An analysis of extreme temperature events in

South Africa: 1960-2015

Adriaan Johannes van der Walt

1818767

A Thesis submitted in fulfilment of the academic requirements for the degree

of Doctor of Philosophy

School of Geography, Archaeology and Environmental Studies

University of the Witwatersrand, Johannesburg

October 2020



Declaration

| declare that this thesis is my own, unaided work, except where otherwise acknowledged. It
is being submitted for the Degree of Doctor of Philosophy in Science at the University of the
Witwatersrand, Johannesburg. It has not been submitted before for examination for any

degree at this or any other university.

Bk

Adriaan Johannes van der Walt

27 _day of October_ 2020 at_Bloemfontein_



Abstract

Extreme Temperature Events (ETEs), which include heatwaves, warm spells, cold waves and
cold spells, have disastrous impacts on human health and ecosystems. The frequency,
intensity, and duration of ETEs is projected to increase due to climate change. Successful
adaptation to ETEs requires an understanding of the contemporary frequency of these events,
and their likely occurrence under climate change. However, very little research has been
conducted on ETEs in South Africa, and only a few attempts have been made to identify and
examine trends.

This study addresses this gap in the literature through four key contributions. The first is a
review of the published studies on ETEs and their effects in South Africa, providing key
methodological and theoretical directions for future research. The second is the first
statistical classification of seasonal boundaries in South Africa based on temperature data.
This is imperative in facilitating the analysis of seasonal ETEs, and seasonal-resolution trend
calculation. The third and fourth contributions involve the calculation of cold and warm ETEs
respectively, using the ET-SCI for the first time in South Africa, and comparing the results to
those for the ETCCDI.

The review of the literature demonstrates the paucity of research in South Africa, and some
of the key methodological challenges pertaining to the temporal and spatial resolution of data
points; the indices used; and the interpretation of the results. The statistical classification of
seasons demonstrates that the majority of the stations can be classified into four distinct
seasons, while the statistically classified seasonal brackets include summer
(October/November/December/January/February/March), early autumn (April) and late
autumn (May), winter (June/July/August), and spring (September). The analyses of ETEs

demonstrate that both hot and cold ETEs pose threats to South Africa and reveal a



considerable spatial heterogeneity in the trends for each ETE index, providing input towards
more effective adaptation planning for the regions under greatest risk.
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Chapter 1: Introduction

1.1. Background

Extreme climatic events have had significant impacts on civilisation throughout history (Jahn,
2015). Projections of an increased severity and frequency of extreme climatic events are now
widely accepted by scientists globally and locally (Nicholls et al., 2012; Boero et al., 2015;
Jahn, 2015; Ebi & Bowen; 2016). The Fifth Assessment Report of the Intergovernmental Panel
on Climate Change (IPCC) states that climate change over recent decades has already started
to heighten extreme climatic events (Smith, 2011; Hartmann et al., 2013). These extreme
climatic events can be defined as rare, infrequent, unpredictable phenomena; they are
characterised by wide variations in weather conditions over relatively short time periods,
including severe storms, droughts, floods, heatwaves, cold waves and frost (Thibault & Brown
2008; Heim Jr, 2015; Easterling et al., 2016). These events often had a dramatic impact on the
economies and societies of the affected countries throughout the Quaternary, including the
earliest foundation of civilisation, and the demise of civilisations as far apart as East Asia, New
Mexico and the Mayan lowlands (Conner, 2016). The IPCC argues that the increased
frequency and severity of climatic extremes witnessed over recent decades will increase
exponentially throughout the 215t century (Mueller & Seneviratne, 2012; Nicholls et al., 2012;
Kharin et al., 2013b). Simultaneous with this increase in severe climatic events has been a
continued increase in both population and infrastructure in some climatically vulnerable
regions (Adger et al., 2003; Mirza, 2011). Landscape use and social infrastructure changes
often further increase this vulnerability (Easterling et al., 2000a). There is little doubt that
both the human society and the natural environment have become more vulnerable to
extreme weather and climatic events (Easterling et al., 2000b, 2016). The risks of severe

climatic events are especially concerning to societies that are dependent on resources which
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are sensitive to changes in climate, including farming, fishing and forestry, and to those that
have more pressing immediate needs relative to long term development of adaptive
infrastructure (Mirza, 2003; Herold et al., 2017). These risks in low-income countries and
developing countries, such as South Africa, are exacerbated where agriculture and food
security relates to the livelihood of populations (Adger et al., 2003; Herold et al., 2017).

Global mean temperature has increased by approximately 0.74°C since the late 19th century
(Yu & Li, 2015; Mueller et al., 2016), and the broad consensus is that extreme temperature
events (ETE; i.e. heat events; heatwaves; warm spells, cold events, cold waves, cold spells)
may become more frequent and intense as the global mean rises (Alexander & Perkins, 2013;
Perkins-Kirkpatrick & Gibson, 2017; De Perez et al., 2018; Baldwin et al., 2019). Over the past
two decades, several high-impacts ETE events occurred in the Global North. For instance,
Europe experienced a pronounced summer warming accompanied by severe heatwaves in
2003, 2010 and 2015 (Luterbacher et al., 2016). The exceptional heatwave of 2003 caused
~70,000 heat-related deaths and had significant impacts on agriculture, ecosystems,
economies, and infrastructure (Barriopedro et al., 2011; Yu & Li, 2015; Orth et al., 2016;
Simmonds, 2018). Other examples include a cold spell in 2008 that caused 140 000 deaths in
subtropical China, with an approximate economic loss of more than USS 22.3 billion (Ponjoan
et al., 2017; Han et al., 2017), and the heat wave in Russia that caused 55 000 deaths in 2010
(Otto et al., 2012; Ragone et al., 2018). A more recent, though somewhat less dramatic
example, is the heatwave in June 2019 that resulted in 1,500 fatalities in France (Osborne,
2019). A disproportionate number of studies focus on warm extreme temperature events
(Barnett et al. 2012; Scott 2015; Martinez et al. 2018). Relative less work has been done on
extreme cold events (i.e. cold waves and cold snaps), many of which are linked to cold air

outbreaks that affect regions of the mid-latitudes (Johnson, 2018; Smith & Sheridan 2020)



and could have devastating environmental impacts (Chen et al., 2019) and societal
consequences (Scott, 2015; Diaz et al. 2019).

Exposure to heat and cold extreme temperature events over prolonged periods results in
adverse health outcomes and could lead to hyperthermia or hypothermia, respectively (Scott,
2015; Allen & Scott, 2018; Founda et al., 2019). Thermal stress (i.e. heat stress and cold stress)
can result in respiratory and cardiovascular diseases, heat stroke and exhaustion, decreased
metabolic activity, damage to the brain, heart, lungs and kidneys, and can ultimately result in
mortality (Lee, 2014; Barnett et al., 2012; Scott, 2015; Allen & Scott, 2018; Ngwenya et al.,
2018, Founda et al., 2019). The consideration of the societal (i.e. human fatalities, illness and
economic loss) and environmental (e.g Easterling et al., 2000a; Kenyon & Hegerl, 2008; Smith,
2011; Coumou et al., 2013; Morak et al., 2013; McCann & Swaby, 2016; Chen et al., 2019)
consequences of ETEs has prompted considerable interest, and research of ETEs in the global
North is growing. Researchers are keenly aware that these events could increase and change
in frequency, intensity, severity, and seasonal timing (Alexander et al. 2006; Ding et al., 2010;
Perkins et al. 2012; Song et al., 2014; Sheridan & Allen, 2015; Easterling et al., 2016; Perkins-
Kirkpatrick et al. 2017; Allen & Sheridan, 2018). However, it is a growing field, although gaps
remain on climate extremes, and particularly ETEs, in developing countries and specifically in
South Africa (New et al., 2006; Collins, 2011; Sheridan & Allen, 2015; Otto et al., 2015; Abatan
et al., 2018; Scovronick et al., 2018). Despite the obvious importance of ETEs, the majority of
climatological research has focused on rainfall and extreme rainfall events; disagreement on
the starting dates and definitions of different seasons in South Africa persists (Klopper et al.,
1998; Klopper, 1999; Durham, 2011; Weather SA, 2017; Roffe et al., 2020). This is a
particularly critical shortcoming in South Africa and an emerging field of study, due to the

significant heterogeneity of the climate (Kruger & Nxumalo, 2017).



1.2. Rationale and Contribution to Existing Knowledge

South Africa, a developing country, has recorded several ETEs over recent decades. The
majority involved warm extreme events; less focus is placed on extreme cold events in the
news media and scientific literature. The most recent ETEs involve the record-high mean
winter temperatures in the Eastern Cape in 2019 for the winter months (June, July, August),
followed by unseasonably high maximum temperatures exceeding 35°C, recorded on 7
September 2019 in Cape Town (Head, 2019). Between 1-3 March 2016 the southern regions
of the Western Cape experienced unseasonably extreme cold conditions, with temperatures
<-6°C (Brophy, 2016). Again in 2019, several cold fronts hit Gauteng during June and July,
leading to at least one casualty due to hypothermia (Matlhare, 2019). The most recent intense
cold front, on 6 July 2020, led to very cold temperatures across the country, together with
snowfall on the southern region and infrastructural damages to informal settlements due to
flooding in the Western Cape (Pace 2020).

This increased attention raises the question of whether ETEs are becoming more frequent
and more severe in South Africa. Surprisingly, less focus has been placed on ETEs, in particular
the frequency, intensity and incidence of these events in a developing country like South
Africa (New et al., 2006; Collins, 2011; Ziervogel et al., 2014; Sheridan & Allen, 2015; Otto et
al., 2015; Abatan et al., 2018; Scovronick et al., 2018). In addition, there is little consensus as
to distinct seasonal boundaries in a South African context: even the South African Weather
Service (SAWS) points out that there are no official designation and definitions of seasons
(SAWS, 2019). Many South Africans depend on the seasonal characteristics of length and
timing of growing seasons and harvest (Battisti et al., 2009; Moeletsi et al., 2011; Tshiala et
al., 2011; Botai et al., 2017). Climatic seasons also influence resource management, energy

demand, tourism, social and economic planning, hydrology and health amongst others (De



Cian et al.,2013; Lazenby et al., 2014; Ziervogel et al., 2014; Fitchett et al., 2016). It is
important to understand and quantify the seasonal divisions of South Africa, in reference to
ETEs, for future research. As already mentioned very little research has been done on ETEs in
South Africa, and research is slowly emergning to identify and examine trends. These are
discussed and examined in one of the first review papers on ETEs in South Africa presented in
this thesis (Chapter 5). This chapter reviews the methodological approaches to define ETEs; it
outlines the extreme temperature indices adopted; explores selection methods of
meteorological stations and proposes an approximate number of stations to adequately
portray temperature variability on a national and regional level. It also analyses the study
periods, examines the data quality and homogeneity, analyses statistical trends and, finally,
presents the results. To address this issue of seasonal divisions of South Africa, Chapter 6
presents the very first statistical classification of South African seasons on the basis of daily
temperatures, which — given that it is the only study of its kind - contributes substantially to
the existing body of knowledge.

To contribute to the body of knowledge on ETEs in South Africa, Chapter 7 and 8 examine
trends of extreme cold temperatures and extreme warm temperature, respectively. The trend
analysis solely on extreme cold temperature events will be the first study in a South African
context. It uses the World Meteorological Organisation (WMQO) Commission for Climatology
and Indices (CCl) Expert Team on Sector-Specific Climate Indices (ET-SCI; Alexander & Herold
2016; Yosef et al. 2019) for the first time in a South African context, for both cold and warm
extremes. The ET-SCI are sector-specific indices derived from the Expert Team on Climate
Change Detection (ETCCDI; Alexander & Herold 2016; Yosef et al. 2019); the indices consider
health, water and agriculture and can identify short ETEs (3 days) and are more relevant in a

South African context. The trend analysis includes a seasonal analysis, comparing and



extending the research period (>30 years) on previous studies which used the WMO ETCCDI
(Zhang et al. 2018) to identify and examine ETEs.

The general discussion (Chapter 9) presents three cross cutting themes across the four
research papers, that integrates and exand on the findings of each research paper with the
existing literature. Finally, there is potentially much research which may follow on from this
research project, as discussed in Chapter 10 (Conclusion). This is discussed here because the
ET-SCI could be used on new locations and for comparison between 30-year period time
frames. In addition, the shortage of research on ETEs over South Africa as well as the high
inter-annual climate variability and pronounced seasonal cycle makes this a relevant and

necessary research topic, for both academic and societal purposes.

1.3. Study Aim and Objectives
The primary objective of this research is to investigate the frequency, incidence, and
climatology of annual and seasonally anomalous temperature events over South Africa over
the period 1960-2015. This study will not only produce a comprehensive record of annual and
seasonally anomalous ETEs, but will also seek to more clearly distinguish South African
seasons based on mean temperature.
To examine these hypotheses and to address the primary aim of this research the specific
objectives of this research are:

1. To determine the statistical boundaries for the timing of seasons in South Africa

based on temperature.
2. To determine the frequency of occurrence of annually and aseasonally cold

temperature events over the period 1960-2015.



3. To determine the frequency of occurrence of annually and aseasonally warm
temperature events over the period 1960-2015.

4. To identify any consistent synoptic features that may be related to these anomalous
ETEs.

5. To explore the temporal patterns in these events, including progressive increases
under climate changes, and any cyclical association with sunspots, volcanic events, El
Nifio-Southern Oscillation (ENSO) and the Subtropical Indian Ocean Dipole

(SIOD/IOD).

1.4. Structure of Thesis

This thesis has been divided into 10 chapters. They are structured as follows:

This introductory chapter provides the background, including the rationale for this PhD,
followed by the aims and objectives of the study. The introductory chapter is followed by the
study region chapter (Chapter 2), which is aimed at providing readers with a background on
South Africa, the study region. In this chapter focus is placed on providing a description of the
climate and weather, with specific emphasis on the temperature characteristics, as well as a
description of the topography, surrounding oceans and synoptics.

The data and methodology chapter (Chapter 3) is presented next. First, the process of
selecting meteorological stations is covered, as well as the process of data cleaning. This is
followed by an outline of methodological procedures undertaken for each of the individual
papers (Chapters 5-8), which includes determining statistical approaches, selection of
temperature indices, spatial interpolation, and data presentation and thought process

throughout.



The overview of chapters (Chapter 4) follows this. This chapter is aimed at providing the
reader with the logic of each paper, the thought process, as well as links between each paper.
Next, the core objectives are addressed through separate chapters written up as research
papers (Chapter 5-8) for journal publication. Chapter 5 presents a review of extreme
temperature events in South Africa. The statistical classification of South African seasonal
divisions on the basis of daily temperature data is presented in chapter 6 and has been
accepted for publication in the South African Journal of Science. Chapter 7 presents trend
analysis of cold extremes in South Africa: 1960-2016. Chapter eight explores extreme warm
temperature trends in South Africa: 1960-2016. Each of these research paper chapters has a
cover page with a summary of where it has been submitted to, when it was submitted, status
and the role of each author. The discussion chapter (Chapter 9) explores each paper with a
thematic discussion that cross cuts chapters 5 to 8 and provides an overarching conclusion
for the PhD research. This chapter also presents an overview of the main limitations of the
research, the contribution of the findings to knowledge of ETEs in South Africa, and possible
avenues for future work.

Chapter 10 is the final chapter. It reflects on the extent to which the research aims and
objectives have been achieved. Also, this chapter reflects on the key findings of this study as
well as their significance.

It should be noted that a comprehensive reference list follows the concluding chapter. In the
case of chapters 5 to 8, a reference list is included according to the reference style of the

respective journal the manuscript was submitted to.



Chapter 2: Study Region

2.1. Introduction

This study is focused on analysing extreme temperature events and the trends thereof using
SAWS meteorological stations, located across South Africa. A discussion on the data used,
selection, collection and location of the meteorological stations can be found under Chapter
3 (Data and Methodology). What follows in this chapter is a description of the geographic
location, topographical characteristics, present-day climate, socioeconomic landscape and
human-health of the study region. The climate section in this chapter will mainly focus on
synoptic features which contribute to temperature variability. Also, it is important to note
that a reasonable degree of duplication of information may occur due the inclusion of study

region sections in three of the submitted papers (chapters 6 to 8).

2.2. Geography: Location and Topography

South Africa occupies the most southern tip of Africa, spanning the subtropics and mid-
latitudes between 22-35°S, and 17-33°E, and covers a surface area of 1,219,602km? (Figure 1;
Mokoena, 2019). South Africa shares common boundaries with Namibia, Botswana,
Zimbabwe, Mozambique and Eswatini (Swaziland), while Lesotho is landlocked by South
African boundaries. To the west and southwest South Africa is bordered by the Atlantic
Ocean, which hosts the cold Benguela Current that flows northwards along the west coast.
To the south and east the country is bordered by the Indian Ocean, which hosts the warm
Mozambique and Agulhas Current that skirts the east and south coast as far as Cape Agulhas
(Davis-Reddy & Vincent, 2017; Mokoena, 2019). The topography of South Africa is complex
and predominantly characterised by the escarpment (i.e. Great Escarpment) which separates

the high-lying interior plateau and the low-lying coastal plain (Figure 1; Grab & Knight, 2018;



Roffe, 2019; Mokoena, 2019). The Great Escarpment extends through Limpopo, western
Eswatini and southeastern Mpumalanga before reaching its highest elevation along the
border of Lesotho and KwaZulu-Natal province, with elevations reaching 3,482m in the
KwaZulu-Natal Drakensberg (Grab & Knight, 2018; Mokoena, 2019). The inland plateau is
characterised by wide plains with an approximate average height of 1,200m.asl (Mokoena,
2019) while the high plateau - the western, eastern and southern escarpments - have an
approximate average height of 1,250m.asl (Landman et al., 2017). In addition, the Cape Fold
Belt mountain range is located in the southwestern Cape and along the southern coast, with

the highest approximate point of 2249m.asl (Grab & Knight, 2018).
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2.3. Climate and Weather

The generalised climate of South Africa varies from warm, arid conditions in the west, to
humid subtropical conditions in the north and east, with the interior parts classified as semi-
arid (Doran, 2014; Landman et al., 2017; Lennard, 2019; Roffe, 2019). South Africa’s
latitudinal position within the tropical, subtropical and mid-latitude pressure regimes, in turn,
produces pronounced seasonal difference in rainfall and temperature patterns (Doran, 2014).
The intra-annual migration of the Inter-Tropical Convergence Zone (ITCZ) and Southern
Hemisphere Westerlies (Tyson & Preston-Whyte, 2000; Jury, 2013; Doran, 2014) play a role
in these seasonal differences, too. For example, summer temperatures are warmer compared
to winter temperatures across the country (Landman et al., 2017). South Africa’s climate and
weather, and in particular its temperature, is governed by complex interactions between the
subtropical location, the altitude of the interior plateau, the position of the subcontinent with
respect to the atmospheric circulation features and proximity to as well as temperature of
the surrounding oceans (Tyson & Preston-Whyte, 2000; Doran, 2014; Davis-Reddy & Vincent,
2017; Jury, 2018; Landman et al., 2018; Lennard, 2019; Roffe et al.,, 2019). The
abovementioned physical controls will be discussed separately, although these controls do
not exist in isolation but interact with one another. It is also worth mentioning that South
Africa’s climate is impacted by numerous large-scale teleconnections which modulate
temperatures and may contribute to ETEs. These are mentioned in the discussion below, as
well as expanded on in Supplementary Material (Draft Article).

The complex topography influences the temperature of the country in numerous ways. The
orography of South Africa influences the temperature distribution over the country where
the escarpment forms a climatic division between the high plateau and the low-lying coastal

regions in the east and southeast (Klopper et al., 1998). In general, the southern and eastern
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escarpments experience the lowest mean temperatures, due to the decrease in temperature
with altitude; frost is also common in these areas (Engelbrecht & Landman, 2010; Davis, 2011;
Landman et al., 2017; Mokoena, 2019). As, such warmer temperatures are experienced along
the coastal and northern parts of KwaZulu-Natal, the lowveld of Mpumalanga, the Limpopo
valley, the North-West and the interior of the Northern Cape Province (Landman etal., 2017).
Temperatures in interior South Africa tend to be lower than other countries at similar
latitudes due to greater elevation above sea level (Mokoena, 2019). For instance,
temperatures on the interior plateau (1694m.asl) may reach 30°C in summer and drop below
freezing point or lower in the same area during winter (Mokoena, 2019). However, it should
be noted that the coastal plain’s temperatures are more moderate due the influence of the
surrounding oceans.

The surrounding oceans influence the climate and temperature across South Africa in various
ways: being in close proximity; through the influence of the ocean currents; or through
interaction between the ocean and the atmosphere (i.e. teleconnections; Kruger, 2008;
Landman et al., 2017; Lennard, 2019). The warm southward flowing Agulhas Current causes
the east coast to be significantly warmer than the west coast, whereas the northwards flowing
cold Benguela Current induces lower temperatures along the west coast (Doran, 2014;
Engelbrecht & Landman, 2010; Landman et al., 2017).

Although not fully understood, natural modes of variability have been related to rainfall and
temperatures variations, and to temperature extremes globally and for southern Africa
(Nicolson, 2001; Nicholls et al., 2012; You et al., 2013; He et al., 2017; Loikith et al., 2017). The
most prominent natural phenomenon is the El Nifo Southern Oscillation (ENSO), which
involves prolonged warming (El Nifio) or cooling (La Nifia) periods of the east-central Pacific

Ocean sea surface temperatures (SSTs) (Landman et al., 2017). Other mechanisms include the
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North Atlantic Oscillation (NOA), the Southern Annular Mode (SAM), the Madden-Julian
Oscillation (MJO), the Artic Oscillation (AO), the Indian Ocean Dipole (I0OD), and the Pacific
Decadal Oscillation (PDO) (Mason & Jury, 1997; Nicholls et al., 2012; You et al., 2013; Ning &

Bradley, 2015 He et al., 2017; Loikith et al., 2017; Liu et al., 2018).

As previously noted, the latitudinal position in the tropical, sub-tropical, mid-latitude
temperature and pressure regimes may influence the day-to-day weather and seasonal
rainfall and temperatures (Tyson & Preston-Whyte, 2000). The subtropical pressure regime
or control on South African weather and climate is through a discontinuous high-pressure
belt, circling the southern hemisphere at about 30°S, of semi-permanent high-pressure
systems (i.e. subtropical anticyclones) known as the South Indian Anticyclone (SIA), the
Continental-High (CH) and the South Atlantic Anticyclone (SAA; Tyson & Preston-Whyte,
2000; Cherchi et al., 2018; Roffe, 2019). The latitudinal and longitudinal position of the SAA
and SIA vary significantly throughout the year and move northwards about 6° in winter (Tyson
& Preston-Whyte, 2000). During summer, meanwhile, the SAA, SIA and CH migrate south due
to the seasonal migration of the ITCZ (Tyson & Preston-Whyte, 2000; Lennard, 2019). These
anticyclones produce warm, sunny, clear skies; they are a function of the descending
poleward limb of the tropical Hadley cell and the Ferrel cell, and are associated with strong
subsidence (Tyson & Preston-Whyte, 2000; Lennard, 2019; Roffe, 2019). Subsidence is
prevalent in subtropical climates (Tyson & Preston-Whyte, 2000). Prevailing anticyclones for
extended periods in summer produce severe heat waves and drought (Tyson & Preston-
Whyte, 2000). Over the interior, heat waves associated with strong anticyclones can last up
to between 4 and 7 days, with increases of >5°C in temperatures (Tyson & Preston-Whyte,

2000). Abrupt increases of >5°C from one day to the next, in particular in coastal areas, are
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associated with the occurrence of a strong continental anticyclone as a result of subsidence
and warming associated with berg winds (Tyson & Preston-Whyte, 2000). Berg winds are
associated with large-scale pre-frontal divergence and warming of subsiding air moving
offshore (Tyson & Preston-Whyte, 2000). Berg winds and coastal lows usually occur together
and influence the climate and weather of the coastal and adjacent inland areas. Coastal lows
are generated from cyclonic vorticity with eastward movement of air off the high interior
plateau, which are initiated on the west coast and disseminate southward to Cape Town.
Coastal lows seldom extend inland of the Cape Fold mountains and Kwazulu-Natal province
(Tyson & Preston-Whyte, 2000; Kruger et al., 2010). These systems produce warm offshore
airflow ahead and cool onshore airflow behind; this resembles and can be mistaken for a cold
front (Tyson & Preston-Whyte, 2000). Both these systems are most common in late winter
and early spring (Davis et al., 2016), and result in high maximum temperature anomalies

during winter in coastal meteorological stations (Tyson & Preston-Whyte, 2000).

The tropical control on South Africa is only evident in summer and is usually associated with
the large-scale atmospheric feature, the ITCZ, and warm easterly winds between the ITCZ and
the subtropical anticyclone belt (Tyson & Preston-Whyte, 2000; Doran, 2014). The ITCZ
represents an area of intense convective activity associated with low pressure, which moves
south during the Southern Hemisphere summer, approximately “17°S over the eastern parts
of southern Africa (Tyson & Preston-Whyte, 2000; Doran, 2014; Nicholson, 2018). Also
associated with the southward movement of the ITCZ are the easterly waves and lows,
situated around the northern sector of the subtropical anticyclones (Tyson & Preston-Whyte,
2000; Lennard, 2019; Roffe, 2019). The easterly waves are semi-stationary over southern

Africa and are characterised as a barotropic wave associated with warm, humid easterly wind
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(Tyson & Preston-Whyte, 2000; Lennard, 2019). Flowing from east to west, ahead of and to
the west of the trough, subsidence ensures no rainfall and hot conditions across the interior
and eastern parts of the country (Tyson & Preston-Whyte, 2000; Lennard, 2019). Also, the
easterly waves are characterised as a well-defined boundary separating moist air and drier
air, to the north-east from the south-west (Tyson & Preston-Whyte, 2000). The associated
easterly wave are a thermal low which contributes to convection rainfall across the interior

and eastern parts of the country (Tyson & Preston-Whyte, 2000; Lennard, 2019).

The temperate control on South Africa is characterised with the northward migration of the
ITCZ, subtropical high-pressure belt and the mid-latitude Westerlies during the winter
months. The climate of South Africa in winter is influenced by the northward movement of
the circumpolar Westerlies and is exerted through traveling perturbations from the
Westerlies, with six unique classes of baroclinic disturbances which arei.e. cold fronts, coastal
lows and berg winds, cut-off lows, ridging anticyclones and westerly waves (Tyson & Preston-
Whyte, 2000; Singleton & Reason, 2007; Mahlalela et al., 2018; Sousa et al., 2019; Lennard,
2019; Roffe, 2019). Westerly waves are baroclinic, Rossby waves which have a frequency of
occurrence between 2 and 8 days (Tyson & Preston-Whyte, 2000). During winter, ahead of
the trough, which is typically located over the interior and eastern parts of the country, there
is subsidence and associated clear skies (Tyson & Preston-Whyte, 2000; Lennard, 2019). At
the rear of the trough located over the Western Cape there is surface convergence and uplift-
associated clouds and rainfall (Tyson & Preston-Whyte, 2000; Lennard 2019). Associated with
westerly perturbations are the more intense form and low-pressure system cut-off lows and
cold fronts (i.e. mid-latitude cyclones; Tyson & Preston-Whyte, 2000; Lennard & Hegerl, 2015;

Landman et al., 2017; Lennard, 2019). The cut-off lows are associated with sunny days, clear
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skies, cold nights and sometimes frost in the interior parts of the country (Landman et al.,
2019). Mid-latitude cyclones occur throughout the year, although it is only during winter that
their cold front arms reach the southern and interior regions of the country (Tyson & Preston-
Whyte, 2000; Landman et al., 2017; Roffe, 2019). Cold fronts are associated with atmospheric
circulation systems which occur in the mid- and upper-levels of the atmosphere, thus causing
snowfall over the mountainous regions in the Western and Eastern Cape provinces, and
occasionally over the interior parts of the country. Cold fronts tend to intrude northwards
over the interior plateau during the transition months (i.e. April and September); depending
on the strength of the pressure gradient forcing the cold fronts across South Africa, the front
could reach Gauteng, but can occasionally penetrate Limpopo (Stander, 2013; Stander et al.,
2016; Landman et al., 2017). The associated cold snaps, following the passage of the cold
front, can last up to four days over South Africa, and are attributed to the frontal
perturbations in the westerlies (Tyson and Preston-Whyte, 2000; Stander et al., 2016). These
cold snaps may result in snowfall and cold temperatures over the Free State, Gauteng,
KwaZulu-Natal, and Mpumalanga provinces (Stander et al., 2016; Landman et al., 2017).
Summer cold fronts and their passage and existence across South Africa are debatable, and
may be associated with severe weather conditions over the interior and meso-scale wind
shears and low-convergence (Tyson & Preston-Whyte, 2000).

The subtropical location of the country means it is possible that interactions between synoptic
scale mid-latitude waves and tropical weather systems can combine to form composite
synoptics, typically orientated from northwest to southeast, known as Tropical Temperature
Troughs (TTT; Mason & Jury, 1997; Tyson & Preston-Whyte, 2000; Crétat et al., 2012; Hart et
al., 2012; Vigaud et al., 2012; Roffe, 2019). Many different combinations are possible and

when these systems act in conjunction, heavy and widespread rainfall may occur which
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substantially contributes to the summer rainfall across large parts of the country (Tyson &
Preston 2000, Crétat et al., 2012; Hart et al., 2012; Roffe, 2019). These combinations can also
influence the temperatures across South Africa. For instance, the combination of a deep cut-
off low and a ridging anticyclone to the south of the continent contributes to snow and rainfall

over the South African Highveld (Tyson and Preston-Whyte, 2000).

2.4. Socioeconomic landscape and Human Health

In 2019 it was estimated by Statistics South Africa that the population of South Africa is 58.78
million (Mokoena, 2019). Approximately 28% of the population is younger than 15 years while
9% (5.3 million) is 60 years and older. The highest percentage (23.9% or 1.27 million) of elderly
people reside in Gauteng. Cities, towns and informal settlements currently host 78% of the
country’s population (Le Roux et al., 2017), while the remaining percentage of the population
lives in rural areas - some of these rural residents rely on emerging agriculture sector and
natural resources for their livelihood (Chersich et al., 2018). Although cities and towns are
becoming locations of choice for the urban poor and youth, they are challenged with poverty,
unemployment, pollution, crime, service delivery issues and income equality (Le Roux et al.,
2017). About a quarter of the whole population is unemployed and over half live below the
poverty line (Chersich & Wright, 2019). Also, it is estimated that 14% of the country’s 14.45
million households are informal (i.e. informal settlements and backyard shacks) (Le Roux et
al., 2017). Access to social and economic resources and networks, health, and income
influence the adaptive capacity of households, communities and neighborhoods in towns and
cities. Social vulnerability can be identified, for example where there are high illiteracy rates,
informality, ethnic minorities, violent crimes, and backlogs of basic services (Le Roux et al.,

2017). Applying the social vulnerability index using available public data, it was found that the
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most vulnerable communities correlate with former homeland areas in the Eastern Cape,
Kwazulu-Natal, Limpopo and North-West provinces (Le Roux et al., 2017). Similar to the social
vulnerability index, the economic pressure index makes use of different economic proxies (i.e.
diversity of the economy). This index has found that densely settled former homelands along
the eastern coast and the northern parts of the country are areas under the most significant
economic pressure, as well as surrounding areas of metropolitans and major towns (Van
Huyssteen et al., 2013; Le Roux et al., 2017). The southern and eastern coastal towns are
characterised by a high in-migration and unemployment rate (Van Huyssteen et al., 2013),
with an estimated 3.5 million people reside along the coastline within the first 5-7km from
within coastline. Of these an approximate 40% are considered to live below the poverty line

(Le Roux et al., 2017).

Public health in South Africais in a very unique situation; the system is burdened with illnesses
found in both developing countries (i.e. communicable diseases) and developed countries (i.e.
non-communicable diseases known as lifestyle diseases) which puts additional pressure on
an already struggling health care sector (Garland, 2017). Life expectancy at birth is estimated
for males at 61.5 years and 67.7 years for females (Mokoena, 2019). The infant mortality rate
is estimated at 22,1 per 1000 live births (Mokoena, 2019), and the Human Immunodeficiency
Virus (HIV) prevalence rate is approximately 13%. An estimated 19.07% of the population
between 15-49 years is HIV positive, with a total of 7,97 million people living with HIV in South
Africa (Mokoena, 2019). The high incidence of HIV and tuberculosis, and the incidence of
chronic illnesses and non-communicable diseases (i.e. cardiovascular diseases, respiratory
diseases and cancers) in South Africa, exacerbates the need for basic services and sanitation

(Ziervogel et al., 2014; Wright et al., 2015; Chersich et al., 2018).
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2.5. Conclusion

Due to South Africa’s latitudinal location, its climate — and in particular the temperature - is
governed by the tropical, subtropical and temperate synoptic features. The complex
topography and surrounding oceans additionally play an important role. In addition, the
socioeconomic landscape and human health concerns highlight the importance of exploring
ETEs and how these could exacerbate and impact an already vulnerable population. This
highlights that it is key to explore ETEs and how they may have changed under current climate

change conditions.
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Chapter 3: Data and Methodology

3.1. Introduction

This chapter outlines the data and methodology procedures followed. It starts with a
description of the data required, the criteria and selection process of the meteorological
stations and identification of the temporal study period. Next, the data quality and cleaning
of the datasets used will be discussed; then there is a discussion on the importance of data
homogenisation and the procedures used in each research paper. This is followed by a
summary, in the form of a flow diagram, of each methodological approach used in each
research paper (Chapters 5-8). Next, the chosen statistical approaches and interpolation
techniques used in each research paper will be discussed. Finally, a discussion on the process
of selection of the temperature indices will be presented, as well as a description of each
index used to identify the ETEs.

3.2. Temperature data required

Climate data, including daily maximum (TX; Tmax) and minimum (TN; Tmin) temperature in
degrees Celsius (°C), has been obtained from the SAWS. The temperature readings are the

highest and lowest readings recorded over a 24-hour period.

3.3. Meteorological station selection

The SAWS’s countrywide observational network consists mostly of rainfall stations, automatic
rainfall stations, climate stations and a total of 231 automatic weather stations (SAWS, 2020).
All of these meteorological/weather stations were assessed for use in this study, and only a
few were selected based on different sets of criteria and due to the missing data of the
meteorological stations, as highlighted in the data limitation section (see Section 9.6.1 of

Chapter 9). Weather stations were selected for inclusion using different sets of criteria
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relevant to each research paper (Chapters 6-8). Firstly, a general set of selection criteria will
be discussed, given that the processes and data sets used in each research paper were similar.
Thereafter the discussion will be focused on each research paper (Chapters 6-8). It is
important to note that the selected weather stations are similar, to some extent, to those
used in previous temperature-related studies across the country (e.g. New et al., 2006; Kruger
& Sekele, 2012; Mackellar et al., 2014; Davis et al., 2016; Van Wilgen et al. 2016; Kruger &

Nxumalo, 2017; Kruger et al., 2019; Mbokodo et al., 2020).

3.3.1. General selection process and criteria

Firstly, a weather station required at least 30 years of daily maximum and minimum
temperature data to be included in the study. According to WMO standards, a minimum of
30 years of data is required (WMO, 2000) to obtain a reliable estimate of the mean and
averages on climate. Secondly, while many of the SAWS weather stations started earlier than
the 1960s and 1970s, data was not available or there were gaps in the data prior to the 1960s
(Boitai et al., 2015; Kruger and Nxumalo, 2017). Thirdly, weather stations were selected which
are relatively evenly spatially distributed over South Africa. Research indicates that data from
only 20 stations which are relatively evenly distributed across South Africa is enough to define
temperature variability and to get a perspective on the historical climate (Jones & Trewin,
2002; Vose & Menne, 2004; Trewin, 2010; Kruger & Nxumalo, 2017). However, it is
recommended that >20 stations be used due to the heterogeneity of South Africa’s climate
(Kruger & Nxumalo, 2017). Lastly, a weather station was selected only if at least 90% of the
TX and TN data was available for the chosen period after the data cleaning process (Mackellar
et al., 2014; Kruger & Nxumalo, 2017; Kruger et al., 2019), described under Section 3.4.

According to the so-called WMO 5/3 rule, a valid year is one with at least nine valid months,
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with no more than five missing days in a month and three consecutive missing days (WMO,
2017; Fioravanti et al., 2019). In addition, a valid year must contain at least one valid month
per season, and at least 90% of the years must be valid in the time series with no more than

four consecutive missing years (WMO, 2017; Fioravanti et al., 2019).

3.3.2. Criteria for statistical classification of seasonal divisions (Chapter 6)

There were only 35 stations which met the general criteria, as well as spanning the country
ranging from 22-35 °S and 15-33 °E with an intended 1 ° interval to obtain a spatial distribution
of stations (Table 2; Figure 1 of Chapter 6; Table 3.1). The year 1980 was selected as the start
of the temporal period for each of the stations, to obtain the same time frame. The year 2015
was selected as the final year for this particular research paper. This allowed for stations to

have at least a minimum of 30 years of data available for the statistical analyses.

3.3.3. Criteria for extreme cold and warm temperature events (Chapters 7 and 8)

Only 20 stations were selected from a subset of the 35 stations used in Chapter 6, for both
research papers, relatively evenly distributed across South Africa (Table 3.1; Table 7.2; Figure
7.2); this was due to the extension of the research period to >50 years for each of the chosen
stations. Each of the selected stations had a continuous dataset of daily TX and TN for at least
50 years. As the number of years recorded increases, the influence of incorrect or inaccurate
readings and trends decreases (Arguez & Vose, 2011). A uniform start date of 1960 was used
up to the most recent available data (2016) at the time of the study, to obtain a record of >50

years.
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Table 3.1: Meteorological stations used (stations with an asterix next to it are the subset stations used

in Chapter 7 and 8).

Province Station Name SAWS Code Latitude Longitude Altitude
Eastern Cape East London* 00595729 -33.03 27.83 124m
Dohne* 00798116 -32.52 27.47 899m

Mthatha 0127272A4  -31.55 28.67 745m

Port Elizabeth* 00351795 -33.98 25.60 60m

Free State Bloemfontein* 02615161 -29.10 26.30 1354m
Bethlehem 03315859 -28.24 28.33 1689m

Welkom 03643001 -27.99 26.66 1344m

Gauteng Johannesburg Int* 04763990 -26.14 28.23 1706m
Zuurbekom* 04755288 -26.30 27.81 1580m

KwaZulu-Natal Cedara* 02394820 -29.54 30.27 1071m
Durban* 0240808A2  -29.97 30.95 96m

Escourt 03006901 -29.01 29.86 1144m

Shaleburn 02376184 -29.80 29.35 1614m

Limpopo Mara* 072200991  -23.14 29.56 894m

Warmbad Towoomba* 05895941 -24.90 28.32 1143m

Polokwane 0677802BX  -23.84 29.45 1226m
Mpumalanga  Skukuza* 05961793 -24.99 31.59 276m
Carolina 04801547 -26.07 30.11 1667m
Northern Cape Calvinia 0134479A3 -31.48 19.76 975m
De Aar 01698801 -30.66 23.99 1286m
Fraserburg 01130258 -31.91 21.51 1264m
Kimberley* 02904684 -28.80 24.77 1198m
Pofadder 0247668A4  -29.12 19.38 984m
Springbok 0214700B2 -29.66 17.87 1006m
Sutherland 00882931 -32.38 20.67 1459m
Upington* 03174765 -28.43 21.27 836m
Vanwyksvlei* 01935613 -30.35 21.82 965m
North-West Vryburg* 04322383 -26.95 24.65 1245m
Mahikeng 05080470 -25.80 25.54 1280m
Western Cape  Cape Agulhas* 00030204 -34.83 20.01 11m
Cape Columbine* 00606209 -32.83 17.86 62m
Mossel Bay* 0012215 -34.19 22.13 135m
Cape Town* 0021178A3  -33.96 18.60 42m
Vredendal* 0106880A2  -31.67 18.50 42m
George 00126617 -34.00 22.38 197m
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3.4. Data quality and cleaning

The WMO recommends that thorough quality controls of climate data sets be enacted before
statistical analysis is performed (Klein Tank et al., 2009; WMO, 2011; Fioravanti et al., 2019).
The selected stations’ data sets were subjected to quality control due to missing data and

possible outliers that may occur due to human-induced error or faulty measuring equipment
(Klein Tank et al. 2009; Salameh et al. 2018). Erroneous data can also compromise the

performance of the homogenisation process (Domokos & Coll, 2017; Fioravanti et al., 2019).
For this studye visible outliers were checked, and two decimal point rounding was used to
maintain consistency throughout (Van der Walt & Fitchett, 2020). In the case of the statistical
classification seasonal divisions research paper (Chapter 6), missing weather station data, up
to 5 days was replaced with adjacent station data, within a 10km radius; if this was not
possible, it was replaced with the five-day running average (Van der Walt & Fitchett, 2020).
For both extreme cold and warm temperature events (Chapters 7 and 8), missing TX or TN
data were cross validated with adjacent stations within a 50km radius, for any given day up
to a maximum of 5 days; this was due to the sparsity of weather stations with a 50-year data
set. Where cross-validation was not possible, data was replaced with the five-day running
average. In addition, leap days were removed from the analysis. If the data was not available
for more than five consecutive days in a month, the year was excluded. Many researchers fail
to mention that the ETCCDI calculates only monthly indices if no more than 3 days are missing
in the month, while annual values are not calculated if >15 days in a year are missing (Zhang
et al., 2018). Threshold indices are calculated if at least 75% of the data is present (Zhang et
al., 2018).

To ensure consistency, additional quality control was performed in both the extreme cold and

warm temperature events research papers (Chapters 7 and 8). The additional quality control
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was performed on each weather station’s data series using the R-based ClimPACT v2 software
packages, which were used to calculate the ET-SCI (Alexander & Herold, 2016); the RClimDex
v1.9 software package was used to calculate the ETCCDI (Zhang et al., 2018). Both these
software packages flag outliers in the format of either boxplots or tables, to alert the user to
pay more attention and make corrections only if needed (Klein Tank et al., 2009; Alexander &
Herold, 2016; Zhang et al., 2018). Furthermore, both software packages allow the user to set
the outlier threshold in terms of the standard deviations for the particular calendar day above
the threshold; the default threshold of three standard deviations was used (Zhang & Yang,

2004; Alexander & Herold, 2006; Zhang et al., 2018; Kruger & Nxumalo, 2017).

3.5. Data homogenisation

The quality-controlled data time series was checked for non-climatic shifts that may exist in
the data sets because of unavoidable changes in aspects including observation site, station
relocation, instrument observing practices, and automation of the weather stations during
the observation period amongst others (Klein Tank et al., 2009; WMO, 2009; Wang et al.,
2010; Aguilar et al., 2013; Kruger & Nxumalo, 2017). Data homogenisation is done to identify
and adjust any artificial non-climatic variations in climate data, ensuring that time fluctuations
in data are only caused by variations in climate (Vincent et al., 2002; Klein Tank et al., 2009;
Kruger & Nxumalo, 2017; Yosef et al., 2019). Several homogenisation methods have been
developed and used (e.g. Alexanderson, 1986; Vincent et al., 2002; Wang, 2003, 2008a,
2008b; Della-Marta & Wanner, 2006; Reeves et al., 2007; Vincent et al., 2012; Nemec et al.,
2013; Salameh et al., 2018; Yosef et al., 2019), each with their own advantages and
disadvantages. These methods often depend on the types and inhomogeneity to be detected

and adjusted (e.g. Vincent et al., 2002, 2012; Wang 2008a; Nemec et al., 2013; Kruger &

25



Nxumalo, 2017; Salameh, et al., 2018), which makes it difficult to select an appropriate
method beforehand. The WMO ETCCDI developed a software program, through experts and
a series of workshops in different parts of the world, referred to as the RHtestV4 (Tank et al.,
2009). This software program is an R-based software package, which detects and adjusts
multiple change points in time series (Wang 2008a, 2008b; Whang & Feng, 2013). The
RHtestV4 includes the provision of Quantile-Matching (QM) adjustments, which are
estimated with the use of a reference series (Wang & Feng, 2013). In addition, this software
package allows for mean-adjustments, offers the choice of using the whole or part of the
segment before or after a shift, gives users choice of segment to which the base series is to
be adjusted, and offers choices regarding the nominal level of confidence at which to conduct
the test. All these functions are available in the graphical user interface (GUI) mode (Wang &
Feng, 2013). The statistical procedures are based on the penalised maximal t-test (Wang
2008a) and the penalised maximal F-test (Wang 2008b), which are embedded in the recursive
testing algorithm (Wang 2008a), with the lag-1 autocorrelation of the time series being
empirically accounted for (Wang et al., 2007; Wang 2008a, 2008b; Wang & Feng, 2003). Given
that the software package was developed under the auspices of the WMO ETCCDI, it was the
preferred package to use in this research. It is important to note that the RHtestV4 software
was only applied to the extreme cold and warm temperature events research papers
(Chapters 7 and 8), due to the extent of the research period. The RHtestV4 was carried out
without a reference series due to the difficulty in identifying and constructing an appropriate
reference period in developing countries such as South Africa with a sparse distribution of
long-term stations (Kruger & Nxumalo, 2017). The necessary adjustments were applied to the
daily data time series (see Supplement Material Chapter 7, Supporting Table 1) and loaded

into the RClimDex v1.9 and ClimPACT v2 software packages to calculate the ETCCDI and ET-
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SCl temperature indices, respectively described in section 3.8. To ensure homogeneity in the
statistical classification of the seasonal divisions research paper (Chapter 6), the data quality
and cleaning and using the SAWS database as a primary source (Roffe, 2019) was deemed

sufficient (Chapter 6 Data and Methodology).
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3.6. Methodological approaches (Chapter 5-8)

A flow diagram of each research paper will be presented under each subsection below.

3.6.1. Review of ETEs in South Africa (Chapter 5)
The literature was consulted, together with a wide-ranging search using different keywords

and phrases to locate the known publications on ETEs in South Africa.

Literature was consulted in a wide-ranging search,
cross-checked through Google Scholar, Science
Direct and Web of Knowledge

A number of key words and phrases
were used; key ones were

'extreme temperature + South Africa’,
L_'temperature varaibility + South Africa’,
'temperature events + South Africa’,

'warm temperatures + South Africa’,

'cold temperatures + South Africa'

—

10 known articles were found and reviewed according to
the following themes:
Definition of ETEs
Selection of stations
Selected temperature indices
Methodological approches
Results

ArcMap was used to calculate
distances between stations,

as well as to map each station
which was used in the
research papers found during
this search.

Figure 3.1: Methods used in Review paper of ETEs in South Africa
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3.6.2. Statistical classification seasonal divisions (Chapter 6)
Temperature data was collected from the SAWS and aggregated into mean monthly
temperature per weather station for each year. Thereafter a hierarchical clustering analysis

using Ward’s D minimum variance method was applied to get the results.

Aggregating mean monthly temperature

per weather station for each year

Cluster analysis

supervised @ 4 divides |

Not significant

——

Test significance of clusters

| 'K— Cluster at 5/6/7 divides

Significant

H

Compare overlap of seasons
and differences between
locations

Similarity for most

equals to seasonal brackets

Visually portray results

Figure 3.2: Method to determine seasonal distribution and brackets
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3.6.3. Extreme cold and warm temperature events (Chapters 7 and 8).
Temperature data was collected from the SAWS climate database (see Chapters 7, and 8);
thereafter data cleaning and quality checks were done per weather station. Then each index

was calculated per weather station, followed by the trend analyses for each index.

Data cleaning, quality control and homogeneity of TX and TN
per weather station (Section 3.4 and 3.5)

TX and TN loaded into ClimPACT v2 (ET-SCI) and
RClimDex v1.9 (ETCCDI)

-

Results aggregated into annual and mean monthly for each
index used per weather station

Mann-Kendall test,
Sen's slope, and

Spearman's Rank Correlation coefficient calculated for
each index per weather station

Aggregate and visually present results in tables
and using ArcMap software

Figure 3.3: Method to determine extreme cold and warm temperature events
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3.7. Statistical approaches

There are a number of statistical approaches which were developed to group a set of entities
according to similarity, as well as statistical trend analyses of time series data. The statistical
approaches used in the research papers (Chapters 6-8) will be described and discussed in
detail see Section 3.7.1 below, together with the motivation for why the statistical approach
was chosen. This discussions starts with the cluster analysis of the statistical classification of
seasonal divisions on the basis of daily temperature in South Africa (Chapter 6) and is followed
by the statistical approaches used in determining the trends of extreme warm and cold

temperature events in South Africa (Chapters 7 and 8).

3.7.1. Cluster analysis

Cluster analysis has been widely documented in climate science globally (Kalkstein et al.,
1987; Unal et al., 2003; Aliaga et al., 2017; De la Barreda et al., 2020; Costa et al., 2020),
particularly in temperature related studies (Unal et al., 2003; Rebetez & Reinhard, 2008;
Gibson et al., 2017; Fioravanti et al., 2019; Costa et al., 2020). Cluster analysis has also been
widely applied in climate science across South Africa, in particular rainfall studies (e.g. Favre
et al., 2016; Phakula et al., 2018; Burl et al., 2019), as well as temperature related studies
(Kruger & Sekele, 2013; Diriba et al., 2015; Rangata et al., 2020). Cluster analysis is a statistical
method used to group entities and find homogeneous and inhomogeneous climate zones
between entities based upon meteorological parameters (Unal et al., 2003; Roffe, 2019). Both
hierarchical and non-hierarchical techniques have been used in atmospheric research studies
(Adabi et al., 2020). Hierarchical cluster analysis techniques include agglomerative

hierarchical clustering (AHC) (Roffe, 2019; Adabi et al., 2020), whereas non-hierarchical
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techniques incorporate k-means cluster analysis, among others (Roffe, 2019; Adabi et al.,
2020; Govender & Sivakumar, 2020).

To statistically classify the seasons of South Africa (Chapter 6), the agglomerative hierarchical
clustering using Ward’s D minimum variance method is applied (see Cluster analysis Chapter
6). This has been widely documented in climate science (Fioravanti et al., 2019), defined by
the Euclidean distance as a similarity measure between variables (Mimmack et al., 2001; Unal
et al., 2003; Bocard et al., 2011; Wilks, 2011; Casto et al., 2020). Ward’s minimum variance
method (Ward, 1963) identifies the smallest variations in the within-cluster sum of squares
due to the merging of two clusters (Govender & Sivakumar, 2020). It groups elements W,
whose sum of squares or sum of errors are minimum (Casto et al., 2020), according to the

following equation:

n L&
W= lez o (in)z
=1 =1
(1)

where n is the number of elements and x; is the ith element of the group (Ward, 1963). This
method was utilised because it minimises the within-cluster variance at each stage of merging
(Govender & Sivakumar, 2020), and it enhances an objective statistic (Tennant & Hewiston,
2000; Roffe, 2019). In addition, the number of clusters is defined by the user, the clusters’
characteristics are analysed at every step and a decision can be made when the number of
clusters has an interpretable solution and a homogenous cluster (De la Barreda et al., 2020).
A silhouette width method can be used (De la Barreda et al., 2020) to assess the validation of
the cluster quality significance test. In addition, the silhouette width value measures the

degree of confidence of between-group distances and strong within-group homogeneity

(Studer, 2013; Van der Walt and Fitchett, 2020).
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Following this, cluster analysis was performed utilising the cluster, vegan and rioja packages
in R (Bocard et al., 2011; Wilks, 2011). The cluster analysis was initially supervised at four
seasonal divides and validated by using the dendogram package average silhouette width
(ASW) calculation (Kodinariya et al., 2013; de la Barreda et al., 2020; Van der Walt and
Fitchett, 2020). If not significant, two, three, five and six seasonal divides were used
respectively (Figure 3.2), until the cluster was significant, using order of magnitude put
forward by Kaufman and Rousseew (2009). A silhouette width value closest to one suggests
an optimal number of groups, whereas negative values indicate that the samples in the
grouping are in the wrong group. Values close to zero propose that the samples may fall
between groups (Kaufman & Rousseew, 2009). Additionally, the structure of the cluster
dendogram and the cophenetic correlation coefficient (CPCC) were used to interpret,
evaluate, and validate consistencies within the cluster and groups (Kaufman & Rousseew,
2009; Bocard et al., 2011; Van der Walt & Fitchett, 2020). The CPCC measures the correlation
between the original pairwise distance matrix and the cophenetic distance metric of the
dendogram, which allows for verification of the quality of the grouping (Li et al., 2015; Crow
et al., 2018; Carvalho et al., 2019; Van der Walt & Fitchett, 2020). CPCC values closest to one
suggest a high-grouping quality (Carvalho et al., 2019; Van der Walt & Fitchett, 2020). The
cluster analysis results for maximum (Tmax), minimum (Tmin) and average (Tavg) temperatures

respectively were tabled (Table 3 of Chapter 6).
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3.8. Temperature indices (ET-SCI and ETCCDI)

There are a number of temperature indices to identify and explore temperature extremes
and variability. In the following subsections (Section 3.8.1 and 3.8.2) a summary will be
provided of the ETCCDI and ET-SCI, followed by a definition and discussion on each of the
temperature indices used in chapters 7 and 8. It is important to note that both research
papers on the trend analysis of extreme warm and cold temperature events (Chapters 7 and

8) are the first to make use of the ET-SCl indices in South Africa.

3.8.1. Background to ETCCDI, software and indices

Internationally agreed indices derived from daily temperature and precipitation that
represent more extreme aspects of the climate are overseen by the Commission for
Climatology (CCl)/World Climate Research Programme (WRCP)/Joint Commission for
Oceanography and Marine Meteorology (JCOMM) Expert Team on Climate Change Detection
and Indices (ETCCDI), which was established in 1999 (Alexander & Herold, 2016). The core set
includes 27 descriptive extreme indices for temperature and precipitation, which were
developed to detect climate changes. These indices were developed to be statistically robust,
to cover a wide range of climates and to have a high signal-to-noise ratio (Klein Tank et al.,
2009; Alexander & Herold, 2016). An added advantage is that the indices can overcome most
of the restrictions on the distribution of daily data; daily temperature and precipitation results
can also be compared consistently across different countries (Klein Tank et al., 2009;
Alexander & Herold, 2016). The ETCCDI indices can be grouped into four categories: (1)
absolute indices; (2) threshold indices; (3) percentile indices; (4) duration indices (Alexander
& Herold, 2016; Zhang et al., 2018). These indices are used for both observation and models

on a regional or global level and can be coupled with trend detection techniques (Alexander
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& Herold, 2016). As previously discussed, the R-based software, RClimDex software was
developed to assist in the calculation of these indices.

Only six extreme temperature indices were selected from the core set indices for each
research paper, depending on whether it was a warm or cold extreme temperature index.
The selected indices are similar to those used in previous studies which examined extreme
temperature trends in South Africa (e.g. New et al., 2006; Kruger & Sekele, 2013; Mackellar
etal., 2014; Davis et al., 2016; Kruger & Nxumalo, 2017; Kruger et al., 2019). For the purpose
of comparison to the ET-SCI, we also present an extension on previous analyses of the ETCCDI
indices at an annual and seasonal time scale for the period 1960-2016 (Chapter 7,8). All the

selected ETCCDI will be discussed and defined below (Zhang et al., 2018):

3.8.1.1. FD (Frost days)
Frost days are referred to as meteorological frost (TN<0°C). Let TN;; be the daily minimum
temperature on day i in the period j. Count the number of days where:

TN;; < 0°C

(2)

3.8.1.2. SU (Summer days)
Summer days are referred to as TX>25°C. Let TX;; be the daily maximum temperature on day
i in the period j. Count the number of days where:

TX;j > 25°C

(3)
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3.8.1.3. TXx (Maximum TX)
The maximum daily TX each month. Let TX;; be the daily maximum temperature in month i,
period j. The maximum daily maximum temperature each month is then:

TX;; = max (TX;;)

(4)

3.8.1.4. TNx (Maximum TN)
The maximum daily TN each month. Let TN;; be the daily minimum temperatures in month
i, period j. The maximum daily minimum temperature each month is then:

TN;; = max (TN;j)

(5)
3.8.1.5. TXn (Minimum TX)

The minimum daily TX each month. Let TX;; be the daily maximum temperature in month i,
period j. The minimum daily maximum temperature each month is then:

(6)

3.8.1.6. TNn (Minimum TN)
The minimum daily TN each month. Let TN;; be the daily minimum temperature in month i,
period j. The minimum daily minimum temperature each month is then:

TN;; = min (TN;;)

(7)
3.8.1.7. TN10p (Cool nights)

The count of days where TN are below the 10" percentile. Let TN;; be the daily minimum

temperature on day i, in the period j and let TN;,,10 be the calendar day 10™" percentile
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centered on a 5-day window (calculated using a bootstrap procedure described in Zhang et
al., 2015, 2018). The percentage of time is determined where:
TN;; < TN 10

(8)
3.8.1.8. TX10p (Cool days)

The count of days where TX are below the 10" percentile. Let TX;; be the daily maximum
temperature on day i, in the period j and let TX;,10 be the calendar day 10" percentile
centered on a 5-day window (calculated using a bootstrap procedure described in Zhang et

al., 2015, 2018). The percentage of time is determined where:

TX;; < TX;n10

(9)

3.8.1.9. TN90p (Warm nights)
The frequency of warm nights where TN is above the 90" percentile. Let TN;; be the daily
minimum temperature on day i, in the period j and let TN;,,90 be the calendar day 90%"
percentile centered on a 5-day window (calculated using a bootstrap procedure described in
Zhang et al., 2015, 2018). The percentage of time is determined where:

TN;; > TN 90

(10)
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3.8.1.10. TX90p (Warm days)
The frequency of warm days where TX is above the 90™ percentile. Let TX;; be the daily
maximum temperature on day i, in the period j and let TX;,90 be the calendar day 90t
percentile centered on a 5-day window (calculated using a bootstrap procedure described in
Zhang et al., 2015, 2018). The percentage of time is determined where:

TX;j > TX;»90

(11)

3.8.1.11. WSDI (Warm spell duration indicator)

Let TX;; be the daily maximum temperature on day i in the period j and let TX;;,90 be the
calendar day 90™ percentile centered on a 5-day window (calculated using a bootstrap
procedure described in Zhang et al., 2015, 2018). Then the number of days per period is

summed up where, in the interval, of at least six consecutive days:

TX;; > TX;n90

(12)

A spell can continue into the next year and is accounted against the year in which the spell
ends.

3.8.1.12. CDSI (Cold spell duration indicator)

Let TN;; be the daily minimum temperature on day i in the period j and let TN;;,90 be the
calendar day 10™ percentile centered on a 5-day window (calculated using a bootstrap
procedure described in Zhang et al., 2015, 2018). Then the number of days per period is

summed up where, in the interval, of at least six consecutive days

TN;j > TN;,10
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(13)

A spell can continue into the next year and is accounted against the year in which the spell

ends.

3.8.2. Background to ET-SCI, software, and indices

The World Meteorological Organisation (WMO) Commission for Climatology (CCl) Expert
Team on Sector-specific Climate Indices (ET-SCI) agreed upon 34 core set indices in July 2011.
These were in part developed from the indices developed and maintained by the ETCCDI
(Alexander & Herold, 2016). The ET-SCI has developed a number of climate indices for use in
sector applications, based on experts from health, agriculture and water sectors (Alexander
& Herold, 2016). In addition, the ET-SCI developed user defined indices and new heatwave
and cold wave indices over a shorter period (i.e. 3 days) compared to the ETCCDI indices WSDI
and CDSI. It is important to note that the ET-SCI hasn’t been used before in South Africa. All
the selected ET-SCI indices used in chapters 7 and 8 will be discussed and defined below

(Alexander & Herold, 2016):

3.8.2.1. TNIt; (Hard freeze days)

The annual number of hard freeze days when TN are below -2°C:

TN < =2°C
(14)
3.8.2.2. SU35 (Very hot days)
The annual number of very hot days where TX are above 35°C:
TX >= 35°C
(15)
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3.8.2.3. TXb4TNg (User-defined consecutive number of cold days and nights)
Annual count of d consecutive days where both TX and TN are below the 5t percentile:

TX < 5th percentile and TN < 5th percentile, where 10 > d > 2

(16)

3.8.2.4. CSDIq4 (User-defined Cold Spell Duration Indicator)
Annual number of days contributing to events where d or more consecutive days where TN
are below the 10™" percentile:

TN < 10th percentile
(17)

3.8.2.5. CWN (Cold wave number)
The number of cold waves that occur each year defined by the Excess Cold Indices and Factor
(ECI; ECF). The ECI and ECF are defined as follows (Nairn & Fawcett, 2013):

Ti+Tiy1 +Tigz

EClgq = 3 — Tos,

(18)

where T is the 5% percentile of (T;) for the climate reference period, and

EClgeqt = =3 = (Tizs + =+ Ti30)/30,

(19)

leading to the excess cold factor,

ECF = —ECl5;g X min(=1, EClgccp).

(20)

The ECI,;; measures the degree of excess cold, whereas the ECl, . measures cold stress.

When the ECF is negative a cold wave is in progress (Nairn & Fawcett, 2013).
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3.8.2.6. CWD (Cold wave duration)
The length of the longest cold wave identified by the CWN, defined by the EHF. See discussion

and equation above.

3.8.2.7. TX4TNq (User-defined consecutive number of hot days and nights)
Annual count of d consecutive days where both:

TX > 95th percentile and TN < 95th percentile, where 10 > d > 2

(21)

3.8.2.8. WSDIq4 (User-defined Warm Spell Duration Indicator)
Annual number of days contributing to events where d or more consecutive days experience:

TX > 90th percentile

(22)

3.8.2.9. HWN (Heatwave number)

The number of individual heatwaves that occur each summer (November to March in the
southern hemisphere). A heatwave is defined as 3 or more days where the Excess Heat Factor
(EHF) is positive. The EHF is a combination of two excess heat indices (EHI; Perkins &

Alexander 2013, Perkins personal comms 2015):

TM; + TM;_, + TM;_,
3

EHI (accl.) = [ ] —[TM;_3 + -+ TM;_3,)/30]

(23)
TM; + TM;_, + TM;_,
3

EHI (sig.) = [ ] —TMy

(24)
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Where TM; represents the average daily temperature for day i and TMg is the 90t percentile
of TM, which is calculated within the user-defined base period, over the calendar year and

using a 15-day running window. TM is calculated via TM = (TX + TN)/2.

3.8.2.10. HWD (Heatwave duration days)
The length of the longest heatwave identified by the HWN, defined by the number of days.

See discussion above the previous equation.

3.9. Statistical trend analysis

Statistical trend calculation has been widely applied in climate science, particularly in extreme
temperature trend studies globally (i.e. Toreti & Desiato, 2008; Almazroui et al., 2014; Abatan
et al., 2016; Shrestha et al., 2017; Abatan et al., 2018; Rahimi & Hejabi, 2018; Salameh et al.,
2019; Yosef et al., 2019; Poudal et al., 2020) and in South Africa (i.e. Kruger & Shongwe, 2004;
New et al., 2006; Kruger & Sekele, 2013; Mackellar et al., 2014; Davis et al., 2016; Kruger &
Nxumalo, 2017; Kruger et al., 2019). Several trend estimation methods have been developed
for climate time series data and include not only linear curves, but also accelerated increases,
other non-linear behavior, and nonparametric descriptions (Mudelsee, 2019). The most
commonly used is the simple linear regression, to estimate the linear trend (slope) and
statistical significance via a Student-t test (i.e. Croitoru et al., 2016; Kruger & Nxumalo, 2017
Shrestha et al., 2017; Abatan et al., 2018; Kruger et al., 2019). It must be noted that linear
regression methods are prone to overestimate or underestimate slopes if a time series
contains very low or very high values at the beginning or ending of the period (Abatan et al.,
2016; Caloiero et al., 2017). The robust non-parametric Mann-Kendall trend test (MK; Mann,

1945; Kendall, 1955) is considered the most appropriate method to analyse trends in a
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climatological time series (Onoz & Bayazit, 2003; Machiwal & Jha, 2008; Some’e et al., 2013),
particularly for extreme temperature time series (New et al., 2006; Mackellar et al., 2014,
Abatan et al., 2016; Davis et al., 2016; Caloiero et al., 2017; Rahimi & Hejabi, 2018; Abatan et
al., 2018; Salameh et al., 2019; Yosef et al., 2019; Casto et al., 2020; Poudal et al., 2020). The
MK trend test compares the relative magnitudes of sample data and identifies monotonic
trends with an added advantage of its low sensitivity to change points due to inhomogeneous
time series (Tabari & Talaee, 2011; Abbas et al., 2018; Yosef et al., 2019; Casto et al., 2020;
Poudel et al., 2020). The Theil-Sen slope estimator (Sen, 1986) is used in conjunction with the
MK test, to quantify the magnitude of the trend slopes between every pair-wise combination
and to examine the median slope value (Sen, 1986; Davis et al., 2016; Yosef et al., 2019;
Poudel et al., 2020).

To calculate the trends of extreme warm and cold temperature events (Chapter 7, 8), the
Mann-Kendall trend test was used together with the Sen slope estimator to calculate the
trends of each index per weather station. In addition, the Spearman’s Rank correlation
coefficient was also calculated and used to cross-validate the MK trend test results and, if no
MK trend was found. Research indicates that both these methods are equally strong for long-
term data analysis (Daniel, 1978; Yue et al., 2002; Rahman et al., 2017); however, the MK test
is more interpretable and provides an unbiased estimate of the population parameters
(Daniel, 1978; Yue et al., 2002).

The MK trend analysis tests whether to reject the null hypothesis (Ho) or to accept the
alternative hypothesis (Ha), where no significant trend is present; H, means a monotonically
increasing (or decreasing) trend is evident (Mann, 1945; Kendall, 1975). The test static S,

which has mean zero, is calculated accordingly:
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=1 j=i+1
(25)
where
1 lf(X] —Xi) >0
sgn (x]- — xi) =4 0 if(xj—x)=0
-1 1f(x] - xi) < 0
(26)
where variance of the test statistic is:
nn—1)02n+5)=-Y" t;(t; — 1)(2t; + 5
Var(s) = ( )( ) — Xt ti(t; — 1)(2t; + 5)
18
(27)

Where n is the number of data points, m is the number of tied groups, and t;is the number of
observations in the ith tied group. Where the sample size n>10 the standard normal variable

Zis computed:

S—-1
—,if§>0
vVVar(S)

7 = 0,if S=0

S+l if S <0
—
VVar(S)

(28)

A positive value of Zindicates an increasing trend, and vice versa. With the two-tailed test, at
a given significance level a, the null hypothesis Ho is rejected for an absolute value |Z| >
Z1_q/2- Tests for significance are conducted at the 5% level (a=0.05) (i.e. Phanda et al., 2014;

Caloiero et al., 2017; Karki et al., 2019; Yosef et al., 2019; Poudel et al., 2020).
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The magnitude of the slope, B, was obtained from Sen’s non-parametric estimator of the

slope, which is calculated as follows (Sen, 1968):

Xi

x.
ﬁzMedian[ j],j<i

(29)

where B is Sen’s slope estimate. B > 0 indicates an upward trend in the time series.

The Spearman’s Rank correlation coefficient (SR) is another non-parametric test (Spearman,
1904) which can be used to detect monotonic trends with a time series and to measure the
degree of association between two variables (Daniel, 1978; Yue et al., 2002; Rauf et al., 2016).
The Spearman’s Rank correlation coefficient was calculated accordingly (Spearman, 1904;

Sneyers, 1990;):

63 [RMX: —i)°

=1 n(n? —1)

(30)

were R(Xj) is the rank of the ith observation X;in the sample of size n.
The Mann-Kendal test, Sen’s Slope estimator and Spearman’s Rank correction coefficient
were calculated using the add-in software XLSTAT 2020.2.1 (Addinsoft, 2020). The results

were tabled, for each index and per station (see Supplement Material Chapter 7; Supporting

Table 2-9 and Chapter 8; Table 8.3-8.8).

3.10. Spatial interpolation

The presentation of point data alone provides locations specific results and there is a need to

interpolate to understand the spatial patterns across the whole country. Thus, to get a
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country wide perspective, spatial interpolation was used to visually present mainly the results
of the seasonal classification in South Africa (Chapter 6), as well as the mean TX and TN in
chapters 7 and 8.

Several spatial interpolation techniques have been used for mapping climate related
variables, which can be grouped into non-geostatistical (deterministic) and geostatistical
interpolation methods (Chai et al., 2011; Tiengrod & Wongseree, 2013; Li & Heap, 2014). Non-
geostatistal interpolation methods include inverse distance weighting (IDW), and non-linear
interpolation as spline (Chai et al., 2011; Di Piazza et al., 2016). Geostatistical interpolation
methods include different varieties of kriging (i.e. ordinary, simple, and universal) (Di Piazza
et al., 2016). The appropriate interpolation method depends on the spatial data properties,
the aim of the study, complexity of topography and density of meteorological stations (Chai
etal.,2011; Kayikci & Kazanci, 2016). For the purpose of this study, deterministic interpolation
method IDW was used, given that in comparative studies of spatial interpolation methods to
estimate temperature variability over complex terrains, IDW performed well (e.g. Cao et al.,
2009; Chai et al., 2011; Kayikgi et al., 2016; Yang et al., 2016). In addition, it has been found
that IDW interpolates station data accurately (Zhou & Zhang, 2014). IDW is an interpolation
method which estimates the values of an attribute at predicted points, weighted by an inverse
function of the distance between the predicted point and sample points (Coa et al. 2009;
Tiengrod & Wongseree, 2013). A general form of IDW is (Coa et al., 2009; Tiengrod &

Wongseree, 2013):

n
Z(so) = Z AiZsy
i=1

(31)
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where Z, ) represents the estimated value at location s, n denotes the number of points
around the estimated point, and 4; is:

-p
A= L
AN d-P
i=1%i0

(32)

where di_op is the distance between location s, and the location s.
The IDW tool in ArcMap software was used to visually display the spatial patterns, the cluster
analysis outputs and start and end dates of summer and winter in chapter 6, along with the

mean TX and TN in chapters 7 and 8.

3.11. Conclusion

The data for all the research papers was collected from the SAWS climate database, whereby
35 and a smaller subset of 20 weather stations were selected and determined to have
sufficient data available to address the objectives set out under Section 1.3 of Chapter 1
(Introduction). The data was quality controlled, cleaned and checked for non-climatic shifts
using data homogenisation techniques and the timeseries was adjusted accordingly.
Statistical methods were compared to literature and applied to each relevant research paper

to address the objectives and aims of the specific research paper at hand.

47



Chapter 4: Overview of Papers

4.1. Introduction

This chapter provides an overview of each research paper produced, outlining the logic,
significance and importance of each (Chapters 5 to 8) and their collective contribution to
knowledge. This includes a brief description of the fifth research paper (Supplement Material:
Draft Article). This will be followed by the distinct linkages between the different research
papers and how these papers as a unit present new knowledge, as well as contributing to

understanding the importance of exploring and examining ETEs in South Africa.

4.2. Extreme temperature events in South Africa: A Review (Chapter 5)

The societal and environmental consequences of ETEs have prompted considerable interest,
and research of ETEs in the Global North is growing (Perkins-Kirkpatrick et al., 2017; Allen &
Scott, 2018; Chen et al., 2019). However, there remains a paucity of research on climatic
extremes, particular ETEs in Africa (see Section 4.2 and Supplementary Material Draft Article)
and specifically South Africa (New et al., 2006; Collins, 2011; Otto et al., 2015; Abatan et al.,
2018; Scovronick et al., 2018). As in most countries in Africa, South Africa faces many pressing
socio-economic needs and environmental stressors (Pasquini et al., 2013; Mambo &
Murambadora, 2017). The country’s location, topography, surrounding oceans, and
atmospheric dynamics heighten its vulnerability to extreme climatic events (Smith & Sheridan
2020). Several weather-related disasters have been recorded in the Centre for Research on
the Epidemiology of Disasters’ (CRED) Emergency Events Database (EM-DAT). From these
disasters, only three severe ETEs were recorded. Two of these were cold events on 6 July 1996
and 21 May 2007, which resulted in 30 casualties in KwaZulu-Natal province and 22 casualties

in Gauteng and the Eastern Cape provinces, respectively. Only one heatwave was recorded in
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the CRED database, on 1 January 2016; it lasted for 10 days and caused 11 fatalities and 20
injuries (EM-DAT CRED, 2020). Due to poor health surveillance and poor reporting of their
impacts, ETEs are considered under-reported in many developing countries, South Africa
among them (Ngwenya et al., 2018; Scovronick et al., 2018; Harrington & Otto, 2020). In fact,
many ETEs have been informally recorded in South Africa and have received attention due to
their frequency, incidence, and severity.

South Africa arguably has the most advanced research observation and climate modelling on
the continent (Ziervogel et al., 2014). However, only a limited number of studies have made
use of statistically and dynamically downscaled data and focused on extreme temperature
(ET) and ETEs (Ziervogel et al., 2014).

In this review paper literature was consulted, employing a wide-ranging search using key
words and phrases e.g. ‘extreme temperature + South Africa’, ‘temperature events + South
Africa’, and ‘temperature trends + South Africa’, and cross-checked through Google Scholar,
Science Direct and Web of Knowledge. Although research on ETEs in South Africa is limited,
10 emerging observational studies were examined that used meteorological station data as
their primary data source. This review paper explores several aspects. First it considers the
methodological approaches to define ETEs; second, it examines the extreme temperature
indices adopted; and third, it outlines the methods used to select meteorological stations and
proposes the approximate number of stations to adequately portray temperature variability
on a national and regional level. Fourth, this review paper analyses the study periods. It then
examines the data quality and homogeneity, as well as unpacking the statistical trend analysis
used and results found by each study. Finally, projections of ETEs under current climate

change conditions are reflected upon, along with the implications of cold and warm ETEs in a
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South African context. Ultimately, this review paper argues for a greater research focus to

improve the understanding of ETEs.

4.3, Statistical classification of South African seasonal divisions on the basis of daily
temperature data (Chapter 6).

A wide range of activities is influenced by differences in seasonality. This is particularly the
case in the agricultural sector, which must consider the length of growing seasons, the timing
of sowing and harvest, and the necessity of irrigation (Van der Walt & Fitchett, 2020). In
addition, climatic seasons influence tourism activities, resource management and energy
demand, economic planning, hydrology and health (Van der Walt & Fitchett, 2020). The ability
to accurately determine the beginning and end of seasons is crucial and of great importance
(Van der Walt & Fitchett, 2020). However, in a South African context, there is almost no
consensus on distinct seasonal boundaries. The most common seasonal boundaries are the
astronomical, meteorological and phenological divisions, which most studies use. Some
climatologists and research studies, meanwhile, classify seasons on an ad-hoc basis specific
to the study region, with classifications such as hot-season or post-rainy season for
convenience and to suit the data output, rather than having a direct relationship to calendar
months (Van der Walt & Fitchett, 2020).

This paper presents one of the very first uniform statistical classifications of South African
seasonal divisions on the basis of daily temperature data. For this study, daily maximum and
minimum temperature data was obtained from 35 selected SAWS meteorological stations
(Figure 1; Table 2 of Chapter 6) that had at least 30 years of data, spanning the period 1980-
2015. The daily average temperature (Tayg), Was also calculated for the study period. Seasonal

divisions were classified using cluster analysis and visually presented using ArcMap software,
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as described in Section 3.7.1 and 3.8. This research provides an insight into the complexity of
seasonality across South Africa (Van der Walt & Fitchett, 2020), as well as a direction for
temperature-related studies. It also outlines newly proposed seasonal brackets using
temperature metrics. This knowledge is crucial for many different sectors in South Africa,
especially for the development of adaptation strategies in monitoring seasonal temperature

variability (Van der Walt & Fitchett, 2020), and seasonal ETEs.

4.4. Trend analysis of cold extremes in South Africa: 1960-2016 (Chapter 7)

A disproportionate number of studies focus on extreme warm temperatures, compared to
extreme cold temperatures. Although less research has been done on extreme cold events
(‘cold waves’ or ‘cold snaps’), many of these events have adverse effects on regions in the
midlatitudes (Johnson et al., 2018) and may have profound environmental (Chen et al., 2019)
and societal consequences (Scott, 2015; Diaz et al. 2019). Exposure to extreme cold
temperatures can result in adverse outcomes. The human body can lose heat faster than it
produces it, which could lead to cold stress (hypothermia), resultant cardiovascular and
respiratory diseases and, ultimately, premature mortality (Barnett et al., 2012; Scott, 2015).
The little research that has been done on cold events has largely focused on the Northern
Hemisphere, partly due to the greater continental landmass as well as its proximity to the
north pole (Johnson et al., 2018). This results in a focus on extreme cold events in developed
countries rather than in developing countries where people are more vulnerable to these
events (Chen et al. 2019). Furthermore, the lag between cold weather and the impacts on
health is usually longer compared to warm weather and shows greater variability by cause

(Smith and Sheridan, 2018).
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Extreme cold temperatures pose significant threats to South Africa due to the country’s
limited preparedness relative to high income countries and its low adaptive capacity, along
with its urgent development needs and relatively inadequate infrastructure. This study
focusses specifically on extreme cold temperature events for the period 1960-2016 and
explores these events on an annual and seasonal scale. This study is the first to make use of
the ET-SCI in South Africa. These sector-specific climate indices consider health, water and
agriculture; they are derived from the ETCCDI, as discussed in Section 3.9.2. For comparative
purposes, an extension on previous analyses of the ETCCDI at annual and seasonal timescales
was presented for the full time period. This study will be the first to use both the ET-SCI and
ETCCDI to identify extreme cold trends in a South African context. The results not only
contribute to the awareness and recognition of the frequency and duration of extreme cold
temperature in South Africa but suggest that anomalously extreme cold events may persist in

a ‘warming world’.

4.5. Exploring extreme warm temperature trends in South Africa: 1960-2016 (Chapter 8)

Exposure to high temperatures over a prolonged period, i.e. heatwaves and warm spells, will
result in heat stress (hyperthermia; Lee 2014; Founda et al. 2019) which may lead to heat-
related illnesses such as cardiovascular diseases, heatstroke, heat exhaustion, and premature
mortality (Ngwenya et al. 2018). Several high-impact extreme warm temperature events have
been recorded in the Global North, among them the 2003 European and 2010 Russian
heatwaves which resulted in more than 70,000 and 10,000 human fatalities, respectively
(Simmonds 2018; Ragone et al. 2018). These events received significant public and scientific
attention due to the severity and societal impacts (Perkins et al. 2012; Simmonds 2018). This

sparked a global interest in these extreme heat events, particularly under current climate
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change projections that indicate the likely increase in incidence, duration and severity of
heatwaves and warm spells across both the Northern and Southern hemispheres (Alexander
et al. 2006; Perkins et al. 2012; Perkins-Kirkpatrick et al. 2017). Despite the increase in
attention, these events are still inadequately understood and sometimes ignored (Lee 2014;
Pelling et al. 2017), especially in developing countries such as South Africa.

The region’s exposure, without reduction in vulnerability to extreme weather such as
heatwave events, is likely to increase significantly throughout the 215t century (Davis-Reddy
& Vincent 2017). These expected increases in vulnerability to extreme heat events pose a
significant threat to a developing country (Abatan et al. 2016) like South Africa. South Africa
faces pressing socio-economic development needs, compounded by environmental stressors;
this, combined with a growing and urbanising population, implies greater exposure to these
events (Pasquini et al. 2013; Davis-Reddy & Vincent 2017). This study aims to provide updated
trends of extreme warm temperature on an annual and seasonal timescale for the period
1960-2016, for all ETCCDI temperature indices previously used. This study is the first to use
ET-SCI, which are sector-specific climate indices that consider health, water and agriculture
and are derived from the ETCCDI. This study attempts to understand the nature of heat
events, as well as to examine the frequency, incidence, and severity of these events at

different spatial and temporal scales, which is vital for adaption purposes.

4.6. Extreme temperature events: African vulnerability in the Global context (Supplementary
Material: Draft Article)

Extreme climatic events have always had and will continue to have dramatic impacts on
societies and ecosystems. The Fifth Assessment Report (Nicholls et al., 2012; Hartman et al.,

2013) and the 2018 Special Report of the IPCC affirm that climate change has increased the
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intensity, incidence and severity of climatic extremes, in particular ETEs, and may continue
into the future (Smith, 2011; Mueller & Seneviratne, 2012; Nicholls et al., 2012; Hartmann et
al., 2013; Kharin et al., 2013; IPCC 2018, Akinyemi & Abiodun, 2019). Observational and
modelled projections identified regional hotspots, over lower latitude countries including
those in sub-Saharan Africa, with severe changes in both anomalous temperatures and heat
stress (Harrington & Otto, 2020). Also, widespread persistent changes to extreme
temperatures have occurred earlier than predicted, over large parts of the world (Li et al.,
2018). Research into the frequency of ETEs and casualties caused over recent decades is
mainly focused on the Global North and neglects most of the world’s less developed regions
(Sheridan & Allen, 2015; Perkins-Kirkpatrick et al., 2017; Allen & Scott, 2018; Chen et al., 2019;
CRED, 2019; Harrington & Otto, 2020), for which such events are likely to have significant
impacts (Mirza, 2003; Thornton et al., 2014; Abatan et al., 2018; Nangombe et al., 2019).
The associated risks of these events are expected to increase in low-income, developing
countries where adaptive capacity is limited (Herold et al., 2017; Filho et al., 2018). These risks
in developing countries are exacerbated where agriculture and food security constitute the
livelihood of populations, as is the case in most African countries (Herold et al., 2017; Akinyemi
& Abiodun, 2019). Further, developing countries face multiple barriers to implementing
detection frameworks, such as poor governance, sparsely distributed meteorological station
networks, expertise, and poor reporting structures on ETEs (Harrington & Otto, 2020).

Only a limited number of review papers exist that focus primarily on ETEs, in the context of a
developing country. Most review papers provide an overview of extreme climatic events
(Easterling et al., 2000; Coumou & Rahmstorf, 2012), in reference to vulnerability to climate
change (Thornton et al., 2014); attribution of extreme events (Stott et al., 2016); and modelling

of extreme events (Bellprat, 2019) in relation to ETEs. Furthermore, many of these review
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papers concentrate on the Global North with very little focus on the Southern Hemisphere.
Researchers reviewing scientific advances i.e. in extreme heat events and cold events highlight
the disproportionate number of studies examining the developed world (Sheridan & Allen,
2015; Chen et al., 2019; Harrington & Otto, 2020) and recommend that more research is
needed in developing countries (Horton et al., 2016; Harrington & Otto, 2020), such as those
in Africa.

This paper will be one of the very first review papers in an African context, which will explore
international literature on ETEs and contribute to the limited ETEs research that has already
been done in the Southern Hemisphere. It will also examine existing research on ETEs in Africa,
and highlight the continent’s vulnerability to these events in a global context, as well as
emphasising the importance of research on these events in a developing country with limited
adaptive capacity to climatic changes. This review starts off by defining ETEs. Thereafter, the
international literature on ETEs is examined, together with the climatological drivers of these
events. Finally, a critical analysis of research already conducted on the African continent is

presented, in the context of its vulnerability to ETEs.

4.7. Connections and links among papers, and contribution to new knowledge

In these papers, a critical analysis of ETEs is presented. In short and as a unit these papers
(Supplementary Material: Draft Article, Chapters 5 to 8) achieve three aims. Firstly, they
review and examine the vulnerability of the African continent to ETEs; secondly, they provide
the very first critical analysis on ETE studies in South Africa and propose the approximate
number of stations to adequately portray temperature variability on a national and regional
level. Thirdly, they present newly defined seasonal divisions, as well as start and end dates of

seasons based on temperature metrics. Fourthly, they present updated trends on previously
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used ETCCDI on an annual and seasonal scale for both extreme cold and warm temperature
events on an annual and seasonal scale. Ultimately, collectively, they present the very first
trend analysis of ET-SCI in a South African context for both extreme cold and warm

temperature events on an annual and seasonal scale.

The regional review of ETEs in South Africa highlights the paucity of research that has been
done not only on climate extremes, but in particular ETEs. In addition, an approximate
number of stations is proposed to adequately portray temperature variability on a national
and regional level. The extreme cold and warm temperature trend analyses were conducted
to contribute to existing knowledge of ETEs; this extends on previous trends of the ETCCDI
and presents the very first trends of the sector-specific ET-SCI, on an annual and seasonal
scale. Additionally, the extreme cold temperature research paper is one of the very first
papers which solely focuses on trends of extreme cold events. This prevents biased results
and provides the opportunity for better understanding of extreme cold events, seeing that
these anomalously extreme cold events may persist in a ‘warming world’. The statistical
classification of the newly proposed seasonal divisions grants new insight into temperature
variability and seasonality across South Africa, as well as presenting the opportunity to
examine and explore the seasonality of ETEs in South Africa, based on temperature metric

seasonal boundaries.

4.8. Conclusion
These papers, as a unit, critically analyse ETEs in South Africa and contribute to existing
knowledge as well as presenting new knowledge on ETEs in a South African context. This is

crucial for the development or update of adaptive policies and preventative measures.
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Chapter 5: Extreme temperature events in South Africa: A Review

5.1. Brief synopsis

This review paper presents the first review of ETEs in South African context, which explores the

existing literature on ETEs in South Africa and argues for greater research focus to improve

the understanding of ETEs.
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5.2. Abstract

Extreme Temperature Events (ETEs), including heatwaves, warm spells, cold waves and cold
spells, have disastrous impacts on human health and ecosystems. The frequency, intensity,
and duration of ETEs is projected to increase due to climate change. However, very little
research has been published on ETEs in South Africa, and only a few attempts have been made
to identify and examine trends. Currently, 10 known publications examined ETE across South
Africa, with the majority of studies using the South African Weather Service (SAWS) climate
database as primary source. The general findings indicate that the incidence and duration of
extreme warm temperatures are increasing, while cold extremes are decreasing. However,
inconsistencies exist in the indices used to identify ETEs, selection of meteorological stations,
study period, and statistical methods used to examine trends. We review the methodological
approaches to define ETEs, the extreme temperature indices adopted, explore selection
methods of meteorological stations and propose approximate number of stations to
adequately portray temperature variability on a national and regional level, analyse the study
periods, examine the data quality and homogeneity, statistical trend analysis, and results.
Finally, we reflect on projections of ETEs under current climate change conditions, and the
implications of cold and warm ETEs in a South African context.

Key words: Extreme temperature events (ETEs), Extreme temperature indices,

Meteorological stations, Data quality, South Africa

5.3. 1. Introduction
Africa is considered to be the most vulnerable continent to climate change, due to the high
exposure and low adaptive capacity (Otto et al., 2015; Russo et al., 2016; Ceccherini et al.,

2017; Nkemelang et al., 2018). Based on the Centre for Research on the Epidemiology of
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Disasters’ (CRED) Emergency Events Database (EM-DAT) between 2000-2019, Africa
experienced 1,143 weather-related catastrophes, which affected a total of 337 million people
and resulted in 46,078 fatalities (EM-DAT CRED, 2019). It is estimated that extreme
temperature events (ETEs) affected 27 million people across Africa, which resulted in 270
fatalities, and 260 injuries (EM-DAT CRED, 2020).

Heat and cold events over prolonged periods can lead to hyperthermia or hypothermia,
respectively. Thermal stress can result in heat- and cold-related illnesses including
cardiovascular diseases, respiratory diseases, heat stroke, damage to the brain, heart, lungs
and kidneys, decreased metabolic activity and can result in mortality (Scott 2015; Allen &
Scott, 2018). The societal and environmental consequences of ETEs prompted considerable
interest, and research of ETEs in the global north is growing (Perkins-Kirkpatrick et al., 2017;
Allen & Scott, 2018; Chen et al., 2019). However, there remains a paucity of research on
climatic extremes, in particularly ETEs, in Africa, and specifically South Africa (New et al., 2006;
Collins, 2011; Otto et al., 2015; Abatan et al., 2018; Scovronick et al., 2018).

South Africa faces many pressing socio-economic challenges and environmental stressors
(Pasquini et al., 2013; Mambo & Murambadora, 2017). The location, orography, oceanic
surroundings, and atmospheric dynamics of the country heightens the vulnerability to
extreme climatic events (Smith & Sheridan 2020). In the past three decades, the EM-DAT
recorded 91 weather related-disasters in South Africa which resulted in 1,792 casualties,
2,409 injuries, left 58,000 people homeless, and affected an estimated 2 million people across
the country (EM-DAT CRED, 2020). Of these weather-related disasters, three severe ETEs
were recorded. On 6 July 1996, a cold wave in KwaZulu-Natal Province resulted in 30
casualties. Gauteng and the Eastern Cape Province experienced a cold snap on 21 May 2007,

which lasted for two days and led to 22 casualties. The only heatwave recorded in this
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database occurred in North-West Province on 1 January 2016 which lasted for 10 days and
resulted in 11 fatalities and 20 injuries (EM-DAT CRED, 2020). However, due to poor health
surveillance, the impacts of ETEs are considered under-reported in many developing
countries, including South Africa (Ngwenya et al., 2018; Scovronick et al., 2018).

Indeed, over the past five years many ETEs were informally recorded in South Africa and
received media attention due to their frequency, duration, and severity. In 2019, several cold
fronts have been documented in Gauteng during the end of June and beginning of July, which
led to cold days and nights, which led to at least one casualty due to hypothermia in
Dobsonville, Soweto (Matlhare, 2019). The most recent intense cold front in South Africa
occurred on 6 July 2020, which was followed by another cold front on 11 July (Pace 2020).
This led to very cold temperatures across the country, together with snowfall on the southern
high ground and infrastructural damages to informal settlements due to flooding in the
Western Cape (Pace, 2020). At the end of September 2019, parts of the Eastern Cape and
Western Cape experienced unseasonable record high mean maximum temperatures for
September (Head, 2019).

South Africa arguably has the most advanced research observation and climate modelling on
the continent (Ziervogel et al., 2014). However, only a limited number of studies have made
use of statistically and dynamically downscaled data and focused on extreme temperature
(ET) and ETEs (Ziervogel et al., 2014). This review paper critically explores the existing
literature on ETEs in a South African context and argues for a greater research focus to
improve the understanding of these events. We explore discrepancies between papers in
defining ETEs and the indices used, the statistical approaches in trend analysis, and the
selection of meteorological stations for inclusion. We also consider the published projections

for ETEs under climate change, and the reported impacts on the implications of these events.
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5.4. 2. Defining ETEs and indices thereof

Extreme climatic events can be defined as rare, infrequent, unpredictable climate
phenomena, characterized either by the meteorological characteristics or the consequent
impacts (Stott et al., 2016; Vogel et al., 2019). However, there is little consensus in the
published literature regarding the classification process for ETEs (Allen & Scott, 2015; Radovic
& llglesias, 2019), and no universal definition exists for ETEs (Perkins-Kirkpatrick & Gibson
2017; Sheridan & Lee, 2018). The lack of a consistent definition or classification process poses
considerable challenges in the characterization of these events (Seneviratne & Zwiers, 2015).
The most common terms used to classify ETEs in the literature include warm (cold) events,
heatwaves (cold waves), warm (cold) spells. Each of these have a specific definition and
criteria, yet the details on each remain disputed. At the most simplistic, the South African
Weather Service (SAWS) classify a heat wave as “the maximum temperature (TX) should meet
or exceed the average maximum temperature of the hottest month for that particular place
by 5°C, as well as persist for at least three days or more” (SAWS 2020; Malherbe et al., 2020,
p.2). Heatwaves can similarly be simplistically defined as a period where at least three
consecutive days exceed their respective calendar-day 90™ percentile for maximum
temperatures (Perkins-Krikpatrick & Gibson, 2017). Following this approach, cold waves can
be defined as a temperature drop that persist at least two consecutive days below a certain
threshold (WMO, 2016). However, some specify that the minimum temperature (TN) must
be at least three consecutive days below the 10t percentile (Zhang et al., 2018b). Warm and
cold spells can likewise be defined in terms of a set threshold, but the time span is extended
to at least six days. However, this definition is problematic due to the rarity of six-day events

(Phanda et al., 2014).
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These simplistic definitions of ETEs are determined by the extent of the deviation from the
statistical mean daily, monthly, or annual temperatures for a given location or region
(Easterling et al., 2000; Lewis & King, 2017). The threshold for which a deviation is indicative
of an ‘extreme event’, however, is largely debated (Lewis & King, 2017). Another distinction
concerns definitions based on absolute temperatures versus percentiles (Horton et al., 2016).
Absolute temperatures are of importance to societal and environmental impacts such as
resilience of infrastructure, whereas percentiles facilitate comparisons between locations,
relative to the local climatology (Horton et al., 2016). Alternative approaches classify events
on the basis of the societal impact such as mortalities resulting from ETEs (Easterling et al.,
2000; Lewis & King, 2017). In these instances, the human thermal threshold plays a role in
classifying an ETE (Vardoulakis et al., 2014; Napoli et al., 2018). Recent approaches such as
the Universal Thermal Climate Index (UTCI) attempt to explore thermal comfort as a measure
of ETE, coupling the temperature with a wider range of meteorological parameters such as
humidity and windspeed (Blazejcyk et al., 2013; Napoli et al., 2018). These allow for ETEs to
be classified on the basis of the biometeorological impact without deaths necessarily
occurring, which standardizes for the impact of varied levels of healthcare (Napoli et al.,
2018). The most widely used approaches to calculate ETEs are the indices developed and
recommended by the World Meteorological Organization (WMO) CCI/CLIVAR Expert Team on
Climate Change Detection, Monitoring and Indices (ETCCDMI/ETCCDI; Zhang et al., 2018b;
Ren et al., 2018), which describe characteristics of extremes that include the frequency,
amplitude and duration (Tank et al., 2009). These indices can be grouped into four categories
(1) absolute indices (e.g. TXx, TNx, TXn, TNx) (2) threshold indices (e.g. SU25, FD); (3)
percentile indices (e.g. TX90p, TN90p, TX10p, TN10p) (4) durations indices (e.g. WSDI, CDSI)

(Supplement material 1; Alexander & Herold, 2016). The key approach of indices is the
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calculation of the number of days in a year that exceed a specific threshold (Tank et al., 2009;
Yu & Li, 2015). Many of the indices are percentiles threshold-based, to assess moderate
extremes that typically occur a few times every year rather than high impact, one in a decade
weather event (Yu & Li, 2015).

Discrepancies were found in the approaches to classify and identify the ETEs across the 10
publications (Table 1; Table 2). These methods range from indices which were developed by
Collins (2000), used together with temperature forecasting categories from SAWS
(Supplement material 2; Kruger & Shongwe, 2004), threshold and percentile-based indices
(Supplement material 3; Mackellar et al., 2014), threshold based indices and temperatures
above the norm (Van Wilgen et al., 2016), the Standardized Heat-wave Index (SHI; Malherbe
et al., 2020), and the most extensively used ETCCDI temperature indices (Supplement
material 1; New et al., 2006; Kruger & Sekele, 2012; Davis et al., 2016; Kruger & Nxumalo,
2017; Kruger et al., 2019; Mbokodo et al., 2020). The indices used by Kruger and Shongwe
(2004), Mackellar et al. (2014) and Van Wilgen et al. (2016) are similar to the ETCCDI indices.
However, different sets of threshold values were used in identifying the ETEs. For instance,
Kruger and Shongwe (2004) combined indices developed by Collins (2000) and temperature
categories employed by the forecasting division of SAWS, defining a hot-day event as 3-5
consecutive days with maximum temperatures (TX) 230°C , and a cold-day event as 3-5
consecutive days with minimum temperatures (TN) <19°C. Van Wilgen et al. (2016) used two
methods: first identifying months in the top and bottom 2.5% of normalized monthly TX and
TN, and then the occurrence of temperatures > 35°C and <0°C. Malherbe et al. (2020, p.2)
used the SHI, “a comparison of a three-day cumulative TX relative to the historical

distribution of such cumulative values during the relevant month”, to investigate droughts in
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the Kruger National Park using the extreme climate index (ECI), derived by combining a
temperature-based (e.g SHI) and rainfall-based index.

The remaining studies made use of the percentile-, absolute- and duration-based indices
(Figure 1: Table 1). Percentile-based indices are more evenly distributed in space than fixed
thresholds and are arguably meaningful in every climatic region (Tank et al., 2009; Yin & Sun,
2018). In addition, percentile-based indices assess relative extreme events e.g. heatwaves
(cold waves) which can occur during colder (warmer) seasons that may not reach a specific
ET threshold, but could affect the growing season, and the agricultural and economic sectors
(Mboko et al., 2020). The absolute indices were used five times, similar to the duration indices
(Figure 1). On further investigation, it is evident that New et al. (2006), Mackellar et al. (2014),
and Davis et al. (2016) used the threshold indices and only New et al. (2006) incorporated the
cold days (ID index) in their analysis. Whereas only three authors used the annual diurnal
temperature range (DTR; Figure 1; e.g. New et al., 2006, Davis et al., 2016, Mboko et al.,

2020).

Table 5.1: (Table 1) Indices used by publications grouped into absolute, threshold, percentile, and

duration indices.

Studies Absolute Threshold Percentile Duration
indices indices indices indices

Kruger and Shongwe, 2004 X

New et al., 2006 X X X X

Kruger and Sekele, 2012 X X X

Mackellar et al., 2014 X X

Davis et al., 2016 X X X X

Van Wilgen et al., 2016 X

Kruger and Nxumalo, 2017 X X X

Kruger etal., 2019 X X X

Malherbe et al., 2020 X

Mbokodo et al., 2020 X X

Total 6 5 7 6
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Table 5.2: (Table 2) Published ETE studies in South Africa

Authors Research topic Study Period Study Region Stations Data Indices used Statistical analysis
used
Kruger and Shongwe, Temperature trends in SA 1960-2003 South Africa 26 SAWS Percentile and threshold- Linear trend
2004 based & temperature
categories (SAWS)
New et al., 2006 Trend in daily climate extremes 1961-2000 southern Africa 8 SAWS ETCCDMI Kendall’s tau and least
square linear trend
Kruger and Sekele, Trends in extreme temperature 1962-2009 South Africa 28 SAWS ETCCDI Linear trends and t-test
2012 indices
Mackellar et al., 2014 Observed and modelled trends 1960-2010 South Africa 30 CCWR & Percentile & threshold- Man-Kendall and Sen’s
SAWS based indices slope
Davis et al., 2016 Recent trends in the climate of 1982-2009 Namaqualand 5 SAWS ETCCDI Mann-Kendall and
Namaqualand Theil-Sen’s slope
Van Wilgen et al., 2016 Rising temperatures and 1960-2010 South Africa 19 SAWS Threshold-based and Linear regression and
changing rainfall patterns in SA’s above the norm LOWLESS
national parks
Kruger and Nxumalo, Surface temperature trends 1931-2015 South Africa 27 SAWS ETCCDI Linear trends and t-test
2017
Kruger et al., 2019 Historical and projected trends in 1951-2005 South Africa 22 SAWS ETCCDI Linear trends and t-test
near-surface temperature indices
Malherbe et al., 2020 Drought in the Kruger National 1961-2017 Kruger National 3 SAWS SHI -
Park Park
Mbokodo et al., 2020 Heatwave in the future warmer 1983-2012 South Africa 24 SAWS ETCCDMI Kendall’s tau-based

climate

slope estimator
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Figure 5.1: (Figure 1) Number of times ETCCDI temperature indices were used.

5.5. 3. Review of results and methodologies used to calculate ETEs from meteorological
station data in South Africa

Although research on ETEs in South Africa is limited, emerging observational studies examine
ETEs using meteorological station data (Table 2). Some of these studies combined station data
with modelled data to project future ET trends over the same period to identify possible
strengths or weaknesses in the modelled approaches (e.g. Mackellar et al., 2014; Kruger et
al., 2019; Mboko et al., 2020). For this review, only observational studies’ methodologies and

results will be examined.

5.6. 4. Meteorological Stations Data
All but one (Mackeller et al., 2014) of the studies used the SAWS climate database as primary
source. Mackellar et al. (2014) combined the SAWS databased with data collected by the

Computing Centre for Water Resources (CCWR; Table 2). It is important to note that this study
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is the only study which does not provide a list of stations, and thus is excluded from most of
the analyses.

A total of 64 meteorological stations were used across the remaining studies, spatially
distributed across South Africa (Figure 2; Supplement material 4). Only Kruger and Sekele
(2012) and Mackellar et al. (2014) broadly grouped the meteorological stations to present
their results. Kruger and Sekele (2012) used general characteristics of the mean temperatures
in South Africa while Mackellar et al., (2014) used the Long-Term Adaption Scenarios Flagship
Research Programme (LTAS), for assessment of climate change on water resources and

divided South Africa into six water management zones.
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Figure 5.2: (Figure 2) Meteorological stations used in ETE studies

Some stations are used more frequently than others (Figure 3). Stations that have been used

>4 times include Musina and Polokwane located in Limpopo, Skukuza in Mpumalanga,
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Vryburg in North-West, Emerald Dale in KwaZulu-Natal; Upington, Vanwyksvlei and Pofadder

in the Northern Cape; Mosselbay, Cape Agulhas, Langegewens, Cape Point, Cape Columbine

in the Western Cape; Port Elizabeth in the Eastern Cape and Glen College in the Free State

Province (Figure 3). The data availability and quality of the stations played a significant role in

station selection.
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Figure 5.3: (Figure 3) Number of times each meteorological station was used.

Davis et al. 2016 investigated regional climate trends, using only five stations located in the

Namaqualand region. Malherbe et al. (2020) and Van Wilgen et al. (2016) each used a

selection of stations located near or in the Kruger National Park, and South Africa’s national

parks, respectively. New et al. (2006) examined southern African daily climate extremes, thus
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including stations from neighboring countries and only eight stations in South Africa. The rest
of the studies examined ET and ETE trends across South Africa (Table 2).

The optimal spatial resolution to monitor temperature variability over areas of interest
remains contentious (Trewin, 2010). For example, Jones and Trewin (2002) and Vose and
Menne (2004) recommend that a station density of 100-200 stations is sufficient to define
temperature variability to a recent degree of accuracy over the size of United States
(9,826,675km?) or Australia (7,692,024 km?). Applying these recommendations to South
Africa on national and provincial levels by using surface areas as captured in the South African
Yearbook (SAYB) 2018/2019 (Mokoena, 2019), a network of approximately 21 stations would
provide a recent degree of accuracy of the countrywide temperature variability (Table 3). This
aligns with the argued spatial density used by Kruger and Nxumalo (2017). The approximate
minimum number of stations on a provincial level, to provide an adequate idea of the
temperature variability would thus be three stations for the Eastern Cape Province, two
stations for the Free State, Kwazulu-Natal, Limpopo, North-West and Western Cape Province,
one stations for Gauteng Province and six stations for the Northern Cape Province (Table 3).
However, due to the heterogeneity of South Africa’s climate in comparison to the surface area

(Kruger & Nxumalo, 2017), it can be argued that more stations are required.
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Table 5.3: (Table 3) Approximate minimum number of stations equated from Jones and Trewin (2002)

and Vose and Menne (2004), together with stations used by authors on a provincial and national level.

Provinces Size Approx. Kruger New Davis Van Kruger Kruger Malherbe Mboko
(km?) min and et et Wilgen and etal., et al, et al.,
number | Shongwe, al., al., etal,, Nxumalo, 2019 2019 2020
of 2004 2006 2016 2016 2017

stations
Eastern Cape 168966 3 4 2 - 2 1 1 - 3
Free State 129825 2 2 1 - 1 1 1 - 3
Gauteng 18178 1 2 1 - - 5 2 - 1
KwaZulu-Natal 94361 2 4 1 - - 2 4 - 3
Limpopo 125754 2 3 - - 1 3 3 3 3
Mpumalanga 76495 1 1 - - 1 1 - - 2
Northern Cape 372889 6 2 1 5 6 2 3 - 5
North-West 140882 2 1 - - - 2 1 - 2
Western Cape 129462 2 7 2 - 5 8 7 - 2
South Africa 1219602 21 26 8 5 19 27 22 3 24

Using

ArcMap 10.7.1 software to map the stations included in the studies, the minimum, maximum
and average distance between the nearest neigbours (Table 4), were calculated using the
‘calculate distance band from neighbour’ count tool, which employs the Euclidean distance
method (Bajjali, 2018). The minimum and maximum distance between stations used were
43km and 298km, respectively, while the average distance was 155km (Table 4). The shortest
distance of 1km was evident for the stations in Kruger and Nxumalo (2017) due to Pretoria
PUR and Pretoria which are in close proximity. Whereas the longest and average distance of
502km and 237km respectively were found in New et al. (2006), which used eight stations
evenly distributed across South Africa. These results, together with the results from the
surface areas, can be used as a set of parameters in selecting meteorological stations to
examine temperature variability across South Africa and other climatological features which

use station data.
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Table 5.4: (Table 4) Maximum, minimum, and average distance between stations used in publications.

Studies Number of stations Maximum (km) Minimum (km) Average (km)
Kruger and Shongwe, 2004 26 278 6 109
New et al., 2006 8 502 54 237
Kruger and Sekele, 2012 28 290 5 154
Davis et al., 2016 5 121 106 115
Van Wilgen et al., 2016 19 354 29 188
Kruger and Nxumalo, 2017 27 325 1 124
Kruger et al., 2019 22 326 42 148
Malherbe et al., 2020 3 146 140 141
Mbokodo et al., 2020 24 340 5 180
Averages 18 298 43 155

5.7. 5. Study period

Most of the studies use records commencing in the 1960s and extending into the 2000s and
2010s (Table 2; Figure 4), due to the reports of data gaps prior to 1960 (New et al., 2006;
Kruger & Sekele, 2012; Mackellar et al., 2014; Kruger & Nxumalo, 2017). According to the
WMO, a general rule is to use at least a 30-year period to get a reliable estimate of the mean
and average (WMO, 2000). The majority of studies adhered to this rule, except Van Wilgen et
al. (2016) which included study periods with <30 years. Only two studies examined ETEs,
Kruger and Nxumalo (2017) and Kruger et al. (2019) using data sets starting in the 1950s and
1930s, respectively (Figure 3). However, it is important to note that Kruger and Nxumalo
(2017) only examined warm and cold spells (WSDI and CDSI) over the period of 1981 to 2010,
and not the extended period (Table 2). Furthermore, almost all the studies examine ETEs at
an annual resolution, and only a few attempts investigate ETEs on an annual and seasonal
resolution (e.g. Mackellar et al., 2014; Davis et al., 2016; Malherbe et al., 2020). The period
of overlap between all of the studies, and thus the period for accurate comparison of the

impact of methodological choices on result, is 1980-2010 (Figure 4).
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Figure 5.4: (Figure 4) Study periods used by authors (the dotted line indicates the year of publication).



5.8. 6. Data quality and Homogeneity

Meteorological data are prone to errors due to system malfunction, and resultant data gaps,
incorrect values and possible outliers, and usually contain artificial shifts due to inevitable
changes, such as human-induced error or faulty measuring equipment (Klein Tank et al., 2009;
Salameh et al., 2018). These can lead to bias in the results of climate trends and extreme
analysis (Kruger & Nxumalo, 2017). Data quality checks and homogenization techniques are
used, which is key for time series data analysis in order to identify and adjust for non-climatic
variations (Klein Tank et al., 2009; Kruger and Nxumalo, 2017). Some of the methods used
include the use of metadata from the stations to check for inconsistencies over the study
period (Kruger & Shongwe, 2004; Kruger & Sekele, 2012; Makcellar et al., 2014), RClimDex
software for quality control checks (New et al., 2006; Davis et al., 2016; Mboko et al., 2020),
including only stations with <10% missing data or >20 years (Van Wilgen et al., 2016), and
combining the RClimDex software with RHtestsV4 software (Kruger & Nxumalo, 2017; Kruger
et al., 2020), developed and recommended by the WMO ETCCDI, which detects, and adjusts
multiple change points that could exist, using the penalized maximal t-test and F-test (Kruger

and Nxumalo, 2017; Zhang et al., 2018b).

5.9. 7. Statistical trend analysis

In additional to the identification of the ETEs, statistical trend analysis was used in some cases
over the respective study periods (Table 2). These statistical analyses range from linear trend
analysis (Kruger & Shongwe, 2004), non-parametric Mann-Kendall test together with the
Sen’s slope estimator (Mackellar et al., 2014; Davis et al., 2016; Mbokodo et al., 2020), non-
parametric Kendall’s tau test, similar to the Mann-Kendall test, together with the least square

linear trend (New et al., 2006), linear trend analysis, together with the t-test (Kruger & Sekele,
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2012; Kruger & Nxumalo, 2017; Kruger et al., 2019) and linear regression, with locally
weighted polynomial regression (LOWLESS) (Van Wilgen et al., 2016). In total, four studies
used the Mann-Kendal test together with the Sen’s Slope, while four studies use Linear trends
and t-test. It is evident in all these studies and in the literature that there are multiple
methods to analyze time series data trends. Many studies make use of the non-parametric
Mann-Kendall test because it makes no assumptions about the distribution of the data or the
linearity of any trends (New et al., 2006; Davis et al., 2016). However, the specific reasons for

the selection of statistical approaches are not clearly stated.

5.10. 8. Results

Kruger and Shongwe (2004) found that there was a general increase in days with warmer
temperatures while days with cooler temperatures have decreased. In general, most of the
stations (23 of 26) showed an increase in hot-day events, with a decrease in cool-day events
(Kruger & Shongwe, 2004). Significant increases in warm-night events occurred in the interior
and coastal stations across South Africa, with some spatial coherence on the West coast,
Eastern Cape, Kwazulu-Natal, Gauteng, and Mpumalanga Province. Similar significant
decreases in cold-night events occurred in the same areas (Kruger & Shongwe, 2004). New et
al. (2006) made similar observation and found a significant decrease in the number of cold
days and nights over South Africa, with significant average increases in warm days and nights
(0.160 and 0.194°C/decade). Furthermore, a general decrease in average cold spell events
were evident (-0.54 days/decade), except for significant increases experienced in Emerald
Dale in KwaZulu-Natal and Port Elizabeth in the Eastern Cape Province. However, significant
increases were experienced in average warm spells (2.4 days/decade) across the country

(New et al., 2006).
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The majority of the stations used by Kruger and Sekele (2012), are calculated to have
experienced increases in warm extremes, with the strongest trends along the southern
coastline. The western half and the northern interior of South Africa experienced the
strongest increasing trends (Kruger & Sekele, 2012). Also, signs of significant increases in
heatwaves in the extreme northern parts of the western and northeastern interior (6.74
days/decade), especially during the warm summer months were found, while significant
decreases in cold spells were detected in the northeastern interior (-4.08 days/decade) and
northern part of the western interior (Kruger & Sekele, 2012). In general, Mackellar et al.
(2014), found that high ETs have increased significantly in frequency, while a decrease was
foundin low ETs annually and seasonally, but particularly in the western and northern interior
of the country.

Davis et al. (2016) reported that the occurrence of warm extremes has increased, and cold
extremes decreased over the Namaqualand region, together with increases in warm spell
days in all the stations used, with two stations (Pofadder and Springbok) being statistically
significant. Similarly, a marked increase in number of days >35°C has been found in most of
the national parks (Van Wilgen et al., 2016), with significant increases in five parks(Addo
Elephant, Kalahari Gemsbok, Mapungubwe, Richtersveld and West Coast), two of which are
located in the Namaqualand region . The highest rates of temperature increase were found
in SANParks, Mapungubwe. Temperatures <0°C were occurring progressively less frequently
in Kalahari Gemsbok and Mokala, with temperatures annually dropping below this threshold
in Mountain Zebra, Tankwa Karoo and Golden Gate Highlands.

Kruger and Nxumalo (2017) report that all stations (25 of 27), except Calvinia in the Northern
Cape Province, experienced negative trends in cold nights. The opposite trend was found for

warm nights, with statistically significant positive trends for most stations (22 of 27). In
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contrast to the findings of Kruger and Sekele (2012) and Mackellar et al. (2014), non-
significant trends were found in the central parts of the country (Kruger & Nxumalo, 2017). In
addition, an overwhelming majority of stations reflected a general warming trend in annual
ET, in contrast to Kruger and Sekele (2012). Negative trends in duration of cold spells were
found (-1 day/decade) in all the stations used by Kruger and Nxumalo (2017), with the
strongest negative trends of -1.5 days/decade in the Northern Province and Cape Point, and
decline of 8 days/decade for Pretoria University Experimental Farm. The majority of stations
(20 of 27) showed positive trends in warm spell events over the study period, in agreement
with Mackellar et al. (2014), (Kruger et al., 2019), and Davis et al., 2016, particularly for the
Northern Cape Province. Similar to Davis et al. (2016) and Kruger and Nxumalo (2017), Kruger
et al. (2019) found a general decrease in cold spells, with isolated significant decreases
evident in the northern parts of South Africa. Also, they found general increases in warm spell
events, with most of the stations in the western half of the country being statistically
significant.

It is clear from Malherbe et al. (2020) that the number of heat-wave days and heatwaves
increased over the study period 1961-2017, in particularly in 2015 and 2016 in all three
stations (Phalaborwa, Skukuza and Punda Maria) used. Mboko et al. (2020) indicate that
South Africa experience a substantial spatial variability of heatwave occurrences seasonally,
with a higher frequency in the northern parts, with Punda Maria calculated to have
experienced 45 heatwave events from 1983 to 2012. Most of these events occur in the austral
summer, except for the western to south-west coastal regions experiencing heatwaves mainly
between May and August. It is evident heatwaves occur more frequently during winter in the

west coast region. In general, Mboko et al. (2020) found that the southern parts of the country
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experience shorter lived heatwaves, whereas the extreme northern parts of Limpopo
experiences heatwaves that last for six days or more.

In summary, the majority of the studies agree that extreme warm events are increasing, while
extreme cold events are decreasing. However, most of the studies indicate that the significant
increases or decreases vary among stations. These discrepancies could be attributed to the
station’s locations (i.e. heat island) or due to non-climatic influences on the data sets (Kruger

and Nxumalo, 2017).

5.11. 9. Climate change projections

Given the significant impact of ETEs it is important to understand how these may change in
the future. Research show that the mean annual temperature has increased by at least 1.5
times the global average of 0.65°C over the past five decades (Nkemelang et al., 2018).The
Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR5) for
Representative Concentration Pathway (RCP) 8.5 suggests the interior parts of the country
will be 3-6°C warmer by 2081-2100 (Ziervogel et al., 2014). Several modelling studies have
been conducted to project future temperature changes over South Africa (e.g. Russo et al.,
2016; Engebrecht et al., 2015; Landman et al., 2018). The most recent work includes Kruger
et al. (2019) and Mboko et al. (2020), with a focus mainly on ETEs. Kruger et al. (2019) used
the Rossby Centre Regional Mode Version 4 (RCA4) regional climate model (RCM) in light of
observed greenhouse gases defined by the Representative Concentration Pathways (RCP), for
the period 2006-2095 across South Africa, reporting a decreasing trend in cold nights, with
notably stronger increasing trends in warm nights (Kruger et al., 2019). Although differences
were found between the medium-to-low concentration RCP4.5 and high-to-low

concentrations RCP8.5, warm spells are expected to increase, but less so in the southeast part

78



of the country (Kruger et al., 2019). The majority of the stations in the rest of the country
show trends of >+0.6 warm spell days/decade under RCP4.5 (Kruger et al., 2019). Future
trends in cold spells under RCP 4.5 are spatially variable, while a more pronounced decrease
in cold spells is evident in the central and northern parts under RCP8.5 with decreases <-6
days/decade (Kruger et al., 2019). RCMs obtained from the Conformal Cubic Atmospheric
Model (CCAM) for periods 2010-2039, 2040-2069 and 2070-2099 using the RCP4.5 and
RCP8.5, indicate that over a 30-period the average TX may rise >6°C for most of the interior
parts of South Africa by 2070-2099 (Mboko et al., 2020). Furthermore, the north-western
parts are expected to have the most dramatic increase in frequency of heatwaves, with the
interior expecting to have no pronounced increase (Mboko et al., 2020). Overall it is expected
that the heatwaves across the region will last longer under future climate change (Mboko et

al., 2020).

5.12. 10. Implications of cold and warm ETEs.

The socioeconomic impacts of ETEs have been a subject of public concern and are well
documented in literature and in previous IPCC reports (Abatan et al., 2018). Warm and cold
ETEs can have severe consequences for human health, ecosystems, and socioeconomic
development (Abatan et al., 2018), in particularly in a developing country, such as South Africa
which faces pressing socioeconomic needs (Pasquini et al., 2013; Mambo and Murambadora,
2017).

In general, ETs (i.e. hot and cold) are among the leading causes of mortality resulting in >26
million deaths annually, with >75% of cases occurring in low- or middle-income countries
(Zhou et al., 2018). Abnormally high temperatures over a prolonged period (i.e. heatwaves

and warm spells) will results in heat stress (hyperthermia; Founda et al., 2019) which could
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lead to heat-related illness including cardiovascular disease, heatstroke and mortality
(Ngwenya et al., 2018). Abnormally low temperatures over a prolonged period (i.e. cold
waves and cold spells) increase the risk of cold stress (hypothermia; Zhang et al., 2018a) which
could lead to cardiovascular diseases and mortality. These stresses on a population level
depend on the underlying disease problems in that population (Scott, 2015), and socio-
economic vulnerability (Zhang et al., 2018a). This increases the risk for the majority of South
Africa’s population which are burdened with comorbidities (Garland, 2017); 14.45 million
households are informal settlements of which 57% are classified as socioeconomically
vulnerable households (Le Roux et al., 2017). Furthermore, any effects could be exacerbated
by South Africa’s limited adaptive capacity, infrastructure, health resources and threatened
ecosystems (Pasquini et al., 2013; Zievogel et al., 2014; Davis et al., 2017; Mambo &
Murambadora, 2017).

Increases in cold and warm ETEs potentially would impact ecosystems (Leriorato & Nakamura,
2019). Extreme heat exacerbates wildfires which pose significant threats to plantations and
national parks across South Africa (Van Wilgen et al., 2016; Davis-Reddy & Vincent, 2017).
Both cold and warm ETEs could change plant and animal distributions and delay phenological
events (Wang et al., 2016; Van Wilgen et al., 2016). Furthermore, ETEs could disrupt
agricultural practices, decrease crop vyields, and cause livestock loss (Stander et al., 2016;
Lotter, 2017; Mangani et al. 2018; Leriorato & Nakamura, 2019). These could lead to
significant negative impacts to regions which support extensive livestock farming (e.g.
Northern Cape and Eastern Cape), grain production (e.g. Free State) and wine production (e.g.
Western Cape) and will have dire effects on communities which depend solely on the
emerging agriculture sector for their livelihoods. Furthermore, ETEs may put strain on an

already burdened energy systems due to the higher demand for electricity during warm and

80



cold periods i.e. the use of fans and air-conditioners or heaters (Stander et al., 2016; Lubega
et al., 2018). In addition, the tourist industry could also be affected. It has been found that
temperature plays a significant role in tourism, in particularly outdoor tourism activities

(Noome & Fitchett, 2019).

5.13. 11. Conclusion

The examination and identification of ETEs across South Africa using different networks of
meteorological stations and indices is a growing field. This study is the first of its kind to review
the methods used to classify ETEs and to quantify possible selection methods of climatological
stations across South Africa. Selection, classification, and identification efforts in examining
ETEs were demonstrated to be inconsistent. The inconsistencies are most apparent in
selection of stations and methods used to identify ETEs, as well as ET trends. The main
problem with using meteorological station data is that the data is plagued with large gaps and
inhomogeneities (WMO, 2000; Collins, 2011). Additionally, the number of weather stations
has decreased drastically since the 1980s (Davis-Reddy & Vincent, 2017). Furthermore, most
of the studies analyse warm and cold extremes, which can lead to bias in the interpretation
of the results (Scott, 2015). Thus, it is important to re-evaluate the approaches to the selection

of stations, as well as indices used in a South African context.
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Chapter 6: Statistical classification of South African seasonal divisions on the

basis of daily temperature data
6.1. Brief synopsis
In South Africa, there is no to very little consensus on distinct seasonal boundaries. This paper
presents one of the very first uniform statistical classifications of South African seasonal

divisions on the basis of daily temperature data.
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®

Statistical classification of South African seasonal
divisions on the basis of daily temperature data

Across South Africa, a wide range of activities is influenced by differences in seasonality. In a South
African context, there is little consensus on the timing of seasonal boundaries. Inconsistency exists
through the use of ad-hoc approaches to define seasonal boundaries across South Africa. In this paper,
we present one of the very first uniform statistical classifications of South African seasonal divisions on
the basis of daily temperature data. Daily maximum and minimum temperature data were obtained from
35 selected South African Weather Service meteorological stations that had sufficiently complete data
sets and homogeneous time series, spanning the period 1980-2015. An Euclidean cluster analysis was
performed using Ward's D method. We found that the majority of the stations can be classified into four
distinct seasons, with the remaining 12 stations’ data best classified into three seasons, using Tm as the
classifier. The statistically classified seasonal brackets include summer (October/November/December/
January/February/March), early autumn (April) and late autumn (May), winter (June/July/August), and
spring (September). Exploring the boundaries of seasons, the start of summer and end of winter months
follow a southwest to northeastwards spatial pattern across the country. Summers start later and winters
end later in the southwestern parts of the country, whereas in the northeast, summers start earlier and
winters end earlier.

Significance:
e The findings contribute to the common knowledge of seasonality in South Africa.

«  New seasonal divisions in South Africa are proposed.

Introduction

Seasonal differences in climate, day length, and plant activity form the primary environmental control on a wide
range of activities. These activities include economic and agricultural practices’, which are affected by the length
and timing of growing seasons??, the related timing of sowing and harvest, and the necessity for irrigation and
fertilisation. Climatic seasons also influence resource management and energy demand?, tourism?®, social and
economic planning®, hydrology' and health’. The capacity to accurately determine the start and end of seasons is
thus of critical importance. However, in the South African context, there is little consensus as to distinct seasonal
boundaries. This lack of consensus is unusual. For most parts of the northern hemisphere®® — including Italy™,
USA™", China'?, Poland™ and Finland'* - seasonal boundaries are well established and clearly communicated.

South Africa is classified as a semi-arid country™ which is situated in the mid-latitudes and subtropics'™"". The
South African climate is influenced by major synoptic systems, including the semi-permanent subtropical high-
pressure systems'® and the variability of the Inter-Tropical Convergence Zone (ITCZ)'#%. The resultant continental
anticyclones, ridging anticyclones, westerly waves, tropical easterly waves, and cut-off lows'®'%, produce a
pronounced climatic seasonality across the country?. However, there is little consensus on the timing of seasons in
South Africa, and approaches in defining seasonal boundaries often vary on the basis of the application (Table 1).®
The South African Weather Service (SAWS) even highlights that there is no official designation and definitions
of seasons.”

The most basic classifications commonly used are astronomical, meteorological and phenological divisions.?
Astronomical summer is defined as the period from the summer solstice to the vernal equinox. By this
classification, autumn is defined to conclude at the winter solstice, and winter spans the winter solstice to the
spring equinox.?2* It is well known that the earth—sun geometry affects the seasons; however, there is no direct
link between astronomical seasons and mean weather variations.**2> Meteorological classification refers to the
subdivision of four equal-length periods of 3 months each, mostly and commonly used in the temperate latitudes.
In South Africa, the meteorological classification of temperature seasonality is the most widely used (Table 1).2%-%
Most agroclimatological studies use the conventional break of 3 months but may extend it to the farming season
of the specific regions that are under investigation and use two distinct seasons, summer and winter (Table 1).*
Climate modelling projections and analyses of influences of climatic factors studies often use six run-on seasons
that coincide with synoptic circulations, with the latter coinciding with epidemiological seasons of heightened
disease-risk.*' Some climatologists classify seasons on an ad-hoc basis that is appropriate to specific regions,
with classifications such as hot season, cold season, post-rainy season and growing season, with no direct
relationship with calendar months. These seasons are defined for convenience and to suit the data output rather
than to drive sensible analytical processes.”" Phenological studies can also be used to define annual seasonality,
and to reveal shifts in the timing of these events®, as phenological shifts are often directly related to changes in
local air temperatures®.

Classification of South African seasons based on rainfall patterns is similarly complicated due to the variety of
rainfall regimes, and thus likewise no standard definition has been adopted'®, and discrepancies exist between the
seasonal brackets of rainfall and temperature-related classifications®. The differences are further complicated by
the influence of distance from large water bodies, and the variation in heat from the Indian and Atlantic Oceans.?
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Here we present one of the first statistical classifications of South African
seasonal divisions on the basis of daily temperature data for 35 weather
stations spanning the country. We argue that this method represents
a more standardised and objective approach to the classification of
seasons, particularly in a region that spans the subtropics and mid-
latitudes.

Study region

South Africa is located within the latitudes 22-35°S and longitudes
17-33°E, and is bordered by the Atlantic Ocean in the west and
southwest and the Indian Ocean to the south and southeast. It shares
political boundaries with Mozambique, Zimbabwe, Botswana, Namibia
and Eswatini (Swaziland), and encloses Lesotho (Figure 1).% The
climate of South Africa, in particular temperature, is governed by the
complex interaction between the subtropical location, the altitude of the
interior plateau, the position of the subcontinent with respect to the major
atmospheric circulation features, and the oceans on all sides except the
north.’*23 The subcontinent lies within the subtropics, with rainfall
dominated by convective storms in the north and mid-latitude cyclones
to the south.’*” The influence of the tropical and temperate pressure
regimes, and the intra-annual migration of the inter-tropical convergence
zone (ITCZ) results in pronounced seasonal differences in rainfall and
temperature patterns over South Africa.™ The ITCZ shifts with the monthly

Table 1: Published temperature seasonality classifications for South Africa

Statistical classification of South African seasons
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and seasonal changes of the sun’s maximum insolation and the location
of dominant atmospheric high- and low-pressure systems.'**” The high-
pressure systems sit over the southern tip of the subcontinent in summer,
and over the interior during winter. These high-pressure systems are
interrupted by mid-latitude cyclones.* The influences of the subtropical
high-pressure belt, and the mid-latitude westerlies with associated fronts
vary significantly inter- and intra-annually over the subcontinent.* These
interactions between tropical and temperate disturbance have significant
consequences for the weather of the subcontinent.” The orography of
South Africainfluences the temperature distribution over the country such
that the escarpment forms a climatic division between the high plateau
and the low-lying coastal regions in the east and southeast (Figure 1)."®
The southern and eastern escarpments are the regions with the lowest
temperatures, due to the decrease in temperature with altitude.*** The
oceans surrounding South Africa influence the temperatures experienced
along the coastal areas.**#’ The Indian Ocean, on the east, is warmed
by the western boundary Agulhas Current, while the Atlantic, on the
west coast, is cooled by the eastern boundary Benguela Current (Figure
1).19% All these factors result in a broad east-west temperature gradient,
with the Northern Cape experienceeing the lowest rainfall and highest
temperatures in the country.®4
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Data and methodology

For this study, daily maximum and minimum temperature data were
obtained from 35 selected SAWS meteorological stations (Figure 1; Table
2) that had a minimum of 30 years of data, sufficiently complete data sets
and homogeneous time series, spanning the period 1980-2015. These
stations were selected as they span the country, ranging from 22°S to
35°S and 15°E to 33°E with an intended 1° interval (Figure 1). Before
performing any statistical technigues, exploratory data analysis was

Statistical classification of South African seasons
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applied to investigate the data homogeneity due to inevitable changes
in aspects including observation sites, station relocation, observation
practices/procedures and time.® However, in the context of the study,
sudden increases or decreases in values over a prolonged period would
not have significantly influenced the results. Visible outliers in the data
series were checked by comparison with data from surrounding stations
spanning the period of interest as well as reports of anomalous weather
in the media.

Table2:  Information on selected meteorological stations
Province Station name Climate number Latitude Longitude Altitude (m.asl)
East London 00595729 -33.03 \ 27.83 124
Dohne 00798116 -32.52 27.47 899
Eastern Cape
Mthatha 0127272A4 -31.55 \ 28.67 745
Port Elizabeth 00351795 -33.98 25.60 60
Bloemfontein 02615161 -29.10 \ 26.30 1354
Free State Bethlehem 03315859 -28.24 28.33 1689
T
Welkom 03643001 -27.99 ‘ 26.66 1344
Johannesburg Int 04763990 -26.14 28.23 1706
Gauteng T
Zuurbekom 04755288 -26.30 | 27.81 1580
Cedara 02394820 -29.54 30.27 1071
Durban 0240808A2 -29.97 \ 30.95 96
KwaZulu-Natal
Escourt 03006901 -29.01 29.86 1144
Shaleburn 02376184 -29.80 ‘ 29.35 1614
Mara 072200991 -23.14 29.56 894
Limpopo Warmbad Towoomba 05895941 -24.90 ‘ 28.32 1143
Polokwane 0677802BX -23.84 29.45 1226
Skukuza 05961793 -24.99 \ 31.59 276
Mpumalanga
Carolina 04801547 -26.07 30.11 1667
Calvinia 0134479A3 -31.48 ‘ 19.76 975
De Aar 01698801 -30.66 23.99 1286
Fraserburg 01130258 -31.91 \ 21.51 1264
Kimberley 02904684 -28.80 24.77 1198
Northern Cape Pofadder 0247668A4 -29.12 \ 19.38 984
Springbok 021470082 -29.66 17.87 1006
Sutherland 00882931 -32.38 ‘ 20.67 1459
Upington 03174765 -28.43 21.27 836
Vanwyksvlei 01935613 -30.35 \ 21.82 965
Vryburg 04322383 -26.95 24.65 1245
North-West
Mahikeng 05080470 -25.80 \ 25.54 1280
Cape Agulhas 00030204 -34.83 20.01 1
Cape Columbine 00606209 -32.83 \ 17.86 62
Cape St Blaze/Mossel bay 00122517/0012215 -34.18/-34.19 22.15/22.13 135
Western Cape T
Cape Town 0021178A3 -33.96 \ 18.60 42
Vredendal 0106880A2 -31.67 18.50 42
George 00126617 -34.00 \ 22.38 197
Research Article Volume 116 | Number 9/10
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Figure 1:  Map of the study region of South Africa, indicating 1° intervals used to select the meteorological stations across South Africa, the topography, the
surrounding oceans and their respective ocean currents.

The data sets of the selected stations were subjected to quality control. been found that IDW interpolates station data accurately.5' Additionally,
As a first step, all dates and times were checked, and two decimal annual mean graphs were produced for each of the temperature metrics.
point rounding was used to maintain consistency throughout. Missing

weather station data were replaced with data from a station adjacent to Results

the s!te within a 10-km radius, or, if npt possible, replaceq with the 5-qay Cluster analysis

running average. If data were not available for more than five consecutive

days, that period was excluded from the analysis. Results will mainly focus on T“g, with reference to T__ and T  only
where statistically relevant. The cluster analysis reveals that the majority
Cluster analysis of the stations, 23 out of the 35, are most appropriately classified into

Cluster analysis was performed using Ward's D method, defined by the four seasons (Table 3). The remaining 12 'stauons are best classified
Euclidean distance between variables, Utiising the cluster, veganandrioja  Into three seasons. All the stations in the Limpopo, KwaZulu-Natal and
packages in R.4® Euclidean cluster analysis was initially supervised at North-West Provinces are c'lustered into four seasons, and t'hose in the
four seasonal divides and validated by using the dendogram package Eas!er_n Cape are cluster_ed into three seasons. {Alllmese stations have a
average silhouette width (ASW) calculation.* The ASW value measures statistically strong grouping (CPCC>0.7) and d|§tmct cluster structurgs
the degree of confidence in between-group distances and strength of (ASW=>0.5), except for Cedara (ASW=0.47) in KwaZulu-Natal, with
within-group homogeneity.s If not significant, two, three, five and six 2 we;ker ‘cluster Siruchi, The‘ Weslers clistec;struchires care algo
seasonal divides were used serially until the cluster was significant, prominent mlthe Eastgrr;Capg;éaéigras%g\gN .<°"15)'5The cIu(s;tera;llaIysm
using orders of magnitude put forward by Kaufman and Rousseeuw*¢ Iresuhﬁ revera edfthat 0 e t; '35 ta)t’mt e alster: ape has the
as reference for measures. The ASW was calculated, together with the owestqualiy of grauping among the35 stationsanalysed:

cophenetic correlation coefficient (CPCC) for interpretation, evaluation The three stations in the Free State, two of which (Bethlehem and
and validation of consistencies within the cluster and groupings.***” The Welkom) are classified into four seasons and one (Bloemfontein) into
CPCC measures the correlation between the original pairwise distance three seasons, have a good quality grouping (CPCC>0.7) and distinct
matrix and the cophenetic distance matric of the dendrogram. This cluster structure (ASW>0.5). A similar degree of confidence in cluster
allows for the verification of the quality of the grouping.”-#® The closer structures is found in both the Mpumalanga stations, Skukuza and
the cophenetic correlation coefficient is to a value of one, the better Carolina, which are divided into three and four seasons, respectively.
the grouping quality.* The cluster analysis resuits for maximum (T ), These two stations have a higher quality grouping (CPCC>0.8) than
minimum (T, ) and average (T,, ) temperatures are given in Table 3. To those in the Free State. A higher quality grouping is also prevalent in both
investigate the spatial patterns, the cluster analysis outputs, and start the Gauteng stations, with Johannesburg Int (International) classified
and end dates of summer and winter, were spatially interpolated using the into four seasons, and Zuurbekom into three. However, a weaker cluster
Inverse Distance Weighted (IDW) method using ArcGIS software. It has structure is calculated for Zuurbekom (ASW=0.45).
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The Northern Cape and Western Cape are noticeably different from the
rest of the provinces, with a more significant variation in the degree
of confidence for the cluster structures. Six of the nine stations in
the Northern Cape are clustered into four seasons with good cluster
groupings (CPCC>0.7). However, most of these stations have a weak
cluster structure (ASW<0.5), except for Fraserburg (ASW=0.5). The
remaining three stations — De Aar, Kimberley and Springbok — are
divided into three seasons with a good quality grouping; however,
weaker structures are visible in Kimberley (ASW=0.46) and Springbok
(ASW=0.42). In the Western Cape, four out of the six stations are
classified into four seasons and the other two (Mosselbay and Cape
Columbine) into three seasons. Similar to the Northern Cape, all stations
clustered into four seasons display a good quality of grouping, but a
weak cluster structure (ASW<0.5), with the weakest cluster structure
calculated for Cape Agulhas (ASW=0.46). Mosselbay (ASW=0.51;
CPCC=0.8011) is the only station in the WC with a distinct cluster
structure and a good quality grouping. By contrast, the cluster analysis
identified Cape Columbine (ASW=0.4) with the weakest cluster structure
among all the stations that were analysed.

While similarities are found in the number of seasonal groupings returned
for the different temperature metrics, the highest number (15 stations)
have consistent classifications for T and T, . Only six stations have
consistent seasonal classifications when considering T and T and
three stations when considering T . and T, . Only seven stations —
Dohne, Port Elizabeth, De Aar, Bloemfontein, Bape Columbine, Welkom

Statistical classification of South African seasons
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and Escourt — have the same number of seasonal groupings for all three
temperature metrics.

For the majority of stations (23), classification using T __, returns three
seasons, with 9 stations classified into two seasons, and only 3
classified into four seasons (Table 3). The majority of these stations have
a strong grouping (CPCC>0.7), except for Dohne (CPCC=0.6714),
located in the Eastern Cape. However, the degree of confidence in the
cluster structures is low due to the weak cluster structures (ASW<0.5)
for most of the stations except for Johannesburg Int, Zuurbekom,
Mara, Mahikeng, Springbok and Cape Town with an ASW>0.5. The
cluster analysis for T _ classifies the majority of the stations (21) into
four seasons, with 13 stations classified into three seasons, and only
1 station (Springbok) classified into two seasons. Similar to T_, the
grouping quality for the stations is good. However, the cluster structures
for most of the stations are distinct with only 19 stations returning an
ASW<0.5.

Spatial analysis of the cluster analysis results (Figure 2) indicates that
most parts of the country experience three seasons, with the greatest
spatial variability visible in T_ . Similarities in the classification of
seasons are visible for T, T and T but more so for T_and T .
The western and central regions of the country, and parts of the Eastern
Cape, have three distinct seasons, when classified using T, T and
T, Areas surrounding Springbok are similarly classified as having only
two distinct seasons.

Table 3: Output of the cluster analysis including cluster groups (CG), average silhouette widths (ASW) and cophenetic correlation coefficient (CPCC) scores
Stations - Tan Ty
CG |ASW  CPCC Ressonal CG | ASW | CPCC Seasonal CG ASW | CPCC Sessonnl
Groups Groups Groups
=
3 May/JuryJul/Aug/Sep Dec/Jan/Feb/Mar
S |2 |47 l072m g"::}j:g::m”ﬂi:‘:”oc'/”°v 3 |05 | 07487 | Apr/OctNov 045 07475 | JunUulAug
g Dec/JanyFeb/Mar Apr/May/Sep/Oct/Nov
@ Dec/Jan/Feb/Mar Dec/JaryFeb/Mar Dec/Jan/Feb/Mar
i S |3 |0.37 0.6714 |Jun/JulfAug 3 042 [0.7091 | Jun/JulAug 0.44 07009 | Jun/Jul/Aug
E = Apr/May/Sep/Oct/Nov Apr/May/Sept/Oct/Nov Apr/May/Sept/Oct/Nov
=
=
El s
g é Dec/Jan/Feb/Mar/Apr May/JuryJul/Aug/Sep Dec/Jan/Feb/Mar
& 13 038 07833 |Jun/Jul/Aug/Sep 3 049 |0.7627 | Apr/Oct/Nov 0.47 1 0.7385 | Jun/Jul/Aug
5 May/Oct/Nov Dec/JaryFeb/Mar Apr/May/Sep/Oct/Nov
a
Jun/Jul
o May/Jun/Jul/Aug
£ Dec/Jan/Feb/Mar/Apr/Nov May/Aug/Sep
2 . K .4 A X ;
§ 2 |0.39 | 0.6644 May/JunyJul/Aug/Sep/Oct 4 1048 |0.7663 Apr/Oct/Nov 3 1042 |0.71125 g;:://é!:;/vgit://m
Dec/JanyFeb/Mar
£ May/Jun/dul/Aug e, el
S |3 [034 08042 |Dec/anFed 4 |048 |08057 |, U 4 (053 08149 |, VNI
3 Mar/Apr/Sep/OctNov Apr/Sep/Oct Apr/Sep
@ Dec/JaryFeb/Mar/Nov Dec/Jan/Feb/Mar/Oct/Nov
(=
E 2 May/Jun/Jul/Aug Dec/JaryFeb/Mar/Oct/Nov Dec/Jan/Feb/Mar/Oct/Nov
@ € |3 |034 07867 |Dec/an/Feb 3 | 048 |0.7565 | Apr/Sep 3 |05 |07545 |Apr/Sep
E 8 Mar/Apr/Sep/Oct/Nov May/JuryJul/Aug May/Jun/Jul/Aug
o
|
€ Dec/Jan/Feb/Mar/Oct/Nov Dec/JanyFeb/Mar/Oct/Nov Jun/Jul
S Jun/Jul Apr/Sep May/Aug
§ 4 |0.44 0.7066 May/Aug 4 1048 |0.7415 Jun/dul 4 10.54 |0.8245 Apr/Sep
Apr/Sep May/Aug Dec/Jan/Feb/Mar/Oct/Nov
Table 3 continues on the next page
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Table 3 continued
Stations Tis Ton
c AW crec Seatom| ca | ASW | cpec Seasonal 6 ASW  CPCC Seasoma]
Groups Groups Groups
®
= Dec/Jan/Feb/Mar/Apt/Sep/Oct/Nov May/JunJu/Aug aors
5 |0, Ju/dul 45 | 0.8170 | Apr/Sep 51 | 0.845
g |3 |05 0834 3 1045 [0.8170 | Apr/Se 051 | 0.8458 Apr‘/’Sepg
% g May/Aug Dec/Jan/Feb/Mar/Oct/Nov Dec/Jan/FebyMar/Oct/Nov
2
= May/JuryJul/Aug
g May/Jun/Jul/Aug Apr)/,Sep J May/Jun/Jul/Aug
§ (2 (053|080 | e MarAprsenOeyNoy |4 |47 | 08307 | oo e 3 045 0.8357 2::://é)arVFeb/Mar/0ct/Nov
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. Jun/dul Junjdul
s Dec/Jan/Feb/Mar May/Aug | May/ Aug
B |2 |09 08T |y MayuniuaugsepiocyNoy |4 | 052 | 080%8 | ppseryiet 4| 04T 07886 | pocsaryFetyMar
Dec/JanyFeb/Mar/Nov Apr/Sep/Oct/Nov
5 — s Dot
2| € |3 [047 07316 |Dec/an/Fet/Mar 4 |052 |0.7680 4 052 07125
=l 3 Ap/May/Nov Apr/Oct/Nov Apr/Nov
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3
Bl L Junydul May/JurvJul/Aug Jundul
g| 2 4 0w omm m/swoa 4 |0se |08 ngclzea?vkb 4 |os4 08212 r;’/’/sgom
= Dec/Jan/Feb/Mar/Nov Mar/Oct/Nov Dec/Jan/Feb/Mar/Nov
£ May/JuryJul/Aug Jun/Jul
F-1 May/Jun/Jul/Aug Apr/Sept May/Aug
g (2 | 04607406 | pecy aryretyMarprSep/Octoy | 4 | 042 | 08214 oyt 4 |052 108103 | o reenioet
o Mar/Oct/Nov Dec/Jan/Feb/Mar/Nov
Jun/dul Jun/Jul
g Dec/Jan/Feb/Mar/Apr/Sep/Oct/Nov May/ Aug May/ Aug
£ |2 |05 08130 |\ niduiAg 4 050 08484 | b sanFebyMar/Nov 05 08460 | b ayFebyMar/Nov
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; Jundul
ec/Jan/Feb/Mar/Apr/Sep/Oct/Nov Dec/JaryFeb/Mar/Nov May/Au
- 3 |045 0818 |Jun/dul 3 |055 |0.8248 | Ap/Sep/Oct 05 08332 ADJSWQ
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Jun/Jul
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s 2 |7 %% | pecisarvretimaraprsepocyov || 051 | 4895 | pegantetymaniov el [ -840z ngﬁ?n//?::ymrmav
§ Apr/Sep/Oct
E 8 Dec/Jan/Feb/Mar/Sep/Oct/Nov n:m'l"g ";u:/}j:u
B |3 |046 07622 |Juniu 4 [052 |08esT |\ o 4 |05 |08440 Apr‘/’Sepg
= Apt/May/Aug Dec/JaryFebyMar/Nov Dec/Jan/Feb/Mar/Oct/Nov
g Junydul Jun/dul
= May/Jun/Jul/Aug May/Aug May/Aug
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Table 3 continued
Stations j ) |
Seasonal Seasonal Seasonal
CG | ASW CPCC Groups CG | ASW | CPCC Groups CG ASW CPCC Groups
s Dec/dan/Feb/Mar/Nov Dec/danFebyMar e
= 3 047 |0.7246 | Jun/Jul/Aug 3 | 047 |0.7567 | Jun/Jul/Aug/Sep 4 048 0.7864 Apr‘//(Jci;)Nov
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% 3 |042 07494 |ApySep 4 |051 |08192 9 4 046 07155 =
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3 Dec/Jan/Feb/Mar/Nov Dec/Jan/Feb/Mar/Nov
E Dec/Jan/Feb/Mar/Nov JunJulAug Judul/Aug
g 3 048 |0.7221 | Apr/Sep/Oct 4 1051 |0.7300 AprOct 4 1047 |0.7276 Apr/Oct
= May/Jur/Jul/Aug May/Sep May/Sep
2
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@
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Figure2:  (a) Maximum (T ), (b) minimum (T ) and (c) average (T, )
temperature seasonal groupings.
Seasonal timetable

Several variations of monthly classifications have been calculated
(Tables 3 and 4), which will be referred to as ‘seasonal brackets’.

Summer: There is unanimous agreement across seasons and
temperature metrics that December, January, February and March can
be grouped into the summer seasonal bracket. October and November
can tentatively be included in the summer season, with a 31% agreement
among stations for October and an overall 59% agreement for November.
A total of 30% of stations classify October as falling within spring, 26%
in late spring, 5% in early spring, and 8% in the winter seasonal bracket.
In comparison, 21% of the remaining stations classify November as
falling in spring, 17% in late spring, and 3% in winter. The latest start
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of summer is December. The longest summer season is calculated for
Mthatha (Eastern Cape) using T, , s the classifier, spanning the earliest
start month of September and persisting until April.

Autumn: For 43% of the stations, April falls within the early autumn
bracket, whereas for 39% of stations, April is grouped in the main
autumn seasonal bracket. The remainder of the stations group April
into summer (15%), winter (2%) and late autumn (1%). A total of 41%
of the stations classify May into the late autumn bracket, 35% into the
winter bracket, and 24% into the main autumn bracket. Autumn starts
as early as March for Bethlehem, Bloemfontein and Zuurbekom using
T and T as the classifier. Using Tm as the classifier, the majority of
stations indicate the start of autumn in April. Springbok (Northern Cape)
has the latest classified start of autumn, in the month May. Stations with
only 1 month of autumn, using T, _ as classifier, include Bloemfontein,
Zuurbekom, Skukuza, De Aar, Kimberley and Springbok

Winter: There is unanimous agreement across stations and temperature
metrics that June and July are grouped into the winter bracket. There
is 71% agreement among stations that August additionally forms part
of the winter bracket with only 25% of stations classifying August in
early spring and 4% in the main spring seasonal bracket. Cedara and
Vanwyksvlei experience the longest winter, commencing in April and
ending in November for Cedara and October for Vanwyksvlei, both using
T_as the classifier. Winter in East London and Springbok starts a month
later in May and ends in November. Stations with the shortest winter
(June to July) classified by Tm include Shaleburn, Mara, Polokwane,
Warmbad Towoomba, Carolina, Bethlehem, Welkom, Johannesburg Int,
Cedara, Escourt, Mahikeng, Vryburg, Cape Agulhas, Cape Columbine
and George.

Spring: Interestingly, the most disputed month across all stations is
September. However, 29% of the stations agree that September can
tentatively be included in the spring bracket. The remainder comprise
a 25% agreement that September can be included in the winter, 23% in
early spring, 16% in late spring and 9% in the summer bracket. Some
stations are classified as experiencing early spring in August, using
T, a the classifier. These stations are Mthatha, Bethlehem, Welkom,
Cedara, Durban, Escourt, Mara, Warmbad Towoomba, Skukuza,
Carolina, Mahikeng and Kimberley. Stations with the shortest spring
(only the month of August), calculated using T, are Johannesburg Int,
Polokwane, Warmbad Towoomba, and Carolina. Interestingly, all these
stations are situated in the northern parts of the country. Classified
by T, the longest spring is observed in Mthatha (Eastern Cape) and
Durban (KwaZulu-Natal), starting in August and ending in November.
The latest start for spring — November — classified by T __, is visible
in Durban, Cape Agulhas and Mosselbay. Stations at East London,
Mthatha, Zuurbekom, Cedara, Shaleburn, Mara, Skukuza, Mahikeng and
Springbok each have two classified seasons, and therefore no autumn
or spring.

Start and end dates of summer and winter

A distinct, southwest to northeast spatial pattern is apparent for the
start and end dates of summer and winter across all the temperature
metrics (Figures 3a—f and 4a-f). Summer broadly commences earlier
in the northeastern and interior parts of the country and later along the
southwestern parts and the south coast. The earliest start of summer
is visible in T___for the northern parts of the country, and in parts of
KwaZulu-Natal for T_. The earliest end of summer is calculated using
T, With parts in Kv;gZqu-NataI and Gauteng ending in February (Figure
3e). The greatest variability in the spatial patterns is recorded T _, for
which the northern and southern region summer ends in April, similar to
Tm for the southern region. However, there is a consensus amongst the
temperature metrics that, for most parts of the country, summer ends in
March, whereas for the western parts of the country, the season ends a
month later in April.

For the majority of the country, winter starts in June, with the season
starting earlier for a few interior regions. The greatest spatial variability in
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the timing of the start of winter is observed in T__ (Figure 4a). For areas
inthe Western Cape and Northern Cape, winter is classified as starting in
May, similar to the start of winter using T . For parts of KwaZulu-Natal,
winter is calculated to start as early as April. Regarding the end of winter,
the greatest spatial variability is similarly observed for calculations using
T_ for which winter ends latest in the southwest of the country and

Statistical classification of South African seasons
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along the east coast. For the western parts of the Northern Cape, winter
ends laterusing T__ and T _ . Similar to the end of summer maps (Figure
4d-f), a distinct southwest to northeast spatial movement of end dates
is visible for all the temperature metrics used. For the southwestern parts
of the country, winter ends later, whereas moving northeastwards to the
interior, the winter months end earlier, except for some parts in Gauteng,
Limpopo and the North-West.

Figure 3:  (a—c) Start of summer and (d-f) end of summer.
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Table4:  Seasonal timetable of maximum (T ), minimum (T, ) and average (T,,) temperatures
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East London

Dohne

Port Elizabeth

EASTERN CAPE

Mthatha

Bethlehem

Bloemfontein

FREE STATE

Welkom

Johannesburg
Int

GAUTENG

Zuurbekom

Cedara

Durban

Escourt

KWAZULU-NATAL

Shaleburn

Mara

Polokwane

LIMPOPO

Warmbad
Towoomba

Skukuza

Carolina

Mahikeng

Vryburg

NORTH-WEST MPUMALANGA

Calvinia

De Aar

Fraserburg

Kimberley

Pofadder

NORTHERN CAPE

Springbok

Sutherland

Upington

Vanwyksviei

Cape Agulhas

Cape
Columbine

Cape Town

George

WESTERN CAPE

Mosselbay

Vredendal
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Figure4:  (a—c) Start of winter and (d—f) end of winter.
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Discussion and conclusion

We present one of the first statistical classifications of seasons across
South Africa using daily temperatures. Daily temperature data across the
country were used as a distinctive marker to classify the seasons due
to the detectability of temperature changes compared to rainfall across
South Africa. Through statistical analysis and results captured in the
seasonal timetable (Table 4), new seasonal brackets are put forward
in accordance with the agreement of seasons and temperatures among
stations used in this research.

Aggregated for the whole country, based on T, T, and T . our
results show that the weather stations agree that the following seasonal
brackets can be used:

Summer (October/November/December/January/February/March)
Early autumn (April)

Late autumn (May)

Winter (June/July/August)

Spring (September)

These proposed seasonal brackets challenge our ‘common knowledge’
of four equal length seasons of 3 months each*®?, and the ad-hoc
approaches some researchers use in South Africa®?". Noticeable
similarities occur between the two seasonal divisions of months used to
define farming seasons® as well as monthly summer divisions related to
the positions of South Africa related to disease-risk seasons.” However,
the proposed longer duration of summer and shorter spring seasons
may conflict with the agricultural practices used currently, in particular,
the current observed length and timing of the growing season across the
country.'* Additionally, these proposed seasonal brackets may assist in
the explanation of current delays and advances in seasonal phenological
events®, and challenges in the tourism sector where most outdoor
attractions are dependent on the seasonal climate®.

However, the high spatio-temporal variability in temperatures (e.g. annual
mean temperatures Figure 5) presents a complex picture of seasonality.
This presents challenges in defining seasonal brackets for a given
location or region, particularly where regional climate regimes change
within a small geographic area®, and due to the complexity of South
Africa’s climate®. Discrepancies have been found among the different
temperature metrics. However, the majority of the stations (23 out of the
35), are divided into four seasons, using Taw as the classifier, with the
remaining 12 stations clustered into three seasons. Interestingly, some
stations within the same province (e.g. Johannesburg Int and Zuurbekom
in Gauteng) have different seasonal groupings. With closer inspection,
these differences may occur due to the location and elevation of the
stations (Table 2). For example, it has been found that built-up areas
such as Johannesburg may be warmer in late winter than rural areas due
to the urban heat island? and higher elevations tend to be cooler than
lower elevations®. Taking the above-mentioned into consideration, the
importance of selecting the relevant temperature metric, e.g. T _, T .
and T, ., is highlighted for analysis purposes, as this selection can return
different results as portrayed in the results.

In general, the findings of the start and end dates of summer and winter
(Figures 3 and 4) coincide with the pressure regimes, as well as the
interannual migration of the ITCZ.'**" The results indicate that summer
starts later (ending earlier) and winter starts earlier (ending later) in the
southwestern and southern regions of the country. These results coincide
with the movement of the cold front of the mid-latitude cyclones during
the winter months.*® While, during summer, the southward movement
of the ITCZ and the position of the subtropical high-pressure system are
associated with warmer conditions, which may result in the patterns
found. Summers start earlier, and winters start and end later in the
northeastern parts of the county. These patterns are found independently
from the notable link between temperatures and weather systems. The
patterns also show the annual progression of temperatures which follow
a southwest to a northeastwards spatial pattern across the country.

The key limitations of this study are the nature of the temperature data
sets. The data sets are not perfect and inherent errors may be present for
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a number of reasons.? Furthermore, inhomogeneity is not likely to play
a significant role in this study as the consistency was ensured by using
only SAWS data sets.* Mean daily temperature data were quantified
using T and T - this is a limitation as hourly temperature readings
may provide accurate values of mean daily temperatures.>* Furthermore,
we acknowledge that station measurements are unable to display
complete areal coverage as these are location-specific® %, which is
particularly an issue for the interpolated maps presented throughout. A
limited number of stations that have long-term temperature records was
selected using a broad grid approach, as discussed, to get a relatively
good spatial representation of the country. To overcome this limitation,
future research may benefit from the inclusion of temperature data from
additional weather stations from other organisations, such as the South
African Agricultural Research Council. Such addition would, however,
require greater efforts at data homogenisation and quality checking,
which introduce a further set of limitations.

Finally, this research provides an insight into the complexity of
seasonality across South Africa, as well as direction for climate-relevant
research with temperature data as the primary input. Possibly the most
significant contribution of this research is the newly proposed seasonal
brackets using temperature metrics. The knowledge presented here is
crucial for agriculture practices, resource management, tourism and
other temperature-dependent activities, especially to develop adaptive
strategies in monitoring seasonal changes in temperatures under
climate change.
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Chapter 7: Trend analysis of cold extremes in South Africa: 1960-2016

7.1. Brief synopsis

This study focusses specifically on extreme cold temperature events for the period 1960-2016
and explores these events on an annual and seasonal scale. This study is the first to make use
of the ET-SCI in South Africa. The results not only contribute to awareness and recognition of
the frequency and incidence of extreme cold temperatures in South Africa but suggest that

these events may persist in a ‘warming world’.
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7.2. Abstract

Extreme cold events (‘cold waves’) have disastrous impacts on ecosystem and human health.
Evidence shows that these events will still occur under current increasing mean temperatures.
Little research has been done on extreme cold events, especially in developing countries such
as South Africa. These events pose a significant threat due to the low adaptive capacity,
urgent development needs and relatively inadequate infrastructure in South Africa. This study
presents annual and seasonal, spatial and temporal trend analyses of extreme cold
temperature events for the period 1960-2016. We apply the World Meteorological
Organisation Commission for Climatology and Indices Expert Team on Sector-Specific Climate
Indices (ET-SCI) to South Africa for the first time, with comparison to the World
Meteorological Organisation Expert Team on Climate Change Detection (ETCCDI) indices
previously used in South Africa . The extreme cold indices are calculated using the RClimDex
and ClimPACT, respectively. Trends were calculated using the non-parametric Mann-Kendall
test, Spearman Rank Correlation Coefficient and Sen's slope estimates. A decreasing trend is
found for annual cold spell duration and cold wave frequency, at rates of 0.10 days.y* and
0.02 events.y?, respectively. Seasonally, coldest day temperatures increased in autumn, with
increases of 0.02°C.y’! for the period 1960-2016. Regionally, increasing trends in annual cold
spell duration days were evident in stations located in the Western Cape, Eastern Cape,
North-West Province, at a rate of 0.03 days.y .. Increasing trends in cold waves were observed
for stations in Northern Cape, Gauteng, KwaZulu-Natal and the Eastern Cape Province, at a
rate of 0.01 events.yl. These results contribute to the awareness and recognition of the
incidence and duration of cold extreme events in South Africa, seeing that studies suggest

that anomalously cold events may persist in a warming world.
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7.3. 1. Introduction

There is a broad consensus that extreme temperature events will become more frequent and
intense as the global mean temperature rises (e.g. Alexander and Perkins 2013; Perkins-
Kirkpatrick and Gibson 2017; De Perez et al. 2018; Baldwin et al. 2019). However, a
disproportionate number of studies focus on warm extremes (Barnett et al. 2012; Scott 2015;
Martinez et al. 2018). Less work has been conducted on extreme cold events (‘cold waves’ or
‘cold snaps’), many of which are linked to extreme cold air outbreaks that affect large regions
of the midlatitudes (Johnson et al., 2018), and may have profound environmental (Chen et al.
2019) and societal consequences (Scott, 2015; Diaz et al. 2019). The little research that has
been conducted on cold stress events has largely focused on the Northern Hemisphere, partly
due to the greater continental landmass, and the proximity to the north pole (Johnson et al.
2018). This results in a focus on cold extremes in developed countries rather than developing
countries where people are more vulnerable to these events (Chen et al. 2019).

Exposure to extreme cold temperatures results in adverse health outcomes. The human body
can lose heat faster than it produces it, which could lead to cold stress (hypothermia),
resultant cardiovascular and respiratory diseases) and mortality (Barnett et al. 2012; Scott
2015). It has been estimated that 148,279 deaths were attributed to the 2008 cold spell in
subtropical China, with an approximate economic loss of more the USS 22.3 billion (Zhou et
al. 2014; Han et al. 2017). Furthermore, the cold-related mortality between 1993 and 2006
exceeded heat-related mortality in Australia and the United Kingdom (Scott, 2015). The

reason is that cold weather is more pronounced in these regions, which make these regions
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more vulnerable to cold extremes (Zhou et al. 2014; Scott 2015; Han et al. 2017).
Furthermore, the lag between cold weather and its impacts on health is usually longer
compared to hot weather and shows a greater variability by cause (Smith and Sheridan 2018).
South Africa, a developing country, has recorded several extreme cold events over recent
decades (Davis-Reddy and Vincent 2017). However, in contrast to heatwaves, much less focus
has been placed on extreme cold events in the news media and scientific literature. In 1996,
heavy snowfall events caused 17 deaths and damages across the country (Stander et al. 2016),
of which communication and power cuts occurred in the Free State and KwaZulu-Natal
Provinces, with road closures between Gauteng and the latter. On 22 July 2002, a cold event
associated with snowstorms resulted in the loss of lives, livestock, and infrastructure in
KwaZulu-Natal, of which the Eastern Cape had to be declared a disaster area (Muirhead 2002).
On 27 June 2007, very cold conditions caused numerous power failures and road closures due
to the strain on the power grid (e.g. Afiel et al. 2017) and the heavy snowfall in KwaZulu-Natal,
and flight delays from OR Tambo International Airport in Johannesburg because of the snow
on the wings of aircraft (Stander et al. 2016). The most recent extreme cold event involved
unseasonably extremely cold conditions, with temperatures <-6°C in the southern regions of
the Western Cape spanning 1-3 March 2016 (Brophy 2016).

Extreme cold temperatures pose a significant threat to South Africa due to the lack of
preparedness of the country. South Africa's urgent socio-economic development needs and
threatened ecosystem services reduce the adaptive capacity, particularly in the rural areas of
the country (Pasquini et al., 2013; Ziervogel et al., 2014). Extremely cold temperatures have
significant impacts on the agriculture (Wenal et al. 2019), ecosystems (Leriorato and
Nakamura 2019) recreation activities and tourism (Kodra et al., 2011; Giddy et al., 2017),

energy demand and infrastructure (de' Doate et al. 2013), phenological shifts (Wang et al.
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2016) and human-health in particular in poor rural areas (Scott 2015; Zhao et al. 2017; Pascal
et al. 2018). Therefore, understanding the frequency and intensity of extreme cold events in
a warming climate is a key societal issue, since their fate directly impact different sectors
(Cattiaux et al. 2010).

Several indices have been developed to identify and quantify extreme cold temperature
events, of which most were developed by the World Meteorological Organization (WHO)
Expert Team on Climate Change Detection and Indices (ETCCDI; Zhang et al. 2018). These
indices can be grouped into four categories: (1) absolute indices (e.g. coldest day TNn, coldest
night TXn); (2) threshold indices (e.g. frost days FD, hard freeze tnLtm,); (3) percentile indices
(e.g. cold days TX10p, cold nights TN10p) (4) durations indices (e.g. cold spell duration, CDSI)
(Alexander and Herold 2016). Numerous studies have used these indices for analysing
changes at regional and global scales (e.g. Alexander et al. 2006; Perkins-Kirkpatrick and
Gibson 2017). Most recent studies in South Africa examined both warm and cold extremes
using the ETCCDI indices and found a general decrease in extreme cold events based upon
temperature data from the South African Weather Service (SAWS) between the periods;
1961-2000 (New et al. 2006); 1962-2009 (Kruger and Sekele 2013), 1960-2010 (Mackellar et
al. 2014), 1931-2015 (Kruger and Nxumalo 2017) and 1951-2005 (Kruger et al. 2019). New et
al. (2006) only used eight meteorological stations located in South African, and included
neighboring countries stations in their analysis, which could lead to bias in results of South
Africa. Kruger and Sekele (2013) used a base period of 1971-2000 for their analysis. While
Kruger and Nxumalo (2017) used a base line period of 1981-2010 to examine percentiles and
warm and cold spells, and not the extentended period. Kruger et al. (2019) focussed
predominantly on projected extreme temperature trends. In addition, these studies failed to

examine threshold and percentile-based indices on a seasonal timescale with a specific focus
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on extreme cold temperature events, which are important to many sectors in particularly
agricultural.

This study is the first to make use of the Expert Team on Sector-Specific Climate Indices (ET-
SCI) in South Africa. The ET-SCI were developed by the WMO Commission for Climatology and
Indices (CCl) (Alexander and Herold 2016; Yosef et al. 2019). The ET-SCI indices are sector-
specific climate indices that consider health, water and agriculture derived from the ETCCDI
(Alexander and Herold 2016; Yosef et al. 2019). The study presented here is also the first to
focus specifically on extreme cold temperature events for the period 1960-2016, and to
explore these events at a seasonal scale . For the purpose of comparison, we also present an
extension on previous analyses of the ETCCDI indices at annual and seasonal time scales for
the full time period. This will be the first study using the ET-SCI indices, together with the
ETCCDI, to identify extreme cold trends in a South African context, which is important in view
of health, water, and agricultural adaption strategies and policies on a regional and national

basis.

7.4. 2. Study Site

South Africa, located between 22-35 °S and 17-33 °E (Figure 1; Roffe 2019), is prone to cold
conditions due to the latitudinal location (Lennard, 2019). The topography of South Africa
further affects the probability for cold events, with a high altitude central plateau (Figure 1;
Grab and Knight 2018). While the low-lying coastal regions generally have a more mild
climate, the west coast is affected by the cold Benguela current, which contribute to the
advection of cold air over the coast (Tyson and Preston-Whyte 2000; Landman et al. 2017).
The influences of the subtropical high-pressure belt and the mid-latitude westerlies with

associated fronts vary significantly interannually over the subcontinent (Lennard 2019). The
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occurrence of cold cut-off lows and mid-latitude cyclones (cold front) during winter bring cold
weather and occasional snow to the mountainous regions of the Western and Eastern Cape,
over the Drakensberg Mountains to the east (~3500m.asl), and occasionally, over the interior
parts of the country (Landman et al. 2017; Grab and Knight 2018). These cold fronts can linger
over the southern region, typically for two to three days (Doubell et al. 2018; Cowling et al.
2019). Cold snaps produced by cold fronts, can intrude northwards into the country and can
produce extreme cold weather and snowfall over the Free State, Gauteng and Mpumalanga
(Landman et al. 2017), which can last about two days with exceptional cases up to four days

(Tyson and Preston-Whyte 2000).
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Figure 7.1 (Figure 1): Geographic location of selected meteorological stations.
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7.5. 3. Data and Methodology

7.5.1. 3.1 Data Source

Daily maximum (TX) and minimum (TN) temperature data for the period 1960-2016 were
obtained from 20 selected South African Weather Service (SAWS) meteorological stations
(Figure 1, see also Table 1). Following the same practices as in a previous study (Van der Walt
and Fitchett in press), only 20 stations relatively evenly distributed over South Africa were
used as it deemed enough to define temperature variability and get a perspective on the
historical climate over South Africa (see Kruger and Nxomalo, 2017). Each of the selected
weather stations has a continuous dataset of daily maximum and minimum temperature for

at least 50 years.

Table 7.1 (Table 1): Selected meteorological stations information.

Province Station Name Climate Abbrev Lat Long Year Altitude
Num Period
Eastern Cape Dohne 00798116 DH -32.52  27.47 1960-2016 899m
East London 00595729 EL -33.03 27.83 1960-2016 124m
Port Elizabeth 00351795 PE -33.98 25.60 1960-2016 60m
Free State Bloemfontein JBM Hertzog 02615161 BFN -29.10 26.30 1962-2016 1354m
Gauteng Johannesburg Int 04763990 JHB -26.14 2823  1959-2016 1706m
Zuurbekom 04755288 ZB -26.30 27.81 1959-2016 1580m
KwaZulu-Natal Cedara 02394820 CcD -29.54 30.27 1959-2016 1071m
Durban 0240808A2 DBN -29.97 30.95 1960-2016 96m
Limpopo Mara 072200991 MR -23.14  29.56 1959-2016 894m
Warmbad Towoomba 05895941 WBT -2490 28.32 1959-2016 1143m
Mpumalanga Skukuza 05961793 SK -2499 31.59 1960-2016 276m
Northern Cape Kimberley 02904684 KB -28.80 24.77 1959-2016 1198m
Upington 03174765 up -28.43  21.27 1960-2016 836m
Vanwyksvlei 01935613 VW -30.35 21.82 1961-2016 965m
North-West Vryburg 04322383 VB -26.95 24.65 1960-2016 1245m
Western Cape Cape Agulhas 00030204 CA -34.83 20.01 1959-2016 11m
Cape Columbine 00606209 cC -32.83 17.86 1959-2016 62m
Mosselbay 0012215 MB -34.19 22.13 1959-2016 135m
Cape Town 0021178A3 CPT -33.96 18.60 1959-2016 42m
Vredendal 0106880A2 VL -31.67 18.50 1959-2016 42m
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7.5.2. 3.2 Data Quality and Homogeneity

The data were quality controlled to check for inhomogeneity, days with missing data and
possible outliers (Klein Tank et al. 2009; Salameh et al. 2018), that may occur due to human-
induced error, or faulty measuring equipment. Two decimal point rounding was used to
maintain consistency throughout. Missing TN and TX daily data were cross validated with
adjacent stations within a 50km radius and if not possible, replaced with the five-day running
average. If the data were not available for more than five consecutive days, the year was
excluded. Furthermore, years with <90% completeness were discarded from the data set. In
order to ensure consistency, the additional quality control was performed on each station's
data series using the R-based RClimDex v1.9 and ClimPACT v2 software package followed by
the application of the RHtests version 4 software packages (RHtestsV4; Wang 2008a, 2008b;
Vincent et al. 2012; Wang and Feng 2013) for homogenization. The outlier threshold, which
the software uses to check and identify outliers in the data series, was set to three standard
deviations (Zhang et al. 2018). However, not all outliers are truly erroneous, and their
inclusion, exclusion or adjustment can significantly affect extreme analysis (Klein Tank et al.
2009). After testing for outliers, the datasets were tested for spatial and temporal
homogeneity using the RHtestsV4 software. The RHtestsV4 can detect and adjust for multiple
change points in a time series, based on various statistical measures (Wang 2008a, 2008b;

Wang and Feng 2013).

7.5.3. 3.3 Extreme temperature indices
This study examines and compares trends in extreme cold temperature indices on an annual
and seasonal timescale. The seasons are defined according to the astronomical divisions:

summer encompassing December through January, autumn spanning March through May,
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winter from June to August and spring from September to November (Van der Walt and
Fitchett 2020).

A core set of 34 indices are defined by the ET-SCI, coordinated by the WMO Technical
Commission for Climatology (CCI) (Alexander and Herold 2016). These indices monitor the
frequency and intensity of moderate cold events, with the advantage of sector specific
application (Alexander and Herald 2016). A final set of five ET-SCI and six ETCCDI indices were
selected for this study (Table 2) due to the applicability in the South African context, and this
study represents the first analysis of these indices for this region. These 11 extreme cold
temperature indices were computed using the R software packages; RClimdex v1.9 for ETCCDI
indices (Zhang et al. 2018) and ClimPACT v2 for the ET-SCI indices (Alexander and Herold
2016).

The ET-SCI user-defined Cold Spell Duration Index (CDSl,) was set to three consecutive days
where TN<10™ percentile, because the six-day consecutive cold spell events (CDSI) are rarely
identified, and shorter cold spells can cause irreparable damages (Panda et al. 2014), and can
significantly influence the mortality rate (Nairn and Fawcett 2015). Furthermore, the CDSI,
indices were calculated based on an alternative version of the Excess Heat Factor (EHF)
namely the Excess Cold Factor (CHF; see Nairn Fawcett 2015). Moreover, the user defined
TXbnTbN, was set to two consecutive days. Descriptions and definitions of the different
indices used are shown in Table 2. Note that all the above-mentioned indices used were

calculated for the base period of 1960-2016.
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Table 7.2 (Table 2): ETCCDI and ET-SCI cold temperature indices used in this study (adapted from

Alexander and Herold, 2016; Zhang et al., 2008).

Indices Long name Definitions Units
ETCCDI FD Frost days Annual number of days when TN<0°C days
indices
TXn Max TX (Coldest day) Monthly maximum value of daily minimum °C
temperature (TXn = max)
TNn Min TN (Coldest night) Monthly minimum value of daily minimum °C
temperature (TNn = min)
TN10p Cool nights Count of days where TN<10th percentile %
TX10p Cool days Count of days where TN<10th percentile %
CDSI Cold spell duration Count of days of at least six days where TN<10th  days
indicator percentile
ET-SCI tnlLtm; Hard freeze Annual number of days when TN<-2°C days
Indices
CDSl, User-defined CDSI Annual number of days with at least n consecutive  days
days when TN < 10th percentile
TXb,TNb, User-defined consecutive Annual number of consecutive days where both Number of
number of cold days and TX<5th percentile and TN<5th percentile where 10 >=  events
nights n>=2
CWN Cold wave number as The number of individual cold waves that occur each  events
defined by the Excess yearineach extended winter (May-September) . (See
Cold Factor (ECF) Nairn and Fawcett (2013) for more information)
CWD Cold wave duration as The number of longest cold wave identified by CWN.  days

defined by the CWN

7.5.4. 3.4 Trend analysis and significance

The robust non-parametric Mann-Kendall test (e.g. Caloiero et al., 2017; Abatan et al. 2018;

Yosef et al. 2019) and was used to analyse the trend of each of the extreme cold temperature

indices over the period 1960-2016 in each station. The Mann-Kendall test identifies

monotonic trends in time series data and represents probability (Mann 1945; Kendall 1955).

This test does not require the data to be distributed normally, with the advantage of having

a low sensitivity to change points due to inhomogeneous time series (Abbas et al. 2018). In

addition, the non-parametric Spearman's Rank correlation coefficient (p) (Spearman, 1904),

was used to cross-validate the Mann-Kendall test’s trend results if no trend were found.
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Furthermore, the Kendall’s slope estimator, namley the Sen's Slope (SS) was used to quantify
the magnitude/rate of the trend for specific indices (Sen 1968; Panda et al. 2014; Caloiero et
al. 2017). We consider a trend to be significant if it is statistically significant at 5% level (e.g.
Phanda et al. 2014; Caloiero et al. 2017; Abatan et al. 2018; Karki et al. 2019; Yosef et al.
2019). The ClimPACT software calculates the linear trends which were used to assist in the
analysis of the CDSI, CDSI;, CWN and CWD. ArcMap software was used to display the trends
visually, using the Mann-Kendall test values as an identifier. The Inverse Distance Weighting
(IDW) tool within the software was used to spacially interpolate the annual TNMean.

Greater emphasis was given to the Mann-Kendall test and the Sen’s Slope to identify and

quantify the magnitude/rate and the trends, respectively.

7.6. 4.1 Cold extremes

7.6.1. 4.1.1 Introduction

This study presents the first analysis of the ET-SCI computed extreme cold events for South
Africa. These are presented first, followed by the ETCCDI indices for the purpose of
comparison. For all statistical details on results presented in the following sections please see
supplementary Tables S2-S9. Using the ET-SCI indices, a greater number of cold events are
calculated using CWN (average = 1.9 p.a) than TXb,TNb, (average = 0.06 p.a), for the period
1960-2016 (Table 3). The greatest mean annual number CWN are recorded for Mara (2.23),
and Vanwyksvlei (2.18 ), followed by Warmbad Towoomba and Johannesburg International
(2.17) (Table 3). Using the TXb,TNb,, the greatest mean annual number of events are
recorded for Cape Columbine (0.17) and Johannesburg International (0.14), followed by

Vanwyksvlei (0.08). The results of the annual mean number of TXb,TNb, and CWN among
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stations agree to some extent (e.g. Johannesburg International and Warmbad Towoomba)
(Table 3).

The greatest number of annual cold wave days are calculated for CDSI; (average = 10.96)
compared to CWD (average = 5.83) and tnLtm; (average = 9.92) (Table 3). The mean annual
number of tnLtm; are 9.92 days. Zuurbekom experience the greatest mean annual number of
CDSIs (13.63), followed by Mara and Vanwyksvlei (13.63). The greatest mean annual CWD
values are calculated for Zurbekom (9.63) and Warmbad Towoomba (8.14), followed by Mara
(7.56). The greatest mean annual tnLtm; values are recorded in Bloemfontein (45.89) and
Zuurbekom (39.57), followed by Vryburg (20.8) (Table 3). Concurrence is found between
tnLtm; CDSI3 (e.g. Zuurbekom and Vryburg), CWD and CDSIs (e.g. Zuurbekom and Mara), and
to some extent bewteen CWD and tnLtm; (e.g. Zuurbekom).

Using the ETCCDI indices, the averaged number of cold wave days calculated using CDSI is
1.22 days, whereas for FD it is quantified at 14 days (Table 3). The greatest mean annual
number of CDSI-calculated days are recorded in Zuurbekom (4.4) and Warmbad Towoomba
(2.2), followed by Vryburg (2) and Bloemfontein (1.9) While, the greatest mean annual
number of FD-calculated days are found for Bloemfontein (72) and Zuurbekom (61). The ET-
SCl indices broadly agrees with the results of the ETCCDI indices. For instance, in
Bloemfontein, a greater number of cold days are calculated for the ET-SCl indices (i.e. CWD,
CDSls, tnLtmy), and for the ETCCDI indices (i.e. FD, CDSI). The average number cold wave days
and cold spell days are greater for the ET-SCI CDSIs (average = 10.96) and CWD (average =

5.83), than the ETCCDI index CDSI (average = 1.22).
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Table 7.3 (Table 3): Average annual cold events and days per stations for the period 1960-2016. Note:
Symbol *, and colours red (increase) and blue (decrease) indicate statistical significance and trend

direction of the Mann-Kendall test results, as collated in Table S2 and Table S8.

ET-SCI ETCCDI
Station TXb,TNb; CWN CWD CDSl3 tnlLtm, FD CDSI
(events) (events) | (days) | (days) (days) | (days) | (days)

East London
Port Elizabeth
Bloemfontein 2
Johannesburg Int
Zuurbekom
Cedara
Durban
Mara -
Warmbad Towoomba 0.16
Skukuza -
Vryburg
Kimberley
Upington
Vanwyksvlei

Cape Agulhas

Cape Columbine

Mosselbay

Cape Town -

Vredendal

Average 0.06 1.9 5.83 10.96 9.92 14 1.22

7.7. 4.2 ET-SCl indices

7.7.1. 4.2.1 Frost days (tnLtm,)

In general, the overall number of days below -2°C decreased by 0.02 days.y. The remaining
five stations experience increasing trends in annual tnLtm; (Figure 2a). These stations are
located in Eastern Cape, Gauteng, KwaZulu-Natal, Mpumalanga, North-West and Northern
Cape Provinces, with rate increases of 0.08 days.y* and 0.32 days.y* experienced in Vryburg

and Kimberley, respectively (Figure 2a).
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In summer, an observered average of 0.17 frost days were evident while the p results found
a decreasing trend in tnLtm; for East London of 0.16 days.y*. Nine stations exhibit trends in
autumn. Only three stations: Johannesburg Int, Warmbad Towoomba and Kimberley
experience increasing trends in tnLtmy with trend increases of >0.08 days.y™* for the period
1960-2016. The remaining six stations: Bloemfontein, Cedara, Vryburg, Upington,
Vanwyksvlei and Zuurbekom experience decreasing trends in tnLtm;, with only the latter
station experiencing a rate decrease of 0.06 days.y? in tnLtm>. In winter, only 12 stations
exhibit trends, of which six stations experience increasing trends and Kimberley being
statistically significant (Table 4). These stations are located in the Eastern Cape, KwaZulu-
Natal, Limpopo, Mpumalanga, North-West at Vryburg, and Northern Cape at Kimberley, with
only the latter two stations experiencing rates of increase of >0.03 days/y .. Decreasing trends
are experienced in the remaining stations, of which Zuurbekom in Gauteng is statistically
significant. Decreases in tnLtm; are only evident in Zuurbekom and Vanwyksvlei, at rates of
>0.07°C.y’L. In spring, only six stations exhibit trends, four of which are decreasing trends with
Zuurbekom displaying a statistically significant trend, at 0.26 days.y™. Increasing trends are

evident in Vryburg and Kimberly, at >0.02 days.y™.

7.7.2. 4.2.2 Two consecutive days of Cold days and nights (TXb2TNb>)

Only 13 out of the 20 stations exhibit trends in TXb2TNb2, with only Vanwyksvlei in the
Northern Cape province experiencing a significant trend, at a decrease of 0.31 events.y™
(Figure 2b). Ten stations experience decreasing trends, which are located in the Eastern Cape,
Gauteng at Zuurbekom, Northern Cape and Western Cape, at >0.02 events.y* (Figure 2b). The
remaining three stations: Johannesburg Int in Gauteng, Durban in KwaZulu-Natal and North-

West at Vryburg, experience increasing trends of >0.03 events.y! (Figure 2b).
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Figure 7.2 (Figure 2): Annual trends of (a) TnLtm; and (b) TXb,TNb,. Open downward, and upward triangles indicate negative and positive trends. Squares
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Table 7.4 (Table 4): Number of positive and negative statistically significant stations, as well as non-significant and no trends calculated by the Mann-Kendall

test at a 5% confidence level (as collated in Table $2-S9) for the ETTCDI and ET-SCl indices on an annual and seasonal scale.

Indices Annual Summer Autumn Winter Spring
Positive Non- Negative Positive Non- Negative Positive and Non- Negative Positive Non- Negative Positive and Non- Negative
and significant/ and and significant/ and significant significant/ and and significant/ and significant significant/ and

significant no trend significant significant no trend significant no trend significant significant no trend significant no trend significant
ET-sCI
tnLtm; 1 18 1 - 20 - 1 18 1 1 18 1 - 19 1
TXb2TNb> - 19 1 - - - - - - - - - - - -
CDSl; 1 13 6 - - - - - - - - - - -
CWN - 15 5 - - - - - - - - - - - -
CWD - 18 2 - - - - - - - - - - - -
ETCCDI
TNMean 10 9 1 12 7 1 9 10 1 7 13 - 5 1 14
TXn 4 16 - 3 17 - - 19 1 2 18 - 1 19 -
TNn 4 15 1 10 10 - 5 14 1 4 15 1 5 15 -
TX10p - - 20 - 9 11 - 3 17 - 10 10 - 8 12
TN10p 1 9 10 1 6 13 1 12 6 1 14 5 1 14 5
FD 1 17 2 - - - - - - - - - - - -
CDSI 1 18 1 - - - - - - - - - - - -
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7.7.3. 4.2.3 Cold Spells (CDSI3), Cold waves (CWN) and Cold wave duration days (CWD)

Of the 20 stations, 16, experience decreasing trends in annual CDSI3 (Figure 3a), six of which
are statistically significant (Table 4). These stations are located in Gauteng, KwaZulu-Natal,
and Western Cape, at >0.09 days.y™* (Figure 3a). The strongest rate decreases are evident in
stations located in Gauteng at Zuurbekom and KwaZulu-Natal, at rates of >0.19 days.y*
(Figure 3a). The remaining four stations experience increasing trends, of which only Kimberley
is displaying a statistically significant trend (Figure 3a). These stations are located in the
Western Cape, Eastern Cape at East London and Port Elizabeth, North-West and Northern
Cape, with rates of increase >0.03 days.y*! evident for the latter three stations (Figure 3a).
Overall, a decreasing trend in CDSI3 of 0.10 days.y™* has been calculated.

A general decreasing trend in annual cold wave events (CWN) were found. Only 15 of the 20
stations, experienced a decreasing trend (Figure 3b), five of which are statistically significant.
These stations are located in Gauteng, KwaZulu-Natal, Limpopo, Mpumalanga, and Western
Cape, with rates of decrease >0.02 events.y! (Figure 3b). The remaining five stations
experience increasing trends; these are located in the Eastern Cape, Gauteng, KwaZulu-Natal
and Northern Cape Provinces, with a rate of 0.02 events/y* evident in only Kimberley (Figure
3b). Overall, a decrease in CWN at a rate of 0.02 events/y! has been found.

The CWD index identifies the duration (days) of the cold waves identified by the CWN index.
The majority of stations (14 of 20), experience decreasing trends in annual CWD, two of which
are statistically significant (Figure 3c). These significant stations are located in KwaZulu-Natal
at Durban and Limpopo at Mara, with rates of decreases of 0.07 days.y! and 0.08 days.y?,
respectively (Figure 3c). While not displaying a statistically significant decreasing trend, rates
of decrease >0.03 days.y* have been calculated for Zuurbekom, Warmbad Towoomba and

Skukuza (Figure 3c). Four of the remaining stations experience increasing trends, with only
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Port Elizabeth and Kimberley experiencing an increase, at a rate of >0.01 days.y* (Figure 3c).
Whereas Bloemfontein and Vryburg experience decreases at a rate of >0.01 days.y! in annual

CWD (Figure 3c). Overall, a decreasing linear rate of 0.03 events/y* in CWD has been found.
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Figure 7.3 (Figure 3): Annual trends of (a) CDSIz ,(b) CWN and CWD. Open downward, and upward triangles indicate negative and positive trends. Squares indicate no

trends. Solid triangles indicate trends that are statistically significant at the 5% level. For all statistical variables please see supporting Table S3.

128



7.8. 4.3 ETTCDI indices

7.8.1. 4.3.1 Mean minimum temperatures (TNMean)

There is a notable increase of >8°C in TNMean from the central parts of the country, towards
the lower-lying areas of the escarpment and coastal regions (Figure 4a). A total of 15 out of
20 stations experience an increasing trend, ten of which are statistically significant (Figure 4a;
Table 4). The majority of these stations are located along the west coast, Gauteng, KwaZulu-
Natal, and Mpumalanga Provinces, with rates of increase of >0.01°C.y* (Figure 4a). The
remaining five stations experience decreasing trends, one of which are statistically significant
(Figure 4a; Table 4). These stations (except for Mara and Mosselbay) experience rates of
decrease of >0.01°C.y. Overall, the annual TNMean increased at a rate of 0.01°C.y%. The
interior and coastal stations experience the same calculated increase.

At a seasonal timescale, the strongest trend increases in TNMean are calculated for summer,
with an overall increase of 0.23°C for the period 1960-2016, followed by autumn, spring, and
winter. The overall calculated rate of the increasing trend in TNMean for each season is
0.01°C.y’%, except for spring which exhibits no substantial rate increase. The majority of the
stations (18 of 20), experience increasing trends in TNMean in summer, 12 of which are
statistically significant (Table 4). These stations are located along the west coast and in
Gauteng, KwaZulu-Natal, Limpopo, Mpumalanga, and Eastern Cape province at Dohne, with
rate increases of >0.01°C.y1. Only two stations experience decreasing trends: Port Elizabeth
and Kimberley, of which the latter station is statistically significant at a rate decrease of

0.02°C.yL.
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Figure 7.4 (Figure 4): Annual trends of (a) TNMean, (b) TXn, (c) TNn and (d) FD. Open downward, and upward triangles indicate negative and positive trends.

Squares indicate no trend. Solid upward triangles indicate trends that are statistically significant at the 5% level. For statistical variables please see

supplementary Table S2.
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Similar trends are evident in the stations during autumn, with the strongest rate of increases,
at a rate of >0.02°C.y’, experienced in Gauteng. While six stations experience decreasing
trends in TNMean in autumn: Port Elizabeth, Bloemfontein, Mara, Vryburg, Kimberley and
Mosselbay, with most of the stations experiencing rates of decrease of >0.01°C.y ™.

Of the 20 stations, 13, experience an increasing trend in TNMean in winter, seven of which
are statistically significant (Table 4). These stations are located along the west coast, and in
the Eastern Cape at Dohne, Gauteng at Zuurbekom, KwaZulu-Natal province at Durban, with
rates of increase of >0.01°C.y’l. The remaining five stations experience decreasing trends:
Mara, Upington, Port Elizabeth, Mosselbay, and Kimberley. The latter three stations
experience rate decreases of >0.01°C.y! (Table 4). The majority of the stations (16 of 20),
experience increasing trends in TNMean in spring, five of which are statistically significant
(Table 4). These stations are located along the west coast and in Gauteng province, with rate
increases of >0.01°C.y"%. The remaining four stations experience decreasing trends in TNmean:
East London, Port Elizabeth, Vryburg, and Kimberley. Only the latter three stations experience

rate decreases of >0.01°C.yL.

7.8.2. 4.3.2 Coldest day (TXn) and coldest night (TNn)

Most of the stations (11 of 20), experience an increasing trend in coldest daytime
temperatures (TXn; Figure 4b), four of which are statistically significant (Table 4). These
stations are located in Gauteng and the Western Cape at Cape Agulhas and Cape Town, with
rates of increase >0.02°C.y* (Figure 4b). The remaining nine stations located in Limpopo,
North-West, Mpumalanga, Northern Cape, Western Cape, and Eastern Cape Provinces
experienced decreasing trends, at rates >0.01°C.y™* (Figure 4ba). No substantial overall rates

of increase were calculated.
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Similar to the annual TXn, the strongest and statistically significant calculated increase in TXn
in summer is experienced in Gauteng, at a rate >0.02°C.y. Most of the stations (12 of 20),
experience decreasing trends in TXn in autumn, with Port Elizabeth in the Eastern Cape
province being statistically significant, with rates of decrease of 0.02°C.yt. The remaining
stations, located in the Northern Cape, Eastern Cape, Free State, Gauteng at Zuurbekom,
KwaZulu-Natal, North-West, and Western Cape province, are experiencing rates of decrease
>0.01°C.y’%. Overall, TXn in autumn decreased by 0.02°C for the period 1960-2015. A total of
14 out of 20 stations experience an increasing trend in TXn in winter, two of which are
statistically significant (Table 4). These stations are located in the Eastern Cape at Dohne and
Northern Cape Province at Upington, with rates of increase >0.03°C.y!. Five stations
experience decreasing trends in TXn; these are located in the Eastern Cape, Limpopo and
Western Cape Provinces, with rates of decreases >0.01°C.y"! experienced in East London,
Mara, Mosselbay and Vredendal. Increasing trends in TXn in spring are experienced in 50% of
the stations (10 of 20), with Cape Agulhas exhibiting a statistically significant increase at a rate
>0.02°C.y’%. The remaining stations experience decreases in TXn in spring. These stations are
located in the Free State, KwaZulu-Natal, North-West, Northern Cape, and Eastern Cape
Provinces, with rates of decrease >0.01°C.y™%. The strongest decrease is evident in Vredendal,
at a rate of 0.04°C.y%. In short, the strongest increasing trends are experienced in summer
and winter, with mean rates of 0.01°C.y*.

The results for TNn (Figure 4c) indicate an increasing trend for most of the stations (12 of 20),
four of which are statistically significant (Table 4). These stations are located along the west
coast and in Gauteng Province at Zuurbekom, with rates of increases >0.02°C.y! (Figure 4c).

The remaining eight stations experience decreasing trends, with only stations located in
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Limpopo, North-West and Northern Cape at Kimberley experiencing rates of decrease >0.01°C
(Figure 4c). Overall, an increase of 0.01°C.y! in annual TNn has been calculated.

The majority of stations (18 of 20), experience increasing trends in TNn in summer (Table 4),
ten of which are statistically significant. These stations are located along the west coast and
in Gauteng, Limpopo, KwaZulu-Natal at Cedara, and Northern Cape at Vanwyksvlei, with rates
of increase >0.02°C.y"L. Port Elizabeth experienced a decreasing trend in TNn in summer, at a
rate of 0.01°C.yr%. Of the 20 stations, 15, experience an increasing trend in TNn in autumn,
five of which are statistically significant (Table 4). These stations are located along the west
coast and in Gauteng at Zuurbekom, and KwaZulu-Natal at Cedara, with rates of increase
>0.02°C.y’L. Decreasing trends are calculated for TNn for only three stations in autumn:
Bloemfontein, Vryburg and Kimberley, with the latter being statistically significant, with rates
of decrease of 0.05°C.yL. Increasing trends are experienced in 12 of the 20 stations for TNn
in winter, four of which are statistically significant (Table 4). As for autumn, these stations are
located along the west coast and in Gauteng province at Zuurbekom, with rates of increase
of >0.02°C.yl. The remaining eight stations experience decreasing trends, with rates
>0.01°C.y’! only evident in Mara, Vryburg and Kimberley. Most of the stations (13 of 20),
experience increasing trends in TNn in spring, five of which are statistically significant (Table
4). These stations are located along the west coast and in Gauteng province, with rates
>0.02°C.yL. Six of the remaining seven stations experience decreasing trends, of which only
stations located in the North-West and the Northern Cape province at Kimberley and
Upington exhibit rates >0.01°C.y%.

In short, the strongest calculated trend and rates of increase of TNn, are calculated for
summer, at a rate of 0.03°C.y?, followed by spring with a rate of increases of 0.02°C.y*.

Autumn and winter experience increasing trends, at a rate of 0.01°C.y L.
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7.8.3. 4.3.3 Frost days (FD)

In general, the frequency of days below 0°C is decreasing across the country. The majority of
stations (12 of 15) are experiencing a decreasing trend, two of which are statistically
significant (Figure 4d; Table 4). These stations are located in Gauteng and Western Cape
province with decreasing trends >0.32 days.y™* (Figure 4d). Overall, the calculated trend in the
number of FD decreased with 0.05 days/y>. Increasing trends are calculated for stations
located in the Eastern Cape at Dohne, Gauteng at Johannesburg Int, and Northern Cape at
Vryburg and Kimberley, with an overall calculated increasing trend in FD of >0.05 days.y™
(Figure 4d). The majority of stations (7 of 13), are calculated to experience decreasing trends

(Figure 4d), with only Zuurbekom exhibiting a statistically significant trend, at a rate of

decrease of 0.84 days.y* (Table 4).

7.8.4. 4.3.4 Cold days (TX10p) and cold nights (TN10p)

In general, the frequency of annual TX10p is decreasing across the country. All stations
included in this study experience statistically significant decreasing trends (Figure 5a; Table
4), with an overall calculated rate of 0.10% days.y™!. Stations with rates of decrease >0.10%

days.y?! are located in Limpopo and the Western Cape Provinces (Figure 5a).
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In summer, 18 out of 20 stations, experience decreasing trends in TX10p (Figure 6a), 11 of
which are statistically significant (Table 4). These stations are located in the Eastern Cape,
KwaZulu-Natal, Limpopo, Northern Cape and Western Cape Provinces, at rates of >0.08%
days.y! (Figure 6a). The strongest rates of decrease are experienced in Northern Cape and
Western Cape, with increases >0.15% days.y. The remaining two stations experience
increasing trends (Figure 6a), with a rate of 0.01% days.y! evident only in Bloemfontein.
Overall, a decreasing rate of 0.10% days.y* has been calculated for summer. All the stations
experience decreasing trends in autumn (Figure 6b), 17 of which are statistically significant
(Table 4). The strongest rates of decrease are experienced in stations located in the Western
Cape, Northern Cape, North-West, Limpopo, Free State, Gauteng at Zuurbekom and Eastern
Cape at East London, at rates of >0.11% days.y! (Figure 6b). Overall, a decreasing rate of
0.13% days.y ! has been calculated for autumn.

All the stations experience decreasing trends in winter (Figure 6c), ten of which are
statistically significant (Table 4). These stations are located in the Eastern Cape, Gauteng,
Limpopo, KwaZulu-Natal, North-West, Northern Cape and Western Cape Provinces, at rates
>0.07% days.y! (Figure 6c). The strongest rates of decrease are calculated for stations in
Limpopo and Western Cape, at >0.13% days.y™* (Figure 6c). Overall, a decreasing rate of 0.09%
days.y! has been calculated in winter. In spring, all the stations experience a decreasing trend
(Figure 6d), 12 of which are statistically significant. These stations are located in the Eastern
Cape, Free State, Gauteng, Limpopo, North-West, Northern Cape, and Western Cape
Provinces, at rates >0.08% days.y ! (Figure 6d). The strongest decreasing rates for TX10p are
evident in the Western Cape, at >0.11% days.y! (Figure 6d). Overall, a decreasing rate of
0.10% days.y ! has been calculated in spring. In short, the strongest rate decrease in TX10p is

evident in autumn, followed by summer, spring and winter.
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For annual TN10p, most of the stations (16 of 20), have experienced decreasing trends (Figure
5b), ten of which are statistically significant (Table 4). These stations are located in the
Western Cape, Northern Cape, Mpumalanga, KwaZulu-Natal, Gauteng, and the Eastern Cape
Province, at >0.07% days.y! (Figure 5b). The strongest decreasing rates are experienced in
the Western Cape, KwaZulu-Natal at Durban, and Gauteng at Zuurbekom, at >0.11% days.y™*
(Figure 5b). Increasing trends are calculated for the remaining four stations: Port Elizabeth,
Vryburg, Mosselbay and Kimberley at rates of >0.01% days.y™, with the latter station being
statistically significant (Figure 5b). Overall, a rate of decrease of 0.07% days.y has been
calculated for TN10p country-wide.

In summer, decreasing trends are calculated for a total of 17 of 20 stations (Figure 7a) in
TN10p, 13 of which are statistically significant (Table 4). These stations are in the Eastern
Cape, Gauteng, Limpopo, Mpumalanga, Northern Cape and Western Cape, at >0.11% days.y
! (Figure 7a). The strongest rates of decrease are experienced in the Western Cape, KwaZulu-
Natal at Durban, and Gauteng at Johannesburg Int, at >0.15% days.y* (Figure 7a). Of the
remaining three stations, Mosselbay experiences no detectable trend, while Port Elizabeth
and Kimberley experience increasing trends, at rates of >0.03% days.y?, with the latter being
statistically significant (Figure 7a). Overall, a decrease in TN10p at >0.11% days.y™* has been
calculated for summer. Most of the stations (15 of 20; Figure 7b) are experiencing decreasing
trends in autumn, six of which are statistically significant (Table 4). These stations are located
in the Western Cape, KwaZulu-Natal and Gauteng, at >0.12% days.y™ (Figure 7b). Increasing
trends are found for stations located in the Eastern Cape, North-West and Northern Cape
province at Kimberley, at >0.05% days.y!, of which the latter is statistically significant (Figure
7b). Overall, a decreasing trend at a rate of 0.07% days.y! in TN10p has been calculated in

autumn.
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For winter, 15 of the 20 stations, experience decreasing trends in TN10p (Figure 7c), five of
which are statistically significant (Table 4). These stations are located in Gauteng, KwaZulu-
Natal, and the Western Cape, at >0.13% days.y! (Figure 7c). The strongest rate decreases are
evident in Zuurbekom and Durban, at rates of >0.25% days.y!. The remaining five stations
experience increasing trends at rates of >0.05% days/y? (Figuer 7c). These stations are
located in the Eastern Cape, Gauteng, North-West, Western Cape and Northern Cape at
Kimberley, with only the latter station being statistically significant (Figure 7c). Overall, a
decreasing rate of 0.05% days.y! has been calculated for winter. In spring, 16 stations,
experience decreasing trends (Figure 7d), five of which are statistically significant (Table 4).
Similar to winter, these stations are located in Gauteng, KwaZulu-Natal and Western Cape,
with rates of decreases >0.09% days.y! (Figure 7d). The remaining four stations experience
increasing trends, of which only Kimberley is statistically significant (Figure 7d). These stations
are located in the Eastern Cape at East London and Port Elizabeth, North-West and Northern
Cape, with rates of >0.07% days.y! evident only in the latter three stations (Figure 7d).
Overall, a decreasing rate in TN10p of 0.05% days.y* has been calculated in spring. In short,
the strongest rate trend and rate increases are evident in summer, followed by autumn,

winter and spring.
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7.8.5. 4.3.5 Cold spells

Only 12 of the 20 stations, experience decreasing trends in annual CDSI (Figure 5c), of which
only Durban in KwaZulu-Natal is displaying a statistically significant decreasing trend. The
strongest decreasing trends are evident in Western Cape, Northern Cape and Mpumalanga,
at >0.13 days.y* (Figure 5c). Increasing trends are evident in the Eastern Cape, Limpopo, and
Western Cape at Mosselbay, with an increase of >0.01 days.y* for the period 1960-2016

(Figure 5c).

7.9. 5. Discussion

7.9.1. 5.1 Incidence of cold temperature extremes in South Africa

This study is one of the first to apply the ET-SCI indices in South Africa in exploring the
incidence of only extreme cold temperature events and, for the period 1960-2016. These ET-
SCI (e.g. TXb2TNby, CWN, CWN), in particular the CDSIs, have been found to be more effective
in measuring the frequency and intensity of cold waves, compared to the ETTCDI CDSI (Panda
et al. 2014). Shorter cold events (i.e. two or three day events) can have significant impacts on
many sectors, in particular agriculture (Panda et al. 2014). Using the ET-SCI, an average of 1.9
cold wave events/y! was calculated using CWN, for the period 1960-2016. However, an
overall decreasing trend was found in the frequency of occurence of extreme cold events,
with the duration and incidence of these events showing great variability over the country.
This is evident in the trend analysis of the ET-SCI, TXb,TNb, CDSIls, CWN and CWD on an
annual scale. For instance, duration of cold spell events (CDSI3) decreased at a rate of 0.1
days.y?, ora mean one day per decade, countrywide, as would be expected under global scale
warming in recent decades. However, more notable, some stations experienced increases in

the duration of cold spell events, at comparable rates. These stations were widely distributed
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across the country, including Port Elizabeth and East London in the Eastern Cape, Vryburg in
the North-West, and Kimberley in the Northern Cape Province. Similar results were found for
the number of cold waves (CWN). Increasing trends in CWN have been observed in the
Eastern Cape, Gauteng, KwaZulu-Natal and Northern Cape Provinces, with a rate increase of
0.02 events.y! evident in only at Kimberley in the Northern Cape Province. The heterogenous
distribution of these increases in the incidence and duration of cold events across the country
would suggest that there is no singular distinct causal mechanism. Changes in the dynamics
of the Mascarene High over recent decades, and resultant atmospheric blocking, have been
associated with anomalous temperatures, and in particular extreme cold events associated
with the enhanced cut off lows (Xulu et al., 2020). While there is a considerable geographical
distribution of cut off lows along the South African coastline (Singleton and Reason, 2007),
these systems are unlikely to have induced an increase in cold events in regions of the
Northern Cape and North West Province. Index outputs are insufficient to determine causal
drivers, and efforts in climate modelling towards understanding this increase in extreme cold
temperature events warrants further research.

Our findings are in partial agreement with previous studies indicating a general decreasing
trend in extreme cold temperatures and cold waves (e.g. Kruger and Sekele 2013; Mackellar
et al. 2014; Kruger and Nxumalo 2017). In general, the number of days per year with low
minimum temperatures have declinded. Similar to the findings of Kruger and Sekele (2013)
and Kruger and Nxumalo (2017), cold days and nights have declined, particulary in the
western parts of the country. Extending from previous studies, this study presents the first
comprehensive seasonal analysis of the absolute (i.e. TNMean, TNx, TNn) and percentile-
based (i.e. TN10p and TX10p) indices. In general, the seasonal results for the absolute-based

indices indicate an increase in TNMean, TNx and TNn. Greater variability across the seasons
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is recorded for the coastal (e.g. Port Elizabeth and Mosselbay) and interior stations (e.g.
Kimberley and Vryburg). The greatest spatial variability between stations is evident in spring
(September/October/November) for both day- and night-time temperatures. This could be
due to the transition between winter and spring. Similarly, decreasing trends are evident for
the seasonal frequency of cold days and nights. However, it is evident that the frequency of
cold nights is increasing in some of the interior stations (e.g. Vryburg and Kimberley), while
the rest of the stations show a decrease in cold nights. This could be due to the location and
elevation of these stations. However, seasonal observations are very important, particularly
for the agricultural sector as these climatic changes may result in shifts in the onset and length
of growing seasons (Thorton et al. 2014). Extending from the work of Kruger and Nxumalo
(2017), our 50-year trend analysis for CDSI has found a smaller decreasing trend of 0.03
days.y?, for the period 1960-2016.

Future trends indicate that cold spells are projected to be quite spatially variable across South
Africa, which is heightened with the use of some indices (Kruger et al. 2019). However,
decreases are more pronounced in the central and northern parts of the country (Kruger et

al. 2019. Which to a certain extent agree with the findings of this study.

7.9.2. 5.2 Possible climate mechanisms of cold extreme events

Very few seasonal or longer-period synoptic-scale studies of the drivers of extreme cold
events in South Africa have been documented (Lengoasa, 1991). Cold weather and cold
events are mainly produced by the occurrence of cold cut-off lowsand the cold fronts of mid-
latitudinal cyclones predominantly during winter (Engelbrecht et al. 2012; Abiodun et al.
2016; Lennard 2019). Cold fronts are normally followed by a high-pressure systems over the

Atlantic Ocean (Stander 2016). Cold fronts over South Africa are more frequent and well
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defined during the winter months, with a frequency of one to two systems per week (Tyson
and Preston-Whyte 2000; Stander, 2013). These events exhibits a strong seasonality in their
occurrence (Jury and Parker, 1998). A general eastward movement is exhibited by these
events due to their location within the westerly belts (Stander, 2013). The cold air mass
associated with cold fronts tends to exhibit a northeasterly movement across the interior
plateau, depending on the characteristics of the strength of the pressure gradient force
driving it across South Africa, which can extend as far north as the Gauteng Province (Jury and
Parker, 1998; Stander 2013; Stander 2016). The magnitude is determined by the strength of
the ridging anticyclone and the depth of the low pressure associated with the cold front east
of the county (Stander 2016). Cold snaps, following the passage of the cold front, can last up
to four days over South Africa which are attributed to frontal perturbations in the westerlies
(Tyson and Preston-Whyte 2000; Landman et al. 2017). Moreover, there is the potential for
cold air outbreaks in the polar masses to increase in regions such as South Africa, due to
internal variability and external forcings (Smith and Sheridan, 2020). Where the Mascarene
High induces atmospheric blocking, slow-propagrating cut off lows can develop from the
westerly wave, resulting in enhanced rainfall and even colder temperatures (Xulu et al., 2020).
Localized temperature differences may occur due to the location of the station within close
proximity to the ocean, as well as elevation of the stations (Table 1). The colder sea surface
temperatures along the west coast due to the cold Benguela, together with westerly flow
contributes to the advection of cold air over the coast (Tyson and Preston-Whyte 2000;
Landman et al. 2017). Furthermore, it has been found that higher elevations such as
Johannesburg International and Kimberley tend to be colder than lower elevations (NOAA,
2020). For example, large areas of the high plateau of South Africa experience colder day and

night temperatures, with more than five days experiencing temperature reductions of >10°C
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during winter relative to the lower parts of the plateau. In addition, built-up areas may be
warmer than the rural areas (e.g. Johannesburg International and Zuurbekom) due to the
urban heat island (Scott et al. 2018). This is important in the context of continually expanding
urban centers, as the warming effects of the urban heat island may inhibit or ameliorate
extreme cold events, and will do so over larger spatial areas as the urban footprint expands.
This would be heightened under conditions of localised greenhouse gas emissions that are
trapped under dominant high pressure conditions over the interior, which arise from
transportation, heating and industry, either continually or under air pollution episodes (Jury,
2017).

An important avenue of future research will involve exploring the forcing mechanisms
responsible for these extreme temperature events, and in particular cold events, in South
Africa both currently and for future climate projections under potential retraction of the
southern hemisphere jet stream due to the enhanced meridional gradient under global
warming. It will also be of value to explore the role that larger scale climate variability plays
in the incidence and severity of extreme climatic events, including the El Nifio Southern

Oscillation, Indian Ocean Dipole and the Southern Annular Mode.

7.9.3. 5.3 Regions of risk-related hazards

Although much of South Africa is situated within the subtropics, human comfort levels are
affected by cold weather and cold events across South Africa (Jury and Parker 1998; Kodra
and Ganguly 2014; Stander 2016). In our analysis of extreme cold temperature events over
South Africa, we observe that the variations in the trends are not spatially uniform. Each
province and station exhibits unique trends; for instance, increasing trends in of cold days,

two-day consecutive cold days and nights, cold waves seem to occur more in stations located
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along south and east coast and in the Northern Cape, North-West, Gauteng province. These
cold weather and cold events could lead to an increased risk of cold-related injuries (e.g.
hypothermia) in the low-income and the homeless populations (Zhang et al. 2018),
particularly in the vulnerable socio-economic communities found in Gauteng, KwaZulu-Natal,
North-West and Eastern Cape province (Le Roux et al. 2017). Cold spells also result in a higher
demand for electricity in populated areas (de' Doate et al. 2014; Stander et al. 2016), such as
Gauteng and KwaZulu-Natal, which places strain on the already struggling infrastructure in
place. Day to day weather can have significant impacts on outdoor tourism activities,
particular in tourist activities along the coast and in Gauteng province (Giddy et al. 2017). It is
estimated that 3.5 million people reside along the coastline, of which 40% live below the
minimum living wage (Le Roux et al. 2017). These communities are especially vulnerable to
potential increases in the frequency of extreme cold events, due to low adaptive capacity,
and appropriate housing (Le Roux et al. 2017). Potential increases in cold events can impact
the ecosystem (Leriorato and Nakamura 2019), changing plant and animal distributions, and
delaying seasonal phenological events (Wang et al. 2016), and result in loss of livestock
(Muirhead 2002), which may lead to irreparable damages to regions such as the Northern
Cape and Eastern Cape which support extensive livestock farming (Létter 2017), and house
communities which depend solely on subsistence farming for their livelihoods.

In accordance with our results, it is important to highlight that decreasing tendencies of cold
extremes across South Africa, may have positive effects. In particularly, for low income
communities with low adaptive capacity, as well as vulnerable housing infrastructure.

Furthermore, it could lead to reduction of energy consumptions and cost in the long-term.
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7.9.4. 5.4 Looking forward: Climate change influence and adaptation

Our results show a decrease in annual extreme cold events, as would be expected in a
warming country. However, studies suggest that cold events may continue to persist into the
late 21°t century across many regions of the world and even increase in frequency in certain
countries (Kodra et al. 2011; Kodra and Ganguly 2014). It is therefore important to understand
the incidence of cold events in South Africa, their current frequency, and the synoptic drivers,
and to include projections of cold events in climate modelling outputs.

A broad hypothesis is that natural processes that drive anomalously cool weather will
continue to do so despite a significant mean warming trend (Kodra et al. 2011; Kodra and
Ganguly 2014). It is suggested that extreme cold events may be less severe or shorter than
they have been in the recent past on average, but that this may increase a population’s
vulnerability to the rare cold events which do occur. People may become less acclimatized to
these events, which would lead to more susceptibility to cold-related mortality when these
events occur (Kodra et al. 2011; Kodra and Ganguly 2014; Smith and Sheridan 2020). This is
especially important for the population of a developing country such as South Africa, with a
low adaptive capacity and limited indoor thermal control. We therefore argue that it is
important for = decision-makers to consider both extreme warm and extreme cold events in

their infrastructural adaptation and their warning systems

7.10. 6. Conclusion

This study provides the first application of the ET-SCI indices in exploring extreme
temperature events in South Africa. This is the first paper to explore cold extreme events, and
their implications, in South Africa, and the first to explore extreme temperature at a seasonal

scale. The ET-SCI indices used are more relevant in a South African setting, seeing that these
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indices can identify shorter cold extreme events, which may have a greater influence,
particularly on the agricultural sector. Furthermore, by extending the analysis period results
should be more robust than studies done over a shorter time period (Kruger and Nxumalo
2017). The importance of the incidence of ETEs are more apparent when exploring the long-
term trends (e.g. higher frequency of hot days), than isolated reports of individual short-lived
events which are often difficult to detect (Davis-Reddy and Vincent 2017).These findings
contribute to the knowledge on the nature of cold events in a South African perspective,
seeing that these events will still occur under current increasing mean temperatures.
Furthermore, these results are crucial in order to frame mitigation and adaption strategies
against anomalously cold events in a 'warming world'.

Overall our results show that the frequency and duration of cold events has decreased in
South Africa; however, the duration and incidence of these events show great variability over

the country for the period 1960-2016.
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Chapter 8: Exploring extreme warm temperature trends in South Africa:

8.1. Brief Synopsis

1960-2016

This study attempts to understand the nature of heat events, as well as examine the frequency

and duration of these events, and aims to provide updated trends of extreme warm

temperature events on an annual and seasonal timescale for the period 1960-2016, for all the

previously used ETCCDI temperature indices across South Africa. Also, this study will be the

first to use and examine trends of the ET-SCI in a South African context.
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8.2. Abstract

Warm extreme temperature events or ‘heatwaves’ have disastrous impacts. Several high-
impact heatwave events have recently occurred in the Global North, resulting in significant
losses of human life and dire effects on economies. The expected increases in the frequency
and intensity of extreme heat events under climate change poses a significant threat to South
Africa. South Africa, a developing country, with an increasing population, faces many
socioeconomic challenges. This study presents the first comprehensive annual and seasonal,
spatial and temporal trend analyses of daily maximum and minimum extreme temperature
events recorded from 20 meteorological stations across South Africa, spanning 1960-2016.
Trend results based on the World Meteorological Organisation Expert Team on Climate
Change Detection (ETCCDI) and the World Meteorological Organisation Commission for
Climatology and Indices Expert Team on Sector-Specific Climate Indices (ET-SCI). Indices
describing the characteristics of warm extremes are calculated using RClimDex and ClimPACT,
respectively. The non-parametric Mann-Kendall test, Spearman Rank Correlation Coefficient
and Sen’s slope estimates were used to determine the statistical significance and magnitude
of the calculated trend. Results show a general annual trend increase in maximum
temperature at a rate of 0.02°C.yl. The majority of stations reveal statistically significant
trends in warm days and nights; with the strongest, general annual trend increases
experienced in warm days at a rate of 0.15%.yr .. Seasonally, the strongest increases of 0.11%
days.yr! in warm days are evident for autumn, while increases of 0.07% days.y! are
calculated for summer. A general increasing trend in heatwave events is recorded at 0.03
events.yr! countrywide.

Keywords: Extreme temperature events, ETCCDI indices, ET-SCI indices, Mann-Kendall test,

Sen’s slope
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8.3. 1. Introduction

Over the past two decades, several high-impact extreme temperature events occurred in the
Global North, most notably the 2003 European and 2010 Russian heatwaves which resulted
in more than 70,000 and 10,000 human fatalities, respectively (Simmonds 2018; Ragone et al.
2018). These high-profile events garnered significant public attention due to the severe
impacts on human health, ecosystems and socioeconomic development (Perkins et al. 2012;
Simmonds 2018). More recently, less dramatic yet extraordinary extreme heat events have
included the hottest heatwave in June 2019, resulting in 1,500 fatalities in France (Osborne
2019). The global interest in these extreme heat events is growing, particularly under current
climate change projections indicating a likely increase in frequency and duration of heatwaves
and warm spells across both the Northern and Southern Hemispheres (Alexander et al. 2006;
Perkins et al. 2012; Perkins-Kirkpatrick et al. 2017).

In South Africa, the South African Weather Service (SAWS) defines heatwaves as
climatological events where maximum temperatures are at least 5°C warmer than the
recorded mean of the hottest month at a given location for a period of at least three days
(Malherbe et al. 2020; SAWS 2020). By this definition, several heatwaves have been recorded
over the past five years. The most recent involved record-high mean winter temperatures for
the winter months (June, July and August) in the Eastern Cape in 2019, with mean daytime
temperatures exceeding 20.9°C, followed by unseasonably, record-high maximum
temperatures exceeding 35°C, recorded in Cape Town on 7 September 2019 (Head 2019). It
is estimated that mean annual temperature in South Africa has increased by at least 1.5 times
the global average, at an estimated 0.65°C over the past five decades (Ziervogel et al. 2014).
Extreme climatic events are projected to increase in frequency and severity throughout the

21t century (Davis-Reddy and Vincent 2017). Without significant efforts to reduce the
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vulnerability of the region, exposure to extreme climate events, including temperature
events, will increase (Davis-Reddy and Vincent 2017).

The expected increases in extreme heat events pose a significant threat to developing
countries (Abatan et al. 2016), including South Africa. South Africa faces many pressing socio-
economic development needs, compounded by environmental stressors and a growing and
urbanizing population with greater exposure to these events (Pasquini et al. 2013; Davis-
Reddy and Vincent 2017). Extreme temperatures have various impacts on ecosystems
(Malherbe et al.,, 2020), agriculture (Mangani et al. 2018), water resources and energy
(Lubega et al. 2018), infrastructure (Pasquini et al. 2013), tourism (Noome and Fitchett, 2019)
and human health (Nana et al. 2019; Chersich and Wright, 2019). Regarding human health,
exposure to abnormally high temperatures over a prolonged period (i.e. during warm spells
and heatwaves) will result in heat stress (Lee 2014; Founda et al. 2019) which may lead to
heat-related illnesses including cardiovascular disease, heatstroke, heat exhaustion, and
mortality (Ngwenya et al. 2018). Despite these considerable threats, heat stress and heat
events are inadequately understood and sometimes ignored (Lee 2014; Pelling et al. 2017),
particularly in developing countries (Ngwenya et al. 2018). Therefore, given the increased
attention due to the vulnerability of the society and ecosystems in South Africa (Pasquini et
al. 2013), it is important to understand the nature of changes in temperature extremes in
South Africa at different spatial and temporal timescales, which is vital for adaptation.
Several metrics have been developed to quantify extreme heat events; however, no universal
definition exists (Perkins-Kirkpatrick and Gibson 2017). For instance, heatwaves can be
defined as a period of consecutive days where conditions are hotter than usual, which
includes seasonally extreme events such as summertime heatwaves, or seasonally anomalous

warm spells occurring on an annual basis (Perkins et al. 2012). A set of metrics have been
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developed by the World Meteorological Organization (WMO) Expert Team on Climate Change
Detection and Indices (ETCCDI; Zhang et al. 2018). These indices can be classified into duration
indices, threshold indices, absolute indices and percentile indices (Klein Tank et al. 2009).
Several studies have applied one or a combination of indices to examine trends in extreme
temperature events globally (e.g. Alexander et al. 2006; Fischer and Shar 2010; Perkins et al.
2012; Perkins-Kirkpatrick and Gibson 2017), on the African continent (e.g. Abatan et al. 2016;
Abatan et al. 2018), and specifically in South Africa (e.g. Kruger and Sekele 2013; Mackellar et
al. 2014; Kruger and Nxumalo 2017). Kruger and Sekele (2013) and Kruger and Nxumalo
(2017) examined extreme temperature trends using a select few ETCCDI indices, for the
periods 1962-2009 and 1931-2015, respectively. However, seasonal trends were not
explored, and the time period of interest was limited. In the interests of global comparison,
to explore the various facets of extreme temperature events, and to facilitate more precise
attribution of the effects of these events, the WMO indices offer greater value than local
definitions.

This study aims to provide updated trends of daily maximum and minimum temperature
extremes on an annual and seasonal timescale for the period 1960 to 2016, for all indices,
previously examined. Additionally, this study will make use of the extreme temperature
indices developed by the Expert Team on Sector-Specific Climate Indices (ET-SCI) which was
established by the WMO Commission for Climatology and Indices (CCl) (Alexander and Herold
2016; Yosef et al. 2019). The ET-SCI developed several sector-specific climate indices that
consider health, water and agriculture derived from the ETCCDI (Alexander and Herold 2016;
Yosef et al. 2019). This will be the first study using the ET-SCI to identify trends in warm events
in South Africa, which is important in view of health, water and agricultural adaption

strategies on a regional and national basis.
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8.4. 2. Study Site

South Africa is located in the southern tip of Africa, spanning the subtropics and mid-latitudes
between 22-35 °S, and 17-33 °E, bordered by the Atlantic Ocean in the west and southwest,
the Indian Ocean to the south and east (Figure 1). The climate of South Africa is governed by
the complex interaction between the subtropical location, the altitude of the interior plateau,
and proximity to, and temperatures of, the oceans. South Africa’s latitudinal range results in
pronounced seasonal difference in rainfall and temperature patterns over South Africa,
together with the intra-annual migration of the inter-tropical convergence zone (ITCZ;
Lennard 2019). The high-pressure belt is situated over the southern tip of the subcontinent in
summer, and over the interior during winter (Tyson and Preston-Whyte 2000). These high-
pressure systems are interrupted by troughs associated with cold fronts. The influences of the
subtropical high-pressure belt and the mid-latitude westerlies with associated fronts vary
significantly interannually over the subcontinent. These interactions between tropical and
temperate disturbances have significant consequences for the weather of the subcontinent
(Tyson and Preston-Whyte 2000). The topography of South Africa is complex and
predominantly characterized by the escarpment which influences the temperature
distribution over the country where the escarpment forms a climatic division between the
high plateau and the low-lying coastal regions in the east and southeast and (Figure 1; Grab
and Knight 2018). The eastern and southern escarpments are the regions with the lowest
temperatures, due to the decrease in temperature with altitude (Engelbrecht and Landman
2010; Grab and Knight 2018). The altitude ranges between the highest point of ~3000m.asl in
the Lesotho/KwaZulu-Natal border and ~2000m.asl in the southern escarpment (Grab and

Knight 2018).
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Figure 8.1 (Fig 1): Geographic location of selected meteorological stations.

8.5. 3. Data and Methodology

8.5.1. 3.1 Data

For this study, daily maximum temperature (TX) and minimum temperature (TN) data for the
period 1960-2016 were obtained from 20 selected SAWS meteorological stations (Figure 1,
Table 1), relatively evenly spatially distributed over South Africa. Only this discrete selection
of weather stations were used to ensure consistency throughout the analysis period (cf.
Kruger and Sekele 2013; Mackellar et al. 2014; Kruger and Nxumalo 2017). Kruger and
Nxumalo (2017) demonstrate that 20 stations are sufficient to define temperature variability
to areasonable degree across South Africa. The selection of the stations analysed in this study
was based on the data quality length and, homogeneity of the time series, spanning at least

50 years.

166



Table 8.1 (Table 1): Selected meteorological stations information.

Province Station Name Climate Num Abbreviation Lat Long Year Period
Eastern Cape Dohne 00798116 DH -32.52 27.47 1960-2016
East London 00595729 EL -33.03 27.83 1960-2016

Port Elizabeth 00351795 PE -33.98 25.60 1960-2016

Free State Bloemfontein 02615161 BFN -29.10 26.30 1962-2016
Gauteng Johannesburg International 04763990 JHB -26.14 28.23 1959-2016
Zuurbekom 04755288 B -26.30 27.81 1959-2016

KwaZulu-Natal Cedara 02394820 CcD -29.54 30.27 1959-2016
Durban 0240808A2 DBN -29.97 30.95 1960-2016

Limpopo Mara 072200991 MR -23.14 29.56 1959-2016
Warmbad Towoomba 05895941 WBT -24.90 28.32 1959-2016

Mpumalanga Skukuza 05961793 SK -24.99 31.59 1960-2016
Northern Cape Kimberley 02904684 KB -28.80 24.77 1959-2016
Upington 03174765 up -28.43 21.27 1960-2016

Vanwyksvlei 01935613 A -30.35 21.82 1961-2016

North-West Vryburg 04322383 VB -26.95 24.65 1960-2015
Western Cape Cape Agulhas 00030204 CA -34.83 20.01 1959-2016
Cape Columbine 00606209 CcC -32.83 17.86 1959-2016

Mosselbay 0012215 MB -34.18 22.15 1959-2016

Cape Town 0021178A3 CPT -33.96 18.60 1959-2016

Vredendal 0106880A2 VL -31.67 18.50 1959-2016

All of the climate data were subjected to thorough data quality controls to identify errors,
missing data and outliers (Klein Tank et al. 2009; Salameh et al. 2018). All dates and times
were checked, and two decimal point rounding was used to maintain consistency throughout.
Missing TN and TX daily data were replaced with stations adjacent to the site within a 10km
radius, and if not possible, replaced with the five-day running average (Klein Tank et al. 2009).
If data were not available for more than five consecutive days, the period was excluded. Years
with <90% completeness were discarded from the data set (Mackellar et al. 2014; Abatan et
al. 2016; Kruger and Nxumalo 2017; Kruger et al. 2019). Large data gaps in the timeseries
were only found for three of the stations that were included in the study: Kimberley, Cedara
and Dohne. However, 90% completeness could still be obtained through the aforementioned
quality controls. The rest of the stations had only a few days of data missing for the full study
period, which were replaced with the five-day running average (Klein Tank et al. 2009). The
selected stations used are similar to those used in previous studies (Kruger and Sekele 2013;

Mackellar et al. 2014; Kruger and Nxumalo 2017), due to the completeness of the records.
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The statistical procedures in the R-based RClimDex v1.9 and ClimPACT v2 software package
were used to flag missing values, identify outliers and aid with a visual inspection of the data
series. It is important to note that the software does not calculate monthly indices if more
than three days are missing in a month and if there are more than 15 missing days for the
annual values (Zhang et al. 2018). The software allows the user to set the outlier threshold in
terms of the standard deviation for the particular calendar day above the threshold, the
default threshold of three standard deviations was used (Zhang and Yang 2004; Alexander
and Herold 2006; Kruger and Nxumalo 2017; Zhang et al. 2018). Outliers in stations were
compared to adjacent stations to determine whether an outlier was the result of systematic
errors or natural factors. It is important to note that not all outliers are truly erroneous
because their inclusion, exclusion or adjustment can significantly affect extreme analysis
(Klein Tank et al. 2009).

The quality-controlled data time series were checked for non-climatic shifts that may exist in
the data sets, which could result from changes in aspects such as observing site, instruments,
station relocation, observing practices, time and automation of station during the period of
data collection (Klein Tank et al. 2009; Aguilar et al. 2013; Kruger and Nxumalo 2017). Several
methods have been used to examine and adjust non-climatic shifts in a data time series, and
often depends on the types and magnitude of the inhomogeneity to be detected and adjusted
(e.g. Vincent et al. 2002, 2012; Wang 2008a; Nemec et al. 2013; Salameh et al. 2018). For the
homogeneity analysis, the R-based software package, RhtestsV4 adopted by the (ETCCDI) was
used (Wang and Feng 2013). The RhtestsV4 detect and adjust for multiple change point in
daily, monthly and annual time series. The statistical procedure is based on the penalized
maximal t-test (Wang 2008a) and the penalized maximal F-test (Wang 2008b). Only the mean

monthly time series was tested for inhomogeneities, due to the difficulty to test for non-
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climatic discontinuities in a daily time series (Wang and Feng 2013). The test was carried in
this study without a reference series due to the difficulty in identifying and constructing an
appropriate reference period, in particular for developing countries with a sparse distribution
of long-term climate stations (Kruger and Nxumalo 2017). The necessary adjustments were
applied to the daily data time series and loaded into the RClimDex and ClimPACT software to

compute the extreme temperature indices.

8.5.2. 3.2 Extreme temperature indices

This study examines and compares trends in extreme warm temperature indices on an annual
and seasonal time scale. The seasonal scale was based on the astronomical divisions of South
Africa: summer spanning December through February, autumn encompassing March through
May, winter from June to August, and spring from September to November (Van der Walt and
Fitchett, 2020). While there is a degree of spatial heterogeneity in the seasonal brackets of
South Africa when determined quantitatively (Van der Walt and Fitchett 2020), the
astronomical divisions facilitate regional analysis and comparison.

A core set of 27 descriptive extreme indices for temperature and rainfall have been developed
by the WMO (CCl)/World Climate Programme (WRCP)/Joint Commission for Oceanography
and Marine Meteorology (JCOMM) ETCCDI (Klein Tank et al. 2009; Alexander and Herold
2016; Zhang et al. 2018). The ETCCDI can be grouped into four categories: (1) absolute indices
(e.g. warmest day TXx, warmest night TXn); (2) threshold indices (e.g. summer days; SU25);
percentile indices (e.g. warm days TX90p, warm nights TN90p); (4) duration indices (e.g. warm
spell duration indicator; WSDI; Klein Tank et al. 2009; Zhang et al. 2018). These indices were
designed to monitor the frequency and intensity of moderately extreme events, occurring

several times per year rather than high-impact events (Klein Tank et al. 2009; Yosef et al.
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2019). Only six extreme temperature ETCCDI were selected from the core set this study for
purpose of comparison to previous studies (Table 2). In addition, five temperature indices
were selected from the WMO CCI ECT-SCI, derived from the ETCCDI (Table 2). These indices
have been developed for the use in sector applications, based on experts from agriculture,
health and the water sector (Alexander and Herold 2016). These 11 extreme temperature
indices were computed using the R software packages; RClimdex v1.9 for ETCCDI (Zhang et al.
2018) and ClimPACT v2 for the ET-SCI (Alexander and Herold 2016).

The ET-SCI user-defined Warm Spell duration index (WSDI,) was set to three consecutive days
where TX>90%™ percentile (e.g. WSDI3), as research has indicated that three consecutive days
of temperatures exceeding the 90™ percentile (or broadly very hot weather) are required for
the mortality rate to rise significantly above the antecedent rate (Nairn and Fawcett 2015).
The HWN and HWD indices were calculated based on the Excess Heat Factor (EHF; cf. Perkens
and Alexander 2013) with slight modifications to the EHF. Moreover, the user-defined TXnTN,,
indices were set to two consecutive days (e.g. TX2TN;). Shorter extreme warm events may
affect many sectors, including health and infrastructure (Phanda et al. 2014). Detailed
descriptions and definitions of the different indices used are recorded in Table 2. All the
above-mentioned indices used were calculated for the base period of 1960-2016. ArcMap
software was used to visually portray the trends, using the Mann-Kendall test as an identifier.
The Inverse Distance Weighting (IDW) tool within the software was used to spatially

interpolate the annual TXMean.
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Table 8.2 (Table 2): ETCCDI and ET-SCI temperature indices used in this study for the period 1960-2016

(Adapted from Alexander and Herold; Zhang et al. 2018).

Indices Long name Definitions Units
ETCCDI SuU Summer days Count of days where TX (daily maximum temperature) days
>25°C
indices
TXx Max TX (Warmestday) The maximum monthly value of daily maximum °C
temperature (TXx = max)
TNx Min  TX (Warmest The monthly minimum value of daily maximum °C
night) temperature (TNx = max)
TX90p  Warm days Count of days where TX > 90" percentile %
TN9Op  Warm night Count of days where TX > 90" percentile %
WSDI Warm spell duration Count of days in a span of at least six days where TX > 90t  days
indicator percentile
ET-SCI Txge35 User-defined TX Count of days where TX (daily maximum temperature) days
>35°C
Indices
WSDI,  User-defined WSDI Count of number of days with at least n consecutive days  days
where TX>90t" percentile
TX, TN, User-defined The annual count of consecutive days where both TX>95t  Number
consecutive number of  percentile and TN>95t percentile, where n >= 2 (and a max
. of events
hot days and nights of 10)
HWN Heatwave number The number of individual heatwaves that occur each Events
summer (Nov — Mar in the southern hemisphere). A
(EHF) heatwave is defined as three or more days where either the
Excess Heat Factor (EHF) is positive.
HWD Heatwave duration The length of the longest heatwave identified by the HWN days
(EHF

8.5.3. 3.3 Trend analysis and significance

Trend analyses for the various indices were performed for the period 1960-2016. To test
whether the temperature series are non-stationary and to evaluate the magnitude of the
trend, the non-parametric Spearman’s Rank correlation coefficient (p) and Kendall’s tau
correlation coefficient (t) was used. The Kendall’s tau coefficient has the advantage of having
a low sensitivity to change points due to inhomogeneous time series (Tabari and Talaee, 2011;

Abbas et al. 2018). The Spearman’s Rank correlation coefficient is calculated from ranks, while
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Kendall’s tau represents probability (Allen et al. 2015). Since time is the dependent variable
in this study, Kendall’s tau correlation coefficient takes on a special case called the Mann-
Kendall test (MK) (cf. Allen et al. 2015). Sen’s Slope (SS) was used to quantify the magnitude
of the trend for specific indices (Sen 1968). Tests for statistical significance are conducted at
the 5% level (cf. Phanda et al. 2014; Caloiero et al. 2017; Karki et al. 2019; Yosef et al. 2019).
The ClimPACT software calculates the linear trends which were used to assist in the analysis
of the HWN and HWD. ArcMap software was used to display the trends visually, using the

Mann-Kendall test values as an identifier.

8.6. 4. Results

8.6.1. 4.1.1 Mean maximum temperatures (TXMean)

There is a notable increase of >8°C in TXMean from the southwestern to the northeastern
parts of the country over the period 1960-2016, with lower TXMean along the west and south
coast (Figure 2). The majority of the stations (19 of 20), have statistically significant increasing
trends, with overall rate increases of 0.02°C.yr* (Figure 2; Table 3). The strongest statistically
significant trend increase is evident in the Western Cape province at Vanwyksvlei, at a rate of
increase of 0.05°C.yrl. The interior stations calculate a stronger increase of 0.03°C.yrY,
compared to the coastal stations (0.02°C.yr?).

At a seasonal timescale (Table 4), the strongest trend and rates of increase are calculated for
autumn, with a mean increase of 0.03°C.yr L. The strongest increases in autumn are calculated
for stations located in Limpopo, Northern Cape, Eastern Cape at Dohne, Free State at
Bloemfontein, Gauteng at Zuurbekom and the Western Cape province at Vredendal, at
>0.04°C.yr! (Table 4). The overall calculated rate of increase in winter and spring TXMean is

0.02°C.yr. The strongest increases in TXMean in winter are calculated for stations located in
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Limpopo, Northern Cape, Free State, Gauteng at Zuurbekom, Mpumalanga at Skukuza,
Western Cape province at Vredendal at >0.03°C.yr* (Table 4). In spring, the strongest increase
is experienced in the Free State, Gauteng, Limpopo, Mpumalanga, Northern Cape, and the
Western Cape province at Vredendal and Mosselbay with rate increases of >0.03°C.yr* (Table
4). In general, the calculated rate increase in TXMean is stronger in the interior stations for

each season (>0.02°.yr?), compared to the coastal stations (Table 4).
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Figure 8.2 (Fig 2): Trends of TXMean over the period 1960-2016. Open downward, and upward

triangles indicate negative and positive trends. Solid upward triangles indicate trends that are

statistically significant at the 5% level.
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Table 8.3 (Table 3): Increasing and decreasing trends in extreme warm temperature trends during 1960-2016.

Cape Agulhas
Cape Columbine
Mosselbay
Cape Town
Vredendal

Averages

0.43 (0.65; 0.02)
0.42 (0.58; 0.02)
0.49 (0.70; 0.02)
0.38 (0.54; 0.02)
0.63 (0.81; 0.05)
0.40 (0.57; 0.02)

0.15 (0.23; 0.03)
0.16 (0.23; 0.02)
0.08 (0.15; 0.02)
0.04 (0.05; -)
0.47 (0.67; 0.08)
0.20 (0.28; 0.03)

0.28 (0.40; 0.02)
0.30 (0.44; 0.02)
0.15 (0.24; 0.02)
0.11 (0.15; 0.01)
0.26 (0.39; 0.02)
0.13 (0.19; 0.02)

0.45 (0.65; 0.40)
0.27 (0.40; 0.16)
0.47 (0.68; 0.52)
0.40 (0.57; 0.58)
0.57 (0.75; 0.75)
0.37 (0.53; 0.54)

-0.10 (-0.12; -)
-0.01 (-0.01; -)
0.14 (0.18; -)
0.17 (0.24; -)
0.53 (0.74; 0.57)
0.20 (0.28; 0.35)

0.47 (0.72; 0.14)
0.31 (0.47; 0.08)
0.49 (0.71; 0.14)
0.28 (0.43; 0.06)
0.57 (0.77; 0.15)
0.38 (0.54; 0.15)

0.39 (0.57; 0.14)
0.26 (0.37; 0.11)
0.03 (0.02; 0.01)
0.38 (0.56; 0.12)
0.30 (0.41; 0.07)
0.11 (0.15; 0.04)

Station TXMean TXx TNx SuU TXge35 TX90p TN90p TX2TN
Dohne 0.34 (0.48; 0.02) 0.03 (0.04; -) -0.03(-0.04;-)  0.31(0.47; 0.47) 0.06 (0.08; -) 0.29 (0.40; 0.10) 0.23 (0.24; 0.13) 0.13 (0.15; -)
East London 0.33 (0.51; 0.01) -0.03 (-0.04; -0.01) -(0.01;-) 0.20 (0.34; 0.27) 0.01(0.01; -) 0.26 (0.40; 0.05) 0.01(0.03; -) -

Port Elizabeth 0.38 (0.53; 0.01) 0.20(0.27;0.04)  0.06 (0.10;0.01)  0.29 (0.41; 0.35)  0.22 (0.30;-;0.02)  0.23 (0.35; 0.05)  -0.19 (-0.30; -0.06) =
Bloemfontein 0.37 (0.52; 0.03) 0.18(0.25;0.03)  0.12(0.18;0.03) 0.33(0.48;0.57)  0.18(0.25;0.09)  0.37(0.51;0.22)  -0.17 (-0.23; -0.06) 0.20 (0.24; -)
Johannesburg Int 0.35 (0.52; 0.02) 0.14 (0.21; 0.01) 0.05(0.08;0.01)  0.27 (0.41; 0.56) 0.07 (0.09; -) 0.30 (0.45; 0.13) 0.25 (0.36; 0.13) 0.23 (0.28; -)
Zuurbekom 0.35 (0.49; 0.03) 0.29 (0.41; 0.05) 0.06 (0.09; 0.01)  0.26 (0.38; 0.82) 0.30 (0.38; -) 0.38 (0.51; 0.22) 0.32 (0.45; 0.12) 0.30 (0.37; -)
Cedara 0.33 (0.47; 0.02) 0.19 (0.28;0.03)  0.10(0.11;0.01)  0.34 (0.48; 0.59) 0.16 (0.21; -) 0.32 (0.45; 0.12) 0.15 (0.14; 0.07) 0.04 (0.05; -)
Durban 0.29 (0.43; 0.01) 0.13 (0.18; 0.02) 0.04 (0.05; -) 0.19 (0.28; 0.30) 0.17 (0.21; -) 0.31 (0.44; 0.08) 0.17 (0.29; 0.06) -

Mara 0.49 (0.68; 0.04) 0.34 (0.50; 0.04) 0.25 (0.35; 0.04)  0.49 (0.67; 0.84) 0.34 (0.49; 0.42) 0.52 (0.70; 0.21) 0.01 (0.01; -) 0.14 (0.17; -)
Warmbad Towoomba 0.38 (0.55; 0.04) 0.33(0.46;0.05)  0.08(0.11;0.02) 0.41(0.57;0.51)  0.40(0.52;0.40)  0.37 (0.50; 0.20) 0.10 (0.14; 0.06) 0.23(0.27; -)
Skukuza 0.32 (0.46; 0.02) 0.11(0.14;0.01)  0.28 (0.42;0.05)  0.40 (0.40:0.56)  0.12 (0.16;0.24)  0.24 (0.34; 0.10) 0.22 (0.34; 0.08) =
Vryburg 0.33 (0.46; 0.03) 0.19 (0.28; 0.02) 0.22 (0.32;0.03)  0.40(0.55; 0.78) 0.08 (0.10; 0.08) 0.31(0.45;0.17)  -0.10(-0.15; -0.04) 0.04 (-;-)
Kimberley 0.15 (0.56; 0.02) 0.24 (0.34; 0.02) 0.13(0.18;0.02)  0.40(0.58; 0.51) 0.26 (0.39; 0.35) 0.44 (0.65; 0.18)  -0.25 (-0.37; -0.10) 0.31(0.37; -)
Upington 0.58 (0.58; 0.03) 0.32(0.46;0.03)  0.07(0.11;0.01) 0.55(0.74;0.66)  0.42 (0.61;0.65)  0.52 (0.73; 0.24) 0.04 (0.05; 0.02) 0.11(0.13; )
Vanwyksvlei 0.59 (0.78; 0.04) 0.38(0.55;0.03)  0.13(0.19;0.01) 0.49 (0.68; 0.59)  0.53 (0.75; 0.89)  0.62 (0.82; 0.27) 0.04 (0.05; 0.01) 0.18 (0.22; -)

0.32 (0.38; 0.01)
0.23 (0.28; -)
0.21(0.26; -)
0.07 (0.09; -)
0.12 (0.14; -)
0.19 (0.24; -)

* Values in bold are different from 0 with a significance level alpha = 0.05. Trend values in the table are portrayed as follows: MK(p; SS).
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Table 8.4 (Table 4): Trend analysis of seasonal mean maximum temperatures (TXMean) for the period

1960-2016.
Stations TXMean
Summer Autumn Winter Spring
Dohne 0.10(0.13; 0.01) 0.37(0.53;0.04) 0.20(0.30;0.02) 0.30(0.38; 0.03)

East London

Port Elizabeth
Bloemfontein
Johannesburg Int
Zuurbekom
Cedara

Durban

Mara

Warmbad Towoomba
Skukuza

Vryburg
Kimberley
Upington
Vanwyksvlei
Cape Agulhas
Cape Columbine
Mosselbay

Cape Town
Vredendal

Averages

0.16 (0.23; 0.01)
0.32 (0.43; 0.01)
0.10 (0.16; 0.01)
0.15 (0.21; 0.01)
0.19 (0.28; 0.02)
0.32 (0.45; 0.02)
0.22 (0.32; 0.01)
0.23 (0.35; 0.02)
0.27 (0.39; 0.03)
0.06 (0.07; 0.01)
0.07 (0.10; 0.01)
0.32 (0.21; 0.02)
0.44 (0.44; 0.03)
0.51 (0.72; 0.04)
0.29 (0.43; 0.01)
0.36 (0.49; 0.02)
0.41 (0.59; 0.02)
0.42 (0.59; 0.03)
0.55 (0.75; 0.06)
0.27 (0.37; 0.02)

0.33 (0.48; 0.02)
0.35 (0.49; 0.02)
0.30 (0.42; 0.04)
0.23 (0.34; 0.02)
0.32 (0.45; 0.04)
0.31(0.45; 0.03)
0.28 (0.40; 0.02)
0.28 (0.41; 0.04)
0.24 (0.37; 0.04)
0.18 (0.26; 0.02)
0.27 (0.38; 0.04)
0.28 (0.48; 0.04)
0.47 (0.47; 0.05)
0.49 (0.67; 0.06)
0.33 (0.50; 0.02)
0.26 (0.38; 0.01)
0.47 (0.63; 0.03)
0.29 (0.42; 0.02)
0.58 (0.77; 0.05)
0.33 (0.46; 0.03)

0.20 (0.29; 0.01)
0.14 (0.22; 0.01)
0.35 (0.49; 0.03)
0.34 (0.48; 0.02)
0.32 (0.45; 0.03)
0.29 (0.41; 0.02)
0.26 (0.38; 0.02)
0.51 (0.69; 0.04)
0.43 (0.60; 0.04)
0.31 (0.45; 0.03)
0.37 (0.53; 0.03)
0.30 (0.40; 0.02)
0.33 (0.33; 0.03)
0.34 (0.52; 0.03)
0.28 (0.44; 0.01)
0.27 (0.39; 0.02)
0.21(0.29; 0.01)
0.11(0.17; 0.01)
0.29 (0.43; 0.03)
0.29 (0.41; 0.02)

0.28 (0.40; 0.01)
0.23 (0.32; 0.01)
0.34 (0.51; 0.03)
0.30 (0.45; 0.03)
0.27 (0.41; 0.03)
0.11 (0.15; 0.01)
0.06 (0.07; -)
0.43 (0.59; 0.04)
0.33 (0.48; 0.04)
0.29 (0.40; 0.03)
0.26 (0.37; 0.03)
0.29 (0.42; 0.02)
0.31(0.31; 0.03)
0.40 (0.58; 0.04)
0.35 (0.52; 0.02)
0.28 (0.42; 0.02)
0.37 (0.53; 0.03)
0.16 (0.24; 0.01)
0.40 (0.56; 0.04)
0.29 (0.41; 0.02)

*Values in bold are different from 0 with a significance level alpha = 0.05. Trend values in the table are portrayed

as follows: MK(p; SS).

8.6.2. 4.1.2 Warmest day (TXx) and warmest night (TNx)

At an annual scale, the warmest daytime (TXx; Figure 3a) and warmest night-time (TXn; Figure
3b) temperatures demonstrate a general warming trend in terms of frequency and
occurrence over many parts of the country, with stronger trends observed in TXx (Table 3).
The majority of stations (19 of 20) display an increasing trend (TXx; Figure 3a; Table 3), except

East London which experiences a decreasing trend, with a rate decrease of 0.01°C.yr.

Overall, the TXx trends increased at a rate of 0.03°C.yr™. Similar results are evident from the
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Spearman’s Rank Correlation Coefficient. The strongest statistically significant increase of TXx
is experienced predominantly in the northern interior parts of the country, with increases of
>0.02°C.yr! (Table 3).

In general, increasing trends were calculated for each season (Table 5). The strongest overall
calculated rate of the increasing trend is evident in autumn (0.04°C.y!) (Table 5), followed by
winter (0.03°C.yr!). The lowest overall calculated increasing trend is evident in summer, with
increases of 0.02°C.yrl. Most of the stations which experience statistically significant
increasing trends in summer are located in Limpopo, Gauteng, KwaZulu-Natal, Northern Cape
and the Western Cape province, with increases of >0.02°C.yr* (Table 5). Decreasing trends
are evident in East London and Skukuza in summer, at 0.01°C.yr? (Table 5). In autumn, only
five stations experience statistically significant increases, located in KwaZulu-Natal at Durban,
Northern Cape and Western Cape province, with rate increases of >0.03°C.yr! (Table 5).
Statistically significant increasing trends for winter are evident in 50% of the stations, at rates
of >0.03°C.yr! (Table 5). For spring, statistically significant increasing trends are evident in
stations located in Limpopo, Northern Cape at Vanwyksvlei and Upington, and the Western
Cape province at Vredendal, with rate increases of >0.02°C.yr!, while decreasing trends are
calculated for stations located in KwaZulu-Natal at Durban and the Western Cape province at

Cape Town, at rates of 0.02°C.yr* and 0.01°C.yr! respectively (Table 5).
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Figure 8.3 (Fig 3): Annual trends of (a) TXx, (b) TNx, (c) SU25, and (d) TXge35. Open downward, and upward triangles indicate negative and positive trends.

Squares indicate no trend. Solid upward triangles indicate trends that are statistically significant at the 5% level.
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Table 8.5 (Table 5): Trend analysis of seasonal warmest daytime (TXx) and night-time (TNx) temperatures for the period 1960-2016.

Stations
Summer Autumn Winter Spring Summer Autumn Winter Spring

Dohne 0.03 (0.02; -) 0.18 (0.25; 0.04)  0.10(0.14; 0.02) 0.23 (0.31; 0.04) 0.05 (0.06; 0.01) 0.29 (0.41; 0.05) 0.10 (0.14; 0.01) 0.08 (0.14; 0.01)
East London -0.03 (-0.08;-0.01)  0.15(0.26;0.03)  0.11(0.16; 0.02) 0.06 (0.08; 0.03) -(-0.02; -) 0.19 (0.30; 0.03) 0.12 (0.18; 0.02) 0.08 (0.11; 0.01)
Port Elizabeth -(59) 0.27 (0.35;0.06)  0.11(0.16;0.02)  0.02 (0.04; 0.01) 0.14 (0.20; 0.01) 0.20 (0.29; 0.03) 0.07 (0.12; 0.01) 0.17 (0.25; 0.02)
Bloemfontein 0.16 (0.24; 0.03) 0.10(0.14;0.02)  0.22(0.32; 0.04) 0.11(0.17; 0.01) -0.02 (-0.01; -) 0.10 (0.16; 0.02) 0.11(0.18; 0.03) 0.14 (0.21; 0.04)
Johannesburg Int 0.10 (0.14; 0.01) 0.11 (0.15; 0.02)  0.22 (0.30; 0.03) 0.25 (0.34; 0.03) 0.12 (0.18; 0.02) 0.14 (0.19; 0.02) 0.04 (0.06; 0.01) 0.05 (0.07; 0.01)
Zuurbekom 0.21(0.31;0.04)  0.19(0.27;0.04)  0.35(0.49;0.05)  0.25 (0.38; 0.04) 0.09 (0.13; 0.02) 0.21 (0.30; 0.05) 0.09 (0.13; 0.03) 0.05 (0.08; 0.01)
Cedara 0.20 (0.28; 0.03) 0.17 (0.24;0.03)  0.16 (0.23; 0.03) 0.12 (0.20; 0.02) 0.21 (0.31; 0.02) 0.26 (0.38; 0.04) 0.08 (0.10; 0.01) 0.11 (0.15; 0.02)
Durban 0.15(0.22; 0.02) 0.20(0.32;0.03)  0.07(0.10;0.01)  -0.10(-0.13;-0.02) 0.09 (0.15; 0.01) 0.24 (0.35; 0.03) 0.10 (0.15; 0.02) 0.05 (0.07; 0.01)
Mara 0.19(0.28;0.02)  0.22(0.32;0.04) 0.36 (0.50; 0.04)  0.34 (0.49; 0.04) 0.12 (0.17; 0.03) 0.15 (0.23; 0.03) 0.29 (0.40; 0.06) 0.20 (0.29; 0.04)

Warmbad Towoomba

Skukuza
Vryburg
Kimberley
Upington
Vanwyksvlei
Cape Agulhas
Cape Columbine
Mosselbay
Cape Town
Vredendal

Averages

0.26 (0.35; 0.04)

-0.08 (-0.12; -0.01)

0.10 (0.15; 0.01)
0.20 (0.29; 0.02)
0.32 (0.46; 0.03)
0.37 (0.54; 0.03)
0.20 (0.27; 0.02)
0.21 (0.29; 0.05)
0.16 (0.22; 0.03)
0.10 (0.12; 0.02)
0.43 (0.62; 0.08)
0.16 (0.23; 0.02)

0.10 (0.14; 0.02)
0.04 (0.06; 0.01)
0.06 (0.11; 0.01)
0.14 (0.22; 0.03)
0.25 (0.36; 0.04)
0.30 (0.42; 0.05)
0.19 (0.29; 0.05)
0.16 (0.23; 0.03)
0.17 (0.25; 0.05)
0.17 (0.24; 0.04)
0.32 (0.44; 0.06)
0.17 (0.25; 0.04)

0.21(0.32; 0.03)
0.21(0.29; 0.04)
0.17 (0.27; 0.03)
0.14 (0.22; 0.02)
0.30 (0.41; 0.05)
0.33 (0.46; 0.05)
0.09 (0.12; 0.02)
0.14 (0.19; 0.02)
0.15 (0.21; 0.02)
0.01(0.01; -)
0.21(0.30; 0.03)
0.18 (0.26; 0.03)

0.35 (0.50; 0.04)
0.18 (0.26; 0.02)
0.14 (0.19; 0.01)
0.15 (0.22; 0.02)
0.26 (0.36; 0.02)
0.34 (0.52; 0.04)
0.16 (0.24; 0.05)
0.02 (0.03; 0.01)
0.18 (0.26; 0.06)

-0.05 (-0.09; -0.01)

0.36 (0.50; 0.07)
0.17 (0.24; 0.03)

0.19 (0.27; 0.04)
0.06 (0.08; 0.01)
0.08 (0.13; 0.02)
0.11 (0.15; 0.03)
0.32 (0.46; 0.08)
0.24 (0.35; 0.06)
0.19 (0.28; 0.02)
0.16 (0.21; 0.01)
0.09 (0.12; 0.01)
0.24 (0.34; 0.03)
0.35 (0.47; 0.05)
0.14 (0.20; 0.02)

0.04 (0.05; 0.01)
0.22 (0.32; 0.05)
0.17 (0.26; 0.04)
0.11(0.16; 0.02)
0.15 (0.21; 0.03)
0.16 (0.22; 0.03)
0.24 (0.35; 0.02)
0.03 (0.04; -)
0.25 (0.34; 0.02)
0.18 (0.29; 0.02)
0.22 (0.33; 0.03)
0.18 (0.26; 0.03)

0.14 (0.22; 0.03)
0.24 (0.35; 0.05)
0.23 (0.33; 0.03)
0.13(0.19; 0.02)
0.10 (0.16; 0.01)
0.15 (0.20; 0.02)
0.24 (0.36; 0.02)
0.29 (0.43; 0.02)
0.11(0.16; 0.01)
0.07 (0.10; 0.01)
0.24 (0.37; 0.02)
0.15 (0.22; 0.02)

-0.02 (; -0.01)
0.17 (0.25; 0.03)
0.05 (0.07; 0.01)
0.24 (0.35; 0.05)
0.14 (0.19; 0.03)
0.17 (0.24; 0.04)
0.25 (0.37; 0.02)
0.23 (0.33; 0.02)
0.27 (0.37; 0.02)
0.09 (0.15; 0.01)
0.29 (0.40; 0.04)
0.14 (0.21; 0.02)
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The TNx results (Figure 3b) similarly reveal an increasing trend for the majority of stations,
five of which are statistically significant. These stations are located in Limpopo, Mpumalanga,
North-West and Western Cape province with rate increases of >0.02°C.yr! (Figure 3b; Table
3). Bloemfontein also exhibits a strong rate increase of 0.03°C.yr. In general, the overall
calculated rate of the increasing trend over the country is 0.02°C.yr* (Table 3).

At a seasonal timescale (Table 5), the strongest overall increasing trend and rate of the
increasing trend are calculated for autumn, with an overall increase of 0.03°C.yr%, followed
by summer, spring and winter with rate increases of 0.02°C.yr, respectively (Table 5). Most
of the stations (18 of 20) experience increasing trends in summer, of which seven are
statistically significant (Table 5). These stations are located in KwaZulu-Natal, Limpopo,
Northern Cape and Western Cape province, with rate increases of >0.02°C.yr! in TNx, while
Bloemfontein in the Free State province exhibits a decreasing trend of 0.02°C.yr, for the
period 1960-2016 (Table 5). Most of the stations (11 of 20) experience statistically significant
increasing trends in autumn, which are located in the Eastern Cape, Gauteng at Zuurbekom,
KwaZulu-Natal, Mpumalanga and Western Cape province, with rate increases of >0.02°C.yr?!
(Table 5). The strongest rate increases of 0.05°C.yr! in TNx are experienced in Zuurbekom,
Dohne and Skukuza (Table 5).

All the stations experience increasing trends in winter, with the strongest rate increases of
>0.03°C.yr! evident in stations located in the Free State, Gauteng at Zuurbekom, Limpopo
and North-West province (Table 5). Most of the stations (19 of 20) experience increasing
trends in spring, of which five being statistically significant (Table 5). The strongest rate
increases of >0.04°C.yr* are evident in stations located in the Free State, Limpopo at Mara,
Northern Cape at Kimberley and Vanwyksvlei, and Cape Town province at Vredendal (Table

5).
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In short, an increasing trend is calculated for the TXx and TNx temperatures countrywide.
Seasonal timescale findings indicate stronger increasing trends and rates of increases in

warmest TXx in winter, and stronger TNx temperatures in autumn.

8.6.3. 4.1.3 Summer days (SU and TXge35)

All the stations experience a statistically significant increase in the number of summer days
above 25°C (SU; Figure 3c), with an overall calculated rate of 0.54 days.yr (Table 3). Stations
with rate increases >0.54 days.yr? are located in the Free State, Gauteng, KwaZulu-Natal at
Cedara, Limpopo at Mara, Mpumalanga, the North-West, Northern Cape at Upington,
Vanwyksvlei and Western Cape province at Cape Town and Vredendal (Figure 3c; Table 3).
Most of the stations (18 of 20) experience increasing trends in days above 35°C (TXge35;
Figure 3d), of which eight are statistically significant. These stations are located in Limpopo,
Northern Cape, Eastern Cape at Port Elizabeth, and Western Cape province at Vredendal, with
rate increases of >0.02 days.yr! (Table 3). The remaining two stations located in the Western
Cape exhibit decreasing trends. Overall the calculated rate increase across the country is 0.35
days.yr?, for stations which exhibit rate increases (Table 3).

In summer, most of the stations (15 of 20) experience increasing trends in TXge35 (Table 6),
of which four stations are statistically significant. These significant stations are located in the
Northern Cape and Limpopo province at Warmbad Towoomba, at a rate increase of >0.17
days.yr’! (Table 6). Four stations experience decreasing trends, which are located in the
Eastern Cape at Dohne and East London, North-West at Vryburg, and Mpumalanga province
at Skukuza, with rate decreases of >0.05 days/yr in the latter two stations (Table 6). Most of
the station (18 of 20) experience increasing trends in autumn (Table 6), of which six being

statistically significant. Only four stations exhibit rate increases, which is located in
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Mpumalanga, the Northern Cape at Upington and Vanwyskvlei, and the Western Cape
province at Vredendal, with a rate increase of >0.04 days.yr! (Table 6). Only six stations: Port
Elizabeth Durban, Mara, Warmbad Towoomba, Skukuza and Vredenal experience increasing
trends in winter, with trend increases of >0.08 days.yr™ for the period 1960-2016 (Table 6).

Most of the stations (15 of 20) experience increasing trends in spring (Table 6), ten of which
are statistically significant. Only seven of these statistically significant stations experience rate
increases of >0.10 days.yr, which are located in Limpopo, Mpumalanga, Northern Cape and
Western Cape province at Vredendal (Table 6). Of the remaining stations, four experience
decreasing trends which are located in the Eastern Cape at East London, KwaZulu-Natal at
Durban and the Western Cape province at Cape Agulhas and Cape Town, with trend decreases

of >0.02 days.yr* for the period 1960-2016 (Table 6).
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Table 8.6 (Table 6): Seasonal trend analysis of days above 352C (TXge35), for the period 1960-2016.

Stations TXge35

Summer Autumn Winter Spring
Dohne -0.01 (-0.01; -) 0.05 (0.06; -) -(=-) 0.29 (0.37; -)
East London -0.04 (-0.04; -) 0.06 (0.07; -) -(+9) -0.02 (-0.03; -)
Port Elizabeth 0.02 (0.02; -) 0.24(0.31;-) 0.19(0.23;-)  0.10(0.12;-)
Bloemfontein 0.15 (0.21; 0.06) 0.25 (0.30; -) -(--) 0.20(0.25; -)
Johannesburg Int 0.07 (0.09; -) -(-) -(--) -(--)
Zuurbekom 0.19 (0.25; -) 0.06 (0.07; -) -(+9) 0.44 (0.54; -)
Cedara 0.13 (0.17; -) 0.29 (0.35; -) - (=) 0.02 (0.03; -)
Durban 0.18 (0.22; -) 0.23 (0.28; -) 0.08 (0.09;-) -0.10(-0.13;-)
Mara 0.19 (0.26; 0.13) 0.17 (0.24;-)  0.13(0.16;-)  0.44 (0.58; -)
Warmbad Towoomba | 0.31(0.43;0.17) 0.22(0.28;-)  0.13(0.16;-) 0.36(0.47;0.19)
Skukuza -0.06 (-0.07; -0.06) 0.07 (0.10; 0.04) 0.17 (0.22;-) 0.29 (0.39; 0.21)
Vryburg -0.06 (-0.08; -0.05)  0.04 (0.06; -) -(59) 0.23 (0.32; 0.13)
Kimberley 0.21 (0.29; 0.24) 0.07 (0.10; -) =(54) 0.31 (0.41; 0.10)
Upington 0.33 (0.48; 0.27) 0.30 (0.44; 0.18) -(=-) 0.34 (0.48; 0.20)
Vanwyksvlei 0.50 (0.70; 0.55)  0.33 (0.49; 0.13) -(=-) 0.44 (0.60; 0.19)
Cape Agulhas -(--) 0.05 (0.06; -) -(--) -0.18 (-0.22; -)
Cape Columbine 0.08 (0.09; -) -0.01 (-0.01; -) - (=) 0.02 (0.02; -)
Mosselbay 0.03 (0.04; -) 0.15(0.18; -) -(--) 0.08 (0.10; -)
Cape Town 0.08 (0.12; -) 0.19 (0.25; -) -(--) -0.13 (-0.15; -)
Vredendal 0.41(0.57;0.26)  0.47 (0.65;0.21) 0.18(0.22;-) 0.28 (0.38;0.11)
Averages 0.14 (0.20; 0.16)  0.17(0.23;0.11) 0.13 (0.15;-) 0.18 (0.24; 0.14)

*Values in bold are different from 0 with a significance level alpha = 0.05. Trend values in the table are portrayed

as follows: MK(p; SS).

8.6.4. 4.1.4 Warm days (TX90p) and warm nights (TN90p)

In general, the frequency of annual TX90p is increasing across the country. All the stations
experience statistically significant increasing trends (Figure 4a), with an overall calculated rate
increase of 0.15% days.yr!. Stations with rate increases >0.20 days.yr! are located in the Free
State, Limpopo, Gauteng at Zuurbekom and the Northern Cape province at Upington and
Vanwyskvlei (Table 3). Generally, the interior stations show a stronger calculated rate

increase of 0.18% days.yr, compared to the coastal stations (0.10% days.yr?).
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In summer, the majority of the stations (18 of 20), experience an increasing trend in TX90p
(Figure 4b), of which ten being statistically significant. These statistically significant stations
are located in the Eastern Cape, KwaZulu-Natal, Limpopo, Gauteng, Northern Cape and
Western Cape (Figure 4b), with rate increases of >0.09% days.yr (Table 7). The two remaining
stations experience decreasing trends (Figure 4b), at a rate decrease of 0.06% days.yr*
evident only in Skukuza (Table 7). Overall, an increasing rate of 0.11% days.yr ! in TX90p has
been calculated in spring. All the stations experience increasing trends in autumn (Figure 4c),
15 of which are statistically significant. The strongest rate increases are experienced in
stations located in the Northern Cape, with rate increases of >0.20% days.yrt. Overall, an
increasing rate of 0.17% days.yr* in TX90p has been calculated (Table 7).

All the stations experience an increasing trend in winter (Figure 4d), 14 of which are
statistically significant (Figure 4d). These stations are predominantly located in the
northeastern interior parts of the country, with increases of >0.11% days.yr in TX90p (Figure
4d; Table 7). The south and west coast stations experience smaller insignificant trend
increases, at a rate of >0.02% days.yr* for TX90p (Figure 4d; Table 7). The overall, calculated
rate increase in TX90p in winter is 0.15% days.yrt. Similar to winter, all the stations in spring
experience an increasing trend, with 14 trends statistically significant (Figure 4e). These
statistically significant stations are located in the Free State, Gauteng, Limpopo, Mpumalanga,
North-West, Northern Cape, Eastern Cape at East London, and the Western Cape province at
Cape Agulhas, Mosselbay and Vredendal, with rate increases of >0.08% days.yr* (Figure 4e;
Table 7). Overall, a calculated rate increase is experienced in TX90p in spring of 0.14% days.yr
1. In short, the strongest rate increase in TX90p is experienced in autumn, followed by winter

(Table 7).
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Figure 8.4 (Fig 4): Annual trends of (a) TX90p and mean seasonal temperature trends of (b) TX90p Summer, (c) TX90p Autumn, (d) TX90p Winter, and (c)

TX90p Spring. Open downward, and upward triangles indicate negative and positive trends. Squares indicate no trend. Solid upward triangles indicate trends
that are statistically significant at the 5% level.
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Table 8.7 (Table 7): Trend analysis of seasonal frequency of warm days (TX90p) and warm nights (TN90p) for the period 1960-2016.

Stations

TX90p

TN90p

Dohne

East London

Port Elizabeth
Bloemfontein
Johannesburg Int
Zuurbekom
Cedara

Durban

Mara

Warmbad Towoomba
Skukuza

Vryburg
Kimberley
Upington
Vanwyksvlei
Cape Agulhas
Cape Columbine
Mosselbay

Cape Town
Vredendal

Averages

Summer
-0.01 (-0.03; -)
0.05 (0.08; 0.01)
0.23 (0.32; 0.09)
0.14 (0.19; 0.09)
0.08 (0.12; 0.06)
0.20 (0.28; 0.12)
0.17 (0.23; 0.08)
0.20 (0.29; 0.09)
0.18 (0.24; 0.11)
0.25 (0.37; 0.17)

-0.09 (-0.15; -0.06)

0.01 (; -)
0.20 (0.30; 0.14)
0.37 (0.54; 0.20)
0.48 (0.67; 0.26)
0.38 (0.56; 0.22)
0.30 (0.44; 0.14)
0.46 (0.66; 0.19)
0.23 (0.36; 0.09)
0.42 (0.57; 0.16)
0.21(0.30; 0.11)

Autumn
0.35 (0.47; 0.23)
0.21(0.31; 0.08)
0.13 (0.19; 0.05)
0.26 (0.37; 0.20)
0.18 (0.27; 0.12)
0.29 (0.42; 0.25)
0.28 (0.39; 0.18)
0.17 (0.25; 0.11)
0.28 (0.42; 0.21)
0.21(0.32; 0.15)
0.23 (0.33; 0.14)
0.27 (0.40; 0.18)
0.28 (0.41; 0.20)
0.43 (0.61; 0.29)
0.44 (0.62; 0.34)
0.43 (0.60; 0.20)
0.15 (0.23; 0.06)
0.47 (0.63; 0.17)
0.11 (0.16; 0.04)
0.54 (0.73; 0.22)
0.29 (0.41; 0.17)

Winter
0.29 (0.40; 0.17)
0.11 (0.15; 0.03)
0.08 (0.11; 0.03)
0.46 (0.63; 0.28)
0.33 (0.49; 0.19)
0.36 (0.51; 0.21)
0.32 (0.45; 0.16)
0.32 (0.42; 0.13)
0.50 (0.68; 0.25)
0.40 (0.56; 0.21)
0.23 (0.33; 0.11)
0.42 (0.55; 0.23)
0.37 (0.53; 0.20)
0.54 (0.74; 0.28)
0.54 (0.74; 0.26)
0.13 (0.19; 0.06)
0.19 (0.28; 0.08)
0.08 (0.12; 0.03)
0.06 (0.09; 0.02)
0.20 (0.32; 0.10)
0.30(0.41; 0.15)

Spring
0.16 (0.24; 0.06)
0.21 (0.35; 0.08)
0.06 (0.09; 0.02)
0.38 (0.55; 0.22)
0.30 (0.44; 0.18)
0.36 (0.48; 0.22)
0.18 (0.27; 0.07)
0.17 (0.24; 0.06)
0.54 (0.72; 0.26)
0.38 (0.52; 0.23)
0.37 (0.50; 0.15)
0.34 (0.47; 0.20)
0.43 (0.64; 0.20)
0.33 (0.51; 0.16)
0.41 (0.59; 0.21)
0.34 (0.49; 0.19)
0.16 (0.23; 0.06)
0.39 (0.54; 0.16)
0.14 (0.20; 0.07)
0.21 (0.32; 0.10)
0.29 (0.42; 0.14)

Summer
0.25 (0.31; 0.13)
0.07 (0.08; 0.03)
0.08 (0.12; 0.05)

-0.13 (-0.18; -0.08)

0.24 (0.35;0.12)
0.23 (0.33;0.13)
0.11 (0.15; 0.05)
0.16 (0.22; 0.08)
0.07 (0.10; 0.04)
0.14 (0.18; 0.08)
0.17 (0.27; 0.07)

-0.13 (-0.20; -0.08)
-0.19 (-0.27; -0.12)
-0.03 (-0.05; -0.01)

0.12 (0.15; 0.05)
0.31 (0.46; 0.20)
0.23 (0.33; 0.13)
0.16 (0.24; 0.08)
0.40 (0.56; 0.21)
0.33 (0.48; 0.16)
0.13 (0.18; 0.07)

Autumn

0.21 (0.24; 0.14)

-0.03 (-0.06; -0.01)
-0.28 (-0.42; -0.13)
-0.15 (-0.23; -0.09)

0.19 (0.27; 0.12)
0.16 (0.23; 0.11)
0.06 (0.07; 0.03)
0.15 (0.25; 0.07)
0.02 (0.02; 0.01)
0.05 (0.06; 0.02)
0.13 (0.18; 0.08)

-0.07 (-0.10; -0.04)
-0.17 (-0.23; -0.10)

0.14 (0.21; 0.08)
0.13 (0.19; 0.05)
0.03 (0.05; 0.01)
0.11(0.17; 0.05)

-0.14 (-0.21; -0.07)

0.21 (0.30; 0.10)
0.11 (0.15; 0.04)
0.04 (0.06; 0.02)

Winter
0.11 (0.15; 0.05)
0.01(0.01;-)

-0.20 (-0.34; -0.09)

0.08 (0.12; 0.03)
0.15 (0.23; 0.08)
0.22 (0.33; 0.13)
0.14 (0.18; 0.08)
0.19 (0.29; 0.09)

-0.05 (-0.09; -0.02)

0.11 (0.14; 0.04)
0.11 (0.15; 0.04)
0.08 (0.10; 0.04)

-0.20 (-0.30; -0.10)

-0.01 (-0.03; -)
0.02 (0.04; 0.01)
0.23 (0.34; 0.12)
0.22 (0.32; 0.11)

-0.19 (-0.29; -0.09)

0.07 (0.12; 0.03)

-0.06 (-0.09; -0.02)

0.05 (0.07; 0.03)

Spring
0.08 (0.06; 0.07)
-0.03 (-0.05; -0.01)
-0.05 (-0.08; -0.02)
-0.12 (-0.15; -0.08)
0.17 (0.24; 0.08)
-0.01 (0.01; -)
-0.07 (-0.11; -0.03)
-0.08 (-0.11; -0.03)
0.01 (-0.03; -)
0.13 (0.17; 0.05)
0.11 (0.16; 0.06)
-0.14 (-0.20; -0.06)
-0.28 (-0.39; -0.12)
-0.06 (-0.08; -0.03)
-0.09 (-0.11; -0.06)
0.38 (0.52; 0.23)
0.16 (0.19; 0.08)
0.14 (0.17; 0.09)
0.20 (0.31; 0.10)
0.01 (0.03; -)
0.02 (0.03; 0.02)

*Values in bold are different from 0 with a significance level alpha = 0.05. Trend values in the table are portrayed as follows: MK(p; SS).
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For annual TN9Op, most of the stations (16 of 20), have experienced increasing trends (Figure
5a; Table 3), of which eight are statistically significant. These stations are located in the
Western Cape, Mpumalanga, Gauteng and Eastern Cape province at Dohne, which experience
rate increases of >0.08% days.yr! (Figure 5a; Table 3). Decreasing trends of >0.04% days.yr?
are calculated for the remaining four stations: Bloemfontein, Vryburg, Port Elizabeth and
Kimberley with the latter two being statistically significant. Overall, a calculated rate increase
of 0.04% days.yr* has been found in TN90p countrywide.

For summer, increasing trends are calculated for the majority of the stations (16 of 20; Figure
5b; Table 7), seven of which are statistically significant. These significant stations are located
predominantly in the Western Cape, Gauteng and Eastern Cape at Dohne, with a rate increase
of >0.12% days.yr (Table 7). The remaining four stations, which are located in the Free State
and Northern Cape province, exhibit decreasing trends with rate decreases of >0.01% days.yr
!, Kimberley is the only station with a statistically significant decrease (Figure 5b; Table 7).
Overall, an increase of 0.07% days.yris calculated for TN90p in summer. Most of the stations
(14 of 20) experience increasing trends for autumn (Figure 5c), three of which are statistically
significant. These stations, Dohne, Johannesburg Int and Cape Town experience increases of
>0.10% days.yr't in TN90p (Table 7). Decreasing trends in TN90 are evident in the remaining
six stations at >0.04% days.yr; only Port Elizabeth has a calculated statistically significant
decrease (Figure 5c). Overall, a rate increase of 0.02% days.yr ' has been calculated for TN90p
in autumn. Increasing trends are evident in most of the stations (14 of 20) in winter (Figure
5d; Table 7), of which four are statistically significant. These stations: Zuurbekom, Durban,
Cape Agulhas and Cape Columbine experience rate increases of >0.09% days.yr* in TN9Op
(Figure 5d; Table 7). The remaining six stations experience decreasing trends with rate

decreases of >0.02% days.yr?, of which Port Elizabeth, Kimberley and Mosselbay being
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statistically significant (Figure 5d; Table 7). An overall increase of 0.03% days.yr* in TN90p has
been calculated for winter (Table 7). In general, an increase of 0.02% days.yr* in TN90p is
calculated for spring, with 50% of the stations exhibiting increasing trends (Table 7). Most of
the stations with increasing trends are located in the Limpopo, Mpumalanga and the Western
Cape province, of which Cape Agulhas and Cape Town being statistically significant, with a
rate increase of >0.10% days.yr! (Figure 5e; Table 7). Stations with decreasing trends, with
rate decreases of >0.01% days.yr ! are located in the Eastern Cape, Free State, KwaZulu-Natal,
North-West and Northern Cape province, of which Kimberley being statistically significant
(Figure 5e; Table 7). In short, the strongest rate of increase in TN90p is evident in summer,

followed by winter.

In addition to TX90P and TN90p, TX2TN> was calculated. Only 16 out of the 20 stations exhibit
trends, of which four are statistically significant (Table 3). These stations are located in
Gauteng and along the west coast, with increases of >0.23 events.yr! for the period 1960-

2016. Cape Agulhas exhibit the only rate increase of 0.01 events.yr'1 in TX;TN; events.
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Figure 8.5 (Fig 5): Annual trends of (a) TN90p and mean seasonal temperature trend of (b) TN90p Summer, (c) TN90p Autumn, (d) TN90p Winter, and (c)

that are statistically significant at the 5% level.

TN9O0p Spring. Open downward, and upward triangles indicate negative and positive trends. Squares indicate no trend. Solid upward triangles indicate trends
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8.6.5. 4.1.5 Warm spell duration indicator and Heatwaves

Most of the stations (18 of 20) experience increasing trends in WDSI, ten of which are
statistically significant (Figure 6a). These stations are located in the Free State, Gauteng,
KwaZulu-Natal, Limpopo, Northern Cape and the Western Cape province, with increases of
>0.22 days.yr! for the period 1960-2016 (Table 8). The Spearman’s Rank Correlation
Coefficient display similar results. No substantial rate of the increasing trends was found in
the stations (Table 8).

All sampled stations experience an increasing trend in WSDI5 (Figure 6b; Table 8), 15 of which
are statistically significant. These statistically significant stations are located in the Free State,
Gauteng, Northern Cape, Limpopo, North-West, Eastern Cape at Dohne, KwaZulu-Natal at
Cedara, and Western Cape province, which experience rate increases of >0.09 days.yr! in
WSDI3 (Figure 6b; Table 8). Smaller increasing trends are evident in the coastal stations,
except for Cape Agulhas, Cape Columbine and Mosselbay with rate increases between 0.09
days.yr't and 0.25 days.yr! (Table 8). The overall calculated rate increase is 0.30 days.yr* for
the WSDI3 index over the country (Table 8).

Most of the stations (19 of 20) experience an increasing trend in heatwave events (HWN;
Figure 6¢), seven of which are statistically significant. These stations are located in the Free
State, Gauteng, Limpopo, Northern Cape and Western Cape province, with linear rate
increases of >0.02 events.yr! (Table 8). Kimberley is the only station experiencing a
decreasing trend. The strongest linear rate increases are evident in Limpopo, Gauteng at
Zuurbekom and the Western Cape province at Cape Agulhas, with rate increases of >0.05
events.yr! (Table 8). An overall, calculated linear rate increase of 0.03 events.yr has been

found for heatwave events across the country (Table 8).
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The HWD index identifies the length (days) of the heatwaves identified by the HWN index.
The results indicate that the number of days has increased, with an overall calculated linear
rate increase of 0.04 days.yr* (Table 8). Most of the stations (18 of 20) experience increasing
trends in HWD, three of which are statistically significant (Figure 6d). These significant stations
are located in the Eastern Cape at Port Elizabeth, Gauteng at Zuurbekom, and Limpopo
province at Warmbad Towoomba, which experience linear rate increases between 0.03
days.yr! and 0.16 days.yr* (Figure 6d; Table 8). However, linear rate increases of >0.05
days/yr?! are also evident in non-significant stations: Johannesburg Int, Durban and Vryburg
(Figure 6d; Table 8). Decreasing trends are calculated for the two remaining stations Cedara
and Kimberley, with only the latter experiencing a linear rate decrease of 0.01 days.yr* (Table

8).

190



Table 8.8 (Table 8): Increasing and decreasing trends in warm spell duration days and heat waves

during 1960-2016.

Station WSsDI WSDIs HWN HWD
Dohne 0.21(0.26;-)  0.24(0.31; 0.09) 0.01 (-; -;0.02) 0.22 (0.32; -; 0.03)
East London - 0.11(0.13; -) 0.15 (0.19; -; - 0.12 (0.15; -; 0.02)
Port Elizabeth 0.21(0.25; -) 0.17 (0.23; -) 0.04 (0.06; -; 0.01) 0.30 (0.37; -; 0.03)
Bloemfontein 0.24(0.31;-)  0.39(0.54; 0.44) 0.36 (0.45; -; 0.03) 0.19 (0.26; 0.03; 0.03)
Johannesburg Int 0.16 (0.21;-)  0.23(0.33; 0.25) 0.20 (0.24; -; 0.03) 0.06 (0.08; -; 0.06)
Zuurbekom 0.28(0.36;-)  0.27(0.37;0.36)  0.46 (0.59; 0.06; 0.06) 0.52 (0.69; 0.14; 0.16)
Cedara 0.30 (0.36; -) 0.23(0.31;-) 0.24 (0.31; -; 0.02) -0.03 (0.04; -; -)
Durban - 0.17 (0.23; 0.08) 0.15 (0.21; -; 0.03) 0.24 (0.35; -; 0.05)
Mara 0.17(0.21;-)  0.51(0.68; 0.41) 0.19 (0.24; -; 0.05) 0.05 (0.05; -; 0.01)
Warmbad Towoomba 0.30(0.38;-)  0.35(0.50;0.39)  0.34 (0.45; 0.03; 0.05) 0.24 (0.32; 0.04; 0.10)
Skukuza 0.09 (0.12; -) 0.07 (0.11; -) 0.16 (0.20; -; 0.04) 0.08 (0.10; -; 0.02)
Vryburg 0.19(0.24;-)  0.27(0.39; 0.44) 0.12 (0.18; -; 0.03) 0.24 (0.30; 0.05; 0.05)
Kimberley 0.24(0.29;-)  0.36(0.52; 0.32) -0.14 (-0.18; -; -) -0.23 (-0.31; -; -0.01)
Upington 0.31(-;-) 0.45 (0.64; 0.44) 0.31(0.39; -; 0.03) 0.05 (0.07; -; -)
Vanwyksvlei 0.31(0.39;-)  0.55(0.75; 0.54) 0.31(0.39; -; 0.03) 0.19 (0.26; -; 0.04)
Cape Agulhas 0.29(0.36;-)  0.45(0.62;0.25)  0.27 (0.37;0.03; 0.05) 0.14 (0.18; -; 0.02)
Cape Columbine 0.02(0.02;-)  0.22(0.32; 0.09) 0.15 (0.20; -; 0.02) 0.10 (0.13; -; 0.02)
Mosselbay 0.30(0.37;-)  0.44(0.57;0.14) 0.02 (0.03; -; -) 0.04 (0.03; -; 0.03)
Cape Town 0.22 (0.27; ) 0.08 (0.41; -) 0.28 (0.37; -; 0.02) 0.10 (0.14; -; 0.02)
Vredendal 0.18(0.22;-)  0.39(0.54; 0.25) 0.15 (0.20; -; 0.02) 0.20 (0.27; -; 0.02)
Average trend 0.20(0.23;-)  0.30(0.42;0.30) 0.19 (0.25; -; 0.03) 0.14 (0.18; -; 0.04)

* Values in bold are different from 0 with a significance level alpha = 0.05. Trend values in the table are portrayed

as follows: MK(p; SS; Linear trend).
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Figure 8.6 (Fig 6): Annual trends of (a) WSDI, (b) WSDI3, (c) HWN and (d) HWD. Open downward, and upward triangles indicate negative and positive trends.

Squares indicate no trend. Solid upward triangles indicate trends that are statistically significant at the 5% level.
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8.7. 5. Discussion

This study is the first to apply the ET-SCI thermal stress indices to South Africa, exploring the
incidence of warm extreme temperature events for the period 1960-2016. The general
findings of the ETCCDI and ET-SCl indicate a warming trend and an increase in extreme warm
temperature events on an annual and seasonal time scale over the study period. These
findings are in agreement with the increasing global mean temperature trends (Yatim et al.
2019; NOAA 2020), increases in extreme warm temperature, and increases in the frequency
of incidence of hot days (Hartmann et al. 2013; Mueller et al. 2016).

Consistent with previous studies on extreme warm events in South Africa (e.g. Kruger and
Sekele 2013; Mackellar et al. 2014; Kruger and Nxumalo 2017), most of our findings on an
annual and seasonal time scale are in partial agreement. However, this study presents the
first comprehensive seasonal trend analysis results of TXx, TNx, TX90p, TN90p. Observations
on a seasonal timescale are very important. Unseasonably warmer temperatures may
increase the risk of heat stress, due to an unprepared population (Lee 2014; Founda et al.
2019). Changes in seasonal temperatures may bring about shifts in the onset and length of
growing seasons (Thorton et al. 2014), and contribute to a reduction in crop (Landman et al.
2017b) and grape yields (Araujo et al. 2016) in particular in the Western Cape. The warmer
temperature may delay and advance seasonal phenological events (Fitchett et al. 2019).

This study presents the first trend analysis of the frequency of annual hot days where TX is
above 25°C (SU25), and of seasonally hot days where TX is above 35°C. These events, in terms
of a positive anomaly, may be an important classifier of the degree of heat stress. The core
body temperature in humans increases significantly from exposure to these high

temperatures (Ngwenya et al. 2018), which may lead to higher risks in the mortality rate due
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to heat stress, caused by inadequate housing and infrastructure to cope with the intense heat
(Pasquini et al. 2013; Nana et al. 2019; Chersich and Wright 2019).

Our results demonstrate a general increase in warm spell days (WSDI) over a 50-year period,
providing an extension to the work of Kruger and Nxumalo (2017). Studies have found that
the WSDI index is less effective to measure the frequency and intensity of heatwaves (Perkins
et al. 2012; Panda et al. 2014), for the reason that six-day consecutive warm spell events are
rarely identified (see WSDI definition in Table 2). Therefore, WSDI3, HWN and HWD indices
were used to identify shorter warm spells (heatwaves). Together with the TX,TN; index, which
identify two consecutive warm days and night events. Research shows that it is not always
daytime heat which is responsible for morbidity and mortality; humans need cooler night
temperatures to recuperate to handle extreme heat the following day (Perkins 2015). A
significant increase in WSDI3; index was found, together with a general increase in heatwave
events (HWN), and the number of heatwave days (HWD). Heatwaves can have significant
impacts on many different sectors (Panda et al. 2014), in particular in a South African context.
Extreme heat events disrupt agricultural practices and decrease crop yields (Mangani et al.
2018), which could have dire effects on the Free State’s grain production and Western Cape’s
wine production. Heatwaves may devastate energy systems because with higher
temperatures, the demand for electricity increases to supply air conditioners and fans
(Lubega et al. 2018). Heatwaves also disrupt ecosystems; a study found that heatwaves
induce fitness costs in birds which negatively impact their nesting growth and survival
(Malherbe et al., 2016; Van Wilgen et al. 2016). Extreme heat can also contribute to and
exacerbate wildfires — as has been seen in the 2019-2020 Australian fires (Ebbs, 2020). This
poses significant threats to plantations and national parks, particularly in KwaZulu-Natal,

Mpumalanga, and the Western Cape (Davis-Reddy and Vincent 2017). Heatwaves also have
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an impact on tourism; it has been found that temperatures play a significant role in outdoor
tourism and tourist activities (Noome and Fitchett 2019). Tourist tends to stay indoors during
heatwave events and are not always as accustomed to these warm events (Fitchett and
Hoogendoorn 2018).

Extreme warm temperatures could have dire impacts and may result in human fatalities. An
example of this are the health impacts and mortalities that resulted directly from the 2003
European and 2010 Russian heatwaves, and the secondary impacts on ecosystems and
socioeconomic development that persisted long after (Perkins et al. 2012; Ragone et al. 2018).
The increase in the frequency, duration and intensity of these events may amplify these
impacts, particularly in a developing country such as South Africa, with a low adaptive capacity
(Davis-Reddy and Vincent 2017).

Our findings are in agreement with previous studies indicating a general increasing trend in
extreme warm temperature and heatwaves (e.g. Kruger and Sekele 2013; Mackellar et al.
2014; Kruger and Nxumalo, 2017). Similar to the findings of Kruger and Sekele (2013) and
Kruger and Nxumalo (2017), the majority of interior stations experienced a statistically
significant increasing trend in frequency of warm days and warm spells duration days,
compared to the coastal stations. These spatial patterns coincide with recent projection
studies indicating that there is a notable increase in frequency of warm spells, but less so in
the south eastern part of the country (Kruger et al. 2019).

Large-scale climate drivers such as the El Nifio Southern Oscillation (ENSO) and the Indian
Ocean Dipole (I0OD), affect the nature and timing of warm extreme temperatures events
(Baudoin et al. 2017), together with local and regional synoptic circulation systems over the
country. For instance, the decrease of warm days (TX90p) and nights (TN90p) in winter

coincide broadly with the timing of movement of cold fronts over the subcontinent (Lennard,
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2019). The increase in warm days in the interior stations can be linked to the sub-tropic high
pressure situated in the interior parts of the country during summer (Kruger et al. 2010).
Furthermore, studies suggest that anthropogenic forces (Angélil et al. 2017) may play a role.
However, less research is focused on understanding these relationships between extreme
heat events and large-scale modes of climate variability, and synoptic patterns in a South
African context. This is an important avenue for future research.

As for any study, there are limitations. The ETCCDI and ET-SCI are far more robust approaches
to assessing the occurrence of extreme temperature events, and preference should be given
for these over ad-hoc local definitions. That said, when assessing the impact on human
thermal comfort and stress, more complex indices such as the Universal Thermal Climate
Index (UTCI) provide greater insight (Di Napoli et al 2018). This forms an important avenue
for future research. This study is the first to explore extreme temperature events at a seasonal
scale for South Africa. Assessing extreme temperature relative to a period of lower
homogeneity allows for aseasonally warm winter days and aseasonally cold summer days to
be classified as extreme events, which is important in terms of preparedness relating to
clothing, outdoor activity and indoor temperature control. The seasonal brackets selected
facilitate spatial analysis across the country, but over-estimate the length and timing of the
shoulder seasons (Van der Walt and Fitchett 2020). Recent findings suggest, based on
temperature metrics, that the South African summer is longer extending from October to
March (Van der Walt and Fitchett 2020). Finally, while the selection of 20 stations represent
the full database with sufficient period of coverage and competeness, and has been deemed
sufficient for the spatial coverage of South Africa (Kruger and Nxumalo 2017), it does limit the

accuracy of the IDW spatial interpolation. Future work should seek to test the interpolation
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accuracy between stations, if even from records of shorter duration, and ongoing efforts to

improve the climate monitoring in South Africa are welcomed.

8.8. 6. Conclusion

This study provides one of the first comprehensive assessment on an annual and seasonal
scale of extreme warm temperature events in South Africa, for the period 1960-2016. The
findings of both the ETCCDI and ET-SCI indices produced significant results; however, the ET-
SCl are more useful and can be applied in conjunction with many important sectors in a South
African perspective. These findings have important implications on our natural system as well
as society and set a precedent for likely future changes in extreme heat events resulting from
further anthropogenic global warming. Furthermore, these results of extreme temperature
events are crucial in order to frame mitigation and adaption strategies to counter the impacts

of climate change, in an already vulnerable country.
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Chapter 9: General Discussion

9.1. Introduction

This chapter presents the general discussion, divided into three themes cross cutting all four
research papers (Chapter 5-8). It also integrates and expands on the findings of each research
paper with the existing literature. The following four themes will be discussed in the context
of the findings: Firstly, the importance of statistically defined seasonal divisions; secondly,
extreme events in “sunny South Africa”; thirdly, health hazards of ETEs in South Africa; and,
finally, future threats of ETEs under current climate change projections. This is followed by a

discussion on the limitations associated with this research.

9.2. Statistically defined seasons

The knowledge of delineation of seasons is of great importance to human activities, including
economical and agricultural practices (see Introduction section of Chapter 6). Information
about the start of warm and cold periods is of great importance especially to agriculture since
itis closely related to the length and timing of growing seasons, timing of sowing and harvest,
and the planning of both protection and support measures for various cultivations (see
Introduction Section of Chapter 6; Argiriou et al., 2004; Battisti et al., 2009; Tshiala et al.,
2011; Van der Walt & Fitchett, 2020). Seasonality of temperature changes can affect and
influence resource management, national energy consumption, human health, tourism, social
and economic planning, the environment and wildlife (Sparks and Braslavska, 2001; De Cian
et al., 2013; Lazenby et al., 2014; Ziervogel et al., 2014; Fitchett et al., 2016; Garonna et al.,
2016; Hekmatzadeh et al., 2020; Van der Walt & Fitchett, 2020). However, little consensus
exists as to distinct seasonal boundaries in South Africa, and approaches in defining seasonal

divisions often vary on the basis of the application (Van der Walt & Fitchett, 2020). Some
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researchers use ad-hoc approaches to classify seasonal divisions to suit the output rather than
adopting a defined approach (Van der Walt & Fitchett, 2020). Thus, it is of critical importance
to accurately determine the start and end of seasons (Van der Walt & Fitchett, 2020).
The findings of the statistical classification of South African seasonal divisions proposed the
following seasonal brackets based on the temperature metrics used (Tmax, Tmin and Tayg; see
Results and Conclusion Section of Chapter 6):

e Summer (October/November/December/January/February/March)

e Winter (June/July/August)

e Early autumn (April)

e Late autumn (May)

e Spring (September)
Previous research studies on ETEs in South Africa used seasonal divisions in their analyses
(e.g. Kruger & Shongwe, 2004; Mackellar et al., 2013; Davis et al., 2016; Kruger & Nxumalo et
al., 2017; Mbokodo et al., 2020). The studies which were examined used the meteorological
classification. This classification method is the most commonly used in the temperate
latitudes; this refers to the subdivision of four equal-length periods of three months each
(Weather SA, 2019). In South Africa, this is the most widely used seasonal division
classification (Table 1 of Chapter 6; Klopper et al., 1998; Tshiala et al., 2011; Kruger &
Shongwe, 2004; Kruger & Nxumalo, 2017; Weather SA, 2019; Van der Walt & Fitchett, 2020).
Many different studies on tourism, agriculture, human activities and human health, among
others, use this conventional break of three months, or extend it to seasons of a specific
region which are under investigation. Some even classify seasons based on an ad-hoc
approach, with classifications such as hot-season, rainy-season, swimming season and

growing-season, without direct relationship to calendar months (e.g. Klopper et al., 1998;
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Craig et al., 2004; Benhin, 2006; Archer et al., 2008; Tshiala & Olwoch, 2010; Lazenby et al.,
2014; Mastrorillo et al., 2016; Fitchett et al., 2017; Van der Walt & Fitchett, 2020). While these
seasonal divisions may be suitable in the relevant research subdiscipline, interdisciplinary
research might prove to be difficult to compare climate of different regions (Tuller, 1990; Van
der Walt & Fitchett, 2020). The literature indicates that, for most parts of the Northern
Hemisphere, including Italy, United States, China, Poland and Finland (Brunetti et al., 2006;
Dong et al., 2010; Hiltunen et al., 2014; Allen & Sheridan, 2016; Czernecki & Mietus, 2017;
Van der Walt & Fitchett, 2020) the seasonal boundaries (Cohen et al., 2012; Kutta & Hubbart,
2016) are well established and clearly communicated, even though some discrepancies exist
among researchers on how to define the seasonal boundaries (e.g. Trenbreth, 1983; Tuller,
1990; Cheng & Kalkstein, 1997; Argiriou, 2004; Allen & Sheridan, 2016; Hekmatzadeh et al.,
2020).

From the abovementioned discussion it is clear that statistical classification of seasons is
important, and that the research and findings of the statistical classification using
temperature metrics (i.e. Tmax, Tmin and Tayg) of South African seasons (see Results Section of
Chapter 6) not only gives insight into temperature seasonality but also provides the
opportunity for the scientific and public community to use these proposed seasonal brackets

for interdisciplinary research purposes.

9.3. Extreme events in sunny South Africa?

The South African climate allows for a multitude of farming opportunities. South Africa has
one of the world’s most diverse agricultural sectors, ranging from commercial farming,
including vegetables, fruits, nuts, as well as grain production (Goldblatt, 2010). “Sunny South

Africa” is also marketed by various travel agencies (Fitchett & Hoogendoorn, 2018) as the
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ideal tourism destination. However, extreme events do occur in South Africa: the CRED EM-
DAT has recorded a number of weather-related disasters over the past three decades in South
Africa. These resulted in 1,792 casualties, 2,409 injuries, left 580,000 people homeless, and
affected an estimated 2 million people across the country (EM-DAT CRED, 2020).

South Africa’s urgent socioeconomic development needs and threatened ecosystem services,
combined with a growing and urbanising population, reduces adaptive capacity and leads to
greater exposure to extreme events, particularly in the poor rural areas of the country
(Ziervogel et al., 2014; Pasquini et al., 2013; Davis-Reddy & Vincent 2017; Mambo &
Murambadora, 2017). Only three severe ETEs were recorded and reported on by EM-DAT
CRED (see Section 5.3), two of which were cold events and one a heat event. These events
led to multiple injuries and casualties in various parts of the country (EM-DAT CRED, 2020;
see Section 5.3). Exposure to heat or cold events over a prolonged period can lead to
hyperthermia or hypothermia, respectively; these can have severe health implications, as
discussed in detailed in the following section (Section 9.4). Yet, due to poor health surveillance
and reporting infrastructure the impacts and number of events are under reported in many
developing countries, including South Africa (Ngwenya et al., 2018; Scovronick et al., 2018).
Additionally, studies suggested that even if heat/cold advisories are in place people remain
unaware of the risks or deem it unnecessary to take precautions (Lee, 2014). Informal
reporting by the news media (see Section 5.3, Section 7.3, Section 8.3), as well as the little
work that has been done on ETEs studies across South Africa (Chapter 5), and the findings of
both chapters 7 and 8 indicate that both warm and cold extreme events occur and are

prevalent across South Africa.
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For comparison purposes, the Fifth IPCC assessment reported that similar lower latitudinal
regions and countries such as Australasia (viz., Australia and New Zealand) and South America
experienced an observed mean temperature increase at a rate of 0.9°C since 1911, and
increasing temperature trends of near by 0.7-1°C since the mid-1970s, respectively (Magrin
et al., 2014; Reisinger et al., 2014). The near surface temperature increased at a rate of >0.5°C
in most parts of Africa between 1901-2012 (Niang et al., 2014), whereas mean temperature
increases at a rate of 0.65°C were evident for South Africa since the 1950s (DEA, 2013; DEA,
2016). It should be noted that these observed temperature increases, as well as ETEs, exhibit
large spatial heterogeneity due to specific geographical and climatic features (Song et al.,
2014).

Trend analysis studies suggest that in Australasia, there has been an increase in the frequency
of hot extremes with decreases in cold extremes (Magrin et al., 2014; Caloiero, 2016), coupled
with the statistically significantly increasing occurrence of hot days and hot nights compared
to cool days and cold nights, respectively (Collins et al., 2000; Perkins and Alexander, 2013;
Magrin et al., 2014; Perkin-Krikpatrick et al., 2016). Similar results were evident in South
America, with an increasing occurrence of warm nights and hot extremes and negative trends
in cold nights and cold extremes (Rusticucci, 2012; Reisinger et al., 2014; Lokith et al., 2017,
Feron et al., 2019). Again, it was highlighted in these studies that these events exhibit large
spatial heterogeneity (e.g. Collins et al., 2000; Rusticucci, 2012; Caloiero, 2016; Lokith et al.,
2017). Compared to the findings of the trend analyses of this study (see Section 7.6 of Chapter
7 and Section 8.6 of Chapter 8), similar increasing trends in the frequency of warm extremes,
warm days and nights were found, with decreasing trends in cold extremes and cold days and
nights; however, some exceptions were highlighted in the results. However, it can be difficult

to compare rates given that many researchers use different techniques and methods to
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calculate the extreme events. Broad comparison to lower latitudinal countries and regions
(i.e. Australia and South America), the occurrence and frequency of ETEs on average in South

Africa are similar to these regions.

9.4. Health Hazards of ETEs and vulnerability of South Africa

Multiple studies indicate that exposure to extreme heat and cold over prolonged periods can
lead to hyperthermia or hypothermia, respectively. Thermal stress (e.g. hyperthermia or
hypothermia) may results in severe heat- and cold-related illnesses and can lead to mortality
anywhere in the world, as discussed in Section 5.3 and Section 5.11 of Chapter 5, Section 7.3
and Section 7.9.3 of Chapter 7, and Section 8.3 and Section 8.7 of Chapter 8.

To further emphasise these health impacts and the hazards of ETEs, Table 9.1 broadly
summarises the direct impacts, indirect impacts, long-term impacts, as well as the more distal
issues related to ETEs. Direct health impacts occur when the body temperature cannot be
maintained, when the shelter or clothing is not appropriate, or the physiological responses
are impaired (e.g. chronic diseases, ageing). Furthermore, these impacts can be exacerbated
by drug/alcohol use (Table 9.1; Scott, 2015; McGregor, 2017). Indirect impacts refer to, for
instance, impacts on health services or changes to an individual’s behaviour (Table 9.1; Scott,
2015; McGregor, 2017). In addition, ETEs could cause long-term health impacts such as
chronic respiratory diseases and cardiac dysrhythmias; they may even result in the disruption
of thermoregulation and allow sepsis-related hypothermia during summer seasons (Scott,
2015). In some cases, researchers ascribe certain disorders to ETEs, which can be classified as
distally related health issues and impacts. such as mental health disorders, memory loss,
increased risk of still births, a rise in cases of Kawasaki disease, and even civil conflict during

ETE events (Table 9.1; Scott, 2015; Rossati, 2017; Chan et al., 2019; Kanner et al., 2020).
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Table 9.1: Direct, indirect, long-term and distal health issues and impacts (Adapted from McGregor,

2017)

Extreme Heat

Extreme Cold

Direct Impacts

Classic heat-related illness:

e Hyperthermia

e Heat stroke

e Heat exhaustion

e Heat cramps

e Dehydration

e Damage to the internal organs (e.g. Brain,
liver, kidneys; Scott, 2015)

Increased risks of death from:

e Respiratory disease

e Cardiovascular disease

e Underlying chronic disease (e.g. high blood
pressure, renal diseases)

Increased risk of hospitalisation from:

e Respiratory disease

e Diabetes

e Heart disease

e Underlying chronic disease (e.g. high blood
pressure, renal diseases)

e Use of alcohol or drugs (Scott, 2015)

Classic cold-related illness:

e Hypothermia (Scott, 2015)

e Frostbite

e Cardiac dysrhythmias (Scott, 2015)
e Decreased metabolic activity

Increased risks of death from:

e Respiratory disease

e Cardiovascular diseases

e Underlying chronic diseases (e.g. heart
disease)

e Epidemic spread of air-borne viral
infections (Rossati, 2019)

Increased risk of hospitalisation from:
® Respiratory disease

o Diabetes

o Heart disease

e Use of alcohol or drugs (Scott, 2015)

Impact on health services:

e Increased number of hospital admissions
e Storage of medicine

Increased risks of accidents:

Impact on health services:
o Increased number of hospital admissions
e Storage of medicine

Increased risks of accidents:

e Drowning o Traffic accidents
Indirect e Work-related accidents e |njuries
Impacts e Injuries e Carbon monoxide poisonings
Potential disruptions to infrastructure: Potential disruptions to infrastructure:
e Power e Power
e Water o Water
e Transport e Transport
e Productivity e Productivity
Increased risks of death from: Increased risks of death from:
e Cardiac dysrhythmias (Scott, 2015) e Cardiac dysrhythmias (Scott, 2015)
Long-term e Chronic respiratory diseases o Chronic respiratory diseases
impacts e Disruption of thermoregulation and

allow sepsis-related hypothermia (Scott,
2015).

Distally Health
impacts

Increased risks of death from:
e Mental health (Rossati, 2017)
e Increased risk of poor outcomes in

pregnancy (e.g. still births; Kanner et al.,

2020)
e Kawasaki disease (Chan et al., 2019)
o Civil conflict (Rossati, 2017)

Increased risks of death from:

e Mental health (Rossati, 2017)

o Memory loss (Scott, 2015)

e Increased risk of poor outcomes in
pregnancy (e.g. still births; Kanner et al.,
2020)
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Together with the aforementioned possible health impacts, research indicates that a
population’s vulnerability to ETEs relates to its exposure and its capacity to adapt and respond
to such ETEs over long or short timescales (McGregor, 2017; Le Roux et al., 2017). McGregor
(2017) emphasises that determinants of vulnerability can be broadly categorised by
demographic, health, physical, socioeconomic and institutional factors. The vulnerable
communities can be potentially highlighted using these determinants. The physiology of the
population plays a huge role in the demographic determinants, where the older population is
more vulnerable to extreme temperature than younger people (McGregor, 2017; Le Roux et
al., 2017). New immigrants and tourists may also be affected (McGregor, 2017; Le Roux et al.,
2017). As discussed in Section 7.9.3 of Chapter 7, an increase in extreme cold events, over the
period 1960-2016, was identified along the south and east coast and in the Northern Cape,
North-West, and Gauteng provinces. Studies indicate that vulnerable socioeconomic
communities are found in these provinces (see Section 2.4 of Chapter 2), particularly in
Gauteng with the highest percentage of elderly people (21.5%) compared to other provinces
(see Section 2.4 of Chapter 2) and the highest density of homeless people (Le Roux et al.,
2017). Physical and socioeconomic determinants are especially important in a South African
context: an estimated 14.45 million households are informal (Le Roux et al., 2017), with an
estimated 3.5 million people residing along the coastline, of which 40% live below the
minimum wage (Le Roux et al.,, 2017). These communities are especially vulnerable to
increases in extreme cold events due to their low adaptive capacity and inappropriate housing
(Le Roux et al., 2017).

Statistically significant increases in warm extremes were observed in almost all the provinces
(see Section 8.6 and Section 8.7 of Chapter 8), which could have dire health consequences for

communities living in informal settlements with improper housing and shelter (Le Roux et al.,
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2017). In addition, this may lead to higher risks in the mortality rate due to heat stress caused
by inadequate infrastructure to cope with the intense heat (Chersich & Wright 2019). As
discussed in Section 2.4 of Chapter 2, areas in the Eastern Cape, Kwa-Zulu Natal, Limpopo and
North-West provinces are the most susceptible to ETEs; these former apartheid “homelands”
house the most vulnerable communities, with low adaptive capacity and some livelihoods
that depend on subsistence farming and natural resources (Van Hyssteen et al., 2013; Le Roux
etal., 2017; Chersich et al., 2018). Additionally, the South African public health care system is
burdened with both chronic illnesses and non-communicable diseases (Garland et al., 2017).
Sadly, the health risks that may be impacted by climate change, in particular ETEs, are not
new issues in South Africa. However, it is difficult to quantify the climate-health linkages in

South Africa due to the lack of reporting systems and data (Garland et al., 2017).

9.5. Future threats of ETEs under climate change

Only a few known published attempts were made to model and project future near-surface
scenarios (e.g. Mackellar et al., 2014; Engelbrecht et al., 2015; Russo et al., 2016; Landman et
al., 2018), as well as attempt to project future climate zones (e.g. Engelbrecht & Engelbrecht,
2015) over Africa and southern Africa. Engelbrecht et al. (2015) used six Global Climate
Models (GCMs), which were all downscaled to the African continent using the Conformal-
Cubic Atmospheric Model (CCAM) regional model. Significant warming trends were found in
all six model simulations. Great levels of warming were found in the subtropical versus
tropical latitudes, with lower levels of coastal warming compared to the interior (Engelbrecht
et al., 2015). However, differences remain in the finer details of the simulated patterns of

warming
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(Engelbrecht et al., 2015). Russo et al. (2016) used daily maximum temperatures to project
future heatwaves over Africa, for the period 1979-2100, from 13 Regional Climate Model
(RGM) simulations of the CORDEX-Africa multi-model scenario experiment. Four RGMs were
driven by 13 different GCM with two different scenarios, in light of observed greenhouse
gases defined by the Representative Concentration Pathways (RCP) medium-to-low
concentration RCP4.5 and high-to-low concentrations RCP5.8, as adopted by the IPCC AR5
(Russo et al., 2016). In general, the results showed that in recent years Africa experienced an
increase in hotter and longer heatwaves compared to the last two decades. Furthermore, it
is projected that ETEs will occur on a regular basis by 2040 under scenario RCP8.5 (Russo et
al., 2016). Landman et al. (2018) applied the regional Conformal-Cubic Atmospheric Model
(CCAM), together with six GCM simulations of the Couples Model Intercomparison Project
Phase 3 (CMIP3), all obtained for the A2 Special Report on Emission Scenarios (SRES), to
project temperatures over southern Africa for the period 1961-2100. Findings indicate
maximum temperature increases of >4°C over southern Africa under low mitigation towards
the end the century (Landman et al., 2018). Engelbrecht & Engelbrecht (2015), projected
changes in the Koppen-Geiger climate zones over southern Africa for the time in the future
when the increase in global mean temperatures reaches thresholds of 1, 2 or 3°C, relative to
present-day climatology. This was achieved by downscaling six different Coupled GCM (CGM)
projections, together with the regional Conformal-Cubic Atmospheric Model under A2 SRES
(Engelbrecht & Engelbrecht, 2015). When these thresholds are reached widespread shifts in
the climate regimes are projected, with the most prominent changes in the southern and
eastern expansion of the hot desert and hot steppe zone (Engelbrecht & Engelbrecht, 2015).
The cold desert and steppe zones, meanwhile, are projected to decrease (Engelbrecht &

Engelbrecht, 2015). Furthermore, the eastern temperate regions of South Africa as well as
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the Cape south coast are projected to contract, with a likely increase in warmer and drier
climate over the Cape Fynbos regime (Engelbrecht & Engelbrecht, 2015). Elsewhere,
Mackellar et al. (2014) used 11 different Global Climate Models (GCMs) obtained from the
Coupled Model Intercomparison Project Phase 5 (CMIP5) to statistically downscale
temperatures to a South African perspective for the period 1960-2010. This study revealed
that these models can reproduce patterns fairly well on an annual time scale, but patterns
were region specific on a seasonal time scale (Mackellar et al., 2014).

Some of these studies, however, highlight that the simulation of the African climate can be
very challenging due to the complexity and the diversity of processes to be represented
(Laprise et al., 2013; Engelbrecht et al., 2015). In addition, spatial coverage of index datasets
is still under-sampled in Africa and differences in the resolution of observational data may
cause non-climatic spatial variation in trends (Zwiers et al., 2013; Engelbrecht et al., 2015).
For most parts of Africa, and particularly in South Africa, projections show that the near
surface temperatures have and will increase in the near future (Niang et al., 2014; Russo et
al., 2016). The possibility of a warmer future climate and further increases in the mean
temperatures would not only increase the probability of more frequent hot ETEs, but the
incidence and intensity are very likely to increase as well (Engelbrecht et al., 2015; Russo et
al., 2016; Landman et al., 2018; Kruger et al., 2019; Mbokodo et al., 2020). Extreme cold
temperature events could decrease in frequency and intensity (Russo et al., 2016; Kruger et
al., 2019; Mbokodo et al., 2020). However, these events may still occur due to strong
westerlies causing mid-latitude cyclones or cut-off lows, as discussed in Section 7.9.4 of
Chapter 5. This could increase the South African population’s vulnerability to rare cold events,
due to the possibility that the population may become less acclimatised to cold events, which

could lead to more susceptibility to cold-related illnesses and mortality (Kodra et al. 2011,
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Kodra & Ganguly 2014; Smith & Sheridan 2020). Given the significant impacts of ETEs, only a
few known studies have attempted to model and project future ETE scenarios over South
Africa (e.g. Mackellar et al., 2014; Kruger et al., 2019; Mboko et al., 2020), as discussed in
Section 5.10 of Chapter 5. In general, all these studies projected that extreme warm events
would increase across South Africa, with a decrease in extreme cold events.

Several approaches could be taken in terms of mitigation and adaption to these changes.
One of these might be the introduction of green infrastructure to mitigate the heat, while
providing shade to underlying surfaces (e.g. trees, vegetation; Pasquini & Enqvist, 2019).
Another approach would be to explore and promote green technologies, both in the public
and private sector (Fitchett et al., 2020), such as sustainable water heating, window size to
protect against heat loss and ensure indoor thermal comfort. Other strategies might include
the development of early heat/health warming systems, which may prevent multiple
casualties (McGregor, 2016), is another strategy to consider Community education
programmes on ETEs may also help people adapt to these events. Similarly, the climate
change adaptation policies should be implemented at a municipal level. This can guide

municipalities on what to do to adapt to ETEs or what to do during such events.

9.6. Limitations of the research

All research projects encounter some limitations. In this section, some of the limitations
encountered during this project will be discussed. It is important to note these limitations
since they may possibly influence the accuracy of the results and inform future research which
is discussed in Section 10.4 of Chapter 10. This section will firstly focus on data limitations,

then move on to analytical limitations. Ultimately, this section highlights the limitations
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encountered, measures to mitigate these limitations and possible measures to be considered

for future research.

9.6.1. Data Limitations

Daily TX and TN datasets were only obtained for 35 meteorological stations for the analyses
of Chapter 6 (Data and Methodology) and 20 meteorological stations for Chapters 7 and 8,
respectively, from the SAWS climate database due to network limitations. South Africa’s
national temperature network, as discussed in Section 3.3 of Chapter 3, consists of several
hundred stations. However, only between 30 and 40 have a record with <20% of missing data,
with a similar number of stations having >80% missing data (DEA, 2016). Therefore, trend
analysis can only be performed for tens rather than the whole network of stations (DEA,
2016). In addition, the initiative to interpolate the SAWS and other data to a fine spatial scale
resolution of 1.7 x 1.7km ceased in 2004 (DEA, 2016).

The SAWS data has a relatively high level of accuracy due to numerous quality control
processes undertaken on the datasets which form part of the climate database (Dyson, 2009;
SAWS, 2019; Roffe, 2019). However, these obtained datasets were not perfect and numerous
limitations (e.g. gaps and outliers) were encountered. These limitations were dealt with
through data quality checks and data cleaning, as discussed in Section 3.4 of Chapter 3. For
instance, the identification of outliers and gaps and rectifying these is discussed in Section 3.4
of Chapter 3. Furthermore, the mean monthly temperature was quantified using daily TX and
TN. For future research purposes, hourly temperature data readings may improve the
accuracy of the values of mean daily temperatures; however, the SAWS could not provide

hourly data and thus to ensure consistency the TX and TN records were used.
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Change points in the datasets were identified, as discussed in Section 3.5 of Chapter 3 to check
for non-climatic shifts. As, discussed in Section 3.5 of Chapter 3, numerous methods have
been developed to detect and adjust the inhomogeneity in datasets and the RHtestV4 was
deemed appropriate for this study. In future research, this method can be compared to other
methods, especially over smaller spatial scales, along with the further investigation of change

points particularly for analysis of synoptic circulation and ETEs.

9.6.2. Analytical limitations

The study relied on different statistical analyses to generate the results, as discussed in
Section 3.7 of Chapter 3. The cluster analysis was used, as discussed in Section 3.71 of Chapter
3, to statistically classify the seasonal divisions in South Africa (Chapter 6 Data and
Methodology). The only limitation which emerged was which technique, hierarchical and non-
hierarchical technique should be deemed appropriate to use to calculate the clusters. For
future research purposes, the results could be compared and discussed in a South African
context.

The chosen temperature indices from the ET-SCI and ETCCDI, as discussed in Section 3.8 of
Chapter 8, had their own advantages and disadvantages. However, the chosen indices were
decided to provide the best results, as well as to meet the aims and objectives of this study.
Furthermore, the selection of the most appropriate trend analysis method was one of the
greatest challenges or limitations in this study. As discussed in Section 3.9 of Chapter 3,
multiple trend analysis methods exist to evaluate climate time series data; each method has
its relative advantages and disadvantages. The MK trend analysis proved to be the most
appropriate trend analysis, together with the Theil-Sen slope estimator to quantify the

magnitude of the trend slopes, particularly for analyses of extreme temperature time series
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(see Section 3.9 of Chapter 3). The Spearman’s Rank correlation coefficient was also
calculated to evaluate and cross-validate the MK trend analysis. Studies indicate that both
these methods are equally strong for long-term data analysis (Daniel, 1978; Yue et al., 2002;
Rahman et al., 2017).

To spatially present the data the interpolation method, the IDW, was used in this study (see
Section 3.10 of Chapter 3). The geostatistical interpolation method Kriging was initially used;
however, this method was deemed not appropriate and it was found that IDW performed
well in estimating temperature variability over complex terrains, as discussed in Section 3.10

of Chapter 3 (e.g. Cao et al., 2009; Chai et al., 2011; Kayikgi et al., 2016; Yang et al., 2016)
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Chapter 10: Conclusions

10.1. Introduction

The significant societal and environmental impacts of ETEs has prompted considerable
interest, and research of ETEs in the Global North is growing (Perkins-Kirkpatrick et al., 2017;
Allen & Scott, 2018; Chen et al., 2019). However, research on ETEs in developing countries is
a growing field, such as those in Africa, and specifically in South Africa (New et al., 2006;
Collins, 2011; Otto et al., 2015; Abatan et al., 2018; Scovronick et al., 2018). To emphasise this
issue, the review of ETEs in South Africa (Chapter 5) attempts to critically analyse the
published works on ETEs to argue for greater research focus and to improve the
understanding of ETEs. Very little research has been undertaken to understand ETEs in a South
African context using observed meteorological records. In considering the seasonal
characteristics of temperature across the country, little consensus exists on distinct seasonal
boundaries, making it difficult to conduct temperature comparison studies or research on the
seasonality of ETEs. As such, the statistical classification of South African seasonal divisions
on the basis of daily temperature data (Chapter 6) provides a different approach to defining
seasonal boundaries across the country based on temperature metrics. This knowledge is
crucial for a developing country particularly where some livelihoods depend on knowledge of
seasonal changes, as well as for the development of adaptation strategies and policies (Van
der Walt & Fitchett, 2020). To address the knowledge gap and the dearth of research on ETEs
in South Africa, the trend analysis of extreme cold temperature events (Chapter 7) and
extreme warm temperature events (Chapter 8) was investigated on an annual and seasonal

timescale for the period 1960-2016.
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This conclusion chapter synthesises the work presented in the chapters, first by reflecting on
the aims and objectives presented in Chapter 1 (Introduction) and how these were achieved.
Following this, a synopsis of the key findings will be presented and the significance thereof,

and finally the potential future research directions will be discussed.

10.2. Achievement of study aim and objectives

This PhD has not only advanced our understanding of seasonal boundaries based on
temperature metrics in South Africa, but also our understanding of ETEs. The primary aim of
this research was to investigate the frequency, incidences, and climatology of annually and
seasonally anomalous temperature events over South Africa, over the period 1960-2015. The
objectives were developed to address this primary aim through knowledge gaps highlighted
throughout Chapter 1 (Introduction) and the research papers (Chapter 5-8). It should be
noted that the limitations addressed in the discussion have not compromised the
achievement of the study’s objectives. The objectives are listed below, as presented in Section

1.3 Chapter 1 (Introduction), along with how these objectives were achieved.

1. To determine the statistical boundaries for the timing of seasons in South Africa based

on temperature

This objective required a cluster analysis for each temperature metric used, for each selected
meteorological station for the study period; the results of this are presented under Chapter 6
Results section. The details of the methodological approaches were captured under Chapter
6 Data and Methodology section. This objective was achieved through robust quality control,

quantifying mean daily temperature (Tay) derived from Tmax and Tmin, aggregating mean
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monthly temperatures per meteorological stations for each year, and finally performing
hierarchical clustering using Ward’s D minimum variance cluster analysis. Additionally, the
average silhouette width and the cophenetic correlation coefficient were used to interpret,
evaluate, and validate consistencies within the cluster and groups. To investigate the spatial
patterns, the cluster outputs, along with the start and end dates of summer and winter, were
mapped. The results of this objective are presented under the Chapter 6 Results section, and
more specifically under Chapter 6 Discussion and Conclusion section. In summary, through
statistical analysis and results captured in the seasonal timetable Table 4 in Chapter 6, new
seasonal brackets are put forward in accordance with the agreement of seasons and

temperatures among stations used in this research (Van der Walt & Fitchett, 2020).

2. To determine the frequency of occurrence of annually and a-seasonally cold

temperature over the period 1960-2015

This objective required trend analysis of each selected ET-SCI and ETCCDI temperature index,
for each selected station for the study period; the results of this are presented under Section
7.6, 7.7 and 7.8 of Chapter 7. The details of the data source, data quality and homogeneity,
selection of temperature indices and trend analysis and significance (i.e. Mann-Kendall,
Spearman’s Rank correlation coefficient and Sen’s slope) behind this objective were captured
under Sections 7.5.1, 7.5.2, 7.5.3 and 7.5.4, of Chapter 7. The frequency and incidence of
annual and seasonal cold temperature events were identified using the selected ET-SCI and
ETCCDI temperature indices (Section 7.5.3), together with the trend analysis (i.e. Section

7.5.4; i.e. Mann-Kendall, Spearman’s Rank correlation coefficient and Sen’s slope). The results
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of this objective are presented under Section 7.6 and more specifically for the ET-SCI under
Section 7.7 and 7.7.1, 7.7.2 and 7.7.3 of Chapter 7. The ETCCDI results are presented under
Section 7.8, 7.8.1, 7.8.2, 7.8.3, 7.8.4 and 7.8.5 of Chapter 7. The discussions of these results
are presented under Section 7.9 and more specifically under Sections 7.9.1, 7.9.2, 7.9.3 and
7.9.4 of Chapter 7. In summary, this research paper (Chapter 7) provides the first application
of the ET-SCl indices in exploring ETEs in South Africa and concludes that extreme cold events
may persist in a ‘warming world’. The findings contribute to the nature of cold events in a
South African context, important given that these events may still occur under current

increasing mean temperatures.

3. To determine the frequency of occurrence of annually and a-seasonally warm

temperature events over the period 1960-2015

This objective required trend analysis of each selected ET-SCl and ETCCDI temperature index,
for each selected station for the study period; the results of this are presented under Section
8.5 of Chapter 7. The details of the data source, data quality and homogeneity (Section 8.5.1),
selection of temperature indices (Section 8.5.2) and trend analysis and significance (Section
8.5.3; i.e. Mann-Kendall, Spearman’s Rank correlation coefficient and Sen’s slope) behind this
objective were captured under Sections 8.5.1, 8.5.2 and 8.5.3, of Chapter 8. The frequency
and incidence of annual and seasonal cold temperatures events were identified using the
selected ETCCDI and ET-SCI temperature indices (Section 8.5.2), together with the trend
analysis (Section 8.5.3; i.e. Mann-Kendall, Spearman’s Rank correlation coefficient and Sen’s
slope). The results of this objective are presented under Section 8.6 and more specifically

under Sections 8.6 and 8.6.1, 8.6.2, 8.6.3, 8.6.4 and 8.6.5 of Chapter 8. The discussions of
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these results are presented under Section 8.7 of Chapter 7. In summary, this research paper
(Chapter 8) provides the first application of the ET-SCI indices in exploring extreme
temperature events in South Africa. The general findings of both the ETCCDI and ET-SCI
indicate a warming trend and increase in warm temperature events on an annual and

seasonal time scale over the study period.

4. To identify any consistent synoptic features that may be related to these anomalous

ETEs

As highlighted throughout this thesis, very few seasonal or longer-period synoptic-scale
studies have been conducted in South Africa. Thus, this objective was addressed in three
parts. The first was through the detailed discussion of the study region’s (South Africa) climate
and weather, in Section 2.3 of Chapter 2. Secondly, in each research paper (Chapter 7 and 8)
reference was made to the location of the study site and climate factors, including synoptic
features which may contribute to the extreme cold events in Section 7.4 of Chapter 7, and
extreme warm events in Section 8.4 of Chapter 8. Lastly, the possible climate mechanisms
were highlighted in each discussion section of each research paper (Chapter 7 and 8),
specifically in Section 7.9.2, 7.9.3 of Chapter 7 and Section 8.7 of Chapter 8. Although this
objective was achieved it can be further pursued, as discussed in Section 10.4 (Future research
directions).

It is also important to highlight that the findings of the start and end dates of summer and
winter (Figure 3 and 4 of Chapter 6) coincide with the pressure regimes, as well as the inter-

annual migration of the ITCZ.
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5. To explore the temporal patterns in these events, including progressive increases
under climate changes, and any cyclical association with; sunspots, volcanic events,
El Nifio-Southern Oscillation (ENSO) and the Subtropical Indian Ocean Dipole

(SIOD/IOD)

This objective was achieved through the discussion of climate mechanisms of extreme cold
events in Section 7.9.2 of Chapter 7, and the influence of large-scale climate drivers which
affect the nature of warm extreme temperature events, in Section 8.7 of Chapter 8. The
candidate acknowledges that this objective can be further pursued, which is why an in-depth
discussion is included on climate drivers in the fifth research paper in the Supplementary
Material (Draft Article). This could be a future research direction, as discussed in Section 10.4

(Future research directions).

10.3. Significance of study and contribution to new knowledge

This study was undertaken to provide an analysis of ETEs in South Africa over the period 1960-
2015. The results obtained and discussed in each research paper, as well as the general
discussion (Chapter 9) of the research papers as a unit, highlights the PhD’s significance and
its contribution to new knowledge. The results presented by each research paper and as a
unit have considerable academic and societal value. The PhD presents the very first review of
ETEs in South Africa and argues for a greater research focus to improve the understanding of

ETEs in South Africa. Additionally, an approximate number of meteorological stations are
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presented to adequately portray temperature variability on a national and regional level in
South Africa, to be applied by climatological, meteorological, and temperature-related
researchers in South Africa. Furthermore, this study presents the very first classifications of
seasons which can be used extensively in agriculture, tourism, forestry, water resource
management, health care, fishing and disaster risk management among others; this will be
important for adaption strategies. Also, this study was first to use the ET-SCl in a South African
context, to explore extreme cold and warm temperature events on an annual and seasonal
scale. The extension of ETCCDI and the use of ET-SCI highlights the seasonal scale variations
of both cold and warm ETEs in South Africa. In addition, the sole focus on extreme cold
temperature trends highlights the importance and recognition of these events in South Africa,

and emphasises that these anomalously cold events may persist in a ‘warming world’.

This PhD has therefore laid the foundation for research focused on annual and seasonal
extreme cold and warm events in South Africa. This research has not only shown the
importance of the uniform classification of seasonal divisions, but also the importance of
using sector specific indices in identifying extreme temperature trends in South Africa or
elsewhere. The key findings are as follows, as highlighted in each research paper (Chapter 5-
8):
Chapter 5:

e Currently, 10 known publications exist which examined ETE across South Africa, with

the majority of studies using the SAWS climate database as primary source.
e A network of approximately 21 stations would provide a recent degree of accuracy of

the countrywide temperature variability
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e The majority of studies agree that extreme warm temperatures are increasing, while
extreme cold events are decreasing. However, the statistically significant increases
and decreases vary among stations

Chapter 6:
o New statistically classified seasonal divisions are put forward
o Summer (October/November/December/January/February/March)
o Early autumn (April)
o Late autumn (May)
o Winter (June/July/August)
o Spring (September)

e The start of summer and end of winter months follow a southwest to northeastwards
spatial pattern across the country.

e Summer start later and winters end later in the southwestern parts of the country,
whereas in the northeast, summer start earlier and winters end earlier.

Chapter 7:

e A decreasing trend were found for annual cold spell duration and cold wave
frequency, at rates of 1 days.decade and 0.2 events.decade for the period 1960-2016.

e Increasing trends in annual cold spell duration days were evident in stations located
in the Western Cape, Eastern Cape, and North-West Province, at a rate of 0.3
days.decade for the period 1960-2016.

e The findings in general contribute to the awareness of the frequency and suration of
extreme cold events in South Africa and that these events may persist in a ‘warming

world’.
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Chapter 8:

e A general increase in annual maximum tempertures were found at a rate of
0.2°C.decade.

e Statisitcally significant trends were found in warm days and warm nights for most of
the stations; with the strongest, general annual trend increases experienced in warm
days at a rate of 1.5%.decade.

e Seasonally, the strongest inceases of 1.1% days.decade in warm days were evident for
autumn, while increases of 0.07% days.y™! are calculated for summer.

e lastly, a general increasing trend in heatwaves events were recorded at 0.3

events.decade across South Africa.

10.4. Future research directions

Through critical analysis of ETEs in South Africa key research gaps have been identified which
could lead to future research directives on ETEs in the country. These future research
directions, which will be discussed in the paragraphs below, are focused on building from the
aims and objectives of this PhD research project. Based on the research findings and

discussion (Chapter 9), the following future work has been identified.

This first and possibly the most important direction for future research surrounds the
application of the seasonality classification approach across southern Africa and the African
continent more broadly. It will also be key to communicate these findings effectively to
different sectors such as agriculture, resource management, tourism and other temperature-
dependent activities. This will help to develop adaptation strategies in monitoring season

changes in temperatures under climate change (Van der Walt & Fitchett, 2020). Also related
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to the first research directive, it will be necessary to determine if these seasons are changing
across South Africa, which may have impacts on crop yields. Recent findings suggest that
rainfall seasonality is shifting over South Africa and that these trends present a concerning
outlook for continued crop production and water resource management (Roffe et al., 2020),
which emphasises the importance on further investigation of seasonal temperature
boundaries across South Africa, as well as if the boundaries are shifting.

As a second direction, future research could assist with the widespread application of the ET-
SCl across southern Africa, and Africa more broadly. It could also disseminate the use of the
sector-specific climate indices and highlight the variability and trends of ETEs of particular
interest to socioeconomic sectors. Additionally, it might assist in the characterisation and
adaptation strategies of climate sensitivity of various sectors and regions in South Africa. As
third direction, with direct linkages to the second, is the exploration and analysis of comfort
indices together with the ET-SCI and ETCCDI. Examples include the UTCI, which attempts to
explore thermal comfort measures of ETEs, coupling the temperature with a wider range of
meteorological parameters such as humidity and windspeed (Blazejcyk et al., 2013; Napoli et
al., 2018). These comfort indices allow for ETEs to be classified on the basis of the
biometeorological impacts without deaths necessarily occurring, which provides a
standardisation for the level of impact at varied levels of healthcare (Napoli et al., 2018).

It is imperative to use high quality data for any analysis, in particular climatological data. The
fourth direction for future research includes a critical appraisal of the performance of gridded
datasets against ground-based measured data (Meyer et al., 2019). Both these datasets come
with their advantages and disadvantages. For instance, regional inference based on an
individual station is dependent on how well an individual meteorological station or group

represents a particular region (Mackellar et al., 2014). A finer spatial resolution and
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grid/satellite-based estimates, meanwhile, may produce better results over a particular

region.

Studies over smaller spatial scales may provide an improved understanding of the relationship
between the geographic location, temperature variability and ETEs. This could be a fifth
direction for future research. Such studies may assist researchers in understanding the locality
in terms of position relative to the distribution of land and ocean proximity, land use,
topography in terms of the terrain, and altitude. An additional, important future research
direction is to explore high resolution microclimate analyses of heat stress. This involves the
analysis of heat exposure and heat stress almost on a personal scale (Kuras et al., 2017;
Kosaka et al., 2018). Examples include analyses of heat exposure and heat stress of athletes
competing in outdoor sporting events, workers engaging in agriculture, construction,
firefighting, manufacturing, military, or resource extraction who face prolonged heat
exposure from outdoor conditions as well as extreme indoor environments such as heat
generated by machinery or power equipment (Kuras et al., 2017; Kosaka et al., 2018). These
activities and many more are essential for socioeconomic development, particularly in a South

African context. This further emphasises the importance of this future research direction.

As a seventh direction, the investigation of synoptic features as drivers of ETEs across South
Africa is important. For such research, focus can be placed on investigating changes and
variability in the frequency and duration of synoptic features, and how this correlates with
the frequency and incidence of both kinds of ETEs across the country. Furthermore, several
studies report that teleconnection forcing mechanisms (e.g. ENSO, 10D, the Southern Annular

Mode (SAM), the North Atlantic Oscillation (NOA), the Arctic Oscillation (AO), and the Pacific
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Decadal Oscillation (PDO)) have been related to ETEs in various regions (e.g Nicholls et al.,
2012; You et al., 2013; Ning and Bradley, 2015; Matsueda & Takaya et al., 2015; He et al.,
2017; Loikith et al., 2017; Liu et al., 2018). Therefore, the fifth research paper attempts to
highlight the importance of these mechanisms (Supplementary Material: Draft Article), by
presenting a review of ETEs and Africa’s vulnerability in the global context. In general, very
few studies across Africa have explored the attribution of extreme climatic events, particularly
the influence of large-scale drivers on ETEs (e.g. Otto et al., 2015; Abatan et al., 2018) as well

as in a South African context.
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Abstract

Extreme temperature events, exceeding thresholds on the cold or warm boundaries, receive
considerable media attention. There is consensus among scientists that these events are
occurring more frequently now than in the early 20t century. The frequency and intensity of
extreme temperature events is projected to increase in future decades under anthropogenic
climate change. Given this background, it is notable that academic literature exploring the
longitudinal occurrence of these events is limited in both number and geographical reach.
Studies are largely restricted to individual events, and thus limited to a geographic focal
region which is often as small as a single city. This paucity of scientific knowledge is worsened
by the limited availability of long-term continuous climate records. The vulnerability of African
societies and ecosystems is critical. The expected increases in weather-related disasters, in
particular extreme temperature events, pose significant challenges for risk management and
are expected to negatively impact climate-sensitive sectors such as infrastructure,
transportation, agriculture, health and tourism. This paper reviews the literature on extreme
temperature events from a global to continental scale and emphasises the vulnerability of
African countries to these events.

Keywords: Heatwave, cold snap, temperature thresholds, heat stress, review
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Introduction

Climate extremes, by definition, are rare and often difficult to define (Seneviratne and Zwiers,
2015; Walthall, 2015; Ebi and Brown, 2016; Easterling et al., 2016). While storm events
including tropical cyclones and tornadoes are temporally and spatially discrete, extreme
temperatures and periods of drought are often more difficult to delineate. The lack of
consensus on definition for extreme temperature events makes the comparison of results
between studies difficult (Klein and Kénnen, 2003; Easterling et al., 2016).

Extreme climatic events have significant impacts on society (Jahn, 2015). The very survival of
early civilisations was challenged by periods of severe climate and extreme climatic events
(Heim, 2015; Conner, 2016). Most recently, the most severe heatwave on record occurred in
June 2019 over Europe, claiming approximately 1,500 lives in France alone (Osborne, 2019).
Projections of an increased severity and frequency of extreme climatic events are now widely
accepted by scientists over many regions globally (Nicholls et al., 2012; Boero et al., 2015; Ebi
and Bowen; 2016; IPCC, 2018; Vogel et al., 2019), and locally (Engelbrecht et al., 2015;
Nangombe et al., 2019; Akinyemi and Abiodun, 2019). The Intergovernmental Panel on
Climate Change (IPCC) Fifth Assessment Report (Nicholls et al., 2012; Hartman et al., 2013)
and 2018 Special Report affirm that climate change has resulted in an increase in the intensity
and frequency of climatic extremes which will continue into the future (Smith, 2011; Mueller
and Seneviratne, 2012; Nicholls et al., 2012; Hartmann et al., 2013; Kharin et al., 2013; IPCC
2018, Akinyemi and Abiodun, 2019).

The risks associated with extreme events are expected to increase in the future, particularly
in low-income countries where adaptive capacity is low (Herold et al., 2017; Filho et al., 2018).
Landscape use, social infrastructure changes and demographic variables often further

increase this vulnerability (Ebi and Bowen, 2016). The risks of extreme climatic events pose
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a heightened threat to societies that are dependent on natural resources which are sensitive
to changes in climate; including agriculture (Vogel et al., 2019), fishing (Serdeczny et al.,
2016), and tourism (Hoogendoorn and Fitchett, 2016). These threats are also heightened for
countries that have more pressing immediate needs than the long-term development of
adaptive infrastructure (Herold et al., 2017). These risks in low-income countries are
exacerbated where agriculture and food security constitute the livelihood of populations,
as in most African countries (Herold et al., 2017; Akinyemi and Abiodun, 2019). There is little
doubt that both human society and the natural environment have become more vulnerable
to extreme weather and climatic events (Easterling et al., 2016). The Centre for Research
on Epidemiology of Disasters (CRED), in its EM-DAT (International Disaster Database),
analysed 281 events recorded in 2018 and reported that no part of the globe was spared;
earthquakes and tsunamis accounted for the majority of the 10, 373 lives lost. Extreme events
accounted for most of 61.7 million people affected by natural disasters (UNISDR, 2019; CRED,
2019).

There is consensus regarding the likelihood of an increase in extreme climatic events (Khan
et al., 2015; IPCC 2018, Akinyemi and Abiodun, 2019), and recent findings have suggested that
widespread persistent changes to temperature extremes have already occurred earlier than
predicted, over large parts of the earth (Li et al., 2018). But research into the frequency of
occurrence of extreme temperatures and casualties caused over recent decades is sparsely
distributed, and neglects many of the less developed regions (Sheridan and Allen, 2015; CRED,
2019) on which such events are likely to have a significant impact (Mirza, 2003; Thornton et
al., 2014; Nangombe et al., 2019). The few review papers on extreme climate events provide
broad overviews often for the global North (Easterling et al., 2000; Coumou and Rahmstorf,

2012), in the context of vulnerability to climate change (Thornton et al., 2014), attribution of
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extreme events (Stott et al., 2016), and modelling of extreme events (Bellprat, 2019). This
paper presents a review of extreme temperature events, with a particular focus on the African

continent.

Defining Extreme Temperature Events

Extreme climatic events can be defined as rare, infrequent, unpredictable climate
phenomena, characterised either by the meteorological characteristics or the consequent
impacts (Easterling et al., 2016; Stott et al., 2016; Vogel et al., 2019). There is little consensus
in the published literature regarding the classification process for extreme temperature
events (Radovic and liglesias, 2019). The weather for many days could be considered an
extreme event depending on both the definition of ‘extreme’ and the method used to
determine mean conditions (Drijfhout et al., 2015). The most widely used accepted definition
of an extreme event, proposed by the IPCC, is an event in the 10" and 90t percentile of the
probability density function estimated from the observations (Radovic and liglesias, 2019).
However, weather or climate events, even if not classified as extreme in a statistical sense,
can still lead to extreme conditions or impacts, either by crossing a critical threshold in a
social, ecological, or physical system, or by occurring simultaneously with another event (Vose
et al.,, 2014). However, temperatures which are considered to be extreme events in one
location may fall within the normal seasonal range in another. This heightens the importance
of recorded archives and the verification of extreme record events, as the frequency and
severity of extreme climatic events increases (Table 1; Khan et al., 2015; IPCC 2018, Akinyemi
and Abiodun, 2019). Currently, insufficient reporting from droughts and extreme temperature

events hinders better understanding of these events worldwide (UNISDR, 2019).
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The lack of a consistent definition or classification process poses considerable challenges in
the characterisation of these events, in particular the threshold for extreme temperatures
(Seneviratne and Zwiers, 2015). The literature highlights different approaches to classifying
and defining extreme temperature events. ETEs can be defined in terms of the extent of the
deviation from the statistical mean daily, monthly or annual temperatures for a given location
or region (Easterling et al., 2000; Lewis and King, 2017). The threshold for which a deviation
is considered to be indicative of an ‘extreme event’, however, is largely debated (Lewis and
King, 2017). Another distinction concerns definitions based on absolute temperatures versus
percentiles (Horton et al., 2016). Absolute temperatures are of central importance to societal
and environmental impacts such as resilience of infrastructure, whereas percentiles facilitate
comparisons across locations, relative to the local climatology (Horton et al., 2016). This,
together with the importance of climate-risk management and decision-oriented approaches,
has expanded the number of heat event indices used in research (Russo et al., 2010; Russo et
al., 2014). Alternative approaches classify events on the basis of the societal impact such as
deaths resulting from extreme heat events (Easterling et al., 2000; Luber and McGeehin,
2008; Lewis and King, 2017). In these instances, the human thermal threshold plays an
enormous role in classifying an extreme temperature event (Lougan et al., 2010; Vardoulakis
et al., 2014; Napoli et al., 2018). Recent approaches such as the Universal Thermal Climate
Index (UTCI) attempt to explore thermal comfort as a measure of extreme temperature
events, coupling the temperature with a wider range of meteorological parameters such as
humidity and windspeed (Napoli et al., 2018). These allow for extreme temperature events
to be classified on the basis of the biometeorological impact without deaths necessarily
occurring, which standardises for the impact of varied levels of healthcare (Pappenberger et

al., 2015; Napoli et al., 2018).
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There are 27 internationally agreed indices of climate extremes that form the core indices
and are recommended by the World Meteorological Organisation (WMO) CCI/CLIVAR Expert
Team on Climate Change Detection, Monitoring and Indices (ETCCDMI; (Vincent and Mekis,
2005; Ren et al., 2018), which describe characteristics of extremes that include the frequency,
amplitude and persistence (Tank et al., 2009; Christidis and Stott, 2016). The key approach of
indices is the calculation of the number of days in a year that exceed a specific threshold (Tank
etal., 2009; Yu and Li, 2015). Many of the indices are based on percentiles with thresholds to
assess moderate extremes that typically occur a few times every year rather than high impact,
one-in-a-decade weather events (Yu and Li, 2015). Most studies focus on changes in the
intensity and frequency of extreme temperatures, because of the high representativeness of
these indices (Tank et al., 2009, Yin and Sun, 2018). Percentile thresholds are more evenly
distributed in space than fixed thresholds and are arguably meaningful in every climatic region
(Tank et al., 2009; Nicholls et al., 2012; Yin and Sun, 2018).

The more severe extreme events are often investigated by using an Extreme Value Theory
(EVT) approach (Cheng et al., 2013). More researchers are using EVT to fit non-stationary
generalised extreme value (GEV) distributions to temperature data to explore relationships
with large-scale climate drivers (Whan et al., 2015). This approach for the estimation of
extreme values aims at deriving a probability distribution of events from the tail of the
probability distribution (Whan et al., 2015). The EVT approach derives a complete probability
distribution for very rare events, which can facilitate the analysis of the probability of
occurrence of events outside the observed data range, using an extreme value analysis rather

than to model the distribution (Nicholls et al., 2012; Whan et al., 2015).
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Table 1: List of extreme warm and cold temperature events, 2000-2020.

Year Region Extreme temperature event Impact/Magnitude
2003 France, Germany, ltaly (Stott et al., 2004). Heatwave Heat related fatalities 70,000.
2004 Brisbane, Australia (Tong et al., 2010). Warm spells Highest temperature recorded 42°C
2006/2007 Western and eastern Europe (Luterbacher et Warm spells Autumn and winter warmest on
al., 2007). record.
g 2009 South eastern Australia (Perkins, 2015) Heatwave 347 fatalities
5]
E 2010 Moscow, Russia (Barriopedro et al.,, 2011; Heatwave 55,000 fatalities, annual crop
S Otto et al., 2012; Ragone et al., 2018; production dropped by 25%, more
= Simmonds, 2018). than 15 billion US dollars loss
Texas, America (Coumou et al., 2013b). Heatwave
2012 USA (Khandekar, 2013) Heatwave Exceptionally dry summer
2013 Australia (Lewis and Karoly, 2013) Heat extremes Record summer temperatures
2015 Europe (Luterbacher et al., 2016) Heatwave
2019 Europe (The Independent, 2019) Heatwave Approximately 1,500 fatalities
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Year Region Extreme temperature event Impact/Magnitude
2002/2003 South Asia, Vietnam and Bangladesh Cold extremes Hundreds of people died due to
(Kandekar, 2013) exposure to colder weather.
North America (Khandkar, 2013) Cold extremes Colder and snowier than normal.
2005/2006 European continent Cold extremes Severe winters
2007/2008 European continent Cold extremes Severe winters
9 North America (Khandekar, 2013) Cold extremes Colder and snowier than normal.
<
§ China (Ponjoan et al., 2017) Cold spell 140,000 related fatalities
E 2009/2010 North America (Khandekar, 2013) Cold extremes Colder and snowier than normal.
2011/2012 Europe (Khandekar, 2013) Cold spell Minimum temperature plummeted
to -40°C, leading to hundreds of
deaths.
2012/2013 UK, Berlin and parts of eastern Germany Colder than normal Record-breaking low temperatures

(Khandekar, 2013)

North India

Winter severity

Several hundred deaths, due to no
heat or insulation.
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Research on Extreme Temperature Events in the Global North

A number of high-impact ETEs have occurred over the last two decades in the Global North
(Mckinnon et al., 2016; Simmonds, 2018, Vogel et al., 2019). Europe experienced a
pronounced warm summer accompanied by severe heatwaves in 2003, 2010, 2015, 2017,
2018 and 2019 (Luterbacher et al., 2016; Few et al., 2019; WMO, 2019). The exceptional
summer heatwave of 2003 caused ~70,000 heat-related deaths which had significant impacts
on agriculture, ecosystems, economy, and infrastructure (Stott et al., 2004; Barriopedro et
al., 2011; Yu and Li, 2015). The worst heat wave event in Europe since the 1950s occurred in
Russia in 2010. It left 55,000 people dead, more than 1 million ha of burned land, a 25%
decrease in annual crop yields and a total economic loss of 15 billion USS (Barriopedro et al.,
2011; Otto et al., 2012; Ragone et al., 2018; Simmonds, 2018). These high-profile events,
together with the most recent extreme temperature events, have led to considerable public
concern regarding the possible increase in frequency and intensity of extremely hot weather
under climate change (Ding et al., 2010; Easterling et al., 2016). This concern has encouraged
both methodological developments such as the Universal Thermal Climate Index (UTCI) and
an increase in research outputs.

Recent global analysis of trends in extreme temperatures illustrates that increases
(decreases) are found in most regions, in warm (cold) extreme indices since 1900 (Irannezhad
et al., 2019). Alexander et al. (2006) similarly reported that there is a significant increase
(decrease) in the annual occurrence of warm (cold) nights over 70% of land regions, with data
from 1950-2003 (Alexander et al., 2006). A reduction in cold days and nights was observed
for central North America, the eastern United States, southern Greenland and the southern
half of South America (Alexander et al., 2006). Notably, almost no analyses were reported for

the African continent due a lack of available data (Alexander et al., 2006). A similar global
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study spanning the years between 1950-2004 found that minimum temperatures increased
more rapidly than maximum temperatures, resulting in a significant diurnal temperature
decrease, except for some regions e.g southern Argentina, eastern Africa, southeastern
Australia (Vose et al., 2005). Furthermore, global studies exploring extreme daily
temperatures (Alexander et al., 2006; Brown et al., 2008; Donat et al., 2013) and regional
studies for North America (Easterling, 2002; Peterson et al., 2008), South America (Rusticucci,
2012) Central- Western Europe (Moberg and Jones, 2005), the eastern Mediterranean region
(Kostopoulou and Jones, 2005), Australia (Caloierio, 2017) report an increase in warm days
and nights and a reduction in cold days and nights.

Numerous regional- and local-scale studies report an increase (decrease) in warm (cold)
temperature extremes over the past four decades across the Global North, using a wide range
of different temperature indices; percentile-based indices, annual maximum and minimum
value of daily annual temperature and also fixed threshold-based indices. The United States
is recorded to have experienced a decline in the occurrence of cold extremes over the 20th
century, and an increase in warm extremes since the 1960s (Peterson et al., 2008; Kunkel et
al., 2013), revealing a significant increasing trend in the length and number of occurrences in
warm events (Furrer et al., 2010; Schoof and Robeson, 2016). The increasing trend was
observed in various other countries, among them Finland (Irannezhad et al., 2019), Canada
(Mallet et al., 2018), Australia (Steffen et al., 2014; Caloiero, 2017), New Zealand (Caloiero,
2017) Spain (El Kenway et al., 2011), Austria (Nemec et al., 2013), Portugal (Espirito Santo et
al., 2014) and Romania (Dumitrescu et al., 2015).

There is strong statistical evidence that extremely warm monthly and seasonal temperatures
associated with persistent heat waves can now be attributed to the observed climatic

continental warming trend over the last 50 years (Christides et al., 2005; Luterbacher et al.,
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2007; Coumou and Robinson, 2013). In the 1960s, extreme heat events during summer
seasons spanned less than 1% of the Earth’s land surface, whereas extremely hot seasonal
temperatures today cover about 10% of the earth’s land surface area (Coumou and Robinson,
2013). Simultaneously, the incidence of record-breaking monthly temperatures has increased
significantly (Coumou and Robinson, 2013). Additionally, it has been found that the
distribution of the seasonal mean temperature has shifted toward higher temperatures and
the range of anomalies has increased for many regions worldwide (Hansen et al., 2012). The
importance of a seasonal perspective on warm and cold extreme temperatures is highlighted
due to evidence of adverse effects. These include; timing and crop harvest yield, phenological
cues for many plant and animal species, as well as melting periods for glaciers depending on
the length of temperature exceedance (Orlowsky and Seneviratne, 2012; Harrington et al.,
2017). An increasing trend in unprecedented hot extreme temperatures during summer was
observed in 2013 and 2018 in South Korea (Im et al., 2018). The summers of the
Mediterranean, over the period 1960-2006, are reported to have experienced an increase in
intensity, number and duration of heatwaves (Kuglitsch et al., 2009). Several studies report
high-impact and costly summer temperature extremes in various regions with significant
impacts caused, including the 2003 heatwave in Europe (Kew et al., 2019), 2010 Russian heat
wave (Johnson et al., 2018), 2011 heat wave in the United States (Coumou et al., 2013;
Johnson et al., 2018), the 2009 Victorian heatwave in Australia that killed over 370 people
(Perkins-Kirkpatrick et al., 2016), the Japan summer heatwave in 2010, as well as the most
recent heat wave in Europe that claimed nearly 1,500 people’s lives (Independent, 2019). In
contrast to extreme summer temperatures, extremely high temperatures in winters have
been observed in Romania, which led to a decrease in winter snow depth in the years

between 1961-2000 (Dumitrescu et al., 2014). Researchers identified similar winter warming
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trends in Canada (Mallet et al., 2018) and New Zealand with temperatures increasing in the
autumn-winter period (Caloierio, 2017). Studies also indicate that Argentina and Chile were
colder in the winters of 2007 and 2010; some locals recorded temperatures as low as -25°C
and some snow fell in Buenos Aires for the first time since 1918 (Khandekar, 2013).

The news media tends to place a disproportionate focus on hot extremes and seldom reports
on cold weather extremes and their adverse effects (Khandekar, 2013). Several Northern
Hemisphere countries witnessed severe winters during 2002/2003, 2005/2006, 2009/2010,
2011/2012 and 2013/2014 (Khandekar, 2013; Messori et al., 2016; De Perez et al., 2018;
Johnson et al., 2018). During January and February 2012, temperatures plummeted in central
Europe to -40°C; this led to hundreds of deaths (Khandekar, 2013). The severity of the winter
of 2002/2003 was felt equatorward to south Asia as far as Vietnam, Bangladesh and northern
India. Furthermore, the cold wave in 2003 killed more than 900 people in India, due to long
exposure to cold weather (De Prerez et al., 2018). The winters of 2002/2003, 2007/2008 and
2009/2010 were significantly colder and snowier over portions of North America and Eurasia
(Cattiaux et al., 2010; Johnson et al., 2018). China, located in the subtropical zone (25-40°
latitude), witnessed a cold spell in 2008 that caused an estimated economic loss of more than
US $22.3 billion (Zhou et al., 2014), 140 000 deaths (Ponjoan et al., 2017), losses of 40% of
wintertime crops, the deaths of 75 million livestock, as well as the deaths of 30% of bee
colonies and 0.45 million tons of aquacultured fish (Boucek et al., 2016). The most recent cold
wave in the United States led to over 20 reported deaths (Van Oldenborgh et al., 2019). The
occurrence of these cold extremes has been ascribed to large-scale modes of variability
including the Pacific Decadal Oscillation, North Atlantic Oscillation, Artic Oscillation and El
Nifio-Southern Oscillation (ENSO; Khandekar, 2013; Zhou et al., 2014; Messori et al., 2016),

as well as changes in midlatitude planetary wave activity (Messori et al., 2016). This poses a
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great threat to populations that are not acclimatised to cold extremes and are unprepared
for such cold events - it could lead to loss of life (Zhou et al., 2014; Ponjoan et al., 2017; De
Prerez et al., 2018; Van Oldenborgh et al., 2019).

In addition, the increase in the frequencies of unusually high annual mean temperatures has
been attributed in part to human influence (Jones et al., 2008). Attribution studies focusing
on individual extreme events in different countries found that anthropogenic forcing clearly
increases the occurrence probability of extreme events associated with high temperatures
(Christidis and Stott, 2016; Yin and Sun, 2018), using either intensity-based (Kim et al., 2016),
frequency-based (Morak et al., 2013), fixed threshold (Yin and Sun, 2018) or the fingerprint
method (Christidis and Stott, 2016). Traditionally, detection and attribution studies focused
on mean changes; however, in the past decade climate extremes have become the
predominant focus (Morak et al., 2013; Easterling et al., 2016). Detection and attribution
studies aim to determine whether the observed changes can be explained by internal natural
climate variability or whether external factors (for example anthropogenic influences) also
contribute (Morak et al., 2013; Bellprat et al., 2019). A significant improvement in the
simulation of changing extremes in temperature can be seen with the inclusion of
anthropogenic effects in climate models (Kiktev et al., 2003). Greenhouse emissions are found
to play a key role in the increase of warm minimum temperature extremes and concurrent
decrease in cold minimum temperature extremes over the Northern Hemisphere (Kiktev et
al., 2003).

Increases in the frequency of seasonal temperatures that are significantly higher than the
norm, not just in the Northern Hemisphere summers but also in other regions and seasons,
can be directly linked to anthropogenic influence on atmospheric chemistry (Stott et al.,

2010). Anthropogenic influences have been detected in regional temperatures across the
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Northern Hemisphere (Vogel et al., 2019). Other continental and regional studies of
anthropogenic influences include observations and model simulations of the North American
temperature changes from 1950-1999 (Karoly et al., 2003a); the European heatwave of 2003
as well as the 2010 Russian heatwave (Stott et al., 2003; Vogel et al., 2019), Indian heatwave
in 2015 (Vogel et al., 2019), and Australia’s record summer temperatures of 2013 (Lewis and

Karoly, 2013).

Global scale drivers of extreme temperature events

Studies seeking to attribute extreme temperature events to natural variability have suggested
that both explosive volcanism and solar variability are important in forcing climate variations
over the past several centuries (Zhou ad Tung, 2013). Statistically significant correlations have
been found with annual and decadal variations of solar activities (Haigh, 2011). However, a
non-uniform response to these drivers is detected across the globe (Knutson et al., 2013),
with the largest impacts recorded for the mid-latitudes (Haigh, 2011). Simulated climate
models have shown that the radiative cooling signal in high European latitudes is stronger
during the summer season compared to lower latitudes (Fischer et al., 2007; Esper et al.,
2013). This cooling is only dominant in the summer half, whereas anomalously warm
conditions prevail during the boreal winter (Fischer et al., 2007).

A growing body of evidence indicates that modes of variability of the large-scale circulations
have a global-scale teleconnection effect on temperature extremes (e.g Khandekar, 2013;
Zhou et al., 2014; Messori et al., 2016). It has been well established that the large-scale
circulation patterns of ENSO have a global effect (Kenyon and Hegerl, 2008; Messori et al.,
2016). These deviations from normal surface temperatures can have large-scale impacts on

the weather and climate, and often affect cold and warm extremes differently (Johnston et
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al., 2004; Conway, 2008; Sithole and Murewi, 2009; Jury, 2012; Arblaster and Alexander,
2012). ENSO can cause seasonal temperature increases that, in combination with background
warming (Coumou et al., 2012), have strong influences on temperature extremes over
different regions e.g. United States and Canada (Ning and Bradley, 2015).

El Nifio episodes, bring warmer than normal conditions to southeastern Asia and India during
December to February (Kenyon and Hegerl, 2008). In South America during the months of
June to August, the relationship between extreme temperatures closely matches that of ENSO
(Kenyon and Hegerl, 2008; Loikith et al., 2017). Regionally, El Nifio events also contribute to
warmer wintertime temperatures over northwestern United States, western Canada and
southern Alaska, whereas the southeastern United States experiences wetter and cooler
conditions (Kenyon and Hegerl, 2008; Ning and Bradley, 2015). During the La Nifia phase, west
equatorial Africa and Japan experience cooler than normal temperatures (Kenyon and Hegerl,
2008). West equatorial Africa is also cooler during the boreal summer (Kenyon and Hegerl,
2008).

Several studies report that other natural modes of variability have been related to extreme
climatic events, in particular cold and warm extreme temperatures include the North Atlantic
Oscillation (NAQ), the Southern Annular Mode (SAM), the Madden-Julian Oscillation (MJO),
the Artic Oscillation (AO), the Indian Ocean Dipole (I0OD), and the Pacific Decadal Oscillation
(PDQ) in various regions (e.g. Nicholls et al., 2012; You et al., 2013; Ning and Bradley, 2015;
Matsueda and Takaya et al., 2015; He et al., 2017; Loikith et al., 2017; Liu et al., 2018). The
effects of the NAO are confined to the Northern Hemisphere; however, anomalous
temperature variations associated with these fluctuations can cause cooling over North Africa
(Stenseth et al., 2003; Nicholls et al., 2012; Hanna and Cropper, 2017). The SAM dominates

atmospheric circulation of the extratropical Southern Hemisphere, characterised by a north-
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south shift in atmospheric mass between the middle and high latitudes, in turn driving
regional climate variability (Stenseth et al., 2003; Nicholls et al., 2012; Lim et al., 2016).
Zonally symmetric anomalies of reduced rainfall and higher temperature in the mid-latitudes
and enhanced rainfall and lower temperature in the high latitudes are observed during
positive SAM periods, and the converse with a negative SAM condition (Lim et al., 2016). The
SAM is associated with cooler than normal temperatures over most of Antarctica and South
America, and southern New Zealand, whereas dry anomalous conditions are experienced
over southern America, New Zealand and Tasmania, and wet anomalies over much of
Australia and South Africa (Gillett et al., 2006). Reason and Rouault (2005) document evidence
of links between the AO/SAM and winter rainfall regions in southern Africa (Malherbe et al.,
2014). This phenomenon tends to be stronger during La Nifia events (Mackeller et al., 2014).
The 10D is a natural ocean-atmosphere coupled mode in the Indian Ocean that plays an
important role in seasonal and inter-annual climate variations over regions (Yamagata et al.,
2004). A positive 10D event is associated with anomalous cooling in SSTs in the southeastern
equatorial Indian Ocean and anomalous warming in SSTs in the western equatorial Indian
Ocean (Behera et al., 2008). The 10D affects many parts of the world, in particular Indian
Ocean rim countries and East Africa, where the IOD has an important impact (Behera et al.,
2008).

The links between extreme temperature events and natural variability drivers are, in cases,
critiqued due to the small signal-to-noise ratios, modelling deficiencies, and uncertainties in
the effects of climate forcing on circulations (Collins, 2011; Stot et al., 2016). At regional scales
and for individual extreme events, global statistics and thermodynamic arguments may not
apply if the occurrence and evolution of climate extremes in a particular place is influenced

by the atmospheric or oceanic circulation, or unexpected changes in large external forcing on
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regional climate (Collins, 2011; Stott et al., 2016). While climate models appear to successfully
capture thermodynamic changes, they can struggle to simulate circulation changes

(Trenbreth et al., 2015; Stott et al., 2016).

African vulnerability

Africa is often considered to be the most vulnerable continent to climate variability and
climatic extremes, due to its high exposure and low adaptive capacity (Otto et al., 2015; Russo
et al.,, 2016; Harrington and Otto, 2020). Africa experienced 1,560 weather-related
catastrophes, which included drought, heatwaves, storms and floods, together with 614,250
fatalities, over a span of 1950-2015 (Russo et al., 2016). It is projected that the frequency and
intensity of these extreme climatic events may change, increasing the vulnerability of those
already exposed and sensitive, especially farmers and rural communities (Nkemelang et al.,
2018; Engelbrecht, et al., 2015). However, there remains a paucity of research on climatic
extremes, in particular temperature related extreme events, in Africa (New et al., 2006;
Collins, 2011; Otto et al., 2015). This is primarily due to the lack of easily available, continuous,
high resolution climate data (Harrington and Otto, 2020). Large regions are without readily
and freely available digital infrastructure, have sparsely distributed meteorological station
networks, and do not often have daily data for analysis (Collins, 2011; Harrington and Otto,
2020). Weather station networks in developing countries are often poorly resolved spatially
and are plagued by large gaps in records (Collins, 2011; Scovronick et al., 2018; Harrington
and Otto, 2020). This could be because the continent is plagued by e.g. civil war, extensive
poverty, demographic change and political instability (Scovronick et al., 2018; Collins, 2011).

Another challenge is the lack of multi-decadal meteorological observations which are needed
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to identify extreme events, to define crucial thresholds, and to help validate the modelled
data (Otto et al., 2015).

The most prominent climate research that has been done in Africa focuses on certain high-
profile events that impact agriculture, health and water resources: droughts (Hellmuth et al.,
2007; Gan et al., 2016), floods and tropical cyclones (Hellmuth et al., 2007; Rapolaki and
Reason, 2018) and rainfall this, due to the importance of rainfall over temperature in Africa)
(Nicholson, 2001; Collins, 2011; Ongoma and Chen, 2017). Temperature studies are less
focused on and are limited to individual countries or regions (Collins, 2011; Ongoma and
Chen, 2017; Abatan et al., 2018). Furthermore, little work has been done on extreme
temperature events and health related issues, particularly in developing countries such as
those in Africa (Harrington and Otto, 2020). Knowledge on resilience to extreme
temperatures is required to guide development and awareness to reduce heat-related
morbidity and mortality (Kwapata et al., 2018; Scovronick et al., 2018).

Africa is a rapidly developing continent with a population of approximately 1,031,084,000; it
has a wide variety of ecological and climatic regions and cultural diversity (UN DESA
Population Division, 2013). Part of Africa’s vulnerability to climate extremes and ETEs lies in
the fact that recent development has been in climate-sensitive sectors (Ngiang et al., 2014).
Many Africans depend on the agricultural and fishing sector for food and income, which will
be significantly affected by increasing temperatures, extreme rainfall events and ETEs. The
demand for resources e.g. water will be greatly impacted with an increase in the population
and during prolonged drought periods, which will additionally put pressure on crop vyields.
Regions in Africa already suffer from recurring risks to food production (Taylor et al., 2009).
Without adaptive measures these risks could become more intense under current climate

change projections.
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In recent decades numerous southern African countries have experienced severe droughts,
with one of the most significant drought events in 1991/1992 (Harrington and Otto, 2020).
During this event, many regions experienced <75% of the mean annual rainfall, and 70% of
crops failed in the region. It is estimated that 86 million people were affected, with 20 million
at risk of starvation (Harrington and Otto, 2020). The Intergovernmental Panel on Climate
Change Fifth Assessment (IPCC AR5) report indicates that, under current climate change
projections, it is very likely that the crop yield will be negatively impacted across Africa
(Roudier et al., 2011; Berg et al., 2013; Niang et al., 2014). The estimated yield loss at mid-
century range is between 18% for southern Africa to 22% combined across sub-Saharan
Africa, with a yield loss of >30% expected for South Africa and Zimbabwe (Zinyengere et al.,
2013; Schlenker and Lobell, 2010). The cropping areas across Africa are expected to become
unviable if the world’s temperatures increase above 4°C. This would not only impact
agriculture, but livestock, fisheries, tourism, health, water and energy (Niang et al., 2014) as
well. However, it is difficult to estimate the impacts of climate change on the economy
although there is evidence that the irregular economic growth in sub-Saharan Africa can be
linked to the increasing drought and increased frequency of heat events (Niang et al., 2014).
Many livelihoods (e.g. subsistence farmers) and the economy depend directly on weather
patterns; thus, the additional changes would have direct implications (Godfray et al., 2010;
Kumar and Quisumbing, 2011).

Climatic changes pose a significant risk to African countries’ health sectors. People across the
continent already have insufficient access to drinkable water, good sanitation and adequate
health care. In 2010, between 429,000 and 772,000 deaths as a result of malaria were
recorded in Africa (WHO, 2012). Studies suggest that climatic changes may exacerbate

vulnerability to vector and water-borne diseases (Olago et al., 2007; Murray et al., 2012). For
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instance, an increase in floods in regions with poor waste management could spread diseases.
In addition, warmer days and nights will allow disease-carrying insects to spread to new
regions and latitudes (Murray et al., 2012). Climatic changes could increase the vulnerability
and undermine the progress that African populations already have made in fighting diseases,

malnutrition and early death rates, together with gains in the agricultural sector.

Conclusion

There is a strong evidence that the frequency of climatic extremes, in particular ETEs, will
increase in the near future. The African continent is especially vulnerable to these increases
due to the additional risk to water resources, the threat of reduced crop productivity, changes
in the frequency and geographic range of vector- and water-borne diseases. Adaption
strategies may reduce these risks; however even with significant resources and institutional
investments in adaptation, for the most vulnerable there may be lingering risks to food

security, access to water and proper sanitation and health (Ngiang et al., 2014).
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Supplement Material (Chapter 5)

Supplement material 1: ETCCDI climate indices (Adapted from Zang et al., 2018a).

Indices Long name Definitions Units
SU Summer days Count of days where TX (daily maximum temperature) >25°C days
TXx Max TX (Warmest day) The monthly maximum value of daily maximum temperature (TXx = °C
max)
TNx Min TX (Warmest night) The monthly minimum value of daily minimum temperatures (TNx = °C
max)
TX90p  Warm days Count of days where TX>90t percentile %
TN9Op  Warm nights Count of days where TN>90t percentile %
WSDI Warm spell duration  Count of days in a span of at least six days where TX>90 percentile days
indicator
FD Frost days Annual number of days when TN<0°C days
ID Ice days Annual count when TX<10°C days
TR Tropical nights Annual count of days when TN>20°C days
TNn Max TN (Coldest night) Monthly maximum value of daily minimum temperature (TNn = max) °C
TXn Max TX (Coldest day) Monthly minimum value of daily minimum temperature (TXn = max) °C
TN10p  Cool nights Count of days where TN<10th percentile %
TX10p  Cool days Count of days where TN<10th percentile %
CDSI Cold spell duration indicator ~ Count of days of at least six days where TN<10th percentile days
DTR Diurnal temperature range Monthly mean difference between TX and TN °C

Supplement material 2: Temperature indices used in the analysis of ETEs and ETs (Adapted from

Kruger and Shongwe, 2004).

TX extreme indices

TN extreme indices

Very hot days: TX>35°C

Hot days: 30°C<TX<35°C

Hot-day events: TX>30°C for 3-5 days

Cold days: TX<15°C

Cool days: 15°C<TX<19°C

Cool-day events: TX<19°C for 3-5 days

Hot nights: TN220°C

Warm nights: 15°C<TN<20°C

Warm-night events: TN>15°C for 3-5 days
Very cold nights: TN<0°C

Cold nights: 0°C<TN<5°C

Cold-night events: TN<5°C for 3-5 days
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Supplement material 3: Temperature indices used by Mackellar et al. (2014) (Adapted from

Mackellar et al., 2014)

Index Description Units
Hot days Number of days with TX>25°C Days
Cold days Number of days with TN<0°C Days
Warm nights Number of days with TN>20°C Days
Dtr Difference between TX and TN °C
TX 90th Number of days with TX>90%" percentile of 1960-2010 daily TX ~ Days
TX 10th Number of days with TX<10™ percentile of 1960-2010 daily TX  Days
TN 90th Number of days with TN>90™ percentile of 1960-2010 daily TN Days
TN 10th Number of days with TN<10%™ percentile of 1960-2010 daily TN Days
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Supplement material 4: Meteorological stations compiled from publications.

Province Station Latitude (°S) Longitude (°E)
Eastern Cape Addo -33.97 25.70
Cape St.Francis -34.20 24.83
Cradock-MUN -32.16 25.61
East London -24.98 31.60
Mthatha -29.10 26.30
Port Elizabeth -33.98 25.60
Queenstown -31.91 26.95
Willowmore -29.02 29.87
Free State Bethlehem -28.24 28.31
Bloemfontein -33.30 23.48
Bothaville -25.73 28.18
Frankfort -28.80 24.77
Glen College -28.95 26.33
Wepener -29.72 27.02
Gauteng Johannesburg International -26.13 28.23
Pretoria -25.73 28.18
Pretoria PUR -25.73 28.17
Pretoria UP -25.75 28.27
Zuurbekom -26.30 27.80
KwaZulu-Natal Cape St.Lucia -28.50 32.40
Cedara -29.53 30.28
Durban -30.30 27.83
Emarald Dale -29.93 29.95
Escourt -29.25 16.87
Mount Edgecombe -29.70 31.05
Richardsbay -28.78 32.03
Limpopo Lephalale -23.66 27.74
Mara -23.11 29.63
Musina -22.27 29.90
Phalaborwa -23.94 31.14
Polokwane -33.98 25.61
Mpumalanga Punda Maria -22.69 31.01
Lydenburg -31.67 18.50
Skukuza -25.11 30.48
Northern Cape Agterkop -32.11 20.11
Calvinia -31.48 19.77
De Aar -27.37 29.88
Fraserburg -31.91 21.51
Henkries -28.97 18.09
Kimberley -26.47 20.61
Pofadder -30.67 24.00
Port Nolloth -30.35 21.82
Springbok -29.66 17.88
Twee Rivieren -28.41 21.26
Upington -28.45 21.25
Vanwyksvlei -30.35 21.82
North-West Armoedsvlakte -26.95 24.63
Buffelspoort -25.75 27.48
Marico -31.53 28.67
Volksrust -25.50 26.35
Vryburg -26.30 24.63
Western Cape Beaufort Wes -32.35 22.60
Cape Agulhas -34.83 20.20
Cape Columbine -32.83 18.70
Cape Point -34.35 18.50
Cape St. Blaze/Mosselbay -34.18 22.15
Cape Town -26.95 24.63
Cape Town International -33.18 18.60
Cape Town Slangkop -34.14 18.31
Jonkershoek -33.97 18.93
Langebaanweg Wo -32.96 18.16
Langegewens -33.28 18.70
Vredendal -27.27 28.50
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Supplement Material (Chapter 7)

Supporting Table 1: Number of inhomogeneities of long-term temperature stations data over the

period 1950-2016.

Province Station Name Climate Abbreviation No. of
Number inhomogeneities

X N

Eastern Cape Dohne 00798116 DH 3 3
East London 00595729 EL 2 1

Port Elizabeth 00351795 PE 1 1

Free State Bloemfontein JBM Hertzog 02615161 BFN 1 0
Gauteng Johannesburg Int 04763990 JHB 4 4
Zuurbekom 04755288 ZB 1 0

KwaZulu-Natal  Cedara 02394820 CcD 0 3
Durban 0240808A2 DBN 2 2

Limpopo Mara 072200991 MR 3 1
Warmbad Towoomba 05895941 WBT 1 1

Mpumalanga Skukuza 05961793 SK 2 3
Northern Cape  Kimberley 02904684 KB 4 5
Upington 03174765 up 0 0

Vanwyksvlei 01935613 VW 4 2

North-West Vryburg 04322383 VB 0 0
Western Cape  Cape Agulhas 00030204 CA 2 0
Cape Columbine 00606209 cC 6 0

Mosselbay 0012215 MB 4 3

Cape Town 0021178A3 CPT 0 6

Vredendal 0106880A2 VL 1 1
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Supporting Table 2: Annual trends of ETCCDI and ET-SCI indices during 1960-2016.

Station TNMean TXn TNn FD tnLtm; TX10P TN10P TXb2TNb>
ETCCDI ETCCDI ETCCDI ETCCDI ET-SCI ETCCDI ETCCDI ET-SCI

MK L sS MK L 5 MK L S5 MK L S| MK L sS MK ol 35 MK L S5 MK L SS
Dohne 0.31 0.35 0.02 0.16 0.22 0.02 0.08 0.10 - 0.08 0.10 - 0.20 0.24 - -0.28 -041 -0.07 | -0.28 -0.37 -0.09 | -0.02 -0.03 -
East London 0.06 0.08 - -0.15  -0.22 -0.01 0.11 0 0.01 - - - -0.13  -0.16 - -0.35 -0.51 -0.08 | -0.02 -0.04 -0.01 - - -
Port Elizabeth -0.14  -0.29 -0.01 0.04 0.03 - -0.04 -0.08 - -0.22  -0.26 - N - = -0.32 -048 -0.08 0.10 0.21 0.04 | -0.19 -0.23 =
Bloemfontein 0.01 0.04 - 0.06 0.07 0.01 0.07 0.09 0.01 -0.10 -0.16 - -0.04  -0.06 - -0.26 -037 -007 | -010 -0.14 -0.05 | -0.15 -0.18 -
Johannesburg Int 0.19 0.27 0.01 0.20 0.28 0.02 -0.03 -0.04 - 0.05 0.12 - - 0.02 - -0.30 -043 -0.08 | -0.15 -0.23 -0.06 0.03 0.03 -
Zuurbekom 0.46 0.65 0.03 0.25 0.37 0.03 0.53 0.73 0.06 -0.48 -0.70 - -051 -071 -0.84 | -0.25 -036 -0.10 | -044 -063 -0.20 | -0.13 -0.16 -
Cedara 0.22 0.23 0.01 0.10 0.12 0.01 -0.03  -0.04 - -0.03  -0.01 - 0.03 0.07 - -0.24 -036 -0.05 | -0.25 -0.30 -0.08 - - -
Durban 0.30 0.48 0.02 -0.04  -0.06 - 0.18 0.25 0.02 - - - - - - -0.20 -031 -0.05 | -0.38 -0.56 -0.19 | 0.07 0.08 -
Mara -0.02 - - -0.12 -0.17 -0.01 | -0.07 -0.09 -0.01 | -0.05 -0.06 - 0.06 0.07 - -0.38 -0.54 -0.11 | -0.04 -0.09 -0.01 - - -
Warmbad Towoomba 0.15 0.22 0.01 -0.02  -0.04 - -0.03 -0.03 -0.01 | -0.10 -0.13 - -0.02 - - -0.34 -049 -0.13 | -0.18 -0.26 -0.08 - - -
Skukuza 0.25 0.36 0.01 -0.17 -0.23 -0.01 0.13 0.18 0.02 -0.10 -0.13 - 0.01 0.02 - -0.29 -040 -0.08 | -0.26 -0.35 -0.10 - - -
Vryburg -0.11 -0.16 -0.01 -0.07 -0.09 -0.01 | -0.09 -0.13 -0.01 0.06 0.10 - 0.09 0.14 0.08 -0.30 -042 -0.08 0.12 0.18 0.04 0.04 0.05 -
Kimberley -037 -054 -0.03 -0.16 -0.24 -0.02 | -0.43 -062 -0.05 0.46 0.64 - 0.46 0.64 0.32 -0.32 -045 -0.08 | 0.37 0.55 0.15 -0.06 -0.07 =
Upington 0.07 0.10 0.01 -0.04  -0.05 - 0.08 0.11 0.01 -0.02  -0.01 - -0.11  -0.16 - -040 -0.57 -0.10 | -0.13 -0.19 -0.05 | -0.20 -0.24 -
Vanwyksvlei 0.16 0.24 0.01 0.04 0.05 - 0.10 0.14 0.01 -0.01  -0.02 - -0.14 -0.20 -0.08 | -044 -062 -0.13 | -024 -033 -007 | -0.31 -0.37 -
Cape Agulhas 044 062 0.01 029 040 0.02 | 025 036 0.02 - - - - - - -042 -063 -0.13 | -045 -065 -0.13 | -0.19 -0.23 -
Cape Columbine 0.39 0.57 0.02 -0.04 -003 -0.01 | 0.34 0.52 0.02 - - - - - - -033 -045 -0.14 | -046 -069 -0.20 - - -
Mosselbay -0.02 -0.11 - 0.07 0.09 - -0.05  -0.09 - - - - - - - -045 -0.65 -0.17 0.04 0.13 0.01 | -0.10 - -
Cape Town 0.54 0.72 0.03 0.19 0.30 0.02 0.43 0.61 0.03 -0.32  -0.40 - - - - -043 -062 -0.12 | -0.56 -0.73 -0.23 - - -
Vredendal 0.35 0.51 0.01 0.11 0.16 0.03 0.12 0.18 0.01 -0.12  -0.15 - -0.13  -0.16 - -0.64 -0.84 -0.21 | -037 -0.53 -0.11 | -0.14 - -
Average trend 0.16 0.22 0.01 0.03 0.04 - 0.08 0.12 0.01 -0.05 -0.06 - -0.02 -0.03 - -0.35 -049 -0.10 | -0.18 -0.25 -0.07 | -0.09 -0.12 -

*Values in bold are different from 0 with a significance level alpha = 0.05.
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Supporting Table 3: Cold duration days and cold wave trends for the period 1960-2016.

Station CDSI CDSl3 CWN CWD
ETCCDI ET-SCI ET-SCI ET-SCI

MK p S5 LT | MK p 0SS LT | MK ) ss T | MK p ss LT
Dohne 0.22 0.27 - 0.05 -0.12 -0.16 -0.06 - 0.01 0.01 - -0.01 -0.04 -0.05 - -
East London - - - - 0.06 0.11 - 0.05 -0.18 -0.22 -0.02 -0.01 -0.19 -0.24 -0.05 -0.01
Port Elizabeth 0.09 0.40 - 0.01 0.18 0.29 0.03 0.08 -0.06 -0.07 - - 0.06 0.13 - 0.01
Bloemfontein -0.05 -0.06 - -0.01 -0.06 -0.07 -0.04 -0.06 - -0.01 - -0.02 0.09 0.12 -0.03 -0.03
Johannesburg Int -0.04 -0.05 - - -0.16 -0.21 -0.14 -0.11 0.01 0.01 - - -0.04 -0.07 -0.07 -0.01
Zuurbekom -0.08 -0.11 - -0.03 | -0.35 -0.52 -0.36 -0.31 -0.24 -0.31 -0.05 -0.04 -0.15 -0.19 -0.07 -0.09
Cedara -0.11 -0.14 - -0.04 -0.22 -0.29 -0.20 -0.15 0.01 0.01 - - - -0.01 - -
Durban -0.32 -0.40 - -0.09 -0.34 -048 -0.29 -0.45 -0.34 -0.42 -0.04 -0.04 -0.25 -0.34 -0.07 -0.10
Mara 0.06 0.07 - - -0.04 -0.09 -0.03 -0.02 -0.15 -0.20 - -0.01 -0.27 -0.40 -0.08 -0.1
Warmbad Towoomba 0.01 0.02 - -0.03 -0.18 -0.28 -0.13 -0.15 -0.20 -0.27 - -0.02 -0.18 -0.24 -0.05 -0.09
Skukuza -0.16 -0.20 - -0.08 -0.15 -0.21 -0.13 -0.15 -0.26 -0.33 - -0.03 -0.13 -0.21 -0.03 -0.07
Vryburg 0.03 0.03 - 0.03 0.13 0.19 0.09 0.11 -0.01 -0.02 - -0.01 0.02 0.03 - -0.01
Kimberley 0.27 0.33 - 0.07 0.33 0.49 0.24 0.29 0.20 0.26 - 0.02 0.19 0.18 - 0.01
Upington -0.13 -0.16 - -0.03 -0.11 -0.16 -0.08 -0.07 -0.08 -0.10 - -0.02 -0.08 -0.10 - -0.02
Vanwyksvlei -0.14 -0.18 - -0.03 -0.15 -0.22 -0.15 -0.20 -0.18 -0.23 - -0.03 -0.03 -0.04 - -0.03
Cape Agulhas -0.08 -0.09 - - -0.17 -0.25 -0.09 -0.10 -0.21 -0.30 - -0.03 -0.19 -0.27 - -0.01
Cape Columbine -0.19 -0.23 - -0.02 -0.36 -0.52 -0.18 -0.19 -0.19 -0.27 - -0.04 - - - 0.01
Mosselbay 0.16 0.19 - 0.05 0.05 0.10 - 0.10 -0.11 -0.13 - - -0.09 -0.10 - 0.03
Cape Town -0.13  -0.15 - -0.01 | -0.29 -0.40 -0.09 -0.15 -0.30 -0.40 - -0.04 -0.15 -0.19 - -0.03
Vredendal -0.19 -0.23 - -0.02 -0.35 -0.48 -0.19 -0.20 -0.16 -0.21 - -0.04 -0.04 -0.07 - -0.02
Average trends -0.03 -0.03 - -0.01 -0.12 -0.16 -0.10 -0.09 -0.12 -0.15 - -0.02 -0.07 -0.10 - -0.03

*Values in bold are different from 0 with a significance level alpha = 0.05.




Supporting Table 4: Seasonal trends of minimum temperatures (TNMean) for the period 1960-2016.

Stations TNMean
Summer Autumn Winter Spring

MK L 55 MK L S5 | MK L S5 MK L 55
Dohne 043 056 003 | 026 029 002 | 027 033 002 | 015 019 o0.01
East London 0.11 0.18 - 0.17 023 0.01 | 0.04 0.06 - -0.06  -0.09 -
Port Elizabeth -0.01 -0.04 - -0.14 -0.24 -0.01|-0.14 -0.27 -0.01|-0.13 -0.21 -0.01
Bloemfontein 0.06 0.10 - -0.03  -0.05 - 0.08 0.13 0.01 | 0.02 0.03 -
Johannesburg Int 029 043 002 | 021 029 002 | 005 0.06 - 019 0.29 001
Zuurbekom 035 050 002|029 042 003|049 070 002 | 020 032 0.20
Cedara 021 029 001|009 013 001 | 011 012 0.01 | 005 0.06 -
Durban 031 046 002 | 022 035 002|027 044 003 | 010 017 -
Mara 0.09 0.13 0.01 | -0.02 - - -0.02  -0.03 - 0.03 0.05 -
Warmbad Towoomba | 0.25 034 0.02 | 0.04 0.08 - 0.06 008 0.01 | 013 021 001
Skukuza 031 042 002 | 015 021 003|018 026 002 | 019 026 001
Vryburg 0.04 0.05 - -0.09 -0.15 -0.01 | -0.02 -0.04 - -0.14 -0.16 -0.01
Kimberley -0.23 -033 -002|-0.26 -040 -0.03 | 044 -060 -0.05|-033 -049 -0.03
Upington 0.16 023 0.01 | 014 0.17 0.01 |-0.04 -0.04 - 0.01 0.03 -
Vanwyksvlei 032 046 002 | 021 030 0.01 | 001 o0.01 - 0.05 0.10 -
Cape Agulhas 039 057 002|023 035 001|026 038 001|033 047 002
Cape Columbine 034 050 002|025 040 001|029 043 001 | 034 049 002
Mosselbay 0.10 0.15 - -0.11 -0.18 -0.01|-0.15 -0.26 -0.01 | 0.07 0.05 -
Cape Town 055 073 003 | 045 063 002|029 041 002 | 037 053 002
Vredendal 046 065 003 | 025 036 001 | 005 0.08 - 0.15 0.25 0.01
Average trend 023 032 001|012 016 001 | 008 011 001 | 009 0.13 -

*Values in bold are different from 0 with a significance level alpha = 0.05



Supporting Table 5: Seasonal trends of coldest daytime temperatures (TXn) for the period 1960-2016.

Stations TXn
Summer Autumn Winter Spring

MK p ss | MKk p ss | MK o ss MK L ss
Dohne 0.14 0.18 0.02 0.10 0.11 0.01 0.29 0.41 0.04 -0.03 -0.07 -
East London -0.07  -0.09 - -0.06 -0.09 -0.01 | -0.10 -0.13 -0.02 0.04 0.07 -
Port Elizabeth 0.07 0.08 0.01 -0.26 -038 -0.02 | -0.05 -0.07 - -0.07 -0.09 -0.01
Bloemfontein - - - -0.11  -0.15 -0.01 0.02 0.05 - -0.08 -0.11  -0.01
Johannesburg Int 0.20 0.28 0.02 0.05 0.05 0.01 0.16 0.23 0.02 0.15 0.21 0.02
Zuurbekom 0.24 0.36 0.03 -0.01 -0.01 - 0.12 0.18 0.02 0.01 0.01 -
Cedara 0.09 0.12 - -0.05 -0.05 - 0.04 0.04 - -0.12 -0.16  -0.02
Durban -0.02 -0.04 - 0.06 0.05 - 0.08 0.12 0.01 -0.01 - -
Mara -0.09 -0.14 -0.01 0.07 0.11 0.01 -0.06  -0.13 -0.01 -0.05 -0.08 -0.01
Warmbad Towoomba | 0.04 0.06 - 0.04 0.04 - 0.03 0.05 0.01 -0.06 -0.09 -0.01
Skukuza -0.18 -0.22 -0.01 0.08 0.13 0.01 0.06 0.09 0.01 0.06 0.08 0.01
Vryburg 0.06 -0.08 -0.01 | -0.17 -0.26 -0.02 0.09 0.13 0.02 -0.08 -0.12  -0.01
Kimberley -0.16 -0.22 -0.02 | -0.06 -0.08 -0.01 0.14 0.20 0.02 -0.07 -0.11  -0.01
Upington -0.03  -0.04 - -0.01 -0.03 - 0.20 0.29 0.03 -0.05 -0.08 -0.01
Vanwyksvlei 0.06 0.09 0.01 -0.07 -0.11 -0.01 0.10 0.13 0.02 0.06 0.08 0.01
Cape Agulhas 0.25 0.36 0.01 0.01 0.01 - 0.05 0.08 0.01 0.36 0.51 0.02
Cape Columbine 0.08 0.10 0.01 -0.06 -0.08 -0.01 0.04 0.05 0.01 0.06 0.09 0.01
Mosselbay 0.17 0.21 0.01 -0.05 -0.07 - -0.11 -0.16  -0.02 0.08 0.12 0.01
Cape Town 0.16 0.24 0.01 0.18 0.26 0.02 - - - 0.09 0.10 0.01
Vredendal 0.19 0.27 0.05 -0.05 -0.07 -0.01 | -0.14 -0.20 -0.01 -0.13 -0.17  -0.04
Average trend 0.05 0.08 0.01 -0.02 -0.03 - 0.05 0.07 0.01 0.01 0.01 -

*Values in bold are different from 0 with a significance level alpha = 0.05



Supporting Table 6: Seasonal trends of night-time temperatures (TNn) for the period 1960-2016.

Stations TNn
Summer Autumn Winter Spring
MK L ss MK P ss MK P ss | MK o ss

Dohne 0.23 0.33 0.03 0.04 0.09 0.01 0.03 0.04 - 0.18 0.31 0.03
East London - - - 0.11 0.16 0.01 0.08 0.09 0.01 0.10 0.13 0.01
Port Elizabeth -0.11 -0.19 -0.01 0.03 0.02 - -0.02 -0.06 - -0.05  -0.08 -
Bloemfontein 0.17 0.25 0.03 -0.02 -0.02 - 0.07 0.09 0.01 0.05 0.09 0.01
Johannesburg Int 0.28 0.40 0.04 0.01 0.02 - -0.01 -0.02 - 0.10 0.16 0.02
Zuurbekom 0.26 0.37 0.05 0.29 0.44 0.07 0.56 0.77 0.02 0.34 0.52 0.08
Cedara 0.21 0.32 0.04 0.10 0.13 0.02 -0.02 -0.02 - 0.19 0.29 0.04
Durban 0.13 0.19 0.01 0.27 0.38 0.04 0.17 0.25 0.02 0.14 0.21 0.02
Mara 0.16 0.20 0.02 - -0.01 - -0.04 -0.06  -0.01 - -0.02 -
Warmbad Towoomba | 0.30 0.41 0.05 0.05 0.08 0.01 -0.02 -0.02 - 0.15 0.23 0.04
Skukuza 0.22 0.32 0.03 0.07 0.09 0.01 0.15 0.20 0.02 0.06 0.10 0.01
Vryburg 0.11 0.15 0.02 -0.01 -0.01 - -0.07 -0.10 -0.01 | -0.05 -0.08 -0.01
Kimberley 0.09 0.12 0.01 -0.27 -0.38  -0.05 -0.43 -061 -005 | -0.13 -0.17 -0.02
Upington 0.08 0.13 0.01 0.07 0.11 0.02 0.10 0.14 0.01 -0.05 -004 -0.01
Vanwyksvlei 0.24 0.35 0.04 0.01 0.01 - 0.10 0.15 0.01 -0.01 0.01 -
Cape Agulhas 0.30 0.44 0.04 0.23 0.34 0.02 0.25 0.35 0.02 0.13 0.18 0.02
Cape Columbine 041 0.57 0.02 0.39 0.55 0.03 0.27 0.42 0.02 0.23 0.34 0.02
Mosselbay 0.09 0.13 0.01 - - - -0.04 -0.10 - -0.02  -0.05 -
Cape Town 0.29 0.41 0.04 0.44 0.62 0.05 0.36 0.51 0.03 0.45 0.63 0.05
Vredendal 0.12 0.17 0.01 0.13 0.19 0.02 0.09 0.14 0.01 0.19 0.28 0.02
Average trend 0.18 0.25 0.03 0.10 0.14 0.01 0.08 0.11 0.01 0.10 0.15 0.02

*Values in bold are different from 0 with a significance level alpha = 0.05.
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Supporting Table 7: Seasonal trends of days below -2°C (tnLtm,), for the period 1960-2016.

Stations tnLtm;
Summer Autumn Winter Spring

MK p  SS| MK o ss | MK o ss | MK p S
Dohne - - - - 0.20 0.24 - - -
East London - -0.16 - - - - - - - - - -
Port Elizabeth - - - - - - - - - - - -
Bloemfontein - - - -0.01  -0.01 - -0.04  -0.06 - -0.06  -0.10 -
Johannesburg Int - - - 0.08 0.10 - - 0.01 - - -0.07 -
Zuurbekom - - -0.28 039 -006 | 051 -0.72 -0.08 | -0.26 -0.34 -
Cedara - - - | -0.03 -0.03 - 0.06 0.10 - - - -
Durban - - - - - - - - - - - -
Mara - - - - - - 0.06 0.07 - - - -
Warmbad Towoomba - - - 0.15 0.18 - -0.03 -0.01 - -0.07 -0.08 -
Skukuza - - - - - - 0.01 0.02 - - - -
Vryburg - - - -0.13  -0.16 - 0.10 0.15 0.09 0.02 0.02 -
Kimberley - - - 0.23 0.29 - 0.45 0.62 0.03 0.13 0.16 -
Upington - - - | -0.02 -0.02 - -0.11  -0.16 - - - -
Vanwyksvlei - - - -0.05  -0.06 - -0.13  -0.19 -0.07 | -0.05 -0.05 -
Cape Agulhas - - - - - - - - - - - -
Cape Columbine - - - - - - - - - - - -
Mosselbay - - - - - - - - - - - -
Cape Town - - - - - - - - - - - -
Vredendal - - - - - - -0.13 -0.16 - - - -
Average trend - - - - -0.01 - -0.01 -0.01 - -0.05 -0.07 -

*Values in bold are different from 0 with a significance level alpha = 0.05
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Supporting Table 8: Seasonal of cold days (TX10p) for the period of 1960-2016.

Stations TX10p
Summer Autumn Winter Spring
MK P ss | MK P ss | Mk P ss MK o ss

Dohne -0.27 -0.37 -009 | -0.28 -041 -0.10 | -0.13 -0.18 -0.05 -0.13 -0.16  -0.07
East London -0.15 -0.23  -005 | -0.29 -040 -0.13 | -021 -0.29 -0.10 -0.20 -0.28  -0.08
Port Elizabeth -0.26 -0.38 -0.09 | -0.26 -037 -0.09 | -0.16 -0.24 -0.06 -0.16 -0.24  -0.07
Bloemfontein 0.02 0.03 0.01 -0.26  -039 -0.12 -0.08 -0.12 -0.04 -0.25 -0.36 -0.12
Johannesburg Int -0.11 -0.16  -0.06 | -0.21 -0.33 -0.10 | -0.18 -0.27 -0.08 -0.17 -0.24  -0.08
Zuurbekom -0.13 -0.18 -0.06 | -0.26 -0.37 -0.12 | -0.17 -0.24  -0.07 -0.22 -033 -0.12
Cedara -0.35 -0.48 -0.11 | -0.21 -034 -0.07 | -0.14 -0.20 -0.05 -0.02 -0.01 -
Durban -0.21 -0.30 -0.08 -0.14 -0.21 -0.06 | 019 -0.27 -0.07 -0.02 -0.02 -0.01
Mara -0.20 -0.29 -013 | 019 -029 -0.15 | -0.28 -037 -0.21 -0.24 -0.35  -0.09
Warmbad Towoomba -0.25 -0.38 -0.12 -0.24 -0.35 -0.11 | -0.29 -041 -0.13 -0.22 -0.32 -0.10
Skukuza -0.12 -0.17  -0.06 | -0.15 -0.23 -0.09 | -0.17 -0.26  -0.07 -0.19 -0.26  -0.08
Vryburg -0.04 -0.04 -003 | -031 046 -014 | -020 -0.29 -0.08 -0.24 -0.34 -0.09
Kimberley 0.01 0.03 - -0.33 -048 -0.14 | -0.18 -0.27 -0.07 -0.27 -0.36 -0.10
Upington -0.36 -0.52 -0.15 | -0.31 -043 -0.13 -0.13  -0.20 -0.05 -0.08 -0.11  -0.04
Vanwyksvlei -0.36 -051 -0.16 | 035 -051 -0.16 | -0.22 -035 -0.09 -0.23 -0.35 -0.08
Cape Agulhas -0.18 -0.27 -007 | -033 -048 -0.16 | -029 -044 -0.14 -0.28 -0.39 -0.16
Cape Columbine -0.20 -0.27  -0.12 -0.16  -0.22 -0.08 | -0.16  -0.24  -0.09 -0.38 -0.53 -0.21
Mosselbay -0.35 -0.50 -0.17 | -0.36 -051 -0.20 | -0.14 -0.21 -0.07 -0.42 -058 -0.24
Cape Town -0.42 -0.60 -0.18 | -0.33 -045 -0.13 -0.13  -0.17  -0.06 -0.22 -0.30 -0.11
Vredendal -0.55 -0.75 -028 | -049 -068 -0.21 | -035 -050 -0.14 -0.40 -0.55 -0.21
Average trend -0.22 -0.32 -0.10 | -0.27 -040 -0.13 | -0.19 -0.28 -0.09 -0.22 -0.30  -0.10

*Values in bold are different from 0 with a significance level alpha = 0.05
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Supporting Table 9: Seasonal trends of cold nights (TN10p) for the period of 1960-2016.

Stations TN10p
Summer Autumn Winter Spring
MK L ss MK o ss MK o ss MK P ss

Dohne -0.36 -0.54 -0.15 -0.19 -0.24  -0.09 -0.11 -0.14  -0.07 -0.11 -0.17  -0.04
East London -0.11 -0.17 -0.04 -0.17 -0.24  -0.07 -0.03 -0.04  -0.01 0.01 - -
Port Elizabeth 0.05 0.10 0.03 0.08 0.16 0.03 0.09 0.16 0.05 0.14 0.19 0.08
Bloemfontein -0.16 -0.22 -0.09 -0.04 -0.06 -0.03 -0.03 -0.03 -0.02 -0.14 -0.20  -0.06
Johannesburg Int -0.40 -0.56 -0.20 -0.16 -0.24  -0.07 0.10 0.18 0.05 -0.04 -0.05 -0.01
Zuurbekom -0.30 -0.44  -0.16 -0.24 -0.39  -0.15 -0.57 -0.78  -0.38 -0.25 -0.36  -0.12
Cedara -0.19 -0.28 -0.08 -0.13 -0.16  -0.07 -0.06 -0.05 -0.02 -0.12 -0.18  -0.06
Durban -0.39 -0.55 -0.20 -0.32 -0.45 -0.18 -0.31 -047  -0.25 -0.19 -0.28 -0.10
Mara -0.08 -0.11 -0.04 - 0.01 - -0.04 -0.06  -0.02 -0.04 -0.05 -0.01
Warmbad Towoomba -0.28 -0.38 -0.13 -0.06 -0.11  -0.03 -0.14 -0.19 -0.08 -0.14 -0.20 -0.07
Skukuza -0.28 -041 -0.12 -0.10 -0.13 -0.05 -0.14 -0.22 -0.09 -0.12 -0.16  -0.08
Vryburg -0.06 -0.08  -0.03 0.09 0.12 0.05 0.08 0.13 0.05 0.17 0.28 0.07
Kimberley 0.18 0.23 0.08 0.29 0.44 0.15 0.41 0.58 0.22 0.29 0.41 0.15
Upington -0.26 -0.38 -0.11 -0.10 -0.13 -0.05 -0.01 -0.05 - -0.01 -0.03 -0.01
Vanwyksvlei -0.36 -049 -0.16 -0.13 -0.18 -0.07 -0.03 -0.05 -0.01 -0.11 -0.17  -0.06
Cape Agulhas -0.41 -0.58 -0.16 -0.27 -0.38 0.12 -0.29 -042  -0.15 -0.20 -0.26  -0.10
Cape Columbine -0.42 -0.61 -0.23 -0.38 -0.61 -0.18 -0.33 -0.45  -0.15 -0.35 -0.49  -0.19
Mosselbay - -0.01 - 0.06 0.10 0.03 0.15 0.26 0.11 -0.01 0.02 -
Cape Town -0.51 -0.69 -0.23 -0.43 -0.61 -0.22 -0.29 -042 -0.13 -0.48 -0.64 -0.22
Vredendal -0.45 -0.64 -0.21 -0.27 -039 -0.13 -0.11 -0.15 -0.05 -0.18 -0.26  -0.10
Average trend -0.24 -0.34  -0.11 -0.12 -0.17  -0.07 -0.08 -0.11 -0.05 -0.09 -0.13  -0.05

*Values in bold are different from 0 with a significance level alpha = 0.05.
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Abstract

Warm exireme tempersture events or "heatwaves' have dissstrous impacts. Several high-impact hesibw ave events have recendly
occurred in the Global Warth, resulting in significant losses of human life and dire e ffocs oneconomies. The expocied increases
in the: frequency and intensity of exctreme heat events under climate change pose a signi ficant teeat to Sowth Africa. South Africa,
a developing country, with an increasing population, faces many socieeconomic challenpes. This study presents the first
comprehensive anmeal and seasonal, spatial and emporal trend analyses of daily mEodnmm and mininmm exreme tenpse rabune
events recordad from 20 meteorological stations across South Africa, spanning 19602016, Trend results based on the World
Meteorodogical Organization Expent Team on Climatke Change Detection (ETCCDI) and e World Metoorol ogical Organization
Commission for Climainlogy and Indices Expert Team on Secior- Specific Climate Indices (ET-5CT). Indices describing the
characteristics of wamn extremes are caleulated using RClimDex and (limP'A CT, respectively. The non-parametric Mann-
Kendall e, Spearman rank come lation coefTicient and Sen's slope estimates were used o delermine he statistical significance
and magnide of the calculated trend. Resuls show a general anmesl trend increase in maximum temperature at a rate of
002 =C }ta'r_'. The majority of stations reveals statistically significant trends in warm days and nighs; with the srongest,
general annual rend incresses expenenced in wamm daysata rate of (L13% year °. Seasonally, the strongest increases of 0.11%
days year © in warm days are evident for sutumn, while ineresses of 0L079% days year ' are caleulated for summer. A genersl
increasing trend in hestwave events is recorded at 008 events year ' countrywide.

Keywords Extreme temperature events - ETCCDIindices - ET-5C7 indices - Mann-Eendall ieat - Sen's slope

1 Introduction

Over the past two decades, soveral high- impact exreme tem-
peratune events oocurmed inthe Global Morth, most notably the
2003 Evropesn and 2010 Russian heatwaves, which resulted
in mone theam TN and 10,088 human fatal ities, respectively
(Simmonds 2018, Ragoe et al. 2018). These high-profile
events garnered significant public attention due to the severe
impacts on homan health, ecosysiems and socipeconomic de-
velopment (Perkins et al 2012; Simmonds 201 8). More ne-
cently, less damatic yet extraprdinary extreme heat events
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have included the hotest heatwave in June 2019, resulting
in 1506 fatalities in France | Osbome 2019). The global inier-
et in fhese extreme heatevens is growing, particularly under
cumment ¢limaie change projections indicating a like ly increase
in frequency and duration of heatwaves and wamn spells
across both the Norhern and Southern Hemispheres
(Alexander ot al. 2006; Perking et al. 2012; Perkins-
Kirkpamick et al 2017).

In South Africa, the South African Weather Service
(SAWE) defines hoatwaves a5 climatological events where
maximmum temperatunes are &t least 5 °C warmer than te
recornded mean of dee hotbest mont at a given location for a
period of at least 3 days (Maherbe et sl 2020, SA WS 20000
By this definition, several heatwaves have boon recorded over
the padt 5 years. The most recent involved record-high mean
winier emperatures for the winter months (JTune, July and
August) in the Easem Cape in 2019, with mean daytime
emporatures exceoding 2009 °C, followed by unseasonably,
record-high maximum temperatures exceeding 35 °C,
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recorded in Cape Town on 7 September 2019 (Head 2019). It
is eatimated that the mean annual tempe rature in South Africa
heas increased by at least 1.5 times the global average, at an
estimated 0,65 *C over the past five decades (Ziervogel ot al
2014). Extreme climatic events are projected i increase in
froquency and severity throughout the twenty-first century
(Davis-Roddy and Vinoent 2017). Without significant efforts
i reduce the vulnerahility of the region, exposure o actrems
climate events, nchuding emperature events, will increase
(DavisRoddy and Vincent 2017).

The expocied increases in etreme hoat events pose a sig-
nificant threat to developing couniries (Abatan et al. 2016),
inchuding South Africa Sowth Africa faces many pressing
socipeconamic deve lopment noeds, compounded by environ-
mental stressors and a growing and whanizing population
with greater exposure to these events (Pasquini et al 2013;
Davis-Roddy and Vincent 2017). Extreme temperabures have
vanols impact on coosysiems (Malherbe et al., 20000, agri-
culwre (Mangani ot al. 2018), water respurces and energy
{Lubega et al 2018), infrastroctre (Pasquini o al. 2013),
tourism (Moome and Fitchett, 2019) and human health
(Mana et al. 2019, Chersich and Wright, 2019). Regarding
humnan health, exposune to abnormal by high & mperatures over
a prolonged period (Le. during warm spellk and heatwaves)
will resultin heat stress (Lee 2014; Founda etal 2019) which
may lead o heat related illvesses including cardiovascular
dizease, heatstroke, heat exhaustion and mortality (Mgwenya
et al. 201 8). Despite these considerable threats, heat stress and
heat events are nadequakely undorsisod and sometimes ig-
mired (Lee 2004, Pelling et al. 2007T), particulady in dewvelop-
ing comnitries (Mgwenya et al. 2018). Therefore, given the
increased atention due to the vulnerahility of the socicty. and
ecosysbems in South Africa (Pasguinietal. 2003), it & impor-
tant i understand the natre of changes'in temperature ex-
tremes in South Africa at different spatial and Eemporal time-
seales, which is vital for adaptation.

Several metrics have boen developed i quantify ectreme
heat events;, howewer, m imiversal definition exists (Perkins-
Kirkpatrick and Gibson 201 7). Forinstance, heatwaves can be
defined as a paried of eonsecutive days where conditions ane
heotter than waial which includes seasonally exreme events
such as summertime heatwaves or seasonally anomalous
warmy 8pells peewrring on an annusl basis (Perkins et al.
2012). A set of merics have boen developed by the World
Meteorological Organization {WMO) Expert Team on
Qlimate Change Detoction and Indices (ETCCDI, Zhang
et al 201 H). These indices can be classified inbo duration in-
dices, threshold indices, abeoluie indices and percentile indi-
e (Klein Tank et al. 2009, Several studies have applied one
or a combination of indices to examine trends in extreme
temperature events globally (eg. Alexander et al. 2006;
Fischer and Shir 2010; Perkins et al. 2012; Perkins-
Kirlpatrick and Gibson 2007), on the African continent {e.g.
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Abatan et al. 2016 Abatan et al. 2018), and specifically in
South Africa (eg. Kroger and Sckele 2013; Mackellar et al
2014, Kruger and Meoumalo 2017). Kreger and Sekele (2013),
and Kruger and Mxumalo (2007) ecamined extreme &£ mpsera-
ture trends using a select few ETOCDI indices, for the periods
19622060 aned 193 1-201 5, respeoctively. However, seasonsl
tremds were not exploned, and the time peried of interest was
limited. In the interests of global comparison, to explore the
variouws facels of extreme Emperare evenits, and i facilitate
more precise atiribution of the effocts of these events, the
WM indices offer greater value than local defnitions

Thiz study aime to provide wpdsted remds of daily meni-
mum and minimum Eemperatre ooremes on an annus] and
seasonal imescale for te period 1960 to 2016, for all indices,
previously examined. Additionally, this study will make use
of the extrene &mperatune indices developed by the Expert
Team on Secior-Specific (limate Indiges (ET-8CT) which was
established by e WD Commission for Climatelegy and
Indices (OCT) (Alexander and Herold 20 16; Yosef at al
2019. The ET-3C1 developed several sector-specific climaie
indices that consider health, water and agriculture derived
from the ETCCDT { Alexander and Herold 2016, Yosef ot al
2019 . Thiswillbe the first stdy using the ET-5CT to identify
wends in wanm event in South Africa, which is important in
view of hoalth, water and agricultural adaption strategies on a
regional and national basis.

2 Study site

South Africa i lecated in the southem tip of A frica, spanming
e subiropics and mid-latindes between 22 and 35 =5 and
17-33 “E, bordered by the Atlntic Ocean in the west and
smuthwest, dwe Indian Ocean to the sout and east (Fig. 1).
The climate of South Afrca is governed by the conplex in-
eractin betwoen the subtropical location, the altitude of the
interior platean and proximity to, and temperatres of, the
oocans. South Africa’s latndinal ange results in promoumscad
seasonal difference in rainfall and Emperature patiems over
South Africa, together with the intra-anmual migration of the
Inieriropical Convergence Zome (TTCZ; Lennard 2019). The
high-pressure belt is sitwated over the sowthems tip of te sub-
continent in summer, and over the interior during winter
{Tyson and Preston-Whyke 20000 These high-presame sys-
ems ae inberrupied by troughs associnied with cold fronts
The influeness of the subiropical high-pressure belt and the
mid-latitude westerl ies with assoc iated cold fronts vary signif-
icantly interannually over the subcont nent. These inderactions
betwoen tropical and temperate disturbances have signi ficant
consoquences for the weather of the subcontinent {Tyson and
Preston-Whyte 20000 The topography of Sowth Africa is
complex and predominandy characerized by the escarpment
which influences the tempe rature distribution over the country
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e (TN) data for the period l960-2016:e
obumed ﬁom 20 selected SAWS meteorological stations
(Fig. 1, Table 1), relatively evenly spatially distributed over
South Africa Only this discrete selection of weather stations
was used to ensure consistency throughout the analysis period
(cf. Kruger and Sekele 2013; Mackellar et al. 2014 Kruger
and Nxumale 2017} Kruger and Nxumalo (2017) demon-
strate that 20 stations are sufficient to define femperature var-
iability to a reasonsble degree across South Africa The

of the stations analysed in this study was based on
the data quality length and homogeneity of the time series,
spanning at least 50 years.

All of the climate data were subjected to thorough data
quality controls to identify emors, missing data and outliers
(Klein Tank et al. 2009; Salameh et al. 2018). All dates and
times were checked, and two decimal point rounding was used
tomaintain consistency throughout. Missing TN and TX daily
data were replaced with stations adjacent to the site within a
10 km radius and, if not possible, replaced with the 5-day
running average (Klein Tank et al. 2009). If data were not
available for more than five consecutive days, the peried
was excluded. Years with <90% completeness were
discarded from the data set (Mackellar et al 2014; Abatan
et al. 2016; Kruger and Nxumalo 2017; Kruger etal 2019).
Large data gaps in the time series were only found for three of
the stations that were included in the smdy: Kimberley,
Cedara and Dohne. However, 90% completeness could
still be obtained through the aforementioned quality
controls. The rest of the stations had only a few days
of data missing for the full study period, which were
replaced with the 5-day running average (Klein Tank
et al. 2009). The selected stations used are similar to
those used in previous studies (Kruger and Sekele 2013;
Mackellar et al. 2014; Kruger and Nxumalo 2017), due
to the completeness of the records.
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Table 1 Selacted maoralogiol

stions mfomnation Pmvince Sation nume Climnaie Abbrevistion  Lat Long  Yer
mm pevind
Eastern Ciape Dibme: 007aE 116 TH =315 47 1960-2016
Exst Lomdom D055 TE HL =3303  ITEY  1960-2016
Port E lizsheth 00351 795 PB —3398 2560 1960-2016
Fme St ‘Bloam fomtain 2615 161 BFN —29.10 30 1962-2016
Gameng Joharmesinrg 7aieed  JHB —2al4 ZRZF 1959-2016
Trvieamati comal
Zamarhele cm 4755 28R B —263 IXIRl 1959-2016
Evwafuh-Naml  Cedam OV BN D —I954 B0RT  195%-2016
Deazhan O20E0RAZ DEN —2947 | 3085 C1860-2016
Limpapao Man O7Xx0093]1 MR —-2El4 56 1959-2016
"Warmbad Townamba 05RI5941 WHT —Z4904 » 28T 1959-2016
Mpomalanga Sonlorm 05961 793 SK —2459 1159 1960-2016
Nordheam Cape Kimberley (0GR EB —ZEBD . 2477 1959-2016
Upingion W174768 up —2R43 2127 1960-2016
Vamwy knvied 01935613 VW 5035 218D 1961-2016
Ko West Viry g 4322 383 VB —~2695 MA5 1960-2015
Wesem Caps Cape Agnlhas 000 204 CA —ME W0l 1959-2016
Cape Columbine (0 Br iCC —3LE}  1TEG  1959-2016
Moo selhay o0Izz1s MH —MI8 XI5 1959-2016
Cape Town DOZ11TEAS CPT =396 1RG0 195%-2016
Videndal OIDSREOAZ VL —31E7 1850 1959-2016

The statistical procedunes in the B-based ROlImDex w19
and ClimPACT v2 software package were usod to flag miss-
ing values, identif'y outliers and aid with a visual inspection of
e dats series. Itis important i note tat the software dogs ot
calculate monthly indices if more than 3 days 4 re missing na
month and if tere are more tan 15 mising days for te
anmeal valwes (Fhang et al. 2018). The softwane allows the
user b st the outlier threshold in temmns of the standand devi-
atipn for the particular calendar day above the threshold: the
default threshold of three standsrd dewiations was used
(Fheameg aned Yang 2004: Alexander and Herold 2006, Kniger
and Mxumale 2017, Zhang et al 2018). Oudiers in stations
were compancd to adjscent sEtions i deermine whether an
outlier was the result of sysiematic emons or natural faciorns. It
i imporant to note that wet all cullios are ruly eronoous
bocause dhe ir imclusion, exclusion or adjustment can signifi-
canthy affoct estreme snalysis (Flein Tank ot al. 20000

The quality-controlled data time series were chocked faor
e limaati o g fts that may exist in the data sets, which could
result from changes in agpeck such as observing site, instru-
menk, station relocation, observing practices, time and swto-
mation of sation during the peried of dats collection (Klein
Tank et al 200, Aguiar ot al. 2013; Kroger and MNxumalo
201 T, Several methads have been used to examine and adjust
- limatic shifls in a data time series and often depend on
the fypes and magnitude of the inhomogeneity i be doected
and adjusted (e.g. Vinoent ot al 2002, 2012; Wang 2({fa;
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Memec et al. 2013; Salameh et al. 2018). For the homoge neity
analysis, the B-hesed softwane package, RhtestsV4, adopted
by the (ETCCDI) was used (Wang and Feng 201 3). The
BhtestsVd deiecs and adjuss for multiple change point in
daily, mnthly and annual time series. The statistical proce-
dure iz based on the penalized maximal f test { Wang 20008 )
aned the pemalized maximal F st (Wang 2008E). Only the
mean monthly time series was tested for inhomoge neitics,
due i the difficulty to test fior non-climatic disconfinuities in
a daily time series (Wang and Feng 2013). The test was car-
ried in this sudy without a reference series due i te dfficul-
ty in identifiying and constructing an appropriake reference
period, in particular for developing countries with a spamse
distribution of long-term climate stations (Eruger and
Mxumaly 2017). The necessary adjusments were applied to
the daily data time series and loaded inke the RCEmDex and
ClimPACT software to compute the extreame tempe rature

3.2 Extrame temperature indices

This sudy examines and compancs trends in exreme warm
femperatre indices on an annual and seasonal ime scale. The
seasonal scale was based on e ssronomical divisions of
South Africa: summer spanning December through
February, sutmn encompassing March through May, winier
from June i Angustand spring from September to Movember
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Table? ETOCDT and ET-3CT Temperatme indices msed in ghis stndy for the pesiod 1960- 2016 { Adapted fiom Alexander and Harold 2016; Fhang
et al. M1E)

Indices  Lomg mame Dedimitions Umits
ETOCDI S0 Summmer days Conmt of days whess TX jdadly maccimum temperatome) = 25 3C days

ndicss Ty Mm TX {foarmest day) T mumcimmeem miom ghity val e o £ dai by mascmum: empemtre (T X = max) i

Thx Min TX {(wammest night) The monshty minimen valoe of daily maoimom tempersme (Thx =max) i

TXo0p Warm days Conmt of deys whess TX =90 peroentile %

THAlp  Warm might Conmt of days whess TX =9 (th percentils %

WSDI  Warm spell dmmtion indimtor  Cowunt of days in o span of ot kst 6 days whene T > 90t pareentils days
ETS{ TxgelS Userdefined TX Conmt of deys whes TX idaily macximumn temperatme) = 35 3C days

mdicsi Dy, User.dsfined WSDT Conmet oof enmmber of days with atbeastn oomsscwsive days whes TX = 90th Ay
porcenitils
THTH, Useradefined oomsecmtive The anmmal oot of comeantive days whees bogh TX 5 95th pescentile and Kumber of
mrmiber of hat deys and TH = 95 parcentils, whess n == 2 jand amax of 10) Ll
ighs
HWHKN  Heswave momber The mumber of mdividoal heatwaves that owor each summer (Nov-Marin e Evens
{EHFy wourth e hemmisphare). A hentorave is defimed ax shree or mose days whess sither
the Excess Heat Factor (EHF) & positive.
HWD  Hestwave domation The length of the longsst heatwave: idont fiod by the HWH days
(EHF

(Van der Walt and Fitchett, 20207, While there is a degree of
spatial heterogeneity in e seasonal brackets of South Africa
when delermined quantitatively (Van der Walt and Fitchett
202400, the astronomical divisions facilitate regional analysis
e COmpaEri Somn.

A core setof 27 descriptive extreme indices for e mpser atune
aned rainfall have been developed by the WMO (CCWorld
Climate Programme {(WRCP)/Joint Commission for
Oceanography and Marine Meteorology (JCOMM )
ETCCDI (Klein Tank et al. 2009, Alexander and Henpld
2006; Fhang et sl 2018). The ETCCDI can be groupad into
four categories: (1) sbaolube indices fe.g. warmest day TXx,
warmest night TXn); (2) threshold ndices {eg. summer days;
SU25); percentile indices (eg warm days TX%p, wam
nighs TH®p): and (4) duration indices (c.g. wam spell
duration indicator; WSDI;, Klein Tank ot al. 2009, Fhang
et al 2018). These indiess were designed to moniior the fre-
quency and intensity of modoately cxtreme e vents, ocurming
several times per year rather than high: impact events (Elein
Tank et al. 2009 Yosef of 8l 2019). Only six exinreme tem-
perature ETOCDT are sélecied from the cone set this sudy for
purpese of companson to previeus studies (Table 2). In addi-
tip, five tempse rature indices ane selected from te WO CCIT
ECT-S8C, denved from the ETCCDI (Table 2). These indices
have boen developed for the wse in secior applications, based
on experts from agriculture, health and the water secinr
{Aleander and Herold 2016). These |1 eotreme £myseraune
indices were computed using the R software packages:
RClimdex v1.9 for ETCCDI (Zhang et al. 2018) and
imPACT w2 for the ET-8CT (Alexander and Herdd 201 6).

The ET-S8CT user-defined warm spell duration index
(WEDIL,) was set i three conspcutive days where TX = Wth

percentile (e.g. WSDI:], a5 research has indicated that tree
consoculivedays of Emperatumes excoeding e With percentile
{ior broad y wery hot weather) ane required for the mortal ity rate
o rise significantly above the antecedent rate (Naim and Fawoett
2015). The HWN and HWD indices were calculaind based on
e excess heat facior (EHF: of. Perkens and Alecander 2013)
with slight moedifications & the EHF. Momeover, the user-
defined TH_TH_ indics were st to two consecutive days (e.g
TH;TH;). Shorter extreme wamm evenis may affoct many sec-
tors, including health and infrastructure (Phanda ot al 2014).
Detailed descriptions and definitions of the different indices
used are recorded in Table 2. All the above-mentionad indices
s were calculated for e base: period of 1960201 6. Anchap
software was used i visally porray the trends, using the
Mann-Kendall test as an identifier. The inverse distanoe
weighting (TDW) tool within the software was wsed o spatially
inierpolak te annusl TXMean.

3.3 Trend analysis and significance

Trend analyses for the various indices were performed for the
period 1 960-2016. To test whe ther the temperature series ane
nn-atationary and i evalmie the magninde of the trend, the
non-parameiric Spoamman’s rank comelation coefficient ()
and Kendall's tau correlation coefficient (1) were used. The
Kendall"s tmu coefficient has the advantage of having a low
sengitivity i change points due to ilomoegenoous ime sorics
{Tabari and Talaee, 201 1; Abbas etal 2018). The Spearman’s
rank correlation coefficient is calculated from ranks, while
Eendall's tau represents probability (Allen ot al. 20015).
Since time is the dopendent variahle in this sudy, Kendall's
tau correlation coefficient les on a special case called the
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W anm- Flendal] test (ME) (cf. Allen et al. 2005). Sen's sloge
(55) was used & quantfy the magnitude of the trend for spe-
cific indices (Sen 1968). Teds for statistical significance ane
conducted at the 5% level (cf. Phands et al. 2014; Caloiers
et al. 2017, Earki et al. 2009; Yosef o al. 2019). The
ClimPACT software calculates the linear trends which were
ussed b mssist in e analysis of the HWHN and HW. AncMap
software was uwsed i display the trends visually, using the
Mann Kendall test values as an identifier.

4 Results
4.1 Mean maximum temparatures (TXMeaan)

There is a notable increase of = 8 *C in TXMean from the
sputhwesem i the northeasern pans of the counry over
the period 1960-2016, with lower TXMean along e west
and soudh coast (Fig. 2). The majority of the stations {19 of
200 has sttistically significant increasing trends, with overall
rate increases of 0U02 *C }w_' {Fig. 2; Table 3). The stron-
gest statistically significant trend increase i evident in the
‘Westemn Cape province at WV anwylsvle, at a rate of increase
of .05 °C year . The interior stations calculale a strmger
ncrease of 003 °C year |, compared to the coastal stations
{002 #C year "),

".“.'I'I =

At a seaspnal timescale (Table 4), the stronged trend and
rates of increase are calculated for avtumn, with a mean in-
crease of 003 °C year ', The strongest increases in auhumn
are calculaied for stations located in Limpopo, Mortern Cape,
Eastern Cape at Dohmne, Froe State st Bloemfonbein, Gauteng
at Zuurbekom and the Westem Cape province at Wrodendal, at
=004 >C year ! (Table 4). The overall caleulated rate of in-
crease in winter and spring T Mean is 002 *C year °. The
stongest mcreases in THXMean in winter are calculated for
stations located in Limpopo, Northemn Cape, Free State,
Gauteng at Zvurbekom, Mpumalanga at Skukuyza and
Weskem Cape provinee at Vredendal at =0003 °C year
(Table 4). In spring, the strongest increase i gxpenenced in
tee Free State, Gauteng, Limpops, Mpumalangs Northem
Cape and the Western Capeprovinge at Vredendal and
Msselbay with rate incresars of = 0003 3C vear ' | Table 4).
In general, the calculated @i increase in TXMean is stronger
in the interior stations for sach season (= 002° year '), com-
pared to the coastal statons (Table 4).

4.2 Warmest day (T¥x) and warmest night (Thx)

At an snmual scale, the wamest daytime (TXx; Fig. 3a) and
warmest mighttime (TXn: Fig. 3b) temperatunes demonstrate a
general warming irend in iermms of frequency and cocummence
ower many pars of the country, with sronger trends observed

Pt W:!l: H

20T%

BN
"

-

e, A
A

Fig. 2 Trends of TXWamn over the paniod 1960-2016. Open dowmmeard and upwasd triangles indicate negative and positive rends. Salid apem—nd

trimng bes indi e trend s ot ane s itistically significant at the 5% lovd
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Table 4 Trend amahis of

smsonal mesn maximom Smtom TXMean

mpentras (T M) for the

period 1960-2016 ’ Summer Autmnn Winter Spring
Dichne 0000013 001} 037 @53 004) OI0@300.0Z 03D (0XE; D.03)
Fast Landan 00602 001y 033 QL48; 002 LI0@-B000) O (08l .01)
Part Elimbeth O (043 001) O35 @49;002) Q14@0ZE000) I (LXE 001)
Bloemfomtsin 000016 0T} 030 @42 004  O3S0.4%0.03) 034 (051; 0.03)
Johsmeshurg bt O.050021; 001) GBS (034;00F)  O340AR0.0Z) 030 (48 .0%)
Panrhekom 0.19 pLEE; 007) 02 (045;0.04) 032045003 037 (041; D.03)
Cedara 052 (045 00%) 0 (045 00% LI @AL00Z 0.1 {005 001y
Dhurban XD (XL Q01)  OUEE L0; 002) D603 0.0Z) b (0T )
Mara O.ES 0LBE; O0%)  OEE i 004) S10E004) D008 0.0d)
Wamnhed Towoomba 0270088 00%) 034 037:004) QA3 ELSKO0OH) 0 (0L4E; 0.04)
Sl 006 (007 001} QI8 @36;002)  O3L0A%00% 039 (el 0.03)
Virytnrg 007 (000 01y OFT(0N8:004) E3TEENR 0035 0.3 (LY D.0%)
Kimbedey O2(021; 00F)  OUEE(04E;004) | L300AE0.0Z) 039 (4L D02
Upingzm 044 (0dd; 00Y) 04T (04T 005, BE3ESE00T O (LM 0.03)
Vamyiov s 051 (LTE 004) 049 WUET;006) DX4M@SE0.0%) 0D (05K 0.0d)
Cape Agulhas 039 (043 001) 033 @050 002) | BIS044000) O3S (0SE 002
Cips Cabanibine 036 (049 00%)  OBEEE:001) 0 LIT@0.0Z R (L D02y
MosseThay 040 (059, 007) 0 07 (LE3; 00T X103 000) 037 (LS 0.0%)
CapeTawn 0420089, 00%)  LELAR00Y 001007000 0.06 (0234 001y
Vredmndal 055 (LTS 006) . OSE(LTT; 005 LIV 0.0%) 0.0 (56 0.0d)
Averages 0.F7 (055 00%)  033(0.46;00%) 029041002 039 (0.41; oYy

*Vahoes in haldare di farent fiom 0 with 2 significance leve aipha = (U05. Trend valoes in the ahis ore postmyed

s foll oo MEis; 55)

in TXx (Tahle 3). The majority of stations (19 of 200 digplays
an increasing trend {TXx; Fig. 3a; Table 3), cxcept East
London which experiences a docreasing tremd, with & mie
decrease of 001 *C }v:a.r". Crverall, the TR trends increased
at araie of 003 °C year *. Similar nesultsaie évidont from the
Spearman’s rank comelation coeffic iont. The stronged sitis-
tically significant increase of TXx iz expericnced predomi-
nantly in the norfern interior parts of the country, with in-
creases of > 0L02 °C year ! {TaHe 3).

In general, incressng rends ane caleulated for each season
(Tahle 5). The siongest overall calculated rate of the increas-
ing trend is evident in aufsmn (004 °C year ') (Table 5),
followed by windger (003 “C yca'r_'). The lowest owerall cal-
mhndhuw mend iz evident in summer, with increases
of 0L02 *C year . Most of the stations which experiendce sta-
tisti cally significant increasing rends in summer ane located in
Limpopo, Gavieng, KwaZnlu-Matal, Nortern Cape and the
Western Cape province, with increases of =0.02 *C year™
{Table 5). Decreasing rends are evident in East London and
Skukuza in summer, at (.01 *C year ! (Table 5). In autumm,
only five stations experience statistically significant increases,
located in KwaZulu-Matal at Durban, Morthem Cape and
Western Cape province, with rate increases of >
003 =C jl:ﬂl'_. (Table 5). Sttistically significant increasing

i sodnger

trends for winder are evident in 50% of the stations, af raes of
=0.035C ymr" {Table 5). For spring, statistically signi ficant
increasing trends are evident in sttions located in Limpopso,
Morthern Cape at Vanwyksvlel and Upington and the Western
Cape province at Vredendal, with mate increases of >
002 *C year ', while decreasing trends are calculaied for
stations located in KwaZulu-Matal at Durban and the
Western Cape province at Cape Town, at rates of
0.02 °C year " and 0.01 °C year™, respectively (Table 5.
The Thx resuls (Fig. 3b) similardy reveal an increasing
trend for the majority of stations, five of which are statistically
significant. These stations are located in Limpopo,
Mmumalanga, Morth West and Western Cape province with
rate ineresses of =0.02 °C year ' (Fig. 3b: Table 3).
Bloemfontein alsp exhibits a strong rate increase of
003 °C year . In general, the overall calculated rate of the
increasing trend over the country is 002 =C }w_' {Table 3).
At a seasonal timescale (Table 5), the strongest overall
inc reasing trend and rate of the increasing trend are calculated
for sutumn, with an oversll increase of 0,03 *C year ', follow-
od by summer, spring and winter with rate increases of
002 °C vear ', respectively (Table 5). Most of the stations
{18 of 20h exporience increasing rends in swmmer, of which
scven ame sttigically significant (Table 5). These stations ane
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located in KwaZulu-Matal, Limpopo, Northern Cape and
Western Cape province, with rate increases of =
002 *C year ' in Thx, while Bloemfontein in the Free Staie
provinge exhibit a decreasing wend 6F0.02°C yearr ', for the
period 1960-2016 (Table 5). Mostof the Stations (11 of 20)
cupenence statistically significant indreasing rends in au-
wnm, which are located in te Eastern Cape, Gauteng at
Fuurbekom, Kwafulu-Natal, Mpumalanga and Western
Cape provinee, with rate increases of = 0.02 *C year™
{Table 5). The =nmges 14l increases of 005 °C year ' in
Thix ang experienced in Zuurbdoom, Dohne and Skuluza
(Table5).

Allthe stations cxperience increasing trends inwinter, with
e sronged @i increases of =003 °C year ' evident in
sttions located in the Free State, Gauteng at Zuurbeloom,
Limpope and Morth West province (Table 5). Most of the
stations (19 of 20) experience increasing rends in spring, of
which five being stigically significant {Table 5). The stron-
gest rate increases of > 004 °C yesr ' are evident in stations
locaied in the Froe State, Limpopo at Mara, Morthern Cape at
Kimberey and Vanwyksvilei and Cape Town province at
“Wredendal (Table 5).

' Y
Fig.3 Ammmmltwnds of fs) THx, (b} T, i) SU2S and @) TXge35. Open dowmward md spward srimg b in diote neg sive and positive sends.
Squares indicate no trend. Salid mpwasd imghs indicie trends fhat ane st ally significant at e 5% lavd

In short, an increasing trend i calculaed for the THx and
THx temperatures countrywide. Seasonal timescale findings
indicate stronger increasing rends and rates of increases in
warmed TXx in winter and stronger THx Eemperatures in
AT,

4.3 Summer days (SU and Thge35)

Allthe stations expericnce a sttistcally significant increase in
the number of summer days above 25 *C (S1); Fig. 3¢), with
an overall calculated raie of 0,54 days }u.r_' {Table 3).
Stations with rate increases = 054 days vear © are located in
the Froe State, Gavteng, Kwafuh-Natal at Codara, Lingpsopso
at Mara, Mpumalanga, the Morth West, Morthern Cape at
Upington, Wanwyksvlei and Western Cape province at
Cape Town and Vredendal (Fig. 3¢; Table 3).

Muostof the stafions (18 of 200 experience ncreasing trends
in days above 35 *C (TXged5, Fig. 3d), of which eight are
atatisically significant. These stations ane located in Limpopo,
Morthermn Cape, Essiern Cape at Port Elizabeth and ‘Western
Cape provinee at Vmedendal, with mate increases of >
ﬂﬂ?.nhysyw_' {Table 3). The remaining two stations located

£ Socagr
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in the Westemn Cape exhibit decreasing trends. Owverall the
caleculated rate increase across the country is
035 days yta.r", for stations which exhibit rale increases
{Table 3).

In summer, moa of the stations (15 of 20) experience
increasing trends in TXged 3 {Table &), of which four stations
are statistically significant. These significant stations ane
located in the Morthern Cape and Limpopo province at
Warmbad Towoomba, at a rate increase of >
0.17 days vear ' (Table ). Four stations experience
docreasing trends, which are locaied in the Easiem Cape at
Dohne and East London, North West at Vryburg and
Mpumalanga provinee at Sluknea, with raie docreases of =
0.05 daysiear ! in the latter two stations (Table 6). Most of
the station (1§ of 20) experiences increasing rends in awmn
{Table &), of which six being statistically significant. Only
four stations exhibit rate increases, which & located in
Mpumalanga, the Northern Cape at Upington and
Vanwyslodei and the Western Cape province at Vredendal,
with a rate iresse of > 004 days year ' { Table &). Only six
stations, Port Elizabeth Durban, Mara, Warmbad Towoomba,
Sloukurs and Viedenal, experionce increasing trends in winder,
with trend increases of =008 days year " fior the period 1960—
2016 (Table 6).

Mostof the stations {15 of 20) experience ncreasing trends
in spring (Table 6), ten of which are statistically significant
Only seven of these statisticalby significant stations eoperience
rate increases of =010 days year ', which are located in
Limpopo, Mpumalanga, Northermn Cape and Wesiem Cape
province at YWredendal (Table 6). OF the remaining stations,
four experience decreasing trends which are located in the
Easiem Cape at East London, EKwaZulu-Matal at Durben and
the Western Cape province at Cape Agulhas and Cape Town,
with trend decreases of > 002 days year ' for the period
19602016 (Table &).

4.4 Warm days (TX90p) and warm nights (TNSO0p)

T gemeral, thee frequeney of anmual TP is incessing across
the country. All the stations exporience statisticalby signi ficant
increasing trendds (Fig. 4a), with am overall calculated maie
increase of 0.15% days year'. S@ifions with raie increases
»0.20 days year * are lpgated in the Free State, Limpopa,
Geauteng at Zuurbekom and e Morthern Cape provinoee at
Upington and % awwysodei { Table 3). Generally, the interior
smtiong show & stronger calculated rake increase of 0 18%
days year ', compared to the coastal stations (0.10%
days year ).

Table 6 Semonal wend mabysis

of days abave 35 °C (TXge35), Smtom TXgeds
for the pariod 1960-2016
Sumner At Winer Spring

Dichme — 0L {—0.01; -} 01015 (0.0 3 “{=-) L9 (LT )
Fast London — 0 {0045 ) 006 (0.07; -3 “{=-) -002 {—00% —)
Port Elizhath 002 (0.0 —) 034 (031 ) 0.09(02% 5 QoI -y
Blosmfomtein 015 0.21; 0.06) 025 (030 ) “{=-) 020 {025, —)
Johmusing bt 007 @.0% ) ={=-) ={=-) =E5)
Fuwhelom 019 (025 —) 006 (0.07; -3 “{=-) 0L (054 )
Codara 13 IE -y 0.9 (005 ={=-) Q.02 003 )
Derhan 0.1 8 (02—} 023 (038 ) 008 (00% 5 —0.00 & 01%-)
M 019 (034 0.13) 0.17 (024 3 003016 =) DL (LSE; )
Wamnbad Towoomba 031 (4% 0.17) 0.22 (0L28; -} 03016 ) 0 (0T 0.19)
Sk —006{—007;-008) 007(0LI0 04y 0JIT(0IX ) 0 (LI 021)
Viyinmg — 006 {—0U08; 005y 004006 ) ={=-) OB (LS 0U13)
Kimbesley 031 2%, 0.24) 007 (010 3 “{=-) 031 L 010y
Upingson 033 AR 0.27) O30 (0 00E) - (] O34 (048, 020}
Vammeyion bs 050 .M 0.55) 033 (0% 013 - () L4 (LG 0.19)
Cape Agulius ={=-) 005 (006 -3 ={=-) —0.18 - 0.2 )
Cape Cabmbine 008 0% —) —00l - 00k-)  =f~5-} Q02 (L02; —)
MosseThay 003 (L0 —) 0.15 (0L18; -3 “{=-) Q.08 L1 —)
CapeTawm Q08 (0LIZ—) 0.19 (0.25; 3 «{=-) —0.13 015
Viredendal 041 (L8, 0.25) 047 (ILES; 021} OIR{02% 5 IR0 O10)
Averages 014 0 30 0.16) 0070200 013005 5 QIR0 014

*Valoes in bald are different fiom 0 with a significance leve alpha =0.05. Trend valnes in the hle az postmyed

as foll ows: MEip; 55)
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Fig.4 Armmal fends of ) TAS0p andmesn seos ol temperaime rends
af ib) TX90p sommer, () TXS0p autemn, (d) TX90p winter mnd &)

In summer, the majority of the seions (18 of 20) experi-
ences an increasing rend in TX%p (Fig. 4b), of which ten
being statistically significant. These statistically significant
sitions ane located in the Eastern Cape, KwaZulu-Matal,
Limpopoe, Gavieng, Northem Cape and Western Cape (Fig

£l spcngw

and positive trends. Squans indicass no trend. Solid opewand mangles
indicate trands that are sotistically sigmificant at e 5% lavel

4h), with rate increases of = (UF9% days year ' (Table 7). The
W renna ini ng st ns experience decreasing trends (Fig. 4b),
at a rake decrease of 006% days year ' evident cnly in
Skukuza (Table T). Overall, an mcreasing rate of 0.1 1%
M}s}m" in TX %0 has boen calculated in spring. ATl the
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Fig. § Ammmal rends of (5) TR0 p and mean sssonal smparstme rand
af i) THp smmmer, (¢) TH90p automn, (d) THSDp wimer and i)

statins experience increasing trends in autumn (Fig. 4¢), 15
of which ame statistically significant The strongest rate in-
creases are experienced in sitions locaked in the Nortem
Cape, with raie increases of =0.20% days year . Overall,
an increasing rate of 0.179% days vear * in TX%0p has been
calculated { Table T).

) Soduger

and positive frends. Squares indicats no trend. Solid opoasd rianglss
indicate trends that sre s itistically significant at the 5% level

All the safions experiencs an increasing trend in winier
(Fig. 44}, 14 of which are sttistically significant (Fig 4d).
These smtions are prodominantly located in the northaeastern
interior parts of the country, with increases of =0.11%
days vear ' in TX90p (Fig. 4d: Table 7). The sowth and west
opast sttions experience smaller insignificant trend increases,
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at arate of = 0.02% daysyear ' for TXOp (Fig. 4d; Table 7).
The overall, calculated rate increase in TX®p in winter is
0.15% days year ' Similar to winter, all the stfions in spring
experience an incressing rend, with 14 trends statistically
significant (Fig. 4¢). These statistically significant stations
are located in the Free State, Gawteng, Limpopo,
Mpumalanga, North West, Morthem Cape, Eastern Cape
at East London and the Western Cape province at
Cape Aguhas, Mosselbay and Vredendal, with raie in-
creases of =008% days vear ' (Fig. 4e; Table 7).
Owerall, a calculated rate increase is experienced in
THOp in spring of 0.14% days year . In short, the
sirompest rate increase in TH9p is experienced in au-
twmm, followed by winter (Table T).

For amual THO0p, most of the stations | 16 of 20) have
experienced increasing trends (Fig. 5a; Table 3), of which
eight are statistically significant These atations are located
in the Western Cape, Mpumalanga Gauteng and Eastemn
Cape province at Diohne, which experience rate increases of
=>0U0E% days }w" (Fig. 5a; Table 3). Decreasing trends of
=0.04% days vear " are caleubied for the remaining four
stations: Bleemfontein, Vryburg, Port Elizabeth and

Kimberley with the later two being statistically significant
Overall, a calculated rate increase of 004% days year © has
boen found in TN®p counirywide.

For summer, increasing trends are calculated for the major-
ity of the sttions {16 of 20 Fig. 5b; Table T), sewen of which
ae sttistically significant. These significant sations ame lo-
cated predominantly in the Westem Cape, Gauteng and
Easien Cape at Dohne, with a mate increase of = 0.12%
days year ' {Table 7). The remaining four stations, which
are located in the Free St and Norhem Cape provinee,
exhibit decreasing trends with rate decreases of = 0.0 1%
days vear ', Kimberley is the only station with a statistically
significant decrease (Fig. 5b; Table 7). Overall, an increase of
007T% lhysg.u:ar" is calculated fr TR in summer. Most
of the stations (14 of 20) copericnog increasing trends for
asutunmn (Fig 5c), three of which ame statistically significant
These stations, Dohne, Tohanmeshurg Int and Cape Town ex-
perience increases of >0010% days year ' in TH9p
(Tahle 7). Decroasing trends in TN are evident in the re-
maining six stafions at >0.04% days year ' only Port
Elizaheth hss a caleulated statistically significant decrease
{Fig. 5¢). Overll, a rate increase of 002% days year © has
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Table 8 haomsing and deareasing trends in warm: spell dumtion days and hevweyes doring 1 960-2015

Sation wsDl WSDE HWHN HWD
Dikme Q.21 {0:26; = 024 {031 0.09) Q01 = <007 022 {0.52; — 003)
East London 011 {013 015 @0.1% — ) 012 {0L15; — 002)
Port Elizshes 021035 5 0.17{02%; 5 004 §0.06; —; 0.01) 30 {0L3T; — 0.03)
Bloamfmisin L34 {03 ) 030 (154 0.49) 136 {0.45; —; 0.03) 019 {026 0.0%; Q.05
Joharmeshurg Int WL16{0:21; 023 (0L33; 0.25) 020 §0.24; —; 0.03) 0,06 {0L08; — 0L06)
Famhakam I8 (L3 - 027 {037, 0.34) 46 {059, 0.06; 0.08) 52 (0L6Y; 0.14; 0.16)
Cedanm L300 ) 023 (031 04 0315 — 0.0 — 003 — )
Darbn 0.17{0:23; QL08) Q15 @215 0.03) 0:24(0.35; — 0.05)
Mz 0.17{021; 051 {0L68; 0.41) 019 §0.24; —; 0.05) 0,08 {005 —; 001 )
Warmind Towoamha 30 (038; ) 035 (050; 0.39) L34 0.45; 0.03;0.05) 24 (032 006 0.10)
Tk L0901 = 0.07(011; 5 0L16 {02 —; 0.04) 08 {0.10; —; 002}
Viylurg 019 {024 027 (3% 0.44) Q12 .18 —; 0.03) 024 (0.30; 0.05; 0.05)
Kimberlkey L34 {025 0.36 (15X, 0.32) - M- 0% —5) —023 (- 031; —-000)
Upingten LM~ -) 048 (064 0.44) 03 0.9 — 0.0 005007~ )
Vanmy ke L3 (0 ) 0,55 (L7S; 0.54) W3 035 00) 019 {0.26; — 0.04)
Cape Agulhm L1903 ) 045 (L&Y, 0.25) L7 03T 0.03; 005) 014 {0L1E; —; Q)
Cape Cobumbime 002 {00 - 023 {03 0.05) 015 {0240 —; 0.07) 010 {013; — Q)
Wi edhay L30{03%; 5 0A4{0ST; 0L14) Q2 Q0% ——) .04 {0.03; —; QL3
Cape Town LI{0IT; 008 {0.41; L1 @37 —; 0.0 010014 — Q)
Videndal 0L18{02%; 039 (054 0.25) LIS 0.2 —; 0.0%) 020 {0.27; — 02
Average t=nd L20{02%; 5 030 {0.42; 0.3 018,40 25; —; 0.03) 014 {0LIE; —; 0.04)

*Valoes in hold ase different Fom 0 with asignificance level slphs =005, Trend valoes in the ohle are portrayed as folloes: ME{x 55; Lner teend)y

boen calculaied for THN®Dp in autumn. Increasing trends ane
evident in most of the stations {14 of 20) in winter (Fig. 5d.
Table T), of which four are sEtistically signifieant These sta-
tions, Fuuwrbekom, Durban, Cape Agulhas and Cape
Columbine, experience rate inerefses of = 0.09%
days year ! in TNS0p (Fig. 5d; Table T The remaining six
stations experienos decreasing thends with rate docreases of >
0.02% days year ', of which Port Elizabeth, Kimberley and
Misselbay being sttistically significant (Fig. 54, Table T An
overall increase of 003% days year = in THMp has been
calculaied for winter (Table Th In general, an increase of
0.02% days year = i TNO0p i calculated for spring, with
5% of the stations exhibiting increasing trends (Table 7).
Must of e stations with increasing rends are locaied in the
Limpopo, Mpumalanga and the Western Cape province, of
which Cape Agulhas and Cape Town being statisically sig-
nificant, with & rate increase of > (.10% days year ' (Fig. 5e;
Table 7). Stations with decreasing trends, with rate docreases
of = 001% days yvesr *, are located in the Eastern Cape, Free
State, KowaZuhe-Matal, Morth West and Northern Cape prov-
ince, of which Kimberley being statitically sgnificant (Fig.
5¢; Table T). In short, the stongest raie of increase in TN®0p
i evident in summer, folowod by winter.

In addition to TP and TH0p, TH TN, wascalculated.
by 16 out of the 20 stations exhibit trends, of which four ane

£l spcngw

statistically significant( Table 3). These stations are located in
Geauteng and along the west coast, with mcreases of =023
evenits ym.r_' for the period 1960-2016 Cape Agulhas ex-
hibits the only rate increaseof 001 events year™ in TR, TH,
oVents

4.5 Warmn spell duration indicator and heatwaves

Must of the stations | 1§ of 20) experience increasing mends in
WDSL en of which are statistically significant (Fig. 6a).
These stations are located in the Froe State, Gauteng,
EwaZulu-Matal, Linpopo, Morthern Cape and the Westem
Cape province, with increases of = 022 days wear ' for the
period 1960-2016 (Tahle B). The Speaman's rank correlation
cocificient display similar results. Mo substantial rate of the
increasing trends is found in the stations ( Table ).

All sampled stations experience an increasing rend in
WEDs (Fig. 6lx Table B), 15 of which are statigtically signif-
icant. These statistically s gnificant stations are located in the
Free Stie, Gavieng, Morthemn Cape, Limpopo, Morth West,
Eastemn Cape at Dohne, EwaZulu-Matal at Cedara and
‘Western Cape province, which experience rate increases of
=0.09 days vear © in WSDI, (Fig 6b; Table . Smaller in-
creasing trends are evident in the coastal stations, except for
Cape Agulhas, Cape Columbine and Mosselbay with raie
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imcreases between 0,09 and 0.25 days year ' (Table ). The
overall calculated rate increase i 030 days year ' for fhe
WEDI, index over the country {Table §).

Most of the stations (19 of 20) experience an increasing
trend in heatwave events (HWN, Fig. 6c), seven of which
ane statistically significant. These stations are located in the
Free Stie, Gavieng, Limpopo, Northem Cape and Westem
Cape province, with linear rate increases of =0.02
events year © (Table #). Kimberley is the only station
cxperiencing a docreasing trend. The strongest lincar rate in-
creases are evident in Limpopo, Gauteng at Zuurbekoom and
the Western Cape province at Cape Agulhas with rabe in-
creases of >0.05 events year | (Table §). An overall, calen
lated lincar rate increase of 0U03 evenis year ' has boen found
for heatwave events across the country (Table ).

The HWD index identifies the length (days) of the
heatwaves identified by the HWN index. The results indicaie
that the number of days has increased, with an overall caleu-
lated linear rate increase of (04 daysvear ' Table 8). Most of
the stations { 1§ of 200 experience increasing trends in HWD,
throe of which are statistically significant (Fig. 6d). These
significant stions are locaked in te Easiem Cape at Port
Elizabeth, Gauteng at Zuurbschom and Limpopo province at
‘Warmbad Towoomba, which experience lincar rate increases
between 0,03 and 0.16 days year ° (Fig. &d: Table ).
However, linear rate incresses of = 0.05 daysivear | are ako
evident in non-significant stations: Johannesburg Int, Durban
and Wrybarg (Fig &d Table ). Decreasing trends ane ealen-
laied for te two remaining stations Codara and Kimberley,
with only the later experiencing a lincar i docresse of
001 days year ' (Table §).

5 Discussion

This study i the first to apply the ET-SCT thermal stress indi-
oes to South A frica, exploring the incidence of wanm extreme
enperature events for the perind 1960-2016. The general
findingsof the ETOCD and ET-8CT indicate a w arming trend
and am increase in exipeme wamm temperstune events on an
anmieal and seasomsl time seale over the sidy period. These
findings arc in agrogment with the increasing global mean
emparature rends (Yatim et al 2019, NOAA 20200, in-
creases in extreme warm temperature and increases in the
froguency of incidence of hot days (Hartmann et al. 2013;
Mueller et al 2016).

Consistent with previous studes on extreme wam events
in Sowth Africa (e.g. Kmuger and Sekele 2013; Mackelaretal
200 4; Eruger and Mxumale 201 T), most of our findings on an
annual and seasonal time scale are in partial agroement.
However, this sudy presents the first comprehendsive seasomnal
trend analysis results of T, Ty, TXO0p and THNp.
Observations on a seasonal timescale are very important

Unscasonably wammer temperatures may increase the risk of
heat stress, due to an unprepared population (Lee 2014,
Foumnda et al. 2019). Changes in scasonal temperatures may
bring about shifis in the onset and length of growing seasons
{Thorton t al. 2014) and contribuie to a reduction in crop
(Lamedmam et al. 2017) and grape yiclds { Araujo ot al 2016)
in particular in te Western Cape. The wamer temperabure
may delay and advance scasonal phenological events
(Fitchett et al 2019).

This sudy presents the first trend analyss of the frequency
of annual hot days where TX iz abowe 259C (S125) and of
seasonal by hot days where TX is shove 35 0. These events, in
terms of a positive anomaly, may be an important elassifier of
the degree of heat stress. The ‘core bindy temperature in
humens ncresses significantly, from exposune 0 these high
empseratures ( Mowenya ot 8l. 20 18), whichmay lead i higher
risks in the mortality rake due to heat stres, caused by nade-
qute housing and infrastroctine tooope with e intense heat
(Pasguini et al. 2003, Nana et al. 2019, Chersich and Wright
201%.

Our results demonstrae a general increase in warm spell
days (WEDT) over a 50-year period, providing an etension to
e work of Kmgerand Moumalo (2007). Stdies have found
theatithe WD index isless effective to measune the frequency
and indensity of heatwaves (Perkins et al 2012; Panda et al
2014, for the reason that 6-day consecutive warm spell events
are manely identified (see WEDI definition in Table 2).
Therefore, WSDI;, HWN and HWD indices wene used to
identify shorter wam spelk {heatwaves). Together with the
TX;TH, index, which identify two consecutive warm days
and night events. Reseanch shows that it is not always daytime
hezat which is responsible for morbidity and mortality; umans
noed conler night temperatures to rocuperate to handle ex-
treme heat te following day (Perkins 20015). A significant
increase in WEDT index was found, together with a gensral
increase in heatwave events (HWHN) and the number of
heatwave days (HWD). Heatw aves can have significant im-
pacts on many difforent seciors (Panda et al. 2014), in partic-
ular in & Sowth African context. Extreme heat evenis disropt
agricultural practices and decrease crop yiekds { Mangani et al
2018, which could have dire effects on the Froe Staie's grain
production and Wesiem Cape s wine production. Heatwaves
may devastie energy sysiems bocause with higher empsora-
tres, the demand for electricity increases to supply air condi-
tioners and fans (Lubega ot al 2018). Heatwaves also disopt
eopaysems, 8study found thatheatw aves induce fitness costs
in birds which negatively impact their nesting growth and
survival (Malhebe et al, 2016, Van Wilgen ot al. 2016).
Extreme heat can alse contribute to and exacerbate
wildifires—as has hoon seen inthe 20192020 Awstralian fires
{Elbsbes, 20020, This poses <ignificant threats to planttions and
natipnal parks, particularly in KwaZulu-Natal, Mpumalanga
and the Weatern Cape (Davis-Roddy and Vincent 20017).
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Heatwaves alsp have an ingsact on tourism; it has boen found
that temperatures play a significant role in outdeor tourism
and iourist activities (Moome and Fitchett 20 19). Tourist tends
i stay indoors during heatwave events and & not abways as
accistomed to these warm events {Fiicheit and Hoegendoom
2008).

Extreme warm temperatures could have dire impacts and
may result in human fatalities. An example of this are the
health impacts and mortalities tat resaulied directly from the
2003 European and 2010 Russian heatwaves and the secomnd-
ary impack on ecosysbems and socioeconomic development
that persisted long afier (Perkins et al. 2012; Ragone ot al
2018). The increase in the froquency, duration and ntensity
of these event may anmplify these impack, particularly in a
developing country such as South Africa, with a low adaptive
capacity | Davis-Reddy and Vincent 201 7).

Our findings are in agreement with previous sdies indi-
cating & genoral increasing trend in ectneme Warmn ennpse ratme
and heatwaves {e.g. Kmgerand Sckele 20013; Mackellaret al
2014; Kruger and Nxumale, 2017). Similar to the findings of
Eruger and Sekele (2013) and Kreger and Noumalo (2007),
the majority of inkerior sations experienced a statistically sig-
nificant increasing rend in froquency of warm days and warm
apell duration days, compared i tee coastal stations. These
spatial patiems coincide with rocent projection sudies indicat-
ing that there is a notable increase in frequency of wam spells,
but ke 20 in the south eastem part of the country (Kruger
etal 2009

Large-scale climate drivers, such as the El Nifio Southem
Ol lation (ENSO) and the Indian Ocean Dipole (IOD), af-
foct the nature and timing of warm extreme teniperafunes
events (Baudoin ot al. 2017, together with loeal and regionsl
synoptic circulation systems over ihe country. For instance,
e decrease of wamm days (TX 90p) and nights (THN0p) in
winter ¢oincides broadly with thetiming of movement of cold
fronts over the subcontine nt (Lennand, 2009 . The increase in
warm days i the inderior stations canbe linked to the subtrop-
ic high-pressure sinated in the interior pars of tw country
during summer (Kmger et al 2010). Furthermore, studies
suggest that anthropogenic forces (Angélil et al. 2017) may
play a role. Howewer, less research is focused on understand-
ing these nel stionships betwoen exireme heat events and largpe-
scale mades of climate variahility and synoplic patiems in a
South African context This is an important svenue for fuhre
reseanch,

As for any study, thee ane limistons. The ETCCDT and
ET-8CT are far more robust approaches to assessing the oc-
currence of extreme temperature events, and preference
should be given for these over ad-hoc local definitions. That
said, when assessing the impact on human thermal comfort
and stress, more complex indices such as the Universal
Thermal Climate Index (UTCT) provide greater insight (Di
Mapolietal 2018). This forms an important svenue for fuhre

i Soduger

reseanch. This sudy is the first to eoplone ectreme tennpse ratune
events at aseasonal scale for South Africa Assessing extreme
emperature relative i a period of lower homogeneity allows
for aseasonally warm winier days and ascasonally cold sum-
mer days i be classified as extreme events, which is impor-
mnt in terms of proparodness relating o clothing, outdoor
activity and indoor temperature control. The seasonal brackets
selected facilitie spatial analysis across the couniry but over-
estimate the length and timing of the shoulder seasoms | Van
der Walt and Fiichett 20200 Recent findings sugoest, based
on Eenperature metrics, that te South Affican summer is
longer exiendng from October to Manch (Wan der Walt and
Fichett 20200 Finally, while the selection of 20 stations rep-
resent the full database with sufficient peried of coverage and
compeeness, and hes boen deemed sufficient for e spatial
coverage of South Africa (Krgerand Naumalo 2017), it does
limit the accuracy of the ID'W spatia] intenpolation. Future
work should seek to e the intapoktion accuracy betweon
stations, if even fivom reoonds of shorer duration, and ongoing
efforts to improvethe climate monitoring in Souty Africa are
weloomid:

& Conclusion

This study provides one of the first comprehensive assessment
on an snmial and seasonal scale of extreme wanm e mporatune
events in South Africa, for the period 1960-2006. The findings
ofboth the ETCCD and ET-SCT indices produced sign ficant
resulis; however, the ET-SCT are mone useful and can be ap-
plied in conjunction with many important sectos i a South
African perspective. These findings have inportant implica-
tions on our nahwal system as well a5 society and set a proce-
denit for likely futre changes in eotreme heat events resulting
from further anthropegenic global warming. Furthe rmore, these
results of eoreme tenporatune events are crucial i onder to
frame mitigation and adaption straiegies i counter the impacs
of climate change, in an already vulnerable country.
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