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ABSTRACT

South Africa is increasingly vulnerable to extreme weather events, including rising temperatures, droughts,
and floods, particularly along the east coast. These phenomena have historically caused fatalities,
infrastructure damage, and agricultural disruption. This study explores the historical and projected climate
variability and changes over eastern South Africa, focusing on the near-future (2021-2050) and far-future
(2070-2099) under high and low mitigation scenarios. The research was conducted in KwaZulu-Natal (KZN)
and Mpumalanga (MP) provinces using observational and climate projection data from Copernicus Climate
Change Service (C3S), managed by the European Centre for Medium-Range Weather Forecasts (ECMWF),
and Coupled Model Intercomparison Project Phase 6 (CMIP6) models for future projections. Statistical and
visual methods verified the CMIP6 models’ performance. Trend analyses of historical data from 1961-2020
were conducted using ERA5 reanalysis. Temperature indices (TX10P and TX90P) and rainfall indices
(R10mm and R50mm) were calculated using RClimDex. Tools like Grid Analysis and Display System
(GrADS), climate data operators (CDO), R and R Studio were used for data analysis. Results showed
persistent cool days in 1968 for 29 days and more than 35 days in Kruger Mpumalanga International Airport
and Durban respectively and an increasing trend in hot days and decreasing trend in heavy rainfall days at
both locations. Furthermore, the frequency of rainfall exceeding 50mm/day trends varied by location.
Statistical verification for Surface Air Temperature (SAT) showed a high correlation (=0.9) and low Root Mean
Square Error (RMSE) with ERAS data, while rainfall model verification had a moderate correlation (0.5-0.7)
and least RMSE, indicating higher uncertainty in precipitation modelling. The CMIP6 models performed well
in projecting temperature and rainfall trends, with the highest temperatures and rainfall projected for KZN,
while MP showed lower values. These findings align with previous studies on South African climate trends
and they highlight the need for enhanced climate monitoring, continued high-resolution modelling, and

improved climate projections at regional scales.

Key-words: Climate change, Climate variability, Climate models, KwaZulu Natal, Mpumalanga, Projection,
Shared Socioeconomic Pathways
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CHAPTER 1: INTRODUCTION
1.0 Background

1.1 Climate change and variability

South Africa is vulnerable to climatic ambiguity in the future as a result of global climate change. Droughts,
floods, and other severe weather and climate phenomena are frequently experienced in southern Africa, with
disastrous effects on the region's agriculture, economy, water supplies, and well-being of people (Coetzee et
al. 2023). Southern Africa region is especially susceptible to catastrophic climate and weather events and
the impacts of climate change since its economies are heavily dependent on weather and climate-sensitive
industries (Mpandeli et al. 2018).

The awareness that climate change is taking place during times that affect human activities rather than just
in the distant past has enhanced the significance of climate (Neelin, 2010). Climate is an average of weather
events, and the definition of climate varies depending on the period utilized in the average. For example, the
average climate from 1950 to 1970 differs from the average from 1980 to 2000 (Volodin and Gritsun, 2018).
This average fluctuates from decade to decade and more so across various centuries. Climate variability is
the term used to describe these variations. This involves the ice ages and the prolonged warm climate that
the dinosaurs thrived in, together with phenomena such as El Nifio, which causes the tropical Pacific Ocean
to warm and cool periodically, and the prolonged drought that has ravaged the Sahel region of Africa over
the last few decades (Neelin, 2010). Since humans may now alter the climate, climate change has acquired
a new dimension. Anthropogenic climate change is human-caused and is different from El Nifio, an example
of natural climate variability. Acid rain, ozone hole, and warming temperatures are examples of human-

caused climate change (Nanda, 2021).
1.1.1  Anthropogenic climate change

The main contributing element to human energy production is the main cause of emission of greenhouse
gases (GHG) through fossil fuel burning by humans, particularly carbon dioxide (CO2) (Min et al.2022). As
a result, the generation of energy in the future is inextricably tied to human-caused global warming and

anthropogenic GHG emissions. The evaluation of future climate change brought on by human activity is



based in large part on projections of how the system of the world's energy will change over the coming century
(Hook, 2011).

There is evidence that supports the fact that anthropogenic climate change has caused climate extremes to
be more intense and occur more frequently over the land (Zittis et al. 2022). Co-occurring climatic extremes
in various areas are projected to occur with a high frequency of CO2-enhanced global warming as climate
extremes spread across a growing proportion of the land area. The geographic distribution of climate
extremes' co-occurrence and the degree to which its alterations can be linked to global climate change are
uncertain (Zhou and Zhang, 2023). The magnitude of the dependence among climate drivers and the average

and variation of climate variables are all altered by anthropogenic climate change (Sun et al. 2022).

The Intergovernmental Panel on Climate Change (IPCC) utilizes climate models that depend on different
emission scenarios to represent potential future production of fossil fuels trajectories and their associated
CO2 emission (IPCC, 2007). The Special Report on Emission Scenarios (SRES) was released by the IPCC
in 2000 and remains to be a vital component of climate change modelling (Hook and Tang, 2013). What is
vital for future projection of climate change, is the variety of future pathways for society, its system of energy,
and the associated emission of GHGs (Riahi et al. 2017). These pathways, also known as emission
scenarios, are fed into climate models to help translate the projected emissions into climatic changes.

Throughout its work, the IPCC has employed a variety of emission scenarios (Nakicenovic et al. 2000).

1.2 Problem statement

According to Driga and Drigas (2019), human actions that have resulted in the release of GHGs into our
atmosphere are mostly to blame for the Earth's accelerating climate change. Global warming now poses
grave dangers to several climate-sensitive industries due to the altered climate factors caused by these rising
GHG emissions. The socioeconomic environment and South Africa's location in the arid subtropics make it
sensitive to the impacts of climate change (Nembilwi et al. 2021). Southern Africa’s likelihood of experiencing
catastrophic storms, such as powerful tropical cyclones (TC) and extremely strong thunderstorms, is rising
due to climate change. As a result of climate change, there are more incidents of fatalities, injuries, and

infrastructure damage (Scholes and Engelbrecht, 2021).

Compared to the rate of global warming over the past five decades, temperatures have been rising sharply

throughout Africa, and at the majority of locations, the increases are statistically significant. The regions of
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subtropical southern Africa, subtropical North Africa, and portions of central tropical Africa have had the
highest trends (Collins, 2011). The overall rate of temperature increase in these areas is over two times as
fast as the rate of rising temperature on land worldwide (Engelbrecht et al. 2015). In addition, there is also

evidence of flood events over South Africa’s east coast, in KwaZulu Natal (KZN) (Bouchard et al. 2023).

The KZN and the Eastern Cape (EC) provinces in South Africa experienced extremely excessive precipitation
in April 2022, with some areas receiving more than 300mm in just under 24 hours (Singh et al. 2022; Mashao
et al. 2023; Mudefi, 2023). A cut-off low (COL) that veered off the mid-latitude westerly wave and traveled
across South Africa's east coast and the interior was responsible for the occurrence (Thoithi et al. 2022).
COLs are synoptic scale baroclinic systems and are capable of producing extreme weather and heavy
precipitation events in this region and neighbouring locations. COLs are frequent in South Africa throughout
April. The low-level maritime winds carrying moisture from the southern Indian Ocean further aggravated the
effects of the COL on the 11th and 12th of April 2022 (Singh et al. 2022).

Flooding caused by heavy rains over South Africa’s northeast, including the province of Mpumalanga (MP),
is typically linked to TC activity from the South-West Indian Ocean (SWIO) (Mpungose, 2022) and mid-
tropospheric COLs. However, cloud bands can occasionally cause flooding when slow-moving (Rapolaki et
al. 2019). Heavy rainfall and flooding can also be brought on by intense thunderstorms buried in tropical lows
and mesoscale convective complexes (MCC) (Chikoore et al. 2021). In February 2000, extremely severe
rains were experienced over the northeastern regions of South Africa, Mozambique, and
Zimbabwe. Numerous people died due to the disastrous flooding, and the region's infrastructure was
seriously damaged, severely inhibiting agricultural and economic growth (Smithers et al. 2001). Tropical
weather systems that travelled from the east to the west across the subcontinent were responsible for most
precipitation, which fell between February 5th and 10th and February 22nd and 25th in 2000 (Dyson and Van
Heerden, 2001).

The national average precipitation in South Africa is only 450 mm annually, which is much less than the
average worldwide precipitation of 860 mm annually (Mabhaudhi et al. 2019). Due to its closeness to the
warm Indian Ocean, the eastern region of the country experiences greater amounts of precipitation during
summertime (Mpungose et al. 2022). According to Ratna et al. (2013), because of tropical-temperate troughs
(TTT), the Indian Ocean is the primary provider of precipitation in the subtropical regions, accounting for 30%

to 60% of all precipitation. As a result, most of the country's high-producing agricultural and forestry land,
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which includes the MP forestry sector, is found in the east. According to Van der Merwe et al. (2022), climate

is the most important site variable for the development of invasive pine species in MP, South Africa.

The performance of agriculture, as observed by Mutengwa et al. (2023), is significantly affected by the
impacts of climate variability and change on water supplies. More than 60 of the population in rural southern
Africa bases its lifestyle in rural areas and entirely depends on natural resources and agriculture. As a result,
these impacts are already undermining the development and growth of the economy (Nhamo et al. 2019).
Additionally, as outlined by Steiner et al. (2020), climate variability and change have an anticipated impact
on the supply and demand sides of agricultural foods. While local systems prepare and respond to changes
in short-term climate causes, they hinder longer-term food security. According to Nhemachena et al. (2020),
the socioeconomic effects of climate change on agriculture include decreased yields and output, decreased
agriculture Gross Domestic Product (GDP), increased risks of hunger and food insecurity, and an increase in

the number of people affected.

Due to future climate conditions, future projections of climate show that crop yields will decline, and latest
research shows that yields are being reduced (Ray et al. 2019). Extreme weather conditions that negatively
affect southern Africa's agriculture include floods, extreme heat, regular droughts, rising temperatures, and

unpredictable weather (Odongo et al. 2022).

Projected changes in rainfall and temperature over southern Africa have been the subject of some research.
In addition, there are no studies that have been done on climate variability and change specifically focusing
on eastern South Africa. This study intends to cover the gap by investigating historical and projected
variability and change of climate over eastern South Africa (KZN and MP) under high and low mitigation
focusing on the near-future (2021-2050) and the far-future (2070-2099) periods.



1.3 Research questions

e What are the historical trends in surface air temperatures (SAT) and rainfall characteristics over
eastern South Africa?

e How well do models from the Coupled Model Intercomparison Project Phase 6 (CMIP6) simulate the
observed climate of eastern South Africa?

o What are the projected changes in SATs over the study area in the future from 2021 to 20997

e To what extent will climate change alter rainfall characteristics over the study area?
1.4 Research aim

The study aims to investigate historical and projected variability and change of climate over eastern South
Africa under high and low mitigation focusing on the near-future (2021 to 2050) and the far-future (2070 to
2099) periods.

1.5 The specific objectives of the study

o Analyse trends in SATs and rainfall over eastern South Africa from 1961 to 2020
e Evaluate the performance of six CMIP6 models against historical observations (1961 to 1990)
o Analyse projections of SAT over the study area for the near and far-future periods

e Map and quantify future projections of rainfall over the study area
1.6 Chapter outline

The study covers six chapters: Chapter one presents the introduction of the whole study which consists of
the background, problem statement, research questions, research aim, and specific objectives of the study.
Chapter two presents a literature review which consists of the introduction, climate of South(ern) Africa,
climate trends and change in South Africa, climate models and climate modelling, future climate projections
over South Africa, impacts, vulnerability, and adaptation to climate change, and lastly, the summary of the
chapter. Chapter three presents the research methodology which consists of an introduction, study area,
observed data, climate models, model verification, trends analysis, future projections, instrumentation, and
the summary of the chapter. Chapters four and five are the results chapters. Chapter four deals with
historical trends and model verifications. Chapter five presents the future climate projections from the model

ensembles. Chapter six presents the key findings, recommendations of this work, and the conclusion.



CHAPTER 2: LITERATURE REVIEW

2.0 Introduction

This chapter focuses and reports on the studies that have already been done and that are related to this
study. The studies are for enhancing this study and to show a broader view of climate variability and change
in a region. The purpose of this chapter is to provide the background knowledge of the research topic, identify
what other studies have found, and bring out what is not known in this study field. It also discusses the climate

models and scenarios.
2.1 Climate of South(ern) Africa

2.1.1 Dominant weather systems

Dominant weather systems in South Africa include COLs, TCs, and cloud bands (Harrison, 1984; Singleton
and Reason, 2007; Hart et al. 2013; Moses et al. 2023). COL is a weather system that is greatly affected by
the interception of the Mascarene High (Xulu et al. 2023). Furthermore, it is a deep low-pressure system that
is strongest in the mid-troposphere and forms at 500 hectopascals (hPa) (Muofhe et al. 2020). A COL is
formed by the separation of an upper westerly wave from the predominant mid-latitude westerly wind which
is cut off by that westerly wind. The COLs are low-pressure systems that are no longer connected to the
westerly wave and become detached from the autonomously rotating planetary circulation (Ndarana et al.
2020).

The COL loses its momentum and may spread across the region over several days or spread slowly before
dissipating. COLs are associated with mid-tropospheric instability and deep convection, which can also
cause extreme weather patterns across an area (Barnes et al. 2021). This was experienced in April 2019
when a COL in eastern South Africa (KZN, Durban) caused flooding that killed at least 85 people and
displaced thousands (Thambiran et al. 2023). COLs are the main cause of flood damage in South Africa and
consist of semi-annual variations with peak values between March and May and between September and
November (Singleton and Reason, 2007). COLs are least frequent from December to February however, that

is when they are most commonly connected with blocking Mascarene High blocking (Xulu, 2017).



The COL in the region of 2.5°E to 32.5°E/20°S to 45°S tends to have precipitation over the mainland.
Blockage of the Mascarene High could cause stagnation of westerly wave propagation, which could
exacerbate the formation of COL that rotates independently of the westerlies, resulting in further blockages
in southern Africa (Xulu et al. 2020). A COL that is completely developed circulates independently, leading
to further blocking from Mascarene High. Blocking from COL is another form of quasi-stationary west-east

tracking, resulting in long periods of unstable weather over the subcontinent (Abba, 2020).

The COLs occur throughout the entire year, on average about 11 of them making landfall in southern Africa
each year (Singleton and Reason, 2007; Barnes et al. 2021; Taljaard, 1985). Autumn and spring, are seasons
of transition, and that is when the COLs occur mostly (Singleton and Reason, 2007; Favre et al. 2012). COLs
lead to heavy rainfall in parts of South Africa and contributes more to South Africa's annual rainfall. In the

tropics, propagation of COL is additionally erratic, as they tend to migrate westward (Favre et al. 2013).

TCs are cyclones over sub-tropical or tropical waters with organised convection and pronounced circulation
of cyclonic surface wind (In the northern hemisphere the circulation is anti-clockwise and in the southern
hemisphere is clockwise) (Keriwala and Patel, 2022). TCs take place over the SWIO in the summer from
November to April (Pillay and Fitchet, 2019) and affect the eastern parts, including South Africa's Limpopo,
MP, and KZN provinces (Mpungose, 2022; Chikoore et al. 2021; Meyiwa, 2019). They are among the
deadliest, most destructive, and most damaging weather systems on Earth (Lamers et al. 2023). Severe TCs
cause devastating winds, torrential downpours, coastal storm surges, and severe flooding, usually causing
significant damage to property and fatality (Do and Kuleshov, 2023). Late in February 2000, TC Eline
triggered devastating floods in South Africa, Zimbabwe, and Mozambique and a tropical depression early in

the same month (Reason and Keibel, 2004).

More than 1300 people died and over three million people were left homeless due to TC Idai, which struck
Zimbabwe, Mozambique, and Malawi in March 2019 (Zimba et al. 2020). Health concerns in the afflicted
populations were made worse by the storm's extensive flooding and loss of infrastructure, including medical
institutions (Dembedza et al. 2023). In the wake of the storm, outbreaks of cholera were recorded, underlining
the heightened risk of infectious illnesses brought on by extreme weather conditions. Similar to TC Eloise,
which ravaged Zimbabwe, South Africa, Eswatini, and Mozambique in January 2021, it displaced people,

severely damaged houses, and raised the danger of infectious illnesses (Aderinto, 2023).



Conditions for TCs to develop include Sea Surface Temperatures (SST) that are greater than 27°C and a
cloud cluster that exhibits continuous deep convection (Chang and Smith, 2021). In the Indian Ocean,
latitudes between 5°S and 14°S are particularly favourable for cyclogenesis (Jury and Pathack, 1991).
TC generation is restricted to specific seasons and latitudes. Furthermore, for active cumulus and
cumulonimbus formation in the cloud cluster and the TC formation, the relative humidity up to the middle level
must be rather high. The central pressure and surface wind speed are important factors for the development
of TCs (Fang et al. 2022). The TC's eye forms when the speed of the wind is above 60 knots, and the central
pressure falls below 1000 hPa. TCs are fixed in easterlies and tend to migrate westward, which is influenced
by large-scale flow (Rohli and Li, 2021). The supply of moisture and energy is essential for TC to maintain its
intensity (Trenberth, 2011). When TCs touch down over land, they weaken, and their wind speeds are also
lowered by surface friction at the land's surface (Wang and Matyas, 2022). Due to the reduced SST in the
mid-latitudes, TCs also begin to deteriorate (Ginis, 2021).

In the southern hemisphere's subtropical belt, Northwest (NW) cloud bands constitute a significant aspect of
the weather (Mahlobo et al. 2019). The cloud bands at their southeast end link a cold front to the Intertropical
Convergence Zone (ITCZ) at the NW end, and they range in length from 3,000 to 8,000 km (Xulu et al. 2020).
An easterly wave is typically present at the bottom of the NW cloud band closest to the equator. In the
connection involving the mid-latitude frontal belt and ITCZ, NW cloud bands play a significant role. These

cloud bands show up during summertime (Reid et al. 2019; Hart et al. 2013).

NW cloud bands are widespread near South America, across Paraguay through the South Atlantic, as well
as in southern Africa (Chikoore and Jury, 2021). Furthermore, cloud bands frequently surround Australia and
extend from the area near Indonesia throughout the middle of Australia to the southeast coast. NW cloud
bands also predominate across southern Africa (Flamant et al. 2022). There are enduring cloud bands that
connect the tropics and the mid-latitudes, and the cloud band that connects southeast Africa with the Congo

basin is less enduring.

Significant cloud bands develop in TTTs and prolonged NW to southeast convergence zones, which connect
the tropics to the mid-latitudes. These cloud bands occur when waves in the westerlies become connected

to disruptions in the tropics (Howard et al. 2019). The zones, which are linked to maximum rainfall, are



channels for the large-scale movement of energy of latent heat and moisture form from the tropics to the mid-
latitudes. A band of clouds and rain are linked to the TTT (Erasmus, 2019) and as a result, cloud bands play

a significant role in producing rainfall in the south of the Zambezi Valley.

When the NW cloud band moves slowly, it spreads south-eastward and causes floods and severe, persistent
rains. Mahlalela et al. (2020) observed that throughout most of South Africa, including the greater part of the
EC, there are one to two less/more days of cloud band than normal in the dry/wet springtime. A more robust

Angola Low frequently serves as the source zone for cloud bands (Munday and Washington, 2017).
2.1.2 Rainfall climatology

According to Roffe et al. (2019), South Africa is one of the few nations in the southern African area to have
rain in every season. In South Africa, during the summer season, is when precipitation rates are at their peak
(Ibebuchi, 2023). Except for a tiny portion along the south coast, the southern African subcontinent gets most
of its precipitation during the summer season. Furthermore, the Western Cape province receives most of its
rainfall during winter season, and this is because mid-latitude cyclones pass through this area during winter,
bringing frontal rainfall (De Kock et al. 2022). During the autumn season, the majority of the country's eastern
regions, including the coasts of KZN, show relatively low average rainfall at a maximum of 4 mm/day,

whereas the western region has average rainfall below 3 mm (Engelbrecht et al. 2013).

South Africa has its driest weather during the winter season (Engelbrecht et al. 2009). The increasing strength
of lower and mid-level subtropical high-pressure systems across southern Africa has a significant impact on
the winter season. At the same time, the ITCZ and other powerful summer systems weaken and move north
of the equator (Dedekind et al. 2016). Winter precipitation in South Africa is mostly in the country's southwest,
with little or no precipitation occurring elsewhere. Cold fronts are carried to the west coast during the winter
season by the South Atlantic high-pressure system's northward movement (Odoulami et al. 2021). South
Africa’s west coast experiences precipitation as a result of cold fronts' interaction with the continuous winds

over the cold Benguela area (Du Plessis and Schloms, 2017).

Except for the NW regions of South Africa, the country has wetter weather during the neutral year, when
neither EINifio nor La Nifia occurs. However, neither the La Nifia nor the ElNifio periods exhibit a

preponderance of precipitation outside of South Africa's eastern regions and southwestern Cape regions are



not very sensitive to El Nifio Southern Oscillation (ENSO) forcing (Sazib et al. 2020). The MP province is the
source of the majority of GHG emissions, as it is home to multiple coal-fired power plants. Due to the rising
atmospheric moisture, this region is likely to experience a decrease in rainfall throughout the September-
October-November (SON) period (Shikwambana et al. 2020). Due to GHG warming the surface of the Earth,
more water vapour enters the atmosphere. As the spring season changes to the summer season, the
additional moisture increases the quantity of energy required to heat the atmosphere, which can change the
occurrence of the periods of rainfall (Shikwambana et al. 2023). This implies that more moisture will cause
the atmosphere to take longer to absorb energy and produce rainfall. The return of mild temperatures on the
ocean and the land, as well as the suppression of powerful high-pressure systems that produce rain over

coastal regions, are characteristics of the spring season (Ncube, 2019).
2.1.3 Temperature variability

The Earth is gradually becoming warmer. Globally, anomalies in terrestrial air temperature have been steadily
increasing since 1880 (Wang et al. 2018). The warmest years on record were discovered after 1976, and a
more pronounced increasing trend is acknowledged globally in both the northern and southern hemispheres
following that year (Ndlovu et al. 2021). Globally, people are affected by this consistently increasing trend
and extremes in air temperature (Fan et al. 2020), however, marginalized, impoverished, agricultural, and

less resilient populations are probably going to be more affected (Ndlovu et al. 2021).

Variations in the ENSO, a teleconnection that has been demonstrated to influence temperature in specific
regions of Africa, are probably not the primary cause of climate change across the continent. Rather, climate
change is probably caused by other natural climatic variability and/or human action (Collins, 2011). KZN's
inland air temperatures are more extreme than those along the coast due to factors like low water vapour
pressure deficits, ocean breezes, water's higher specific heat capacity than soil, and moderate air
temperatures that permit moderate intra-seasonal, intra-seasonal, and intra-day variations in upper and lower

air temperatures (Ndlovu et al. 2021).

Wet or hazy days and, occasionally, snow on high land or mountain summits are linked to extreme low
temperature (ELT) occurrences. Snow seldom falls over South Africa due to its geographic position, except
for the southern mountain peaks (Stander et al. 2016). When snow falls, it disrupts property and economic

activity and can result in the death of homeless people (Chikoore et al. 2024; Stander et al. 2016).
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Consequences of ELT occurrences in South Africa are severe frosts on winter crops (e.g. oats, and wheat),
the death of young and fragile animals, and financial losses (Archer et al. 2021). The ridding anticyclones
from the South Atlantic Ocean and mid-tropospheric COL pressure systems in the sky are the primary
weather systems linked to ELT conditions over South Africa (Ndarana et al. 2021). The majority of cold air
advection from the higher, colder latitudes, such as the South Atlantic High ridges across the southern part
of Africa, is caused by cold frosts, which typically come before ridging anticyclones (Chikoore et al. 2024;
Ndarana et al. 2021). Sea-surface temperature fluctuation in the tropical Indian and Pacific oceans is
connected to the frequent occurrences of summer heat wave events, which frequently occur in conjunction
with meteorological droughts (Mbokodo et al. 2020, 2023; Klopper et al. 1998).

2.1.4 Impacts of the ENSO

The ENSO is one of the major climate factors that affect the tropical Pacific SST (Shikwambana et al. 2023).
South Africa's annual temperature and precipitation trends are significantly impacted by ENSO, which is
characterized by the fluctuation of the eastern-tropical Pacific Ocean's surface temperatures (Bradshaw et
al. 2022). Extreme cyclical climatic phenomena including heatwaves, droughts, and flooding can be brought
on by ENSO anomalies (Goddard and Gershunov, 2020). ENSO comprises three phases: El Nifio, La Nifa,
and the neutral phase (Ohde, 2018). When the surface temperatures of the eastern tropical Pacific
Oceanrise above average, an El Nifio event takes place, which causes droughts to occur on land and
warmer-than-average temperatures over southern Africa. La Nifia episodes are caused by water surface
temperatures below normal, which causes more rain and cooler temperatures to fall over southern Africa
(Van der Merwe et al. 2023). When neither El Nifio nor La Nifia occurs and SSTs in the equatorial Pacific are

close to average, the neutral state takes place.

In the Western Cape area, wind speed fluctuates during El Nifio or La Nifia periods as it is weaker or stronger
than usual (Philippon et al. 2012). According to Hoell et al. (2017), El Nifio and La Nifia occurrences cause
a mid-tropospheric convection dipole across the tropical west and central Pacific, resulting in circulation
abnormalities over southern Africa. As a result, abnormal circulations change the vertical movements and

moisture fluxes, forcing seasonal rainfall abnormalities across southern Africa.

According to Mbokodo et al. (2023), the ENSO affects the KZN Drakensberg's summer rainfall variability,
and there is a substantial association between summer rainfall and the Southern Oscillation Index (SOI) for
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previous periods. Southern Africa continues to suffer from droughts brought on by the ENSO phenomenon,
which have a severe effect on the environment, economic growth, and way of life (Tongwane et al. 2022).
The region of Southern African Development Community (SADC) requested international assistance to feed
nearly 40 million people as a result of the 2015-2016 ENSO drought (Hove and Kambanje, 2019). Because
of greater investment in agricultural irrigation and improved crop types, grain production has been increasing
gradually despite the difficulties associated with water constraints. According to Shikwambana and Malaza
(2022), forward-thinking actions for adaptation are crucial to support communities that do farming in building
systems of resilience to cope with alterations and variations in the climate as well as other stressors. This is

because the agricultural sector in southern Africa is vulnerable currently and in the projected future.
2.2 Climate trends and change in South Africa

Not all parts of South Africa receive rainfall during the same season. The greater part of South Africa
experiences summer rainfall (Ncoyini et al. 2022), but Cape Town and the surrounding southwestern Cape
districts have winter precipitation primarily from cold fronts associated with extratropical cyclones that move
east through the South Atlantic (Landman et al. 2017). Reduced rainfall during winter and the intensity over
an extended period have had a substantial impact on the City of Cape Town's water constraints (Mahlalela
etal. 2019).

Even though the definition of drought in arid regions is disputed, drought persists in the province of Northern
Cape, South Africa, due to climate change (Calverley and Walther, 2022). Over the past few decades,
unexpected harsh drought occurrences have caused water supply shortages that have impacted the
agricultural industry in various parts of South Africa, including the EC, KZN, North West, Limpopo, and Free
State provinces (Baudoin et al. 2022). As a result of absence of water, the Western Cape province saw a
drop in tourism during the drought period. Furthermore, due to climate change and warming temperatures,
extreme wildfire outbreaks have taken place on the coast of the south-Western Cape over the past ten years
(Liu et al. 2023).

Drought, changes in land use, and extreme fire danger conditions all contributed to the latest Knysna fire,
which was a disastrous event in the province of Western Cape (Quiroz et al. 2023). Climate change has
raised the likelihood of both drought, and wildfire activity in South Africa and the frequency of heavy rainfall
events (Clarke et al. 2022). The abnormal rise in global temperatures brought on by socioeconomic activity
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is expected to increase South Africa's flood probability by more than 80% each year. The warmer Indian
Ocean will most certainly experience more TCs in the future, increasing the likelihood of coastal flooding (Lin
etal. 2020). Flooding may have an impact on the fuel load, vegetation, and fire patterns. The eastern interior
and east coast parts of South Africa, as well as the Limpopo River basin region in southern Africa,
experience the largest number of heat-wave days (approximately three on average per year) (Meque et al.
2022; Mbokodo et al. 2023).

Temperature extremes, including cold waves, warm waves, and recurrent heat waves, can have an impact
on South Africa (Mengistu et al. 2024; Mbokodo et al. 2020). Southern Africa has seen temperature rises
over the last 50 years that are more than twice as high as those seen worldwide, according to Engelbrecht
et al. (2015). A rise in extreme weather events and climatic phenomena (e.g. drought) is the main effect of

climate change globally (Dube et al. 2022a).

A persistent shift in the composition of the atmosphere or alterations in land use are examples of external
influences that can cause climate change (Celik, 2020). Given the high levels of inequality and entrenched
poverty in South Africa, the effects of climate change are projected to present significant obstacles to the
country's national development (Mthembu and Hlophe, 2020). The global problem of global warming is
expected to develop due to the increased rate of GHG emissions, changing the features of severe weather
and climate events (Karl and Trenberth, 2003; Zittis et al. 2022).

2.3 Climate models and climate modelling

2.3.1 Regional climate models (RCM) and Global climate models (GCM)

Knowledge of potential changes in the climate must be made available to prepare for the effects of climate
change, and climate models can provide this knowledge (Giorgi, 2019). A mathematical depiction of a
real climate system, which is the climate model, is based on the conservation of momentum, energy, and
mass (Tehrani et al. 2022). Climate models are important tools for researching potential changes in the
climate under various circumstances of GHG emissions (Agbor et al. 2023). The physical and dynamic
processes that exist in the atmosphere and their interactions with other elements of the Earth System are
represented by these numerical models. These models’ complexity necessitates trade-offs between
computing costs, horizontal resolution, and occasionally, domain size (Doury et al. 2023).
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The area of the field that is concerned with collecting and analysing observations must unavoidably interact
with climate modelling. RCMs have a higher spatial resolution than GCMs because they operate over
narrower domains that encompass an area of interest (Cheung et al. 2023). Despite using the same physical
laws that are expressed in terms of mathematical equations as global models, RCMs are frequently used to
generate projections of how the climate could shift locally (Nguyen et al. 2023). RCMs have been extensively
utilized to study local climates, and it has been discovered that these models offer extraordinary advantages
(Wen et al. 2023). They are more effective at resolving coastal and mountainous locations, for example,
where a distance of 50 km might result in a major shift in climate. Furthermore, they can also record the mean
statistics of daily rainfall on the sizes of a few grid boxes (Demessie et al. 2023). RCM is useful for projecting
future climate change and simulating the recent past (Fan et al. 2014). It is commonly acknowledged that
RCMs were initially developed as a short-term solution to a transient issue, specifically the inability to
efficiently downscale the outputs of GCM at the regional level. Currently, however, a large number of GCMs
are operated at a spatial resolution that is even higher than that of the majority of RCMs (Tapiador et al.,
2020).

Future projections of several atmospheric and oceanic variables are provided by GCMs. These models are
created and used on a worldwide scale, taking into account several potential future situations (Pourali et al.
2023). In recent years, GCMs have grown in importance and usefulness as a tool for tackling the problem of
climate change (Tayyebi et al. 2023; Watanabe et al. 2010). Particularly when used to model projections of
climate change at a country size, such as South Africa, the geographical resolution of GCM is somewhat
imprecise. The resolution that can be achieved with GCMs depends on the processing resources available
(Li et al. 2023).

2.3.2 Shared Socioeconomic Pathways (SSP)

Using illustrative emission scenarios known as SSPs, which are coupled with Coupled Model
Intercomparison Project Phase 5's (CMIP5) Representative Concentration Pathways (RCP), climate models
from CMIP6 are combined to project future climate change (Ge et al. 2021; Eyring et al. 2016). Researchers
and pioneers in the field of climate change devised emission scenarios to make it easier to assess future
climatic factors including adaptation, vulnerability, and mitigation (Zandersen et al. 2019). To assist the
comprehensive study of future climate effects, vulnerabilities, adaptations, and mitigation, the climate change
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research community devised a new scenario framework, which includes the SSPs (Van Vuuren et al. 2014).
For researchers to research the effects, adaptations, and minimizing of climate change, the newly developed
scenario framework for climate change research envisages integrating pathways of future radiative forcing
and their related climate changes with different socioeconomic development pathways (O'Neill et al. 2014).
The pathways were created over the last years through a cooperative community effort, and they reflect
conceivable significant worldwide developments that collectively would create various obstacles to climate
change mitigation and adaptation in the future (O'Neill et al. 2017). The five primary SSPs (SSP1-1.9, SSP1-
2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) are equally spaced and stretch to lower 2100 radiative forcing and
temperatures, and the emission scenarios are different (Meinshausen et al. 2020). SSPs and RCPs are
different and belong to different phases (Eyring et al. 2016). Figure 2.1 and Figure 2.2 below show SSPs and
RCPs that belong to CMIP6 and CMIP5, respectively.

SSP1
Sustainability 55P2 SSP3 ssps
¥ — Regional SSP4 Fossil-fuel
rivalry Inequality development

1750

Figure 2.1 The five SSP families and their scenarios (Source: Meinshausen et al. 2020)
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Figure 2.2 Trends for four RCPs from 2000 until 2100 (Source: Maule et al. 2017)

2.3.3 Verification/validation of climate models

For the study of changes in the climate that might arise from elevated levels of CO2 and other GHGs in the
atmosphere, climate models constitute a distinctive and potentially formidable instrument (Gates et al. 1990).
These models are the only ones that can take into account the multitude of interrelated physical processes
that make up the climate system at once, and their objective numerical solution offers the chance to
investigate the characteristics of both past and potential future climates under various circumstances.
However, validating the simulations against the observed climate is required to be able to correctly assess
model projections (Abdolalizadeh et al. 2022). This allows for identification of the systematic flaws in the
simulations, especially errors that are shared by several models. The projections of future climate changes
must be evaluated while accounting for these inaccuracies or model biases. Naturally, the availability of
pertinent observed data is necessary for the climate model validation (Tapiador et al. 2017). Observed data
for some variables of relevance are either not accessible at all or are only accessible to a small portion of the
globe. The paucity of surface and upper air observations is a major challenge particularly in Africa. To assess
the models' performance, the climate models are validated (Feng et al. 2023) and the overall effectiveness

of the CMIP6 models can be assessed using a Taylor diagram (Taylor, 2001; Chen et al. 2023).
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2.3.4 CMIP6 models and the IPCC Sixth Assessment Report (AR6)

The CMIP6 multi-model ensemble, which is newly developed, offers additional options for studying the
climate system and producing regional climate projections under several future scenarios, in addition to
improving upon phase 5 (Taylor et al. 2012). The Earth System Model (ESM) and coupled Atmosphere-
Ocean General Circulation Model (AOGCM) simulations of the world's climate are included in CMIP6 (Grose
et al. 2020). The IPCC ARG will heavily rely on the new CMIP6 ensemble to assess processes of climate
change and produce revised national climate change projections. The new CMIP6 ensemble will also offer
fresh perspectives on the climate systems and climate change relevant to the area. Some GCMs contain
climatic processes and earth system aspects that were left out in earlier generations for the CMIP6
projections, which are carried out within a newly developed framework of socioeconomic and emissions

pathways (Bouramdane, 2022).

Any advancement in how these models are assessed in comparison to the climate that has been seen may
raise confidence in some climate projections. The world is very interested in any future projections that
deviate from those in CMIP5 (Hamed et al. 2022). This applies to situations in which there is improved model
agreement for confined limits of projected change, or in situations in which projected changes from CMIP6
are beyond the limits of CMIP5 for a certain forcing scenario. A collection of models with stronger climate
sensitivity compared to CMIP5 is present in CMIP6, which is a significant new feature (Kaur et al. 2023).
Higher climate sensitivity points to the hot model issue in CMIP6 models (Hausfather et al. 2022), and a
broader spectrum of warming responses to CO2-forcing and greater model uncertainty in future warming

estimates are suggested by higher climate sensitivity.

The IPCC ARG is based on the CMIP6 program (Zhang et al. 2023). The application of physics-based
emulators to guarantee consistency between the sea-level projections and the AR6-assessed Equilibrium
Climate Sensitivity (ECS) and Global Surface Air Temperature (GSAT) was the key advancement in ARG
(Slangen et al. 2023). With a very high degree of confidence, the IPCC ARG asserts that the collection of the
CMIP6 model develops the trend of historical global surface temperature and variability that has been
observed with anomalies sufficiently small to support the attribution and detection of human-caused warming
(Engdaw et al. 2023).
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2.4 Future climate projections over South Africa

As with farmers everywhere else, climate change is causing temperatures to rise and more extreme weather
throughout Africa (Field, 2012). The fact that Africa's agricultural systems still rely mostly on rain and have
few technology inputs makes it particularly vulnerable to climate change. There is unmistakable proof that
global average temperatures have risen. These changes started to be noticeable in Africa in 1975, and
temperatures have been rising at a pace of roughly 0.03°C each year since then (Hartmann et al. 2013). The
maijority of the African locations for which statistics are available have shown a rise in the frequency of high

heat events as well as prolonged heat waves (Girvetz et al. 2019).

According to Engelbrecht and Monteiro (2021), South Africa will grow drier and warmer in the next 19 years,
between 2021 and 2040, at a level of global warming of 1.5°C. Additionally, it is anticipated that southern
Africa will become typically drier in scenarios of low-mitigation climate change (Petja et al. 2021). Such
changes will limit the area's ability to adapt as it is already known for being dry and warm. (Archer et al.
2018). Southern Africa is going to keep experiencing climate change even with moderate to high mitigation,
however, the magnitude of change will be smaller, potentially allowing for greater opportunity for adaptation
(Kapuka et al. 2022).

Additionally, climate change is expected to affect the characteristics of extreme weather events as well as
shifts in typical temperature and rainfall patterns. The majority of the interior of southern Africa is likely to see
generally drier weather and more frequent dry periods (Engelbrecht et al. 2009; Christensen et al. 2007;
Haensler et al. 2011). Floods would occur more frequently in northern Mozambique than in the South African
province of Limpopo, according to projections for TC tracks (Malherbe et al. 2013). In South Africa, COL-
related flood events are projected to occur less frequently as a result of a poleward shift in the westerly wind
regime. A generally higher temperature may conceivably result in stronger thunderstorms across South Africa
(Engelbrecht et al. 2013). An increase in heat-wave days and high fire-danger days is projected to occur
consistently and extremely in their regularity of occurrence. Furthermore, a decrease in the availability of soil
moisture is projected, even for areas where increases in rainfall are reasonable, because of improved levels

of evaporation (Engelbrecht et al. 2015).
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2.5 Impacts, vulnerability, and adaptation to climate change
2.5.1 Impacts of climate change

Southern Africa is particularly susceptible to the negative impacts of climate change, including health
concerns (Muyambo et al. 2023). The region has also experienced some of the most intense effects. One of
the most obvious and destructive effects of climate change in the area is the rising intensity and frequency
of synoptic features that can cause flooding and excessive damage, such as TCs (Salarieh et al. 2023).
These occurrences have the potential to relocate a sizable population in addition to causing serious harm to
crops, houses, and infrastructure. Injury, infections, and mental health issues are among the health effects
of such incidents that can be severe (Parker et al. 2022). Climate change influences the patterns of rainfall
and temperature in addition to causing severe weather events, which has a big impact on the security of food
and agriculture. Droughts can be caused by changes in patterns of precipitation, which lower the production
of food and exacerbate starvation (Agostoni et al. 2023). The spread of vector-borne illnesses such
as dengue and malaria fever, which are already major regional public health issues, can potentially be

accelerated by increasing temperatures (Beermann et al. 2023).

During the entire 21st century, climate change is projected to increase more and have negative effects (Haile
et al. 2020). Climate change has increased the likelihood of severe weather events, such as powerful
rainstorms that cause widespread floods worldwide. Due to climate change and other human-caused
activities, flooding is projected to rank among the most prevalent disasters in the upcoming years. South
Africa is concerned about the potential of flooding, with the provinces of KZN, EC, North West, and

Limpopo being the most at risk (Munyai et al. 2021).

The KZN and EC provinces, which saw the worst floods in April 2022, have both been affected by significant
flooding. Floods that carried away bridges, homes and other structures caused massive property damage,
over 400 fatalities, and almost 50,000 displacements of people in KZN (Durban) (Volgraff and Cele, 2022).
In addition to deaths, the EC flood catastrophe led to significant harm to the infrastructure, which had a
detrimental effect on the socioeconomic as well as environmental conditions (Dube, 2022). According to
Dube et al. (2022b), the rising number of extreme weather events is alarming since they provide complicated
difficulties to the socioeconomic growth of communities in these locations, with the most underprivileged and

vulnerable individuals suffering the most.
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2.5.2 Vulnerability to climate change impacts

South Africa has serious concerns about climate change (Pandy and Rogerson, 2021). During the past 50
years, annual average temperatures have climbed by a minimum of 1.5 times the recorded 0.65°C world
average, and the occurrence of severe precipitation events has gone up (Van Der Walt and Fitchett, 2022).
The IPCC's Fifth Assessment Report (ARS) for RCP 8.5 projects interior warming of 3-6°C by 2081-2100
relative to 1986-2005, but less certain changes of rainfall concerning magnitude as well as direction

(Ziervogel et al. 2014). These changes are projected to keep occurring.

The availability of water, availability of food, well-being, infrastructure, services provided by ecosystems, and
biodiversity in South Africa are all seriously threatened by climate change (Moseki et al. 2022). These effects
provide significant obstacles to national growth given South Africa's extreme levels of inequality and poverty
(Khine and Langkulsen, 2023). Due to rising industrialization and urban island structures, metropolitan areas
are more likely to experience temperature rise and heat waves. On the other side, due to a lack of or
insufficient infrastructure, such as water storage facilities and construction infrastructure, rural regions may
also be more susceptible to droughts and floods. In terms of exposure, sensitivity, and adaptation capability,

rural regions in South Africa are significantly more susceptible than metropolitan ones (Zhou et al. 2022).

Due to climate change, natural catastrophes in South Africa such as droughts, floods, and thunderstorms are
expected to cause even greater economic and social damages (Ngcamu, 2022). More than 100 disaster
incidents were documented between 1900 and 2017, causing 21 million people to be impacted, 2200 deaths,
and a total economic loss of about US$4.5 billion. Fortunately, because of its relative richness and great
adaptation ability, South Africa is thought to have among the best resistance to climate change in Africa
(Vincent, 2007).

2.5.3 Adaptation

Understanding adaptation to changes in the climate that occur for a long or short-term period is the subject
of an expanding body of research both domestically and abroad (Gbetibouo, 2009). Despite this, the majority
of adaptation strategies continue to concentrate on lowering susceptibility to current climate exposure,
including through early warning systems, catastrophe risk reduction, and controlling water demands
(Olorunfemi, 2011).
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The results of climate change have piqued the curiosity of both individual farmers and agricultural
associations, and the majority have already started adapting to past changes. For example, agriculture
businesses in the southern Cape have shifted from crops to pasture and improved their water-storage
capacity (David, 2022), while vineyards that can tolerate warmer temperatures have replaced apple orchards

in the Western Cape region (Theron et al. 2022).

The availability of food for households is expected to be seriously threatened by climate change's projected
considerable negative effects on smallholder subsistence farmers (Rankoana, 2022). Farmers are more likely
to increase agricultural output and enhance their standard of living if they respond to climate change by taking
a variety of adaptation techniques. Additionally, coping with climate change helps to increase food security
for households and farm household welfare as a whole (Shisanya and Mafongoya, 2016). To significantly
lessen the effects of climate change, increase the net income of smallholder farmers, and improve farmers'
availability of food, adaptation measures including improved variety of crops and early growing crops,
livelihood diversification, agrochemical application, watering, as well as reduction of livestock have been

shown to be effective (Ogundeji, 2022).

Coordinating efforts are necessary to put into place measures that increase the resiliency of the
disadvantaged people in the informal settlements because the danger of flooding is caused by multiple
elements cooperating to create catastrophic circumstances, especially in urban areas (Anwana and Owojori,
2023). Southern Africa is the region of Africa most vulnerable to the effects of climate change because of its
lack of flexibility and reliance on agriculture. Understanding climate change vulnerabilities and dangers will
aid in creating adaptation plans and identifying ways to lower the risk of natural disasters (Eriksen et al.
2021).

2.6 Summary

This chapter has presented a background on the research topic using previous studies that are relevant to
climate variability and change in South Africa. Furthermore, it has focussed in detail on the climate of South
Africa, climate trends and change in South Africa, climate models and climate modelling, future climate
projections over South Africa, and lastly, impacts, vulnerability, and adaptation to climate change. From this
review it is evident that South Africa is vulnerable to climate change, most parts of South Africa receive rainfall
in summer with the exception of the Western Cape region which receives majority of its rainfall in the winter

season, and climate change is projected to rise in the next coming years.
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3.0 Introduction

CHAPTER 3: DATA AND METHODOLOGY

This chapter describes how the research on the historical and projected climatic variability and change in

eastern South Africa under high and low mitigation was done. The study area, observed data, climate models,

model verification, trends analysis, future projections, and instrumentation are main points of emphasis of

this chapter. It also explains the datasets and methodologies utilized in this investigation. To gather as much

information as possible for the study area's climatic variability and change knowledge, data analysis is crucial
(Ncube, 2019).

3.1 Study area

Figure 3.1 below shows the study area for this research which comprises KZN and MP provinces.
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Figure 3.1 Map of the study area, KZN, and MP (source: Authors, 2023).
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The research was conducted in the provinces of KZN and MP in South Africa. The study focussed on
historical trends (1961-2020) and future climate projections (2021-2099) for these provinces on South Africa’s
east coast. These two provinces are vulnerable to climate change and they have been affected by floods in
the past. Furthermore, climate extremes are expected to increase and intensify over the eastern regions of
South Africa (Mashao et al. 2023).

3.2 Observed data

Both observational and climate projection data were collected from Copemicus Climate Change Service
(C3S) (Hersbach et al. 2023) which is managed by the European Centre for Medium-Range Weather
Forecasts (ECMWEF). It consists of all climate data for exploration. The ECMWEF provides a detailed record
of the world's atmosphere, land surface, and ocean waves from 1950 onwards, whereas C3S gives reliable
weather and climate data (Chevuru et al. 2023). The variables that were employed included monthly rainfall,
SAT, relative humidity, sea level pressure, winds (eastward and northward), and geopotential heights. Using
these variables provided information on how rainfall and temperature evolved in the past. The ERA5

reanalysis was used as an observation (Hersbach et al. 2020).

3.3 Climate models

Climate models project future climate change under different circumstances of GHG emissions (Dessai et al.
2009; Agbor et al. 2023). The CMIP6 models were used to get information on how the climate has changed
under different circumstances of GHG emissions. The ECS was used as a guideline to choose correct models
that are not over-estimating. The following CMIP6 models in Table 3.1, have a good skill, are the latest
established CMIP models, they perform best, and have been used before in similar studies (such as Singo
et al. 2023; Mauritsen et al. 2019; Boucher et al. 2020). In terms of yearly SST, models from the CMIP6 have

a much reduced global-mean absolute bias than those from CMIP5 (Zhang et al., 2023).

Table 3.1 The CMIP6 models used for projected future climate change study

Models Resolution (lat. x long.) | Institution, country Source
Australian Community | 1.25° x 1.875° Commonwealth (Liu et al. 2023)
Climate and Earth Scientific and Industrial

System Simulator Research
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Coupled Model version Organisation (CSIRO-
2 (ACCESS-CM2) BOM), Australia
Institut Pierre  Simon | 1.26° x 2.5° IPSL, France (Boucher et al. 2020)

Laplace Climate Model
Low-Resolution
version  6A
CMBA-LR)

(IPSL-

Beijing Climate Center
Climate System Model
Medium  Resolution
version 2 (BCC-CSM2-

MR)

1.125° x 1.125°

Beijing Climate Center
China  Meteorological

Administration, China

(Guo et al. 2022)

Fluid
Dynamics Laboratory
Earth
Model version 4
(GFDL-ESM4)

Geophysical

System

1°%x1.3°

National Oceanic and
Atmospheric
Administration,

Fluid
Dynamics Laboratory
(NOAA GFDL), USA

Geophysical

(Zhang et al. 2023)

Alfred Wegener | 0.9° x 0.9° AWI, Helmholtz Centre | (Semmler et al. 2020)
Institute Climate Model for Polar and Marine

Medium Resolution Research, Germany

version 1.1 (AWI-CM-

1-1-MR)

Max Planck Institute | 1.9° x 1.9° Max Planck Institute for | (Mauritsen et al. 2019)

Earth System Model,
Low-Resolution
version 1.2 (MPI-ESM
1.2-LR)

Meteorology, Germany

24



3.3.1 ACCESS-CM2

ACCESS-CM2 is part of the contributions of Australia to the CMIP6. Moreover, ACCESS-CM2 has been
designed for many applications and research related to climate modelling (Bi et al. 2020). The Climate
Science Center of CSIRO Oceans and Atmosphere has created ACCESS-CM2 to be a fully coupled climate
model (Bi et al. 2022). Even while ACCESS-CM2 has made several important advancements over its
predecessor, the Australian Community Climate and Earth System Simulator version 1.3 (ACCESS 1.3) (Bi

et al. 2013), which took part in CMIP5, there are still some shortcomings in the simulated climate.

3.3.2 IPSL-CM6A-LR

IPSL-CM6A-LR climate model was developed at IPSL and in CMIP5 it is referred to as IPSL-CM5A-LR
(version 5A). The IPSL-CM6A-LR consists of the LMDZ (Laboratoire de Métérologie Dynamique Zoom)
atmospheric model version 6A-LR (Hourdin et al. 2020), the ORCHIDEE (Organising Carbon and Hydrology
In Dynamic Ecosystems) land surface model version 2.0, and the Nucleus for European Models of the Ocean
(NEMO) oceanic model Version 3.6. According to Boucher et al. (2020), the climatology of the model is
significantly better than that of its previous versions based on a variety of indicators (especially those
pertaining to temperature, precipitation, wind, and radiation). Several well-known biases and flaws (such as
the double ITCZ, and ENSO dynamics) still exist, despite their reduction. IPSL-CM6A-LR model compared
to IPSL-CM5A-LR employed in CMIP5, the ECS, and transient climate responsiveness have both increased
(Mignot et al. 2021).

3.3.3 BCC-CSM2-MR
One of the models produced by BCC operating in CMIPG6 is the BCC-CSM2-MR model (Xin, 2019). The

Beijing Climate Center Atmospheric General Circulation Model (BCC-AGCM) serves as the foundation for
the atmospheric component of BCC-CSM2-MR. According to Lu et al. (2021), the horizontal resolution of the
atmospheric component in BCC-CSM2-MR is about 1.125° longitude by 1.125° latitude, and it has forty-six
hybrid vertical levels. Tropical atmospheric variability simulations, such as the Madden-Julian Oscillation
(MJO) and the stratospheric quasi-biennial oscillation, have been significantly improved by BCC-CSM2-MR
than its precursor in CMIP5 (Wu et al. 2019).
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3.3.4 GFDL-ESM4

The GFDL-ESM4 is the fourth generation of GFDL and is constructed using the same foundation as GFDL's
atmosphere model version 4 (AM4.0) and Modular Ocean Model version 6 (MOMG6) (Zhang et al. 2023).
However, it places more emphasis on chemistry and ecosystem comprehensiveness, with a reduced
horizontal resolution (about 0.5°) for the ocean model and a higher amount of chemistry prognostic tracers,
increased vertical levels (49), a higher top and more vertical resolution of the stratosphere, and increased
sophisticated ocean and land biogeochemical models (Stock et al. 2020). ESM4 has a transient climate
sensitivity of 1.6 K and an ECS of 3.2 K (Dunne et al. 2020).

3.3.5 AWI-CM-1-1-MR

For the first time, the AWI-CM takes part in the CMIP6 (Semmler et al. 2020). The average warming
anticipated by climate models in the preceding intercomparison project (CMIP5) is comparable to the
expected global warming in AWI-CM. According to Danilov et al. (2004), the AWI-CM has a sea ice-ocean
component called Finite Element Sea Ice-Ocean Model (FESOM). A medium resolution "MR" mesh that

adheres to the mesh design approach is used to run the FESOM model (Semmler et al. 2019).

3.3.6 MPI-ESM 1.2-LR

The MPI-ESM1.2 is the most recent version of the MPI-ESM, serving as the basis for the CMIP6 and
ongoing projections that focus on seasonal as well as decadal climate, and the MPI-ESM1.2-LR is the lower-
resolution version (Azran et al. 2023). As scientists increasingly switch to employing the most recent
modelling system, the release of the MPI-ESM1.2 model seeks to meet the institutions' objectives for
scientific modelling in the next years. According to Martinez and Iglesias (2023), MPI-ESM1.2 will be

employed in the current CMIP6 operations as well as other model intercomparison studies.
3.4 Model verification

CMIP6 models’ performance was verified using statistical approaches (Engelbrecht et al. 2015) and visual
verification. To evaluate the strengths and limitations of the models modelling precipitation, a Taylor diagram
was employed. According to their correlation, root-mean-square difference, and the ratio of their variances,
patterns can be compared statistically to one another using a Taylor diagram (Taylor, 2001). The performance
of these models was verified to evaluate how well they simulate the observed climate.
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3.4.1 Visual verification

Visual verification is also referred to as eyeball verification and is used to assess how well climate models
have performed over time (Ebert, 2001; Kumar and Sarthi, 2019). In terms of spatial verification, the
eyeball approach continues to be the most popular (Ouma et al. 2022). To identify the projection errors
through comparison, one may use this approach to compare the projection and the ERAS observations side
by side. Whilst the outcome is not quantitative and the interpretation might be subjective, the eyeball

approach occasionally provides a good picture of the variable under investigation (Mahlobo, 2013).

3.4.2 Statistical verification

The strength of the association between a group of models and data is summarized in a two-dimensional (2-
D) graph known as a Taylor diagram (Taylor, 2001; Taylor, 2005). It is used to assess how well models and

ERAS observations match each other (Zhou et al. 2021). The Taylor diagram comprises the following:

3.4.2.1 Root Mean Square Error (RMSE)

The RMSE is the square root of the mean squared error (MSE). According to Yan et al. (2023), the MSE
indicates the standard deviation of the variations between expected and actual values. It demonstrates how
crowded the data are in the vicinity of the line of best fit. To verify the validity of experimental findings, RMSE

is frequently employed in climatology, regression analysis, and projection (Fouotsa Manfouo et al. 2023).
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Equation 3.1.

In equation 3.1 above, yiis the actual value for the ithobservation, yiis the predicted value for the

ith observation, and n is the number of observations.

3.4.2.2 Correlation coefficient (r)

According to Ali and Medhat (2021), the correlation coefficient (r) is a statistical metric that determines the
strength of the link between two variables that are linearly associated. Correlation coefficient values vary
between -1.0 to 1.0 (Fu et al. 2020). However, if a computed value is more than the 1.0 and -1.0 thresholds,

there is a measurement error in the correlation (Li et al. 2022).
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Equation 3.2

In the equation above n is the number of values, Y'x is the sum of the first values list, )’ y is the sum of the
second values list, ¥ xy is the sum of the product of the first and second values, Y: x2 is the sum of squares

of first values and Y; y2sum of squares of second values.

3.4.2.3 Standard deviation (d)

It is customary to give the standard deviation for a mean, which is a measure of variability or dispersion.
Variability refers to how widely the individual recorded scores or values that are observed vary from each
other (Vetter, 2017). Furthermore, the variance's square root is used to determine the standard deviation
(Budhidarma, 2023). It is determined as the square root of variance by calculating the variance between each
point of data in relation to the mean (Baker et al. 2021). The standard deviation, which measures how widely
distributed the data are, is determined by the distance between a point's data value and the mean (Chimoto
et al. 2023).

A /(x,‘—z‘c)2
S = “1 .
" Equation 3.3.

In equation 3.3 above, x; is the value of observed data, x is the mean value of the data set and n is the

number of data points in the data set.

3.5 Trends analysis

According to Longobardi and Villani (2010), a trend is a change that occurs over time displayed by a random
variable, and it can be detected by parametric and non-parametric procedures. Trends tests were done on
the historical record based on ERAS5 reanalysis from 1961 to 2020. Mann Kendall trend test was used for
trends in temperature (Gadedjisso-Tossou et al. 2021) and the RClimDex for trends in heavy rainfall (Wang
and Zhao, 2022). The Mann-Kendall test examines the direction of the difference between data that were

measured earlier and later. RClimDex is an R-based tool that calculates precipitation and temperature indices
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(Sohrabi et al. 2009; Zhang and Yang, 2004). Furthermore, it is available for free on the Expert Team on
Climate Change Detection Indice (ETCCDI) website (Chikoore et al. 2024). RClimDex was used to calculate
trends of the selected indices of key variables of the study. TX10P and TX90P are temperature indices and
they represent cool and hot days, respectively (Mbokodo et al. 2023). Furthermore, R10mm, R20mm, and
R50mm are rainfall indices and they represent heavy rainfall days, very heavy rainfall days, and frequency

of rainfall exceeding 50 mm/day, respectively (Sohrabi et al. 2009; Tangang et al. 2018).
3.6 Future projections

When focussing on climate projections, two scenarios were used, and this study employed SSP5-8.5 (worst-
case low mitigation scenario) and SSP2-4.5 (medium challenge to mitigation and adaptation) (Siabi et al.
2023). These two scenarios had to be used because the future climate change was not known and to provide
future projections together with the CMIP6 models. Southern Africa is going to keep experiencing climate
change even with moderate to high mitigation, however, the magnitude of change will be smaller, potentially
allowing for greater opportunity for adaptation (Mertz et al. 2009). The focus was on the projections of each
model (from the 6 models) under the above-mentioned scenarios and the second step was to ensemble
those 6 models together to be an ensemble. The study also focussed on seasonal changes in SAT and
rainfall under SSP2-4.5 and SSP5-8.5 which were made by subtracting reference climate (1961-1990) from
the future periods (2021-2099). The future projections were divided into near-future (2021-2050) and far-
future (2070-2090) periods. Temperature change, rainfall change, and extremes (floods) were the primary

variables.
3.7 Data Display
3.7.1 Grid Analysis and Display System (GrADS)

GrADS is an interactive desktop interface that accesses, modifies and visualises Earth science data
(Matthews et al. 2008). GrADS provides two data models for managing gridded and station data (Kumari et
al. 2015). According to Bhadauriya (2018), GrADS is compatible with a wide range of data file formats,
namely, GRIB (versions 1 and 2), binary (stream or sequential), NetCDF, BUFR (for station data), and HDF
(versions 4 and 5). GrADS is freely accessible online and has been used on a number of widely used
operating systems worldwide. By inputting FORTRAN-like expressions at the command line, operations are
carried out interactively (Ravi, 2018). GrADS, which is designed for meteorological fields, may compute multi-

dimensional data through predetermined dimension ranges, although multi-dimensional array operation
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features are not provided (Wang, 2019). Scatter plots, line and bar graphs, wind vectors, streamlines, grid
boxes, shaded grid boxes, smoothed and shaded contours, and station model plots are some of the graphics

used by GrADS to present data. These graphics are stored in PostScript or image formats (Naher, 2016).

3.7.2 Climate Data Operator (CDO)

The CDO is a group of command line tools that were first created to process and analyse data generated by
various projection models for climate and numerical weather. The operators include basic mathematical and
statistical operations, tools for choosing and sampling subsets of data, and spatial interpolation (Wada et al.
2023). Therefore, supported file formats include several binary formats and widely used output formats from
models such as GRIB and NetCDF. According to Kaspar et al. (2010), some of the key CDO characteristics
are the availability of over 400 operators, a modular design, and a fairly straightforward UNIX command line

interface.

3.7.3 Rand R Studio

R is a no-cost, open-source program that lets users create and run data analysis programs. Furthermore, the
term "open source" describes a type of software whose source code is made publicly accessible and is
typically amenable to suggestions for enhancements or brand-new features created by other parties (Hair Jr
et al. 2021). It is utilized for statistical analysis, data processing, and data visualization. R has conditional
statements, recursive functions, and input/output instructions much like any other programming language
(Krotov, 2017). R Studio is an Integrated Development Environment (IDE) and was thoughtfully designed to
anticipate the demands of R users who may progress beyond merely using R for their study and may like to

advance to Sweave/TEX/LATEX out of concerns about reproducibility (Racine, 2012).
3.8 Summary

This chapter has shown the process that was followed in completing the research for the aim, and objectives
to be achieved. It has presented the study operationalization, observed data, CMIP6 models that were used
for this study, methods that were used to verify the models, trends analysis, future projections, and
instrumentation. The 1961-2020 period was used as a historical baseline of the study and six CMIP6 models
provided climate projections for the near-future (2021-2050) and far-future (2070-2099) periods. The CMIP6

models and SSPs were significant for future projections of climate change over the KZN and MP.
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CHAPTER 4: HISTORICAL TRENDS AND MODEL VERIFICATION

4.0 Introduction

It is essential to verify a model against observation to ascertain its accuracy and bias before employing it to
project the future (Ncube, 2019). This is the first result chapter. It focuses on analysing the historical trends
of SAT and rainfall characteristics during the present day (1961-2020), and model verification using statistical
and visual verification. In addition, Taylor diagrams were employed as part of the statistical verification. The
performance of the models was verified to evaluate how well they simulate the observed climate.
Temperature and rainfall are the main variables of focus in this study and the following seasonal projections
were taken into account: December-January-February (DJF), June-July-August (JJA), March-April-May
(MAM), and SON.

4.1 Historical trends

Table 4.1 The indices used for SAT and rainfall in Kruger Mpumalanga International Airport and Durban

Kruger Mpumalanga

International Airport Durban
INDEX P-value Slope P-value Slope
TX10P 0,053 -0,053 0 -0,132
TX90P 0,001 0,137 0 0,097
R10mm 0,57 -0,029 0,624  -0,023
R50mm 0,965 0 0,523 0,006

This study examines the long-term trends in temperature and rainfall indices at two locations: Kruger
Mpumalanga International Airport and Durban. The indices analysed include TX10P (cool days), TX90P (hot
days), R10mm (days with heavy rainfall), and R50mm (frequency of rainfall exceeding 50mm/day). The
period of analysis spans from 1961 to 2020.

4.1.1 Trends in SAT

The different trends of the cool days' indices (TX10P) in Kruger Mpumalanga International Airport and Durban
for the period 1961-2020 are shown in Figure 4.1 and Figure 4.2. Furthermore, the hot days' indices (TX90P)
are shown in Figure 4.3 and Figure 4.4 below. The cool days’ index in Figure 4.1 shows that the highest peak
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of cool days in Kruger Mpumalanga International Airport occurred for 29 days in 1968. This may suggest that
the east side of MP was affected by a low temperature event that prolonged for few weeks. Some plants do
not survive during their growing stage in cold weather that prolongs for many days (Moeletsi et al. 2016) and
that may suggest that agriculture might have been affected during this period due to low temperatures on the
east side of MP. The second highest peak of cool days in Kruger Mpumalanga International Airport took place
in 1996 for at least 19 days. In 1979 and 1981, cool days were recorded for over 15 days, and 14 days in
1975, at the airport in MP.

Figure 4.1 also shows low peaks of cool days experienced at the Kruger Mpumalanga International Airport.
According to the cool days’ index, in 1962 Kruger Mpumalanga International Airport experienced the lowest
peak of cool days which occurred only 5 days during the 1961-2020 period. Furthermore, the other fewer
cool days occurred in 1961, 1965, 1992, and 2015 for 5 to 10 days. Table 4.1 shows the p-value (0,053) for
the cool days’ index in Kruger Mpumalanga International Airport which indicates a trend that is not statistically
significant at the 5% level. The slope value (-0,053) suggests a slight decrease in the number of cool days
over a period. According to the study done by Kruger and Sekele (2013), on extreme temperature indices
during 1962-2009, the daily maximum and minimum trends in the stations in the northeast and east of South
Africa show an increase and decrease in the warm and cold extremes respectively, compared to other regions

in the country.

The cool days’ index in Figure 4.2 shows that Durban also experienced its highest peak of cool days in 1968,
however, for more than 35 days which are more days compared to the cool days experienced in the Kruger
Mpumalanga International Airport. According to these results, Kruger Mpumalanga International Airport and
Durban experienced more cool days during the same year. Cold wave trends in 1960 to 2016 were observed
increasing for stations in the provinces of KZN, Eastern Cape, Gauteng and Northern Cape at a speed of
0,01 events/day-' (van Der Walt and Fitchett, 2021). In 1973 and 1996, Durban had its second-highest peak
of cool days for at least 15 days, and in 1971 and 1990 experienced cool days for 14 days. According to a
study conducted by Van der Walt (2020) on extreme temperature events reports that cold events in KZN led

to 30 casualties on 6 July 1996. This shows how cold weather conditions can be detrimental.

Durban experienced the lowest peak of cool days throughout the 1961-2020 period in 1999 and 2014, which
lasted for 5 days. Furthermore, as the cool days’ index indicates in Figure 4.2, Durban also experienced
fewer cool days in 1961, 1985, 1994, 2005, and 2010 for days ranging between 5 to 10. According to Van
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der Walt (2020), a cold event linked with snowstorms persisted for at least 10 days and led to the death of
people, and livestock and damage to infrastructure in KZN on 22 July 2002. The p-value (0) of the cool days’
index in Durban is statistically significant, however, the negative slope value (-0,132) suggests a decrease in
the cool days in Durban during the 1961-2020 period and this is also shown by the red dotted declining line
in Figure 4.2. The trends in the daily temperature study for the 1960-2003 period in South Africa showed

Durban with significant decreases in the diurnal range (Kruger and Shongwe, 2004).

The hot days’ index in Kruger Mpumalanga International Airport for the 1961-2020 period is presented in
Figure 4.3. Furthermore, at this airport in MP, the highest number of hot days occurred for more than 25 days
during the historical baseline of the study in 1992 and 2015. Heat waves occurred in South Africa starting on
7 November 2015 and prevailed over the provinces of MP, Gauteng, North West, and Limpopo (Blunden and
Arndt, 2016). Furthermore, according to McBride et al. (2022b), 2015 was one of the hottest years that have
ever been experienced in South Africa. The hot days’ index in Kruger Mpumalanga International Airport
shows several high peaks of hot days, implying that Mbombela is prone to high temperatures. As much as
some plants do not survive during cold weather that occurs for a long time, they also struggle to survive
during hot days that prolong for many days (Van der Walt, 2020). Hot days were recorded at the airport in
MP for more than 20 days in 1970 and between 2018 and 2019, as shown in Figure 4.3. Lastly, some of the
years whereby hot days were experienced for over 15 days at Kruger Mpumalanga International Airport were
1962, 1983, and between 2002 and 2003.

The least number of hot days experienced in Kruger Mpumalanga International Airport was less than 5 days
in several years, however, 1967 and 2000 were the years with the lesser number of hot days compared to
other years. Some of the years in which less than 5 hot days were experienced at the airport included
1974/75, 1978, and 1984. Table 4.1 presents the p-value (0,001) which shows a statistically significant trend
and a positive slope value (0,137) that suggests an increase in the number of hot days in Kruger Mpumalanga

International Airport. The red dotted line in Figure 4.3 also shows that the hot days increase as the years go

by.

The climate in the eastern coastal areas of South Africa is warm and humid due to the warm Agulhas Current
(Landman et al. 2017). The hot days’ index presented in Figure 4.4 shows a lower number of high peaks of
hot days in Durban compared to the higher number of high peaks of hot days in Kruger Mpumalanga
International Airport. This suggests that Durban during the 1961-2020 period did not experience hot
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conditions like Kruger Mpumalanga International Airport. Meque et al. (2022), report that the interior of South
Africa received frequent heatwaves, and the coastal areas of South Africa received less frequency of
heatwave events during the summer season from 1981 to 2018. The highest peak of hot days occurred for
more than 20 days in Durban between 1991 and 1992. Furthermore, some of the events of high peaks of hot
days that occurred at least 15 days and above were recorded in 2010, 2014, and 2016. According to Mbokodo
et al. (2023), the high temperatures and heatwave events that occurred in 2015/16 led to the most intense
drought in South Africa.

According to the hot days’ index in Durban, the least hot days range between 0 to 5 days followed by 5 to 10
days, as shown in Figure 4.4. In 1968 and 1975 Durban experienced less than 5 hot days. Some hot days
ranging from 5 to 10 days were recorded in 1984, 1990, 2000, and 2011. The p-value is 0, indicating a

statistically significant trend. The slope is 0,097, indicating an increase in the number of warm days.
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Figure 4.1 This figure shows the cool days’ index (TX10P) in Kruger Mpumalanga International Airport for the

period 1961-2020. The trend line indicates a significant decrease in the number of cool days over this period.

TX10P DURBAN (1961-2020)
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Figure 4.2 This figure shows the cool days’ index (TX10P) in Durban for the period 1961-2020. The trend

line indicates a significant decrease in the number of cool days over this period.
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Figure 4.3 This figure shows the hot days’ index (TX90P) in Kruger Mpumalanga International Airport for the

period 1961-2020. The trend line indicates a significant increase in the number of hot days over this period.

TX90P DURBAN (1961-2020)
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Figure 4.4 This figure shows the hot days’ index (TX90P) in Durban for the period 1961-2020. The trend line
indicates a significant increase in the number of hot days over this period.
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4.1.2 Trends in rainfall

The different trends of the heavy rainfall indices (R10mm) in Kruger Mpumalanga International Airport and
Durban for the period 1961-2020 are shown in Figure 4.5 and Figure 4.6. Furthermore, the frequency of
rainfall exceeding 50mm/day indices (R50mm) are shown in Figure 4.7 and Figure 4.8 below. The two
locations mentioned above in eastern South Africa experienced heavy rainfall days differently according to
the indices below. The heavy rainfall index in Kruger Mpumalanga International Airport shows the highest
peak in heavy rainfall in 2000, which occurred for over 40 days and led to floods. Furthermore, this may also
suggest that areas surrounding the airport may have been affected by the heavy rainfall that took place for
over a month in 2000. In February 2000, northeastern South Africa, Mozambique, and Zimbabwe
experienced heavy rainfall due to TC Eline that led to the death of people and damage to infrastructure which
hindered the development of agriculture and the economy of the region (Dyson, 2000; Dyson and Van
Heerden, 2001). The airport in MP received heavy rainfall that occurred over 30 days between 1966 and
1967, and it also received heavy rainfall for at least 35 days in 1975 and between 1977 and 1978. This
suggests that northeastern South Africa has been affected by floods during the reference climate and in the
recent past of the study. Furthermore, heavy rainfall occurred for over 30 days in 2004, 2006, and 2010. The

last event of heavy rainfall days according to Figure 4.5 occurred between 2017 and 2018.

The results show that heavy rainfall was experienced at Kruger Mpumalanga International Airport and the
high peaks in rainfall that occurred for at least 30 days are mentioned above. The heavy rainfall index (Figure
4.5) also indicates the years where heavy rainfall took fewer days at the airport during the 1961-2020 period,
which is the historical baseline of the study. In this historical baseline of the study, the fewer days whereby
heavy rainfall was experienced at the airport in MP, occurred between 10 to 15 days. Moreover, the years in
which heavy rainfall took place for fewer days included 1965, from 1982 to 1983, between 1992 and 1993,
2003 and 2004, and from 2015 to 2016, as shown in Figure 4.5. These results suggest that droughts may
have occurred in MP where the airport is located because of fewer days of heavy rainfall experienced.
According to Table 4.1 above, the p-value is 0,57 for R10mm, indicating no statistically significant trend and
the value of the slope (-0,029) suggests a slight decrease in the number of heavy rainfall days at the airport
in MP. According to Makungo and Mashinye (2022), rainfall trends in some regions in the northeast of South
Africa showed a decrease in rainfall for the 1921-2015 period study.
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Figure 4.6 shows the heavy rainfall index in Durban for the 1961-2020 period, and according to this index,
the highest heavy rainfall event was experienced in 1986 in Durban for at least 40 days. Durban is located
on South Africa’s east coast and it is vulnerable to heavy rainfall that leads to floods and negative impacts
on the socio-economic development and infrastructures of KZN (Singh et al. 2022). According to R10mm,
the second highest peak of heavy rainfall days occurred in Durban and Kruger Mpumalanga International
Airport for over 35 days in 1975. Moreover, high heavy rainfall days were also recorded between 1996 and
1997, from 1999 to 2000, 2006, and 2011, and the last heavy rainfall days were recorded between 2016 and
2017, as shown in Figure 4.6 below. These heavy rainfall days recorded in Durban took 35 days and above.
In Durban, seven people died and thousands were displaced by extreme rainfall that led to floods and storm
surges in July 2016 (Olanrewaju and Reddy, 2022).

Compared to Kruger Mpumalanga International Airport, Durban has more recorded heavy rainfall days
throughout the 1961-2020 period of the study, as shown in Figure 4.6. Furthermore, the fewer heavy rainfall
days in Durban range between 15 to 20 days, meaning that Durban has experienced more of the fewer heavy
rainfall days compared to the airport. The years where heavy rainfall days were fewer, include 1980, between
1982 and 1983, 1991 and 1992, and lastly in 2010 and 2014. These are the years where Durban received
less rainfall because of the less heavy rainfall days experienced. Furthermore, these few days of heavy
rainfall may suggest that drought may have been experienced during the above-mentioned years because
of the below-average rainfall days. The value of p is 0,624, indicating no statistically significant trend and the
slope value is -0,023, suggesting a slight decrease in the number of heavy rainfall days. The red dotted line
in Figure 4.6 is decreasing as the years go up suggesting that the heavy rainfall days are also decreasing as

well.

The index representing rainfall exceeding 50mm/day in Kruger Mpumalanga International Airport for the
1961-2020 period is shown in Figure 4.7. This index shows that the airport received rainfall exceeding at
least 50mm/day for more than 4 days in 2000, which is the highest peak of the rainfall days in the historical
baseline of the study. The northeast of South Africa was affected by high peaks of rainfall in 1996, 2000, and
2012 which are linked to TCs Bonita, Eline, and Dando (Chikoore et al. 2021; McBride et al. 2022a). The
second-highest peak of rainfall days exceeding 50mm/day took place between 1973 and 1974 for at least 3
days. Furthermore, this second-highest event of rainfall days was followed by at least 2 days of rainfall
exceeding 50mm/day between 1983 and 1984, 2003 and 2004, and 2013. During the above-mentioned
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years, the Kruger Mpumalanga International Airport and its surrounding areas may have been subjected to

floods because of the rainfall exceeding 50mm/day they experienced.

The index (R50mm) in Figure 4.7 indicates that Kruger Mpumalanga International Airport has experienced
several periods of droughts in the past because of below-average rainfall days. Figure 4.7 shows 0 days of
rainfall exceeding 50mm/day from 1961 to 1963, 1965 to 1968, 1970 to 1971, 1976 to 1980, and in 1990,
2010, and 2015. The MP province was one of the provinces that were declared drought disaster areas in
November 2015 (Blunden and Arndt, 2016). The p-value (0,965) for the R50mm in Kruger Mpumalanga
International Airport shows no statistically significant trend. The value of the slope (0) is neutral suggesting

no change in the number of rainfall exceeding 50mm/day throughout the 1961-2020 period.

The frequency of rainfall exceeding 50mm/day index in Durban for the 1961-2020 period is presented in
Figure 4.8. Durban had rainfall exceeding 50mm/day for more than 3 days in 1985, 1987, and 1989, and
during these years it was only when Durban experienced the highest peak of days of rainfall exceeding
50mm/day. A study conducted by Molekwa (2013), reports that the coastal areas of KZN were affected by
severe floods caused by a COL in September 1987. Therefore, this suggests that Durban was also affected
by the COL during the spring season in 1987 because it is located on the coast of KZN. Rainfall exceeding
50mm/day that occurred for at least 3 days in Durban, was between 1970 and 1971, from 1995 to 1996,
between 2012 and 2013, and in 2017. On 12-14 February 1996, heavy rainfall exceeding 150 mm for 3 days
fell over the northeast of South Africa, and Durban was one of the places that were affected by the floods
that resulted from the heavy rainfall (De Coning et al. 1998). Durban is shown in Figure 4.8 to have more
highest peaks of days of rainfall exceeding 50mm/day compared to Kruger Mpumalanga International Airport
and therefore this suggests that Durban received more rainfall exceeding 50mm/day than the airport during
the 1961-2020 period.

As much as Durban has many high peaks of rainfall days, it also has many periods whereby it did not
experience rainfall days exceeding 50mm/day. Furthermore, some of those years were 1961, 1963, 1974,
1992, 2005, and 2010, and the most recent year according to the historical baseline of the study was 2015.
According to Ibebuchi (2021), in 1992 during late summer a significant rainfall deficit occurred in the eastern
and northeastern regions of South Africa as a result of El Nifio. The strongest and worst drought to ever occur
in South Africa since 1921 took place during the summer season in 2015/16 in KZN (Monyela, 2017). The p-
value (0,523) for the R50mm index in Durban shows no statistically significant trend (Table 4.1), and the
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slope value (0,006) suggests a negligible increase in the number of days of rainfall exceeding 50mm/day
(Figure 4.8).
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Figure 4.5 This figure shows the heavy rainfall days’ index (R10mm) in Kruger Mpumalanga International
Airport for the period 1961-2020. The trend line indicates a slight decrease in the number of heavy rainfall

days over this period.
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Figure 4.6 This figure shows the heavy rainfall days’ index (R10mm) in Durban for the period 1961-2020. The
trend line indicates a slight decrease in the number of heavy rainfall days over this period.
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Figure 4.7 This figure shows the frequency of rainfall exceeding 50mm/day index (R50mm) in Kruger
Mpumalanga International Airport for the period 1961-2020. The trend line indicates no change in the

frequency of rainfall days exceeding 50mm/day over this period.
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Figure 4.8 This figure shows the frequency of rainfall exceeding 50mm/day index (R50mm) in Durban for the
period 1961-2020. The trend line indicates an increase in the number of rainfall days exceeding 50mm/day
over this period.
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4.2 Model verification

4.2.1 Statistical verification

Model verification was used to evaluate the performance of six CMIP6 models against ERA5 observations.
Taylor diagrams shown in Figure 4.9 and Figure 4.10 were used for model validation, hence standard

deviation, RMSE, and correlation coefficient are integrated to rank the performance of the models.

Figure 4.9 shows that the observed variability (in terms of standard deviation) is 3.8°C. Models
IPSL_CM6A_LR, and MPI_ESM1_2_LR underestimated the observed variability because they lie within the
black line representing standard deviation, and the ensemble estimated the observed variability because it
lies on the black line. Models AWI_CM_1_1_MR, BCC_CSM2_MR, GFDL_ESM4, and ACCESS_CM2,

overestimated the observed variability, however, AWI_CM_1_1_MR, BCC_CSM2_MR, and
MPI_ESM1_2_LR estimated close variability to the observation than other models. All models performed well
in terms of a high correlation coefficient above 0.9, and the ensemble and ACCESS_CM2 obtained a
correlation above 0,95, as shown in Figure 4.9. Regarding RMSE, all models had RSME of less than 2°C,

however, model IPSL-CM6A-LR had the highest RMSE.

Results in Figure 4.10 show that the ensemble and AWI_CM_1_1_MR estimated the same value (38 mm)
with the observation because they both lie on the black line representing standard deviation and
MPI_ESM1_2_LR estimated close variability to the observation value of rainfall than other models. Models
IPSL-CM6A-LR overestimated the observed variability because it is furthest from the observation. Models
BCC-CSM2-MR, IPSL_CM6A_LR, MPI_ESM1_2_LR, ACCESS_CM2, GFDL_ESM4, and the ensemble, all
have a correlation with the measurement above 0.5. Furthermore, AWI_CM_1_1_MR has a correlation of
0.5, and the ensemble achieved the highest correlation above 0.7. In terms of RMSE, all models lie within
50mm/month, however, models GFDL_ESM4 and IPSL_CM6A_LR lie above 40mm/month, with

ACCESS_CM2 showing the highest RMSE.
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4.2.2 Visual verification
4.2.2.1 SAT seasonal means

The climate of South Africa generally is warm, and the escarpments in the east and south of the country have
the lowest mean temperatures due to the decreasing temperature as the altitude rises. Coastal areas of KZN,
northern KZN, and the Lowveld of MP are the warmest areas (Landman et al. 2017). Four different seasonal
means for SAT (shown in Figure 4.11 to Figure 4.14) were utilized to show how the models performed against
the observation. DJF (summer) is the warmest season with an average temperature ranging above 15°C and
below 27°C, as shown in Figure 4.11 (a-h) by the ERA5 and all six CMIP6 models over the study area. Spatial
distribution of DJF mean SAT by ERA5, AWI_CM_1_1_MR, IPSL_CM6A_LR, MPI_ESM1_2_LR,
GFDL_ESM4, and ensemble mean (ensmean) showed variabilities 15°C - 18°C expanding over west of KZN
and south of MP, covering most of Lesotho. High temperatures are experienced over the east coast of the

study area, with temperatures ranging above 21°C and below 27°C.

MAM (autumn) mean SATs have cooled down to the lowest peak mean SAT below 15°C, as shown by ERA5S
observation in Figure 4.12 (h). Spatial distribution of MAM mean SAT showed west of KZN and south of MP
to be cooler than the rest of the study area. However, the east coast of the study area remained warmer. The
Indian Ocean and the Atlantic Ocean influence the temperatures that the coastal areas of South Africa
experience (Landman et al. 2017). The ERA5 observation and the models AWI_CM_1_1_MR,
IPSL_CM6A_LR, MPI_ESM1_2_LR, GFDL_ESM4, ACCESS_CM2, and ensmean showed temperatures
below 15°C over the Highveld in MP. The spatial distribution of MAM mean SAT also showed that the interior

of the study area had cooler temperatures ranging from 15°C to 21 °C.

During JJA (winter), the observed mean SATs were simulated below 15°C in the north, south, and interior,
and 12°C in the west regions of the study area. Furthermore, the mean SATs observed in the east of the
study area range above 15°C and below 21°C, as shown in Figure 4.13 (h). The observation showed a
significant spatial distribution of 9°C - 21°C over the north, south, west, and east of the study area. JJA mean
SATs 18°C-21°C were overestimated by AWI_CM_1_1_MR, IPSL_CM6A_LR, BCC_CSM2_MR,
GFDL_ESM4, ACCESS_CM2, and ensmean on the northeast region of KZN. Models AWI_CM_1_1_MR,
IPSL_CM6A_LR, MPI_ESM1_2_LR, and GFDL_ESM4 showed SATs that range between 12°C and 15°C

over the south of MP, as shown in Figure 4.14 during SON (spring). However, all the models including
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ensmean and ERA5 observation simulated the spatial distribution of 12°C - 24°C SON mean SATs over the
study area. The spatial distribution of SON seasonal mean SATs with close variabilities to each other over
the study area were simulated by ACCESS_CM2 and BCC_CSM2_MR, as shown in Figure 4.14 (d) and
Figure 4.14 (f), respectively.

4.2.2.2 Rainfall seasonal means

According to Morishima and Akasaka (2010), rainfall variability in southern Africa has experienced significant
modulations, particularly in recent years. South Africa is highly vulnerable to extreme rainfall events which
are becoming more frequent leading to increased socio-economic impacts (Mashao et al. 2023). The east
coast receives high rainfall and it has the warmest SSTs (Reason, 2017). The high latent heat fluxes caused
by the poleward that flows warm Agulhas Current closer to southern Africa’s east coast transfers more
moisture to the atmosphere than the surrounding waters (Rouault et al. 2003), and this eventually leads to
the intensification of a local storm (Singleton and Reason, 2007). The rainfall seasonal means below are

shown from Figure 15 to Figure 18.

DJF seasonal mean rainfall over the study area for the period 1961-1990 is shown below in Figure 4.15. DJF
rainfall seasonal observation from ERA5 (Figure 4.15 (h)) has shown a minimum of ~ 40 mm to a maximum
of ~400mm over the study area, with a part of the north of MP receiving less rainfall (40 mm) and southwest
of KZN on the boundary of Lesotho receiving high rainfall ranging above 280 mm to below 400 mm. All six
models simulated maximum rainfall of about 160 mm/month in some regions of the study area as shown in
Figure 4.15 (a-g). Models GFDL_ESM4, ACCESS_CM2, BCC_CSM2_MR, and esmeans’ simulations
recorded high summer mean rainfall of about 200 mm/month to 280 mm/month in the interior of KZN and
AWI_CM_1_1_MR simulated same amount of rainfall in the south of KZN. Model IPSL_CM6A_LR
overestimated summer rainfall (160 mm to 360 mm) and MPI_ESM1_2_LR simulated the lowest rainfall (120
mm to 200 mm) over the study area. The warm Agulhas Current in the Indian Ocean accounts for the high

rainfall on the east coast of South Africa (Rouault et al. 2024).

The ERA5 observation for MAM seasonal rainfall, simulated low rainfall in most parts of the study area. The
rainfall simulations of the ERA5 are below 160 mm/month in most regions of the study area, however, the

southwest of KZN, which is the northeast of Lesotho shows higher rainfall that is between 120 mm and 160
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mm. All six models simulated a decrease in MAM seasonal rainfall as none of them simulated rainfall above
160 mm/month as shown in Figure 4.16 (a-g). Models AWI_CM_1_1_MR, MPI_ESM1_2_LR,
ACCESS_CM2, IPSL_CM6A_LR, and BCC_CSM2_MR, simulated high rainfall in KZN (ranging between 40
mm and 160 mm) than most of MP (between 40 mm and 120 mm). Model GFDL_ESM4 simulated high rain

in most of the MP province, ranging between 80 mm to 120 mm except in the north.

During the JJA season, the ERA5 observation showed an equal distribution of rainfall over the study area
which is below 40 mm/month, as shown in Figure 4.17 (h). All six models showed a decrease in winter rainfall
that is below 120 mm/month over the study area, however, they simulated higher rainfall than ERA5
observation on the east coast of KZN. Models AWI_CM_1_1_MR, and ACCESS_CM2 simulated the highest
JJA seasonal rainfall that ranges between 80 mm to 120 mm over the east coast of KZN. The KZN province
receives rainfall variability from coastal areas to inland areas (Ndlovu et al. 2021). The ERA5 observation
simulated an increase in mean rainfall for SON because the rainfall during this season ranges from above 40
mm/month to 200 mm/month over the study area with MP shown to have received below 120 mm/month
during the 1961-1990 period. All six models simulated an increase in rainfall (ranging from above 40
mm/month to 280 mm/month) during the spring season over the interior of the study area and more over the
east coast of KZN, as shown in Figure 4.18. Model ACCESS_CM2 overestimated SON mean rainfall ranging

from 240 mm/month to 280 mm/month over a small portion of the interior of KZN.
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Figure 4.12 MAM seasonal mean SAT for the 1961-1990 period
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Figure 4.15 DJF seasonal mean rainfall for the 1961-1990 period
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Figure 4.18 SON seasonal mean rainfall for the 1961-1990 period
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4.3 Summary

This chapter mainly focussed on analysing the historical trends of SAT and rainfall characteristics during the
present day (1961-2020), and model verification using statistical and visual verification. Taylor diagrams
containing standard deviation, correlation coefficient, and RMSE were utilized to verify the models'
projections over the study area. The six CMIP6 models were verified against ERAS observation, and seasonal
means were used to analyse variations for the reference climate (1961-1990). The ensmean of the models
was also presented in this chapter. In 1968, Kruger Mpumalanga International Airport and Durban showed
high peak of cool days that persisted for 29 and 35 days respectively, and an increasing trend in hot days
and decreasing trend in heavy rainfall days at both locations. Furthermore, this may imply that agriculture in
MP might have been affected by low temperatures as some plants cannot survive under cold conditions.
Furthermore, the frequency of rainfall exceeding 50mm/day trends varied by location. Statistical verification
for Surface Air Temperature (SAT) showed a high correlation (=0.9) and low Root Mean Square Error
(RMSE) with ERA5 data, while rainfall model verification had a moderate correlation (0.5-0.7) and least
RMSE, indicating higher uncertainty in precipitation modelling. The highest SATs and rainfall were simulated
during the summer season and the lowest SATs and rainfall were simulated during the winter over the study

area.
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CHAPTER 5: FUTURE PROJECTIONS OVER EASTERN SOUTH AFRICA

5.0 Introduction

According to Lazenby et al. (2018), future projections are important in comprehending the climate change
impacts to inform adaptation strategies. This is the second results chapter that focuses mainly on future
projections of climate variability and changes over the study area (KZN and MP) during the near-future (2021-
2050) and far-future (2070-2099) periods. This chapter outlines how SATs and rainfall over the study area
are projected to increase or decrease. The six CMIP6 models and the SSP2-4.5 and SSP5-8.5 emission
scenarios were used to derive the projections. Seasonal means in SATs were used to analyse the future
projections of SATs for the two emission scenarios. Historical trends in SATs and rainfall are important in the
facilitation of future climate change projections for informed policy responses (Ndlovu et al. 2021). This
chapter involves projections of seasonal changes in SATs and rainfall between the reference climate (1961-
1990), the near-future (2021-2050), and the far-future (2070-2099) periods.

5.1 Future projections of SATs

5.1.1 Near-future (2021-2050)

According to previous research studies, the observations show that as GHG emissions increase also the
temperature increases (Bhatti et al. 2024; Zittis et al. 2022). Considering southern African climate projections
and trends, the temperature signal is the most robust. The observation in the past century is that trends of
SAT in South Africa have been changing between decreasing and increasing, consistent with global changes
(Mbokodo et al. 2023). Seasonal means in SAT for near-future projections are presented below for the two

emission scenarios.

5.1.1.1 Seasonal mean SAT for SSP2-4.5 and SSP5-8.5

All six models and the ensmean projected DJF seasonal mean SATs under SSP2-4.5 and SSP5-8.5 that
range from 18°C to 30°C, with some regions on the east coast of the study area projected to have high SATs
during the 2021-2050 period, as shown in Figure 5.1 (a-g) and Figure 5.5 (a-g). Model AWI_CM_1_1_MR is
the only model that projected SATs above 27°C to 30°C over some regions on the east coast of MP (Lowveld)
and KZN (northeast) provinces. Models AWI_CM_1_1_MR, MPI_ESM1_2_LR, and GFDL_ESM4 projected

lower SATs (15°C to 18°C) than other models in the south and southwest of KZN, and those regions include
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Free State province and neighbouring Lesotho. The summer season is projected to have higher and warmer
SATs than other seasons over the study area under both scenarios. According to Kapuka et al. (2022),
southern Africa will continue to experience climate change in the future under moderate and high mitigation,

but the magnitude of change will be smaller and there will be more room for adaptation.

During the MAM season, models ACCESS_CM2, IPSL_CM6A_LR, and BCC_CSM2_MR projected
variations of SATs ranging from 15°C to 27°C over the study area and the east coast of South Africa.
However, models AWI_CM_1_1_MR, MPI_ESM1_2_LR, GFDL_ESM4, and ensmean projected lower
temperatures (12°C to 15°C) on the southwest of KZN, and on the south of MP during the MAM season
under SSP2-4.5 and SSP5-8.5 mitigation scenarios (Figure 5.2 and Figure 5.6). Furthermore, these regions
in South Africa are likely to experience COLs in the near future, as COLs are not only associated with heavy
rainfall but with cold weather conditions as well (< 20 °C) (Mashao et al. 2023). The east coast of the study

area remains to have higher SATs during autumn than other regions in the 2021-2050 period.

The models projected the JJA season to be the coldest out of all seasons during the 2021-2050 period.
Projections of JJA seasonal mean SATs for both scenarios range from below 9°C to 21°C and are distributed
differently over different regions of the study area. The Highveld in MP and west of KZN are projected to have
the lowest SATs (< 9°C to 12°C) by models GFDL_ESM4 and AWI_CM_1_1_MR respectively, as shown in
Figure 5.3 and Figure 5.7. South Africa is vulnerable to temperature extremes such as heatwaves and they
are projected to occur more in summer and less in mid-winter (Mbokodo et al. 2020). The models’ projections
of SATs for the SON season show an increase in the near-future period over the study area from the JJA
season, with high SATs (18°C to 27°C) over Lowveld of MP and northeast of KZN as shown in Figure 5.4
and Figure 5.8 below. Models AWI_CM_1_1_MR and GFDL_ESM4 continued to project low temperatures
(12°C - 15°C) over the west and south of KZN. The SATs over the western interior of KZN are projected by
all six models to be lower than other regions of the study area across all seasons under the SSP2-4.5 and

SSP5-8.5 scenarios.
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5.1.1.2 Seasonal change in SAT for SSP2-4.5 and SSP5-8.5

Figure 5.9 and Figure 5.10 show the projected seasonal change in SAT for SSP2-4.5 and SSP5-8.5
respectively, between reference climate (1961-1990) and near-future (2021-2050) periods. Across all the
seasons the models projected an increase in SATs that range between 1°C and 2°C over the study area
under both scenarios. This suggests that conditions are still going to be warmer because of an increase in
SATs on the east coast of South Africa. Engelbrecht and Monteiro (2021) suggest that South Africa will
become drier and warmer between 2021 and 2040 in the coming years. The west coast of South Africa is
projected to be warmer (> 2°C to 3°C) than other regions of the country during the spring season under both

emission scenarios.
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Figure 5.1 DJF seasonal mean SAT for SSP2-4.5 during the 2021-2050 period
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Figure 5.2 MAM seasonal mean SAT for SSP2-4.5 during the 2021-2050 period
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Figure 5.3 JJA seasonal mean SAT for SSP2-4.5 during the 2021-2050 period
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Figure 5.4 SON seasonal mean SAT for SSP2-4.5 during the 2021-2050 period
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Figure 5.5 DJF seasonal mean SAT for SSP5-8.5 during the 2021-2050 period
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Figure 5.6 MAM seasonal mean SAT for SSP5-8.5 during the 2021-2050 period
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Figure 5.7 JJA seasonal mean SAT for SSP5-8.5 during the 2021-2050 period

o

©

65



(a) tns AWI_CM_1_1_MR SSP5-8.5 SON (2021 2050)

345
22E 23E 24E 25E 26E 27E 28E 29E 30E 31E 32E 33E

(b) tas MPLESM1_2_LR SSP5-8.5 SON (2021-2050)

36
33
30
27
24
21
18
15
12
)

22E 23E 24E 25E 26E 27E Z8E 28E 30E 31E 32E 33E

(c % tas ACCESS_CM2 SSP5-8.5 SON (2021-2050)
45

36
33
30
27
24
21
18
15
12
9

348
22F 23E 24E 258 26E 27E 28€ 20F 30E 31E 32E 33E

(d ) tcns IPSL_CMBA_LR SSP5-8.5 SON (2021-2050)

36
33
30
27
24
21
18
15
12
9
45

345
22E 23t 24E 25E 26E 27E 28E 29E 30E 31E 3ZE 33E

(eé)ﬂtos GFDL_ESM#4 SSP5-8.5 SON (2021-2050)

345
22E 23E 24E 25E 26E 27E 28E 29E 30E 31E 32E 33E

(f)zﬁass BCC_CSM2_MR SSP5-8.5 SON (2021-2050)

34522E 23E 24 25E Z6E 27 28E 29E 30E 31E 3ZE 33E
ggg tas ensmean SSP5-8.5 SON (2021-2050)
I

255
265
275
28S
285
308
31s
328

338

345
22E 23E 24 25E ZBE 27E 28E 29E 30E 31E 3ZE 33E

Figure 5.8 SON seasonal mean SAT for SSP5-8.5 during the 2021-2050 period
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Figure 5.10 Seasonal changes in SAT for SSP5.8-5 between reference climate (1961-1990) and near-future
(2021-2050) periods
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5.1.2 Far-future (2070-2099)

South African climate, particularly temperature, is regulated by the complex relations between the altitude of
the interior plateau, the subcontinent location with respect to the main features of atmospheric circulation,
subtropical position, and the oceans on the east and west except for the north (Van Der Walt and Fitchett,
2020). Projections for SAT for the far-future period (2070-2099) are presented below according to seasonal

means and seasonal changes for SSP2-4.5 and SSP5-8.5.

5.1.2.1 Seasonal mean SAT for SSP2-4.5 and SSP5-8.5

The projections of the models AWI_CM_1_1_MR, MPI_ESM1_2_LR, IPSL_CM6A_LR, GFDL_ESM4,
BCC_CSM2_MR and the ensmean for DJF seasonal mean SATs for SSP2-4.5 during the 2070-2099 period
are lower on the Highveld in MP and west and south of KZN (18°C - 21°C). Furthermore, the east of the
study area is projected to have higher SATs (21°C to 30°C) in the 2070-2099 period, as shown in Figure
5.11. Overall under SSP2-4.5, the models projected temperature variability over eastern South Africa
because of the unevenness of SATs during the summer season. Under SSP5-8.5 only three models
(AWI_CM_1_1_MR, MPI_ESM1_2_LR, GFDL_ESM4) projected lower and colder SATs ranging between
18°C - 21°C over the eastern interior of South Africa (Figure 5.15). All six models projected high SATs over
a greater portion of the study area under SSP5-8.5 than SSP2-4.5 during the summer season. In the far-
future period, eastern South Africa is projected to be warmer under both mitigation scenarios, and low-
pressure systems are likely to occur due to the warm temperatures. According to Engelbrecht et al. (2013),

higher temperatures are likely to trigger thunderstorms that lead to heavy rainfall in South Africa.

All six models projected an increase in SATs under both emission scenarios from the 2021-2050 period
during the MAM season. Under SSP2-4.5, the models projected SATs that range from 15°C to 27°C over
the study area (Figure 5.12). Furthermore, models AWI_CM_1_1_MR, MPI_ESM1_2_LR, and GFDL_ESM4
projected lower SATs of 12°C to 15°C on the west and south of KZN. The projections for MAM seasonal
mean SATs for SSP5-8.5 during the 2070-2099 period are not lower compared to the SSP2-4.5 scenario
over most of the study area. All six models projected MAM seasonal SATs that range above 18°C to 30°C
over the study area, however, models AWI_CM_1_1_MR, MPI_ESM1_2_LR, and GFDL_ESM4 projected

lower SATs of 15°C to 18°C on the Highveld in MP, and west and south of KZN, under SSP5-8.5, as shown
in Figure 5.16.

68



During the JJA season, variable SATs are projected over eastern South Africa and are projected to further
increase under both emission scenarios from the near-future period (Figure 5.13 and Figure 5.17). The
highest SATSs projected under both scenarios range from 21°C to 24°C, however, these SATs are projected
to occur on the larger part of the east of the study area under SSP5-8.5, as demonstrated by models
AWI_CM_1_1_MR, ACCESS_CM2, IPSL_CM6A_LR, and BCC_CSM2_MR in Figure 5.17. This suggests
that the east coast of South Africa is projected to be warmer than other regions of the country during the
winter season in the far-future period. Colder SATs (< 9°C) are projected by AWI_CM_1_1_MR and
GFDL_ESM4 on the west and southwest of KZN under SSP2-4.5.

All six models projected resilient increases in SATs during the spring season from the winter season over the
study area. The warmest SATs are projected on the north and east of the study area under both mitigation
scenarios, however, under SSP5-8.5 these high SATs occur over larger parts of the above-mentioned regions
of the study area, as shown in Figure 5.18. This may mean that much of the warming and drying in the north
and east of the study area will occur during the summer and spring seasons. Furthermore, agriculture in MP

may be affected in the future because of rising temperatures in southern Africa (Odongo et al. 2022).

5.1.2.2 Seasonal change in SAT for SSP2-4.5 and SSP5-8.5

Different projections of seasonal changes in SATs during the far-future period under both scenarios are
presented in Figure 5.19 and Figure 5.20 using the ensmeans of the six CIMP6 models. During the DJF and
MAM seasons, under the SSP2-4.5 scenario, SATs are projected to increase between 2°C and 3°C in the
far-future period over the study area, which is an increase (by > 1°C) from the near-future period (2021-
2050). Furthermore, the SATs are projected to further increase (from 3°C to 4°C) over the Highveld in MP
and NW of KZN under SSP2-4.5 during the JJA season, as shown in Figure 5.19 (c). During the SON season,
the Highveld and Lowveld in MP and the entire west of KZN are also projected to have SAT increase ranging
from 3°C to 4°C and the southeast of MP and the east of KZN are projected to increase from 2°C to 3°C.
Projections of seasonal change in SATs for SSP5-8.5 in the 2070-2099 period show an increase from the
2021-2050 period and the SSP2-4.5 of the 2070-2099 period. According to Petja et al. (2021), it is projected
that southern Africa will become drier and warmer under low-mitigation climate change futures, thus leaving
little room for adaptation in the area that is projected to have high temperatures. Under SSP5-8.5, the study
area is projected to be dominated by an increase of 4°C to 5°C during summer, autumn, and winter seasons

except for the entire east of KZN which is projected to an increase in SATs that range from 3°C to 4°C.
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Furthermore, during the spring season, the Highveld as a whole and a part of Lowveld in MP are projected
to an increase in SATs (> 5°C), and the remaining regions of the study area are projected to an increase in
SATs that are between 3°C and 5°C (Figure 5.20 (d)).
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Figure 5.11 DJF seasonal mean SAT for SSP2-4.5 during the 2070-2099 period
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Figure 5.12 MAM seasonal mean SAT for SSP2-4.5 during the 2070-2099 period
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Figure 5.13 JJA seasonal mean SAT for SSP2-4.5 during the 2070-2099 period
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Figure 5.15 DJF seasonal mean SAT for SSP5-8.5 during the 2070-2099 period
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Figure 5.16 MAM seasonal mean SAT for SSP5-8.5 during the 2070-2099 period
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Figure 5.17 JJA seasonal mean SAT for SSP5-8.5 during the 2070-2099 period
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Figure 5.18 SON seasonal mean SAT for SSP5-8.5 during the 2070-2099 period
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5.2 Future projections of rainfall over the study area

5.2.1 Near-future (2021-2050)

South Africa’s east coast is one of the regions in the country that are affected by heavy rainfall events that
usually cause socio-economic impacts (Favre et al. 2013). Future rainfall projections were made for SSP2-
4.5 and SSP5-8.5, and the results of the projections are presented using seasonal means. Seasonal changes
in rainfall for SSP2-4.5 and SSP5-8.5, are also presented below.

5.2.1.1 Seasonal mean rainfall for SSP2-4.5 and SSP5-8.5

ENSO controls dry and wet events during summer rainfall seasons in South Africa (Archer et al. 2017). DJF
seasonal mean rainfall for SSP2-4.5 and SSP5-8.5 are presented below in Figure 5.21 and Figure 5.25
respectively, during the 2021-2050 period. The models projected the highest rainfall over eastern South
Africa compared to other parts of the country during the summer season in the near-future under both
mitigation scenarios. According to all six models and the ensmean, KZN will experience more summer rainfall
than MP (particularly north of the province), and the models ACCESS_CM2, and IPSL_CM6A_LR projected
the highest rainfall that ranges from 120 mm/month to 320 mm/month under SSP2-4.5 in KZN. Furthermore,
under the low mitigation scenario (SSP5-8.5), IPSL_CM6A_LR projected 320 mm/month to 360 mm/month
of summer rainfall in KZN on the tip of the northeast of Lesotho. Model MPI_ESM1_2_LR projected the lowest
summer rainfall for both scenarios. This may suggest the severe intensity of rainfall that may lead to floods
over the study area in the 2021-2050 period. TCs are likely to occur over the study area during the summer
season in the near-future period. According to Chikoore et al. (2021), TCs taking place over SWIO affect the

east coast of South Africa during summer, and they cause heavy rainfall that leads to floods.

During the MAM season, the models projected higher rainfall over the study area (particularly KZN, including
EC) in the near-future period compared to other regions of the country, however, the autumn rainfall is
projected to decrease from the summer rainfall (Figure 5.22 and Figure 5.26). According to Ncube (2019),
rainfall usually decreases in the east of South Africa during the transition season compared to DJF season.
The autumn rainfall is projected to range from below 40 mm/month to 200 mm/month under both scenarios
amongst the models, with the north of MP projected by AWI_CM_1_1_MR to have the lowest rainfall (< 40
mm/month) and the south of KZN projected by IPSL_CMB6A_LR to receive the highest rainfall (160 mm/month
to 200 mm/month) under the moderate to high mitigation scenario (SSP2-4.5). The autumn season is
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associated with COLs that have caused floods in the past that led to damage to infrastructure and the death
of people in KZN (Singh et al. 2022; Thambiran et al. 2023). COLs occur throughout the whole year, however,
they are at their peak during the autumn season bringing heavy rainfall strongly over the south and east
coasts of South Africa (Favre et al. 2012; Favre et al. 2013).

According to Engelbrecht et al. (2009), South Africa experiences the driest weather conditions during the
winter season. The model projections for both scenarios show that the east coast of KZN is projected to
receive more winter rainfall than the rest of the study area. Models ACCESS_CM2, and IPSL_CM6A_LR
projected rainfall that ranges between 40 mm/month to 80 mm/month on the south of MP (Highveld), and
ACCESS_CM2 projected the highest rainfall (80 mm/month to 120 mm/month) on the east coast of KZN
(Figure 5.23 and Figure 5.27). This may mean that places such as Durban are likely to experience more
rainfall compared to other places (such as Nelspruit, MP) in the study area during this driest season in South
Africa. All models under both mitigation scenarios projected resilient increases in spring rainfall (40
mm/month to 280 mm/month) from the winter season. Under both scenarios, model ACCESS_CM2 projected
the highest rainfall in KZN ranging from 120 mm/month to 280 mm/month, however, under SSP5-8.5 (Figure
5.28), this model projected that the highest projected spring rainfall over the study area will occur on a larger
part of KZN.

5.2.1.2 Seasonal change in rainfall for SSP2-4.5 and SSP5-8.5

Variable seasonal changes in rainfall over eastern South Africa are demonstrated in Figure 5.29 and Figure
5.30 for SSP2-4.5 and SSP5-8.5 respectively, for the 2021-2050 period. The projections of seasonal changes
over the study area are different for both scenarios. During the summer season, under SSP2-4.5, rainfall is
projected to decrease over the Highveld and to increase over the Lowveld in MP. Moreover, regions, where
Durban is located, are projected to receive lesser summer rainfall under the moderate to high mitigation
scenario. This may mean that the Highveld in MP might experience droughts in the near-future, as the models
projected an extreme decline in summer rainfall. Furthermore, agriculture in MP may be affected by below-
average rainfall in the future. According to Odongo et al. (2022), one of the extreme weather events that
affect the agricultural produce of southern Africa is drought. During the MAM season, in the central interior
of MP (<-2 mm/month), the rainfall is projected to decline whereas in the interior going south of KZN the
rainfall is projected to extremely increase (> 5 mm/month) compared to the rest of the study area under

SSP2-4.5. In winter and spring, the rainfall is projected to decrease to below -5 mm/month over the majority
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of the study area but the rainfall in the north of MP is projected to decrease to below -3 mm/month in winter.
Under SSP5-8.5, an increase in summer rainfall (> 2 mm/month) is projected over most regions of the study
area, particularly the east coast. The models under SSP2-4.5, projected the rainfall over the Highveld in MP
to decline (< -1 mm/month) as well under SSP5-8.5, however, the magnitude of change is not the same.
Rainfall is projected to increase over KZN under the low mitigation scenario lesser compared to SSP2-4.5
and to decrease less in MP during autumn. During the winter season, the rainfall is projected to occur and
decrease unevenly according to different regions over the study area. The KZN province will experience less
decrease in winter rainfall compared to MP under SSP5-8.5. The rainfall projection changes during the spring
season under both scenarios are the same over MP (< -5 mm/month), however, over the east of KZN, the
rainfall is projected to decrease less (< -1 mm/month) under SSP5-8.5 compared to SSP2-4.5 (< -5

mm/month over majority of KZN) and increase in the south of KZN (> 0 mm/month) to EC.
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Figure 5.21 DJF seasonal mean rainfall for SSP2-4.5 during the 2021-2050 period
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Figure 5.22 MAM seasonal mean rainfall for SSP2-4.5 during the 2021-2050 period
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Figure 5.23 JJA seasonal mean rainfall for SSP2-4.5 during the 2021-2050 period
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Figure 5.24 SON seasonal mean rainfall for SSP2-4.5 during the 2021-2050 period
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Figure 5.25 DJF seasonal mean rainfall for SSP5-8.5 during the 2021-2050 period
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Figure 5.26 MAM seasonal mean rainfall for SSP5-8.5 during the 2021-2050 period
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Figure 5.27 JJA seasonal mean rainfall for SSP5-8.5 during the 2021-2050 period

pr ensmean SSP5-8.5 JJA (2021

345
22E 23E 24E 25E 26E 27E 28E 29E 30E 31E 32E 33E

(e) pr GFDL_ESM4 SSP5-8.5 JIA (2021-2050)
24S

345
22E 23E 24E 25E 26E 27E 28E 29E 30E 31E 3ZE 33E

pr BCC_CSM2_MR SSP5-8.5 JJA (2021-2050)

245
400
360
320
280
240
200
160
120
20
40
345

22E 23 24E 25E 26 27E 28F 298 30E 31E 3ZE 33E

-2050)

89



(a) pr AWL_CM_1_1_MR SSP5-8.5 SON (2021-2050)

348
22E 23E Z4E 25E 26E 27E 28E Z9E 30E 31E 3ZE 33E

(b) pr MPLESM1_2 LR SSP5-8.5 SON (2021-2050)

345
22E 23E Z4E 2Z0E Z6E ZVE 28E 29E 30E 31E 32E 33E

(c ) or ACCESS_CM2 SSP5-8.5 SON (2021-2050)

22E 23E Z4E 2ZOE Z6E 27E 28E 29E 30E 31E 32E 33E

(d)2 pr IPSL_CM6A_LR SSP5-8.5 SON (2021-2050)

22E 23E Z4E 25E 26E 27E 28E 29E 30E 31E 32E 33E

JPS. i
4S5 i
343 .

(e pr GFDL_ESM4 SSP5-8.5 SON (2021-2050)

3‘3. i

22E 23E Z4E 25E 28E 27E 28E 29E 30E 31E 32E 33E

r BCC_CSM2_MR SSP5-8.5 SON (2021-2050)

ZZE 23E 24E 25E 26E 27E 28E 29E 30E J1E 3ZE 33E

f)f

(a)

pr ensmean SSP5-8.5 SON (2021-2050)

345
22E 23JE 24E 25E 26E 27E 28E 29E 30E J1E 3ZE 33E

245

255

285

275

285

208

305

318

325

335

Figure 5.28 SON seasonal mean rainfall for SSP5-8.5 during the 2021-2050 period
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5.2.2 Far-future (2070-2099)

According to Jury et al. (2018), research conducted on South African climate trends, did not produce
significant results of changes in rainfall between 1980 and 2014, except for a region closer to Cape Town.
Due to the highly variable climate, South Africa has different trends of rainfall. Below is the presentation of

far-future projections for rainfall using the seasonal means and changes under SSP2-4.5 and SSP5-8.5.

5.2.2.1 Seasonal mean rainfall for SSP2-4.5 and SSP5-8.5

According to Ibebuchi (2023), in South Africa high rainfall is experienced during the summer season
compared to other seasons. The projected summer rainfall ranges from 40 mm/month to 360 mm/month over
the study area in the far-future period under SSP2-4.5 and AWI_CM_1_1_MR projected the lowest rainfall
(40 mm/month to 200 mm/month) over MP. The models ACCESS_CM2, and IPSL_CMG6A_LR projected the
highest rainfall over the study area followed by BCC_CSM2_MR, under both mitigation scenarios compared
to other models (Figure 5.31 and Figure 5.35). However, these models projected higher summer rainfall over
the study area to occur over a larger area under SSP5-8.5 compared to SSP2-4.5. This shows that under a
low mitigation scenario, heavy rainfall is projected to occur (which may cause floods) and affect a lot of places

in the study area, such as Ladysmith, Newcastle, and Pongola.

The KZN province (particularly the east coast) is projected to receive the highest autumn rainfall and MP is
projected to receive the lowest rainfall in the study area during this season in the 2070-2099 period under
both mitigation scenarios. Some studies (such as Mackellar et al. 2014; Engelbrecht et al. 2013) suggest that
the northeastern and majority of South Africa’s eastern regions usually experience low rainfall during the
autumn season. The rainfall projections for the autumn season are similar under both mitigation scenarios.
The highest rainfall is projected by IPSL_CM6A_LR over the south of KZN (160 mm/month to 200 mm/month)
and the lowest rainfall is projected by AWI_CM_1_1_MR on the north to the east of MP (< 40 mm/month).
The projections of the models suggest that KZN is still likely to be affected by floods in the far-future.

South Africa is one of the countries in southern Africa that receives rainfall every season (Roffe et al. 2019).
The winter rainfall projections for the 2070-2099 period under both mitigation scenarios are similar to the
near-future projections because rainfall is projected to occur over the study area during the winter season
and the region on the east coast of KZN is projected to experience more rainfall compared to other regions

in the study area. The models projected winter rainfall over the study area ranging from below 40 mm/month
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to 120 mm/month under a moderate to high mitigation scenario. As the model ACCESS_CM2 projected in
the near-future period, high winter rainfall (80 mm/month to 120 mm/month) in the far-future period is
projected by this model to occur on the east of KZN under both scenarios and this may mean that places
such as Port Edward and Durban may experience heavy rainfall compared to other locations in the study
area. Eastern South Africa is not the only region that receives rainfall in winter. Southwest South Africa
receives more rainfall compared to different parts of the country from the cold fronts that move to the west
coast during winter (Odoulami et al. 2021; De Kock et al. 2022).

During the spring season, rainfall is projected to increase compared to winter. Furthermore, the rainfall is
projected to range from 40 mm/month to 240 mm/month under SSP2-4.5, with the highest spring rainfall
projected by model ACCESS_CM2 (200 mm/month to 240 mm/month). Under SSP5-8.5, ACCESS_CM2
projected the highest rainfall over KZN (240 mm/month to 280 mm/month). COLs are likely to occur over the
study area and cause floods. According to Singleton and Reason (2007), COLs in South Africa are at their

maximum during autumn and at their secondary peak during spring.

5.2.2.2 Seasonal change in rainfall for SSP2-4.5 and SSP5-8.5

The projections of seasonal changes in rainfall are similar for both scenarios. In the far-future period, during
the summer season, rainfall is projected to increase (> 5 mm/month) over the majority of areas particularly
the interior and east coast of the study area under both mitigation scenarios. This implies that eastern South
Africa in the future may be subjected to more socio-economic impacts resulting from heavy summer rainfall.
During the autumn season, rainfall is projected to increase in KZN and over the Highveld, and decrease over
the Lowveld in MP. The winter (< -2 mm/month) and spring (< -5 mm/month) rainfall is projected to decrease

over the study area under both mitigation scenarios, as shown in Figure 5.39 and Figure 5.40.
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Figure 5.31 DJF seasonal mean rainfall for SSP2-4.5 during the 2070-2099 period
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Figure 5.32 MAM seasonal mean rainfall for SSP2-4.5 during the 2070-2099 period
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Figure 5.33 JJA seasonal mean rainfall for SSP2-4.5 during the 2070-2099 period
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Figure 5.35 DJF seasonal mean rainfall for SSP5-8.5 during the 2070-2099 period
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Figure 5.36 MAM seasonal mean rainfall for SSP5.8-5 during the 2070-2099 period
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Figure 5.37 JJA seasonal mean rainfall for SSP5-8.5 during the 2070-2099 period
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Figure 5.38 SON seasonal mean rainfall for SSP5-8.5 during the 2070-2099 period
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Figure 5.39 Seasonal changes in rainfall for SSP2-4.5 between reference climate (1961-1990) and far-future
(2070-2099) periods
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Figure 5.40 Seasonal changes in rainfall for SSP5-8.5 between reference climate (1961-1990) and far-future
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5.3 Summary

This chapter focussed on future projections of two periods, near-future (2021-2050) and far-future (2070-
2099) periods under SSP2-4.5 and SSP5-8.5. Furthermore, it has outlined how SATs and rainfall are
projected to increase and decrease over the study area using seasonal means. The projections show that
KZN may be affected by high temperatures and extreme weather events that lead to floods in the future more
than MP. Furthermore, these results highlight the importance of preparing for floods and heatwave adaptation
strategies. Low SATs are projected on the eastern interior of South Africa which covers the Highveld in MP
and west of KZN, and high SATs are projected to dominate the east coast of the country. Models
ACCESS_CM2, and IPSL_CMG6A_LR projected the highest summer rainfall over KZN in the near-future and
far-future periods under both mitigation scenarios. In this chapter seasonal changes were projected using
the reference climate (1961-1990) and the future periods (2021-2099). Seasonal changes in SAT for SSP2.4-
5 and SSP5.8-5 between reference climate (1961-1990) and near-future (2021-2050) periods across all the
seasons the models projected an increase in SATs that range between 1°C and 2°C over the study area
under both scenarios. The seasonal changes in SAT for SSP5-8.5 between reference climate (1961-1990)
and far-future (2070-2099) periods showed more increase in the model’'s projections (during all seasons)
over the study area compared to seasonal changes in SAT for SSP2.4-5. Seasonal changes in rainfall for
both scenarios between reference climate (1961-1990) and near-future (2021-2050) periods and between
reference climate (1961-1990) and far-future (2070-2099) periods in summer and autumn showed various
rainfall projections (both increase and decrease of rainfall) of the models over the study area. Furthermore,
the models projected seasonal changes in rainfall for SSP2-4.5 and SSP5.8-5 during the winter and spring

seasons to only a decrease in rainfall over the study area.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

6.0 Introduction

This is the final chapter of the study and it discusses the key findings of the research for both the present day
(1961-2020) and future climate change projections (2021-2099) from chapters 4 and 5. Furthermore, it
discusses the implications and recommendations of this work and provides the conclusion of the study. The
study aimed to investigate historical (1961 to 2020) and projected variability and change of climate over
eastern South Africa under high and low mitigation focusing on the near-future (2021 to 2050) and the far-
future (2070 to 2099) periods. SAT and rainfall were the key variables of the study.

6.1 Discussions of key findings

6.1.1 Historical trends

The study focussed on analysing the historical trends in SATs and rainfall characteristics using relevant
indices during the historical baseline of the study, the 1961-2020 period. The indices used for historical trends
in SATs were the cool days’ index (TX10P) and hot days’ index (TX90P). South Africa has experienced cold
events in the recent past decades (Davis and Vincent, 2017). The cool days’ index indicates that during the
1961-2020 period in MP at the Kruger Mpumalanga International Airport, the highest number of cool days
occurred in 1968 for 29 days. Furthermore, the least number of cool days at this airport occurred in 1962 for
5 days. Durban also experienced its highest number of cool days in 1968 for over 35 days and its lowest
peak of cool days in 1999 and 2014 for 5 days. Furthermore, these results could imply that there might have
been a cold wave during this period on the east side of South Africa affecting the coastal regions. According
to van Der Walt and Fitchett (2021), cold wave trends in 1960 to 2016 were observed increasing for stations
in the provinces of KZN, Eastern Cape, Gauteng and Northern Cape at a rate of 0,01 events/day-'. The low-
temperature persistent days can be detrimental to the environment, animals, and human beings because in
KZN the cold days led to the death of people, livestock, and damage to infrastructure in 2002 during winter
and 1996 as stated by Van der Walt (2020). The cool days’ indices in Kruger Mpumalanga International
Airport and Durban indicate no statistically significant and statistically significant trends respectively, in the
number of cool days during the 1961-2020 period. This suggests that the east of the study area experienced
a high number of cool days and a low number of cool days at the beginning and towards the end of the 1961-

2020 period respectively.
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The hot days’ index in Kruger Mpumalanga International Airport showed the highest number of hot days in
1992 and 2015 for more than 25 days during the 1961-2020 period. In 1992, large regions in South Africa
were affected by droughts that were associated with El Nifio (Ibebuchi, 2021). The year 2015 was one of the
hottest years in the history of South Africa (McBride et al. 2022b) and heatwaves and droughts were
experienced during 2015/16 (Monyela, 2017). The least number of hot days occurred in 1967 and 2000 for
less than 5 days at the airport in Mbombela, MP. The highest number of hot days in Durban occurred for
more than 20 days in 1991/92 and the lowest number of hot days occurred in 1968 and 1975 (for < 5 days).
The findings show that the Mbombela where the Kruger Mpumalanga International Airport is located, is
exposed to more heat conditions compared to Durban. Furthermore, this is because the hot days’ index in
Durban showed less high peaks of hot days compared to Kruger Mpumalanga International Airport. However,
the hot days’ indices for both locations showed increasing and statistically significant trends in the number of

hot days during the historical baseline of the study. These trends suggest a warming climate at both locations.

Southern Africa is often affected by heavy rainfall that leads to floods and that causes loss of lives, damage
to infrastructure, and huge financial losses (Dyson, 2000). The indices employed for the historical analysis of
trends in rainfall were R10mm (heavy rainfall) and R50mm (frequency rainfall exceeding 50mm/day). The
heavy rainfall indices in Kruger Mpumalanga International Airport and Durban showed more high peaks than
low peaks of heavy rainfall days. Kruger Mpumalanga International Airport received its highest peak of heavy
rainfall in 2000 for more than 40 days. Furthermore, some of the years where it received low peaks of heavy
rainfall days (between 10-15 days) were 1965, between 2003 and 2004, and from 2015 to 2016. Durban
experienced heavy rainfall days in 1986 for 40 days and one of the years where it received less heavy rainfall
days was in 1980 (between 15 to 20 days). The findings showed that Durban recorded more heavy rainfall
days compared to Kruger Mpumalanga International Airport during the 1961-2020 period. The heavy rainfall
indices for Kruger Mpumalanga International Airport and Durban showed no significant trends at either

location.

The findings showed that Kruger Mpumalanga International Airport had less events of rainfall days exceeding
50mm/day than Durban. In 2000, Kruger Mpumalanga International Airport experienced rainfall exceeding
50mm/day for more than 4 days. The northeast of South Africa was affected by heavy rainfall linked to a TC
which caused floods in 2000 (Chikoore et al. 2021). Several years of 0 days of rainfall exceeding 50mm/day

were recorded in Kruger Mpumalanga International Airport and some of those years include 1961 to 1963,
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1965 to 1968, and 1970 to 1971. For more than 3 days in 1985, 1987, and 1989, Durban had its highest peak
of rainfall exceeding 50mm/day which led to floods (Molekwa, 2013). In 1961, 1963, 1992, 2005, 2010, and
2015, Durban did not have rainfall exceeding 50mm/day. The index for frequency of rainfall exceeding
50mm/day in Kruger Mpumalanga International Airport showed a constant and no statistically significant trend
throughout the historical baseline of the study and Durban showed an increasing but no statistically significant
trend. The trend in Kruger Mpumalanga International Airport suggests no change in the number of rainfall

days exceeding 50mm/day.
6.1.2 Model verification

The study used six CMIP6 models, the ensemble of the models, and the ERAS observations to verify the
models from 1961-1990. The Taylor diagrams were employed to evaluate the performance of the models
against ERA5 observation. Statistical tools featured in a Taylor diagram include standard deviation,
correlation coefficient, and RMSE. For this climate variability and change study, key variables employed for
model verification include SAT and rainfall. SAT model verification showed that models IPSL_CM6A_LR, and
MPI_ESM1_2_LR underestimated the observed variability, and models AWI_CM_1_1_MR,
BCC_CSM2_MR, GFDL_ESM4, and ACCESS_CM2, overestimated the observed variability. All models
obtained a correlation greater than 0,9 and ACCESS_CM2 showed a high skill. Furthermore, all models had
the least RSME with IPSL_CM6A_LR having a high skill. According to the rainfall model verification, all

models obtained a moderate correlation and least RMSE (< 50mm).

The models performed well against ERA5 observation in simulating seasonal mean SAT for the 1961-1990
period. The models simulated the highest SATs on the east of the study area and the lowest on the west of
KZN and south of MP during all the seasons. Models AWI_CM_1_1_MR, IPSL_CM6A_LR,
MPI_ESM1_2_LR, and GFDL_ESM4 constantly showed cooler temperatures on the Highveld among all the
seasons. Rainfall visual verification showed that models simulated more seasonal rainfall over the interior of
KZN than MP. Furthermore, model IPSL_CM6A_LR and ACCESS_CM2 overestimated summer and spring

rainfall respectively, during the 1961-1990 period.
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6.1.3 Future climate change projections (2021-2099)

In the near-future period, the models projected high seasonal mean SATs in the east of the study area
(Lowveld of MP and northeast of KZN), and models AWI_CM_1_1_MR, MPI_ESM1_2_LR, and GFDL_ESM4
projected the lowest SATs on the west of KZN and Highveld in MP under both mitigation scenarios. Warmer
conditions over the study area are projected to remain and increase in the near-future period of the study.
Some studies (such as Archer et al. 2018 and Kapuka et al. 2022) suggest that under low mitigation,
conditions are going to be drier however, under moderate to high mitigation there will be more room for
adaptation. Future projections showed that under SSP2-4.5, the effects of climate change will be lesser over
the study area. In the far-future, the models projected higher SATs to dominate the larger parts of eastern
South Africa across all seasons under SSP5-8.5 compared to SSP2-4.5. Low-pressure systems are likely to
be triggered during warm conditions (Engelbrecht et al. 2013). The Highveld is projected to have lower SATs
in the 2070-2099 period. According to seasonal changes made using the ensmeans, the SATs are projected
to increase more over the study area in the far-future period and to be higher under SSP5-8.5 than SSP2-
45.

The model rainfall seasonal mean projections in the near-future showed more rainfall in KZN than in MP,
particularly in summer and spring. Furthermore, these are seasons where KZN is affected by extreme
weather systems such as TCs and COLs (Mpungose, 2022; Favre et al. 2012). The model IPSL_CM6A_LR
projected the highest rainfall in KZN under SSP5-8.5 during summer compared to other models. Drought is
most likely to affect the Highveld in MP in the near-future period during summer and spring because of the
projected decrease in rainfall. Furthermore, below-average rainfall may affect agriculture (Ogundeji, 2022;
Mpungose, 2022). Extreme rainfall events will likely continue to affect KZN in summer and autumn
(particularly southeast of the province) due to the projected increase in rainfall. The rainfall projections in the
far-future period are similar to those of the near-future. The models IPSL_CM6A_LR and ACCESS_CM2
projected the highest rainfall in summer and spring under both mitigation scenarios respectively, compared
to other models. The far-future rainfall is projected to increase in summer and decrease in winter and spring
over the study area. Furthermore, the autumn rainfall is projected to vary in the study area, as it is projected

to decrease in the Lowveld and increase in KZN under both mitigation scenarios.
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6.2 Implications and recommendations

The study employed relevant indices to demonstrate the historical trends in SATs and rainfall at Kruger
Mpumalanga International Airport and Durban during the 1961-2020 period. More high peaks of hot days and
heavy rainfall days were recorded in Kruger Mpumalanga International Airport and Durban respectively.
Indices used were for the days, for both trends in SATs and rainfall. Therefore, for a future study, indices for
the nights would give a different perspective on the trends in SATs and rainfall at the two selected locations.
The present study used SSPs (SSP2-4.5 and SSP5-8.5) for future climate change projections in order to
inform adaptation strategies. Comparing SSPs and RCPs that belong to CMIP5 (Eyring et al. 2016) for future
climate change projections would provide different input and perspectives about the performances of CMIP6
and CMIP5 models. The study provided historical simulations of SATs and rainfall, and that has given an
insight on the changes of climate over the study area in the past. Furthermore, comparing the historical
simulations of CMIP6 and CMIP5 models would also show how well they perform against ERA5 observation
and the improvement in CMIP6 from CMIP5. Analysing the future climate projections using percentiles would
distinguish the climate variabilities of future rainfall in the study area. According to Singo et al. 2023, in climate
change projections, percentiles are used frequently to show the distribution of uncertainty related to future
projections for each variable. The research has significant implications for climate adaptation and policy
planning in eastern South Africa. The findings highlight the need for enhanced climate monitoring, continued
high-resolution modelling, and improved climate projections at regional scales. The increasing frequency of
extreme heat events necessitates adaptation measures in agriculture, water resource management, and
urban planning. The projected variability in rainfall underscores the importance of flood preparedness and

drought mitigation strategies.

6.3 Conclusion

The study of projecting future climate change in the regions that are vulnerable to rising temperatures and
floods is important in contributing to awareness of extreme weather events affecting those particular regions.
The study aimed to investigate historical and projected variability and change of climate over eastern South
Africa under high and low mitigation focusing on the near-future and far-future periods. The aim was achieved
by executing the objectives. The future climate change projections for the near-future (2021-2050) and far-
future (2070-2099) periods are presented in the present study. The CMIP6 models were utilized together with
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their ensemble. According to Giorgi (2019), models provide knowledge about potential changes in the
climate. Models were validated to evaluate their performance against the ERAS observation through
statistical and visual verification methods, and they performed well against ERA5 observation during the
reference climate (1961-1990). The study highlights significant warming trends in temperature indices at
Kruger Mpumalanga International Airport and Durban, with a more pronounced decrease in cool days and
an increase in hot days at both locations. The stability in heavy rainfall indices suggests that changes in
temperature are not accompanied by significant changes in heavy rainfall patterns. Furthermore, the
frequency of rainfall exceeding 50mm/day trends varied by location. This analysis provides valuable insights
into the long-term climatic changes in these regions, which can inform future climate adaptation and mitigation
strategies. The findings of this study are consistent with other previous studies, projecting increases in
temperatures, rainfall, and dry conditions in the future over South Africa (Engelbrecht and Monteiro, 2021;
Chikoore et al. 2021). Furthermore, the findings have shown that under moderate to high mitigation scenario

there is more room for adaptation compared to low mitigation scenario.
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