of rainfall, minimum temperature 

(Tmin) and maximum temperature (Tmax) data from (4) four different weather stations (Mara, 

Lephalale, Polokwane and Warmbad stations). SPEI index was used to characterise the nature 

and intensity of extreme weather events, namely; drought and floods. All meteorological station 

data were acquired from the South African Weather Service (SAWS) for 2000 to 2017 2000 - 

2017 period. The trends of SPEI values at 1 (SPEI-1), 3 (SPEI-3), 6 (SPEI-6), and 12 (SPEI-12)-

month timescales were calculated and retrieved from R-Studio. SPEI values were used to 

identifies the period of wet seasons and dry seasons. 

Figure 4.9; Figure 4.10; Figure 4.11; and Figure 4.12 illustrate the existence of a strong seasonal 

and interannual variability in both dry and wet conditions in Limpopo Province.  The SPEI indices 

managed to detect the severity, intensity, and duration of all drought episodes and wet episodes 

experienced between 2000 and 2017. The intensity of extremely dry conditions and extreme wet 

conditions differ in different stations and different climatic conditions. Due to the escarpment 

barrier (Soutpansberg mountain), climate variability exists in Limpopo Province with the eastern 

side of the escarpment receiving higher annual rainfall than the western part (Chikoore, 2016). 

As a result, to variation to climatic conditions, the onset and end period of fine or drought 

conditions and wet conditions differ according to stations.  

The SPEI results display the general trends of fluctuation between dry and wet periods from one 

month to twelve months in Limpopo Province.  The 1-month SPEI from (Figure 4.9; Figure 4.10; 

Figure 4.11; and Figure 4.12) displays the monthly trend patterns of wet and dry conditions over 

the region. The SPEI results reveal that dry periods start from May to October and wet cycles 

start from November to April, thus creating normal dry winter period and wet summer period 

respectively (Mpandeli, et al., 2015). The monthly wet cycles are frequent during the first period 

of the study. However, this could be attributed to a succession of tropical cyclones making landfall 

in southern Africa.  Monthly dry cycles are frequent in the last period of the study, being attributed 

to less amount of precipitation received, leading to successive drought conditions 2014/15 and 

2015/16 seasons. In SPEI 1, the moisture differences between months cannot be attributed to 

making the trend between positive and negative SPEI values. 
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Figure 4.9; Figure 4.10; Figure 4.11; and Figure 4.12 show SPEI 3-time scale with moisture 

deficits over the 3-month intervals, representing the mid-season moisture conditions from 2000 

to 2017. For clear mid-season analysis, SPEI 3 displaying the 3-month cycle was calculated. The 

3-month cycle shows more wet seasons during the first decade (2000 to 2010) and dry season in 

the last decade (2011 to 2017). During the vegetation growing season, 3 months SPEI is suitable 

for monitoring soil moisture and rainfall conditions (Rouault & Richard, 2003). As per the SPEI 6 

results, fluctuations from wet to dry season were observed (Figure 4.9; Figure 4.10; Figure 4.11; 

and Figure 4.12). The 6-month SPEI reflects the medium seasonal distribution over the 6-month 

period to show the moisture conditions throughout each season. 

Table 4.2: Table of SPEI 6, Extreme weather events classification over Limpopo Province 

 

Lephalale Station Mara Station Warmbad Station Polokwane Station

1999/00 Severely Wet Extremely Wet Severely Wet Severely Wet

2001/02 Severely Wet Moderately Wet Moderately Wet Severely Wet

2002/03 Severe Drought Moderate Drought Moderate Drought Severe Drought

2004/05 Severe Drought Mild Drought Moderate Drought Severe Drought

2005/06 Extremely Wet Moderately Wet Extremely Wet Moderately Wet

2007/08 Severe Drought Moderate Drought Severe Drought Severe Drought

2008/09 Moderately Wet Moderately Wet Moderately Wet Extremely Wet

2009/10 Severe Drought Moderate Drought Severe Drought Moderate Drought

2010/11 Severely Wet Extremely Wet Severely Wet Severely Wet

2011/12 Severe Drought Extreme Drought Severe Drought Severe Drought

2012/13 Severely Wet Moderately Wet Moderately Wet Mildly Wet

2013/14 Severely Wet Moderately Wet Moderately Wet Moderately Wet

2014/15 Moderate Drought Severe Drought Severe Drought Severe Drought

2015/16 Moderate Drought Severe Drought Severe Drought Severe Drought

Category
Extreme Weather 

Severity  Category
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In 1999/00 the region experienced a severely wet season with the influence of landfall tropical 

cyclones (TCs) making landfall in February 2000 (Chikoore et al., 2015). The season 2005/06 

came with severely wet conditions over Limpopo Province. The 2002/03 season brought severe 

drought conditions and moderate conditions in two stations each. For 2014/15 and 2015/16 

seasons, drought seasons were recorded as the two most drought prolonged periods and 

consecutive warming temperatures which were severe for more than 20 months over Mara 

(Figure 2.7 and Figure 2.8), Warmbad and Polokwane stations and moderate in Lephalale station. 

This can be seen from SPEI 12 of each station (Rouault & Richard, 2003).   
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Figure 4.9: Lephalale Weather Station SPEI (SPEI 1, SPEI 3, SPEI 6 and SPEI 12) 



61 
 

 

Figure 4.10: Mara Weather Station SPEI (SPEI 1, SPEI 3, SPEI 6 and SPEI 12) 
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Figure 4.11: Polokwane Weather Station SPEI (SPEI 1, SPEI 3, SPEI 6 and SPEI 12) 
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Figure 4.12: Warmbad Weather Station SPEI (SPEI 1, SPEI 3, SPEI 6 and SPEI 12)
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• Frequency of Extremes in Limpopo Province 

The climatic conditions over Limpopo Province are highly variable with rainfall starting in late 

October and peaking in January-February months, making it the wet season thus droughts and 

floods are also expected (Mpandeli, 2015). To characterise extreme weather events over Limpopo 

province, SPEI 6 was used to categorise floods and drought according to four different weather 

stations over Limpopo Province. To compose extreme frequency occurrence table over Limpopo 

province, all periods of extreme wet and dry conditions that fell in each category of SPEI were 

considered. Table 4.3 shows extreme weather frequency occurrence over Limpopo province for 

a period of 18 years. Due to climate variability over southern Africa, the study area is subjected 

to different climatic weather conditions (Chikoore, 2016).  

The results show that Limpopo province experienced extremely wet conditions of 0.5% frequency 

over Lephalale and Warmbad stations meanwhile Mara and Polokwane frequency was 0.9% 

respectively. Mild seasons conditions such as wet or drought are frequent over the province, with 

occurrence frequency of above 30% over Lephalale, Mara, Warmbad, and Polokwane Stations 

(Table 4.3).  Extreme and severe drought seasons are most frequent over Limpopo Province, with 

the province more vulnerable to extreme weather events (Tshiala et al., 2011). The results show 

that the number of drought seasons is almost like the wet seasons (Table 4.3). Over the region, 

fine conditions or drought seasons are most likely associated with low precipitation trend 

meanwhile, wet conditions are noted during the high precipitation trend. 

Table 4.3: Extreme weather frequency over Limpopo Province 
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4.5 Correlation of GPCP Precipitation and Temperature with ENSO Southern 

Oscillation (El Nińo and La Niña)  

The fluctuation of sea surface temperature (SSTs) in the Pacific Ocean results in the occurrence 

of floods and droughts over Limpopo Province. Figure 4.13a displays the correlation of ONI and 

GPCP precipitation for the 2000-2017 period in Limpopo Province. ONI and GPCP precipitations 

show a negative correlation (r = -0.627) which is anticipated if the two variables are correlated, 

while negative degrees correspond to La Niña years and show that there is high variability 

between precipitation and ONI whilst positive degrees correspond to El Nińo years, showing years 

of low rainfall. In general, the correlation between ONI and GPCP precipitation implies that an 

increase in the sea surface temperatures anomalies is associated with a decline precipitation 

anomaly. During the period of 2015/16, SST was over 2.5 leading to a decline in precipitation 

pattern to below 40mm/month. 

From the correlation, ENSO cycles dominated by El Nińo (Positive phase) were associated with 

more areas affected by below-average precipitation (meteorological drought) meanwhile negative 

phases (La Niña) are most likely to be associated with the area affected by above-average 

precipitation (floods) events. Table 3.1 shows years of El Nińo (2002/03, 2004/05, 2006/07, 

2009/10, 2014/15, and 2015/16) and La Niña (1999/00, 2000/01, 2005/06, 2007/08, 2008/09, 

2010/11, 2011/12, and 2016/17).  

ONI and GPCP precipitation correlation show that ENSO cycles coincide with the summer rainfall 

season and the two variables are inversely correlated over southern Africa (Figure 4.13a). The 

correlations identify the relationship between ENSO cycles and GPCP precipitation, with La Niña 

episodes associated with above-average precipitation as a decline in SST anomalies, result in an 

increased rainfall anomaly and El Nińo episodes associated with bellow average precipitation. 

Figure 4.13a features period of wet years 1999/00 (218 mm/month), 2005/06 (136 mm/month), 

and dry years 2015/16 (50 mm/month), and 2002/03 (55 mm/month). 

Correlation of the Southern Oscillation Index (SOI) and GPCP precipitation (Figure 4.13b) shows 

a positive correlation coefficient and the findings from ONI and GPCP precipitation correlation in 

the region. SOI and GPCP precipitation show a positive correlation (r = 0.428) which is anticipated 

if two variables are positively correlated, with positive degrees correlating with wet years (La Niña) 

and negative degrees correspond to dry years (El Nińo). The correlation between SOI and GPCP 

precipitation implies that, an increase in the SLP anomalies and lead on an increase in GPCP 

precipitation anomalies. From the correlation, ENSO cycles dominated by Positive phase (Wet 
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years) were associated with more areas affected by above-average precipitation (floods) 

meanwhile negative phase (Dry years) are most likely to be associated with the area affected by 

below-average precipitation (drought) events. Figure 4.13b features wet years 1999/00 (7.8 

mm/day), 2005/06 (5 mm/day), and dry years 2015/16 (1.5 mm/day), and 2002/03 (2 mm/day. 

 

Figure 4.13: ONI/SOI vs GPCP Precipitation and ONI/SOI vs Temperature correlation in 
Limpopo Province 

The correlation of ONI and temperature (Figure 4.13c) and SOI and temperature (Figure 4.13d) 

shows the relation between dry years and wet years with temperature. Temperature and ONI/SOI 

correlation shows the link between El Nińo and La Niña episodes with temperature. The 

correlation shows that La Niña years were associated with lower temperature whilst El Nińo years 

were associated with high temperature. Thus, during the period of high SST anomalies, an 

increase in temperatures is also observed. Whilst during the period of anomalously high low 

temperatures are observed. Figure 4.13c and Figure 4.13d show that the year 2014/15 was the 
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hottest year with a maximum temperature of about 33.8 °𝐶, while 1999/00 was the year recorded 

the lowest temperature of about 29.8°𝐶 the period. 

4.6 GPCP Precipitation Composite (Summer) of La Niña and El Nińo Events 

Based on the Nińo 3.4 SST index and Southern Oscillation Index (SOI) observed, a composite of 

El Nińo events and La Niña events over southern Africa region is constructed using GPCP 

precipitation by selecting years with Sea Surface Temperature (SST) index that exceeds 0.5 (less 

than -0.5) or SLP with +1 (less than -1) with SOI. Figure 4.14a and 4.14b displays the observed 

composite for the period 2000-2017 and is an average of 6 El Nińo events and 8 La Niña events. 

Figure 2.7 and Figure 2.8 displaying the temporal evolution of the difference between El Nińo 

composite and La Niña composite during the summer season (DJF).   

The La Niña composite was based on the selection of years for which the SOI exceeds +1 or ONI 

less than -0.5 minus years with -1 or +0.5 ONI during the summer season (DJF) for 2000-2017 

period.  Similarly, the El Nińo composite was based on the selection of years for which the SOI 

was less than -1 or exceeds +0.5 with ONI during summer (DJF) for the period 2000-2017.  In the 

ENSO composite, Figure 4.14a illustrates the La Niña composites (Cool) which were extracted 

from El Nińo (Warm) composites to illustrate the difference between El Nińo and La Niña events. 

The ENSO composites illustrate high variability between El Nińo (Dry years) and La Niña (Wet 

years) events, indicating that the area is highly vulnerable to extreme weather events.  

The composite presents the GPCP precipitation for the wet years that were selected from Nińo 

3.4 and SOI to display the condition during high rainfall in DJF summer season (Figure 2.7 and 

Figure 2.8).  During the wet periods (La Niña) in DJF, the region indicates extreme wet conditions 

with the western part receiving less rainfall (0.6) and the eastern part receiving much of the rainfall 

of about 1.2mm/day. Figure 4.14a and Figure 4.14b show that the ENSO cycle corresponds with 

the summer rainfall of the southern Africa region. The ENSO composite suggests that the 

Limpopo region is vulnerable to floods events, with the region receiving a positive departure from 

1.2mm/day to 1.4mm/day. 

Similarly, to Figure 4.14a, Figure 4.14b illustrate anomalous dry years (El Nińo) composites using 

GPCP precipitation for the years selected from ONI and SOI to display summer month (DJF) 

during dry years. During dry years composite, a strong negative departure of rainfall over the 

Limpopo region with values ranging between -0.8mm/day to -1.4mm/day were observed. From 
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the dry years composite, it appears that the eastern part receives the least mean rainfall with the 

lowest negative departure than the western part. From the ENSO composites, it appears that 

Limpopo province is prone to extreme events which are droughts and floods. The region can be 

dry to the extent of negative departure of about -1.4 and receive the highest rainfall anomalies 

with a positive departure of about 1.2.  

 

Figure 4.14 a+b: Composite mean GPCP precipitation anomaly (mm/day) for summer 
(December-February), for strongest events 2000-2017 for southern Africa during drought (a) and 
wet years (b) 

4.7 Case Studies of extreme events over Limpopo Province 

Case studies were considered for extreme events i.e. wet years with copious heavy rainfall and 

droughts that have brought a devastating impact in Limpopo Provinces. The cases investigate 

various variable and their influence on extreme cases in Limpopo Province. Variables considered 

for the study include GPCP precipitation, geopotential height, outgoing longwave radiation, 

maximum temperature, and vector winds. 

4.7.1 Case 1: 1999/2000 DJF over Limpopo Province 

The case investigates the anomalous heavy rainfall over Southeast Africa that resulted in 

devastating impacts in Limpopo Province during the summer season DJF of 1999/00. The 

extremely heavy rainfall was created by the succession of tropical cyclones (Chikoore et al., 

2015), producing copious rainfall and lasted for several days. The 2000 TCs season was active 
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with several landfalls affecting southern Africa. This includes the TC Eline which formed in 

February and traversed over southern Africa bringing flooding to the Limpopo River Valley (Dyson 

& van Heerden, 2001; Reason & Kiebel, 2004; Chikoore et al., 2015). 

 

Figure 4.15a+b: Summer (DJF) rainfall (a) and maximum temperature (b) over southern Africa 
during 1999/00 wet condition. 

The anomalous wet season in 1999/00 was influenced by the La Niña episode which was 

categorized as strong with the intensity value of about -1.5mm/day that peaked in December-

January-February 1999 (Figure 2.7 and Figure 2.8). The condition started in July-August-

September 1999. The event was influenced by the tropical cyclone Eline formed in the South 

West Indian Ocean and traversed southern Africa, bringing devastating impacts to the region 

(Reason, 2004 & Chikoore et al., 2015). The TC Eline propagated on the north of South Africa 

and Zimbabwe resulting in copious heavy rainfall over the interior part.  

Deep convection that has persisted over Limpopo Province in this period, has resulted in heavy 

rainfall (flood conditions) >4mm/day (Figure 4,14a). The resultant of the heavy rainfall is more 

TCs making landfall in 2000 (Reason, 2004 & Chikoore et al., 2015), influencing the heavy rainfall 

received over Limpopo Province. Due to heavy rainfall, below normal geopotential height >-9 

(Figure 4.19a), indicating enhanced convection. The strong negative anomaly of OLR was 

observed with values ranging between -15 to -20 meaning the amount of radiation reduced by 

cloud cover which is associated with wet seasons (Figure 5.20a).  During this period, negative 

values of OLR, as well as geopotential height (Figure 4.19a), were observed in the northern part 

of southern Africa, covering largely Limpopo Province. The weather conditions and weather 

systems during the period were related to La Niña. Vector winds played an important role in 
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triggering flooding in southern Africa by transporting moisture inland, making heavy rainfall (Tyson 

& Preston, 2000; Chikoore, 2016).  

4.7.2 Case 2: 2002/2003 DJF over Limpopo Province 

During 2002/03 summer, negative precipitation departures over Limpopo Province were 

observed, indicating low rainfall conditions or drought. The regions’ fine condition or drought is 

influenced by El Niño’s condition impacting east of southern Africa, including Limpopo province 

(Figure 2.7 and Figure 2.8). The El Nińo 2002/03 was categorised as moderate with an intensity 

value of about 1.3 that have peaked in October-November-December 2002. The condition started 

in June-July-August 2002 and lasted for a period of 10 months. The event follows a neutral 

condition with values close to -0.3.  

 

Figure 4.16 a+b: Summer (DJF) rainfall (a) and maximum temperature (b) over Southern Africa 
during the 2002/03 drought condition. 

The composite mean displaying a strong positive summer geopotential height in meter at 500 hPa 

over Limpopo Province (Figure 4.19 (b)). Positive geopotential heights are characterised with 

drought conditions and warmer atmospheres (Chikoore, 2016). Strong positive geopotential 

anomalies are found in the middle of southern Africa, with anomalies values ranging between +3 

to +6; Same with geopotential height, positive OLR indicates drought conditions. In 2002/03, the 

composite anomalies of OLR for drought season displayed a strong positive OLR > 8 Wm-2 

(Figure 4.20b). The 2002/03 drought condition affected the southeast side of southern Africa.  

Strong positive maximum temperature (Figure 4.16b) over the northern part of southern Africa, 

has been found to have a strong relationship with the occurrence of drought in southern Africa 

(Chikoore, 2016). The positive maximum temperature was observed during 2002/03 from 
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December to February. The wind vector anomaly of the 2002/03 summer (DJF) drought period 

shows the westerly vector wind anomaly over southern Africa, bringing greater impacts on the 

eastern part (Figure 4.21b). ENSO-induced drought conditions in southern Africa is associated 

with the westerly wind vector anomaly (Chikoore, 2016). Based on Figure 2.7 and Figure 2.8, the 

case of the 2002/03 drought condition shows that it’s an ENSO-induced drought condition.  

4.7.3 Case 3: 2005/2006 DJF over Limpopo Province 

During this case, heavy rainfall and severe storms were experienced over southern Africa (Figure 

4.17a), resulting in floods conditions in some parts of the region including Limpopo Province. La 

Niña for 2005/06 was categorised as weak with an intensity value of about -0.8 anomaly that has 

peaked in December-January-February 2005 (Figure 2.7 and Figure 2.8). The condition started 

in November-December-January 2005 and lasted for a period of 5 months. 

 

Figure 4.17 a+b: Summer (DJF) rainfall (a) and maximum temperature (b) over Southern Africa 
during 2005/06 wet condition. 

Figure 4.17(a) shows GPCP precipitation of summer rainfall over southern Africa including 

Limpopo Province, during 2005/06 floods. The absolute rainfall rate over the region is between 1 

mm/day to 3 mm/day. The composite mean of geopotential height shows a negative anomaly in 

the western part of southern Africa between -2 to -4 (Figure 4.19c). Negative geopotential height 

is associated with a cooler temperature and usually characterised with heavy rainfalls (Chikoore, 

2016). During the 2002/03 flood period (DJF), the region experienced negative temperature 

anomalies with absolute values ranging between (-0.1 to -0.4) over the interior (Figure 4.17b).  
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The strong negative anomaly of OLR in the interior (<-12 Wm-2; Figure 4.20c) is associated with 

floods season in southern Africa. Low OLR indicates the presence of clouds and precipitation 

while high OLR (Figure 4.20c) indicates deep convection clouds in the upper level. During the 

heavy rainfall in southern Africa including Limpopo Province, the region was dominated by 

negative OLR. The heavy rainfall during 2005/06 was associated with easterly wind vector 

anomaly, which had a significant role in transporting moisture which results in heavy rainfall 

leading to flooding (Figure 4.21c). Figure 4.21c displays a vector wind anomaly at 500 hPa levels 

from December to February.  

4.7.4 Case 4: 2015/2016 DJF over Limpopo Province 

During the 2015/16 summer (DJF) extreme negative GPCP precipitation departures (-0.5 mm/day 

to -2.5 mm/day) was observed in southern Africa, resulting in the region experiencing the worst 

prolonged drought since 1991/92 extreme drought impacting the whole region including Limpopo 

province (Baudion, 2017). Figure 4.18 (a) illustrates the absolute amount of rainfall received 

between December 2015 and February 2016 in southern Africa. During this period, rainfall was 

below -1.5 mm/day across the northeast of South Africa including Limpopo Province, 

Mozambique, and Zimbabwe. Figure 4.18a highlights that the 2015/16 season was the driest in 

the past 17 years.  

 

Figure 4.18 a+b: Summer (DJF) rainfall (a) and maximum temperature (b) over Southern Africa 
during the 2015/16 drought condition. 

The severe drought condition related to a strong El Nińo 2015/16 events across southern Africa 

peaked at 2.6 in November-December-January (Figure 2.7 and Figure 2.8). The El Nińo event 

prior to 2015/16 drought conditions follows weak 2014/15 El Nińo events. El Nińo 2014/15 and 

2015/16 were the two most prolonged drought periods and consecutive warmings events that 
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have influenced the climate over southern Africa for a period of 27 months without interruption 

during the time frame 2000-2017 (Figure 2.7 and Figure 2.8). This resulted in higher than normal 

temperatures and longer fine or dry season than in the past 17 years in the southern Africa region. 

The composite mean displaying strong positive geopotential height in the meter at 500 hPa over 

southern Africa (Figure 4.21d), with the region dominated by positive geopotential heights which 

are characterised with drought conditions and warmer atmospheres (Chikoore, 2016). A positive 

geopotential height was observed in southern Africa from December 2015 to February 2016. 

During the period, the region experienced very warm temperatures ranging from 1.8 to 3 across 

southern Africa (Figure 4.18b).  

In 2015/16, high OLR was observed over the north east of South Africa i.e. Limpopo Province 

(Figure 4.20d). High OLR indicates the absence of deep cloud in the upper level, resulting in fine 

or dry conditions. The region is dominated by positive OLR from 0 to 6. Figure 4.21d shows vector 

wind blowing from west to the east transporting the moisture offshore from December 2015 to 

February 2016. During the season of dry or fine condition, an El Nińo was identified (Figure 2.7 

and Figure 2.8).  

 
Figure 4.19: Mean composite of summer (DJF) geopotential height at 500-hPa over Southern 
Africa, during extreme weather events. 
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Figure 4.20: Mean composite of summer (DJF) OLR at 200-hPa over Southern Africa, during 

extreme weather events. 

Figure 4.21:  Composite mean of summer (DJF) vector winds 500-hPa over Southern Africa, during extreme 

weather events. 
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4.8 Summary 

In this section, the spatial and temporal variation of climate condition over Limpopo Province were 

investigated. Over the region, extreme weather events are distinct and recurring features. The 

precipitation and temperature over Limpopo Province for a period of 17 years were displayed and 

interpreted. The region receives most of its rainfall during the austral summer and is associated 

with a cool temperature, with rainfall, reach its peak from December, January, and February. Most 

of the droughts and wet conditions over the region are from mild to extremes in frequency. 

Copious heavy rainfall over the region occurred in the first period of the study influenced by TCs 

whereas prolonged dry season occurred during the summer season of 2003, 2007, and the 

successive dry period of 2014/15 and 2015/16 seasons. From the section, it is revealed that El 

Nińo and La Nina have a direct relationship with precipitation and temperature over Limpopo 

Province. 
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CHAPTER 5: VEGETATION CHANGE, RESPONSE, AND SENSITIVITY TO 

EXTREME WEATHER EVENTS  

5.1 Introduction 

This chapter highlights the complex nature of extreme weather events i.e. meteorological drought 

and floods, and the impacts they present for early warning and effective monitoring. Satellite 

remote sensing offers a unique way of monitoring drought and floods activities because it provides 

synoptic, repeat coverage of spatially continuous spectral measurements collected (Hua et al., 

2019). The Moderate Resolution Imaging Spectroradiometer (MODIS) satellite data were used to 

characterise changes in the vegetation over time. Limpopo Province is a region sensitive to 

climate change due to its vulnerability to extreme weather events (Tshiala et al., 2011). Vegetation 

sensitivity can be measured through the response of vegetation patterns to climate variability in 

this region. Time series analysis of Normalised Difference Vegetation Index, Enhanced 

Vegetation Index and Land Surface Water Index imagery are effective tools to study the land 

cover changes and vegetation response to climatic variations.  

Vegetation Index (VI) provides information which is primarily related to vegetation health, that 

enables a more comprehensive view of extreme weather condition such as meteorological 

drought and floods (Huete et al., 2002). Vegetation product (MODIS/Terra vegetation Indices, 

MOD13Q1, version-6) and land cover product (MCD12Q1, version-6, Terra), was downloaded 

from Level-1 and Atmosphere Archive and Distribution System (LAADS) Distributed Active 

Archive Center (DAAC) from the tile (h20 v11). MOD13Q1 data is provided after every 16 days at 

250-meter spatial resolution since February 2000, whilst MCD12Q1data is an annual data at 500-

meter spatial resolution since 2001. Raster calculator is used for pre-processing MOD13Q1 data 

(NDVI and EVI) with a scale factor of 0.0001. 

5.2 Land cover extent and rate of change over Limpopo Province 

The MODIS MCD12Q1 Terra was used to display land use/ land covers over Limpopo Province 

from 2001 to 2017. The satellite helped with the identification of Land Use and Land Cover (LULC) 

for the region. Land cover is a fundamental variable required when studying the ecological and 

morphological changes occurring in the environment and earth’s ecosystems (Congalton, et al., 

2014). The MODIS MCD12Q1 land cover product is produced using the supervised classification 

of the reflectance data. The MCD12Q1 International Geosphere-Biosphere Program (IGBP) 

classification which classifies each land cover into 17 classes at 500 m and has been reported to 

have overall land cover classification accuracy of 75% (Friedl et al., 2010) was used. The 
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MCD12Q1 500 m IGBP supervised classification were followed by Land Cover Type QC data 

layer to assess and select good training class and of high confidence. 

5.2.1 Extent and distribution of Land Cover over Limpopo Province 

The chapter provides the extent and spatial distribution of land covers over Limpopo Province for 

2001, 2010, and 2017. The MODIS MCD12Q1 supervised classification of the International 

Geosphere-Biosphere Program (IGBP) identifies 17 (Table 5.2) land cover classes (0-16) which 

include 11 natural vegetation classes, 3 developed and mosaicked land classes and three non-

vegetated land classes (Friedl et al., 2010). From the established land covers, urban/ built-up land 

is difficult to classify reliably, due to a variety of land cover types and land uses that can also be 

mixed spatially even at Landsat 30 m scale (Lu et al., 2008; Griffiths et al, 2010). 

 
Figure 5.1: Map showing 2001 annual IGBP vegetation land covers over Limpopo Province, 
South Africa 

The MCD12Q1 IGBP classification at 500 m spatial resolution is used to show the land cover 

classes over Limpopo Province. Figure 5.1 shows the annual IGBP land cover classification map 



78 
 

dated 2001. Figure 5.1, Figure 5.2 and Figure 5.3 provide distributions about land cover classes 

over Limpopo Province.  The region is composed of arid and semi-arid climatic conditions 

(Mpandeli, et al., 2015), with growth of vegetation in arid and semi-arid areas which depends on 

the topography and rainfall (WenBin et al., 2011). When describing the spatial distribution of 

annual rainfall over Limpopo Province (Figure 1.4), it shows a significant variation of rainfall due 

to the escarpment i.e. Soutpansberg mountain (Chikoore, 2016).  Figure 1.3 is the topographic 

map of Limpopo Province. The terrain affects the distribution of warm and moist air onshore, 

therefore making the precipitation distribution very uneven, which affects vegetation distribution 

(WenBin., et al., 2011). Across the province, dense vegetation cover such as Evergreen 

Needleleaf Forests, Evergreen Broadleaf Forests, Deciduous Broadleaf Forests, and Mixed 

forests are located along the area of high elevation, with grassland and another small vegetation 

cover at a lower elevation.  

 

Figure 5.2: Map showing 2010 annual IGBP vegetation land covers over Limpopo Province, 
South Africa 
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The northwest of the province is composed of the low elevation, where the altitude ranges 

between 0-8% above the ocean level. Among these lower terrains, the major land cover class i.e. 

grassland land covers and occupies an area of about 110546 km2. The far eastern part with 

altitude ranges from 25%, the area is dominated by dense vegetation covers such as Evergreen 

Needleleaf Forests, Evergreen Broadleaf Forests, Deciduous Broadleaf Forests, and Mixed 

forests respectively. Therefore, there is a spatial variation of the annual vegetation condition 

distribution (Figure 1.2) over Limpopo Province, with more intense vegetation conditions over the 

eastern part and low to poor vegetation conditions on the north western part. Dense vegetation 

such as a forest is located mainly in the rainy areas with an altitude greater than 25% (Figure 1.3 

and Figure 1.4). 

 

Figure 5.3: Map showing 2017 annual IGBP vegetation land covers over Limpopo Province, 
South Africa 
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5.2.2 Spatiotemporal Distribution of Land Covers 

The statistical analysis and plotting were conducted using Microsoft Excel, displaying fifteen land 

covers classified over Limpopo Province. The deviation of area coverage in Km2 of different land 

covers of MODIS MCD12Q1 annual IGBP classification was used to create the table and plot the 

spatiotemporal distribution of land cover types in Limpopo Province.  To understand changes of 

the land covers, spectral profiles reflecting land covers were generated for 2001, 2010, and 2017.  

Table 5.1: The spatial extent of annual IGBP land covers classes (Area_Km2) for 2001, 2010, 
and 2017 in Limpopo Province. 

 

Table 5.1 presents the spatiotemporal distribution of the annual IGBP classification scheme for 

the period 2001, 2010, and 2017 (Area – Km2). From Table 5.1 above, changes in land cover 

were detected using change assessment through comparing the areas of identified land covers 

and generating bar graphs (Figure 5.4). The IGBP classification shows that the region is 

dominated by grassland land cover with area coverage of about 110564 km2 (2001), 110138 Km2 

(2010), and 109958 Km2 (2017) respectively. Globally, exponential increase of urbanization 

results in the reduction of areas of natural vegetation (Hussein et al., 2017).  Table 5.1 shows a 

dynamic vegetation change throughout the study area. From the spatiotemporal distribution, the 

foremost visual difference is the reduction in coverage (Area-Km2) of Grasslands vegetation land 

Land Cover_2001 Land Cover_2010 Land Cover_2017

1 Evergreen Needleleaf Forests 3 5 3

2 Evergreen Broadleaf Forests 956 885 797

4 Deciduous Broadleaf Forests 633 1500 1302

5 Mixed Forests 66 138 118

6 Closed Shrublands 1683 753 1017

7 Open Shrublands 2916 2443 2486

8 Woody Savannas 401 397 400

9 Savannas 1915 2589 2679

10 Grasslands 110564 110138 109958

11 Permanent Wetlands 20 15 6

12 Croplands 904 1124 1078

13 Urban and Built-up Lands 862 919 960

14 Cropland/Natural Vegetation Mosaics 2 17 28

16 Barren 9 13 8

17 Water Bodies 5 4 97

Area_Km
2

Class NameClass
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cover and increase in Urban and Built-up land. However, the spatial distribution of other land 

covers has remained relatively similar with no significant difference.  

Based on the observation, it can be assumed that a decline in the permanent wetlands, 

grasslands, and Evergreen Broadleaf Forests has been transitioned into build-up and other land. 

In rural areas, agriculture has expanded slightly, possibly to support population growth impacting 

and reducing permanent wetland (Hussein et al., 2017). Urbanization and population can alter 

distribution of vegetation and abundances (Gregg et al., 2003). Moreover, the main causes of 

land cover changes are attributed to pressure due to human activities (Duadze 2004) with high 

rate of deforestation across the world, also with the effects of climate variability leading people 

into converting permanent wetland into agricultural area due to raising temperatures. This can be 

supported by increasing area coverage of cropland from a class of 2001 to 2017. The 

spatiotemporal distribution of land covers is illustrated in Figure 5.4 below, with grassland being 

the most dominant land cover throughout the study area. Despite changes from some land covers, 

others remained unchanged.  

 

Figure 5.4: The annual IGBP spatiotemporal classification over Limpopo Province 
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5.2.3 Land Use/ Land Cover Change 

To detect and quantify land use/ land cover change, post classification change detection was 

employed over Limpopo Province using MODIS MCD12Q1 imagery for 2017 and 2001. The IGBP 

supervised classification was employed identifying land use/ land covers over the region. From 

Figure 5.5 below, post classification change detection is presented illustrating three class 

categories, with limegreen representing no change, dark green representing significant gain, and 

red representing significant loss. Due to the transformation of land use/ land cover over Limpopo 

Province, the region witnessed 2% of significant loss or change, 95% of no change and 3% of 

significant gain.  

 

Figure 5.5: Temporal analysis of MODIS MCD12Q1 IGBP change detection over Limpopo 
Province 

As presented in Table 5.1, much change was observed in Evergreen Broadleaf forest, Grassland 

and Permanent wetlands constituting 2% of significant loss, with 3% constituted by area of 

significant gain or increase such as urban and built up, deciduous broadleaf forest, mixed forest 

cropland, water bodies and savannas (Table 5.2). From Figure 5.5, the region consists of large 
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area of no change 95%. The post classification change detection corresponds to the 

spatiotemporal distribution of land covers (see section 5.2.2). Table 5.2 represents changes in 

land use/ land covers over Limpopo Province.  

Table 5.2: Percentage of Post classification change detection over Limpopo Province. 

 

5.2.4 Land Use/ Land Cover Classification Quality Confidence 

MODIS land cover quality confidence (QC) were derived to provide an insight into classification 

performance. Quality assurance (QC) does not measure the level of accuracy but rather 

indications of quality in the classification (Zhang and Roy, 2017). The maximum possible 

confidence was 9 and the minimum was 0. Figure 5.6 shows the classification confidence images 

for the land cover of 2001, 2010, and 2017. The spatial distribution of confidence map shows area 

of higher confidence performance occurring over water bodies, as water displays different spectral 

reflectance than other classes (Sheng et al., 2016). Apparently, low classification confidence is 

over natural vegetation and developed mosaic lands reflecting the diversity of vegetation types 

with spectral and temporal signatures (Cheng et al., 2007 and Yan and Roy, 2015).  
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Figure 5.6: classification confidence (highest confidence 9 shown in red) for the IGBP land 
cover classifications.  

Based on the IGBP land cover classification, 1520 training points were created from google earth 

to quantify the level of accuracy for the land cover class of 2017. Table 5.2 shows the report of 

accuracy assessment in terms of the classification confusion matrix, commission, omission, 

producer’s and user’s accuracy that quantifies the level of agreement between the classification. 

Considering both producer’s and user’s accuracy, the water bodies class (0) has the greatest 

classification accuracy compared to other land cover classes due to different spectral signatures 

(Sheng et al., 2016). The producer’s accuracy helps to quantify training data given per land cover 

class whether they are classified correctly (Story & Congalton, 1986). Mixed forest had the lowest 

level of user’s accuracy (<50%) as compared to other land covers. The reason for this could be 

due to changes in land cover on the surface as IGBP classifies annually, as quantified by the 

user’s accuracy. The user’s accuracy was used to quantify classes in the classification that were 

not present on the surface (Story & Congalton, 1986).  

The overall classification accuracy shows that the classification is reliable and acceptable for 

further analysis showing an overall accuracy of 73% with a kappa coefficient of 71%. Water 
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bodies, barren lands, urban and built-up, evergreen needleleaf forests, evergreen broadleaf forest 

and woody savannah show high reliable accuracy. The IGBP overall land cover classification 

accuracy follows that of Friedl et al., (2010), with an overall accuracy of over 75% accuracy. The 

disparities in user’s and producer’s accuracy indicate a tendency to overestimate the number of 

land cover class. From the confusion matrix (Table 5.2), land cover types with high producer’s 

accuracy than the user’s accuracy indicate over mapping (Yang et al., 2017). Considering both 

the user’s and producer’s accuracy the water class (0) has the greatest accuracy.  

Low producer’s accuracy simply indicates the level of misclassified classes, with classes being 

on the ground but not committed to the class (Yang et al., 2017). Class with low producer’s 

accuracy such as closed shrubland, savanna and woody savanna (49.1%, 53.6%; and 

60%respectively), as highlighted by the confusion matrix were misclassified into different class 

type i.e. closed shrubland class are misclassified into cropland and mixed forest; savanna being 

misclassified into mixed forest and closed shrublands, and woody savanna being misclassified 

into grassland. Permanent wetlands represent a class with a land cover consisting of 

configurations of water and trees or herbaceous cover; thus, covered with different classes which 

is easily misclassified into the mixed forest, grassland, and forests (Yang et al., 2017). This 

explains the misclassification of permanent wetlands with mixed forest, water bodies and forests. 

Relatively high user’s accuracy and producer’s accuracy for the land cover classes were found to 

explain the over mapping of classes (Yang et al., 2017). 
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Table 5.3: IGBP classification confusion matrix, commission, omission, producer’s accuracy, and user’s accuracy. 
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5.3 Vegetation Response and Sensitivity to extreme weather events 

Climate variabilities such as drought and floods have been recognized as the key influences of 

vegetation dynamics and response resulting in the global change of the ecosystem (Fu & Li, 

2010). Due to residual moisture stored in the soil, vegetation tends to show lagged response to 

extreme weather events as a result of the delayed vegetation response to developing rainfall 

(Thenkabail et al., 2004). As the precipitation deficit lasts for a longer period (Drought), it often 

results in the reduction of photosynthetic activity and subsequently reduced vegetation conditions 

(Maselli et al., 2009). Such a reduction in vegetation conditions can be monitored by remotely 

sensed data such as vegetation indices. The opposite goes with extreme wet conditions, it results 

in the increase of photosynthetic activity and an increase in the vegetation conditions. In this case, 

MODIS MOD13Q1 Terra vegetation product at 16 days was used to determine the vegetation 

response and sensitivity to extreme climate in Limpopo Province. From the study, vegetation 

sensitivity was accomplished by placing more weight on the NIR reflectance components of the 

EVI equation (Huete et al., 1997). To describe the different responses of NDVI and EVI to different 

weather conditions (water content conditions), the relationship between NDVI, EVI, and LSWI 

was studied. 

5.3.1. Normalized Difference Vegetation Index (NDVI) 

In the arid environments, vegetation conditions and dynamics are controlled to a large degree by 

abiotic factors such as moisture availability either directly as rainfall or temperature (Collins, et 

al., 2014; Reynolds, et al, 2004). The MODIS MOD13Q1 250 m spatial resolution NDVI was used 

to the visualized distribution of vegetation health conditions during dry seasons and wet seasons 

over Limpopo Province. NDVI is widely used to study drought and floods (Dutta, et al., 2015). The 

short term NDVI for different rainfed seasons/ summer seasons (DJF) was used to study the 

floods and drought conditions.   

Figure 5.7 presents the NDVI during the wet season of the year 2000. The 2000 wet season was 

influenced by the successive landfall of the tropical cyclone, with TC Eline resulting in heavy 

rainfall bringing floods condition over Limpopo Province (Chikoore, et al., 2015).  Due to the 

availability of MOD13Q1 satellite data, two consecutive months February and March were chosen 

to study the distinct characteristics of their NDVI. Due to vegetation indices response of to rainfall, 

one more month is added to the summer month of each case (Zhang et al., 2013). The vegetation 

indices show a lag time between occurrence of extreme and vegetation response. 
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Figure 5.7: Spatial distribution of the NDVI over Limpopo Province during the wet condition of 
1999/00 

Under the influence of climate variability such as extreme drought and copious heavy rainfall 

(floods), vegetation growth, mainly the grassland, croplands and shrubland are significantly 

affected by these extreme climate changes (Wu et al., 2015), resulting in changing the function 

of vegetation ecosystem and even cause damages (Brotherton & Joyce, 2015). The seasonal 

rainfall (DJF) across the country varied substantially during the 1999/00 summer season, with the 

north eastern side receiving over 5 mm/ day and the western side about >1 mm/ day (Figure 

4.15(a)).  

Figure 5.7 displays the MCD13Q1 NDVI for two consecutive months of 2000, it shows healthy 

vegetation conditions with values ranging between -0.63 to +1 for February and -0.54 to +1 for 

March. The NDVI for both months February and March show healthy vegetation conditions over 

Limpopo Province. Higher NDVI values represent healthy vegetation condition while lower values 

represent poor vegetation conditions. The two consecutive months i.e. February and March show 

very high NDVI values; and are probably due to vegetation’s response to intense heavy rainfall. 

From the study analysis, 1999/00 were identified as a wet year with absolute precipitation values 

ranging between 2mm/day to 5mm/day over Limpopo Province.  

During the 2000 period, Limpopo Province shows a large LSWI (Figure 5.19) increase, with values 

ranging from as high as 0.94 mm (February) and 0.84 mm (March). Increased LSWI values reduce 

evaporation rate of soil moisture, resulting in vegetation under healthy conditions due to low 

moisture stress (Chandrasekar, et al., 2010). Under the circumstances, the vegetation over the 
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region displayed a very healthy condition with values ranging between +0.63 to +1 (February) and 

-0.54 to +1 (March).  

Due to heavy rainfall over the region in 2000, vegetation showed great variability with the mean 

NDVI value (Figure 5.15) showing significant variation. In February 2000, the region experienced 

heavy rainfall influenced by TC Eline. The NDVI image for March compared to February to 

visualize the spatiotemporal variation of vegetation conditions. After the wet season, March 

generally has higher NDVI values, showing vegetation response lag by a month. The mean NDVI 

values for March were 0.62 higher compared to 0.42 for February. The NDVI shows high values 

due to heavy rainfall (Hussein et al., 2017). 

Figure 5.8 shows the spatial distribution of NDVI images for four consecutive months (December, 

January, February, and March) of 2002/03 over Limpopo Province during a drought condition. 

 

Figure 5.8: Spatial distribution of the NDVI over Limpopo Province during the drought condition 
of 2002/03 
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The study area is composed of areas of different elevation (Figure 1.3) with an area of higher 

elevation associated with precipitation (Chikoore, 2016), which is enough for vegetation growth, 

thus making the area compatible to different vegetation cover dominated by forests and mixed 

forests, namely Evergreen Needleleaf Forests, Evergreen Broadleaf Forest and, Deciduous 

Broadleaf Forests which are resistant to dry conditions (Li et al., 2018).  

Figure 5.8 displays the 2002/03 drought condition which spared across Limpopo Province and 

resulted in the reduction of vegetation health conditions (NDVI).  During the period, the region 

received below normal rainfall with negative despatcher between -1 mm/day to -3 mm/day (Figure 

4.15 (a)). The 2002/03 drought condition was observed mostly on the north eastern side of the 

country, Limpopo Province. Low precipitation in the arid area and excessive temperature 

increases the evaporation rate, resulting in the reduction of water deficit in the atmosphere and 

soil which prohibits vegetation growth (Li, et al., 2018). In southern Africa, vegetation responds 

poorly and is vulnerable to excessive raising temperatures (Ziervogel et al., 2014; Lawal et al., 

2019). As a result of low rainfall, the region was subjected to increasing maximum temperatures 

ranging between +1.2 to >2 (Figure 4.15 (c)). Rising temperatures result in increased evaporation 

of moisture from the soil and lead to vegetation being subjected to severe moisture stress 

(Chandrasekar et al., 2010).  

The impact of drought conditions is a gradual process that accumulates as the condition persists 

over a period (Lei & Duan, 2011). From Figure 5.3 the spatial analysis of NDVI response to the 

2002/03 drought condition, due to poor vegetation health condition it can be concluded that 

vegetation on the western side of the province, mostly grassland, is sensitive to drought condition, 

while in the forest, it shows they are not really affected.   As a result of low precipitation over the 

region, vegetation responded poorly with values ranging between -0.73 to +0.99 (December), -

0.59 to +1 (January), -0.68 to +0.99 (February) and -0.62 to +1 (March). During the period, the 

LSWI (Figure 5.20) over Limpopo Province was very low with values ranging between -0.51 to 

+0.53 (December), -0.35 to +0.47 (January), -0.33 to +0.52 (February) and -0.35 to +0.52 (March).  

The shortage of water resources on soil or environment (LSWI) is the limiting factor for vegetation 

growth in the arid areas (Li, et al., 2018). The 2002/03 drought case was followed by the 2005/06 

wet condition over Limpopo province. 

Figure 5.9 shows NDVI from four consecutive months of 2005/06 summer season. It can be 

observed that, during the year 2005/06 summer season (DJF), the region was subjected to heavy 

rainfall (Figure 5.16 (a), with rainfall ranging between 1 mm/day to 3 mm/day. Heavy rainfall over 

Limpopo Province resulted in an increase of LSWI values. Increased moisture content (LSWI) 
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due to heavy rainfall (Figure 5.21), resulted in vegetation being in a healthy condition. As 

observed, Figure 4.17(b) shows the absolute maximum temperature over the region during the 

summer season (DJF) of 2005/06, with temperature ranging between -0.1 and -0.2. Low 

temperature indicates low evaporation of soil moisture and reduction of vegetation stress 

(Chandrasekar, et al., 2010).  

 

Figure 5.9: Spatial distribution of the NDVI over Limpopo Province during the wet condition of 
2005/06 

In the high rainfall season of 2005/06 (Figure 5.16 (a) it can be observed that the NDVI for four 

consecutive months responded very well, with values ranging between -0.11 to +0.95 

(December), -0.20 to +1 (January), -0.20 to +1 (February) and -0.19 to +0.92 (March) respectively. 

The NDVI and LSWI show a strong correlation r = 0.73, and in the LSWI values and lead to an 

increase in the NDVI values. The LSWI during the 2005/06 period responded very well (r = 0.83) 

with the rainfall, as values, increased spontaneously ranging between -0.38 mm to +0.58 mm 

(December), -0.37 mm to +0.62 mm (January), -0.28 mm to +0.91 mm (February) and -0.33 mm 

to +0.66 mm (March). From the analysis, it can be observed that vegetation grows well in wet and 

unstressed conditions. However, the response of vegetation to weather conditions (rainfall or 
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temperature) depends on the vegetation type present in the region, and the availability of water 

content in the background soil (Chandrasekar, et al., 2010).  

Figure 5.10 displays the characteristics of four consecutive NDVI months during the dry summer 

season of 2015/16. Distribution of drought conditions over Limpopo Province as detected is 

shown by SPEI (Figure 4,9; Figure 4.10; Figure 4.11 and Figure 4.12) and GPCP Precipitation 

(Figure 4.18 (a)). During the year, it can be observed that the region was subjected to extreme 

drought conditions with GPCP precipitation departures ranging from -1 mm/day to -2 mm/day. 

Fine condition or drought over the region, influenced the temperatures to be above normal, with 

maximum temperatures over the region ranging between 1.8 °𝐶 and 3°𝐶 thus increasing the rate 

of evaporation of soil moisture (Chandrasekar et al., 2010) leading to low LSWI values correlation 

between LSWI and Temperature. 

The condition prior to the 2015/16 drought was a weak El Nińo drought 2014/15 which affected 

most of the eastern side of southern Africa (Chikoore 2016). Due to high temperature and low 

moisture content from the soil, the NDVI showed the lowest values in four consecutive months, 

ranging from -0.93 to 0.99 (December), -0.75 to 0.99 (January), -0.68 to 0.99 (February), and -

0.60 to 0.94 (March). Low NDVI values follow very low LSWI values over Limpopo Province, 

showing a weak correlation between NDVI and GPCP precipitation (r= 0.31), with values ranging 

between -0.38 mm to 0.46 mm (December), -0.48 mm to 0.48 mm (January), -0.58 mm to 0.50 

mm (February), and -0.41 mm to 0.61 mm (March).  

During the period, Limpopo Province was subjected to very low NDVI and LSWI values for all four 

consecutive months, except for area covered with Evergreen Needleleaf forest, Evergreen 

Broadleaf forest and Deciduous broadleaf forest, where the NDVI and LSWI values were high, 

with area dominated by grassland land cover observing  low NDVI and LSWI (Viana and Alvalá, 

2011). The results show that due to severe moisture stress, vegetation growth or health is poor, 

with NDVI values over the region dominated by low values. This can be supported by the LSWI 

values for four consecutive months.  
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Figure 5.10: Spatial distribution of the NDVI over Limpopo Province during the drought condition 
of 2015/16 

5.3.2. Enhanced Vegetation Index (EVI) 

Similar to the NDVI, the EVI is used to monitor vegetation conditions specifically vegetation 

sensitivity over Limpopo Province by showing characteristics of vegetation response and 

sensitivity to extreme weather events. Thus, EVI has been considered for the study as a modified 

VIs with improved vegetation monitoring capabilities and improved sensitivity to higher biomass 

regions with the reduction of atmospheric influences (Huete et al., 1999). The EVI helps to reduce 

the effects of environmental factors i.e. atmospheric conditions and soil background, contributing 

to noise of VIs calibration in hilly areas (Holben & Justice, 1981; Matsushita et al., 2007). 

Therefore, reduction of atmospheric influences improves the sensitivity of EVI to vegetation 

signals as compared to NDVI (Huete et al., 2002). Thus, this section displays MODIS MOD13Q1 

EVI for cases during extreme weather events.  

Figure 5.11 shows the distribution of two consecutive months of the wet period of 2000 namely, 

February and March. In the study area, due to copious heavy rainfall caused by TCs Eline, 
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vegetation condition was good with values ranging between -0.2 to +1 (February) and -0.2 to +1 

(March).  

 

Figure 5.11: Spatial distribution of the EVI over Limpopo Province during the wet condition of 
1999/00 

Figure 5.11 shows the spatial distribution of EVI over Limpopo Province during the wet season of 

1999/00. Similarly, the spatial distribution of EVI shows the same patterns with NDVI of 2000, but 

with lower values. Although it can be clearly seen that the NDVI and EVI spatial distribution 

patterns are similar, the reflectance of NDVI and EVI show great variation. According to 

Matsushita et al., (2007), the spatial variation of the reflectance is mainly due to the topographic 

effects.   

As the result of copious heavy rainfall, an increase of water content in the soil (soil moisture) was 

observed thus represented by high LSWI values ranging from -0.79mm to 0.94mm for February 

and -0.81mm to 0.84mm for March respectively, showing positive correlation (r = 0.83). Heavy 

rainfall with high LSWI values is associated with low temperature which indicates low evaporation 

of soil moisture and reduced vegetation stress (Chandrasekar et al., 2010). During two 

consecutive months of 2000 wet period, both LSWI and EVI had similar spatial distribution. 

The spatial distribution of both consecutive months is mainly dominated by normal vegetation 

conditions, with the high condition found in the area of higher elevation and forests like vegetation 

(Chandrasekar et al., 2010). The analysis of LSWI shows high values during the period, meaning 

that the moisture condition over the region was high due to a low evaporation rate. Moreover, 
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more than half of the province was characterised by good vegetation conditions, as a result of 

heavy rainfall.  

 

Figure 5.12: Spatial distribution of the EVI over Limpopo Province during the drought condition of 
2002/03 

In 2002/03 Limpopo Province was affected by drought conditions (Chikoore, 2016). The analysis 

of drought indices (SPEI) showed that the region was subjected to severe conditions and 

moderate conditions in some regions.  Figure 5.12 shows the spatial distribution of EVI for four 

consecutive months over Limpopo Province from the 2002/03 drought.  Low rainfall recorded -

1mm/day to -3mm/day over the province (Figure 4.16 (a)), resulted in excessive temperatures 

which lead to increasing evaporation rate causing a decline in the soil moisture prohibiting 

vegetation growth.  

For EVI analysis during the drought period, the region was dominated by the vegetation of low 

condition (Figure 5.12).  As a result of different reflectance variation between NDVI and EVI, also 

lead to variation between the two spatial distribution patterns, with NDVI show more reflectance 
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than the EVI (Matsushita et al., 2007). Due to drought condition, resulting in poor vegetation 

condition with values ranging between -0.19 to 0.89 (December), -0.2 to 0.96 (January), -0.17 to 

0.95 (February), and -0.2 to 0.96 (March) respectively. 

 

Figure 5.13: Spatial distribution of the EVI over Limpopo Province during the wet condition of 
2005/06 

Following the drought case of 2002/03, is the wet period of the 2005/06 summer season.  Figure 

5.13 illustrates four consecutive months of EVI during wet seasons. It can be observed that during 

the period vegetation responded well with values ranging between -0.11 to +0.95 (December), -

0.20 to +1 (January), -0.20 to +1 (February), and -0.19 to +0.92 (March) respectively. Figure 5.13 

shows the characteristics of EVI during the wet summer season of 2005/06. 

During the 2005/06 wet period, the four consecutive images of EVI show less reflectance as 

compared to the NDVI images (Figure 5.7), suggesting that the vegetation responds well with EVI 

than NDVI without the influence of atmospheric aerosols (Huete et al., 2002). It can be observed 

that during the period, vegetation condition (Figure 5.13) responded positively with LSWI values 
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(Figure 5.23) over the region ranging from -0.38 mm to +0.52 mm for December, -0.37 mm to 

+0.62 mm for January, -0.28 mm to +0.91 mm for February, and -0.33 mm to +0.66 mm for March 

and are positively correlated with correlation coefficients (r = 0.73, and p =0.002906). 

 

Figure 5.14: Spatial distribution of the EVI over Limpopo Province during the drought condition of 
2015/16 

Drought conditions are considered to be among the most far-reaching natural disasters affecting 

the world (Edenhofer, 2015). During the 2015/16 summer period, Limpopo Province received 

below normal rainfall resulting in the worst prolonged drought condition impacting the whole 

region and some neighboring countries (Baudion, 2017). Due to excessive temperatures and low 

precipitation over the region, it resulted in an increased evaporation rate leading to a reduction of 

water content from the soil (soil moisture) affecting the vegetation condition over the area (Li, et 

al., 2018). Reduced water content is demonstrated by low LSWI values ranging from -0.38 mm to 

0.46 mm (December), -0.48 mm to 0.48 mm (January), -0.58 mm to 0.50 mm (February), and -

0.41 mm to 0.61 mm (March). As a result of excessive temperature and increased evaporation, 

this has impacted the vegetation condition severely with values ranging between -0.16 to +0.92 
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(December), -0.2 to +1 (January), -0.19 to +0.99 (February), and -0.2 to +0.93 (March) 

respectively. 

Due to improved sensitivity to atmospheric aerosols and topographic effects, EVI serve as the 

best-improved indices to study vegetation sensitivity without limitations (Huete et al., 2002). The 

EVI images for four consecutive months show vegetation conditions with low reflectance NDVI 

indices. stop 

5.4 Monitoring Vegetation Spatiotemporal Dynamics 

To understand the vegetation sensitivity to extreme weather events i.e. wet condition and drought 

condition, using MODIS MOD13Q1 and MOD09A1, the section presents time series of line graphs 

using the mean values of VIs (NDVI, EVI, and LSWI) for each year of an extreme case for the 

period 2000- 2017. From the time series generated, it reveals the spatial pattern and temporal 

variation in the vegetation indices in Limpopo Province on the Seasonal time scale. The time 

series generated to allow the comparison of vegetation conditions between seasons of drought 

and wet conditions, to examine the temporal trend between VIs. Due to extreme weather events 

i.e. drought or wet conditions, vegetation is widely affected, with impacts varied spatially and 

temporally (Huang et al., 2014). 

5.4.1 NDVI and EVI 

Figure 5.15 and Figure 5.16 present the time series of mean NDVI and EVI values for four 

consecutive months in different cases of extreme weather events during summer seasons for the 

period 2000-2017. The presented time series showed that vegetation had greater variability of 

the mean spatial values during the presented months namely December, January, February, and 

March. March had a significantly higher mean and showed a greater variability of the VI levels 

compared to other months. After the wet season, the mean NDVI and EVI value increases for 

months with March generally possessing higher VI values, showing that vegetation legged by a 

month (Hussein et al., 2017).  

The difference of the mean NDVI and EVI values between December- March during an extreme 

weather event could be based on seasonal vegetation growth variability (Hussein et al., 2017). 

Due to the availability of MODIS MOS13Q1 satellite data, the cases of 1999/00 extreme weather 

events are studied using two consecutive months i.e. February and March. In February 2000 

mean NDVI values were about 0.45 and 0.32 (EVI) followed by a gradual increase to about 0.62 

for NDVI and 0.42 for (EVI) in March, with a similar trend during another wet season of 2005/06 
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represented by mean NDVI and EVI values peaking in March with values of about 0.60 for NDVI 

and 0.40 for EVI. The NDVI and EVI show that after the heavy rainfall, VI reached the highest 

level after one month, depending on the conditions of the area (Hussein et al., 2017). During the 

wet seasons, March had the highest vegetation growth compared to other months (Figure 5.15 

and Figure 5.16).  

In the summer season of 2002/03 and 2015/16, the region experienced drought conditions, with 

the NDVI and EVI during this season showing the lowest values. In December 2002 the NDVI 

(0.42) and EVI (0.23) values were very lower due to low rainfall over the region (Hussein et al., 

2017). Lower NDVI and EVI values represent poor vegetation conditions. However, both months 

for NDVI and EVI showed a gradual increase in the mean values. During the dry period, the NDVI 

and EVI images for four consecutive months are presented from Figure 5.5 to Figure 5.12 and 

compared to show the spatial variation of vegetation conditions.  

Both VI (NDVI and EVI) during the period showed lower values, with EVI displaying the lowest 

values (Figure 5.15 and Figure 5.16). This is because of the additional band (blue) for EVI which 

improves its monitoring capabilities and improved sensitivity to higher biomass region with the 

reduction of atmospheric influences such as aerosols (Huete et al., 1999). In December 2002 

NDVI values were 0.42 and peaked at 0.47 in March. Similarly, the patterns repeat in the 2015/16 

season with NDVI mean of 0.42 in December and 0.45 in March. A decline in the mean NDVI 

values could be attributed to a lack of rainfall. This simply shows that during the period, the region 

had very poor vegetation conditions.  
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Figure 5.15: Time series showing mean NDVI values over Limpopo Province during droughts and 
floods conditions. 

The results show that the vegetation was sensitive to the severe drought conditions with the area 

along the high elevation and covered by forests being less sensitive (Huang et al., 2014) and 

sensitive to high rainfall (Hussein et al., 2017). The study used NDVI and EVI images for during 

1999/00, 2002/03, 2005/06 and 2015/16 summer season is compared to visualise the 

spatiotemporal variation of vegetation in different climatic conditions. In 1999/00 and 2005/06 the 

region experienced copious heavy rainfall, with the dry spell (drought condition) experienced in 

2002/03 and 2015/16 season respectively. Both VI shows differences in vegetation growth 

between December, January, February, and March.  
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Figure 5. 16: Time series showing mean NDVI values over Limpopo Province during droughts 
and floods conditions. 

5.4.2 Land Surface Water Index (LSWI)  

Figure 5.17 presents the mean time series of LSWI over Limpopo Province during years of 

extreme cases.  During the wet period, the duration of LSWI is observed to be LSWI > 0 and was 

positive throughout the season. As such, LSWI < 0 is designated as a dry or drought condition 

(Bajgain et al., 2015). As illustrated by Figure 5.17, LSWI values never fell below zero in the wet 

summer season (1999/00 and 2005/06). Based on the time series, when VI (NDVI and EVI) are 

lower the LSWI < 0 and are associated with the drought conditions, whereas VIs and LSWI >0 

was higher during the wet condition or non-drought condition (Bajgain et al., 2015). The LSWI is 

strongly correlated with VI (NDVI and EVI) with 0.97 against both NDVI and EVI at a 95 percent 

confidence interval.  

In February 2000, Limpopo Province was subjected to copious heavy rainfall influenced by 

numerous TCs with TC Eline making landfall and resulting in heavy rainfall (Figure 4.15 (a)), 

followed by heavy rainfall also in the summer season of 2005/06 (Figure 4.17 (a)). The wet 

condition was apparent in the study area as documented by higher values of NDVI, EVI, and 

LSWI, also with drought condition documented by lower NDVI, EVI, and LSWI. The LSWI and 

EVI are the most sensitive VI indicators of vegetation conditions (Bajgain et al., 2015). It is also 

reported that LSWI responded more directly to the water stress of the vegetation (Chandrasekar 

et al., 2010). Over the region, good vegetation conditions exhibit higher LSWI values, which 

generally decreases due to precipitation deficit and ultimately becomes LSWI < 0 when drought 
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becomes more extreme (Bajgain et al., 2015), thereby supported a positive correlation between 

LSWI and NDVI with r = 0.73; LSWI and EVI with r = 0.87. 

Due to heavy rainfall over the region in February 2000 and February 2006, higher LSWI values 

were recorded with 0.16mm for February 2000 and 0.14mm for February 2006. The study also 

had a season of low LSWI with value < 0 representing drought conditions. Drought conditions are 

associated with excessive temperatures and increasing evaporation rates (Ziervogel et al., 2014; 

Lawal et al., 2019). Over the region, seasons of drought conditions are characterised by lower 

LSWI with values ultimately becoming negative when drought becomes severe. In December 

2002 and December 2015, as a result of drought conditions, LSWI mean values ultimately 

became negative with values ranging from -0.10 mm (2002) to -0.8 mm (2015). 

 

Figure 5.17: Time series showing mean NDVI values over Limpopo Province during droughts and 
floods conditions. 

5.5 Pearson’s Product-Moment Correlation Coefficient 

The effects that climatic variables have on vegetation indices i.e. NDVI, EVI and LSWI may be 

caused by the vegetation growth phase (Piao et al., 2011; Chuai et al., 2013). Therefore, MODIS 

satellite MOD13Q1 (NDVI and EVI) and MOD09A1 Land Surface Water Index (LSWI) were used 

to display vegetation conditions and availability of water content from the soil in relation to climate 

variables i.e. GPCP precipitation and temperatures.  The verified VIs mean data were analysed 

using Pearson product-moment correlation coefficient, measuring the strength of association 
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between variables. The correlation was calculated for seasons of drought conditions and flood 

conditions.  

As displayed in Figure 5.16, both GPCP precipitation and Tmax can affect the VIs (NDVI, EVI, 

and LSWI); with the temperature that seems to be more significant (Figure 5.18) than that of 

precipitation (Chuai et al., 2013). The vegetation response shows a lags time after heavy rainfall 

(Chuai et al., 2013; Zhang et al., 2013), with higher values in March after heavy rainfalls in 

February. The effects that precipitation and temperatures have on both VIs varied according to 

different indices, therefore the study conducted separate correlation analysis for all VIs (NDVI, 

EVI, and LSWI). Figure 5.16 shows the correlation coefficients matrix, displayed in four different 

visualization patterns, with the blue color representing highly significant correlation and red 

inversely correlation.   

From Figure 5.19 and Figure 5.20, the scatter plots shows the relationships between VIs and 

climate variables, with LSWI strongly correlating  with GPCP precipitation and temperature with 

the correlation coefficients of (r = 0.83 and p = 0.0002 at 95 percent confidence interval 0.53 to 

0.94 and the test statistics of = 5.15  for the test that correlation equal 0) for LSWI against GPCP 

precipitation and (r = -0.78 and p = 0.001 at 95 percent confidence interval ranging between -0.93 

to -0.42 and the test statistics = -4.26 for the test that correlation equal 0) for LSWI against 

temperature.  

The positive correlation of 0.83 between LSWI and GPCP precipitation shows that when rainfall 

increases, the water content from the soil also increases, whereas the negative correlation -0.78 

(LSWI and temperature) shows that an increase in temperature results in reduced or decrease of 

water content from the soil (Bajgain et al., 2015). It therefore implies a strong association between 

LSWI and GPCP precipitation. The LSWI were strongly correlated with GPCP precipitation (r = 

0.83, and p = 0.0002 at 95 percent confidence interval ranging between 0.53 to 0.94 and the test 

statistics = -5.15 for the test that correlation equal 0) and highly significant whereas an inversely 

negative correlation was observed between LSWI and temperature (r = -0.78 and p = 0.001 at 95 

percent confidence interval ranging between -0.93 to -0.42 and the test statistics = -4.26 for the 

test that correlation equal 0). 

Due to delayed response of vegetation to precipitation, we observe a weak correlation (r = 0.31 

and p = 0.28 at 95 percent confidence interval ranging between -0.27 to 0.72 and the test statistics 

= 1.12 for the test that correlation equal 0) less significant between NDVI and GPCP precipitation 

(Chuai et al., 2013). Similarly, in the arid region, precipitation was proved not to be strongly 
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correlated/associated with NDVI changes (Weiss et al., 2004). However, this is followed by a 

strong correlation between NDVI and temperature (r = -0.70 and p = 0.005 at 95 percent 

confidence interval ranging between -0.90 to 0.27 and the test statistics = -3.41 for the test that 

correlation equal 0) highly significant, showing than a weak decreasing GPCP precipitation and 

significantly increasing temperature result in a decrease of vegetation health.  

Due to the low response and sensitivity of NDVI to precipitation, the land surface water index was 

correlated to NDVI and EVI. As shown in Figure 5.16 , strong positive correlation between LSWI 

and NDVI (r = 0.73 and statistical significant at p = 0.003 at 95 percent confidence interval ranging 

between 0.33 to 0.91 and the test statistics = 3.72 for the test that correlation equal 0); LSWI and 

EVI (r = 0.87 and statistical significant at p = 0.00006150 at 95 percent confidence interval ranging 

between 0.62 to 0.96 and the test statistics = 6.01 for the test that correlation equal 0) was 

observed, whereas a strong negative correlation was observed between temperature and 

vegetation indices i.e. NDVI (r = -0.70 and statistical significant at p = 0.005 at 95 percent 

confidence interval ranging between -0.90 to -0.27 and the test statistics at = -3.41 for the test 

that correlation equal 0) and EVI correlation (r = -0.73 and statistical significant at p = 0.003 at 95 

percent confidence interval ranging between -0.91 to -0.32 and the test statistics  at = -3.70 for 

the test that correlation equal 0) respectively. 

Raising temperatures and reduced precipitation rate accelerate the evaporation rate, resulting in 

the reduction of water content from the soil thus prohibiting vegetation growth (Li et al., 2009; and 

Chuai et al., 2013), and resulting in a negative correlation between temperatures and vegetation 

indices. As discussed above, there was a significant decrease in precipitation and a rapid increase 

in temperature, resulting in the decrease of vegetation indices i.e. NDVI, EVI, and LSWI (Chuai 

et al., 2013). The precipitation also decreases the temperature leading to a moderate negative 

correlation (r = -0.66 and p = 0.01 at 95 percent confidence interval ranging between -0.88 to -

0.20 and the test statistics = -3.02 for the test that correlation equal 0). The relationship between 

correlated variables is presented in the scatter plots below (Figure 5.19 and Figure 5.20). 
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Figure 5.18: Showing Matrix table of correlation coefficients using different visualizations 

The scatter plots graphically showing the association between variables are presented in Figure 

5.19 and Figure 5.20). Although one variable is used against one another to determine their 

relationship, “relationship” doesn’t necessarily mean casualty (Hauke & Kossowski, 2011). As 

discussed above, the correlation between NDVI and EVI against LSWI had a strong positive 

correlation, with their association presented in the scatter plots (Figure 5.19 and Figure 5.20). 

This follows the associations that GPCP precipitation and temperature had on LSWI, as an 

increase in the GPCP precipitation were associated with an increase in LSWI leading to a positive 

association, whereas an increase in temperatures were associated with a decrease in LSWI 

resulting in a negative correlation.  

The effects of temperature on LSWI, NDVI, and EVI were negative (-0.78; -0.70; and -0.73 

respectively). however, this is due to available water content from the soil, as higher temperatures 
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and low rainfall are associated with low LSWI (-0.78) leading to poor vegetation conditions 

(Bajgain et al., 2015). A positive association with a lag time effect of precipitation to vegetation 

indices was observed between NDVI and EVI (0.31; and 0.53 respectively). For GPCP 

precipitation and temperatures, the association was negative (r = -0.66 and p = 0.010652) 

showing that an increase in the rainfall results in temperature decrease (Chikoore, 2016). As 

displayed in the scatter plots, the lowest temperature is strongly associated with higher NDVI and 

EVI (Lin et al., 1996), whereas the highest is strongly correlated with lower NDVI and EVI.  

Table 5.4: P-values of correlated variables 

 

As displayed by the scatter plots (Figure 5.19 and Figure 5.20), the level of association between 

variables and direction of the association is displayed. Temperatures and other variables show 

negative association, with an increase in temperature values, lead to a decrease of NDVI, EVI, 

LSWI, and GPCP (r = -0.70; r = -0.73; r = -0.78; and r = -0.66), whereas GPCP precipitation 

showed a positive association (correlation) with VIs except with temperature. The analysis of the 

correlation between temperature and vegetation indices provides a threshold range where 

temperatures induce vegetation growth (Hao et al., 2012). The negative effects of temperature 

were most obvious in summer of drought conditions (2002/03, and 2015/16) where temperature 

was very high with absolute values of 1.2 to 1.6 (2002/03) and 1.8 to 2.7 (2015/16). Precipitation 

had a weak association or correlation with NDVI (r = 0.31 and not statistically significant at p = 

0.283). 
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Figure 5.19 shows scatter plots showing the relationship between independent and dependent 
variables 

 

Figure 5.20: showing scatter plots showing the relationship between independent and dependent 
variables 
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Figure 5.21: Spatial distribution of the LSWI over Limpopo Province during the wet condition of 
1999/00 

 

Figure 5.22: Spatial distribution of the LSWI over Limpopo Province during the drought condition 
of 2002/03 
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Figure 5.23: Spatial distribution of the LSWI over Limpopo Province during the wet condition of 
2005/06 

 

Figure 5.24: Spatial distribution of the LSWI over Limpopo Province during the drought condition 
of 2015/16 
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5.6 Summary 

Understanding the spatial vegetation response and sensitivity to extreme climate is very crucial 

for water resource management, drought warning and disaster warning (Hua et al., 2019). From 

the analysis, it is noted that, both VIs responded to rainfall variability in the area as vegetation in 

the area varies according to a different climate condition (Zoungrana et al., 2015). However, 

differences between NDVI and EVI were noticed in accordance with their magnitude of response 

to rainfall variability over Limpopo Province. Figure 5.15 and Figure 5.16 show that EVI responded 

with lower values and reflectance over NDVI. The study employed NDVI, EVI, and LSWI 

observations for the assessment of vegetation response and sensitivity to climate extremes, of 

which NDVI was found to be relatively less sensitive to drought and wet conditions compared to 

EVI and LSWI. The finding corresponds to that of Bajgain et al., (2015). As displayed from Figure 

5.19 and Figure 5.20, the LSWI corresponds with the availability of water content such as 

precipitation (Figure 5.19 (c) and temperature (Figure 5.19 (d)). Figure 5.21, Figure 5.22, Figure 

5.23, and Figure 5.54 displays the spatial distribution of LSWI based on the extreme cases (see 

section 5.4.2). stop  
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Introduction 

Correlation analysis between vegetation indices and extreme climate variability serves as a tool 

probing vegetation responses and sensitivity to climate variability (Piao et al., 2006).  The study 

analysed extreme temperature and rainfall (drought and floods) changes and investigate their 

association with vegetation indices (NDVI, EVI, and LSWI) changes during the period 2000 – 

2017 in Limpopo Province, South Africa. During the study period, four extreme weather events 

were identified with their characteristics and impacts on the vegetation condition over the region. 

The interaction between vegetation indices and climate variables is obvious, with variables 

strongly correlated with each other (Chuai et al., 2013).  

The study examined the relationship between vegetation indices namely, NDVI, EVI, and LSWI 

with each climatic factor identified (precipitation and temperature). The maps of each variable 

were stratified according to extreme weather events over the region, followed by correlation 

analysis. The analysis examined the relation with drought and very wet conditions across Limpopo 

Province. The case study describing the characteristics of each extreme events i.e. drought 

(2002/03 and 20145/16) and floods (1999/00 and 2005/06) were discussed.  

6.2 Synthesis of key findings 

Globally, climatic extremes have a greater extent impacting all ecosystems (Field et al., 2014). 

The climate condition over Limpopo Province is highly variable, subject to different rainfall and 

temperature patterns (Chikoore, 2016), with the influence of the available escarpment 

(Soutpansberg Mountain).  Such climate condition has been recognized to have a distinctive 

influence on the vegetation dynamic and responses of vegetation (Fu and Li, 2010). The study 

examined the relationship between vegetation indices and weather patterns over the region 

during drought years and floods years. The analysis concluded that the drought condition 

identified over the region confer with the findings of Chikoore, (2016).  

6.2.1 Climate drivers of vegetation response 

Globally, climate variables (temperature and water availability either in the form of moisture or 

rainfall) have been identified as the main drivers of vegetation productivity such as response and 

sensitivity (Seddon et al., 2016). The GPCP precipitation was strongly associated with 

temperatures (r = -0.66 and p = 0.010652), with a decline in precipitation associated with an 
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increase in temperature, and LSWI ≤ 0.  The findings correspond to those of Bajgain et al., (2015), 

where LSWI plays a key role in the availability of water content. The region was subjected to the 

most severe floods in 1999/00 (SPEI > 1.5 to 1.99) influenced by TCs Eline impacting most of 

southern Africa countries, such as South Africa, Zimbabwe, and Mozambique (Chikoore et al., 

2015) with Limpopo Province being the most affected province in South Africa. The 1999/00 

floods were followed by the 2005/06 (SPEI > 1.0 to 1.50) extreme floods. The wet conditions have 

been associated with available water content or moisture (LSWI > 0).  

From the identified extreme weather events, also the drought conditions in 2002/03 (SPEI < -1.5 

to -1.99) and 2015/16 (SPEI < -1.5 to -1.99) with 2015/16 were recorded as the most severe 

drought. It was observed from the interannual rainfall time series that the highest peak recorded 

was in 1999/00 with the absolute value of  2mm/day to 5mm/day and 2005/06 with absolute values 

2mm/day to 3mm/day, also with the lowest rainfall to fine conditions recorded in 2002/03 with 

absolute value -1mm/day to -2mm/day and 2015/16 with absolute values between -1mm/day to -

2.5mm/day in the summer seasons over Limpopo Province. However, there were other years that 

appeared to have common characteristics in terms of wet or dry.  The interannual time series of 

temperatures also show a similar pattern, however with the lowest temperatures during wet years 

and highest during the dry year. The summer season of 1999/00 was observed to have the lowest 

temperature of 23°𝐶 and 2015/16 was with the highest temperature at 35°𝐶.  

6.2.2 Vegetation response 

The study, involved different vegetation indices i.e. LSWI, NDVI, and EVI to study the vegetation 

condition in relation to extreme weather events. The negative impacts of two cases of droughts 

of 2002/03 and 2015/16 over Limpopo province were very apparent as documented by lower 

NDVI, EVI and LSWI values. Amongst examined vegetation indices, the sensitivity of vegetation 

to drought and floods showed different levels of response with LSWI, NDVI, and EVI respectively. 

The NDVI showed a lag delay of response to extreme floods as it is one month behind heavy 

rainfall.  

From the analysis, vegetation showed variability in response to extreme drought and wet 

conditions. Due to heavy rainfall, vegetation showed a lag time response by one month after 

heavy rainfall (Thenkabail et al., 2004). During heavy rainfall in 1999/00 and 2005/06 vegetation 

responded after a month reaching the highest peak in March with 0.62 (1999/00) and 0.60 

(2005/06). The same applies to EVI findings, with the highest peak reached in March 0.42 

(1999/00) and 0.40 (2005/06). The results indicate that, the vegetation shows a greening trend 
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during wet conditions and a decline in vegetation greening during drought conditions. The 

correlation analysis showed that precipitation and temperature were the limiting factors impacting 

vegetation response to growth and greening seasons.  

6.2.3 Vegetation Sensitivity 

As observed in Figure 4.3 and Figure 4.4 of the summer seasons, Limpopo Province exhibit both 

drought and wet conditions. Vegetation condition showed a greening trend during the wet season 

with r = 0.53 and r = 0.31 respectively. The study used EVI and LSWI to identify vegetation 

sensitivity to climate variability (Seddon et al., 2016). From the analysis, the most sensitive 

indicators of vegetation conditions were LSWI followed by EVI and NDVI (Bajgain et al, 2015). 

The years of heavy rainfall were characterised by positive LSWI (with a positive association of 

0.83) throughout the season with a decline in LSWI values associated with drought.  The decline 

in LSWI shows that the vegetation had lost soil water content (Chaves et al., 2003), therefore, 

giving a stronger signal of vegetation response and sensitivity than NDVI and EVI (Bajgain et al., 

2015).  

During drought conditions, LSWI < 0 with temperature and evaporation rate increases resulting 

in the decline of water content from the soil. This is followed by EVI with low values showing mean 

values between 0.20 and 0.40 respectively. This was further supported by Chandrasekar et al., 

(2010) that LSWI responds more directly to climate conditions than NDVI and EVI. The findings 

conclude that vegetation strongly relates to extreme weather events, in terms of response and 

sensitivity. However, the LSWI is more sensitive to vegetation conditions followed by EVI and 

NDVI (Bajgain et al., 2015). 

6.3 Conclusions 

The study assessed the severity of extreme weather events namely, drought (2002/03 and 

2015/16) and floods conditions (1999/00 and 2005/06) using MODIS-derived data with climate 

data i.e. GPCP precipitation and temperature, and examined the vegetation response and 

sensitivity to these extreme events using NDVI, EVI, and LSWI respectively. Therefore, it was 

found that NDVI, EVI, LSWI, and GPCP precipitation decreased while temperature increased 

during 2002/03 and 2015/16 droughts over Limpopo Province, as shown by lower values of both 

VIs and a negative correlation with both variables (-0.70, -0.73, -0.78, and -0.66 respectively). 

The condition changed during floods, as temperature decreased while variables (NDVI, EVI, 

LSWI, and GPCP precipitation) increased in 1999/00 and 2005/06.  
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The MODIS data were able to show the vegetation response and sensitivity to the extreme 

drought and floods over the study area. The GPCP precipitation and temperature maximum were 

used to detect changes in the times series to identify the trend on climate variables estimating the 

time and number of extreme events. The Standardized Precipitation-Evapotranspiration Index 

(SPEI) was also used to characterise extreme drought and floods in terms of magnitudes and 

severity.  

The interannual and seasonal cycles over Limpopo Provinces are the first steps towards 

understanding the rainfall distribution and seasonal cycles.  Over the region, the highest rainfall 

is received during the austral summer season from October to March with its peaks from 

December to February (Chikoore, 2016). The same implies to temperature records over Limpopo 

Province. The time series of GPCP precipitation and temperature detected to change the same 

as SPEI. Over the region, heavy rainfall is associated with low temperatures which indicate low 

evaporation of soil moisture and reduced vegetation stress (Chandrasekar et al., 2010). Time 

series of GPCP Precipitation and temperature estimated floods in 1999/00 and 2005/06 and 

droughts in 2002/03 and 2015/16 and the SPEI showed at that time the intensity and magnitude 

were severe to extreme (1999/00), moderate to extreme (2005/06), moderate to severe (2002/03) 

and moderate to severe (2015/16) respectively. Therefore, changes in the vegetation condition 

were caused by extreme floods and droughts.  

Based on the analysis, it can be concluded that the rainfall interannual variability and temperature 

interannual anomalies, SPEI 6 1999/00 and 2005/06 were found to have the most severe floods 

whereas 2002/03 and 2015/16 were found to have the most severe droughts throughout Limpopo 

Province. In 1999/00 and 2005/06 lowest temperature anomalies hit Limpopo Province; followed 

by increased precipitation causing more floods. However, high-temperature anomalies hit 

Limpopo Province; and a reduced rainfall occurred in 2002/03 and 2015/16 causing more regional 

drought events. 

MODIS-data were employed (NDVI, EVI, and LSWI) for observations that are more detailed in 

characteristic features of plant conditions and plant greenness and NDVI were found to be less 

sensitive to extreme weather events compared to EVI and LSWI (Bajgain et al., 2015). The VIs 

was employed as a monitoring indicator for extreme weather events, to measure the extremes by 

the level of severity by integrating satellite observations. Based on the extreme events i.e. 

droughts and floods identified, the VIs was used to measure the impacts imposed by such events.  

the study demonstrated a strong relationship between variables over the region. 
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6.4 Recommendations 

The results of the study serve as a baseline data and scientific basis for better understating 

extreme climate and vegetation response interactions for supporting the policy designation of 

water resource management and planning to reduce the impacts of such extremes to ecosystems 

in a semi-arid environment. Based on the information about climate and vegetation relationship, 

localized regional trends of precipitation, temperature maximum and SPEI during drought and 

floods conditions, as well as characteristics of extreme weather events can be used as an early 

warning of the potentially extreme weather events by policymakers.  Wherein vegetation indices 

can be used to monitor and validate the impacts that drought and floods are causing over the 

area.   

6.4.1 Biodiversity Management 

It is essential to monitor the on-going process of vegetation for sustainable biodiversity 

management. However, to achieve sustainable biodiversity management and assess hazard 

development, it is necessary for locals, policymakers, foresters, and other authorities associated 

with biodiversity or ecosystems to generate planning models. The findings of the study, provide 

detailed spatial and temporal changes and the response of vegetation greenness and explored 

how climate affected the vegetation health, setting a baseline data and scientific suggestions for 

local biodiversity or environment and natural resource management that can be used to facilitate 

sustainable development of the ecosystems. 

As shown in Figure 5.18, a significant positive correlation between NDVI, EVI and LSWI and 

precipitation in the summer season was observed with a negative correlation with temperature 

respectively. Additionally, the context of study is covered by different types of land covers (Figure 

5.1), dominated by grasslands accounting 110568 Area Km2. The results of the study could be 

used as baseline data for studying and understanding the vegetation of the area for sustainable 

management of the ecosystems. With enough details or information about the vegetation, it can 

be possible to generate policies and launch programs to save ecosystems and the environment. 

6.4.2 Land Use/ Land Cover Management 

The findings of the study play a significant role in biodiversity officers, foresters, and policymakers 

in monitoring and planning programs at local and regional levels. The results entail better 

information on the utilization aspects, meanwhile playing an important role in biodiversity officers, 
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foresters, and policymakers in the formation of policies and programs required for development 

planning. The results of the study could provide details to the forester, community, and 

policymakers to understand the dynamics of land covers and their response to temperature and 

precipitation. Studying vegetation change also helps in identifying changes that are occurring in 

the ecosystems and environment. 

The land covers such as wetlands, which are over-exploited as they present land cover consisting 

of the configuration of water, forests and herbaceous cover (Yang et al., 2017), misused and 

covered into croplands. Therefore, the study will help policymakers, community member i.e. 

farmers and foresters into development strategies that will help conserve biodiversity through 

proper land use management. This could be achieved by proper land use and land cover planning 

by decision-makers, and foresters. Vegetation analysis could also prove to be useful in monitoring 

and assigning proper land use and land covers. Satellite remote sensing or vegetation analysis 

could also be used to identify poor land cover planning. 

6.5 Recommendations for Future Work 

The study outlined the impacts of extreme weather events on vegetation, as well as changes in 

the characteristics of drought and floods over Limpopo Province. The frequency of extreme 

weather events has changed, becoming more frequent in the past impacting vegetation over the 

region. Therefore, the study recommends an annual assessment of the extreme impacts on 

vegetation over time, such as a time series analysis (TSA) of Vegetation change over time using 

different satellites and indices datasets, for different seasons. For future studies, there is a need 

to determine level of significances on the trends. 

Using different vegetation indices, a detailed study monitoring vegetation response. There is a 

need to introduce real-time monitoring systems, which may be easy to maintain that could 

someday be used as a warning system of such extremes. Vegetation drone monitoring could be 

used to provide real-time monitoring systems. 
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