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ABSTRACT

Heat waves are warm extreme temperature events that have environmental and socio-
economic impacts in many regions across the world. Negative impacts of warm extreme
temperatures over South Africa necessitate the need to study the nature of heat waves.
Observations and satellite datasets are analysed in the investigation of the nature and trends
of heat waves over South Africa in the present (1983-2012) and future (2010-2039, 2040-
2069, 2070-2099) climates. Case study and composite analysis of National Centers for
Environmental Prediction datasets were done using the Grids Analysis and Display Systems
to get an in-depth understanding of the structure of heat waves in South Africa. Future
climate model output obtained from the Conformal Cubic Atmospheric Model was used for
future heat wave trends in South Africa. The simulations were made using the
Representative Concentration Pathways 4.5 and 8.5. Heat waves are unusual events in the
present climate (1983-2012) over much of the country, with 20 of the selected 24 stations
experiencing an average of less than one heat wave per season. Heat waves are also more
frequent and last longer during warm phase of El Nifio-Southern Oscillation (ENSO) than in
cool phase of ENSO with the north-east being the most prone region. Composite analysis of
500 hPa omega indicates subsidence over the interior of South Africa in both phases of
ENSO. Heat waves in South Africa are localized and associated with a middle level high
pressure system that persists over the interior inducing anticyclonic flow and subsidence.
The anticyclonic circulation over a region experiencing heat wave weakens with decreasing
height over land areas which may be due to frictional forces at the surface and the high is
placed further south-east at the surface. Advection of dry continental northerly winds also
contributes to high maximum temperatures during heat waves in the interior. Maximum
temperatures are expected to increase drastically from the present-day climate to the 2070 —
2099 period, with an average increment of about 8°C during DJF in much of the central
interior. As a result, heat wave occurrences are expected to be higher in the future warmer
climates when climate change signal is higher. Most increases are expected for heat waves
lasting for a week than those lasting for over 2 weeks. CCAM outputs also indicated that
heat waves in South Africa are expected to last longer and become more intense during the
future warmer climates. Longer lasting and more intense heat waves are expected over the

Karoo than in other parts of the country.

Key words: Heat wave variability; Thermal discomfort; Atmospheric structure; CCAM; RCP.
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To my late parents, Saraphinah Zulu and Simon Mbokodo

“There will be booth for shade by day from the heat, and for a refuge and a shelter from the

storm and the rain”.

- lIsaiah 4:6 (The Holy Bible, English Standard version)
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February 1992 and 12 February 1992. The labelled region experienced a heat
wave.

: Average daily maximum temperature (°C) over South Africa between 17
February 1983 and 27 February 1983. The labelled region experienced a heat
wave.

: Geopotential height (m) and vector winds (m/s) at 500 hPa (a) and at 850
hPa (b) over South Africa during the 6-day lasting heat wave (4 June 2000 to
9 June 2000) over Port Nolloth. Colour bar indicates wind strength in m/s.

: Anomalies of RH (%) at 500 hPa (a) and OLR anomalies (W/m?) at 200 hPa
(b) during the 6-day lasting heat wave in Port Nolloth from 4 June 2000 to 9
June 2000 over South Africa.

: Geopotential height (m) and vector winds (m/s) at 500 hPa (a) and at 850
hPa (b) over South Africa during the 7-day lasting heat wave (6 February
2010 to 12 February 2010) over Richards Bay. Colour bar indicates wind
strength in m/s.

: Anomalies of RH (%) at 500 hPa (a) and OLR anomalies (W/m?) at 200 hPa
(b) over South Africa during the 7-day lasting heat wave in Richards Bay from
4 June 2000 to 9 June 2000.

: Geopotential height (m) and vector winds (m/s) at 500 hPa (a) and at 850
hPa (b) over South Africa during the 9-day lasting heat wave (23 February
1992 to 2 March 1992) over Punda Maria. Colour bar indicates wind strength
in m/s.

: Anomalies of 500 hPa RH (%) (a) and 200 hPa OLR anomalies (W/m?) over
South Africa during 9-day lasting heat wave in Punda Maria from 23 February
1993 to 2 March 1992.

: Geopotential height (m) and vector winds (m/s) at 500 hPa (a) and at 850
hPa (b) over South Africa during the 8-day lasting heat wave (4 January
2012 to 11 January 2012) over Twee Rivieren. Colour bar indicates wind
strength in m/s.

: Anomalies of RH (%) at 500 hPa (a) and 200 hPa OLR anomalies (W/m?)
(b) over South Africa during the 8-day lasting heat wave in Twee Rivieren
from 4 January 2012 to 11 January 2012.

: Geopotential height (m) and vector winds (m/s) at 500 hPa (a) and at 850
hPa (b) over South Africa during the 11-day lasting heat wave (3 February
1992 to 12 February 1992) over Queenstown. Colour bar indicates wind
strength in m/s.

: Anomalies of 500 hPa RH (%) (a) and OLR anomalies (W/m?) at 200 (b)
over South Africa during the 10-day lasting heat wave in Queenstown from 3
February 1992 to 12 February 1992.

: Geopotential height (m) and vector winds (m/s) at 500 hPa (a) and at 850
hPa (b) over South Africa during the 11-day lasting heat wave (17 February
1983 to 27 February 1983) over Marico. Colour bar indicates wind strength in
m/s.

© University of Venda



Figure 5.22

Figure 5.23

Figure 5.24
Figure 5.25

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8
Figure 6.9
Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

)
o

&5 ) university of Venda
C

: Anomalies of RH (m) at 500 hPa (a) and OLR anomalies (W/m?) at 200 hPa
(b) over South Africa during a heat wave in Marico from 17 February 1983 to
27 February 1983.

: Monthly soil moisture anomalies (mm/month) over South Africa during
longest lasting heat waves per thermal regions (A — F).

: 500 hPa omega during heat waves in La Nifia seasons from 1983 to 2012.
: 500 hPa omega during heat waves in El Nifio seasons from 1983 to 2012.

: Comparisons between simulated RCP4.5 and RCP 8.5 10", 50" and 90"
percentiles of DJF average maximum temperature (°C) during 1983-2012.

: Comparisons between simulated RCP4.5 and RCP 8.5 10", 50™ and 90™
percentiles of JJA average maximum temperature(°C) during 1983-2012.

: Comparisons between simulated RCP4.5 and RCP 8.5 10", 50™ and 90™
percentiles of DJF average maximum temperature (°C) difference between
2010-2039 and 1983-2012.

: Comparisons between simulated RCP4.5 and RCP 8.5 10", 50™ and 90"
percentiles of JJA average maximum temperature (°C) difference between
2010-2039 and 1983-2012.

: Comparisons between simulated RCP4.5 and RCP 8.5 10", 50™ and 90™
percentiles of DJF average maximum temperature (°C) difference between
2040-2069 and 1983-2012.

: Comparisons between simulated RCP4.5 and RCP 8.5 10", 50" and 90"
percentiles of DJF average maximum temperature (°C) difference between
2070-2099 and 1983-2012.

: Comparisons between simulated RCP4.5 and RCP 8.5 10", 50" and 90"
percentiles of JJA average maximum temperature (°C) difference between
2070-2099 and 1983-2012.

: Simulated RCP4.5 heat wave thresholds (°C) of the 6 ensemble members.
: Simulated RCP8.5 heat wave thresholds (°C) of the 6 ensemble members.

: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90" percentiles
of DJF heat wave frequency during 1983-2012.

: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90" percentiles
of MAM heat wave frequency during 1983-2012.

: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90" percentiles
of JJA heat wave frequency during 1983-2012.

: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90" percentiles
of SON heat wave frequency during 1983-2012.

: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90" percentiles
of DJF heat wave frequency during 2010-2039.

: Comparisons between RCP4.5 and RCP 8.5 10™, 50" and 90" percentiles
of SON heat wave frequency during 2010-2039.

Xi

© University of Venda



Figure 6.16

Figure 6.17

Figure 6.18

Figure 6.19

Figure 6.20

Figure 6.21

Figure 6.22

Figure 6.23

Figure 6.24

Figure 6.25

Figure 6.26

Figure 7.1

Figure 7.2

)
o

&5 ) university of Venda
C

: Comparisons between RCP4.5 and RCP 8.5 10™, 50" and 90" percentiles
of JJA average duration during 2010-2039.

: Comparisons between RCP4.5 and RCP 8.5 10™, 50" and 90" percentiles
of JJA Intensity (°C) during 2010-2039.

: Comparisons between RCP4.5 and RCP 8.5 10™, 50" and 90" percentiles
of DJF heat wave frequency during 2040-2069.

: Comparisons between RCP4.5 and RCP 8.5 10™, 50" and 90" percentiles
of MAM Intensity (°C) during 2010-2039.

: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90" percentiles
of SON Intensity during 2010-2039.

: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90" percentiles
of SON heat wave frequency during 2070-2099.

: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90" percentiles
of JJA average duration (days) during 2070-2099.

: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90" percentiles
of DJF Intensity (°C) during 2010-2039.

: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90" percentiles
of MAM Intensity (°C) during 2010-2039.

: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90" percentiles
of JJA Intensity (°C) during 2010-2039.

: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90" percentiles
of SON Intensity (°C) during 2010-2039.

: Annual average number of heat wave days between 1961 and 1990 over
Africa (Source: Engelbrecht et al. 2015).

: Theoretical changes in climate variable: the sequence indicates change of
temperature extremes when the mean, variance, and both mean and variance
of temperature increases in the future warmer climate (Source: IPCC 2001).

xii

© University of Venda



Table 3.1
Table 3.2
Table 3.3
Table 3.4
Table 3.5
Table 3.6

Table 3.7
Table 3.8
Table 3.9
Table 4.1
Table 4.2

Table 4.3

Table 4.4

Table 5.1

)
o

&5 ) university of Venda
C

LIST OF TABLES
- SAWS weather stations utilized in this study

. List of relevant ETCCDI indices utilized in this study

: Summary of South African thermal regions

. Classification for the SPI values (Source: Hayes et al. 1999)

: NDVI typical values for several cover types (Source: Holben 1986)

: Table 3.6: Daily temperature forecast terms used at SAWS, as of 1 May
2008

: Historical El Nifio and La Nifia (Source: Jan 2015)

: Thom’s degree of discomfort (Source: Thom 1959)

: List of ensemble members used in this study

: Annual maximum and minimum temperature trends from 1983 to 2012

: Trend results for extreme temperature trends from 1983 to 2012 (* indicates
significance at the 95% level of confidence)

: Hottest month per station and its average maximum and minimum
temperatures, and average number of heat waves per season.

: Longest lasting heat waves per station (* indicate stations that recored the
longest lasting heat waves per thermal region).

: Thermal discomfort indices during the longest lasting heat waves in each
cluster region

xiii

© University of Venda



)
o

&5 ) university of Venda
C

LIST OF ACRONYMS

CCAM Conformal Cubic Atmospheric Model

CSIR Council for Scientific and Industrial Research

CSIRO Commonwealth Scientific and Industrial Research Organisation
DJF December-January-February

DTR Diurnal temperature range

EA Enumeration area

ENSO El Niflo-Southern Oscillation

GHG Greenhouse-gas

GIS Geographical information system

GPCP Global Precipitation Climatology Project

GrADS Grids Analysis and Display System

HI Heat index

HWDI Heat wave duration index

JIA June-July-August

KNMI Royal Netherlands Meteorological Institute

LST Land surface temperature

MAM March-April-May

MSD Monthly Standard Deviation

NASA National Aeronautics and Space Administration

NCEP/NCAR National Centers for Environmental Prediction-National Center for

Atmospheric Research

NDVI Normalized Difference Vegetation Index
NH Northern hemisphere
NMC National Metrological Center
NOAA National Oceanic-Atmospheric Administration
NWP Numerical weather prediction
OLR Outgoing longwave radiation
RCM Regional climate model
RCP Representative Concentration Pathway
RH Relative Humidity
Xiv

© University of Venda



SAWS
SH
SOl
SON
SST
UHI
USGS
WMO

)
o

&) university of venda
) Creating Future Leaders
C

South African Weather Service
Southern hemisphere

Southern Oscillation Index
September-October-November
Sea surface temperature

Urban heat islands

United States Geological Survey

World Meteorological Organization

XV

© University of Venda



7S
>

(o

&5 ) university of Venda
C

CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 General introduction

Weather and climate extremes have adverse effects on society. Climate change has
resulted in frequent occurrence of extreme weather events in recent decades (Shongwe et
al. 2009). Several studies also indicated that extreme weather events are not only occurring
more frequently, but they are becoming more intense and more severe (e.g. Clark et al.
2006; Fischer and Schar 2010). Vulnerability to extreme weather events is highly variable
across the world, depending on economic status. The poorest are likely to be hit the hardest
(IPCC 2012).

There is no single definition of an extreme weather event as they may be quantified in terms
of their intensity and impact on both the natural environment and the economy (Beniston and
Stephenson 2004; Stephenson 2008). Stephenson (2008) also indicated that occurrences of
extreme events are rare. Climate extremes such as floods, droughts and heat waves have
become topical issues since they triggered most natural disasters over the past decades

(Shongwe et al. 2009), that can potentially affect humans and the natural environment.

Floods and strong winds can cause damage to property and lead to fatalities. Droughts and
heat waves can drastically increase death rate of a particular region (Stefanon et al. 2012).
Characteristics of extreme events are thought to be changing, and expected to change
because of global warming. Global warming can simply be defined as increasing
atmospheric temperatures (Crichton 2003) and it is caused by an increase in anthropogenic

greenhouse gases (GHGSs) such as carbon dioxide, Chlorofluorocarbon and methane.

Global emissions of GHGs are observed to be increasing in different parts of the world
(Houghton et al. 2001), with anthropogenic activities being the main driver for this increase
resulting in warming of the atmosphere (Le Quéré et al. 2009; Cook et al. 2013). Over
southern Africa, greatest warming is observed in South Africa (Figure 1.1). Anthropogenic
activities have a bigger role in altering global probabilities of the occurrence and intensity of
both weather and climate extremes (Peterson et al. 2013). However, these changes may not
necessarily be the same on regional basis, as different regions are characterized by varying

weather and climate features.
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South Africa is a country characterised by a variety of weather conditions with floods and

droughts being regular features of the summer climate (Rouault and Richard 2005). The

country experiences strong austral summer rainfall gradient (Figure 1.2), where the eastern

part is relatively wetter compared to the western part. Strong vegetation gradient is also

observed over the study area (Figure 1.3), which is consistent with mean rainfall. There is

significant rainfall variability over South Africa on a range of spatial and temporal scales and

the country is also subjected to serious drought and flood events (Tyson 1986).
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Figure 1.1: University of East Anglia’s Climate Research Unit DJF
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Figure 1.2: October-March mean Global Precipitation Climatology Project precipitation
(mm/day) over South Africa from 1983-2012.
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The country also experiences little north-south temperature variation, but vary considerably
from east to west resulting from the Agulhas current bringing warm and moist air on the
eastern part of the country, and Benguela current bringing cold air in the western part
(Benhin 2006). South Africa is also characterised by warm climate and average annual
temperature >17°C in most regions across the country (Archer et al. 2010). Much of the
country shows positive temperature trends (Kruger and Shongwe 2004; New et al. 2006;
Kruger and Sekele 2013), in response to an increase in GHGs concentration.
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Figure 1.3: Oct-Mar mean NDVI over South Africa from 1983-2012.

Subtropical high pressure systems play a crucial role in weather and climate of subtropical
regions (Sinclair 1996). South Africa is located in the subtropics between two semi-
permanent subtropical high pressure systems, the South Atlantic high on its adjacent
western part and the South Indian high on the eastern part. Several studies have suggested
that there is a strong connection between heat waves over land areas and persistent

blocking high pressure systems (e.g. Palecki et al. 2001; Galarnean et al. 2012).

In addition to floods and droughts, South Africa is also prone to heat waves. Floods and
droughts have received rigorous research in South Africa, with less attention to heat waves.
Meehl and Tebaldi (2004) determined an increase in global heat wave frequency, intensity
and duration but also argued that projections of most extreme events are not evenly

distributed across the world and are characterised by changes in large scale circulations.
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Other studies (e.g. Karl and Knight 1997; UnkasSevica and ToSic 2009) also have noted a
high possibility of heat waves becoming more frequent, intense and also lasting for longer
durations as a result of increasing mean temperatures in most regions. A heat wave event

occurs when there is hot weather for several days (Robinson 2001).

There is also a link between sea surface temperature (SST) and the occurrence and
intensity of heat waves over a region (Feudale and Shukla 2007). During the 2003 boreal
summer, Europe was affected by an intense heat wave and the Mediterranean SSTs were
above normal with anomalies ranging from 2°C to 4°C. Feadale (2006) indicated that the
persistent anticyclonic circulation which led to the occurrence of heat wave during this period
was linked to warm SSTs of the Mediterranean Sea. Feudale and Shukla (2010) suggested
that mechanisms at the surface (land surface and sea surface) play a crucial role in the
variability of both precipitation and temperature, and can result in favourable condition for

heat wave occurrences.

There are several causes of heat waves, which include warming of the lower troposphere
(Unkasevica and Tosic 2009). Other factors such as lack of convective rainfall together with
summer temperature lead to soil moisture deficits and can results in the occurrence of heat
waves in a certain region (Brabson et al. 2005). Soil moisture deficits are observed during
heat waves since there is usually a joint occurrence of heat waves and droughts (Lyon
2009). Higher atmospheric temperatures are favourable to tropical diseases such as malaria.
Frequent cold front passages can terminate heat waves over a region (Kysely 2010)
because of the decline in temperature behind a cold front.

Heat waves are strongly connected with large scale anticyclonic patterns, which cause
subsidence and produce very warm and dry environmental conditions over a region
(Patulikof et al. 1996). This can result in prolonged drought that may lead to desertification
(Palutikof et al. 1996). Dryness and high temperatures are ideal conditions conducive for the
occurrence of forest fires that can rage out of control over large areas. Fires destroy crops,
both forestry and agricultural, and can also destroy the ecological balance within vegetation
and fauna. Impacts of heat waves to ecosystems and human society are severe when the
hotness over a region prevails for extended periods (UnkaSevica and ToSic 2009). But
understanding of heat waves in the present climate can enhance forecasting ability which

may reduce negative impacts arising from these events.

Several studies have indicated that there is a strong linkage between heat waves and
droughts (e.g. Chang and Wallace 1987; Lyon 2009; Albright et al. 2010: Williams 2014;
Mazdiyasni and AghaKouchak 2015). Heat waves usually tend to be more frequent during

the positive phase of El Nifio-Southern Oscillation (Lyon 2009), and eastern part of southern

4
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Africa experience negative rainfall anomalies during this period (Davis 2011). While rainfall
deficits can be a contributor to extreme temperatures, heat waves also result in a decrease
in convective precipitation ((Mazdiyasni and AghaKouchak 2015) because of the subsiding

nature of air during heat waves (Palutikof et al. 1996).

1.2 Problem statement

Temperature trends over South Africa have been investigated in several studies (e.g.
Muhlenbruch 1992; Karl et al. 1993; Kruger and Shongwe, 2004; New et al. 2006; Tshiala et
al. 2011); however, other studies had contrasting findings. New et al. (2006) suggested an
increase in both minimum and maximum temperatures, however with steeper increase of
maximum temperatures than minimum temperatures. Karl et al. (1993) suggested an
increase in daily maximum and minimum temperatures, with decreases of diurnal
temperature range in South Africa. These findings were in contrast to earlier findings of the
study of Muhlenbruch (1992), which reported an increase in minimum temperature but
decrease in maximum temperature. In this research, heat wave occurrences are analysed,
providing trends of diurnal temperature range, minimum and maximum temperatures in the

process, improving findings on temperature trends.

The occurrence of heat waves may lead to ilinesses, particularly on children and the elderly
(Vandentorren et al. 2006) which may result in an increased mortality rate. Heat waves can
impact on water supplies through increased evaporation rates, can also damage crops and
vegetation in general. Thus, understanding climatological features of heat waves can help in
predicting its future characteristics as well. Inasmuch as heat waves have been extensively
studied in areas such as Europe (e.g. Beniston 2004; Cassou et al. 2005) and Australia (e.qg.
Perkins et al. 2013; Nairn and Fawcett 2013; Boschat et al. 2014), the study of heat waves
has not received rigorous research attention in South Africa even though they have
devastating impacts on society and livelihoods. Hence this study provides a better
understanding of heat waves in the context of South Africa. It has been noted that there is a
considerable variation of heat wave impacts from region to region (Hunt 2007). Studying

heat waves is also important because the probability and vulnerability changes over time.

Heat waves also have negative impacts ranging from agricultural yields to health problems.
Heat waves may minimize crop production since it is known that environmental factors such
as temperature and soil moisture are determinants factors of yields (Waggoner 1983). Heat
waves can also affect the economy of a region through extensive usage of air conditioners
as a mitigation strategy to heat stress (Maller and Strengers 2011). Several studies have

indicated that heat waves can cause health problems that may lead to death (e.g. Larsen
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2003; Fischer 2007). The impacts of heat waves to agriculture, economy and on human

beings highlight the necessity to study the occurrence and nature of these events.

Duration, frequency and intensity of extreme events are subjected to increase according to
dynamical model projections for the 21% century (Perkins et al. 2013). South Africa
experiences severe weather events such as floods, droughts and heat waves. However,
more research has been done on floods and droughts with less focus on heat waves,
especially in the southern hemisphere. The impacts of heat waves to agriculture, wildlife,
economy and on human beings highlight the necessity to study the occurrence and nature of
these events. In depth knowledge about the occurrence of heat wave will assist different
stakeholders in decision making which seek to prepare appropriate mitigation and/or

adaptation strategies which can minimize negative impacts of heat waves.

Several studies focussed on seasonal heat waves (e.g. Kunkel et al. 1996; Karl and Knight
1997; Beniston 2004; Fink et al. 2004), with limited research done on short lived heat waves.
Short lived heat waves can result in wildfires, since it is known that these heat waves usually
occur during droughts, when the vegetation is dry. In 1995, a heat wave which only lasted 3
days killed about 700 people in Chicago (Karl and Knight 1997), so it is evident that short
lived heat waves can negatively impact on human livelihoods by increasing atmospheric
temperatures which may result in illnesses or even deaths, and also through inducing

wildfire that can damage property.

1.3 Aim

The aim of this study is to analyse the variability, meteorological structure and trends of heat
waves over South Africa in the present (1983 to 2012) and future climate (2010-2039, 2040-
2069, 2070-2099).

1.4 Specific objectives
a) To identify and examine characteristics of heat waves over South Africa from 1983 to
2012.
b) To analyse the spatial and temporal heat wave variability from 1983 to 2012.
¢) To determine large scale circulation patterns and meteorological structure associated
with heat waves.
d) To model heat waves in warmer future climate (2010-2039, 2040-2069, 2070-2099).

1.5 Research questions
a) What are the characteristics of heat waves in South Africa?
b) Which large-scale climate features are associated with heat waves?

¢) Which regions in South Africa are more prone to heat waves?

6
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d) Will heat waves become more frequent, intense and longer in the projected warmer

future climate?

1.6 Study area

The study area of this work is South Africa (Figure 1.4), which is the southern tip of the
southern African subcontinent, found in the subtropics between 22°- 34°S and 16°- 32°E.
South Africa is the area of interest because of its high degree of climate variability on
different time scales. Owing to its latitudinal location, weather and climate of the country is
affected by temperate and tropical latitude circulation systems and also by the high pressure

systems in the subtropics which are semi-permanent (Mukheibir and Sparks 2006).
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Figure 1.4: South Africa, which is the area of interest and the adjacent oceans.

South Africa is characterized by spatial variation in temperature, warmer in the interior but
relatively cooler in coastal regions (Kruger and Sekele 2013). The country is characterized
by extreme events such as heat waves, droughts and floods on different time scales
(Mukheibir and Sparks 2006). Because of the rising mean temperatures on a global scale
(Orssengo 2010), heat waves are also expected to be more frequent over the country
(Engelbrecht et al. 2015) and that might pose an increased threat on human health. Other
sectors such as water sector may also be in intense stress because of the known

relationship between heat waves and droughts (e.g. Lyon 2009; Williams 2014).

The country is made up of nine provinces, namely Gauteng, Eastern Cape, North West,
Northern Cape, KwaZulu-Natal, Limpopo, Mpumalanga, Free State, and Western Cape.

South Africa is between oceans, the South Indian Ocean on the east adjacent side and
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South Atlantic Ocean on the west adjacent side. The country lies well above 850 m, with an
exception of the low-altitude coastal areas. The country is also characterised by a central

plateau which is moderately elevated (Figure 1.5).

20°S

25'S
I

Latitude
T

30°'s
|

35°S
|

10°E 15°E 20E 25'E 30°E 35°E
Longitude

0

1000 2000 3000 4000 5000 6000 7000 8000 9000 1000C
elevation [m]

Figure 1.5: Elevation (m) of South Africa, showing that much of the region lies well above
800 m, with an exception of the low-altitude coastal plains.

The topographical variation and the adjacent oceans also influence weather and climate of
South Africa. The elevated central part experiences continental temperatures, while SSTs
play a major role in influencing temperatures in coastal regions, which experience moderate
temperatures throughout the year (Kruger 2008). The escarpment which is about 1 200 m
above sea level, experiences cold winters while summer seasons are relatively hot (Archer
et al. 2010). The escarpment reaches about 3 500 m in the eastern part of the country and
act as a boundary between the interior and coastal regions (Kruger 2008).

Ocean currents play a huge role in South African weather: the warm Agulhas advects warm
water from the subtropics to coastal regions in the mid-latitudes, often causing rainfall to
increase over the adjacent lands in the eastern parts of the country (Jury et al. 1992). The
cold Benguela current along the west coast and the warm Agulhas current, which retroflect
near Cape Agulhas, have contrasting influence on the weather conditions of the adjacent
coast and interior areas. Kruger (2008) suggested that the Benguela current causes cause
dry and cold weather condition along the western coast, while the Agulhas current cause

moist and warm condition along the eastern coast.

© University of Venda



7S
>

(o

&5 ) university of Venda
C

1.7 Definition of key terms

a)

b)

d)

Heat waves: There is no standard definition of heat waves. This study define heat
wave as an event when for at least 3 consecutive days maximum temperature (Ty) of
a certain region is 5°C higher than the daily mean of the hottest month.

Heat wave occurrence: Definition of heat wave occurrences in this work includes two
components; heat waves frequency and duration. It is defined as the number of heat
waves events that has occurred in a given summer season, and the number of days
in each event.

Diurnal temperature range (DTR): It is defined as the difference between Ty and
minimum temperature (Ty). DTR can be calculated for daily, monthly and annual time
scales. DTR equation (1.1) is given below.

DTR=Tx-Ty (1.1)

ENSO: El Nifio-Southern Oscillation (ENSO) phenomenon is an irregular equatorial
Pacific Ocean SST variation which affects weather and climate across the world
(Davis 2011). There is a joint occurrence of droughts and heat wave occurrences
(Chang and Wallace 1987; Lyon 2009), and warm phase of ENSO is associated with
droughts over southern Africa.

Thermal comfort; It is the condition of mind that expresses satisfaction with the
thermal environment and is assessed by subjective evaluation (Yousif and Tahir
2013).

1.8 Dissertation outline

This dissertation has 7 chapters and the chapter outline is as follows: -

Chapter 1: The first chapter provides the general introduction of the whole study and
background on the occurrence and nature of heat waves. The chapter also provided
the description of the study area. The main aim, specific objectives, key research
guestions and problem statement of this dissertation were presented here.

Chapter 2: The second chapter provided literature review which is relevant to this
study, and the literature reviewed present different methods of analysis used to
understand the occurrence of heat waves, meteorological systems and large scale
patterns associated with heat waves. It has also provide impacts of heat waves on
society and livelihoods. Present-day climate temperature trends are also presented

here.
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Chapter 3: Description of datasets used in this study to analyse conditions conducive
for heat wave occurrence is presented in this chapter. The chapter also present
different sources of the data used and methods of analysis applied to achieve the
objectives outlined in the first chapter. Temperature which is a major dataset of this
study was obtained from South African Weather Service station observations while
most data sets used will be secondary data; this chapter further indicate procedures
involved in obtaining the data.

Chapter 4: Trends of diurnal temperature range, maximum and minimum
temperatures will be presented in this chapter. Seasonal variability in the number of
hot days will be discussed here. Trends of heat wave occurrences in the present
climate, both inter-annual variability of heat wave frequency and duration are
discussed here.

Chapter 5: Detailed large scale circulation patterns associated with heat waves of
different severity are discussed in this chapter. The chapter also provides
meteorological parameters such as outgoing longwave radiation, wind vector and
relative humidity anomalies to understand the meteorological structure of heat waves
in the perspective of South Africa. Monthly soil moisture and land surface
temperature were also mapped to observe their relationship with heat wave
occurrences. Thermal discomfort index of the selected heat waves will be calculated
in this chapter.

Chapter 6: This chapter provided characteristics of future heat waves over South
Africa. Frequency, duration and intensity of heat waves in the future warming climate
is discussed here. Comparison between present and future heat waves is also
provided here.

Chapter 7: Discussions and general conclusions are presented in this chapter, which
is the last chapter of the dissertation. Summary of key findings are presented here.
This chapter also provides recommendations on what can be done on future studies
to further analyse heat waves, to improve the quality of the results and save more

lives.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Heat wave occurrences can lead to negative impacts in different sectors across the country,
from water resources to energy sector (Zuo et al. 2015). Heat waves can also increase
illnesses or even mortality and morbidity rates (Bi et al. 2011) as some population group are
more vulnerable to heat stress (Peng et al. 2011). Several studies (e.g. Meehl and Tebaldi
2004; Cowan et al. 2014) suggest that heat waves are projected to last longer, become more
frequent and more intense on a global scale. Understanding historical nature of heat waves
over South Africa can assist in formulating mitigation strategies which seek to minimize the

negative impacts resulting from these events in the country.

The aim of this chapter is to provide a literature review about temperature trends and the
nature of heat wave over South Africa. This chapter also seeks to provide an understanding
of heat wave variability, trends, meteorological structure and impacts. There are different
definitions of a heat wave based on the methodology and local conditions of the area of
interest in different studies. Different heat wave definitions are investigated so as to adopt
the one suitable for this study. A detailed relationship between heat waves and droughts is
also provided here.

2.2 Temperature trends in South Africa

It is evident that global warming has a significant effect on in temperature trends in many
regions across the world. Trends include maximum, minimum and difference between the
two temperatures which is termed diurnal temperature range (DTR). The latest
Intergovernmental Panel on Climate Change (IPCC 2013) also stated that over the last
century, there is an increasing trend of global mean temperature and it is largely due to
anthropogenic activities involving enhanced GHG emissions (Trenberth et al. 2007).
Changes in South African temperatures have resulted in an increased (decreased) number

of warm (cold) days and nights (Kruger and Shongwe 2004).

Several studies investigated temperature trends over South Africa (e.g. Muhlenbruch 1992;
Kruger and Shongwe 2004; New et al. 2006; Tshiala et al. 2011; Kruger and Sekele 2012;
MacKellar et al., 2014). Surface temperatures in most of these studies have trends which are
consistent with the general positive trends in recent decades (Donat et al., 2013). However,

the warming in South Africa is not evenly distributed across different seasons. Strongest
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positive trends of surface temperatures are observed in autumn and smallest around spring
(Kruger and Shongwe 2004; MacKellar et al. 2014). The subsequent section provide trends

in DTR, maximum and minimum temperatures.

2.2.1 Maximum and minimum temperature trends

Temperature trends over South Africa are strongly related to anthropogenic greenhouse gas
emissions (Solomon et al. 2007). Temperature trends over South Africa have been changing
between negative and positive over the past century. Jones (1994) suggested that from
1885 to 1915, the country was cooling but an increasing temperature trend was observed for
a 30-year period between 1915 and 1945 (Figure 2.1). Cooling of the atmosphere was
observed again until 1970, where a rapid warming occurred after that. Easterling (1997) also
found a positive trend of mean daily maximum and minimum temperature between 1950 and
1993. However, other studies (e.g. Hulme et al. 2001) found negative trends over South
Africa’s coastal regions, with warming occurring in the central interior of the country,
particularly from 1901 to 1995.

1.0.--'.--.-'.-r.--.--.--|‘

Temperature Anomalies (°C)

_15' —tda a1 PP | 1 at o 1
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Figure 2.1: Atmospheric temperature anomalies over South Africa from 1885 to 1993, with
10-year running mean and 1960 to 1990 non-urban sites temperature anomalies
(Dashed line) (Source: Jones 1994).

Global temperature trends are not necessarily the same with regional temperature trends.
Temperature trends across South Africa. New et al. (2006) suggested an increase in both
maximum and minimum temperatures in South Africa, however with steeper increase of
maximum temperatures than minimum temperatures. Karl et al. (1993) also suggested an
increase in daily maximum and minimum temperatures, with decreases DTR in South Africa,
suggesting the increased rates of minimum and maximum temperatures are not the same.

These findings were a contrast to earlier findings of the study of Muhlenbruch (1992), which
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© University of Venda



)
o

&5 ) university of Venda
C

reported an increase in minimum temperature but decrease in maximum temperature.
Studies by Kruger and Shongwe (2004) and Kruger and Sekele (2013) also showed
increases in maximum and minimum temperatures over most of South Africa, which also

increases chances of warm extreme temperature events such as heat waves.

2.2.2 Diurnal temperature range trends

Days Local factors such as soil moisture, ground heat capacity and albedo largely influence
variations in DTR trends (Tshiala et al. 2011). DTR has been narrowing since 1950 in a
global scale due to slow increasing rate of minimum temperature, relative to maximum
temperature (Easterling et al. 2000; Hartmann et al. 2013). Regional behaviour of DTR is
different to that of global DTR trends. While DTR has been decreasing globally, Makowski et
al. (2008) suggested that in Western Europe DTR changed from negative to positive trends

between 1950 and 2005. And this was also the case in Eastern Europe in the 1980s.

DTR trends in regions such as eastern Africa correspond with the global behaviour of DTR
(Christy et al. 2009), while regions such as the main land of China experienced decreasing
DTR in recent decades (Zhuo and Ren 2011). Despite DTR narrowing globally, Easterling et
al. (1997) found increasing trends. South African regions experience variations in DTR
trends. It was also stated that DTR trends across South Africa are equally divided between
negative and positive trends (Kruger and Shongwe 2004). However, about 80% of the

country’s northern parts experiences positive DTR trends (Tshiala et al. 2011).

2.3 Defining heat wave

There is no universal definition of a heat wave because threshold conditions vary across the
world. Heat wave can simply be defined as a period of excessively hot weather (Robinson
2001; Meehl and Tebaldi 2004; Nairn and Fawcett 2013). A constant fixed temperature
threshold for all locations would not be meaningful because the climatology of a given region
may vary to that of other regions. According to Robinson (2001), there are two theoretical
aspects involved in setting threshold for identifying heat waves. The first aspect involves
identifying values exceeding particular fixed values of a given local area. The second aspect
is based on deviation away from normal conditions, such as a fixed percentile threshold of all
observed values. Hunt (2007) defined heat wave as an event consisting of several days or
more with temperatures significantly above normal. Heat waves can also be defined as a
period of at least 48 hours during which neither the overnight low nor the daytime heat index
falls below the United States (US) National Weather Service (NWS) heat stress thresholds of
27°C and 41°C respectively in the United States of America (Robinson 2001; Son et al.
2010).

13
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Heat waves were also defined as days or nights with both maximum and minimum
temperatures above certain percentiles (usually between the 90" and 99") of a day
temperature distribution (e.g. Hajat et al. 2006; Anderson and Bell 2009). Lyon (2009)
defined heat waves as events occurring between December and February (DJF) with 3
consecutive days of daily maximum temperatures exceeding the 90" percentile. Lyon (2009)
further suggested that longer periods only identify fewer cases when defining a heat wave. A
definition similar to the one from SAWS, in terms of the threshold of 5°C above maximum
temperature of the hottest month, was also used by UnkaSevica and ToSic (2009), but
applied heat wave duration index (HWDI) for period of more than five consecutive days.
Most past studies have illustrated that even though heat waves are defined in terms of days,
their duration can exceed a month (e.g. Kysely 2010). However, other studies defined heat
wave in a more seasonal sense, while temporal variations are of most importance (e.qg.
Fischer et al. 2007).

Huth et al. (2000) used three criteria for defining heat waves: (a) daily maximum temperature
exceeding the 97.5" percentile for at least three consecutive days, (b) average daily
minimum temperature above the 97.5"™ percentile for at least three consecutive days, and
lastly (c) daily maximum temperature above the 81 percentile for the entire duration.

The generally accepted standard is the heat index (HI), which a model resulting from
extensive bio-meteorological studies (Rothfusz 2009). The HI was primarily used by NWS in
the US to issue guidance when heat stress conditions are expected. It uses 20 physical and
atmospheric parameters to calculate the apparent temperature one feels in an open space
(equation 2.1) (Myron 2011). After certain manipulations, the equation tends to require only
two variables as inputs to calculate HI; where T represents the ambient dry bulb temperature

and R represent RH.

HI = -42379 + 2.04901523T + 10.14333127R - 0.22475541TR - 6.83783x103T? -
5481717x102R?  + 1.22874x10°T’R  + 8.5282x104TR? - 1.99x10T?R?
(2.1)

2.4 Structure of heat waves

Heat waves usually result from large scale persistent high pressure systems (Kunkel et al.
1996; Palecki et al. 2001) that produce positive temporal atmospheric temperature
anomalies over a certain region. This also increases land surface temperature of that region,
because of the warming nature of the descending air from the center of high pressure
systems (Palutikof et al. 1996). Positive 500 hPa geopotential height anomalies are a

favourable condition for the occurrence of heat waves (Kysely 2000). This is because of the
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warm airflow towards an area due to experience heat wave, or ridge or anticyclone over that
particular area. Kysely (2000) also suggested that cyclonic air circulations are not favourable
for Heat wave occurrences. It is mainly because cyclonic circulations are associated with
rising air, hence can be linked to cloud cover or even rainfall that can suppress atmospheric

temperature of the area of interest.

It is well known that most heat waves are characterised by dry atmospheric conditions (e.g.
Kysely 2010). However, this is not always the case in other parts of the world. Summer heat
waves over regions such as the north-eastern parts of Australia can be accompanied by
heavy rainfall (Parker et al. 2014), even though this is rare. Reeder and Smith (1987)
previously suggested that this may be as a result of cold fronts following a ridging high

pressure system during heat waves and the rainfall result from the ridging high.

Such rare occurrences can be accompanied by high moisture content in the atmosphere
(Cerne et al. 2006). High humidity during hot weather conditions can make the situation far
more dangerous to human health (Cerne et al. 2006) and can result in respiratory problems,
especially to younger children (< 3 years old) and older people (> 65 years old), both which
are population groups that can easily be affected by heat stress (Bolund and Hunhammar
1999).

The persistent high pressure system, which influenced the occurrence of heat waves over
land areas, occurs through the atmosphere-ocean interactions on intra-seasonal time scale
(Cowan et al. 2013). Hence it can be said that the oceans play a significant role in the
occurrence of heat wave events through the persistent high pressure system. Remote and
more local oceanic conditions contribute to heat wave development (Purichat et al. 2014).
Increasing SST of the subtropical Indian Ocean increases baroclinicity, and aids Rossby
wave trains development which feed the atmospheric blocking system (Pezza et al. 2012).
Positive SST anomalies have been found to largely contribute to summer heat wave onset in

other region across the world, such as Southeast Australia (e.g. Boschat et al. 2014).

2.5 Heat waves and droughts

There is usually a joint occurrence between heat waves and summer droughts in most cases
(Chang and Wallace 1987; Lyon 2009). Meteorological drought can be defined as an event
where there is scarcity or lack of precipitation for prolonged episodes (MacKee et al. 1993),
and the effect of this event to human beings relies on the severity and duration (Rouault and
Richard 2003). Severe and longer droughts tend to have more negative impacts to human

health and livelihoods.
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The relationship between droughts and heat waves is such that there is little or no rain
during heat waves, and high surface temperatures usually characterise droughts during the
summer (Change and Wallace 1987). Dry atmospheric conditions are usually experienced,
resulting from soil moisture deficits which induce heat wave occurrences. However, droughts
and heat waves are treated as two distinct phenomena because both duration and spatial
extent differ (Chang and Wallace 1987).

Several studies have investigated droughts (e.g. Rouault and Richard 2003; Rouault and
Richard 2005) and heat waves (e.g. Beniston 2003; Basara et al. 2010; Albright et al. 2011)
in isolation. Individually, these events may cause environmental and socioeconomic impacts
(Mazdiyasni and AghaKouchak 2015); however studies by Lyon (2009) and Albright et al.
(2010) suggested that their co-occurrence have even adverse impacts. While droughts
usually persist for longer periods, heat waves are usually defined in shorter time scales (i.e.
days).

Drought is a phenomenon that is not easily defined or measured (Thomas 2013), but best
represented by quantitative parameters which indicates the imbalance between water
demand and supply or the total environmental moisture status of a particular region (Zwiers
et al. 2011). Soil moisture is a key contributor to the relationship between heat wave
occurrences and droughts (Albright et al. 2010), because negative soil moisture anomalies
are associated with droughts (Trenberth and Shea 2005). The negative soil moisture
anomalies increase Bowen ratio, resulting in hotter land surfaces which then increase

atmospheric temperatures (Fischer et al. 2007).

More than one short lasting heat wave can occur in a given summer season (Khaliq et al.
2005). The intensity of daily heat wave is higher compared to the intensity of seasonal Heat
wave, given their short duration (Hunt 2007). As a direct result of the joint occurrence
between heat waves and droughts, there are negative anomalies of soil moisture, reducing

surface evaporation (Hunt 2007), but increases the atmospheric demand.

However, there are cases where droughts and heat waves do not coincide. Heat waves can
also be observed during either normal or above-normal rainfall (Gershunov et al. 2009).
Trenberth and Shea (2005) also indicated that droughts can also occur during extremely

cold periods, even though it is not usual.

2.6 Heat waves and the urban heat island
Urban heat island (UHI) is an urban area which experiences warmer atmospheric
temperature than the surrounding areas (Basara et al. 2010). Unlike heat waves, the effect

of UHI is always more localized (Li and Bou-Zeid 2013) and results from the gradual land
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surface modification, higher anthropogenic heat releases and limited plants (Oke 1982). HIG
(2005) suggested that urban areas have darker surfaces compared to rural areas which are
usually dominated by more vegetation. Dark surfaces tends to heat up faster, and has lower
albedo, which can be due to radiative effects (Li and Bou-Zeid 2013), and results in higher
air temperatures. Li and Bou-Zeid (2013) illustrated an interaction mechanism between heat
waves and UHI (Figure 2.2) and emphasized that there is a positive atmospheric
temperature anomaly over cities during UHIs. The strength of this anomaly is measured by a
UHI Index, which is defined as surface or air temperature difference between urban and rural

areas.
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and advective cooling
P, during heat wave |
Urban th ;
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Figure 2.2: Interactions between urban heat islands and heat waves (Source Li and Bou-
Zeid 2013)

Five factors were identified which contribute to the occurrence and intensity of UHIs: (1)
geographical location, (2) weather, (3) city form, (4) city function, (5) time of the day and
season (Voogt 2004). High lying Inland areas tend to experience intense UHI during the
summer season than coastal cities, because of the oceans cooling effect in coastal areas.
Dry climate in tropical climate tend to favour large heat island magnitudes. Areas constituting
of dense building materials, where most industries are located may also lead to high air
temperatures and intense UHIs (Voogt 2004).

Interaction of heat waves and UHIs has been discussed in previous studies (e.g. Tan et al.
2010; Li and Bou-Zeid 2013). heat waves are associated with low wind speed, because they
are link with a persistent high pressure system, and it is widely known that low wind speeds
are experienced at the center of a high (Ackerman and Knox 2012). However, occurrences
of heat waves may strengthen secondary wind circulations (Li and Bou-Zeid 2013). Hotter air
over cities rise because of its low density compared to air of the surrounding rural areas,

17

© University of Venda



7S
>

(o

&5 ) university of Venda
C

which is drawn to the cities and acts as a negative feedback on the strength of UHIs
(Hidalgo et al. 2010). But a different case is observed in coastal cities because temperature
is also influenced by the steady sea surface temperatures. Secondary circulations intensify
during heat waves because of the higher land surface temperatures in urban areas, which
later cool because of sea breeze in coastal areas (Lebassi et al. 2009). Intense heat waves
can have negative impacts on health of human beings, agriculture and also stagnate the

economy of a particular region.

2.7 Impacts of heat waves

Heat waves link to different issues related to human livelihood. They have significant
negative impacts on health, water quality, energy demand, infrastructure performance,
agriculture and economy (Zuo et al. 2015). One heat wave event can affect a considerable
number of people, as it was the case in Australia where about one million people were
affected in some way by one heat wave event in 2009 (Kiem et al. 2010). The negative
impact from this heat wave include casualties due to high heat stress, and power cuts
resulting in huge amount of financial losses, and public transport (Kiem et al. 2010). Factors
which may play a crucial role in the mitigation of heat waves related impact include policies
and plans, building design, and cultural change (Kiem et al. 2010). However, an
understanding of heat wave characteristics is required first. The subsections provide an

insight of heat waves impacts on human health, agriculture, veld fires and economy.

2.7.1 Human health

The health of human beings is endangered by heat wave occurrences across the world. It
has been noted that high temperatures during heat waves threaten human health directly
and indirectly. Heat waves affect human health through air pollution (Fischer 2007). Ordonez
et al. (2005) noted that heat waves are associated with high solar radiation which then lead
to elevated concentration of air pollutants, and may result in air-borne diseases. Several
studies (e.g. Larsen 2003; Koppe and Jendritzky 2004; Fisher et al. 2007) suggest that heat
waves largely increases mortality. Typical example will be the 1995 heat wave in Chicago
which lasted for 3 days and killed 700 people more than the expected number (Karl and
Knight 1997). Zacharias et al. (2014) also illustrated the response of mortality rate to high

temperatures.

In addition to people with mental disorder (Cusack et al. 2011), the elderly and young
people, poor and homeless people are also most vulnerable to heat waves (Vandentorren et
al. 2006; Peng et al. 2011). The increasing mortality caused by heat wave results from a
range of health impacts such as kidney failure, heart attacks, heat exhaustion, sunburn and

heat stress (WHO 2004). In areas such as the Australia and United States, heat waves are
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even the major cause of fatalities (Robinson 2001; BoM 2013). It is widely reported that most
heat waves are characterised by dry atmospheric conditions, with fewer heat waves
accompanied by high humidity (Cerne et al. 2006). Zanobetti et al. (2014) stated that the
high humidity experienced in some heat waves results in declining mental capacity and

stress of human being.

2.7.2 Agriculture

The vast majority of African countries depend on subsistence agriculture for survival (Ruth
and Ruth 2013). Agriculture is a backbone for most African countries (Hussein et al. 2008),
and between 70 and 90% of Africa people are employed in this sector (FAO 2007). The
agricultural sector is highly affected by climate extremes and climate variability (Thornton et
al. 2007; Easterling et al. 2007). But inasmuch as agriculture proves to be vulnerable to
climate change, it also contributes to climate change (Aydinalp and Cresser 2008). The
contribution is mainly via the agricultural production of GHGs such as carbon dioxide, nitrous
oxide and methane (IPCC 2007).

Agricultural productivity largely depends on weather and climate (Adams et al. 1998; Gornall
et al. 2010). Owing to the observed warming climate in South Africa over recent decades
(Figure 1.1), functioning of most agricultural components may be disturbed. Livestock and
crop production, input supplies and hydrological balances are some of the components that
can be influenced by climate change (Adams et al. 1998). Heat waves are projected to
increase in the warming climate (Cubasch et al. 2013), and this can minimize crop
production since it is known that environmental factors such as temperature and soll

moisture are determinant factors of yields (Waggoner 1983).

A recent study by Fontana et al. (2015) suggested that regions affected by heat waves
usually experience negative wheat yield anomalies, and they suggested that the adoption of
new wheat varieties over time also plays a crucial role. Heat waves are characterised by
high temperature and soil moisture deficits. For the germination of the most important crop
grown in South Africa, maize, require soil moisture of about 60% and temperature should
range from 20 to 30°C (Du Plessis 2003).

High temperatures during heat waves also affect livestock direct and indirect. Just like
human beings, animal health is directly affected by hot and moist atmospheric conditions in
the form of thermal discomfort (Semenza and Menne 2009; Gale et al. 2010) and also
disturb growth of livestock, production (Smith 1996) and their performance. McDowell (1972)
indicated that most livestock tends to have best performance in temperatures with threshold
of 4 to 24°C. Temperatures above this threshold then reduces food intake as animals do not

graze in extremely hot conditions (Scholtz et al. 2010).
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High temperatures affect livestock indirectly by affecting their physical environment (Rust
and Rust 2013). High temperatures alters the nutritional environment (Rust and Rust 2013),
hence affecting the quantity and quality of pasturage (Topp and Doyle 1996). This can

drastically reduce agricultural production and lead to starvation in other regions.

Changes of short term temperature extremes, such as heat waves, can be critical and can
drastically reduce agricultural production in most regions across the country (Wheeler et al.
2000). However, establishing a relationship between agricultural production and climate
change is very complicated because there are other non-climate factors such as change in
livestock, overgrazing and migration (Rust and Rust 2013) which also influence agricultural
changes. Heat waves usually occur during drought events, and soil moisture deficit together
with high temperatures associated with these events lead to crop losses (Lyon 2009).

2.7.3 Spontaneous combustion and veld fires

It has been noted in section 2.5 that that there is a joint occurrence of heat wave and
droughts where hot conditions usually coincide with dry seasons. This is the period where
veld fires caused by combustion or lighting can be expected (Mudekwe 2007). This is also
where anthropogenic veld fires usually occur can be expected because of dry vegetation and
forests. Nyamadzawo et al. (2013) defined veld fires as blazes that usually get out of control,
destroying extensive tracts of forests and grasslands and may result in the loss of life and
have economic and environmental impacts. Weather conditions during heat waves have

been discussed in section 2.4 and are conducive for the occurrences of veld fires.

Veld fires in South Africa usually occur after a long period with no precipitation and are
associated with dry and strong northerly to westerly winds (Rowles 2012). The impacts of
veld fires include social, economic and environmental consequences (e.g. Forsyth et al.
2010; Rowles 2012; Nyamadzawo et al. 2013). Veld fires lead to reduced food availability
because it damages agricultural equipment, hence resulting in a reduction of agricultural
yields (WWF 2001). Trauma (Fowler 2003) and disturbing memories (Maida et al. 1989) to

victims of veld fires are some of the known psychological impacts.

Veld fires can affect the economy of a region by affecting plantation forests, homesteads,
infrastructure, and industrial facilities such as sawmills and fodder that have an economic
value (Forsyth et al. 2010). However, veld fires do not always have negative impacts.
Nyamadzawo et al. (2013) stated that fires has the ability to serve as an important function in
maintaining health of certain ecosystems and also on improving the growth of green grass

which provides grazing for animals during dry seasons.
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2.7.4 Economy

Owing to global warming, studies suggest that countries are experiencing rising electricity
demand (e.g. Miller et al. 2008). This is because hot days are becoming more frequent and
the population is growing (Tebaldi et al. 2006; Alley et al. 2007), hence increasing usage of

air-conditioners which is seen by most as a mitigation strategy to heat stress.

There are direct and indirect impacts of heat waves to the economy (Zuo et al. 2015). Heat
waves can affect the economy of a region through extensive usage of air conditioners as a
mitigation strategy to avoid heat related diseases resulting from high atmospheric
temperatures (Maller and Strengers 2011). This impact is difficult to estimate, unless for
areas with high insurance density (Munich re 1999). Heat waves can directly affect the

economy through reducing agricultural yields as discussed in section 2.7.2.

2.8 Summary

This chapter discussed the nature of temperature trends over South Africa compare to global
temperature trends and provided different definitions of heat waves previously used in
different studies. This chapter has provided a general background on the structure of heat
waves in the different regions across the world. It also discussed how these events are
associated with other phenomena such as droughts and urban heat islands and also

discussed the negative impacts associated with the heat waves.
From the literature, it is noted that:

a) South African temperature trends are not well understood as there are contradictions
from different studies [e.g. Muhlenbruch (1992) and Karl et al. (1993)].

b) There is no universal definition of a heat wave because threshold conditions vary
across the world. A heat wave definition may depend on the methodology followed,
but it is generally a period of hot weather.

c) Positive 500 hPa geopotential height anomalies are a favourable condition for the
occurrence of heat waves (Kysely 2000).

d) Heat waves in most parts of the world are characterised by dry atmospheric weather
conditions.

e) The northern hemisphere (NH) experiences more heat waves compared to the
southern Hemisphere (SH), as a results of the continentality effect. The NH has
more land areas than SH.

f) There is a joint occurrence between heat waves and drought events in most cases.

g) Heat waves negatively impact human livelihoods through impacts such reducing

agricultural productions and human health such as respiratory problems.
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h) SST are associated with both warm and cold extreme temperature events, hence

play a role in the occurrence of heat waves.

The next chapter provides a description of all datasets used in this study. Methods of
analysis adopted to analyse the datasets in order to achieve the aim and objectives outlined

in chapter 1 are also detailed in the next chapter.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Introduction

South Africa’s weather and climate is strongly influenced by regional topography and ocean
currents (Bhavika 2007; Davis 2011). Owing to its latitudinal location, the country is
dominated by subtropical high pressure systems (Tyson and Preston-Whyte 2010). When
these high pressure systems persist over land areas they induce anticyclonic circulation
which is linked to heat wave occurrences (Kunkel et al. 1996; Palecki et al. 2001) in the
country. Heat waves have indirect impacts to human beings via reducing agricultural yields
(Aydinalp and Cresser 2008) and direct impacts such as respiratory problems to patients
with asthma (D'Amato et al. 2014) and even deaths (Kovats et al. 2004) if they do not

receive medical attention.

Regional temperature characteristics, trends of heat waves and large scale circulation
patterns and meteorological structure they are associated with was studied. Different
datasets ranging from South African Weather Service (SAWS) climate station distributed
across South Africa, high temporal and spatial resolution satellite data to model reanalysis
were used. The aim of this chapter is to present and describe data used in this study and
their sources. It also present the methods adopted and applied to analyse the data in order
to achieve the specific objectives of the study outlined in chapter 1. The subsequent

sections detail the datasets used in this study and methods used to analyse the data.

3.2 Data sources and description

3.2.1 Daily temperatures

Daily maximum temperature (Tx) and minimum temperature (Ty) were obtained from SAWS
for the 30 year period (i.e. 1983 to 2012). This study period assist in analysing more recent
heat waves where there is high resolution data availability needed for the analyses of this
study. Anthropogenic influences to global warming is expected to be smaller during this
period than during the future climate. Data is collected using temperature point stations
distributed across South Africa. The data is recorded at a uniform time in all stations as per
the World Meteorological Organization (WMO) standard. This study selected stations of
different altitudes (Table 3.1) that have at least 95% data available from 1983 to 2012 across
South Africa (Figure 3.1). SAWS also provided Relative humidity (RH) from point stations.
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Altitude Data
Station Name Climate Number | Latitude | Longitude o
(m) availability
Bethlehem 0331585 9 28.25°S | 28.33°E 1689 1983 — 2012
Bothaville 0399894 4 27.41°S | 26.5°E 1267 1983 - 2012
Cape Agulhas 0003020 4 34.83°S | 20.01°E 11 1983 - 2012
Cape Columbine 0060620 9 32.83°S | 17.86°E 62 1983 - 2012
Cape St. Francis 0017582 7 34.2°S | 24.83°E 7 1983 - 2012
Escourt 0300690 1 29.02°S | 29.87°E 1144 1983 - 2012
Fraserburg 0113025A2 31.92°S | 21.51°E 1264 1983 - 2012
Lephalale 0674341 8 23.68°S | 27.7°E 839 1983 - 2012
Lydenburg 0554816A7 25.11°S | 30.48°E 1439 1983 - 2012
Mara 0722099 1 23.15°S | 29.57°E 894 1983 - 2012
Marico 0546630 3 25.47°S | 26.38°E 1082 1983 - 2012
Mount Edgecombe 02410729 29.71°S | 31.05°E 94 1983 - 2012
Pofadder 0247668A4 29.12°S | 19.39°E 984 1983 - 2012
Port Nolloth 0242644 6 29.25°S | 16.87°E 8 1983 - 2012
Pretoria 0513284 8 25.74°S | 28.18°E 1286 1983 - 2011
Punda Maria 0768011A8 22.68°S | 31.02°E 457 1983 - 2012
Queenstown 0123685 X 31.91°S | 26.87°E 1108 1983 - 2012
Richards bay 0305168 5 28.77°S | 32.08°E 47 1983 - 2012
Skukuza 0596179 3 24.99°S | 31.59°E 276 1983 - 2012
Twee Rivieren 0461208 4 26.47°S | 20.61°E 882 1983 - 2012
Vanwyksvlei 0193561A8 30.35°S | 21.82°E 965 1983- 2012
Vryburg 0432237 3 26.95°S | 24.65°E 1245 1983- 2012
Wepener 0172877 1 29.92°S | 26.85°E 1212 1983 - 2012
Willowmore 0050887 2 33.3°S | 23.48°E 840 1983 - 2012

The country has a good network of temperature stations than much of Southern Hemisphere
countries (New et al. 2006). A station network density of between 100 and 200 stations

might be required in order to define temperature variability to a reasonable degree over

areas such as Australia and the United States covering areas of 7 692 024 m? and 9 826

675 m? respectively (Vose and Menne 2004). Applying this recommendation in the

perspective of South Africa which is about 1 200 000 m? (Luiis 2005), one might argue that a

total of 24 climate stations distributed across the country should be adequate in providing
countrywide temperature variability over the 30-year period. Height of the stations location is

of utmost importance because it is known that temperature is also influenced by elevation

(Archer et al. 2010).
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Figure 3.1: SAWS point stations with at least 95% data availability from 1983-2012.

There are several methods of filling gaps in daily data sets, and include filling gaps using
regression based methods, using neighbouring stations (extrapolation approach) and can it
can also be done through within one station (interpolation approach) (Allen and Gaetano
2011). Prevailing weather systems were checked during anomalously low and high Tx and
Tn. Both extrapolation and regression based methods use data from neighbouring stations,
while interpolation uses days of the same station on which data is available (Tardive and
Berti 2012). This work applied the interpolation method, which uses same station and uses
several days before and after to reconstruct the missing data. This method was also used by
Chai et al. (2011) in filling daily temperature gaps. Acock and Pachepsky (2000) also argued
that this method tends to give better results for shorter gaps (one or few days) compared to
regression based methods. It is also favourable, considering that only stations with fewer

gaps were selected.

RClimDex version 1.0 software (Zhang and Yang 2004) was used to quality control the data.
RClimDex is an R based statistical tool which is freely downloadable from the ETCCDMI
website (http:// cccma.seos.uvic.ca/ETCCDMI/index.shtml). This software detect Ty values
greater that Ty and outliers on the dataset by a standard deviation of 3.5 from the climatology
of the day. This standard deviation of 3.5 has been used in the past by New et al. (2006).

RClimDex also computes 27 core indices recommended by the World Meteorological
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Organization Expert Team on Climate Change Detection and Indices (WMO ETCCDI).
RClimDex version 1.0 software was also used to calculate trends of selected temperature
indices (Table 3.2) relevant to this study. TN1OP and TN9OP represents cold and warm
nights respectively, while cool and hot days are represented by TX10P and TX90P

respectively.

Table 3.2: List of relevant ETCCDI indices utilized in this study

Index Description Units
TN1OP | Annual number of days when TN < 10th percentile | days
TNOOP | Annual number of days when TN > 90th percentile | days
TX10P | Annual number of days when TX < 10th percentile | days
TX90P | Annual number of days when TX > 90th percentile | days

DTR Annual diurnal temperature range °C

At least one station was selected in each thermal region (Figure 3.2) across South Africa.
This assists in analysing heat wave characteristics of areas experiencing different
temperature conditions. Kruger and Sekele (2013) performed a cluster analysis using SAWS
Tyx and Ty datasets to identify different thermal regions in South Africa, and Table 3.3

summarises the description of these regions which are shown in Figure 3.2.

Table 3.3: Summary of South African thermal regions

Region | Cluster Description

Southern and western coastal regions which experiences

Cluster A Mediterranean and mild climate
coastal - —
Eastern and southeast coastal regions experiencing temperatures
Cluster B : . , :
greater than cluster A, and is characterized by subtropical climate
Cluster C Northeast lowveld region experiencing high temperature all year
round
Subtropical western interior which is dry and characterized by high
Cluster D | maximum temperature with an average of 30°C, and DTR is usually
_ high
Interior

Southeastern interior where temperatures are highly influenced by

Cluster E | conditions of the Indian Ocean

Northern interior which is relatively warm in austral winter than most
Cluster F | regions in Cluster E, and usually experiences less frequent
temperature extremes than cluster D
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Figure 3.2: South African thermal regions from cluster analysis using annual mean Ty and Ty
(Source: Kruger and Sekele 2013).

3.2.2 NCEP/NCAR Reanalysis datasets

Meteorological reanalysis datasets are obtained from a joint product between National
Centers for Environmental Prediction (NCEP) which is formerly known as National
Metrological Center (NMC), and National Center for Atmospheric Research (NCAR). The
joint product is known as NCEP/NCAR and is an outgrowth from the Climate Data
Assimilation System project (Chikoore 2005). NCEP/NCAR uses continually updating
gridded datasets which represent the state of the Earth’s atmosphere, incorporates
observations and numerical weather prediction (NWP) models output dating back to 1948
(Kalnay et al. 1996).

NCEP/NCAR Reanalysis datasets that are used in this work are outgoing long-wave
radiation (a), soil moisture (b), geopotential height (c), wind vector (d), relative humidity (e),
and (f) omega. Kalnay et al. (1996) stated that these datasets are based on assimilation of
surface, pibal, aircraft, ship, rawinsonde and satellite data which is quality controlled before
made available online. Data from NCEP/NCAR reanalysis-2 (R-2) (Kanamitsu et al., 2002)
will be used. It has 17 pressure levels in the vertical ranging from 1000 to10 hPa. In this new
version, known errors of NCEP- reanalysis 1 (R-1) were fixed thereby producing better

reanalysis for parameters (Kanamitsu et al., 2002).
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a) Outgoing long-wave radiation

Outgoing long-wave radiation (OLR) is defined as the energy which is radiating from the
surface and atmosphere as infrared radiation at long wavelengths to space, and is controlled
by temperature of the earth and the atmosphere above it, presence of clouds and the
presence of water vapour in the atmosphere (Sapra et al. 2011). OLR at the top of the
atmosphere (i.e. 200 hPa) is a proxy for convective precipitation. Convective clouds also
block sunlight, hence cool land surface are experienced, while the complete opposite can be
expected during clear skies. The National Oceanic and Atmospheric Administration (NOAA)
Interpolated OLR was used. Gaps in this dataset are filled by the interpolation procedure and

data is quality controlled and data that proved to be erroneous were removed.
b) Soil moisture

Soil moisture is one of the most important factors when analysing heat waves, since it is
known that the interactions of soil moisture and the atmosphere play a vital role in the
projected summer climates (Rowell 2005; Vidale et al. 2007). Persistence of the anticyclonic
circulation over an area promotes subsidence and results in negative soil moisture
anomalies resulting from precipitation deficits (Fischer et al. 2007). This study used soil
moisture content in order to determine its role in the occurrence of heat waves in South

Africa.

Soil moisture dataset from NCEP used in this study are estimates derived from radiation and
precipitation, and characterized soil moisture climatology of the earth surface. NCEP sail
moisture is expressed as a fraction. For example, 0.5 refers to 5 cm of water in a 10 cm
layer of soil. The saturation value of soil moisture is 0.477 and the field capacity is 0.358
(Chikoore 2005).

c) Geopotential height

The geopotential height (values in meters) represents the height of a pressure surface in the
free atmosphere. It is the gravitational potential energy per unit mass at an elevation
denoted by h. Areas of low geopotential height tend to be associated with a relatively cold
column of air between the surface and the middle levels, while areas of high geopotential
height are associated with relatively warm columns of air. Flow at the middle levels, i.e.
about 500 hPa, can often be well approximated by quasi-geostrophic theory, and thus is
often assumed to be approximately parallel to the height contours (Wallace and Gutzler

1981). Geopotential height can also show pressure systems that have triggered heat wave
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occurrences. NCEP/NCAR R-2 daily geopotential height has a resolution of 2.5° x 2.5°

global grids. Geopotential height formula is given in equation 3.1.

o(h) = [ g(¢2)dz (3.1)

Where, g(¢,z) is the acceleration due to gravity, ¢ is latitude, and z is the geometric

elevation.
d) Wind vector

The wind vector represents the motion of the air masses over the ground and is described
by both wind direction and wind speed. Wind vector also helps in illustrating the contribution
of horizontal advection to the occurrence of heat wave in South Africa. There is evidence
that heat waves are associated with warm air advection (e.g. Miralles et al. 2014). Wind
vector also provides advection of air given by equation 3.8.

DT _oT

=T 38
Dt ot Y

Where,% is the total derivative, Z—:is the local derivative and wu. VT is the advection term.

NCEP model assimilated wind vector was analysed at different atmospheric levels. Cloud
drift satellite dataset were used in this study. This provides model derived wind directions
and wind speeds in regions where data is discontinuous and sparse due to limited
radiosonde observations. There is sparse radiosonde spatial coverage because it is
expensive doing these observations on a daily basis. Wind vector also determines areas of

wind divergence or convergence during heat waves.
e) Relative humidity

RH is defined as the quotient between vapour pressure and saturation vapour pressure (3.2)
at corresponding temperature (Mcintosh and Thom 1978). RH was used in this study to
observe the amount of water vapour in the middle levels (at 500 hPa) of the atmosphere. It
was mapped for the identified heat waves as humidity is said to affect heat retention (Cerne
et al. 2006). NCEP RH has a daily temporal coverage at a spatial resolution of 2.5° x 2.5°
backing from the first of January 1948 to present. The NCEP satellite observations are done
at different atmospheric levels. Middle level (500 hPa) RH was used. RH at 500 hPa is a

better predictor for the possibility of rainfall.

RH=¢e/e;x 100 (3.2)
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Where, eis vapour pressure and e; is saturated vapour pressure.

f) Omega

g) w= % (3.3)

Where, Dp is change in pressure and Dt is change in time.

Omega (w) shows a vertical motion of air, positive values are showing subsidence while
negative values represent uplift (Finley and Raphael 2007). Positive omega values are also
associated with an increase in pressure (Finley and Raphael 2007). NCEP/NCAR
reanalysis 2 data set at 500 hPa was used. This atmospheric level is selected because
studies suggested that it is where a clear vertical wind direction can be depicted (e.g.
Randriamahefasoa 2011). Equation 3.3 is used to calculate omega for a region. The

satellite NCEP daily omega dataset also has a spatial resolution of 2.5° x 2.5°, global grids.

3.2.3 KNMI Climate Explorer

Royal Netherlands Meteorological Institute (KNMI) Climate Explorer provides access to
different data portals and is known mainly for its weather forecasts and warnings, but it does
a lot more in its capacity as a national data and knowledge center for weather, climate
research and seismology. The KNMI Climate Explorer is a web application to analyse
weather and climate data statistically. It started in late 1999 as a simple web application to
analyse mainly ENSO teleconnections (Trouet and van Oldenborgh 2013). For this study,
KNMI Climate Explorer was used to provide climate indices, such as Southern Oscillation
Index (SOI) and Nifio 3.4 SST, Standardized Precipitation Index and Normalized Difference
Vegetation Index.

3.2.4 Climate indices
a) Southern Oscillation Index and Nifio 3.4 SST

SOl is as the monthly, normalized mean sea level pressure (SLP) difference between Tahiti
and Darwin (Figure 3.3) in the equatorial pacific (Russell et al. 1992). Monthly data for the
SOl and Nifilo 3.4 SST from National Oceanic-Atmospheric Administration (NOAA) CPC
were used in this study and was obtained through KNMI Climate Explorer for the study
period. CPC satellite data is compiled based on current and historic oceanic conditions and
atmospheric conditions above oceans. Monthly southern oscillation indices were then
averaged in each year from 1982 to 2012. There are several ENSO indices; However SOI
has proven to be a more useful predictor for seasonal rainfall (Nicholls and Katz 1991). El
Nifio-Southern Oscillation (ENSO) is a naturally occurring phenomenon that involves

fluctuating ocean temperatures in the equatorial Pacific Ocean. Warm ENSO events are
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referred to as El Nifio events while cold ENSO events are said to be La Nifa. The
development and intensity of both La Nifia and El Nifio events are given by the SOI

(equation 3.4).
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Figure 3.3: Location of the stations Tahiti and Darwin over the equatorial Pacific whose sea
level pressure contribute to SOI (Source: Barnston 2015).

SOl= (Standardized Tahiti — Standardized Darwin)/ MSD (3.4)
Where,
Standardized Tahiti = (Actual Tahiti SLP - Mean Tahiti SLP) / Standard Deviation Tahiti
Standardized Darwin = (Actual Darwin SLP - Mean Tahiti SLP) / Standard Deviation Darwin
MSD = Monthly Standard Deviation = \ (3 (Standardized Tahiti - Standardized Darwin) 2/ N)
N = Sum of the number of months, and SLP= Sea Level Pressure
b) Standardized Precipitation Index

Standardized Precipitation Index (SPI) is the number of standard deviations that shows
cumulative rainfall deviation from a climatological mean, and it was developed primarily to
monitor droughts (McKee et al. 1993). SPI helps to determine the extent of droughts and wet
periods. It can be calculated for different time scales. In this study, the SPI shows the extent
of both droughts during El Nifio and floods Nifia events over southern Africa, and the level of

both wetness and dryness (Table 3.4) over the study area. The international research
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institute (IRl) map-room was used to map both droughts and floods induced by ENSO
events via SPI. A description of this index is detailed by Guttman (1999).

Table 3.4: Classification for the SPI values (Source: Hayes et al. 1999)

SPI values Category

2.00 and above Extremely wet
1.50to 1.99 Very wet

1.0 to1.49 Moderately wet
-0.99 to 0.99 Near normal

-1.00to -1.49 Moderately dry
-1.50to0 -1.99 Very dry
-2.00 and less Extremely dry

c) Normalized Difference Vegetation Index

Normalized Difference Vegetation Index (NDVI) was used in this work to observe vegetation
distribution during heat waves. The NDVI data set was obtained from the United States
Geological Survey (USGS) via KNMI Climate Explorer. This index is defined as a normalized
ratio of visible regions with wavelengths between 0.58 um to 0.68 ym and near infrared
between 0.725 ym to 1.1 pm (Tucker 1979). A detailed description is given in Tucker et al.
(1991). This index is a proxy for vegetation (Yi 2012) and also helps in identifying regions
where vegetation is most impacted by heat waves. NDVI provides a degree of vegetation
cover over a large region in the earth surface. Regions with no vegetation or limited
vegetation are easily recognized, while dense vegetation appears very intensely in NDVI
imagery. This index identify ice and water as well. Vegetation is also a proxy of spatial
rainfall patterns. Previous studies illustrated that there is a joint occurrence between heat
waves and droughts ( e.g. Lyon 2009), but it is also known that droughts are associated with

sparse vegetation cover (Karnieli 2010).

Table 3.5: NDVI typical values for several cover types (Source: Holben 1986)

Cover Type RED NIR NDVI
Dense 0.1 05 0.7
vegetation
Dry Bare soil 0.269 0.283 0.025
Clouds 0.227 0.228 0.002
Snow and Ice 0.375 0.342 -0.046
Water 0.022 0.013 -0.257
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Typical examples of NDVI can be seen in Table 3.5. NDVI values show how dense the
vegetation is at a given region. Bare vegetation is shown by values below 0.3 while denser
vegetation is shown by values above 0.5 (Jury et al. 1997). Vegetation cover also indicates
possible reflectance (Figure 3.4), which also contributes in warming the atmosphere. The

following equation (3.5) is used when calculating NDVI.

NDVI = NIR — VIS .
" NIR + VIS (3:5)

Where, NIR is near infrared and VIS is visible wavelengths or bands.

—-—-—-— Dry bare soil (Gray-brown)
Vegetation (Green)

60
——————= Water {Clear)

e

Reflectance (%)

0 T 1 T T I 1 I I i 1
04 06 08 10 12 14 16 18 20 22 24 26

Wavelength {um)

Figure 3.4: Typical reflectance curves of different land cover (Source: Lillesand and Kiefer
1994).

3.3 Methods of analysis

3.3.1 Identifying heat waves

It has been noted that there are several definitions of heat waves in different regions across
the world. This work adopted the SAWS definition that a heat wave is “when for at least
three days the maximum temperature of a certain region is five degrees higher than the
mean maximum for the hottest month for a particular station”, which is also similar to the one
used by Meehl and Tebaldi (2004). Threshold values from SAWS are shown in Figure 3.5.
Fischer and Schéar (2010) defined heat waves as events of at least consecutive 6 days. It is
evident that different studies have used different threshold when defining a heat wave,
based on factors such as weather conditions of the area of interest being considered. In this

study, the 3-day duration is taken because it does not exclude possibility of detecting shorter
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lasting heat waves. Heat wave is also defined in terms of the 3-day period in the American

Meteorological Society (AMS).
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Figure 3.5: Heat wave temperature thresholds from SAWS.

Hottest month during the austral summer (October-March) was identified, and average daily
Ty for that month was computed. Three consecutive days during a heat wave season, each
with Ty 5°C higher than daily average Ty of the hottest month is said to be a heat wave. Heat
wave season is defined as the period between the first and the last heat wave during the
austral summer. This work then followed the method of Fischer et al. (2007) and uses two
measures in determining the severity of heat waves: (a) maximum heat wave duration and

(b) number of hot days.

3.3.2 Time series analysis
a) Trends analysis

Temporal patterns of South African temperatures were analysed in this study. This provides
a background of areas which are hotter and cooler areas across the country. Trend analysis
was applied to monthly means of Ty, Ty and DTR from 1983 to 2012. Annual Ty, Ty and
DTR are also investigated in order to determine inter-annual temperature trends over the
country. DTR was computed by subtracting daily average Ty from daily average Tx. Monthly
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means were calculated from the daily Tx and Ty. Trend analysis was also applied when
investigating changes in the number of hot and cold days per year. This study adopted
forecasts terms used at SAWS (Table 3.6).

Table 3.6: Daily temperature forecast terms used at SAWS, as of 1 May 2008

Highest day temperature (Maximum)

Extremely hot 40°C < Ty
Very hot 36°C < Ty <40°C
Hot 32°C < Tyx < 36°C
Warm 25°C < Ty < 32°C
Cool 18°C < Tx < 25°C
Cold 10°C < Ty < 18°C

Very cold Tx £10°C

Lowest day temperature (Minimum)
Extremely cold \ Ty <-10°C

Simple linear regression technique was then employed in historical temperature data to
establish trends in the occurrence and duration of heat waves. This technique involves
regression equation with coefficient of determination. Coefficient of determination represents
the fraction of variability between two variables. In this work it was used to express variability
of atmospheric temperatures with time. It explains how close the points are to the line. A
decreasing trend is indicated by negative regression equation whereas an increasing trend is

indicated by a positive regression equation.

For the ETCCDI temperature indices (Table 3.2), Kendall's tau based slope estimator has
been used to compute the trends and statistical significance. This method was previously
used in the analysis of temperature trends by New et al. (2006). This method was selected
because it doesn’'t assume any distribution for the dataset or the trend linearity (Hollander
and Wolfe 1973). If slope error greater than the slope estimate we can'’t trust slope estimate.
A trend is said to be statistically significant at 95% level of confidence if p-value is less than
0.05. An example of a statistical significant trend produced using RClimDex is given in

Figure 3.6.

Trend analysis was also adopted in observing historical trends of both annual heat wave
frequency and average heat wave duration of heat waves over the study period (i.e. 1983-
2012). Frequency and duration of heat waves during non-ENSO, warm and cold phases of
ENSO seasons were studied. Table 3.7 provide ENSO seasons based on the Oceanic Nifio

Index (ONI) from Climate Prediction Center (CPC) National Oceanic and Atmospheric
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Administration (NOAA), which is one of ENSO monitoring indices calculated by averaging
SST anomalies of the east central portion of the Pacific (5°S-5°N, 120-170°W) ( Jan 2015;
NOAA CPC 2015). Jan (2015) further stated that warm ENSO (cool ENSO) event is said to
be very strong if the SST anomaly for overlapping 3-month period is = 2 (<-2), strong if
between 1.5 and 1.9 (-1.5 and -1.9), moderate if between 1 and 1.4 (-1 and -1.4) and weak if
between 0.5 and 0.9 (-0.5 and -0.9). Normal conditions are observed between ONI of -0.5
and 0.5.

Table 3.7: Historical El Nifio and La Nifia (Source: Jan 2015)

El Niflo seasons La Nifia seasons
Very

Weak Moderate | Strong strong Weak Moderate | Strong
1951-52 | 1963-64 | 1957-58 | 1982-83 1950-51 | 1955-56 | 1973-74
1952-53 | 1986-87 | 1965-66 | 1997-98 1954-55 | 1970-71 | 1975-76
1953-54 | 1987-88 | 1972-73 1964-65 | 1998-99 | 1988-89
1958-59 | 1991-92 1967-68 | 1999-00
1968-69 | 2002-03 1971-72 | 2007-08
1969-70 | 2009-10 1974-75 | 2010-11
1976-77 1983-84
1977-78 1984-85
1979-80 1995-96
1994-95 2000-01
2004-05 2011-12
2006-07

b) Correlation analysis

Spatial correlation analysis was then used to investigate austral summer Ty and SOI from
1983 to 2012. Correlation was also done for Nifio3.4 sea surface temperature and Tx. This
helps to determine the influence of ENSO cycles to heat wave occurrences, since SOl is an
indicator of ENSO events. The index >1 is identified as a La Nifla and the index < -1 is
identified as an El Nifilo. Non-ENSO season is when SOI is between -1 and 1. South-eastern
part of southern Africa experiences dry conditions or droughts during the warm phase of

ENSO which also play a role in conducive conditions for heat waves (Hunt 2007). For this
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study, the correlation was done with a lag time of one month because the Pacific affects

South Africa via teleconnections.
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Figure 3.6: RClimDex output of trend analysis of DTR for Skukuza, for the period 1983—
2012. Thin line and circles indicate time series and index values, bold line
indicates linear trend and dotted line indicates decadal-scale variations based on
Lowess smoother (Source: Cleveland, 1979).

3.3.3 Composite Analysis

Composite analysis is widely applied in climatological studies to detect characteristics which
prove to be common (e.g. Chikoore 2005). This technique is also referred to as a
superposed epoch analysis (Laken and Calagavic 2013), and is a technique which show
better trends as compared to trends shown by individual cases. In this study, composite
analysis was used to show characteristics of austral summer heat wave events in the interior
of South Africa. It was also used to show vertical motion at the middle levels (500 hPa) over
South Africa during heat wave events occurring during ENSO seasons. High pressure
systems are associated with descending air, and this method investigated whether this is the
case with heat waves as several studies suggest that heat wave occurrences are linked to

the presence of a high pressure system.
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3.3.4 Case study approach

While a composite analysis is very useful in providing a general picture about similar events,
but sometimes it has a potential to group events which are diverse (Chikoore 2005), hence a
case study approach then is vital. A case study approach was used in achieving an in-depth
knowledge about the structure of the atmosphere during heat waves over South Africa. Case
study approach is a widely used method of analysis in the field of climatology (e.g. Palecki et
al. 2001). Longest lasting heat waves were selected in each thermal region (Figure 3.2) in
order to investigate how the structure of heat wave varies across South Africa. SAWS Ty
was mapped over the whole country to determine how the average T varies spatially during
each selected heat wave period. NCEP data sets such as soil moisture, OLR, wind vector
and RH were mapped during each selected heat wave. LST was also mapped during
months were longest lasting heat waves occurred. Vertical motion of heat waves occurring
during ENSO seasons was also investigated, and then compared to circulations and
patterns of heat waves on non-ENSO seasons.

It is well documented that high atmospheric temperatures causes thermal discomfort in
human beings (e.g. Yousif and Tahir 2013). Yousif and Tahir (2013) defined thermal comfort
as the condition of mind that expresses satisfaction with the thermal environment and is
assessed by subjective evaluation. The fact that the degree of vulnerability to heat waves
differs across South Africa necessitate the need to investigate variability of thermal
discomfort in different areas across the country. Studies investigated thermal discomfort

using different indices in different regions across the world (e.g. Yousif and Tahir 2013).

This study used two indices to calculate thermal discomfort of different thermal regions of
South Africa: (a) Thom’s Discomfort Index (TDI) (Thom 1959) and (b) discomfort index from
SAWS (DI). Both the index of Thom (1959) given in equation 3.6 and DI given in equation
3.7 evaluate the impact of heat stress on an individual taking into account both average RH
and dry-bulb temperature (T). These indices were calculated for days when the longest heat
waves occurred in each thermal region over the current climate. TDI was widely used in the
past (e.g. Epstein and Moran 2006; Bartzokas et al. 2013; Yousif and Tahir 2013). TDI
provides discomfort degree of a population at certain region (Table 3.8). T and RH during
selected heat waves will be used for the calculations. SAWS indicated that there is no
discomfort when DI is less than 90; DI ranging from 90 to 100 indicates it is very
uncomfortable, DI of 100 to 110 indicated that it is extremely uncomfortable, while DI greater
than 110 is hazardous to health. DI indicates the level of discomfort while TDI indicate the
level of discomfort relating that to the population density affected. Tourism contribute to the
economy of South Africa so understanding thermal discomfort levels in the country will assist

tourists in deciding on a certain destination, with less or no discomfort.
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Table 3.8: Thom’s degree of discomfort (Source: Thom 1959)

Conditions TDI
No discomfort Less than 21
5 .
U_nder 50% of population feels Between 21 and 24
discomfort
Over 50% of population feels discomfort | Between 25 and 27
Most of population suffers discomfort Between 28 and 29
Everyone feels stress Between 30 and 32
State of medical emergency Greater than 32
TDI =T — 0.55(1 — 0.01RH)(T — 14.5) (3.6)
DI = 2T + RH(T + 24)/100 (3.7)

3.3.5 The Grids Analysis and Display System

Using the Grids Analysis and Display System (GrADS), which is a free desktop tool on the
internet that can be implemented on DOS based computers and available UNIX workstations
(Doty 1995) was used to map NCEP/ NCAR R-2. NCEP/ NCAR R-2 data were displayed to
analyse the synoptic circulation of heat wave events over South Africa. Wind vector data set
was mapped at different atmospheric levels (i.e. 950 hPa, 500 hPa and 200 hPa) in order to
understand changes of wind speed and direction with height during heat waves. This tool

allows for an easy manipulation and display of earth science datasets.

Geopotential height and RH was mapped at 500 hPa which is the steering level and OLR at
the upper level (200 hPa) to provide the nature of clouds formation if there are clouds during
specified periods. This assists in understanding large scale circulation patterns during
identified heat waves. Soil moisture was mapped days before and during the identified heat
waves. NCEP/NCAR R-2 data sets were also used for this purpose. Soil moisture deficits of
a particular region lead to extremely high land surface temperatures to that particular region

(Fink et al. 2004), hence warming the atmosphere above.

GrADS was used to plot geopotential height, wind vector and anomalies of interpolated OLR,
soil moisture and RH. Rather than mean composites, to show deviation from the
meteorological means in order to get a better understanding of the synoptic conditions
during heat waves over South Africa. NCEP/NCAR perform data assimilation using a
forecast system (Kalnay et al. 1996), and a larger number of this data is available from

Physical Sciences Division (PSD) (http://www.esrl.noaa.gov/psd/) and it is in 4-times daily

format.
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3.3.6 The Conformal Cubic Atmospheric Model

Current and future climate model output obtained from the Conformal Cubic Atmospheric
Model (CCAM) was used in this study for present and future heat wave trends in South
Africa. The periods of 2010 to 2039, 2040 to 2069, and 2070 to 2099 were considered as the
future climates and the signal and effects of climate change is expected to be higher during
these periods compared to the present climate were anthropogenic influences are expected
to be smaller. However the threshold used for the definition of a heat wave for all the periods
is derived from the present day climate. This makes it easier for characteristics of heat
waves in the present and future climates to be comparable. The CCAM model provided
projections of future heat wave frequency, duration and intensity.

CCAM is based on conformal cubic grids, and it is an atmospheric model which is semi
Lagrangian and semi implicit and it solves hydrostatic primitive equations (Engelbrecht et al.
2011) and can be employed for simulations of a regional climate since it also supports a
global resolution grid variable (McGregor and Dix 2008). CCAM is a global model, but it can
also be employed as a Regional Climate Model (RCM) by running the model in stretched-
grid variable-resolution mode (Engelbrecht et al. 2009). Rotstayn (1997) indicated that
CCAM also include a prognostic cloud scheme, in addition to a land surface scheme
suggested earlier by Kowalczyk et al. (1994) which include three layers of snow, soil

moisture and soil temperature.

The CCAM model was developed by the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) in Australia (McGregor 2005; McGregor and Dix 2008), and is also
being used by the Council for Scientific and Industrial Research (CSIR) in South Africa. The
simulations used in this study have a grid spacing of 50 km and were made using the
Representative Concentration Pathways (RCP) 4.5 and RCP 8.5, and comparison between
the two were also made. Six ensemble members obtained using sea ice and sea surface
temperatures from six earth system model, were used in this study (Table 3.9). RCPs were
developed by the Intergovernmental Panel on Climate Change (IPCC) and a detailed
description is given in studies by Potgieter (2006), Moss et al. (2010), Engelbrecht et al.
(2011) and van Vuuren et al. (2011).
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Table 3.9: List of ensemble members used in this study

Model RCP 4.5 RCP 8.5
ACCESS v v
CCSM4 v v
CNRM v v
GFDL v v
MPI v v
NorESM1M v v

In South Africa, CCAM has been used in the past to simulate future climate (e.g.
Engelbrecht et al. 2009; Engelbrecht et al. 2011). Other studies used CCAM for short-range
weather forecast at high resolution of about 15 km (e.g. Rautenbach et al. 2005; Potgieter,
2006). It was found that CCAM performs well for 24-hour forecast for a period of up to four
days (Potgieter 2006). It was also found that CCAM is also good in simulations of minimum
and maximum temperature, and rainfall annual cycles (Roux 2009). This work used CCAM

to simulate future heat waves in South Africa.

3.4 Theoretical framework of the study

A theoretical framework of this study is offered here (Figure 3.7) based on the methods
undertaken to achieve the main work of this study. Monthly and annual temperature trends
are determined using trend analysis, and maximum temperature dataset was used to identify
heat waves over South Africa. Using trend analysis, seasonal frequency and average
duration of heat wave are studied across the country, and a case study approach is applied
to understand the meteorological structure of these events. CCAM was then used to model

trends of heat wave frequency and duration in the warmer future climates.
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Figure 3.7: Schematic illustration of analysis involved in this study.

3.5 Summary

This chapter has described data sets and data sources used and the methods of analyses
applied to achieve the objectives of this study. Maximum temperature is the major dataset
used to identify heat waves in different regions across the country. Different threshold have
been used because different thermal characteristics in the country. NCEP/NCAR daily
composites of Geopotential height, RH, OLR, wind vector and soil moisture were mapped in
order to understand the meteorological structure of heat waves. CCAM was used to model
future heat wave characteristics. The chapter also provided a theoretical framework of the

study.
The next chapter provide trends of DTR, minimum and maximum temperatures over different
parts of South Africa. The chapter also provides heat wave occurrence spatial variability over

time. Frequency, duration and averaged maximum temperature during the identified heat

waves are discussed in the next chapter.
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CHAPTER 4

HEAT WAVE VARIABILITY OVER SOUTH AFRICA

4.1 Introduction

A positive global general trend of temperatures is observed owing to global warming of the
earth’s atmosphere, with narrowing diurnal temperature range (DTR) (e.g. Makowski et al.
2008), but that may not necessarily be the case with regional temperature trends as
microclimates vary from place to place. The atmosphere is known to be chaotic and there is
observed variability in trends of anthropogenic contributions to a warming climate, such that

it is crucial to analyse temperature trends over the country using recent datasets.

In this study heat waves are identified using daily maximum temperature, because changes
in this dataset over time can impact the frequency and duration of heat wave occurrences.
Kruger and Sekele (2013) identified thermal regions over South Africa, using the same
dataset from the South African Weather Service (SAWS). South African thermal regions are
experiencing different temperature characteristics in response to phenomena affecting
weather and climate in the distinct regions. Weather of South Africa is influenced by both
South Atlantic anticyclone and South Indian anticyclone, owing to its latitudinal location (22°-
34°S and 16°-32°E). The frequency and duration of extreme temperature events may also

vary as trends in the number of hot days are not the same in the country’s thermal regions.

Land-atmospheric interactions have a crucial role in warming the atmosphere (Guo et al.
2011). Heat waves also depend on the temperature of the earth surface, so trends of land
surface temperature should have a significant role in the nature of heat waves. Intense
heating of a dry surface can result in negative rainfall anomalies (Fischer et al. 2007) and

lead to occurrences of intense heat waves over a region.

The aim of this chapter is to analyse temperature trends over South Africa in the present
climate, 1983 to 2012. The chapter discusses heat wave spatial variability over the country
and their average duration and frequency and changes over time. Trends of temperature
data from 24 selected climate stations are discussed in section 4.2; however only heat wave
trends identified by 22 stations are discussed in section 4.3 as no heat waves were recorded

in two stations (Cape Agulhas and Mount Edgecombe).
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4.2 Temperature trends over South Africa

a Annual mean temperatures for Mari
4100 ual mean temperatures for Marico 14,00
y =-0.0056x + 11.886
30,00 13,50
13,00
29,00
—~ ’ 12,50 ~
O O
2_ 28,00 12,00 &
= 11,50 +
27,00 !
11,00
26,00 y = 0.0054x + 27.617 10,50
2 _
25,00 T T T T T T T T T T RI - IO()IOII T T T T T T T T T T T T T T T 10,00
[a2] N ~ [e)} — [22] wn ~ (o)) - o wn ~ D —
o] 0 0 0 D [e)] D D D o o o o o —
[e)] [e)] [e)] [e)] [e)] [e)] [e)] ()] ()] o o o o o o
i i i i i - - - - ('] o o o o o
Years
—TNAX e Tmin
b .
26,50 Annual mean temperatures for Pretoria 11,50
y =0.0058x + 25.27
26,00 11,00
o)
DX I B RSN /A WP e vov. SV A0 N '/ (00 Y PR, 78O 10,50 3
< <
£ 25,00 10,00 =
24,50 y =0.0028x + 10.274 9,50
R? = 0.005
24,00 T T T T T T T T T T T T T T T T T T T T T T T T T T T T 9,00
[a2] wn ™~ [e)) — o wn ~ (o)) — o n ~ [e2} —
o] <) 0 9] D D D D D o o o o o —
[e)] )] [e)] )] [e)] )] [e)] )] ()] o o o o o o
i - i — i i - - - o o (o] o (o] o
Years
o—TNaX —e——Tmin
C -
2900 Annual mean temperatures for Bothaville 1500
y = 0,0155x + 26,164
28,00 R2=0,024 11,00
10,00
8 27,00 | TN NS M RO AN N ~~
R TR T s UUVTVUTIUIONY U0 W SUUUOY U8 IR /208 W SERCIECICE R 000 O
= 2600 | S
\ 8,00
25,00 y =-0.0156x + 9.7001 7,00
R2=0.01
24,00 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 6,00
(22] n ~ [e)] - o n N~ [e2} — o n ~ (o)) —
<) [<9) o8] 0 D D D D D o o o o o —
)] )] )] )] )] )] )] )] [e)] o o o o o o
i i i i i i i — — o~ (@] (@] (a\] (a\] (a\]
Years

e TNQX e Tmin

Figure 4.1: Inter-annual variability of maximum and minimum temperatures (°C) for (a)
Marico, (b) Pretoria and (c) Bothaville from 1983 to 2013.
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4.2.1 Annual temperature cycles

The northern interior of South Africa experiences weak positive annual maximum
temperature trends in regions such as Marico, Pretoria and Bothaville (Figure 4.1). These
regions also experience insignificant changes in annual minimum temperatures. While other
parts of the country experience annual minimum temperature trends which are almost
divided between negative and positive, much of the subtropical western interior experiences

negative trends in annual minimum temperatures over the 30-year period.
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Figure 4.2: Monthly mean maximum temperatures over (a) Northern Interior (b) South-
eastern interior (c) Subtropical western interior and (d) Northeast lowveld of
South Africa from 1983 to 2012.

Monthly means of both maximum and minimum temperatures over much of South Africa
follow a similar pattern. Higher maximum temperature values are observed during December
to February (DJF), while much of the country is relatively cool during the austral winter, with
lower monthly maximum temperatures observed particularly between June and July (Figure
4.2). However there are no significant monthly maximum temperature changes throughout
the year over areas such as Port Nolloth in cluster A (Figure 4.3a) as a shorter range (18-
20.7°C) is observed.
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Monthly maximum temperature of south-west and south coastal regions are lower when
compared to the entire country. Coastal areas such as Cape Columbine, Cape Agulhas and
Cape St. Francis experience maximum temperatures well below <25°C throughout the year
and well below 20°C (Figure 4.3a) during austral winter months (April-September). These
areas usually experience cold fronts which lead to a drop in atmospheric temperature after
their passage. South-east coastal region experiences warmer maximum temperatures
compared to south and south-west coasts. Richards Bay is warmer than all the South
African coastal regions throughout the year with lowest average temperature of 22.98°C in
July. Coastal regions are experiencing moderate maximum temperatures than inland areas,
as a result of the ocean cooling effect by both South Atlantic and South Indian Oceans on
coastal regions

Much of cluster D experiences intense warming in DJF, with areas in the northern parts such
as Twee Rivieren experiencing maximum temperature reaching 36.6°C (Figure 4.2c) in
January. Cluster D is a thermal region with little to no vegetation (Figure 1.3); hence more
radiation reflectance occurs and warms the atmosphere. Areas in the north-east parts of the
country, such as the lowveld of the country in cluster C are the hottest regions during
summer in the entire subtropical eastern part of South Africa. These region which include
Punda Maria and Skukuza are also the warmest winter regions of the country with maximum
temperature >25°C in June-August (JJA) (Figure 4.2d). Strong maximum temperature
gradients are observed in the more elevated central interior ranging from 16-24°C in winter
(June to July) and 26-33°C in summer (DJF).

Monthly maximum temperature trends over much of South Africa are consistent with monthly
minimum temperature trends most cases (Figure 4.4). An exception was only observed
where monthly minimum temperature decreases drastically in winter over Port Nolloth, with
no significant changes in monthly maximum temperatures throughout the year. Minimum
temperatures of coastal regions hardly drop below 0°C (Figure 4.3b), while inland regions
experiences varying minimum temperature with only Bethlehem and Wepener well below
0°C in winter (Figure 4.4b). Bethlehem minimum temperatures range from -0.58 to -1.24°C
while Wepener is the coldest with temperature ranges from -1.56 to -2.18°C between June
and July. All selected climate stations recorded average monthly minimum temperature
<25°C from 1982 to 2012. Richards Bay and Mount Edgecombe are the only coastal regions

with DJF minimum temperature exceeding 20°C throughout the year (Figure 4.3b).
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Figure 4.3: Monthly mean (a) maximum and (b) minimum coastal temperatures (°C) from

1983 to 2012.
a) o b) .
Northern interior Southeastern Interior
25,00 20,00
_.20,00 ~ 15,00
O O
N 15,00 & 10,00
210,00 z
= =
5,00 5,00
0,00 0,00
-5,00 -5,00
EEIEESTIFELS EEFY EERRERY
e BOthavile e=mm==|ephalale e==|ydenburg e Bethlehem e Escourt
e \ara e \/|ariCO Pretoria e QUeenstown e==\\epener
e \/ryburg = \\/illowmore
c) Subtropical western interior d) Northeast lowveld
25,00 25,00
20,00 20.00
-~ 15,00 —~
O O 1
L 10,00 o >/00
= 5,00 2 10,00
0,00 5,00
-5,00 0,00
E8EEE5T58834 EBE5553558284
e Fraserburg Pofadder Punda Maria === Skukuza

e T\ee Rivirien == \/anwyksvlei

Figure 4.4: Monthly mean minimum temperatures (°C) over (a) Northern Interior (b) South-
eastern interior, (c) Subtropical western interior and (d) Northeast lowveld of
South Africa from 1983 to 2012.
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4.2.2 Interannually variability

South Africa experienced different inter-annual temperature trends from 1983 to 2012. The
country experienced increasing annual maximum and minimum temperature in other
regions, while complement temperature conditions are observed in other regions (Table 4.1).
Twenty-one of the 24 selected climate stations across South Africa have positive annual
maximum temperature trends, while only three stations show negative annual maximum
temperature trends. Cape St. Francis, Wepener and Willowmore are the stations with
negative annual maximum temperature trends, and both Wepener and Willowmore are in the

south-eastern interior of the country, within the same thermal region.

4.2.3 Diurnal temperature range

Mean monthly DTR is large during the austral winter in most interior parts of South Africa. An
average of 17.3°C is observed from all the selected interior stations during the mid-winter
(JJA) season. Eastern and southeast coastal region of the country also show the same
pattern as most interior stations (Figure 4.5). While all selected stations in northeast lowveld,
southern and northern interior have larger mean monthly DTR in winter which then
decreases in austral summer, Pofadder in cluster D is the only station that showed the
opposite pattern. Pofadder has a mean DTR of 13.1°C in JJA but 16°C during DJF. Mean
monthly DTR of station in cluster A show different patterns, where DTR at Port Nolloth is
larger in summer than in winter while Cape Columbine is showing the opposite. Minor mean

monthly DTR differences are observed over Cape Agulhas.

Annual DTR reflect the annual trend magnitudes of both maximum and minimum
temperatures during the study period. Much of the country show positive trends of annual
DTR, with 13 of the 24 stations being statistically significant at the 95% level of confidence.
Only 3 stations showed negative annual DTR trends (Pofadder, Pretoria and Wepener). This
is because the two stations, Pofadder and Pretoria, are experiencing positive trends of both
Maximum and minimum temperatures however minimum temperatures rising at a higher
rate. Annual DTR is narrowing at Wepener because of the negative trend of maximum
temperature but minimum temperature is experiencing a positive trend. Most of the stations

with stronger significant positive trends are in the eastern half of South Africa.
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Table 4.1: Annual maximum and minimum temperature trends from 1983 to 2012

Positive trend Negative trend
Tx Tn Tx Tn

Region

Bothaville
Bethlehem
Fraserburg
Lydenburg
Pofadder
Pretoria
Punda Maria

NENENEN ENEN N

Escourt
Lephalale
Marico

Mara

Vryburg
Willowmore
Skukuza
Twee Rivieren
Vanwyksvlei
Wepener v v
Queenstown v

Inland

NEN NN ENEN N EN N EN EN N ES EN PN BN

Y AYAYAYAYATATATNAS

<

Cape Agulhas
Cape
Columbine
Mount
Coastal Edgecombe
Port Nolloth

Richards bay

Cape St.
Francis

S EN IR IR EN
<

4.3 Extreme temperature trends

4.3.1 Cold and warm nights

The selected stations across South Africa all experienced negative trends in cold nights and
21 stations are statistically significant at 95% level of confidence (Table 4.2). Stations in the
central plateau, northern and eastern parts (such as Punda Maria, Mara, Lephalale, Pretoria,
Lydenburg, Mount Edgecombe, Richards bay, and Queenstown) of the country show
strongest negative trends in cold nights. Warm nights show opposite trends than cold nights.

However, it is noticeable that the positive trends are smaller in magnitude than the
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decreasing trends of cold nights. A total of 18 stations show statistically significant positive
TN9OP trends at the 95% level of confidence.

Table 4.2: Trend results for selected temperature indices from 1983 to 2012 (* indicates

significance at the 95% level of confidence)

Station Name TN10P TNOOP TX10P TX90P DTR

(days) (days) (days) (days) 4]

Bethlehem -0.063* 0.092* -0.057* 0.151* 0.007
Bothaville -0.324* 0.077 -0.034 0.275* 0.045*

Cape Agulhas -0.199* 0.392* -0.199* 0.392* 0.01
Cape Columbine -0.211* 0.158* -0.046* 0.141* 0.001
Cape St. Francis -0.067* 0.165* -0.184* -0.107* 0.031*
Escourt -0.127* 0.108* -0.012 0.213 0.032*
Fraserburg -0.06 0.19* -0.04 0.244 0.003
Lephalale -0.354 0.453* -0.155 0.834* 0.052*
Lydenburg -0.163* 0.052 -0.092* 0.336* 0.014
Mara -0.322* 0.027* -0.042 0.356* 0.038*
Marico -0.186* 0.113 0.148* 0.027 0.006
Mount Edgecombe | -0.326* 0.206* -0.019 0.176* 0.008
Pofadder -0.063 0.151* -0.012 0.186 -0.006
Port Nolloth -0.116* 0.018* -0.063* 0.218* 0.035*
Pretoria -0.314* 0.049 -0.023 0.028 -0.005
Punda Maria -0.438* 0.116* -0.038* 0.137* 0.034*
Queenstown -0.329* 0.208* -0.174* 0.051 0.001
Richards bay -0.339* 0.283* -0.143* 0.515* 0.069*
Skukuza -0.283* 0.109 -0.114* 0.2 0.036*
Twee Rivieren -0.262* 0.065* -0.122* 0.832* 0.111*
Vanwyksvlei -0.118* 0.062 -0.076* 0.091 0.018*
Vryburg -0.298* 0.123* 0.057* 0.166* 0.039*
Wepener -0.035* 0.173* -0.18 0.1* -0.037*
Willowmore -0.117* 0.305* -0.165* 0.183* 0.024*

4.3.2 Cool and hot days

Table 4.2 also indicate trends of cool (TX10P) and hot days (TX90P). TX10P indices are
negative in 23 of the 24 stations, indicating a general decreasing trend in cool days across
South Africa. Vryburg in cluster F is the only selected station showing a positive trend. A
total of 15 of the 24 stations were significantly negative with strongest negative trends in
south and south-east coastal regions. Hot days show increasing trends from 1983 to 2012,

with an exception of Cape St. Francis in the eastern coast of cluster B. A total of 16 TX90P
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are statistically significant at the 95% level of confidence with central and northern regions of

the country showing strongest trends.

4.4 Heat wave variability

4.4.1 Spatial and temporal variability

South Africa experiences a considerable spatial variability of heat wave occurrences over
time (Figure 4.6). The country experienced higher heat wave frequency in the more equator
ward regions, with Punda Maria (22.68°S, 31.02°E) recording 45 heat waves from 1983 to
2012. The north-east regions experience more heat wave occurrences in the subtropical
eastern parts of South Africa, and these low-lying regions are warm throughout the year.

Most regions experience heat waves during the austral summer, particularly in DJF (Figure
4.7), with the exception of subtropical western to south-west coastal regions experiencing
heat waves mainly between May and August (Figure 4.8-4.9). Northern parts of South Africa
also experienced over 12 heat waves between September and November (SON) during the
study period (Figure 4.10). The western coastal regions of South Africa experiences most
heat waves in winter when subtropical anticyclones are more equator-ward and when a
continental high becomes more established. Port Nolloth experienced most (71) heat wave
occurrences (Figure 4.11) between 1983 and 2012, 66 of which occurred between April and

September.

The average heat wave frequency per season varies across South Africa during the present
day climate (Table 4.3). Port Nolloth experiences a high average heat wave frequency per
season than all the stations, followed by Punda Maria. However, on average there is no
season where the country cannot experience heat wave occurrences. There is no uniform
recurrence pattern of heat wave occurrences. Some seasons have high heat wave
frequency, while no heat waves are observed during other seasons. More than one heat

wave can be observed in a season.
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Figure 4.5: Monthly mean DTR (°C) over (a) Southern and western coast, (b) Eastern and
southeast, (c) Northeast lowveld, (d) Subtropical western interior and (e) south-
eastern interior and (f) Northern interior of South Africa from 1983 to 2012.
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Table 4.3: Hottest month per station and its average maximum and minimum temperatures,

and average number of heat waves per season.

. Hottest Average | Average Average number of
Station Name o o heat waves per
month Tx(°C) Tn(°C)
season

Bethlehem January 26.53 13.12 0.3
Bothaville January 30.67 16.82 0.9
Cape Agulhas January 24.46 18.22 0.0
Cape Columbine February 21.96 14.08 0.5
Cape St. Francis January 23.00 17.88 0.2
Escourt January 27.96 15.90 0.6
Fraserburg January 31.47 14.56 0.2
Lephalale February 32.65 20.13 0.9
Lydenburg January 26.25 15.24 0.1
Mara January 30.58 18.13 1.1
Marico January 31.37 18.21 1.2
Mount Edgecombe | February 28.05 20.70 0.0
Pofadder January 34.08 17.71 0.2
Port Nolloth February 20.71 13.44 2.4
Pretoria February 28.84 16.60 0.2
Punda Maria December | 32.30 20.96 1.6
Queenstown January 28.91 15.05 0.8
Richards bay February 29.23 21.81 0.2
Skukuza February 32.57 20.80 0.7
Twee Rivieren January 36.58 20.10 0.4
Vanwyksvlei January 35.32 18.18 0.2
Vryburg December | 31.94 15.75 0.7
Wepener January 30.28 15.48 0.2
Willowmore January 30.22 14.94 0.8

Cape Agulhas and Mount Edgecombe were the only stations where no heat wave was
recorded during the study period. Both regions are located in the coasts and weather and
climate of these regions is highly influenced by adjacent oceans. Atmospheric temperatures
of these regions hardly experienced hot weather conditions for prolonged periods as the
adjacent oceans act as cooling factor. Monthly mean minimum temperatures of both Cape

Agulhas and Mount Edgecombe are >10°C (Figure 4.3b) during their coldest months (June-
July).

4.4.2 Heat wave duration

Section 4.4 has shown that heat waves that occurred in South Africa between 1983 and

2012 may last from three days up to a record of 11 days as recorded by Marico during the

strong El Nifio season of 1982/1983. Average heat wave duration during the study period

53

© University of Venda



o]
-_—\e
University of Venda

also vary in different regions across the country (Figure 4.12). Heat waves in most of the
northeast lowveld (cluster C), high lying interior and equator-ward regions (northern parts of
Cluster D, and cluster E and F) of the country experience an average duration greater than
4.5 days during the study period. Most stations in these regions are characterized by high
maximum temperatures (>32°C) during the austral summer. Wepener in cluster E recorded

the highest average heat wave duration of 6 days.

Subtropical eastern parts, eastern and southeast coastal regions experience an average
duration between 3 and 4.3 days, with the Mediterranean climate region of South Africa
experiencing the lowest average duration of that region. Cape Agulhas in cluster A and
Mount Edgecombe in cluster B did not record heat wave events between 1983 and 2012;
hence the average heat wave duration in these regions is below the minimum duration (3

days) of a heat wave event.

- T Jpunda Maria
. Mara \ ?
' Lephalale L
Legend i .
@ Stations ,,‘J. \
Number of heat waves [ J Lydenburg §kauza
E -~ .~ Marico
0-17 5 . A [Pretoria ¢
18- 35 ) i e P,
36-53 e'\'mee Rivirien’ ( -
Il 54-72 | Vryburg X =
Bothavile e | /
/
k. Bethlehem |
) : ' [Richards Ba
) —_ a %
=T — . E rt .
Nolloth J.Pofadder F 8 scou P
- y Mount Edgecombe
.Wepener { 4
\ Janwyksvlei - ’ y
‘ y
N\ 4
fraserburg Queenstown V.
>
.Cape Columbine o
kY Willowmore d
) e
) — ~w= —_ FapeSt. Francis i 0 1 5 : am
i Cape Agulhas [ mm m— m—|

Figure 4.6: Annual spatial variability of heat waves (shaded) over South Africa from 1983 to
2012.

54

© University of Venda



7S
S

) (o

&) university of venda
Creating Future Leaders

DJF heat wave ‘ +
frequency

0-6

6-12
B 12-18
W 18- 24

100 0 100 200 300 400 km

Figure 4.7: DJF heat wave frequency (shaded) over South Africa from 1983 to 2012.
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Figure 4.8: MAM heat wave frequency (shaded) over South Africa from 1983 to 2012.
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Figure 4.9: JJA heat wave frequency (shaded) over South Africa from 1983 to 2012.
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Figure 4.10: SON heat wave frequency (shaded) over South Africa from 1983 to 2012.
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Figure 4.11: Number of heat wave occurrences from each selected climate
South Africa from 1983 to 2012.
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Figure 4.12: Interpolated heat wave average duration over South Africa from 1983 to 2012.

Duration less 3 days should be ignored (an artefact from interpolation process).
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4.5 Heat waves and ENSO

Temperature over South Africa is also influenced by EI Nifio-Southern Oscillation (ENSO)
events. The cluster C region is affected the most by the El Nifio. This region experiences
high maximum temperatures during warm ENSO events, as shown by a negative October to
March correlation between maximum temperature and SOI (Figure 4.13). Except for the
north-east lowveld, there is a fairly weak maximum temperature and Southern Oscillation
Index (SOI) correlation in much of the country during the austral summer. Nifio 3.4 sea
surface temperature (SST) correlation with maximum temperature shows a strong positive
correlative over cluster C and fairly weak correlation in other parts of the country (Figure
4.14.

12E 1SE 1B8E 27E 24E 27E 30E 33E 3BE 30E

Figure 4.13: Austral summer correlation of Southern Oscillation Index and maximum
temperature from 1983-2012, p<10%.

The 1991/1992 summer season recorded most heat waves over much of the country in the
study period. Stations in the northern parts of South Africa such as Punda Maria and Mara
recorded their longer lasting heat waves during this moderate El Nifio season (Table 3.6).
Most of South Africa’s longest lasting heat waves per station (Table 4.4) are observed during
the negative phase of SOI. The longest lasting heat waves in Marico (11 days) and Escourt
(5 days) both occurred during the one strongest El Nifio seasons (1982/1983) of the study
period. While other heat waves were observed during weak and moderate El Nifio events,
stations in the northern interior of the country such as Pretoria and Lydenburg experienced

their longest lasting heat waves during the 2011/2012 weak La Nifia season.
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Table 4.4: Longest lasting heat waves per station (* indicate stations that recoreded the

longest lasting heat waves per thermal region).

Ther_mal Cluster Longest lasting heat wave
region stations Date from Date to Number | Average Tx | Average Ty
(Cluster) (dd/mmlyy) | (dd/mmlyy) | of days (°C) (°C)
Cape Agulhas - - - - -
A g?ﬁﬁnbme 15/1/2000 | 19/1/2000 5 31.1 15.9
Port Nolloth* 4/6/2000 | 9/6/2000 6 32.2 15.6
E;%iiit' 15/5/1991 | 19/5/1991 5 31.7 15.4
B Richards bay* | 6/2/2010 | 12/2/2010 7 35.8 23.9
Mount _ _ _ _ B
Edgecombe
c Skukuza 18/10/2010 | 25/10/2010 8 42 27.1
Punda Maria* | 23/2/1992 | 2/3/1992 9 40.2 25.5
Fraserburg 3/1/1993 | 7/1/1993 5 38.5 19.8
Pofadder 3/1/1993 | 7/1/1993 5 41.4 24.3
x ;‘i’l’,‘feeren* 4/1/2012 | 11/1/2012 8 42.3 21.3
Vanwyksvlei 6/2/1998 | 10/2/1998 5 42.1 22.2
Bethlehem 17/12/1994 | 22/12/1994 6 32.4 12.9
Willowmore 21/1/2007 | 27/1/2007 7 36.4 18.8
E Queenstown* | 3/2/1992 | 12/2/1992 10 36.2 17.8
Wepener 28/1/1987 | 4/2/1987 8 36 18.8
Escourt 27/9/1983 | 1/10/1983 5 35.1 12.7
Bothaville 30/11/2009 | 6/12/2009 7 38.2 17.6
Lydenburg 23/10/2011 | 25/10/2011 3 32.9 15.0
Mara 30/11/1992 | 6/12/1992 7 36.8 17.0
F Marico* 17/2/1983 | 27/2/1983 11 37.8 18.5
Pretoria 9/11/2011 | 13/11/2011 5 34.5 15.7
Vryburg 8/12/1997 | 16/12/1997 9 38.1 18.7
Lephalale 30/1/2003 | 8/2/2003 10 39.5 24.3

Northern parts of South Africa are experiencing most heat waves in one season. Lephalale

experienced most heat wave occurrences, up to 8 during the 2002/2003 moderate El Nifio

season with an average duration of 4.6 days were observed. Punda Maria experienced

second most number of heat waves (6) during the weak EI Nifio of 2006/2007 with an

average duration of 3.3 days. While heat waves usually jointly occur with droughts, heat

wave events are more localized but droughts tends to be widespread, such was observed
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during ENSO induced dryness of 1982/1983, 1991/1992, 2002/2003 and 2006/2007
seasons (Figure 4.15).

AE 27E 30E 33E 36E 39

ma

Figure 4.14: Austral summer correlation of Nifio 3.4 sea surface temperature and maximum
temperature from 1983-2012, p<10%.

Least number of heat waves in South Africa is usually observed during non-ENSO and cool
ENSO seasons. Punda Maria recorded only 2 heat waves, one 4-day (7-10 October 1988)
lasting heat wave and the other lasting for 3 days (23-25 December 1988) during the
1988/1989 strong La Nifia season. The 1993/1994 and 2005/2006 non-ENSO seasons also
experienced 2 heat waves respectively in regions such as Punda Maria and Port Nolloth.
The only season where one heat wave occurred in a season was during the 1996/1997 non-
ENSO over Richards, Lephalale and Port Nolloth. Another heat wave that occurred during a
non-ENSO season of 1992/1993 was widespread over Northern Cape and was the longest

lasting heat wave at Pofadder and Fraserburg.
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Figure 4.15: Standardized Precipitation Index of positive phase of ENSO seasons
(1991/1992, 1982/1983, 2002/2003).

4.6 Summary

Recent temperature trends over South Africa have been investigated. Monthly maximum and
minimum temperatures follow the same pattern in most station, however the temperature
trends differs spatially. It was observed that there are no major seasonal temperature
changes over coastal regions, while inland areas are hotter in summer but relatively cool or
cold in winter, particularly in the plateau. Both annual maximum and minimum temperature in

most regions indicate that the country is becoming warmer over time. The north-east lowveld
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is the inland region which is warmer throughout the year, while Richards is the coastal region

which is the warmest all year-round.

Out of the 24 selected stations, 21 shows a general increasing trends of both maximum and
minimum temperatures, while only 3 stations in the central interior not depicting significant
changes during the study period. The country is also characterized by changes in daily
extreme temperatures. Cold night and cool days over South Africa between 1983 and 2012
have general negative trends while warm and hot days experience the opposite trends. It is
believed that the daily extreme temperatures play a certain role in the trends of heat weave
frequency. All selected stations indicate that DJF is the hottest period across the entire
country, and it is also the period where most heat waves were observed. Larger differences
between maximum and minimum temperatures are observed in winter in where heat wave
occurrences are less frequent in most parts of the country. From the analysis, the following
has been noted about heat waves characteristics over South Africa:

a) Heat waves are unusual events in the present climate (1983-2012) over much of
South Africa, with 20 of the selected 24 stations experiencing less than one heat
wave per season. Only Mara, Marico, Punda Maria (All three in the eastern half of
the country) and Port Nolloth in the subtropical western coast experienced more than
one heat wave per season.

b) Most parts of South Africa experience heat waves in austral summer, with an
exception of the subtropical western coast. Regions such as Port Nolloth along the
western coast experiences most of its heat wave events in winter.

c) Heat wave frequency is relatively higher in inland regions than in coastal regions.
Coastal regions such as Cape Agulhas and Mount Edgecombe did not record a heat
wave during the 30-year study period.

d) Eastern Half of South Africa experiences more heat waves than the western half in
austral summer.

e) DTR is usually stronger in winter when heat waves are less frequent in most parts of
the country

f) Heat wave occurrences are affected by ENSO events, with the northern and north-
east parts of the country being most influenced. High frequency and longer duration
heat waves is observed during El Nifio seasons.

g) While heat waves and ENSO induced droughts usually co-occur, heat waves are
more localized while droughts are more widespread.

h) Heat waves can last up to 11 days over inland regions, while a maximum duration of

7 days in coastal regions was recorded at Richards Bay from 6-12 February 2010.
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i) Heat waves last longer in the central interior and north-west lowveld with a seasonal

average duration ranging from 4.5 to 6 days.

The next chapter provides atmospheric conditions which are conducive for heat wave
occurrence over South Africa. It also discusses circulation patterns associated with heat

waves in different parts of the country.
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CHAPTER 5

METEOROLOGICAL STRUCTURE OF HEAT WAVES OVER SOUTH
AFRICA

5.1 Introduction

The nature and trends of extreme weather events are likely to change due to anthropogenic
contributions to climate change (Meehl et al. 2000). Global increase of mean temperature
increases the probability of extreme warm days (Mahlman 1997; Griffiths 2005). The
precedent chapter provided temperature trends and heat wave spatio-temporal variability
over South Africa and also indicated changes in the heat wave frequency in response to El
Niflo-Southern Oscillation (ENSO) cycles. This chapter seeks to understand how mean
temperature trends links to the trends of heat wave frequency and duration in different parts

of the country.

Geopotential height at 500 hPa is used to determine pressure systems associated with heat
wave occurrences as they are extensively been linked to persistent anticyclonic circulations
(e.g. Palutikof et al. 1996; Palecki et al. 2001; Galarnean et al. 2012). Coastal low pressure
systems are associated with hot and dry conditions (Ramuligho 2012), and may also provide
conducive conditions for heat waves. The identified events are divided into warm ENSO,
cool ENSO and non-ENSO seasons. Mapped relative humidity (RH), outgoing longwave
radiation (OLR), soil moisture and wind vector anomalies during the identified heat waves
are discussed in the subsequent sections. Longest lasting heat wave per thermal region

were selected as different case studies.

The aim of this chapter is to identify systems that trigger conducive conditions for heat wave
occurrences and details the meteorological structure and circulation patterns of the identified
longest lasting heat waves over each thermal region of South Africa. Heat waves have
negative impacts on livelihoods but have not received rigorous attention in the whole
southern Africa. South Africa has good temperature station network (MacKellar et al. 2014)

that can assist in determining how heat waves vary spatially.

5.2 Heat waves over the interior

Heat wave occurrences are dominant in austral summer in most parts of South Africa,
particularly between December and February where most climate stations record their
hottest maximum temperatures. Composite analyses of circulation patterns during DJF heat

waves in South Africa from 1983 to 2012 were performed to provide a general structure of
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heat waves during this season over the interior of South Africa. The composite analysis also

indicate that the surface is usually drier during heat waves (Figure 5.4).

Heat wave occurrences are mainly due to a persistent presence of a middle level (500 hPa)
high pressure system indicated by geopotential height which dwells and stagnates over the
interior (Figure 5.1a) of South Africa for few days up to weeks. The high-pressure system
results in subsidence of air which warms as it sinks towards the surface. The high also
induces anticyclonic circulations in the middle levels which weakens with decreasing height
(Figure 5.2b) as a result of friction. DJF heat waves in the interior are also associated dry
conditions and less cloud cover indicated by positive 200 hPa outgoing longwave radiation
(OLR) anomalies over the eastern half of the country (Figure 5.3). The eastern half

experiences negative relative humidity (RH) anomalies.

500 mb Geoptential height (m) camposite mean 850 mb Geoptential height (m) composite mean

. ¢
225 5920 =,

. \k‘
265 . G

12E 15€ 18E 21E 24E 27E 30E 33 36E 39 128 15 18 2ie 2 77e 30 B3 3he 35
2/26/92 1/8/12 2/11/92 2/26/83 2/26/92 1/8/12 2/11/92 2/26/83

a) b)

Figure 5.1: Composite of geopotential height (m) at a) 500 hPa and b) 850 hPa during
longest lasting DJF heat waves per thermal region in the interior of South Africa
from 1983 to 2012.
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850 mb Vector wind (m/s) composite mean

500 mb Vector wind (m/s) composite mean

Figure 5.2: Composite of wind vector (m/s) at a) 500 hPa and b) 850 hPa during longest
lasting DJF heat waves per thermal region in the interior of South Africa from

1983 to 2012.
500 mb Relative humidity anomalies (% e 200 mb NOAA Interpalated OLR anomalies 50
\ 20 40
15 30
10 20
5 10
; 0 0
_s -0
-10 3 -20
-15 0
-40
—20 A
S 8 21E 24 27 33E 6 12 15E 18E 21E 24E 27E 30E 33E 36E 39
2 2/11/92 2/26/83 -25 2/26/92 1/8/12 2/11/92 2/26/83 e

Figure 5.3: Composite of RH anomaly (%) at a) 500 hPa and b) OLR anomaly (W/m?) at
200 hPa during longest lasting DJF heat waves per thermal region in the interior
of South Africa from 1983 to 2012.
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Figure 5.4. Composite of soil moisture anomaly during longest lasting DJF heat waves per
thermal region in the interior of South Africa from 1983 to 2012.

5.3 Heat wave composites per thermal region (Clusters)

5.3.1 Cluster A
Case 1: 4-9 June 2000

South Africa is known to be hotter during the austral summer where warm extreme weather
events are expected. Other parts such as the western subtropical coastal region also
experience hot weather and heat waves during the austral winter. Port Nolloth recorded the
longest lasting winter heat wave over the western subtropical coastal region which lasted
from 4 to 9 June, 2000. There was a significant average daily maximum temperature

gradient over the country (Figure 5.5) during this period.
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Figure 5.5: Average daily maximum temperature (°C) over South Africa between 4 June
2000 and 9 June 2000. The labelled region experienced a heat wave.
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Figure 5.6: Average daily maximum temperature (°C) over South Africa between 6 February
2010 and 12 February 2010. The labelled region experienced a heat wave.
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Figure 5.7: Average daily maximum temperature (°C) over South Africa between 4 January
2012 and 11 January 2012. The labelled region experienced a heat wave.
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Figure 5.8: Average daily maximum temperature (°C) over South Africa between 23
February 1992 and 2 March 1992. The labelled region experienced a heat wave.
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Figure 5.9: Average daily maximum temperature (°C) over South Africa between 3 February
1992 and 12 February 1992. The labelled region experienced a heat wave.
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Figure 5.10: Average daily maximum temperature(°C) over South Africa between 17

February 1983 and 27 February 1983. The labelled region experienced a heat wave

Average daily maximum temperatures greater than 28°C were observed over the southern
and western coastal regions and the high temperature over these regions were associated
with a middle level high pressure system (Figure 5.11) which induced subsidence. The

subtropical western interior also experienced warmer conditions (24-28°C) relative to the
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eastern elevated regions where average daily maximum temperature was <24°C. The inland
region in the eastern half of South Africa which experienced warmer temperature during this
period was the north-east lowveld, and it is the warmest region over the eastern part of the

country in winter.

a) b)
Geopotential height (m) and Geopatential height (m) and
vector wind {m/s) at g(][] mb (5/6/2000) vector wind {(m/s) at 850 mb (5/6/2000)

1T

Figure 5.11: Geopotential height (m) and vector winds (m/s) at 500 hPa (a) and at 850 hPa
(b) over South Africa during the 6-day lasting heat wave (4 June 2000 to 9 June
2000) over Port Nolloth. Colour bar indicates wind strength in m/s.
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Figure 5.12: Anomalies of RH (%) at 500 hPa (a) and OLR (W/m?) at 200 hPa (b) during the
6-day lasting heat wave in Port Nolloth from 4 June 2000 to 9 June 2000 over
South Africa.

Northern parts of South Africa in areas of cluster F experienced cool conditions and an a
middle level low pressure system between 4 and 9 June 2000 (Figure 5.11) which was
associated with positive 500 hPa RH anomalies (Figure 5.8). During that period, a middle
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level high pressure system over the subtropical west coastal region of the country was
observed and associated with anticyclonic circulations and the heat wave occurrence over

Port Nolloth. RH anomalies were negative over Port Nolloth during this heat wave.

The presence of the persistent middle level (500 hPa) anticyclonic circulation over much of
cluster D stagnated and dwelled for the entire duration of the heat wave. There was also
subsidence at the center of the 500 hPa high pressure system and 850 hPa offshore winds
(Figure 5.11) over the subtropical western coast that induced berg winds and led to hot
weather for extended periods over the region. Winds at 500 hPa over the region were weak
hence the heat was not distributed and resulted in the 6-day lasting heat wave over Port

Nolloth with average daily maximum temperature of 32.2°C.

During this period a strongly positive upper levels (200 hPa) OLR anomalies were recorded
over the southern coast of South Africa and around Port Nolloth (Figure 5.12), while negative
OLR anomalies were observed over the eastern parts of the country. This indicates that the
subtropical western regions experienced sunny conditions, while east and northern parts of
South Africa experienced cloudy conditions. OLR anomalies were decreasing from north to

west of the country proving to be consistent with 500 hPa Geopotential height.

5.3.2 Cluster B
Case 2: 6-12February 2010

Temperatures were warm to hot during the heat wave at Richards Bay that lasted for 7 days
(6—12 February 2010) with a daily average maximum temperature of 35.8°C (Figure 5.6).
However, much of the interior of South Africa was relatively cool during this period with
average maximum temperatures ranging from 28 - 31°C. An anticyclonic circulation was

observed in the middle levels (500hPa) centered over the east coast of South Africa.

Most heat waves in South Africa are associated with dry conditions; however that is not
always the case with heat waves over cluster B. During the 7-day lasting heat wave over
Richards Bay that started from 6-12 February 2010, moist, sunny and hot conditions were
experienced (Figure 5.14). This is because the anticyclonic circulations at 850 and 500 hPa
(Figure 5.13) during the duration of this heat wave transported warm moist air above the
Indian Ocean towards the south-east coastal region of the country. Positive 500 hPa RH
anomalies at the middle levels were observed during this period over the south-east coast
extending to the interior and subtropical western parts of the country. However, the northern

part was relatively drier during this period.
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Figure 5.13: Geopotential height (m) and vector winds (m/s) at 500 hPa (a) and at 850 hPa
(b) over South Africa during the 7-day lasting heat wave (6 February 2010 to 12
February 2010) over Richards Bay. Colour bar indicates wind strength in m/s.
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Figure 5.14: Anomalies of RH (%) at 500 hPa (a) and OLR (W/m?) at 200 hPa (b) over South
Africa during the 7-day lasting heat wave in Richards Bay from 4 June 2000 to 9
June 2000.

The entire south-east coastal area to the eastern interior of the country experienced positive
OLR anomalies at 200 hPa between 6 and 12 February 2010. This suggests that sunny
conditions were experienced during this period over the eastern part of South Africa when
the longest lasting heat wave over cluster B was recorded at Richards Bay. The 200 hPa
OLR anomalies were strongly positive on the 8" of February, 2010. The east-west decrease
of OLR at 200 hPa indicates it was cloudy over the western parts of the country during this
period.
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5.3.3 Cluster C
Case 3: 23 February-2 March 1992
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Figure 5.15: Geopotential height (m) and vector winds (m/s) at 500 hPa (a) and at 850 hPa
(b) over South Africa during the 9-day lasting heat wave (23 February 1992 to 2
March 1992) over Punda Maria. Colour bar indicates wind strength in m/s.
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Figure 5.16: Anomalies of 500 hPa RH (%) (a) and 200 hPa OLR anomalies (W/m?) over
South Africa during 9-day lasting heat wave in Punda Maria from 23 February
1993 to 2 March 1992.
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The northeast lowveld thermal region experiences high temperature all year (Figure 4.1) and
has the third most lasting heat wave over the 30-year period (Table 4.2). The longest lasting
heat wave over this thermal region was recorded by Punda Maria (Figure 5.3) occurred in
February during the austral summer season of 1991/1992 and lasted for 9 days (23" of
February to the 2" of March). A continental high pressure system was retreating more
south-ward during this period (Figure 5.15), associated with subsidence and triggered the
occurrence of the heat wave over Punda Maria, Limpopo. Continental warm and dry winds
near the surface were southward towards the Limpopo province and led to extremely high
atmospheric temperatures for 9 consecutive days over the region with an average of 40.2°C

and 25.5°C maximum and minimum temperature respectively.

Negative RH anomaly between -20% and -15% were observed over the northeast lowveld of
the country (Figure 5.16a) but increasing as you move pole-ward with the southern coasts
experiencing RH which is above normal conditions.

5.3.4 Cluster D
Case 4: 4-11 January 2012
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Figure 5.17: Geopotential height (m) and vector winds (m/s) at 500 hPa (a) and at 850 hPa
(b) over South Africa during the 8-day lasting heat wave (4 January 2012 to 11
January 2012) over Twee Rivieren. Colour bar indicates wind strength in m/s.
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Figure 5.18: Anomalies of RH (%) at 500 hPa (a) and 200 hPa OLR anomalies (W/m?) (b)
over South Africa during the 8-day lasting heat wave in Twee Rivieren from 4
January 2012 to 11 January 2012.

w
o

Longest lasting heat wave in cluster D was recorded by Twee Rivieren (Figure 5.8) during
the weal La Nifia season of 2011/12. This heat wave lasted for 8 days (4-12 January, 2012)
with a daily average maximum temperature of 42.3°C. The entire thermal region
experienced hot conditions during this period with daily average maximum temperature
between 35 and 40°C.

The heat wave was also triggered by the subsidence of air at the center a high-pressure
system (Figure 5.17a) at 500 hPa passing over Twee Rivieren moving eastern. This event
was associated with middle level anticyclonic circulation (Figure 5.17a) with the high
pressure system near the surface further east (Figure 5.17b). Vector winds at 850 hPa are
also from the Namib Desert which is hotter and drier. Strong negative 500 RH anomalies
(Figure 5.18a) were observed over the equator-ward regions of Northern Cape where the
heat waves occurred, indicating dry conditions. Upper level (200 hPa) OLR anomalies were
well above normal (Figure 5.18b) during the period of the Twee Rivieren longest lasting heat

wave, hence sunny conditions were experienced over the region.

5.3.5 Cluster E
Case 5: 3-12 February 1992

All inland thermal regions recorded fairly high maximum temperatures between the 3" to the
12" of February 1992, with northern parts of Free State and Northern Cape where the heat
wave occurred recording an average maximum temperature above 35°C (Figure 5.9).

Average maximum temperatures over Cluster A were cool to warmer during this period.
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However it was Queenstown that recorded the longest lasting heat wave in cluster E with an

average maximum temperature of 36.2 during this period.

Anticyclonic circulations in the middle levels (Figure 5.19a) were also associated with this
heat wave for the entire duration, however weakening in the last day of the heat wave. Both
the observed high pressure system and positive 200 hPa OLR anomalies (Figure 5.20b)
over Queenstown during this period indicate clear and sunny conditions, which might have
contributed in increasing atmospheric temperatures of the region. Figure 5.20a shows
negative 500 hPa RH anomalies over the eastern part of South Africa during the duration of

the heat wave, hence indicating dry atmospheric conditions.

a) b)
Geopotential height (m) and Geopotential he| ht (m
vector wind (m/s) at 5%0 mb” (11/2/1992) vector wlndp(m/s] at 8 r(nb)(l 1/2/1992)

Figure 5.19: Geopotential height (m) and vector winds (m/s) at 500 hPa (a) and at 850 hPa
(b) over South Africa during the 11-day lasting heat wave (3 February 1992 to
12 February 1992) over Queenstown. Colour bar indicates wind strength in m/s.

a) b)

Relative humidity anomalies
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Figure 5.20: Anomalies of 500 hPa RH (%) (a) and OLR anomalies (W/m?%at 200 (b) over
South Africa during the 10-day lasting heat wave in Queenstown from 3
February 1992 to 12 February 1992.
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5.3.6 Cluster F
Case 6: 17-27 February 1983

Much of the country experienced warmer to very hot average daily maximum temperatures
between 17 and 27 February 1983, ranging from 23°C to over 36°C (Figure 5.10). This
period recorded the longest lived heat wave over South Africa from 1983 to 2012 over
Marico lasting for 11 days. Average daily maximum temperature over South Africa during the
longest lasting heat wave in cluster F was the highest (> 36°C) in the elevated interior and
the north-west lowveld of the country, specifically an average of 37.8°C was recorded at
Marico over the 11-day period. A decrease of maximum temperature during this event was
observed pole-ward and lowest average daily maximum temperatures were recorded in

coastal regions.

a) b)
Geopotential height (m) and Geopotential height (m) and
vector wind (m/s) at 5%0 mb’ (26/2/1983) vector wind (m/s) at 8%0 mb (26/2/1983)
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Figure 5.21: Geopotential height (m) and vector winds (m/s) at 500 hPa (a) and at 850 hPa
(b) over South Africa during the 11-day lasting heat wave (17 February 1983 to
27 February 1983) over Marico. Colour bar indicates wind strength in m/s.
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Figure 5.22: Anomalies of RH (%) at 500 hPa (a) and OLR anomalies (W/m?) at 200 hPa (b)
over South Africa during a heat wave in Marico from 17 February 1983 to 27
February 1983.

Strongly positive OLR anomalies were observed over the whole of South Africa, but
decreases pole-ward (Figure 5.22b) and proved to be consistent with the mean daily
maximum temperature between 17 and 27 February, 1983 over the country. The entire
country was dry during this period, with the plateau experiencing strong negative RH
anomalies. A persistent high pressure system was observed during February over the

plateau of South Africa which coincided with the strongest El Nifio season of 1982/1983.

Anticyclonic circulations at 500 hPa (Figure 5.21a) over the northern interior of South Africa
and continental winds at 850 hPa towards the northern Interior of the country were observed
during this heat wave. As a result, it can be concluded that the high temperatures over
Marico, a station that recorded this heat wave, was caused by both the subsiding air from

the continental high pressure system and warm air advection from land areas of the tropics.

All the longest lasting heat waves (Cluster A-F) are associated with anticyclonic circulations
at 500 hPa. However, it weakens with decreasing height because of friction which may result
from infrastructures and mountains. Subsidence at the center of high pressure systems
during these systems and horizontal warm air advection contribute in increasing
temperatures during heat waves. While heat waves in much of the country are associated
with dry conditions, the south-east to eastern coastal regions experience warm and moist
conditions during heat waves. When a certain region experiences a heat wave, other regions
may experience cooler conditions as it was the case in Port Nolloth during the austral winter
of the 1999/2000 season a middle level low pressure system was observed over the

northern part of the country associated with cool conditions.
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Negative soil moisture anomalies are observed in much of South Africa during the longest
lasting heat waves per thermal region (Figure 5.23). The soil moisture deficits are clearly
visible over inland clusters (C-F). The NCEP/NCAR model is unable to record land variables

along coastal regions (A-B).

5.4 Vertical motion over South Africa during heat waves in ENSO seasons

It has been discussed in the previous chapter (section 4.3.1) that heat wave occurrences
over South Africa are also observed during both El Nifio and La Nifia seasons. However, the
severity differs as the most severe heat waves last for longer periods with high average
maximum temperatures and occur during El Nifio seasons. The longest lasting heat waves
per thermal region were equally divided in the positive and negative phases of ENSO.
However, it has to be noted that there was no heat wave observed in moderate and strong
La Nifia seasons but only during weak La Nifia. Cluster A, D and F experienced their longest
lasting heat waves during weak La Nifia seasons while cluster B, C and E experienced their
longest lasting heat waves during moderate to strong El Nifio seasons. The country usually
experiences different weather conditions during El Nifio and La Nifia seasons, however that

is not the case with vertical motion during heat waves.

Composite analysis for heat wave days occurring during El Nifio and those during La Nifia
both indicate that the interior of South Africa experiences subsidence, uplift is observed over
the north-east lowveld of the country (Figure 5.24-5.25). The subsidence is more
concentrated in the southern interior of South Africa during heat waves in La Nifia seasons
(Figure 5.24), while subsidence tends to be concentrated over the northern interior of the

country during heat waves occurring during El Nifio seasons (Figure 5.25).

The large scale subsidence over the interior contributed in the atmospheric warming as
subsiding air warms adiabatically. This subsidence is linked to the persistent high pressure
systems during heat waves, which also bring dry and clear weather conditions as rainfall is
unlikely to occur at the center of a high pressure system. It must be noted that time scales of
heat waves and ENSO are not the same as heat waves only make up few days of ENSO

periods, however heat waves are more frequent during warm ENSO seasons.

5.5 Thermal discomfort

Regions of South Africa experiences different thermal discomforts during heat waves. Both
TDI and DI indicated that Port Nolloth did not experience thermal discomfort during heat
waves over 30-year period, with indices of 20 and 70 respectively (Table 5.1). Eastern parts
of the country such as the eastern lowveld, east and south-east coastal regions experience

high uncomfortable conditions with DI of 92 and over 50% of the population in these regions
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feels the discomfort. This is because the regions also experience significant high RH during
the warm to hot atmospheric conditions. However, while South Africa experienced very
uncomfortable conditions in other regions during heat waves that occurred between 1983

and 2012, the country did not experience discomforts that require medical emergency.

Table 5.1: Thermal discomfort indices during the longest lasting heat waves in each cluster

region
Cluster regions Station T(°C) | RH (%) TDI DI
A Port Nolloth 21.8 57.3 20 70
B Richards Bay 28.2 68.5 26 92
C Punda Maria 34.1 41.7 28 92
D Twee Rivieren 32.6 18.1 24 75
E Queenstown 24.7 67.9 23 82
F Marico 25.8 40.0 22 72
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Figure 5.23: Monthly soil moisture anomalies (mm/month) over South Africa during the
longest lasting heat waves per thermal regions (A — F).
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Figure 5.24: 500 hPa omega during heat waves in La Nifia seasons from 1983 to 2012.
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Figure 5.25: 500 hPa omega during heat waves in El Nifio seasons from 1983 to 2012.

83

© University of Venda



7S
>

(o

&5 ) university of Venda
C

5.6 Summary
This chapter has provided the structure of heat waves in each thermal region of South

Africa. Geopotential height at the middle levels was mapped to observe pressure systems

associated with these events. Heat wave occurrences are associated with persistent high

pressure systems which usually induce anticyclonic circulations and dry conditions over

South Africa. However, that is not always the case as a 6-day lasting heat wave in Richards

bay was associated with a high pressure system which lead to onshore warm and dry wind

from the Indian Ocean. The following was observed about the structure of heat waves in the

perspective of South Africa:-

a)

b)

f)

9)

h)

The plateau and north-east lowveld of South Africa are warm (>28°C) during the
identified longest heat waves in most thermal regions, with an exception of the
longest lasting heat wave that occurred in winter at cluster A over Port Nolloth. Most
part of the central interior was cool during the longest lasting heat wave in Port
Nolloth, however the north-east lowveld was warmer.

Heat waves are associated with a high pressure system in the middle levels which
weakens and placed south-east with decreasing height.

The high pressure systems induce anticyclonic circulations in the middle level and
near the surface; however the anticyclonic circulation weakens near land surface
areas.

Subsidence at the center of the 500 hPa high pressure systems and warm and dry
continental winds are the main drivers that trigger heat wave occurrences.

Both 850 hPa and 500 hPa wind vectors transport warm and dry inland winds from
countries such as Namibia and Botswana towards interior regions of South Africa
during heat waves over the interior of the country.

During heat waves, pattern of OLR anomalies are usually consistent with average
daily maximum temperature distribution during the heat wave period.

Composite analysis of 500 hPa omega indicates subsidence over the interior of
South Africa, while the north-east lowveld experience uplift.

Heat waves over South Africa are also associated with dry atmospheric conditions
over inland regions of the country where RH anomalies are usually negative
throughout the duration of these events.

In cluster B, the anticyclonic circulation transport warm and moist air from the south-
west Indian Ocean towards south-east coastal regions during heat waves increasing

RH, hence increasing thermal discomfort over those regions.
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i) Much of South Africa experiences negative soil moisture anomalies during months
with longest lasting heat waves per thermal regions, particularly in the area of a
certain thermal region that recorded the heat wave.

k) Subsidence over the interior of the country is observed during heat waves in both
phases of ENSO.

Coastal low pressure systems are usually conducive for berg-winds over the coasts in winter
and also lead to high maximum temperatures, however cannot trigger heat wave
occurrences because they last few hours or less than the minimum heat wave duration and
the also the cold fronts which usually follow coastal low pressure systems lower atmospheric

temperatures after their passage over a particular area.

The next chapter provide characteristics of future heat waves over South Africa. Frequency,
duration and intensity of heat waves in the future warming climate from CCAM outputs are

detailed in the next chapter.
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CHAPTER 6

FUTURE HEAT WAVES IN SOUTH AFRICA

6.1 Introduction

Heat waves are one of the most important climate-related risks in the world. Owing to
climate change, characteristics of these events are also expected to change (Zacharias et al.
2015). Less emphasis has been put in the projection of heat waves in South Africa, Australia
being a region where most heat waves studies are based in the southern hemisphere (e.g.
Perkins et al. 2013; Nairn and Fawcett 2013; Boschat et al. 2014; Zacharias et al. 2014;
Zacharias et al. 2015). It is expected that a global average of heat wave frequency, duration
and intensity will increase owing to the increasing global mean temperatures (Min et al.
2011; Coumou and Rahmstorf, 2012). However, that may not necessary be the case on
regional scale as temperatures vary from place to place depending on the prevailing weather

features.

The aim of this chapter is to provide characteristics of heat waves over South Africa in the
warmer future climate under the Representative Concentration Pathway (RCP) 4.5 and 8.5
emission scenarios. RCP 4.5 represents a future with high mitigation while RCP 8.5
represents a future with low mitigation. The simulated frequency, duration and intensity of
future heat waves over South Africa as projected by the Conformal Cubic Atmospheric
Model (CCAM) are discussed in this chapter. There is a strong variation of near-surface
temperatures over the African continent. It has been established in this study that the
southern tip of the African continent experiences most warming during the recent century

(Figure 1.1), which may enhance the likelihood of hot temperature extremes over the region.

Simulations were made for the period 1971 to 2099, and the analyses is split into 30 year
averages. 1983-2012 is considered as a present-day climate, three future climate periods
defined as 2010-2039, 2040-2069 and 2070-2099 are also analysed. The 30-year period,
2070-2099, just before the 22" century is considered the period where the climate change
signal will be strongest. To make comparisons easier, threshold used to identify heatwaves
in all four periods are those identified using present day simulations. The 10", 50th and 90"

percentiles of six ensemble members are presented separately for RCP4.5 and RCP8.5.

6.2 Simulated average Tx and heat wave threshold
Simulated 30-year average maximum temperatures during the present day climate are
consistent with observed maximum temperatures throughout the year. The simulations

indicate that South Africa experiences highest maximum temperatures during DJF,
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particularly in the northern parts of the country. Highest values are more evident in the dry
regions of the Northern Cape with averages of over 36°C (Figure 6.1). Just like with the
observations, lowest average maximum temperatures are simulated to be experienced
during JJA, with values averaging to less than 22°C in much of the interior and coastal
regions during the 1983-2012 period (Figure 6.2). There is little variability amongst the
different ensemble members for both RCP8.5 and RCP4.5. The RCP8.5 and 4.5 are similar
until the year 2000, and then start to divert, however the differences until 2012 between the

two scenarios are small.

Maximum temperatures are projected to increase by up to 2°C during the period 2010 to
2039 as compared to the reference period of 1983 to 2012 during summer (Figure 6.3). The
increase along coastal regions is less than 1°C, with the central part of the subcontinuent
expected to experience increases of over 1°C. The over 1°C change extends into Botswana
and Namibia for all RCP 8.6 percentiles, while only the 90" percentile of RCP4.5 extends
way into Namibia and Botswana. The winter temperatures are also projected to increase,
with higher values in the RCP8.5 scenario (Figure 6.4). The RCP4.5 scenario projects
increases of less than 1°C over larger part so the central interior. The coastal areas are still
projected to have a lower increase as compared to inland.

The projected temperatures increases in the medium term period of 2040-2069 are larger
than those projected for the present day/near term future period of 2010 to 2039 (Figure
6.5). The RCP8.5 projections are showing increases of over 3°C, while those of RCP4.5 are
projected to be slightly lower. This result further confirms that the increases that are
projected are due to increases in the concentration of anthropogenic greenhouse gases,
which are larger for RCP8.5. The 1 to 2°C changes projected for the near future period,
extend to the coastal regions, while the increases over land have become even larger. This
result suggests that changes over the coastal regions are slower because of the modulating

effects of the nearby water, because water has a larger heat capacity.

The climate change signal is expected to be largest in the period 2070 to 2099, because it is
the furthest and the anthropogenic greenhouse gas concentrations will be largest especially
in the low mitigation scenario (Figure 6.6 and Figure 6.7). The summer temperatures are
projected to increase further, with increases going in excess of 7°C in the RCP8.5 scenario.
The projected increase over the coastal regions is smaller further indicating the modulating
effect of the oceans. All the ensemble members, both in the RCP4.5 and RCP8.5 are
predicted an increase in temperature which shows that there is a high certainty in the
temperature projections. The increase in the mean temperatures are expected to have an

effect on the characteristic of heatwaves in the future climate.
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Figure 6.1: Comparisons between simulated RCP4.5 and RCP 8.5 10", 50" and 90"

percentiles of DJF average maximum temperature (°C) during 1983-2012.
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Figure 6.5: Comparisons between simulated RCP4.5 and RCP 8.5 10", 50" and 90"
percentiles of DJF average maximum temperature (°C) difference between 2040-
2069 and 1983-2012.
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Figure 6.6: Comparisons between simulated RCP4.5 and RCP 8.5 10", 50" and 90"
percentiles of DJF average maximum temperature (°C) difference between 2070-
2099 and 1983-2012.
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Figure 6.7: Comparisons between simulated RCP4.5 and RCP 8.5 10", 50" and 90"
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The heatwaves are identified using a minimum of the days that the simulated temperature is
5°C greater than the average maximum temperature of the hottest month. This definition is
used for the present day period, and threshold as determined in present day climate is also
applied to future projections. Figure 6.8 and 6.9 show the values of the maximum
temperature during the hottest month determined separately for each grid points, for all six
ensemble members, for RCP4.5 and 8.5, respectively. The thresholds are higher in the
north-east lowveld and western parts of South Africa, ranging from 32-38°C. It has been
indicated in Chapter 4 that these are the regions that experience high maximum and
minimum temperatures in austral summer. Simulated heat wave thresholds are well below
32°C in much of the eastern parts and coastal regions of the country. The simulated heat
wave thresholds are also spatially consistent with the observed thresholds indicated in
Chapter 3 (Figure 3.6). Sections 6.3-6.4 below discuss heat waves in future climates
identified using the simulated thresholds.

6.3 Simulated heat waves vs. observations

The simulated heatwave frequency in present day climate looks almost similar for the
different ensemble members, with the Northwest, Gauteng and Free State provinces
simulated to experience the least number of heatwaves (Figure 6.10). The differences
between RCP4.5 and RCP8.5 are not significant. The number of heatwaves simulated over
Limpopo is high, as well as over the adjacent interior of the south and east coasts. The
Northern and Western Cape provinces are also simulated to experience a large number of
heatwaves. The observed structure discussed in Chapter 4 looks different from the
simulations, with parts of the Western Cape and Northern Cape observed to experience the
least number of heatwaves. It should however be noted that the number of grid points in the

simulations is much more than the stations used for observations.

The CCAM is able to capture the seasonal differences in the number of heatwaves well
(Figure6.10 — Figure 6.13). The least amount of heatwaves is simulated to occur in winter,
while the highest number is simulated for summer. The number of heatwaves simulated in
spring is higher than those simulated for autumn, however, both autumn and spring
heatwaves are fewer than those that occur in summer, and more than those that occur in
winter. The spring simulations are in agreement with observations in that they show the
highest number of heatwaves over the eastern parts of the country. The observations
discussed in Chapter 4 showed a similar seasonal cycle, and hence we can say the CCAM
simulates present day climate perfectly, and its future projections can be considered with

some confidence.
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Comparing the CCAM duration output with observations, there is also an agreement that
heat waves last longer in the central interior and north-east lowveld regions compared to
coastal regions. Both modelled outputs and observations indicate that coastal regions are
experiencing shorter lasting heat waves compared to interior regions. The simulated
spatiality of heat wave intensity in the present day climate is also consistent with that of
observed heat wave frequency during the same period, verifying the suitability of using
CCAM to project future heat wave intensity.

With a warming globe the expectation is that the heat wave characteristics may not be the
same in future climate as compared to those occurring in current climate. This is largely the
average temperatures are increasing, and hence the present day thresholds for defining a
heatwave may be exceeded easily. We however still analyse the projected heatwaves using
the present day definition, because that is the definition that we experience in our current
climate. Very long lasting heatwaves in the future climate may simply mean the average
temperature has gotten higher, and perhaps what is considered as a heatwave in the current
will not be considered as a heatwave in the future climate using future averages. The
subsequent sections provide expected heat wave frequency, duration and intensity in South
Africa during the present-day climate and in the future climates, i.e. 2010 to 2039, 2040 to
2069 and 2070 to 2099 periods.

6.4 Heat waves in future climates

6.4.1 Period 2010 to 2039

The number of heatwaves in the immediate future period of 2012 to 2039 is higher than the
heatwave frequency in 1983-2012. As expected, the number of heat wave occurrences are
higher during the SON and DJF seasons (Figure 6.14-6.16), with areas in the east and
northern parts of South Africa projected to experience over 80 events over the 30-year
period. The simulations for 2010-3039 indicate is slight increase in the number of heat wave
frequency in South Africa, particularly over the eastern parts of the country during the JJA
season. Simulated heatwaves of RCP 4.5 and RCP 8.5 scenarios are in agreement with
both showing an increase in the events in the future climate. The spatial pattern between the
two scenarios is almost similar. Western parts of South Africa are simulated to experience
least number of heat waves (less than 10 events in other areas) over this 30-year period
during the austral autumn, winter and spring. These are the parts influenced the most by

passing cold fronts which are responsible for the winter rainfall.

The average duration of heat waves over South Africa during the 2010-2039 period is
projected to increase throughout the year. Regions in the central interior are expected to

experience heat waves lasting for over a week during SON and DJF. Just like in the present
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day-climate, heat waves occurring in winter will continue to last for few days, i.e. 3-4 days
(Figure 6.16). This is thought to be as a results of the cooling effect by adjacent oceans.
Heat wave intensity during this period slightly increases throughout the year than during the
1983-2012 period. This increase is more evident on both the 90™ percentile of RCP 4.5 and
8.5 in winter with an average increase of about 6°C/30-year period over the Highveld of
Mpumalanga and KwaZulu-Natal (Figure 6.17). Simulation also indicate that heat waves are
more intense over the Karoo during DJF with a seasonal average ranging from 41-44°C
during this period.

6.4.2 Period 2040 to 2069

Heatwave events are projected to be significantly higher during this period than during the
present day climate. Some regions, such as the Free State and the Highveld of KwaZulu-
Natal, that were simulated as not experiencing heat waves during present-day climate are
beginning to experience few events over the 30-year with a dramatic increase in the winter

season. Over 20 events are projected to occur over those areas during austral winter.

Dramatic increases in DJF heat wave frequency are expected during the 2040-2069 period
(Figure 6.18) when compared to the present climate, particularly along the south and eastern
coasts. These regions are expected to experience up to 100 events during summer over the
30-year period; which averages to slightly over three events per summer season per year.
However, it has to be noted that these heat waves will last for less than a week along the
coasts but the number of days per event increases inland. Increase in the number of heat
waves is also more evident over the Karoo during both summer and autumn and the
simulations also indicate 2040-2069 heat waves will last the longest, between 9 and 10
days, over this region in summer. This may be associated with the dry conditions over the
Karoo, as the region experience little or no rainfall throughout the year. Drier regions heat up
quickly because the heating that reaches the surfaces does not start by evaporating water

on the surface, which can also result in cooling by latent heat absorption.

There is a continual pattern of heat waves becoming more intense simulated over most parts
of the eastern half of South Africa. These increases are more evident in late summer and
early winter over the northern parts of the country (Figure 6.19-6.20) where maximum

temperatures are higher, as indicated in Chapter 4.
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Figure 6.14: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90™ percentiles of
DJF heat wave frequency during 2010-2039.
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Figure 6.15: Comparisons between RCP4.5 and RCP 8.5 10", 50™ and 90" percentiles of
SON heat wave frequency during 2010-2039.
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Figure 6.16: Comparisons between RCP4.5 and RCP 8.5 10", 50™ and 90" percentiles of
JJA average duration (days) during 2010-2039.
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6.4.3 Period 2070 to 2099

Heat wave frequency are expected to increase per season per year towards the end of the
21% century. RCP 8.5 indicates higher increases when compared to RCP 4.5, and the 90"
percentile of RCP 8.5 also indicate that the eastern half of South Africa will experience up to
60 events in the 2070-2099 30-year period in all seasons; which averages to 2 heat waves
per three month season per year. This increase is most evident during the SON (Figure
6.21) season.

Increases during the 2070-2099 period are slightly more than for the period 2040-2069.
However, major differences in these two periods are observed in the average duration. Heat
wave events over coastal and eastern regions of the country are expected to last for about a
week. Heat waves are projected to be usual events over South Africa and much of the
country will experience heat waves lasting for over 10 days, particularly during summer
(Figure 6.22). In as much as simulations indicate that coastal regions will experience most
heat waves in summer during this 30 year period, the heat waves over the coasts will
continue to be the least lasting heat waves in the country.

The heatwaves intensity is projected to dramatically increase from the present day climate
towards the end of the 21* century, 2070-2099. It is believed that climate change signal will
be stronger during this period than the two other future periods. The eastern parts of South
Africa are expected to experience heat waves of low intensity than the west during summer
seasons of the same period. This may be linked to convective activities in the east during
SON-DJF, which may bring rainfall and relief to high atmospheric temperatures. However, it
is projected that heat waves will be more intense on the east during the MAM-JJA compared
to the dry western parts of the country (Figure 6.23-6.26).
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Figure 6.17: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90™ percentiles of
JJA Intensity (°C) during 2010-2039.
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Figure 6.18: Comparisons between RCP4.5 and RCP 8.5 10", 50™ and 90" percentiles of
DJF heat wave frequency during 2040-2069.
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Figure 6.19: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90™ percentiles of
MAM Intensity (°C) during 2010-2039.
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Figure 6.20: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90™ percentiles of
SON Intensity (°C) during 2010-2039.
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Figure 6.22: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90™ percentiles of
JJA average duration (days) during 2070-2099.
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Figure 6.23: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90™ percentiles of
DJF Intensity (°C) during 2010-2039.
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Figure 6.24: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90™ percentiles of
MAM Intensity (°C) during 2010-2039.
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Figure 6.25: Comparisons between RCP4.5 and RCP 8.5 10", 50" and 90™ percentiles of
JJA Intensity (°C) during 2010-2039.
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Figure 6.26: Comparisons between RCP4.5 and RCP 8.5 10", 50™ and 90™ percentiles of
SON Intensity (°C) during 2010-2039.
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6.5 Summary

This study has found that heat wave are unusual in the present day climate but are expected

to occur more frequently in the future warmer climate when using both RCP 4.5 and RCP 8.5

emission scenarios. It is also indicated that heat waves are also expected to last longer,

particularly over the interior and become more intense. CCAM outputs also indicated the

following things:-

a)

b)
C)

d)

e)

f)

9)

h)

)

Simulations indicated that maximum temperatures will continue to rise, reaching
above 7°C over much of the interior throughout the year during the 2070-2099
period.

Simulated heat wave thresholds are consistent with observed heat wave threshold.
RCP 4.5 estimates lower number of heat waves and average duration in future
warmer climates when compared to RCP 8.5. It also estimates higher maximum
temperatures over the country than RCP 8.5.

Short lasting heat waves (average of 3-4 days) along the coasts are expected to
increase in future climate, however the coasts will continue to have the least lasting
heat waves in the country.

Least increase is expected for heat waves lasting for longer durations.

Karoo is expected to have the most dramatic increase of heat waves than most
inland parts of the country.

Central interior is not projected to have the most dramatic increase in heat wave
frequency, however heat waves over this region are expected to last longer in future
climates.

Simulations are also in agreement with observations (Figure 1.1) that the southern tip
of the country experiences the most warming, as indicated by the higher number of
heat wave occurrences.

Model is struggling to simulate heat waves along the coasts.

The next chapter discusses key findings and provides fundamental conclusions of the study.

It also presents recommendations for future work relevant to this study.
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CHAPTER 7

DISCUSSIONS, CONCLUSIONS AND RECOMMENDATIONS

7.1 Introduction

The aim of this study was to analyse the variability, meteorological structure and trends of
heat waves over South Africa in the present and future climates. Several studies
investigated extreme weather events over South Africa (e.g. Tebaldi et al. 2006; Shongwe et
al. 2009; Galarneau et al. 2012; Peterson et al. 2012) with more attention on floods and
droughts and less attention to heat waves despite the negative impacts on livelihoods these
events have in many regions across the country. Folland et al. (2001) have established that
a global average increment of 0.6°C was observed during the late 20" century but the

warming was not temporally and spatially uniform across the world.

Owing to the global continual warming of the atmosphere, weather and climate extremes
such as droughts, floods and heat waves are occurring more frequent and becoming even
more intense (e.g. Clark et al. 2006; Fischer and Schéar 2010). This can not only lead to
weather-related diseases such as malaria and heat stoke but can also negatively impact the
economic status of a country. IPCC (2012) suggest that poor communities are likely to be
affected the most by weather and climate extremes. While climate extremes such as
droughts and floods received rigorous research attention in recent years in South Africa, less

research attention has been given to heat waves.

This study addressed structure of heat waves in the context of South Africa as it is a country
that warming is at a higher rate over the whole of southern Africa. The study also
investigated the influence of El Nifio Southern Oscillation (ENSO) on heat wave frequency
and duration. Most heat waves studies have been done in the northern hemisphere (NH)
(e.g. Beniston 2004; Cassou et al. 2005) because of continentality, while a handful of recent
heat wave studies in the SH are based in Australia (e.g. Perkins et al. 2013; Nairn and
Fawcett 2013; Boschat et al. 2014). This may be due to inadequate temperature data in
most of the SH, however South Africa is a country that has a good network of temperature

stations (New et al. 2006) than much of the southern hemisphere (SH).

The aim of this chapter is to provide general conclusions of the study. This chapter
discusses how results of this study compares to what is already known in other parts of the
world. It also provide recommendations on what can be done on future studies to further
analyse and improve the understanding of heat wave characteristics. It is believed that this

study will contribute to knowledge about weather extremes and temperature trends over the
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country as previously there were contradictions [e.g. Muhlenbruch (1992) and Karl et al.

(1993)]. The subsequent sections summarises findings of this study.

7.2 Discussion of key findings

7.2.1 Temperature trends over South Africa
Monthly means of maximum and minimum temperatures in inland regions of South Africa

have general trends. Minimum and maximum temperatures are consistent. Lowest
temperatures are observed between June and August (JJA) while the highest temperatures
are observed during the DJF season when most heat waves during the study period were
observed. However, the behaviour of temperatures in coastal regions does not have a steep
summer-winter gradient like the interior. The interior is fairly warmer than coastal regions
throughout the year. Richards Bay and Mount Edgecombe are the only coastal regions with
December to February (DJF) minimum temperature exceeding 20°C throughout the year.
Northern interior and north-east lowveld experiences hot temperatures in austral summer

than most other parts of South Africa.

South Africa is showing positive trends of maximum temperatures in 21 of the 24 selected
stations indicating warming of the atmosphere over time, however trends of minimum
temperatures in the central plateau is negative. This is because of the extreme lowest
minimum temperatures in winter, hence widening the annual diurnal temperature range
(DTR) trend. These findings are in agreement with studies by Karl et al. (1993), Kruger and
Shongwe (2004), New et al. (2006), and Kruger and Sekele (2013) who also indicated
warming in most parts of the country. Overall, only 3 stations had a negative trend of annual
DTR from 1983 to 2013. DTR is usually stronger in winter when heat waves are less
frequent in most parts of the country. This confirms earlier findings by Easterling et al. (1997)
who also found increasing trends of DTR in much of South Africa.

As a result of the observed warming of the atmosphere, the number of warm nights and hot
days are increasing while cold nights and cool days are decreasing. This was also found to
be the case on a global scale by Gutowski et al. (2008). The eastern coast of South Africa
experiences stronger negative trends of cold nights. Only one of the 24 selected stations
showed a positive trend of cool days and only one station had a negative trend of hot days

during the study period.

7.2.2 Heat waves and ENSO

Heat waves are a common feature of South Africa’s climate, but are more frequent and last
for longer periods during El Nifio seasons, particularly over the northern parts where there is
also a strong October to March correlation of Southern Oscillation Index (SOI) and maximum

temperature during the period investigated. The Nifio 3.4 sea surface temperature
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correlation with maximum temperature over South Africa is positive, particularly over cluster
C. This is in agreement with a more recent study by Engelbrecht et al. (2015) over the whole
of Africa which suggests that the northern and north-east lowveld of South Africa (Figure 7.1)

experiences higher heat wave days.

7.2.3 Heat wave variability over South Africa

Heat waves in much of South Africa are mainly summer occurring events but dominate
between December and January in most parts of the country with an exception of the
subtropical western coast which usually experience most heat waves per season between
March and August. Port Nolloth recorded 71 heat waves between 1983 and 2012, 66 were
Divided in March-May (MAM) and JJA.

There was no uniform recurrence pattern of heat wave occurrences during the study period.
Some seasons had high heat wave frequency, while no heat waves were observed during
other seasons. More than one heat wave can be observed by a station in a season, however
other stations (Mount Edgecombe and Cape Agulhas) did not record heat waves between
1983 and 2012. On average, it was observed that most stations (20 of the selected 24

stations) experienced less that heat wave per season during the study period.

Heat wave duration vary across the county. Heat waves in South Africa can last for more
than 10 days over inland regions while the longest lasting heat wave during the study period
in coastal regions was 7 days, recorded in Richards’ bay, KwaZulu-Natal. Marico in the
North-West province recorded the longest lasting heat waves (11 days) in South Africa and it
was during the strong El Nifio season of 1982/1983. This support the finding by Yulaeva and

Wallace (1994) that warm phase of ENSO is characterized by warming of the troposphere.

On average, the majority of heat waves during this period last for 4.5 - 6 days in the north-
east lowveld, northern and southern interior while an average of less than 4.5 days are
observed in the subtropical western and south-east regions. It is good to note that regions
such as the subtropical western coast of South Africa experienced high heat wave frequency
which are short-lived while much of the interior experienced low frequency over the study

period, however lasted for a longer duration.

7.2.4 Structure of heat waves

This study confirmed earlier findings by Tyson and Preston-Whyte (2000) that almost all
prolonged heat waves in southern Africa are caused by anticyclonic circulations. All longest
lasting heat waves per thermal region were associated with high pressure systems in the
middle levels that propagate south-eastward. Descending nature of air in the middle of high

pressure systems over South Africa and advection of hot near surface air towards a certain
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region usually trigger heat wave occurrences. It was extensively indicated in other studies
that heat waves in other parts of the world are associated with anticyclonic circulations (e.g.
Kunkel et al. 1996; Palecki et al. 2001; Fischer et al. 2007).

This study also found that heat waves are associated with 850 hPa circulations that are
conducive for warm and moist onshore winds in the subtropical western coast which result in
the occurrence of berg winds. Kysely (2000) also suggested that cyclonic air circulations are
not favourable for Heat wave occurrences. The near-surface winds in the interior are mainly
northerly and transport warm and dry air towards the center of South Africa. The 850 hPa
winds also transport moisture towards the east of the country during heat waves in cluster B,
hence resulting in positive RH anomalies and increasing thermal discomfort over the region.
Months when heat waves are recorded experiences soil moisture deficits in much of the
country, and this may increase radiation reflectance since dry soils have high albedo
compared to moist soils as indicated by Twomey et al. (1986).

Convective activities are unlikely to occur during heat waves as positive 200 hPa OLR
anomalies are observed during all the longest lasting heat waves per thermal regions, hence
it can be said that these events are associated with period of little or no rainfall. The
observed negative omega in the middle levels also support that there is usually a
subsidence of wind during heat waves. Atmospheric conditions over South Africa during a
heat wave can vary considerably. Parts of the country can experience a heat wave while
other regions are experiencing cool conditions. Such was observed during the weak La Nifia
season of 2000/01 when there was a low pressure system associated with low average

temperatures between 4 and 9 June.

Eastern part of South Africa then experience higher thermal discomfort because of the
above normal RH compared to the western part of the country. This is because of the
positive RH anomalies over the east, while regions in the western interior are usually drier.
Over 50% of the population in both the eastern lowveld and east coast of the country
experiences discomfort with a DI of 92 during the longest lasting heat waves in the
respective thermal regions. Less than 50% of the population in the interior feels discomfort
during heat waves, while the drier subtropical regions in areas such as Port Nolloth

experience less discomfort.

7.2.5 Heat waves in future climates

It has been indicated that on the global scale the magnitudes of the probability of climate
extremes occurrences are expected to change in both mean and variance (Figure 7.2) in the
future. IPCC (2001) suggested that on average, the world is expected to experience more

hot weather events. However, that may not be the case on regional basis. Several studies
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investigated temperature projections over Africa (e.g. Garland et al. 2015; Engelbrecht et al.
2015), with less emphasis on the structure and circulations of warm temperature extreme
events such as heat waves in South Africa. In addition to the nature of heat waves in the
present climate, this study also investigated the characteristics of heat waves in South Africa
in a future warmer climate. Average maximum Simulations indicated that maximum
temperatures will continue to rise, reaching over 7°C much of the interior throughout the year
during the 2070-2099 period. This increases the likelihood of having intense and frequent

heat wave occurrences.

Simulated heat wave thresholds are consistent with observed heat wave threshold. It was
established in this study that heat waves will occur more frequent in future climates,
especially during DJF season. The simulations also indicate that heat wave frequency
increases with time and last longer, particularly in the interior of South Africa. Regions that
are not prone to heat wave occurrences in the present-day climate are expected to

experience heat waves in the future warmer climate.

Western coast experiences much of its heat wave events in mid-winter, and that is also
expected to continue in future climates. Winter heat wave events are expected to extend to
the eastern interior and also increasing in intensity. Heat waves in South Africa are not only
increasing in frequency, but are also expected to last longer and become more intense. The
increasing intensity is more evident with RCP 8.5 than 4.5. As in the present-day climate, it
is also expected that in future climates heat waves will last longer, over 2 weeks in rare
circumstances, over the interior of the country compared to coastal regions. In conclusion,
heat waves in much of South Africa are expected to occur more frequently, last longer and

become more intense.

7.3 Future work

Analysis and interpretations are provided from chapter 4 to chapter 6 in achieving the aim
and objectives of this study outlined in chapter 1. While other results confirms what is
already known about heat waves in other regions across the world, this study also contribute
new scientific knowledge about the characteristics of heat waves with respect to South Africa

during both the present and future climates.

It was mentioned earlier that heat waves have not received rigorous research attention over
South Africa, as a result the impacts of heat waves on human health over the country are not
well documented. However, some findings about the structure and circulations confirmed

what is already known about heat waves in different parts of the world. Therefore a study
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about the impacts of heat waves in the context of South Africa is recommended in order to

observe whether the impacts are consistent worldwide.

This study indicated that both surface temperature over a certain region and circulation
patterns transporting warm air towards that region can jointly lead to the occurrence of heat
waves. When studying the occurrence of heat waves, it will also be good to quantify the
contributions of warm air advection and land surface temperature in warming the
atmosphere. This can also enhance the predictability of these events in the future warmer
climate and benefit potential users (such as farmers and health facilities) of this information

in taking informed decisions.

By far, the vast majority of South Africa depends on rain-fed agriculture. This therefore
necessitate the need to investigate the relationship between heat wave impacts on
agricultural yields as earlier studies (e.g. Change and Wallace 1987; Lyon 2009; Gershunov
et al. 2009; Albright et al. 2010) have established a relationship between heat waves and
droughts in other countries. In addition, heat waves and droughts last for different time
scales and this study indicated that much of South Africa experiences dry conditions during
warm temperature extremes. It is therefore recommended that links between heat waves
and dry spells should be developed which can assist in formulating mitigation and/or

adaptation strategies of heat waves on agricultural impacts.

The understanding of heat waves should be accompanied by precautionary measures to the
hot conditions by the public. Weather and climate information should be utilized in a manner
that seeks to save lives and property. Hence, it is of utmost importance to develop a project
which aims to issue early warnings about heat wave occurrences and improve responses of
the public and other parties affected in different parts of South Africa to extreme events such

as heat wave occurrences.

It is established in this study that heat waves in South Africa tends to be more frequent
during droughts seasons, hence impacts of heat waves and droughts should not be studied

separately. The following questions remained unsolved:-

a) To what extent does the co-occurrence of heat waves and droughts affect agricultural
yields?

b) Is there a direct correlation between heat wave occurrence and mortality rate in
South Africa?

c) To what extent does the ocean-atmosphere interaction influence the occurrence and

intensity of heat waves in the perspective of South Africa?
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Figure 7.1: Annual average number of heat wave days between 1961 and 1990 over Africa
(Source: Engelbrecht et al. 2015).
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