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ABSTRACT

Rainfall is undoubtedly the most significant factor for life’s continuity. South Africa is prone to
future climate uncertainties due to global climate change. The aim of this study is to investigate
rainfall variability and change in South Africa on a present day (1976-2005), near-future (2006-
2035) and far-future (2036-2065) climate. For the study, 3 RCMs (REM0O2009, RCA4 and
CCLM4-8-17), forming part of CORDEX-Africa project were nested within 5 different
CIMP5_GCMs of low resolution. GPCC precipitation, NOAA GHCN_CAMS Land Temperature
and other NCEP reanalysis products were useful in validating models in simulations of present-
day climate. RCP4.5 and RCP8.5 emission scenarios from IPCC-AR5 were used for future
climate projections. On the validation, each regional climate model displayed different signature
on simulations, rainfall in particular because this is a variable that is affected most by sub-grid
process. Simulations nested within MIROCS5 simulated more precipitation than simulations forced
with other GCMs, due to more large-scale moisture convergence into the nested domain. There
were differences in projections of RCM nested within the same GCM, as well as with the same
RCM nested within different GCMs, on the future. Models nested within MPI project wetter
conditions over the eastern parts of Limpopo, while the other two projected drier conditions in the
same area. REMO2009 forced on MPI uniquely projected drying of Western Cape throughout the
seasons on both RCPs and futures. Simulations conducted with the RCP8.5 scenario forcing are
generally found to be associated with either a larger increase in temperature, or an increase in
area associated with higher temperature increases. CCLM4-8-17 forced on HadGEM2 projected
below average temperatures over the northwest parts of the country under the RCP8.5 scenarios.
MPI driving model projected a general reduction of evaporation values, with lowest over
northeast, northwest parts and south coastal parts of South Africa, in contrary to adjacent
oceans. In this study, we have sought to identify the sources of uncertainties amongst model

simulations between either the RCMs or the driving GCMs.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1lIntroduction

Rainfall is undoubtedly the most significant determining factor for life’s continuity. Therefore,
detailed knowledge of rainfall is an important prerequisite for many applications across the world;
such as, sustainable agricultural and hydrological management (Qwabe, 2014). Global attempts
to understand rainfall variability and change are not new, yet rainfall still remains the most difficult
climate variable to predict and understand despite its importance in human existence. The
Southern African region is prone to the occurrence of droughts, floods and other extreme weather
and climate events (Dedekind et al., 2016; Phakula 2018) directly posing devastating impacts on
agriculture, water resources, the economy and social well-being. The reliance of the economies
of countries within southern Africa on weather and climate sensitive sectors makes the region
more vulnerable to extreme weather and climate events, as well as the impacts of climate change
(Shongwe et al., 2009; Engelbrecht et al., 2011).

Climate change and variability are two related key terms that refer to significant deviations in the
mean state of the climate persisting for an extended period, typically over decades and variations
in the mean state and other statistics of the climate on all temporal and spatial scales, beyond
individual weather events, respectively (Ninan and Bedamatta, 2012; IPCC, 2013; Du Plessis and
Schloms, 2017). Climate change may either be induced by natural internal processes or external
factors such as persistent changes to atmospheric composition or changes in land use. The
impacts of climate change are projected to pose serious challenges to the national development
of South Africa, considering high levels of inequality and rooted poverty (Ziervogel et al., 2014).
The increased rate of greenhouse gasses emission is projected to worsen the current problem of
global warming (Engelbrecht et al., 2015), hence altering the characteristics of extreme weather

and climate events globally.

In order to prepare for the impacts of climate change, it is crucial that information on possible
changes is provided, and such information can be obtained from climate models. Climate models
are mathematical representations of the climate system based on laws of physics which include
conservation of mass, energy and momentum. They are important tools for improving our
understanding and predictability of the climate behavior on seasonal, annual and decadal
timescales and making projections of future climates and beyond (Flato et al., 2013). Regional
Climate Models (RCMs) have a higher spatial resolution compared to Global Climate Models

(GCMs) because they run over smaller domains which cover an area of interest. GCMs are run
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over the whole globe, and the resolution possible with them is determined by the available
computational resources. RCMs are nested within GCMs which provide time-dependent lateral
boundary conditions, and this procedure is called dynamical downscaling. RCMs are widely used
to provide projections of how the climate may change locally though they use the same laws of
physics described in terms of mathematical equations as global models (Bellucci et al., 2008).
RCMs have been widely used for local climate investigations and these models have been found
to have exceptional benefits. RCMs are able to capture the average statistics of daily precipitation
on scales of a few grid boxes and they are better at resolving mountainous and coastal areas for
instance, where a distance of 50 km can mean a dramatic change in climate (Kjellstréom et al.,
2010 (Edwards, 2011).

The uncertainty in climate simulations can be represented through the use of multi-models and
ensembles (Knutti et al., 2014). Previous studies have shown that the use of a multi-modelling
systems outperforms a single model. Multi-models are believed to provide more reliable
information and higher confidence of results is common as compared to a single model (Dam et
al., 2015), though all models have deficiencies. Work done by Palmer et al., (2005) on ENSO
showed that a multi-model average yields better results than a single model. For several climate
model generation’s, a multi-model average for a variety of variables typically corresponds better

with observations of present-day climate.

However, for a single variable, the multi-model combination poses huge shortcomings, for
instance, it might not be significantly better than the single best model. Furthermore, using
averaged multiple models usually shows characteristics that do not resemble those of any single
model. Hence, some characteristics may be physically implausible and overestimated (Anav et
al., 2013). In some instances, an average state may not exist when there is a bifurcation amongst
the models (Knutti et al., 2014).

Modeling frameworks and International coordinated efforts have gained traction in recent decade
and some of these include, Coordinated Regional Downscaling Experiment (CORDEX) (Giorgi et
al., 2009). Through CORDEX simulations were performed over different domains, and a number
of models were used to simulate climate projections over the identified domains. One of the
identified domain covers the whole of Africa, and a number of studies (Mascaro et al., 2015;
Lennard et al., 2018; Maure et al., 2018) have focused on this domain. The initiative represents
a major collaborative endeavor aimed at developing downscaled climate projections and

producing a comprehensive evaluation of climate change consisting of experts from all over Africa
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continent, evaluating the performance of multi-model ensembles of regional climate projections
(Myra, 2015). The program produces dynamically downscaled high-resolution regional climate
data over specified area of interest using forcing data from either GCMs or reanalysis archives.
The models are driven by GCM simulations which were produced for CMIP5 and applied on the
IPCC_ARS report.

When projecting the future, climate models are forced with GHG emissions for identified emission
scenarios. Garland et al., (2015) used six simulations produced by the Conformal Cubic
Atmospheric Model (CCAM) nested within six different GCMs to investigate impacts of human
health across the continent on projected future warming under RCP8.5 emission scenario. The
study found that, Africa has already experienced increasing warming trends and it is likely that
surface temperatures across Africa will increase at a rate faster than the projected global average
increases in surface temperatures. Over South Africa, up to 2050 and beyond, a pattern of drier
conditions to the west and south are projected and a risk of wetter conditions over the east coast
are projected under low mitigation scenarios (LTAS, 2013). However, rainfall projections over the
region are associated with high degree of uncertainties and need more thorough focus and

research.

1.2. Weather and climate of South Africa.

South Africa experiences a variety of climatic regimes which are largely semi-arid, with significant
variability on several time scales (Landman and Tennant, 2000; Tyson et al., 2002). Southern
Africa’s geographic location, steep orography, contrasted oceanic surroundings and atmospheric
dynamics are conducive for extreme weather events and high inter-annual variability (Fauchereau
et al., 2003). Climatic regimes of South Africa are largely delimited by the teleconnections and

feedbacks, physical features and seasonality, outlined below.

1.2.1 Teleconnections and feedbacks

Variability of climate, ranging from intra-seasonal to inter-decadal timescales over southern Africa
are governed by global modes of variability and feedback processes. Teleconnections play an
important role of influencing the climate of the region, for instance, the Southern Annular Mode
(SAM) and Madden Julian Oscillation (MJO) (Myra, 2015). The El Nino Southern Oscillation
(ENSO) in the equatorial Pacific Ocean is also an important control of rainfall variability associated
with the occurrence of floods and droughts over the region. Furthermore, several studies have
demonstrated the influence of ENSO on the climate of southern Africa (e.g. Mason et al., 1994;
Tyson and Preston-White, 2000; Kane, 2009). ENSO events have been linked to dry conditions
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over the eastern sector of the sub-continent (Chikoore, 2015). Moreover, regional circulation
patterns and atmospheric stability may also be altered as a result of various feedback

mechanisms.

1.2.2 Physical features

The landscape is distinguished by an interior plateau and a sharp escarpment to a narrow coastal
belt. The topography of South Africa varies from the altitude of less than 300 m along the coastal
areas and over 3000 meters over the eastern escarpment (Phakula, 2018). The average height
of the escarpment ranges from 1500 m above the sea level on the south east, to about 3000 m
in the Drakensberg (Kruger, 2006; Bhaktawar and Van Niekerk, 2012). Hence the plateau is
characterized by plains above 1200m above sea level. The region is also bounded by the Atlantic
and the Indian Oceans to the west and east respectively. Ocean currents largely influence sea
surface temperatures over the region. The cold Benguela current on the west flow towards the
equator whilst the Agulhas current flows poleward (south) along the eastern coast (Mason et al.,
1999). Heat and moisture fluxes into the atmosphere above the warm Agulhas Current have a
significant influence on the regional climate (Rouault et al., 2003; Chikoore and Jury 2010, 2018).
Variability in the Agulhas current region is linked to climate variability over South Africa. Enhanced
cumulus convection occurs above the Agulhas and warm moist advection significantly results in
rainfall along the coast. In contrast, the cold Benguela current on the west coast is mostly linked
to upwelling and aridity (Jury, 2018). However, the current plays a crucial role in the development
of heat low (Angola Low) and the propagation of heavy clouds (Reason and Smart (2015).
Differences in sea temperatures between the 2 oceans largely contribute to the spatial gradients
over the region. A combination of topography and the surrounding oceans (Figure 1.1) play a

pivotal role in governing the weather and climate of the region.

1.2.3 Seasonality

South Africa’s climate is modulated by synoptic features that range from the tropics to temperate
regions and is also characterized by a strong seasonal cycles. For instance, the descending limb
of the Hadley cell and Tropical Temperate Troughs (TTT) are crucial controls of weather and
climate over the region (Kruger, 2004). Conditions that occur during austral summer season
(December-January-February) include the permanent and semi-permanent Atlantic and the
South Indian Ocean High (Figure 1.2a). The SIOH plays an important role of advecting moist by
south easterly winds into the eastern parts of region; Limpopo, Kwa-Zulu Natal (Jury et al., 1999).
The cool and drier recurved winds flowing from the SAH converge with the south easterly trade

winds at the moisture boundary resulting in heavy rains. During the winter season high pressure

4
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systems are displaced further northwards over the interior, together with the ITCZ, resulting in
weak surface heating over southern Africa. Thermal troughs weaken and disappear due to
absence of heat low s over the interior (Kruger, 2004). On the other hand, the Subtropical highs
merge over the interior, favoring subsidence and clear skies. Southern African subcontinent
receives almost all its rainfall during DJF, except the southwest region of the Western Cape
Province, which receives frontal rainfall from the passage of mid-latitude cyclones during winter
season and a small margin along the south coast which receives throughout the year. Subsidence
inversions usually occur over the interior of the subcontinent which creates drier conditions and

less rainfall (Figure 1.2b).

1.3. Problem analysis and motivation

The earth’s climate is rapidly changing, largely attributed to human activities that have led to the
release of GHGs into the atmosphere. These increased GHGs emissions have led to changes on
the climate variables (Garland et al., 2015) as a result, global warming poses devastating threats
on various climate sensitive sectors. Several studies are conducted on generating possible future
projections of likely changes in atmospheric variables. South (ern) Africa, is also vulnerable to the
effects of climate change due to its geographical location in the dry sub-tropics and socio-

economic landscape (Engelbrecht et al., 2015; Dedekind et al., 2016).

A large number of climate-change studies have been performed over the continent using high-
resolution numerical regional climate models (e.g. Tadross et al., 2005; Engelbrecht et al., 2015).
Some studies have focused on projected changes in rainfall and temperature over southern Africa
(e.g. Engelbrecht et al., 2015). However, notably very few studies have dealt with the variability
and change of rainfall specifically in South Africa, basing on the latest RCP4.5 and RCP8.5
emission scenarios using multi models which form part of CORDEX, for which this study intends
to investigate. In general, emission scenarios prescribe a GHG emissions pathways for the future,
and then climate models use these emissions pathway to project the future climate. These RCP
scenarios have given potential insights into how global and regional atmospheric circulations may
change in response to anthropogenic forcing. This may lead to more clarity on rainfall variability
of future climates (Engelbrecht et al., 2009). This study intends to cover these gaps by

investigating rainfall variability and change on a future climate over South Africa.
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1.4. Research Aim
The aim of this study is to investigate the variability and change of rainfall in South Africa, on a
historical baseline (1976-2005), to project near future (2006-2035) and far future (2036-2065)
climate projections, using several GCMs driving different RCMs from the CORDEX-Africa project
using both the RCP 4.5 and RCP 8.5 emission scenarios.
1.5 Research questions
e How well do models simulate the observations.
e To what extent do projected changes in rainfall seasonality and inter-annual variability
differ between both emission scenarios?
e Are the RCMs or driving GCMs the main sources of uncertainty in future climate change
projections?

e Are changes in evaporation as important as changes in rainfall in the future?

1.6 Specific objectives

e To validate present day model simulations (1976-2005) against observations.

e To study projected rainfall variability and change in the near future (far future) climate
2006-2035 (2036-2065) over South Africa with a grid spacing of 0.5° using RCP4.5 and
RCP8.5 emission scenarios.

¢ To examine the sources of uncertainty amongst models on future projections.

e To analyze future trends in evaporation in a warming climate over South Africa.

1.7 Description of study area

The study area for this work is South Africa (Figure 1.3) which is the southern tip of the southern
African subcontinent, found in the subtropics (22-35°S and 15-35°E). The study area focus will
extend (15-36°S and 0-50°E) when analyzing other variables such as geopotential height, so as
to have a broader view and understanding of large scale circulations. South Africa is the area of
interest because of its high degree of climate variability on different time scales. Owing to its
latitudinal location, the weather and climate of the country is affected by temperate and tropical
latitude circulation systems and also by the high pressure systems in the subtropics which are
semi-permanent. For convenience purposes, there are some parts that are labelled A-E on the
study map. The given names are used in Chapter 4-6 when analyzing the spatial distribution of

variables.
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1.8 Research outline

The dissertation is divided into six chapters: Chapter One, provides the introduction, background,
problem statement, aim, specific objectives and justification of the research. The description of
the study area and telecommunications governing weather and climate of South Africa is also
done in this section. Chapter Two presents a literature review on regional climate modeling
activities and important rain-bearing systems over southern Africa. Studies that have modelled
rainfall on present and future climates are also discussed. Chapter Three details the methodology
of the study, including a description of data, the global and regional models used and their setup
for simulations. Chapters Four and Five present and discuss the results of the present study.
Chapter Four aims to validate the ability of climate model (s) to reproduce present-day climate
over South Africa in relation to observations. Chapter Five discusses rainfall future projected
changes due to elevated greenhouse gasses, using medium-high mitigation (RCP4.5) and low
mitigation (RCP8.5) scenarios, supported by changes in surface temperature and evaporation
flux. Chapter Six provides a summary of the key findings, suggestions for future avenues of

research and offers concluding remarks.
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Figure 1.1. Topography and surrounding oceans influencing weather and climate over South (ern) Africa.
(Source: Myra, 2015).

Figure 1.2. (a) Summer (b) Winter seasons’ pressure distribution and air masses movement over Southern

Africa. (Kruger, 2004).
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Figure 1. 3 Study area map of South Africa, including neighboring countries and oceans. Each areas has
0.5° pixels.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

A comprehensive review of the literature of climate change on rainfall from a global perspective
is presented in this chapter. This section evaluates existing knowledge and establishes possible
gaps to generate research questions for the study. Another important aspect of this chapter is to
identify and assess the methods and climate modeling techniques done in previous studies. This
chapter is organized into thematic areas and begins with primarily understanding the variability of
rainfall and the bearing systems surrounding South Africa. It also outlines how other researchers

used climate models to investigate future climate variables.

2.2 Large-scale circulation patterns affecting South (ern) Africa

2.2.1 El Nino Southern Oscillation (ENSO)

The ENSO is a large-scale disturbance of the ocean-atmosphere system governing over the
Equatorial Pacific Ocean. The system tends to have great influence on weather and climate over
globe (Trenberth, 1996; Sheinbaum, 2003; Phakula, 2018; Wang et al., 2017). The large scale
disturbance is known to strongly govern rainfall variability on seasonal timescale in Asia, Australia
and Southern Africa (Chakraborty and Krishnamurti, 2003: Cork et al., 2004). The term Southern
Oscillation refers to variations in temperature of the tropical eastern Pacific Ocean surface, with
the warming known as El Nino and the cooling as La Nina, and in air surface pressure in the
tropical western Pacific (Phakula, 2018). The variations are associated with warm phase
accompanying high air surface pressure in the western Pacific, while the cold phase accompanies
low air surface pressure in the western Pacific. ENSO events are usually studied in order to
understand the season climate variability over months to years (Wang et al., 2017). The influence
generally results in anomalous wet and dry conditions during the austral summer over southern
Africa (Phakula, 2018). There is a strong ENSO effect in monthly precipitation in different regions.
El Niflo and La Nina events are associated with drier conditions over most parts of southern Africa;

for example, 1997/98 and 1999/00 cases respectively (Figure 2.1).

Their occurrence is associated with shifts in the locations of the tropical-temperate trough systems
to the ocean east of Madagascar (Tadross et al., 2006). The 2015/16 summer rainfall season
over the region appeared to be the driest on record since the well-publicized droughts of the early
1980s and 1990s; with critical impacts on agriculture, water and food security well covered in the
media. It has had particularly significant impacts (Archer et al., 2017). However, a few studies

(e.g. Pomposi et al., 2018; Siderius et al., 2018) have found that not all El Nifio’s result in drought

10
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conditions over southern Africa. In general, El Nifio affects the circulation, causing high pressure

over southern Africa and intensification of the Botswana high.

Figure 2.1 El Nino Southern Oscillation phenomenon affecting Southern Africa during austral summer

(Source: http://www.grida.no/resources/7049, accessed on 02/10/2018).

2.2.2 Madden-Julian Oscillation (MJO)

The MJO is important in modulating weather and climate of southern Africa (Hart et al., 2013). It
is characterized by eastward circulation of large-scale tropical deep convection clusters from
Indian Ocean to the western Pacific Ocean (Figure 2.1) (Chakraborty and Krishnamurti, 2003;
Zhou, 2012; Phakula, 2018). A recent study by Jones, (2018) found that the MJO is an important
mode of tropical intra-seasonal variability. Its effects on weather depend on the state or phase of
certain climate phenomena (e.g., ENSO), and their combined effects may lead to extreme
weather events. The influential nature of the MJO has also been noted on occurrences of extreme

weather events due to tropical cyclones (Zhang, 2013).

Several studies have suggested that the MJO to have influence on certain major flood events.
Pohl and Camberlin (2006) alluded that, the MJO modifies the direction of the lower-layer
moisture fluxes, through an influence on the Indian Ocean High (IOH) over the southern Africa
region. The MJO is involved in scale interactions across a wide range of spectrum from the
diurnal cycle to inter-annual variability (Moncrieff et al. 2012). Improved MJO forecasting benefits

prediction of tropical cyclones extratropical weather regimes. The MJO affects precipitation in
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remote areas by modifying the strength of meridional overturning circulations (He et al. 2011) and

moisture transport.

west wave motion east
* = OBy * g
suppressed ﬁ{ suppressed
convection convection
\ 1
I

A - - ¢ A

low SST high SST low SST
a

J“

‘W

- Cyclonic

¥ <—  Gyres Behind

Figure 2.2 Schematic and 3D structure of MJO (Source: Chakraborty and Krishnamurti, 2003)

2.2.3 Subtropical Indian Ocean Dipole (SIOD)

Sea Surface Temperatures (SSTs) at a regional scale, vary over the Indian Ocean. They are also
well known to influence the inter-annual rainfall fluctuations over South Africa (Reason, 2001).
Subtropical Indian Ocean Dipole (SIOD) is the major climate mode in the Indian Ocean, controlling
the SST anomalies (Behera and Yamagata, 2001). The SIOD is significant at the inter-annual
scale during austral summer, and this climatic mode oscillates between two phases: positive and
negative phases (Reason, 2001). The positive phase is characterized by positive SST anomalies
at the south-western side of the Indian Ocean and negative SST anomalies at the south-east
(Australian side), while the reverse occurs during a negative phase (Behera and Yamagata, 2001;

Reason, 2001). The positive phase of the SIOD influences the positive anomalous rainfall over

12
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many regions in southcentral Africa, while the negative phase leads to negative anomalous rainfall
(Behera and Yamagata, 2001). Reason (2002), further highlighted that during the negative phase
of the SIOD, decreased precipitation is observed over the south-eastern part of South Africa
influenced by low-level divergence. Furthermore, decreased evaporation over the cold pole at the
south-west Indian Ocean during a negative phase lead to less moisture advection towards
Mozambique and south-eastern Africa (Reason, 2001). The negative moisture advection is
influenced by a high-pressure anomaly, produced above the colder SIOD pole side which

weakens the onshore flow to Mozambique and hinterlands.

2.3 Rain-bearing systems over South Africa

2.3.1 Tropical Temperate Troughs

Cloud bands resulting from Tropical—Extratropical (TE) interactions are common features in many
regions, typically presenting as an elongated region of cloudiness rooted in the tropics and
extending poleward and eastward into the mid latitudes (Hart et al., 2010; Hart et al., 2013) They
link up with upper-tropospheric frontal systems rooted in the mid-latitude westerly circulation
(Chikoore et al., 2015). Cloud bands convergence zones are usually tilted equator wards and are
linked with the Southern branches of the ITCZ. Over the South Africa, cloud bands are the major
synoptic rainfall-producing weather system during the summer (Harrison 1984; Phakula, 2018).
The spatial distribution of rainfall and low-level winds explain that TTT extends from Angola across
Botswana into the Limpopo Valley until they dissipate in SE of South African and adjacent ocean
(Figure 2.3) (Jury 2016). In previous studies, Mulenga, (1999) and Cretat et al., (2012) alluded
that these low-pressure systems are linked to the occurrence of intense rainfall, about 60% of

South Africa’s summer rainfall total.

Northeast winds usually convey moist air from the Indian Ocean into the cloud band. Cloud bands
always turn in a spiral from north-west to south-east towards the higher latitudes, thus they are
called North-West cloud band (Mulenga 1998). Furthermore, the structure of this weather system
in the Southern Hemisphere varies from simple to extremely complex and they are steered by the
large-scale westerly flow (Tyson and Preston-Whyte 2000). In most studies and observation,
rainfall distribution in southern Africa shows a clear correlation to cloud band occurrence
(Lindesay, 1988). TTTs were responsible for 52 extreme rainfall events from 1979-1999
(MacKellar et al., 2014).

13
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Figure 2.3. March 2014 rainfall (mm/day) from NW cloud bands over southern Africa (Source: GFS;

http://wxmaps.org/pix/af.vv.html).

2.3.2 Inter-Tropical Convergence Zone (ITCZ)

ITCZ is a region of pronounced convective activity in which tropical processes occur; a low-
pressure area where trade winds from both hemispheres converge, resulting in convective uplift.
Closed tropical lows and troughs form within the convergence zone (Tyson and Preston-Whyte,
2000). The system is associated with maximum global heating and descending of the motion over
the subtropical high-pressure belt, hence largely governed by the combination of insolation and
Hadley circulation (Chikoore, 2005). The movement of the ITCZ shows a clear annual cycle over
southern Africa. In summer, the troughs fluctuate southwards of the equator, and links with the
Angola low and produce widespread rains over the entire Limpopo valley interior, eastern parts
of South Africa. Ker et al., (1978) mentioned that it moves along rain belts, such as cloud bands,

which are important in producing rainfall to most areas.

The position of the ITCZ during summer season is also important for major river basins, such as
Zambezi, and Limpopo River. During the La Nina phase of ENSO, the ITCZ trough can extend
towards the tropic Capricorn (Mwafulira, 1999). Southern Africa receives abundant rainfall
between November and March, when the trough is south. In a normal southern African rainy
season, the ITCZ influence covers central Tanzania to southern Zimbabwe and north of South
Africa. They constitute a region of major latent heat release in the tropical atmosphere of southern

Africa. Unlike in winter, it migrates northwards of the equator (Kruger, 2006). The oscillation of
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the ITCZ during summer and winter seasons (Figure 2.4) is mostly influenced by pressure
changes south of Africa (Ker et al., 1978; Chikoore, 2005) and a mid-tropospheric anticyclone
system established over Botswana, pushing the ITCZ away.

ITCZ position during wet season ITCZ position during dry season
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Figure 2.4. Inter-Tropical Convergence Zone variation across Africa throughout the year. (Source: Ker et

al. 1978).

2.3.3 Cold fronts and Ridging Anticyclones

Cold fronts and ridging subtropical anticyclones are the most important systems in the western
and Eastern Cape during the winter season (Tyson and Preston-Whyte 2000). Driven by high
pressure systems, cold fronts are characterized by moving cold air from the southwest of the
Atlantic Ocean to south-east through the south coast of South Africa (Figure 2.5a). They occur
due to migration of weather systems all the time but bring rainfall during winter season (Figure
2.5a). Favorable conditions for convection are produced to the rear of the front, wherein
convergence at low-level in airflow with southerly component are at its peak (Mac Hutchon 2006).
Cold fronts are generally associated with distinctive cloud bands, which extends from the coast

to near inland.

The migration of the high-pressure system influencing rainfall over South Africa, are dominant
during June- July (Mac Hutchon 2006; MacKellar et al., 2013). The system is basically associated
with subsidence over much of the interior of southern Africa. They tend to be static for a length
of time on the southeast coast (Figure 2.5b) during winter. The nature of the high-pressure

system’s rotation, anticlockwise, enhances advection of warm moist (hooking-like motion) from

15

© University of Venda



()
=

C) University of Venda
Creating Future Leaders
@)

the Indian Ocean towards the coast and adjacent interior. Convection of moisture results in heavy
rains in areas such as Eastern Cape and some parts of Kwa-Zulu Natal (Tyson and Presto-Whyte
2000). Preston-Whyte and Tyson (1988) found that, both ridging highs and cold fronts
approximately account for 16-25% of total rainfall over the sub-region.
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Figure 2.5. Schematic representation of circulation (near-surface and 500hPa) associated with cold fronts

(a) and ridging anticyclones (b) over the south coast of South Africa. (Source: Mac Hutchon 2006).

2.3.4 Tropical cyclones

Tropical cyclones are intense, cyclonically rotating low-pressure weather systems that form over
the warm tropical oceans (Smith, 2006). The South West Indian Ocean (SWIO) and the
Mozambique Chanel are breeding grounds for tropical cyclones, influencing rainfall over South
Africa. An average of eleven tropical disturbances reaches the stage of tropical cyclone intensity
over the SWIO per year (Malherbe et al., 2013). Approximately 6% of tropical cyclones make
landfall over the adjacent subcontinent of southern Africa (Vitart et al., 2003). Such weather
systems make landfalls as they track westwards over the region, hence, they develop over the
Indian Ocean (Malherbe et al 2011) and account for widespread heavy rains and flooding over
the eastern parts of the southern African interior, including the Limpopo River Basin (Malherbe et
al., 2013).

The tropical cyclone season of 2011-12 had frequent cyclogenesis over the Mozambique Channel
resulting in heavy rains and flooding over low-lying and coastal areas of South Africa (Figure 2.6).
In the SWIO basin, the austral summer months of Jan-Feb have the highest peak for tropical
cyclogenesis (Chikoore et al., 2015). The occurrence tropical cyclones over the South Indian

Ocean positively correlates with the La Nina phase. Recent studies have been done to investigate

16

© University of Venda



()

o
- A
University of Venda

the shift and frequency of cyclones affecting southern Africa due to anthropogenic forcing and
climate change. For instance, Malherbe et al., (2013) used the CCAM model, forced with the bias-
corrected sea surface temperatures and sea-ice of six coupled global climate models (CGCMs).
A simultaneous increase in January to March rainfall over northern Mozambique and southern
Tanzania and a decrease further south over semi-arid areas such as the Limpopo River Basin
was projected. This also agrees with Muthige et al., (2018) who used 5 CORDEX regional climate
models to project shifts towards East Africa.

Figure 2.6. January- March 2012 storm tracks (Source: Chikoore et al. 2015).

2.3.5 Cut off lows

Cut-off lows are one of a major rainfall contributor in South Africa. They are deep low-pressure
systems, reaching its peak in the middle troposphere, where they form at 500 hPa steering levels
(Tyson and Preston-Whyte, 2000). This is when the upper air system separates from the principal
westerly flow of the mid-latitudes and it is generally said to be “cut-off” from its westerly flow,
forming a cut-off low (Molekwa, 2013). When the low is deep and extends towards the lower
troposphere, it forms a surface low (Figure 2.7). Strong winds and widespread heavy precipitation
are associated with such system (e.g. Mclnnes et al. 1992; Katzfey and Mclnnes 1996; Llasat et
al. 2007; Porcu’ et al. 2007). Thereafter, when the system weakens, precipitation becomes less
intense and ceases. However, it needs to be noted that the definition of the cut-off low weather
systems varies to some extent through literature. Here, it is defined as a low-pressure system that
separates from a planetary circulation that spins off autonomously as it is no longer linked to the
westerly wave (Tyson and Preston-Whyte 2000). This weather system is identifiable because it
loses all its momentum and can locate over a region for a number of days or propagate slowly
before dispersing. It is linked with instability in the atmosphere and prevailing convection

(Potgieter, 2009). It can also bring anomalous weather patterns over a region. It is one of the main
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drivers of damaging floods and consist of semi-annual variation (Molekwa, 2013). Its peak is from
March to May and September to November, with their lowest frequencies between December and

February (Singleton and Reason, 2007).

{ Ly WY,

70°

near-surface

Figure 2.7. 500 hPa and the near surface circulation with the vertical flow associated with a typical Cut-off

Low (Source: Preston-Whyte and Tyson, 1988).

2.4 Rainfall characteristics and their effects over South (ern) Africa.

2.4.1 Wet and dry spells

The intensity and frequency of rainfall distribution has an effect on wet and dry spells over
southern Africa. Largely the temporal distribution and the nature of these spells have a huge
impact for decision making on water resources, agriculture and rural communities (Cook et al.,
2004). Phakula, (2018) found that the timing and amount of rainfall determines the quality of rainy
season. For instance, the intense rains in northeast South Africa during February/March 2000
over northern South Africa and surrounding areas (Rouault et al., 2002; Kijazi and Reason, 2011).
Due to major parts of southern Africa being characterized by poor infrastructure and low socio-
economic development, the extreme weather event resulted in devastation to both people and
bridges, roads and other properties (Dyson and van Heerden, 2001). Wet and dry spells occur
when at least 3-4 consecutive days of having area-average rainfall totals which are above and
below 1 respectively (Usman and Reason, 2004). Extreme wet conditions are associated with wet
spell frequency and flooding while extremely dry conditions are associated with droughts. Dry

spells can be a measure of rainfall characteristics even during wet periods. Recent studies have
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argued that, due to the changing climate, the definition of wet and dry spells will be subject to
further debate. This is because rainfall intensity is projected to increase and frequency (no. of

days) to decrease, hence further shifting on normal summer rainfall months.

2.4.2 Onset and cessation

The onset and cessation of rainy seasons are regarded as the most critical rainfall characteristics
for agricultural activities, such that they play a major role in decision making (planting and variety
of choices)and strategizing for adaptation measures (Majisola, 2010). Usually the onset of the
summer rainy season over South Africa region occurs in October and towards early November,
although there are some variations on dates noted. Recent climate change studies have projected
a shift in onset to later, hence this may result in poor seasonal distribution and community planning
at large (Archer et al., 2017). Late onset and early cessation over southern Africa are normally
governed by EI Nifio episodes for instance 1991/92, 2014/15 2015/16 which lead to devastating
droughts, famines and loss of agricultural yields (Tadross, 205; Archer et al., 2017; Monyela,
2017).

2.4.3 Droughts

Southern Africa is susceptible to droughts due to its high inter-annual rainfall variability. Drought
is one natural hazard with a complex nature in both temporal and spatial scales and is often
difficult to monitor (Manatsa et al., 2010). For instance, severe drought events of 1991/92,
2002/03, 2003/04, 2014/15, 2015/16 resulted in devastating effects over northeast and
surrounding areas in South Africa. Most severe droughts that occur over South Africa are largely
influenced by either by the El Nino episode or regional anomalies (Reason et al., 2005). Droughts
have been classified into four different categories: agricultural, meteorological, socio-economic

and hydrological droughts and they are described as follows:

2.4.3.1 Meteorological drought

Meteorological drought is defined as on the basis of the degree of dryness, in comparison to a
normal or average amount and the duration of the dry period. It occurs from a month to seasons
and is distinguished by negative anomalous rainfall, which is influenced by large scale
atmospheric modes (e.g. ENSO and SIOD), and acts as a precursor to other different kinds of
droughts (Phakula, 2018; Monyela, 2017).

2.4.3.2 Hydrological drought

A hydrological drought refers to a persistently low discharge and volume of water in streams and

other storages. It is characterized by rainfall shortages over a long period of time (12-24 seasons
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to years) and it is manifested on surface water supply (Rouault and Richard, 2003; Monyela,
2017). It is a natural phenomenon, but may be influenced by human activities such as excessive
extraction. Also changes in land use may affect the magnitude of hydrological drought (Phakula,
2018).

2.4.3.3 Agricultural drought

An agricultural drought can be defined as a situation whereby there is no sufficient soil moisture
to support crop production (Tadross, 2005; Manatsa et al., 2010; Monyela, 2017). The time scale
for an agricultural drought to occur in weeks to months, for instance drought can happen if 2
weeks rainfall is low. (Rouault and Richard, 2003). A good definition of agricultural drought should
account for the susceptibility of crops during different stages of crop development. Deficit topsoil
moisture at planting may hinder germination, leading to low plant yield per hectare (Phakula,
2018).

2.5 Regional climate models and their most recent application over southern Africa

2.5.1 Advantages of RCMs

Recent climate change studies use a combination of GCMs and RCMs with the latter used to
obtain simulations of very high resolution on local scales. A number of RCMs developed across
the globe have been applied over Africa (e.g. Engelbrecht et al., 2011; Hewitson et al., 2012;
Kalognomou et al., 2013). Over smaller areas applications beyond the non-hydrostatic limit are
feasible (Dedekind et al., 2016), however these are mostly practical in the shorter timescales and
used to make weather simulations. In that regard the models are then termed numerical weather
prediction models, and the generic term to describe dynamically downscaled models is limited
area models. Higher resolution of RCMs provide avenues to improve climate simulations along
areas with complex topography and along coastal regions (Nikulin et al., 2012). It allows RCMs
to capture aspects of regional and local climate often missed in coarse resolution GCM
simulations. The traditional method of dynamical downscaling to produce climate simulations is
forcing RCMs with GCMs at their lateral boundaries, and this methodology is associated with a
number of problems for future projections. Another procedure that is used in dynamical
downscaling is the use of variable resolutions that provide high resolution over an area of interest,
and the resolution is lowered as one moves away from the area of interest (e.g. Engelbrecht et
al., 2015). Variable resolution global models such as CCAM may be advantageous because they

avoid the traditional lateral boundary value problems (Dedekind et al., 2016).
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2.5.2 Recent application of RCMs in southern Africa

Climate models have proven to be useful tools to detail climate simulations and a large community
of researchers worldwide are using these (Rummukainen, 2010). GCMs and their complements,
RCMs, are sophisticated numerical tools used to explore the climate system and understand a
variety of processes (Myra, 2015; Shalaby et al., 2017). These models solve complex
mathematical equations using numerical methods, and are often run on super computers
(Trenberth, 1992; Myra, 2015). The main equations that are solved by these models represent
conservation of energy, mass and momentum (Figure 2.8) of the atmosphere (Giorgi and Mearns,
1991; Fesser et al., 2011). RCMs are forced along lateral boundaries by either GCM or reanalysis,

and this method has several strengths and shortcomings (Rummukainen, 2010).

In the Southern Hemisphere, climate communities have lagged behind in regional climate
modelling activities when compared to other users in different regions of the world. In particular
Africa, research focused on climate modelling has been minimum due to a number of factors.
These include lack of computational facilities, lack of human resources, capital and inadequate
climate data (Myra, 2015). Dynamical downscaling technique efforts over southern Africa started
in the late 20" century. The initial activities were the nesting of CSIRO-DARLAM in a global
climate model over the domain of southern Africa. This study showed that a limited area model
could capture patterns of observed rainfall notwithstanding some biases and improve the

climatology simulation of the global climate model (Joubert et al., 1999).

The ability of RCMs to simulate important atmospheric features and large-scale modes of
variability influencing the southern African climate has gained traction by numerous studies. For
instance, Engelbrecht et al., (2009; 2011; 2015) explored with a variable resolution global model
Conformal-Cubic Atmospheric Model CCAM and illustrated the capability of the CCAM as a
downscaling tool at the climate-change time scale. The procedure involved applying CCAM in
stretched-grid mode over southern and tropical Africa to obtain simulations of approximately 60
km resolution (Figure 2.9). The resolution decreased to about 400 km in the far-field. All
simulations were performed on the Centre for High Performance Computing (CHPC) cluster in
South Africa. The model captured the west-east gradient in rainfall distribution over South Africa
well, and the relatively dry conditions that occur in a zonal band stretching from Botswana to the

Limpopo River basin of South Africa and Zimbabwe (Engelbrecht et al., 2015).
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Early studies of the CORDEX-Africa project have focused on the models ability to simulate the
spatial and temporal variability of rainfall over southern Africa. The findings (e.g. Kalognomou et
al., 2013) have proved that the RCMs are important in providing useful information and add value
to their driving boundary condition data. Several CORDEX studies alluded the importance of
ensemble mean which generally outperformed individual RCMs. For instance, Nikulin et al. (2012)
showed the individual RCMs which exhibited wet or dry biases over ensemble. The biases that
occurred in these studies were linked to the model configuration and simulation of moisture
transport over the region (Myra, 2015). Although, the individual model captured important aspects
of El Nino and La Nina that influence rainfall over the region.

Recent results produced for the South African Weather Service (SAWS) (2017) climate change
atlas, using a 9 member-ensemble mean of RCA4 RCM, showed simulated values that were more
realistic in the west, although rainfall was lower than observed in the Cape Town region. Also, the
models were able to capture changes over large landscape, thus the Great Highlands of Lesotho
which also influences rainfall in South Africa. Shongwe et al. (2014) found the CORDEX models
performing well in rainfall simulation of monthly austral summer seasons. The study noted some
biases occurring in some models. The RCMs were able to simulate the spatial migration of the
seasonal rainfall and Interannual variability. Other studies have examined the ability of the
ensemble to capture patterns in the frequency and intensity of precipitation extremes (for
example, Kjellstrom et al.; 2013 Pinto et al., 2013). There is high confidence that the maturing of
CORDEX initiatives will improve and strengthen the quality of individual model simulations and

future projections.
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Figure 2.8 GCM output driving a RCM to simulate local conditions (ocean, mountain ranges and land

surface) in 3-D at high resolution in greater detail (Source: Myra, 2015).

Figure 2.9. C64 stretched conformal-cubic grid over Southern Africa and tropical Africa. The resolution is
about 60 km over the area of interest and decreases to about 400 km in the far-field (Source: Engelbrecht

et al 2011).
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2.6 Emission scenarios

Emission scenarios are different pathways that can be followed resulting in different
concentrations of GHGs depending on the commitments (or lack) by different governments to
reduce emissions into the atmosphere. The scenarios are based on an extensive assessment of
driving forces (IPCC, 2013). Population growth coupled with the use of resources play a major
role in driving the rate of carbon dioxide, Methane and Nitrous oxide emissions into the
atmosphere. The Special Report on Emissions Scenarios (SRES) scenarios were used in AR4
(IPCC, 2007) and they are as follows;

e AlFI — high end of range - where a rapid rate of temperature change is driven by a
continued dependence on fossil fuels and rapid economic growth throughout the next
century.

e A2 —upper mid-range - for a very heterogeneous world where economic development is
regionally-oriented and economic growth and technological change are relatively slow.

e B2 -lower mid-range — where the emphasis is on local solutions to economic, social, and
environmental sustainability with less rapid and more diverse technological change.

e B1 - low end of range — where the focus is on global solutions to economic, social and
environmental sustainability. Clean, efficient technology is introduced but no specific

climate initiatives are taken.

Representative Concentration Pathways (RCPs) are an important development in climate
research and provide a foundation for emissions mitigation and impact analysis (Hijioka et al.,
2008; Jubb et al., 2013). They facilitate the exchange of information among physical, biological
and social scientists. Development of the RCPs also brings together a diverse range of research
communities that will help create fully integrated Earth-system models that include representation
of the global economy and society, impacts and vulnerabilities. Wayne (2013) alluded that RCPs
are meant to provide information on all components of radiative forcing that are used as inputs in
climate modelling and atmospheric chemistry modelling and they should cover a period of up to
2100. The major difference between RCPs and SRES is that, the latter was based on socio-
economic futures while RCP focused on radiative forcing projection and makes assumptions

about future population, GDP, energy use (Wayne, 2014).

There are four RCPs named according to radiative forcing target level for 2100. The radiative
forcing estimates are based on the forcing of greenhouse gases and other forcing agents (Van
Vuuren et al, 2011; Chaturvedi, et al., 2012). These are RCP 2.6, RCP 4.5, RCP 6 and RCP 8.5
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(Figure 2.10). The development of RCP 8.5 using the MESSAGE model and the International
Institute for Applied Systems Analysis (IIASA) simplified future climate projections. It is
characterized by assumptions of uncontrolled/ low mitigation emission of greenhouse gas over
time (Riahi et al., 2007). It aggregates assumptions of slow income growth coupled high
population and uncertain rates of technological change and energy intensity improvements
resulting of excessive emission of GHG.

The RCP6 was developed by the AIM modeling team at the National Institute for Environmental
Studies (NIES) in Japan (Fujino et al., 2006). It is a stabilization scenario in which total radiative
forcing is stabilized shortly after 2100, without overshoot, by the application of a range of
technologies and strategies for reducing greenhouse gas emissions (Hijioka et al., 2008). The
RCP 4.5 is a stabilization scenario in which total radiative forcing is stabilized shortly after 2100,
without overshooting the long-run radiative forcing target level (Clarke et al., 2007). The emission
scenario was developed by the GCAM modelling team at the Pacific Northwest National
Laboratory’s Joint Global Change Research Institute (JGCRI) in the United States (Thompson et
al., 2011).

The RCP2.6 was developed by the IMAGE modeling team of the PBL Netherlands Environmental
Assessment Agency. The emission pathway is representative of scenarios in the literature that
lead to very low greenhouse gas concentration levels. Wise et al, (2009) described the scenario
as peak-and-decline. This is because, its radiative forcing level first reaches a value of around
3.1 W/m2by mid-century, and returns to 2.6 W/m2 by 2100. In order to reach such radiative forcing

levels, greenhouse gas emissions are reduced substantially, over time (Van Vuuren etal., 2007a).
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Figure 2.10. Projections of radiative forcing under different emission scenarios_SRES and RCPs (Source:

Van Vuuren et al., 2011).

Table 2. 1 Description of Different RCP Scenarios for the Fifth Assessment Report (AR5) (Source:

Chaturvedi, et al., 2012).

RCP Description

RCP2.6 Radiative forcing level first reaches a value of around 3.1 W/m?® returning to 2.6 W/m®
by 2100. Under this scenario greenhouse gas emissions and emissions of air pollutants
are reduced substantially over tume.

RCP4.5 Stabilization scenario where total radiative forcing is stabilized before 2100 by
employing a range of technologies and strategies for reducing greenhouse gas
eMmissions.

RCP6.0O Stabilization scenario where total radiative forcing is stabilized after 2100 without
overshoot by employing a range of technologies and strategies for reducing greenhouse
2as emissions.

RCPS.5 Characterized by increasing greenhouse gas emissions over time representative of
scenarios in the literature leading to high greenhouse gas concentration levels.

2.7 Summary

This chapter presented a review on previous studies relevant to the investigation of rainfall

variability and projected future changes using climate models. Rain-bearing systems affecting

South (ern) Africa, together with large scale circulation patterns that drive the systems were

reviewed. The chapter summed up by reviewing models and different methodologies used by

previous scholars to assess rainfall on a changing climate at given emission scenarios over

Southern Africa. From the review it can be said that:

Subtropical highs drives moisture fluxes onto the South African region via trade winds.
The development and usage of climate models has enhanced the exploration and
understanding variety of processes of climate systems.

CORDEX RCMs can provide useful information to their driving boundary condition data.
Single best model combination are significantly better for a single variable (e.g.

precipitation) than mean ensemble model for future projection.
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Emission scenarios prescribe GHG emissions pathway for the future, hence climate
models use these emissions pathway to project the future climate.
Rainfall projections over the region is dominated by high degree of uncertainties and more

focus and thorough research needs to be done.
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CHAPTER 3: METHODOLOGY

3.1 Introduction

This chapter provides a full description of datasets, different models and methods of analysis
used in this study. Analyzing data is important for obtaining maximum information for
interpretation of climate dynamics (Mulenga 1998). The datasets employed in this study were
acquired from global and regional climate centers and archives. A framework showing model
forcing was then provided, GHG concentration pathways scenarios used in the study are outlined.
Observations, reanalysis and model simulations span from 1976-2005 and model projections from
2006-2065.

3.2 Datasets and time periods

Precipitation is the principal variable of focus in this study. Future projections are analyzed for two
30-year periods, extending from near future (2006-2035) and far future (2036-2065), using a
suitable model selected from the validation and verification process against present-day (1976-
2005) climate. Models simulated long-term annual and seasonal (averages and total
accumulations), to generate future projected changes. Seasonal projections were considered;
December-January- February (DJF), March-April-May (MAM), June-July-August (JJA) and
September-October-November (SON). Annual and seasonal rainfall projections are expressed in

percentages.
3.3 Observational and Reanalysis Datasets

3.3.1 Global Precipitation Climatology Centre (GPCC).

GPCC precipitation data is measured by conventional (rain) gauge networks only over the global
land-surface (Figure 3.1) (Schneider et al., 2011; Schneider et al., 2018). It plays a crucial role in
the International research community with provision for monthly precipitation analyses, based on
in-situ observed data (Barrett et al., 1994; Schneider et al., 2011; Becker et al., 2012). The
GPCC’s mandate is to accurately and effectively serve the user requirements with gridded
precipitation availability (Rudolf et al., 2011). In comparison with satellite observations, rain-
gauge-based data are not subject to larger biases (Schneider et al., 2011), hence adjustments,
validations and verifications are very minimal. However, the usage of gauge- observed gridded
data may have systematic measurement errors and incomplete observations (Rudolf et al., 2011).
Gauge-observed gridded precipitation is available from 1901 — present, at different spatial
resolutions, these are, 2.5° x 2.5°, 1.0° x 1.0°, 0.5° x 0.5° and 0.25° x 0.25° (Rudolf et al., 2011;
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Schneider et al., 2011). In this study, GPCC is analyzed from 1976-2005 (present day) at a spatial
resolution of 0.5° X 0.5° based on station data and also used to evaluate the simulations of models.

Figure 3.1 A example of climatological mean precipitation over the global-surface for July based on GPCC'’s

0.5°x 0.5° resolutions on the period 1950-2000 (Source: Schneider et al.,2018).

3.3.2 NOAA GHCN_CAMS Land Temperature Analysis

It is a station observation-based global land monthly mean surface air temperature dataset at
latitude-longitude of 0.5°x 0.5° resolution, available from 1948 to present. It was developed
recently at the Climate Prediction Center, National Centers for Environmental Prediction (CPC,
NCEP). The data set tends to be different from some already existing surface air temperature
data sets, such that it combines Global Historical Climatology Network version 2 and the Climate
Anomaly Monitoring System (GHCN + CAMS) station observed datasets (Fan and Van der Dool
2007). For quality control purposes, the data is regularly updated in near real-time using
interpolation methods. This dataset can capture most common temporal-spatial features in the
observed climatology and anomaly fields over both regional and global domain (Fan and Van der
Dool, 2008). This monthly mean surface air temperature data set is applied to verify the

performance of model’s simulation for future projections.
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3.3.3 Geopotential height

Geopotential is defined as the work that must be done against the earth’s gravitational field to
raise a mass of 1 kg from sea level to that point (Knapp and YIN, 1996). At a particular point in
the atmosphere geopotential height depends only on the height of that point and not on the path
through which the unit mass is taken in reaching that point. It is used as the vertical coordinate in
most atmospheric applications in which energy plays an important role. Geopotential height is
used as a function of pressure, because it makes calculations more convenient (Driver, 2014). A
plot of geopotential height for a single pressure level shows the troughs and
ridges, highs and lows, which are typically seen on upper air charts. Thickness between
difference pressure levels such as, 850 hPaand 1000 hPa heights are proportional to
mean virtual temperature in that layer. Contours may also be used to calculate the geostrophic
winds. The relation, in Sl units, between the geopotential height Z and the geometric height z. In
this study, mean geopotential height is analyzed for model validation and future prediction, at

500hPa over southern Africa.

3.3.4 Specific humidity

Specific humidity is the ratio of water vapor mass (m,) to the air parcel's total mass (m,) and is
referred to humidity ratio (Smith et al., 1999). The SI units of measurement are grams of water
vapor per kilogram of air. Given that weight is not significantly influenced by temperature or
atmospheric pressure, specific humidity is much more useful as a measure of humidity. Specific
humidity is an extremely useful quantity in meteorology, for example, the rate of evaporation of
water from any surface is directly proportional to the specific humidity difference between the
surface and the adjoining air. Furthermore, the specific humidity does not vary as the temperature
or pressure of a body of air changes, as long as moisture is not added to or taken away from it
(Smith et al., 1999). In this study specific humidity is also used to validate models on the present

climate and future projections at near-surface (850hPa).

3.3.5 Evaporation flux

Evaporation is a process wherein liquid transforms to a gaseous state at an unrestricted surface
and below the boiling point through the transfer of heat energy (Monteith, 1981). It also requires
that the humidity of the atmosphere is less than the evaporating surface. Evaporation occurs
owing to surface temperature, diffusion, convection or wind action. The process of convection
usually occurs when water is warmer than the surrounding air. The rate per unit area ah which
water vapor leaves the wet surface depends upon the properties of the overlying air and the

supply of heat to the evaporating surface (Akerman, 1975). The equation is outlined as follows:
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Ef=C (ew —ea) (Equation 3.1)
- Where Ef = evaporation flux (mm/day)
C = a constant
ew = the saturation vapor pressure at the water temperature in mm of mercury
ea = the actual vapor pressure in the air in mm of mercury.

In this study, evaporation flux is analyzed to determine the significant changes in a future changing

climate.

3.4 CMIP5 _GCMs description

CMIP5 ensembles includes both Coupled Atmospheric General Circulation Models (AOGCM) and
Earth System Models (ESMs) called here for brevity simply Global Climate Models (GCMs). The
data is available through the ESGF website; https://esgf-node.linl.gov/search/esgf-linl/. A GCM is
a comprehensive climate model that combines the atmosphere and ocean general circulation
models, together with land and ice components (Solomon et al., 2007; Watanabe et al., 2010;
Collins et al., 2011; Giorgetta et al., 2013). The global models provide a unique way of modeling
the global climate. GCMs have become more useful and important tool in recent decades in
addressing the issue of climate change (Watanabe et al., 2010). However, these global models
contain errors in various fields such as precipitation, land and sea surface temperatures. The
widely used solution to such errors is to increase the resolution quality, thus from a global to a
regional level (downscaling) to an extent of analyzing small-scale variables (Shaffrey et al., 20
09; Watanabe et al., 2010). In this study, the 5 selected GCMs of different low resolutions
included; HadGEM2-ES, MIROCS5, GFDL-ESM2M, MPI-ESM-LR and CNRM-CM5 (Table 3.1) are

further described below;
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Table 3. 1 Summary of GCMs, Institutes and their resolutions as used in the study.

MIROC5S CCCMa (Canada) 1.4°X1.4° Watanabe et al., (2011)
CNRM-CM5 CNRM-CERFACS(France) 1.4°X1.4° Voldoire et al., (2013)
MPI-ESM-LR MPI-M(Germany) 1.9°X1.9° llyina et al., (2013)
GFDL-ESM2M | GFDL (USA) 2.0°x2.5° Dunne et al., 2012
HadGEM2-ES Hadley Centre (UK) 1.8°x1.2° Collins et al., 2011

3.4.1 Hadley Centre Global Environment Model 2- Earth Systems (HadGEM2-ES)
The usefulness of climate projections depends on the accuracy and comprehensiveness of
climate system. The HadGEM2 was designed for simulating and understanding the centennial
scale evolution of climate (Collins et al., 2011). Within the HadGEM2 family, Earth Systems (ES)
refer to a set of models that describe the physical, biological chemical, processes within the
atmosphere and the oceans and terrestrial, Figure 3.2 (Cox et al., 2000; Collins et al., 2011; Martin
et al., 2011). The particular ES model used in this study is of terrestrial and oceanic ecosystems.
The system’s configuration of the ES was the first to be run without the need of flux correction in
the Met Office Hadley Centre, unlike the HadGEML that used artificial corrections (Cox et al.,
2000; Jones et al., 2006; Martin et al., 2011). In climate models, ES allows the calculation of the
impact of climate change on atmospheric composition with consistency and allows the
incorporation of biogeochemical, feedbacks of climate external forces (Collins et al., 2011). The
HadGEM2-ES used in this study is of 1.875° x 1.25° resolution in longitude and latitude.
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Figure 3.2 HadGEM2-ES interconnected feedbacks (Source: Collins et al., 2011)

3.4.2 Model for Interdisciplinary Research on Climate Version Five (MIROC5).

The Model for Interdisciplinary Research on Climate (MIROC), was developed jointly at the Center
for Climate System Research (CCSR), University of Tokyo; National Institute for Environmental
Studies (NIES); and Japan Agency for Marine-Earth Science and Technology (Watanabe et al.,
2010). A new version of MIROC5 was developed based on MIROC3, but with improved
atmospheric, ocean, sea-ice, land ESM components. Several previous studies, identified the
MIROCS of having improved features such as precipitation, equatorial cover, subsurface fields,
and El Nino simulation and corresponded with satellite measurements that the previous
MIROC3.2 model (Watanabe et al., 2010; Yamazaki et al., 2009; Hurt et al., 2009).

3.4.3 Geophysical Fluid Dynamics Laboratory (GFDL-ESM2M)

GFDL scientists played an important role in the development of two new global coupled carbon—
climate Earth System Models (ESM), ESM2M and ESM2G from the previous CM2.1; to enhance
our understanding the Earth’s biogeochemical cycle and human'’s interaction with the atmospheric
systems (Delworth et al., 2005; Dunne et al., 2013). ESM’'s components include physical features
such as; aerosols, cloud physics and precipitation. NOAA GFDL-ESM, pressure based vertical
coordinates are used along the development path of GFDLs Modular Ocean Model Version 4.1.

In the study, the model used the atmospheric grid resolution of 2.0225° x 2.5° latitude and
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longitude respectively. The fully coupled free running climate model ESM2M has some slight
differences with ESM2G such that, ESM2M has a stronger biological carbon pump than ESM2G
and reduced nutrient and oxygen biases in the southern and tropical oceans (Dunne et al., 2012,
2013). For this study, GFDL climate model amplified the understanding of climate variability and
change at different timescales for effective future climate prediction.

3.4.4 Max-Planck-Institute Earth System Model-Low Resolution (MPI-ESM-LR)

MPI-ESM is a new version of the global Earth system model developed at the Max-Planck Institute
for Meteorology in Hamburg, Germany. It is based on different Earth Systems Models (ESM)
components of ECHAM6, MPIOM, JSBACH and HAMOCC for atmosphere, ocean, terrestrial and
ocean’s biogeochemistry respectively (llyina et al., 2013; Jungclaus et al., 2013; Stevens, 2013),
OASIS3 being the coupler program that aggregates, exchanges fluxes and interpolates variables
(Giorgetta et al., 2013). Previous researchers (e.g. Giorgetta et al., 2012; Giorgetta et al., 2013
and Hagemann et al., 2013) used ESM with a Low Resolution (LR) on ocean and terrestrial
components. MPI-ESM in the Low Resolution (LR) configuration with the atmosphere in spectral
truncation of T63 and 47 vertical levels at a relatively low resolution of 1.9° x 1.9° is used in this

study.

Carbon

Enqw -

'3 F \ ' o
ECHAIVID

HAMOCC MPIOM

MPI-ESM

Figure 3.3 Schematic view of MPI-ESM and its components in the colored boxes (Source: Giorgetta et al.,

2013).
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3.4.5 Centre National de Recherches Me'te’orologiques-Climate Model Version 5
(CNRM-CM5)

CNRM-CM is a fundamental tool of enhancing our understanding of the climate system,
performance of seasonal forecasts and future simulations on a changing future climate (Salas y
Melia., 2002).Prior to the IPCC 5™ Assessment report, the CM5 was developed after CM3, jointly
by the Centre National de Recherches Mete”orologiques— Groupe d’e tudes de I'’Atmosphe ‘re
Me’te orologique and Centre Europe”en de Recherche et de Formation Avance’e (CNRM- GAME
and CERFACS) to provide an improved and updated climate model (Lucarini and Ragone., 2011,
Voldoire et al., 2013). The CM5 gained popularity amongst other CNRM-CM models because it
had variety component models within it. These component models include; ARPEGE, SURFEX,
NEMO, GELATO and TRIP, representing the atmosphere, land-surface, ocean, sea-ice and river
routing respectively (Voldoire et al., 2013). When compared with other CNRM-CMs, the CM5 has
an improved horizontal resolution, new radiative scheme, improved ozone and aerosols treatment
in the atmosphere (Salas y Melia., 2012). With regard to the surface climate, done by previous
work done by Salas y Melia., (2012) Lucurini and Ragone., (2011), Voldoire et al., (2013), the
CM5 model showed a considerately decrease hence improvement in root mean square error and
mean biases. Therefore, in relation to this study, the CNRM-CM5 well suits the investigation of

rainfall variability and change, due to the benefits it has over other CNMR-CM models.

3.5 CORDEX-Africa RCMs description

The use of RCMs to present appropriate spatial and temporal resolutions, reduces the uncertainty
of future climatic projections because of its finer resolution than output from GCMs (Shalby et al.,
2017). The spatial resolution of GCM is relatively coarse especially if applied to simulate climate
change projections at a provincial scale such as South Africa. For this study, to address the
limitations of spatial scale, RCMs dynamically downscale the global resolution onto a regional
scale to present future climate information of South Africa. The downscaling obtained was
assigned and forced across its lateral boundaries by 5 different GCMs, figure 3.4. The 3 RCMs
(REMO2009, RCA4, and CCLM4-8-17) output simulations were conducted as part of the
Coordinated Regional Downscaling Experiment (CORDEX)-Africa framework. The spatial grid
resolutions of the CORDEX-Africa RCMs were set to longitude 0.44° and latitude
0.44°(approximately 50 km by 50 km latitude and longitude) (Luhunga et al., 2016).
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Table 3. 2 Summary of the three Regional Climate Models used in the study.

REMO2009 (v1) Helmholtz-Zentrum Geesthacht, Climate Service | Jacob et al. (2012
Center, Max Planck Institute for Meteorology (MPI-
CSC)

RCA4 (v1) Swedish Meteorological and Hydrological Institute, | Samuelsson et al.
Rossby Centre (SMHI) (2011)

CCLM4-8-17 (v1) Climate Limited-area Modelling Community (CLM- | Panitz et al. (2014)
Community, CLMcom)

3.5.1 Regional MOdel 2009 (REMO 2009)

The regional climate model REMO was developed at the Max Planck Institute for Meteorology in
Hamburg and is based on parts of the German Weather Service EM-DM model (Rockner et al.,
2003). It is a limited-area three-dimensional model atmospheric circulation model. The most
recent hydrostatic version of REMO2009 was developed over Europe using ECHAM4 physical
parameters (Jacob et al., 2012). In this study REMO2009 formed part of the CORDEX framework
and dynamically downscaled the HadGEM2-ES, GFDL-ESM2M, MPI-ESM-LR and MIROCS5 to a

finer resolution to project rainfall in South Africa.

3.5.2 Rosshy Centre regional model version 4 (RCA4)

The Rossby Centre of the Swedish Meteorological and Hydrological Institute (SMHI) has been
developed and applying climate models since 1997 (Jones et al., 2011; Kiellstrom et al., 2016).
RCAA4 is the latest version and the predecessor of RCA3 model and it has been run over different
CORDEX domains. It is a coupled model based on numerical weather predictions (NWP) model
called High Resolution Limited Area Model (HIRLAM). The primitive equation hydrostatic model
uses a terrain following hybrid vertical coordinate (Giorgi and Gao, 2018). The model provides a
scientific foundation for climate change modelling. In the study, RCA4 downscaled CNRM-CM5,
MPI-ESM-LR, GFDL-ESM2M, HadGEM2-ES and MIROCS5 and forced across lateral boundaries.
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3.5.3 COSMO-Climate Limited-Area Modeling (CCLM4)

Developed initially by the German Weather Service and then by the European Consortium
COSMO, the non-hydrostatic aimed at forecasting weather systems at high resolution (Rockel
and Geyer, 2008). It provides flexible tool for different applications at favorable resolutions. The
RCM COSMO CLM was later developed by the CLM-Community, in collaboration with CMCC.
Bohm et al., (2006) alluded that, the model can be used with a spatial resolution between 1 and
50 km, regardless formulation of the dynamical equations in LM making it eligible for use at
horizontal grid resolution lesser than 20 km. With respect to other regional models, the CCLM
version 4 tends to continuously develop and validate meteorological versions allowing great
improvement in the codes adopted in the climate studies. In this study, CCLM4 model downscaled
2 GCMs; HadGEM2-ES and MPI-ESM-LR.

3.6 GHG concentration pathways

Global atmospheric concentrations of greenhouse gases have significantly increased since the
pre-industrial era, which is the main reason for global warming (Yang et al., 2012). The
Representative Concentration Pathways (RCPs) form a set of greenhouse gas concentration and
emissions pathways designed to support research on impacts and potential policy responses to
climate change. RCPs are a number of four greenhouses gas concentrations paths adopted in
the 5" Intergovernmental Panel on Climate Change Assessment Report 5 (IPCC-AR5) and
precisely used in research and climate modelling (Moss et al., 2010; Van Vuuren et al., 2011a).
RCPs describe four possible climate projections and they can be considered possible depending
on how much greenhouse gases will be emitted in future. The four climate futures are RCP 2.6,
RCP 4.5, RCP 6, and RCP 8.5. These RCPs consist of a possible range of scenarios for radiative
forcing projections towards the year 2100. RCPs predict possible future changes in the earth’s
climate. Four important reasons for RCPs development include (Van Vuuren et al. 2011): covering
a wider range of greenhouse gas (GHG) concentrations, a need for a wider set of parameters,
scenarios covering mitigation and adaptation issues and the use of more recent insight into trends
in scenario drivers. In this study, RCPs for a low mitigation resulting in high baseline greenhouse
gas concentrations (RCP 8.5) and for to low mitigation (RCP 4.5) climate change are used to

determine the likely future climate of South Africa.

RCP 8.5 was developed using the MESSAGE model and the IIASA Integrated Assessment
Framework by the International Institute for Applied Systems Analysis (IIASA). This RCP is
characterized by increasing greenhouse gas emissions over time, representative of scenarios in

the literature that lead to high greenhouse gas concentration levels (Riahi et al, 2007). RCP 4.5
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was developed by the GCAM modelling team at the Pacific Northwest National Laboratory’s Joint
Global Change Research Institute (JGCRI) in the United States. It is a stabilization scenario in
which total radiative forcing is stabilized shortly after 2100, without overshooting the long-run
radiative forcing target level (Clarke et al., 2007; Wise et al., 2009).

Scenarios describe plausible trajectories of different aspects of the future that are constructed to
investigate the potential consequences of anthropogenic climate change (Van Vuuren et al 2011).
Scenarios represent many of the major driving forces - including processes, impacts (physical,
ecological, and socioeconomic), and potential responses that are important for informing climate

change policy. Scenarios for AR5 can also specify a process (IPCC, 2013).

3. 7 Analysis Methods

3.7.1 Pearson correlation coefficient

The Pearson correlation coefficient is a degree of association between two variables (Asuero et
al., 2006; Hall 2015), alluded that, when conducting a statistical test between two variables, it is
advisable to conduct a Pearson correlation coefficient value to determine just how strong the
relationship is between the given variables. Generally, the coefficient value ranges between 0 and
1.00, hence if a value lies on the negative range, it means weak correlation and vice versa. In this

study, correlation coefficient is used as a useful tool in model’s validation for annual rainfall.

3.7.2 Standard Deviation (SD)

SD is a measure that is used to quantify the amount of dispersion of a set of data values (Wachs,
2009). A low standard deviation indicates that the data points tend to be close to the mean of the
set. Hence, a higher standard deviation indicates that the points are spread out over wide range
of values. It is also the square root of the variance. In this study, models are statistically validated

on annual basis. The formula for standard deviation is:

IVY (2 — )

I

(Equation 3.2)

L1 u:2") are the observed values of the sample items, . is the mean value of these

Where: (

observations, and N is the number of observations in the sample.
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3.7.3 Root Mean Square Error (RMSE)

The RMSE has been used as a standard statistical metric measure model performance in several
studies such as air quality, meteorology and climate research studies (Chai and Draxler, 2014).
It measures average deviation from the true value, hence it cannot be calculated unless the true
value is known (Chimbala, 2014). Usually it is expressed as a percentage error, multiplied by
100%. RMSE acts a standard metric for model errors.

n 2
\ n (Equation 3.3)

Where: F = projected values

:O,- = observed values

3.7.4 Case study Approach

Case study involve an in-depth place/event-based research that focuses on a particular exposure
unit. Through events of past events, it allows the exploration and understanding of complex issues
(Zainal, 2007). It can be considered a robust research method particularly when a holistic, in-
depth investigation is required. It has become a prominent tool in climate research (Crowe et al.,
2011). In some case studies, an in-depth longitudinal examination of a single case or event is
used. Harrison et al., (2017) alluded that, examination provides a systematic way of observing
the events, collecting data, analyzing information, and reporting the results over a long period of
time. For this study, the approach was used to investigate the performance of models on
simulating geopotential height at 500 hPa for (1991/92) and 1999/00 extreme weather events,

thus, (dry spells) and wet spells over South Africa.
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3.7.5 Trends analysis

A trend is a significant change over time exhibited by a random variable, detectable by statistical
parametric and non-parametric procedures (Longobardi and Villani, 2010). Trend analyses, on
different spatial and temporal scales, has been of great concern during the past century because
of the attention given to global climate change from the scientific community. In this study time
series are aggregated for inter-annual variability to assess the changes in rainfall 1976-2005 for
baseline comprising of GPCC observations and model outputs and future trends which will include
the best model from the validation phase. The trend analysis is constituted within a time series

which is calculated as follows;

» Trend (Tt) - long term movements in the mean
» Cycles (Ct) - other cyclical fluctuations

» Residuals (Et) - other random or systematic fluctuations

The technique applies these elements to create separate models and the trend analysis is given
by Xt =Tt + It + Ct + Et or multiplicatively Xt = Tt x It x Ct x Et.

3.7.6 Anomalies analysis

Anomalies are deviations from what is standard or normal (Hansen et al., 2012). They allow more
accurate descriptions over larger areas than actual fields and also provide a frame of reference
that allows easier analysis. Standardized inconsistencies may likewise be dictated by dividing
anomalies with the long-term standard deviation. Values can be either positive or negative. The
positive values indicate an above normal distribution while negative values indicate below normal.
In this study, anomalies are used to analyses future changes of rainfall, temperature (annual and

seasonal mean).

3.7.7 Composite analysis

Composite analysis is used in climatological studies to show common occurrences and
characteristics for selected years or seasons investigated. The technique is similar to correlation
analysis, as it shows better trends as compared to trends shown by individual cases (Chikoore,
2005). It is a technique used for studying structures of synoptic disturbances by displaying
common features for a group of cases, which are not easily identified by individual cases as it
depicts relationships within meteorological variables (Keshavamurty and Rao, 1992). In the
current study, composite rainfall patterns associated with extreme weather events (dry and wet

spells) over South Africa are analyzed from 1976-2005.
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3.8 Grid Analysis Display System (GrADS)

Grid Analysis and Display System (GrADS) was developed by the Centre for Ocean-Land
Atmosphere Studies (COLA). GrADS is a visualization tool or software that allows for displaying
and manipulating earth science data. It can be used on binary, GRIB, NetCDF and HDF-SDS
formats. All observed and reanalysis fields plots in this study are visualized using GrADS. The
visualization tool was also used to map, model simulations as well as future projections. Several
studies (e.g. Zhao and Dirmeyer, 2004; AWS, 2017), used GrADS for plotting spatial maps,
therefore this study also used the system.

3.9 Summary

This study endeavors to answer the key research questions and use the outlined methodology
to provide the final results and outcomes. It considers the specific objectives outlined in the study
and the improvements done by other researchers in this field and other related hydro-
meteorological fields that can contribute in understanding the variability and change of rainfall
over the region. Daily precipitation, daily surface temperature, geopotential height at 500hPa
model’s data were extracted from https://esgf-node.linl.gov/search/esgf-linl/. 5 GCMs that
provide lateral boundaries for 3 RCMs are described, as well as the RCMs, including their
resolutions. Correlation co-efficiency, standard deviation and root mean square error are used
for model validation calculated on Microsoft Excel. Grid Analysis Display System GrADS was

used to visualize spatial, interpretation spatial maps for present-day and future projections.
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CHAPTER 4: MODEL VALIDATION

4.1 Introduction

Climate models have proven their skill in reproducing past observations which provides
confidence that at least part of the climate system is well described (Bellprat et al., 2013). It is
important to first verify present-day model simulations against observations before any future
climate projections can be done. This is because, one can argue that if model (s) performs well
in reflecting observed climate in its present-day simulations, then the model may also perform
well in future climate projections. In this study three Regional Climate Models (RCMs) with a
horizontal grid spacing of about 0.4° forced with 5 different CMIP5 GCMs forming part of the
CORDEX-Africa framework are analyzed. One RCM, RCA4 was forced with all five GCMs, while
REMO2009 was nested within four of the GCMs. CCLM4-8-17 was nested within three of the
GCMs. The models are individually evaluated by comparing present day climate with observations
and reanalysis fields. The validation process focuses on the ability of models to reproduce the
spatial and temporal variation of climate variables such as rainfall against observations in South
Africa. A multi model comparison is performed in this chapter to investigate whether the model(s)
are reliable and produce confident results that are consistent with observational and reanalysis
data. This study also compares simulations forced with the same GCMs, versus simulations made
with the same RCM but forced with different GCMs to investigate the biggest source of uncertainty

in the simulations.

4.2 Inter-annual rainfall variability

An important measure of model performance (both GCMs and RCMs) is found in whether the
model possesses the ability to capture the inter-annual variability in rainfall. The present- day runs
are also forced with observed SSTs. South Africa is characterized by significant rainfall variability
on inter-annual and longer timescales (Reason et al., 2005). In relation to the time series, Figure
4.1, GPCC observations showed a decreasing values (1976-1981), similar to MPI_CCLM4-8-17
and HadGEM2_RCA4, unlike all downscaling produced by REMO2009 which showed an
increase. This result suggests that the increase in rainfall during the mentioned period in
REMO2009 simulations is informed by the RCM itself because other RCMs forced with the same
GCMs capture the decrease in rainfall. MPI_CCLM4-8-17, MPI_RCA4, HadGEM2_RCA4 and
CNRM_CCLM4-8-17 well captured ‘dips’ which represent drought seasons corresponded to
GPCC, which indicates differences in performance by different GCMs. The seasons that were
captured by the listed models include 1982/83, 1983/84, 1984/85, 1991/92 and 2001/02. Reason
et al., (2005) alluded that droughts were attributed to the maturing phase of El Nifio, hence the
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region tended to be dominated by substantial high pressure and offshore shifts of the local

circulations which were associated with strong subsidence over the interior.

Dry spells may also be due to mid- latitude circulation dominantly on the south-west of South
Africa, intensifying the advection of cool moisture and dry air from the Atlantic Ocean. The
weakening of anticyclone on the South Atlantic and insufficient inflow of moist tropical air from the
Seychelles-Chagos Thermocline Ridge could have also influenced the dryness conditions,
(Dilmahamod, 2014). An example of 1991/92 dry season (Figure 4.2), all the downscaling’s of
REMO2009, RCA4 and CCLM4-8-17 that were nested within HadGEM2 captured ridges similar
to the reanalysis. MPI, GFDL, MIROC5 on REM0O2009 and RCA4 completely failed to capture
“dips” during the well-known dry seasons mentioned above. Instead, the models exceptionally
opposed the GPCC observations and showed peaks (wet and troughs spreading over the interior

at mid-levels).

Geopotential heights give an indication of processes taking place in the large scale. An RCM that
performs well is expected to reproduce the large scale systems as provided by the GCMs. As a
result, geopotential height RCM simulations forced by the same GCM are expected to be almost
similar, while the high resolution of the RCMs helps with the simulations of smaller scale
processes. This is in line with the thinking that “garbage in garbage out”, meaning if the input from
the GCM is not useful, the RCM cannot be expected to perform well because it relies on the GCM
solutions which are fed to it on its lateral boundaries. As expected (e.g. Figure 4.2) there are large
similarities in simulations made with different RCMs but forced with the same GCMs. MPI is the
best example of this situation, where the GCM clearly didn’t reflect the large scale circulation with

skill, and downscaling reproduced the results.

From 1994/95 to 1999/00 seasons on Figure 4.1, simulations made with RCA4 and REMO2009
nested within HadGEM2 were consistent with the GPCC, which showed a steady increasing
trend, though rainfall totals varied. The higher rainfall amounts might be linked to the La Nina
phase of ENSO, for instance, the summer season of 1999/00 where above average rainfall was
experienced and resulted in widespread flooding over the Limpopo basin and adjacent areas
(Chikoore et al., 2015). Simulations made with REMO2009, RCA4, and CCLM4-8-17 nested
within HadGEMZ2; as well as the two nested within CNRM outperformed the rest of the models by
showing extensive troughs at mid-levels corresponding to the reanalysis field (Figure 4.3). The
season was characterized by enhanced southwestward advection of moist tropical air from the

northern Mozambique Channel region (propagation of tropical cyclone Eline), linking with an
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anomalous trough extending NW—-SE across Limpopo basin, favouring the development of cloud-
bands (Reason et al., 2005; Malherbe et al., 2011).

4.3 Annual rainfall accumulation

All the models are able to capture a west-east annual rainfall gradient (Figure 4.4). The details of
the simulated rainfall pattern are however different across the different GCMs. Unlike with the
geopotential height simulations, the rainfall simulated pattern seem to be more informed by the
individual RCMs. For example all RCA downscaling looks patchy, with some being wetter than
others. The simulation nested within MIROC shows the largest wet region over the eastern parts
of the country. Simulations nested within MIROC show the largest rainfall extent over the eastern
half of the country. This is in contrast to HadGEM2 whose dry western area almost matches the
observations in all the regional simulations. However two of the simulations nested within
HadGEM2 underestimate the rainfall over the Western Cape. Most of the models displayed a
zonal belt of dry conditions (less than 500 mm/year) over Botswana and Namibia, extending over
the Limpopo River Basin of both South Africa and Zimbabwe. This is maybe linked to the
dominance of strong mid-level westerlies and semi aridity nature may also be induced by the
descending limb on the Hadley Cell, (Figure 4.5). Tyson and Preston Whyte (2000) alluded that,
the general mean circulation over southern Africa is anticyclone, and hence the mean annual

visibility of the Botswana High over the interior could exacerbate the nature of the region.

Pronounced maximum rainfall over the interior Highveld of South Africa and the north-eastern
highlands of Lesotho (windward side) is evident and overestimated by most models. A similar
study by SAWS (2017), using RCA4 with different driving GCMs, found models overestimating
rainfall over complex topography. Simulations made with the CCLM4-8-17 produced the least
amount of rainfall and therefore is not associated with large rainfall overestimations. MIROC which
is associated with the largest overestimations was not used to force CCLM4-8-17. One
shortcoming of the GPCC data is that rainfall patterns may be misrepresented in areas with low
density of weather stations data (Dedekind et al., 2016) for instance, over the Great Escarpment
and north-eastern Highlands of Lesotho, which plays a crucial role in topographic rainfall in South
Africa. Oceanic currents play a crucial role in moisture flux convergence along the east coast of
South Africa (Banacos and Schultz, 2005). High concentrated total values (above 2000 mm/year)
along the south and eastern coast of South Africa are evident in a number of REMO2009
simulations. Ridging high pressure systems contribute most to the mean annual rainfall (46%)
along the coastal parts of South Africa (Engelbrecht et al., 2015). In general, when comparing

with the other models, CCLM4-8-17 and RCA4 regional models succeed in reproducing the most
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important averaged annual rainfall totals in both spatial distribution and magnitude of values, in
relation to the GPCC observations, although very slight overestimations are noted in some few
areas. The REMO RCM simulations general preformed poor, as far as the statistics are
concerned, and they also display weak annual correlation, highest RMSE and deviation (Table
4.1).

Table 4.1 Standard deviation (STDEV) and Root Mean Square Error (RMSE) calculations for 12 model
combinations against rainfall observation for annual timescale, from 1976-2005).

ANNUAL (1976-2005)

MODEL STDEV RMSE
GPCC_Observation 6796606 | ———ee- —
CNRM _CCLMA-8-17 73,87035 120,387
CNRM_RCAS4 71,52965 171,874
GFDL_REMO2009 86, 756649 3675623
GFDL_RCA4 7704283 16045549
HadGEM _CCLM4-8-17 B61,60785 1171778
HadGEM_RCA4 59,48575 85,80007
HadGEM_REMO2009 85,40017 3246708
MIROCS_RCA4 81,78479 2240831
MIROCS_REMO2009 69,11415 3857997
MPI_CCLM4-8-17 45 72206 120,277
MPI_RCA4 7914301 120,552
MPI_REMO2009 7806431 29493495

4.4 Annual rainfall cycle

All the models managed to capture the general annual cycle over South Africa, with winter months
generally having low rainfall accumulations, with more precipitation during austral summer (Figure
4.6). GPCC denoted a smooth rise and reached its peak during the early-mid-summer. Such
findings agree with Nikulin et al., (2012) in alluding the role of SIO and lower easterly winds in the
lower tropospheric of advection warm moist towards the coastal interior. In contrast, REMP2009
forced with GFDL and MPI, and RCA4 nested within CNRM, exhibited late summer peaks during
March and April. MIROC5- RCA4; MPI-CCLM4-8-17 and CNRM-CCLM4-8-17 showed some
fluctuation during mid-late summer. May through July was characterized with a steady cessation

for all the models except for GFDL on REMO2009 which showed a steady rise.

4.5 Mean annual temperatures
All the models succeed in simulating general mean annual temperatures in relation to the

observed, over the region (Figure 4.7). Warmer conditions in the northern, northeastern and east-
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coastal parts of the country are simulated by all models. Low values, thus cooler conditions over
the eastern parts of the Lesotho highlands were captured in all the models. Some simulations
were characterized by lower values in areas that are generally hot and dry almost throughout the
year, for example Northern Cape and North West. For instance, RCA4 models nested with in all
its GCMs Slightly lower differences in model (s) simulations comparing with observations, are
noted as far as annual analysis are concerned. It may be noted that models generally perform
better when simulation temperature compared to rainfall. The spread in temperature simulations
is always smaller and therefore the uncertainty associated with temperature is smaller than that
associated with precipitation. Warmer conditions observed almost over the entire country,
significantly link with high observed actual evaporation-transpiration values (Figure 4.8).
However, all the models simulated low values of evaporation in relation to the observations. The
REMO 2009 simulations nested within the various GCMs correspond slightly better with
observations over the interior compared to the rest of the models. Comparing Figure 4.7 and
figure 4.8, the regions that are the cooler eastern half has somewhat higher evaporation values
than the warmer western half of South Africa. Perhaps, soil moisture is too low in the models

compared to the observed.

4.6 Seasonal mean rainfall

South Africa is one of the unigue countries in the southern African region to receive rainfall
throughout all seasons (Shongwe et al., 2009; Qwabe, 2014; Dedekind et al., 2016). All the model
simulations adequately captured the east-west and north-south rainfall annual gradient as
discussed eatrlier. In this section the rainfall as simulated for different seasons is discussed, and

compared to the GPCC observation.

4.6.1 December-January-February (DJF) mean rainfall

South Africa receives the bulk of its rainfall during December-January-February (DJF) months.
The combination of Temperature Tropical Troughs (TTTs) constitutes to almost 70% of rainfall in
South Africa (Dedekind et al., 2016). The simulated rainfall distribution is very diverse across the
different models (Figure 4.9). Some of the observed features of the DJF rainfall such as a dry
corridor extending from eastern Botswana towards the Low-veld of Limpopo valley of South Africa
were exceptionally well captured by the CCLM4-8-17 model nested within CNRM, HadGEM2-ES
and MPI. This explains that the area is too dry. A huge inconsistency of other models’ simulations
was noted, such that an extremely wet belt, above 8 mm/day average over the east and south
coastal parts through the Highveld of South Africa by REMO2009 nested within GFDL, MPI, and

MIROCS than the actual observations. Such inconsistency in simulations might be attributed to
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differences in model physics. An area of high rainfall over the eastern escarpment and north east
highlands of Lesotho is well captured by all the models and GPCC observations. The regional
simulations nested within CNRM model for instance CCLM4-8-17 underestimated rainfall over
most of the eastern parts of the country. The simulations nested within MIROC appear to be
wettest, however, these agree best with the observations on this season.

4.6.2 March-April-May (MAM) mean rainfall

The rainfall pattern during the autumn season is somewhat similar to the summer however with
reduced rainfall totals (Figure 4.10). The observed plot shows these reduced totals in rainfall, with
some rainfall showing over the Western Cape where it is not observed on the DJF map. All the
simulations where REMO was used to downscale the four GCMs simulate rainfall across the
southern coast, including the Western Cape. This feature was also found in the DJF plots which
suggests that the REMO model overestimates rainfall over the Western Cape. Most eastern parts
of the country such as Kwa-Zulu Natal coasts showed significantly low average rainfall (at-most
4 mm/day.), while in the western part, below 3mm average are observed. Rainfall usually
decrease in the east compared to the DJF season, during this transition season as shown by
Kruger and Nxumalo (2017). However, almost all the model simulations overestimated rainfall
over most of the eastern half of the country. Simulations nested within CNRM produce the least
amount of rainfall as was the case for the DJF season. The position of the maximum rainfall in
both simulations does not match the observations, with the simulated regions producing more
rainfall than observed. Simulations nested with MIROC produce a lot of rainfall overestimation,
with REMO2009 producing the most rainfall and somewhat showing high STDEV and RMSE
(Table 4.2b). RCA4 nested within MIROC produces the most rainfall compared to other RCA4
simulations. Of all the RCMs, REMO2009 produces the most rainfall compared and this result
was also observed for the DJF season. CCLM4-8-17 is associated with the least amount of

simulated rainfall and appears to correspond better with observations.

4.6.3 June-July-August (JJA) mean rainfall

Winter (JJA) season is strongly governed by the strengthening of lower and mid-levels subtropical
high-pressure belts over the southern Africa region. Concurrently, other dominant summer
systems such as the ITCZ weaken and shift northwards of the equator (Dedekind et al., 2016).
The circulation change is characterized by suppressed rainfall as a result of sinking air over the
region, resulting in no rainfall over most of the interior. Rainfall along the southern coast and
adjacent interior results mostly from cold fronts and ridging anticyclones during this season.

CCLM4-5-17 simulations are found here to be associated with the least amount of rainfall. All the

47

© University of Venda



()
=

C) University of Venda
Creating Future Leaders
@)

simulations do overestimate the rainfall over the eastern parts of the country, and only the
simulation nested within MPI captures the rainfall over the Western Cape. REMO2009 is once
again associated with the most rainfall and all the simulations capture the rainfall along the
Western Cape and south coast. This result is not indicative of the model being able to capture the
interannual variability over the Western Cape because this rainfall is also simulated during
summer and autumn. RCA4 also overestimates rainfall over the eastern parts of the country and
three of the simulations capture some of the rainfall over the Western Cape, though characterized
by mean lowest STDEV and RMSE (Table 4.2c).

4.6.4 September-October-November (SON) mean rainfall

Spring season is characterized by the revival of warm temperatures over the land and adjacent
ocean and suppression of influential high pressure systems generate rainfall over the coastal
areas (Shongwe et al., 2014). As shown on Figure 4.12, observations show a positive response
to the warming SIO, such that average values of 5 mm/day are visible over coastal KwaZulu Natal
and progress towards Mpumalanga and decreasing values on the south coast and Cape Town.
Simulations nested within CNRM again produce the least amount of rainfall compared to
simulations made with other models. All the models do capture the rainfall over the eastern parts
of the country with different distributions and totals. Some rainfall is still observed over the
Western Cape as some remaining mid latitude system continue to form and result in some rainfall
in this region. REMO 2009 continues to simulate the most rainfall especially over the south coast
and the Indian oceans and also having highest STDEV and RMSE than the rest of the models
(Table 4.2d). Three of the five simulation with RCA4 capture the rainfall over the Western Cape
during spring.
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Table 4.2 Standard deviation (STDEV) and Root Mean Square Error (RMSE) calculations for 12 model
combinations against rainfall observation for a) DIF, b) MAM, c) JJA and d) SON seasons from 1976-

2005).
DECEMBER- JANUARY- FEBRUARY (DJF) JUNEJULY-AUGUST (JJA)

MODEL STDEV RMSE MODEL STDEV RMSE
GPCC_Observation 14824 | GPCC_0Observation 5180034 | ———- —
CNRM_CCLMA4-8-17 14,96973 27,435 CNRM _CCLM4a-8-17 7,436475 10,362
CMRM_RCA4 13,68078 22,718 CNRM_RCA4 7,413827 17,465
GFDL_REMO2009 14,05084 27,461 GFDL_REMO2009 1088114 47,221
GFDL_RCA4 12,61515 19,529 GFDL_RCA4 9,173563 18 96
HadGEM _CCLMA-8-17 10,20818 24 422 HadGEM _CCLMA-8-17 7,753739 10,998
HadGEM_RCA4 1309241 21,617 HadGEM _RCA4 7,837109 12 564
HadGEM _REMO2009 13,9311 25,291 HadGEM _REM 02009 13,013 36,915
MIROCS_RCA4 17,90743 37.78 MIROCS _RCA4 5,8590231 9,29
MIROCS_REMO2009 11, 76866 39,051 MIROCS _REMO2009 B 652274 32,068
MPI_CCLM4-8-17 1301342 17,569 MPI_CCLM4-817 6,82418 10,989
MPI_RCA4 §9,0942175 16,785 MPI_RCA4 6,692744 9,267
MPI_REMO2009 B,494511 22,362 MPI_REMO2009 B,574105 32,524

a) q)
MARCH- APRIL. MAY (MAM] SEPTEMBER-OCTOBER-NOVEMBER (SON)

MODEL STDEV RMSE MODEL STDEV RMSE
GPCC_Observation 1322821 |  --—-- - GPCC_Observation 12,3967 | --—————
CNRM_CCLMA4-8-17 13,09375 20,031 CMRM _CCLM4-8-17 8,919075 18 246
CNRM_RCA4 7,413827 19,921 CNRM _RCA4 8,653302 14,828
GEDL REMO2009 15, 80999 40,567 GFDL_REMO2009 8841218 27,084
GFDL_RCA4 1542996 26,745 GFDL_RCA4 7,368635 14,4176
HadGEM CCLMA-8-17 11,04595 17,841 HadGEM_CCLMA-8-17 11,45752 16,687
HadGEM_RCMl 11, 60665 19,127 HadGEM_RCA4 11,07736 15,188
HadGEM_REMD2009 11,73814 39,27 HadGEM_REM 020093 10,51006 29,1376
MIROCS _qu 1191824 26,830 MIROCS5_RCA4 11,00317 20,1361
MIRDCS_REMD2CK]9 11,52475 42 512 MIROCS REMO2009 9,201287 20 24319
MPI_CCL_M-Qv-Erl? 14,93099 21,532 MPI_CCLM4-8-17 8441526 17,8471
MPI_RCA4 12 74399 71,041 MPI_RCA4 1086727 20,251
MPI_REMOZ2009 12, 67562 34,33 MPI_REMO2009 14 39442 27,8125

b)
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4.7. Mean seasonal temperatures

4.7.1 December-January-February (DJF) mean temperatures

High temperatures are observed over most areas in DJF, for example, a belt of hot conditions
exceeding an average of 30°C is noted over the northwest parts of South Africa through the
southern parts of Botswana and Namibia (Figure 4.13). This may be attributed to existence of the
Kalahari Desert, which experiences a gradual increase in near—surface temperatures yearly
(Engelbrecht et al., 2015). Heat waves and prolonged periods of subsidence may typically occur
over such areas, as was also shown by Engelbrecht et al., (2015). The models underestimated
these observed temperatures, especially the very hot tongue that appears on the border of South
Africa, Botswana and Namibia. The temperature pattern that reflects the topography of the region
is however well captured by all models which is indicative of their high resolution. Two simulations
nested within HadGEM2 (i.e. REMO2009 and CCLM4-9-17) have indications of the tongue
mentioned at the border of the three countries. Simulations nested within CNRM which were
associated with the least amount of precipitation also underestimate the observed temperature.
It is also not obvious from the plots that REMO2009 which was associated with the most simulated
rainfall has lower temperatures. Over most parts of the interior, especially the Highveld, cooler
temperatures, lower than observed temperatures were generated by all the models. This may be

linked to the excessive rainfall, cloud cover and more latent heat, thereby reducing temperatures.

4.7.2 March-April-May (MAM) mean temperatures

Some simulations showed high values characterized by darker spots (above 29°C) than observed
over the northern parts of the country. The variability of temperatures with change of seasons was
minimal over these areas (Figure 4.14). In general, there is no standard definition of heat waves,
though, Dosio (2017), defined as an extended period of excessively hot weather on consecutive
days on which temperatures are well above normal. Conclusively, all the models performed well

in capturing the cooling of temperatures over the interior Highveld and Low-veld.

4.7.3 June-July-August (JJA) mean temperatures

In general, during winter (JJA) season, observed temperatures are lower over of almost the entire
country than the rest of the models. Subtropical high-pressure systems intensify towards and over
the land, so as the Botswana high is activated (MacHutchon, 2006). All the models simulated
relatively lower temperature fields over most of the Highveld, in particular Lesotho highlands. The

models generally overestimated the JJA temperatures. This was also observed for the DJF
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season where models underestimated the high summer temperatures (Figure 4.15). This explains
that JJA winter temperatures were not well represented by most of the models over the low-veld,
hence there is little agreement between observations and model simulations. As the seasons
progress to SON (Figure 4.16), all the models managed to well capture a transition of
temperatures from JJA throughout the region in relation to the observations. Over the western
parts of the country warmer temperatures were simulated to rejuvenate at a faster rate than the

surrounding areas.

4. 8 Summary

In this chapter, annual rainfall accumulations, mean annual temperatures and seasonal average
simulations were plotted and analyzed in relation to observations and reanalysis fields. Different
cases (1991/92 and 1999/00 DJF seasons) of extreme events, were used to assess the capability
of model (s) to reasonable match the present-day. Rainfall as the primary data understudy, was
also studied at inter-annual timescale to determine its variability with respect to models and

GPCC. Therefore, it is important to note that fundamental findings of this chapter are:

e Each regional climate models displayed different signature on simulations, rainfall in
particular because this is a variable that is affected most by sub-grid process.

¢ REMO2009 consistently simulated the largest amount of rainfall during all the seasons
and also produced rainfall over the Western Cape throughout the year.

e RCA4 was characterized by scattering extreme rainfall (dark blue) noticeable over the
north-eastern highlands of Lesotho and on the Highveld.

e (CCLM4-8-17 was associated with least amount of simulated rainfall.

e Simulations nested within CNRM produced the least amount of rainfall across all seasons.

e The Interannual variability of both rainfall and temperature is underestimated in all the
models, with lower than observed DJF, and higher than observed temperatures in JJA
captured by all models.

¢ Simulations nested within MIROC generally result in more precipitation than simulations
forced with other GCMs.

¢ HadGEM2 large scale patterns generally resembles the observations

e A combination of HadGEM2_RCA4 models is used for future projection, because it
corresponded better with observations, (having highest correlation, lowest RMSE and

deviation) than the rest of the models, shown on Figure 4.4. The model became part of
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the few managed to well capture famous seasonal climate events (noted from different

literature) corresponding to observations.

Rainfall (mm)
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Figure 4. 1 Inter-annual rainfall variability, comparing Global Precipitation Climatology Centre (GPCC) precipitation
to 12 models (GCMs forcing on RCMs), for the period 1976-2005 over South Africa.

52

© University of Venda



REANALYSIS_pJF @500hPa_ 1991-1992

3

O
g University of Venda
\. ) Creating Future Leaders

CNRM_RCA4 DJF _1991-1992

s 5
. T siaf B
215 a5
s w5
m o5
5 5
EY =
- 2
R L S T | S
HodGEM2_REMO2009 DJF _1991-1992 HadGEM2Z RCA4 DJF 1991-1992
125 — — —
s -
215 I
s w5
s m
s s
= £
. o s s
3 L E T O r3 03 TR R W W ry
MPI_REMO2009 DJF _1991-1992 MPI_RCA4 DJF _1991-1992
5 s
e s
us| us
s e
B =
s s
1 . s -
85 o N 45 s Pras B
3 L3 (3 25 E N C— = T E3 = £ T
GFDL_REMO2009 DJF _1991-1992 GFDL_RCA4 DJF _1991-1992
= 17 — =
b 18-
s 18
B s
25 2
- =
e o) —
b 35 T
- ; £
Ed 13 e % ES E3 E3 i L3 = T 13 3 B3 P E3 T 3
MIROC5_REM02009 DJF _1991-1992
= — - N
125
s
us
s
B
s
EY
2
[ K3

CNRM_CCLM4-8—17 DJF _1991-1992

;
s
-
s
s
B
I E—
=
s
| A
HadGEM2_CCLM4-8-17 DJF _1991-1992
s
ae e
s
s
s
=
- -
I S S
MPI_CCLM4-8-17 DJF _1991-1992
-
s
.
=
e
Y
3¢ e
g3 3 HE [3 W 73 e
. MIROC5_RCA4 DJF _1991-1992
senh, - '
s . -
-
2
s
- s0s .
- /
s (': ~
[ g

Figure 4. 2 Case study for 1991/92 DJF season, comparing Geopotential height @500hPa Reanalysis (top-left) to 12

models (GCMs forcing on RCMs).
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Figure 4. 3 Case study for 1999/00 DJF season, comparing Geopotential height @500hPa Reanalysis (top-left) to 12

models (GCMs forcing on RCMs).
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Figure 4. 4 Observed Annual total rainfall (mm/month), from Global Precipitation Climatology Centre (GPCC),
compared to 12 model (GCMs forcing on RCMs) simulations, for the period 1976-2005. Values for RMSE (top left),
STDEV (bottom left), and spatial r2 (bottom right).
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Figure 4. 5 Annual Geopotential height @500hPa Reanalysis (top-left and 12 models (GCMs forcing on RCMs), for

the period 1976-2005.
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Figure 4. 6 Annual cycle comparing Global Precipitation Climatology Centre (GPCC) precipitation to 12 models
(GCMs forcing on RCMs), for the period 1976-2005 over South Africa.
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Observed Annual Temperature (1976-2005)

Figure 4. 7 Average of observed annual mean temperatures (°C), from the NOAA GHCN_CAMS Land Temperature
Analysis (top-left), compared to 11 models (GCMs forcing RCMs) simulations from 1976-2005.
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Figure 4. 8 Annual mean evaporation (mm/day), reanalysis (top left) compared to compared to 12 model (GCMs
forcing RCMs) simulations from 1976-2005.
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Figure 4. 9 Average of observed seasonal rainfall (mm/day) for DJF season GPCC (top left), compared to 12 model
(GCMs forcing RCMs) simulations from 1976-2005.
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Figure 4. 10 Average of observed seasonal rainfall (mm/day) for MAM season from GPCC (top left), compared to 12
model (GCMs forcing RCMs) simulations from 1976-2005.
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Figure 4. 11 Average of observed seasonal rainfall (mm/day) for JJA season from GPCC (top left), compared to 12
model (GCMs forcing RCMs) simulations from 1976-2005.

62

© University of Venda



ez
g University of Venda
\. ) Creating Future Leaders

225CI‘JF!M_CC\.NA!—B—17’ SON Average Rainfall (1976-

MPI_CCLM4-8-17 SON Average Rainfall (1976-20

25 & Wb 3 ME

GFDL_REMOZ003 SON Average Roinfall (1976—2%\"‘
. c
P [ oA

Figure 4. 12 Average of observed seasonal rainfall (mm/day) for SON season, from GPCC (top left), compared to 12
model (GCMs forcing RCMs) simulations from 1976-2005.
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Figure 4. 13 Average of observed seasonal DJF, mean temperatures (°C), from the NOAA GHCN_CAMS Land
Temperature Analysis (top-left), compared to 12 models (GCMs forcing RCMs) simulations from 1976-2005.
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Figure 4. 14 Average of observed seasonal MAM, mean temperatures (°C), from the NOAA GHCN_CAMS Land
Temperature Analysis (top-left), compared to 12 models (GCMs forcing RCMs) simulations from 1976-2005.
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Figure 4. 15 Average of observed seasonal JJA, mean temperatures (°C), from the NOAA GHCN_CAMS Land
Temperature Analysis (top-left), compared to 12 models (GCMs forcing RCMs) simulations from 1976-2005.
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Figure 4. 16 Average of observed seasonal SON, mean temperatures (°C), from the NOAA GHCN_CAMS Land
Temperature Analysis (top-left), compared to 12 models (GCMs forcing RCMs) simulations from 1976-2005.
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CHAPTER 5: FUTURE PROJECTIONS

5.1 Introduction

Future projections are key in understanding climate change and to inform adaptation strategies
and policies (Lazenby et al., 2018). This chapter is aimed at showing the variability in projections
using some models whose present day climate simulations were discussed in the previous
chapter. Due to the unavailability of some model data, future projections are limited to CCLM4-8-
17 model forced with all three GCMs (MPI, CNRM and HadGEM2), and RCA4 nested within
HadGEM2, and finally REMO2009 nested within MPI. The projections are considered for both
RCP4.5 which is a high mitigation scenario and the low mitigation RCP8.5 emission scenario. The
focus of the chapter then is to analyze the variability and change of rainfall in terms of spatial
extent, magnitude and time over the domain of South Africa. Most of the current studies show a
lower percentile, the median and a higher percentile to show the uncertainty associated with the
projections. In this study, we will like to see the source of the uncertainties in the projections and
therefore the actual projection from the models listed above are displayed. Future changes in
rainfall are expressed as percentages whilst the temperature changes are in °C and calculated in
relation to the baseline period (1976-2005). The first part of this chapter discusses the near future
(2006-2035) rainfall (and other supporting variables) projections, under both RCP scenarios
mentioned above. Far future (2036-2065) projections are then discussed later. Far future

projections that usually the period ending in 2100 are not discussed in this study.

5.2 Annual mean rainfall change (Near Future)

Some of the most recent climate change studies (e.g. IPCC, 2014; Engelbrecht et al., 2015; Davis
and Vincent, 2017) have focused on projected rainfall changes and found them to be associated
with a larger uncertainty compared to other variables such as surface air temperature, and other
large scale variables. CCLM4-8-17 projections are found here to be associated with pockets of
increasing rainfall amounts over different parts of the country for each projection. For example,
the projection nested within MPI projects wetter conditions over the eastern parts of Limpopo,
while the two other projections drier conditions in the same area. The RCA4 nested within
HadGEM2 and REMO2009 nested within MPI also project drier conditions. This result suggests
that the source of this increase is not the GCM (i.e. MPI) because it provides different pictures

when used to force two different RCMs (Figure 5.1).
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There seems to be some suggestion that the central parts of South Africa extending to the coast
could expect an increase in rainfall. Although not consistently over the exact same area, at least
the of the five projections seem slightly positive over this area in general. REMO nested within
MPI projects a decrease in rainfall percentages over the whole of South Africa, with these changes
being larger over the West coast and adjacent interior. Few studies (e.g. Reason and Smart,
2015; SAWS, 2017), found increasing values over the Atlantic west coast and suggested a
relaxation of easterly winds along the equator and subsequently warming of SSTs along Angola-
Benguela frontal zone. All the models project a drier Western Cape rainfall, with RCMs nested
within MPI showing the largest changes. CCLM4-8-17 projects changes of less than 30% over
parts of the Western Cape. CCLM4-8-17 nested within HadGEM2 projects the smallest decrease
percentage wise over the Western Cape. There are differences in RCM projections nested within

the same GCM, as well as with the same RCM nested within different GCMs.

5.3 Annual mean temperature change (Near Future)

Global temperature projections tend to be more robust than of precipitation (Engelbrecht et al.,
2015). Future projected changes of mean annual temperature were positive for both RCP4.5 and
RCP8.5 over South Africa, though at different magnitudes (Figure 5.2). All the models projected
increasing temperatures across South Africa with higher values in the western interior. Air
temperature increases over the adjacent oceans are much smaller (<1°C). Such findings are
consistent with IPCC (2014); Davis and Vincent (2017), who projected higher temperatures
increases over terrestrial areas than oceans under both scenarios. REMO2009 nested within MPI
projected greater increases (1.5°C) than any other model over the Northern and Western Cape
under RCP4.5 scenario (Figure 5.2). Simulations conducted with the RCP8.5 scenario forcing are
generally found to be associated with either a larger increase in temperature, or an increase in
area associated with higher temperature increases. Furthermore, MPI model is associated with a
pool of increasing temperatures (2°C) under RCP8.5, stretching from south of Botswana towards
North West of South Africa (Figure 5.3). It may be noted that models generally perform better
when predicting temperature compared to rainfall. The spread in temperature projections are
always smaller and therefore the uncertainty associated with temperature is smaller than that
associated with precipitation. For example, the rainfall projections were associated with both
positive and negative changes where over some areas, one projection would indicate an increase
in rainfall while another shows a large projected decrease in rainfall. In the case of temperature,
the sign of the change is the same (i.e. positive) except in the case of REMO2009 nested with

MPI, which indicated negative changes over the western coast.
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5.4 Seasonal mean_ rainfall and temperature change (Near Future)

5.4.1 December-January-February (DJF)

South Africa’s summer rainfall seasons are characterized by high variability between wet and dry
events, modulated by ENSO (Archer et al., 2017) and adjacent oceans. DJF is the most important
rainfall season for most parts of central and northern interior of South Africa (Landman et al.,
2012). Mixed signals of rainfall projections amongst models over the northeastern parts of South
Africa are projected under RCP4.5 scenario. CCLM4-8-17 nested within MPI projected extensive
drying (-20%) over parts of Mpumalanga and eastern Limpopo and neighboring Mozambique
(Figure 5.4) compared to the rest of the other models, which projected increasing values over the
same areas. Projections of drying by CCLM4-8-17 forced on MPI were also consistent under
RCP8.5, though with increased intensity and coverage (Figure 5.5). By contrast, rainfall over east
coast and central interior areas is projected to consistently increase under both scenarios and
models (except CCLM4 nested on MPI). This suggest that there still exist huge uncertainties
amongst models in rainfall projections. Few studies (e.g. Engelbrecht et al., 2009; Hewitson et

al., 2014) have also projected slightly similar increases in rainfall over the east coast.

Temperature projections were variable under RCP4.5 and RCP8.5 scenarios (Figure 5.6 and
Figure 5.7) amongst models. Conspicuously, REMO2009 nested within MPI projected consistent
decreasing temperature values (-0.5°C) along Western Cape and western coast towards south of
Namibia under both scenarios contrasting the rest of the models. The area associated with a
decrease in temperature is projected to experience large decreases in rainfall and therefore an
increase in cloud cover does not explain the projected temperature increase. CCLM4-8-17 forced
by HadGEM2 projected reduced average temperatures over the Kalahari Desert under the
RCP8.5 scenarios. Such findings contradict with most previous works that projecting parts of
Kalahari Desert to warm at a faster rate than the surrounding areas, under the “business as usual”

emission scenario.

5.4.2 March-April-May (MAM)

All the models are projecting a decrease in rainfall over most of the country, with some areas,
mostly the central parts of the country projected to increase during the March-April-May (MAM)
season. Under RCP4.5 scenario, REM0O2009 and CCLM4-8-17 nested within MPI projected an
extensive drying along the Western Cape and along the south coast “all year rainfall region”
(Figure 5.8). The MAM season is an important season for rainfall in the south Western Cape of
South Africa. The CCLM4-8-17 forced with HadGEMZ2, projected drier conditions over northern
parts of the country. However, CCLM4-8-17 forced with CNRM is associated with substantial
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gradient of increasing values from central interior towards the eastern coast of South Africa,
compared to other models. Projections under RCP8.5 (Figure 5.9) were somewhat similar to
RCPA4.5, though slight decreases over the eastern coast were projected by RCA4 nested within
HadGEM2. Insignificant pockets of increasing values are projected by CCLM4-8-17 forced with
both HadGEM2 and MPI over northwest and some parts of Botswana and Namibia, agree with
Daron, (2014), who linked the dryness to the strengthening westerly waves.

Temperatures over the western parts of the country are projected to increase by at least 0.5°C
on all model combinations. The two models nested within MPI have patches of projected
temperatures being between 1 and 1.5°C with the RCP4.5 scenario. Under the RCP8.5 scenario
the picture is similar to RCP4.5, however the extent of the area where increases of over 0.5°C is
expected is larger with three of the projections (Figure 5.10 and Figure 5.11). As with DJF, a
tongue of 1.5°C is projected to strengthen from south of Botswana towards of central interior of
South Africa, by MPI-CCLM4-8-17 under RCP8.5.

5.4.3 June-July August (JJA)

The austral winter season is characterized by dry and cold conditions over most interior parts of
South Africa (Tadross and Johnston, 2012; Du Plessis and Schloms, 2017; Phakula, 2017). It is
the rainy season over the Western Cape and rain also occurs over the Cape South Coast and the
KwaZulu-Natal coastal areas due to ridging anticyclones against the escarpment. REMO2009 is
once again associated with projected drying along the Western Cape and south coast similar to
DJF and MAM under both scenarios (Figure 5.12). CCLM4-8-17 projects a similar picture
especially over the Western Cape. Such changes are likely to result in severe water scarcity in
the affected areas. A shorter winter rainfall season is projected and also in agreement with other
studies (e.g. DEADP, 2011). An increase in rainfall is projected by both models, that is, CCLM4-
8-17 and REMO2009 nested within MPI in areas around Lesotho, however the areas do not match
completely. Those nested within HahGEM2 project increases along the south east coast and
adjacent ocean area (Figure 5.12). There seems to be some general agreement amongst
projections nested within the same GCM. The rainfall increase in CCLM4-8-17 nested within
CNRM are seen over the north eastern parts of the country. IPCC, (2013) suggested a decrease
in frontal systems because of the strengthening Hardley Cell. However, all models agree in
projecting extensive drying over the northern interior. There is agreement in projections for the

two scenarios (Figure 5.13).
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There is variability amongst the models in projecting winter temperatures. MPI-REMO2009
projected cooling (0 to -0.5°C) temperatures along the eastern coast and over the south tip of the
country under RCP4.5 (Figure 5.14). Also, a similar belt of warming (~2°C) along the west coast
was projected to have intensified from MAM season. Under RCP8.5 (Figure 5.15), a homogenous
increase of ~1°C over the entire country was projected by RCA4 forced on HadGEM2.

5.4.4 September-October-November (SON)

The degree of rainfall changes are highly variable with different scenarios over South Africa during
the spring season. Under RCP4.5, REMO2009 and CCLM4-8-17 nested within MPI, projected
substantial decreases over the entire country, with the south coast projected severe drying than
most parts of the country (Figure 5.16). RCMs forced with HadGEM2, projected a tendency of
wetting over the eastern coast and into the adjacent interior than any other models. Such
increases along the coast are consistent with Daron (2014) who projected a wet belt towards
northeastern parts of the country. However, under RCP85, the eastern coastal areas were
projected to become drier (Figure 5.17) by the rest of the models, except CCLM4-8-27 nested
within HadGEM2. This may point to a late onset and reduced length of the growing season with
serious implications on the agricultural sector (Lazenby, 2016) such as sugar cane plantation over
Kwa-Zulu Natal. The SON season is also the burning or fire season in most parts such that drying

during this season may also imply a longer fire season.

During the spring, all the models projected resilient increases in temperature from JJA season,
ranging from 1.0 °C—1.5°C in a large part of the inland to 0.5 °C over adjacent oceans. CCLM4-
8-17 nested within CNRM exhibited a substantial increase from RCP45 (Figure 5.18) to RCP8.5
(Figure 5.19) over the central interior of South Africa. This may suggest that much of the drying

and warming in the north are occurring during the austral spring.
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Figure 5. 1 Annual rainfall percentage projected for Near-Future (2006-2035), relative to present climate (1976-
2005), under conditions of the RCP45.
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Figure 5. 2 Annual mean temperature change projection for Near-Future (2006-2035), relative to present climate
(1976-2005), under conditions of the RCP45.
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Figure 5. 3 Annual mean temperature change projection for Near-Future (2006-2035), relative to present climate
(1976-2005), under conditions of the RCP85.
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Figure 5. 4 DJF mean rainfall change projection, for Near-Future (2006-2035), relative to present climate (1976-
2005), under conditions of the RCP45.

76

© University of Venda



2L

Q University of Venda
&. ) Creating Future Leaders

HadGEM2_CCLM4—-8—17_DJF Change_Near future_RCP85 HadGEMZ_RCA4_DJF change_Near Future RCP85
25 W] ] . 275

MPI_CCLM4-8-17_DJF Change_Near Future RCP85 MPI_REMO2009_DJF Changes_Near Future_RCP85

CNRM_CCLM4—-8-17_DJF Change_Near Future RCP85

s & e

—30 —z5 —Z20 —15 —10 —5 [a] 5 14 15 20 25 peTa]

Figure 5. 5 DJF mean rainfall change projection, for Near-Future (2006-2035), relative to present climate (1976-
2005), under conditions of the RCP85.
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Figure 5. 6 DJF mean temperature change projection, for Near-Future (2006-2035), relative to present climate
(1976-2005), under conditions of the RCP45.
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Figure 5. 7 DJF mean temperature change projection, for Near-Future (2006-2035), relative to present climate
(1976-2005), under conditions of the RCP85.

79

© University of Venda



2L

Q University of Venda
&. ) Creating Future Leaders

225Hcwl(';‘EMZ_('}('JLM4—5—I]’_MAM Change_Near future_RCP45 - HadGEM2_RCA4_MAM Change_Near Future_RCP45

0, CONES 201-04-08-1328

MPI_CCLM4-8-17_MAM Change_Near Future RCP45 MPI_REMO2009_MAM Changes_Near Future_RCP45

GG COUAIGES 2019-04-08-1747
. CNRM_CCLM4-8-17_MAM Change _Near future RCP45
I I
—3a —z2s —20 —15 —14 —5 a] 5 10 15 == 25 ELa] %

Figure 5. 8 MAM mean rainfall change projection, for Near-Future (2006-2035), relative to present climate (1976-
2005), under conditions of the RCP45.
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Figure 5. 9 MAM mean rainfall change projection, for Near-Future (2006-2035), relative to present climate (1976-
2005), under conditions of the RCP85.
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Figure 5. 10 MAM mean temperature change projection, for Near-Future (2006-2035), relative to present climate
(1976-2005), under conditions of the RCP45.
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Figure 5. 11 MAM mean temperature change projection, for Near-Future (2006-2035), relative to present climate
(1976-2005), under conditions of the RCP85.
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Figure 5. 12 JJA mean temperature change projection, for Near-Future (2006-2035), relative to present climate

(1976-2005), under conditions of the RCP45.
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Figure 5. 13 JJA mean temperature change projection, for Near-Future (2006-2035), relative to present climate
(1976-2005), under conditions of the RCP85.
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Figure 5. 14 JJA mean temperature change projection, for Near-Future (2006-2035), relative to present climate
(1976-2005), under conditions of the RCP45.
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Figure 5. 15 JJA mean temperature change projection, for Near-Future (2006-2035), relative to present climate
(1976-2005), under conditions of the RCP85.
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Figure 5. 16 SON mean rainfall change projection, for Near-Future (2006-2035), relative to present climate (1976-
2005), under conditions of the RCP45.
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Figure 5. 17 SON mean rainfall change projection, for Near-Future (2006-2035), relative to present climate (1976-
2005), under conditions of the RCP85.
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5.5 Annual rainfall change (Far Future)

A decrease in rainfall is projected for far future, similar to the near future with some patches of
rainfall increases. The patches that indicate an increase in rainfall are smaller than those found
in the near future projections (Figure 5.20). The projected increase in rainfall is found along the
east coast and adjacent interior. For two of the projections made with CCLM4-8-17, nested within
MPI and CNRM, the positive picture is also seen over the central interior. The two RCMs, that is,
REMO2009 and CCLM4-8-17 nested within MPI project substantial decreases in total rainfall over
the Western Cape, as was seen in the near-future projections as well. The REMO2009 projected
drying, extends across the whole Western coast, again similar to the near-future projections.
RCMs nested within HadGEM2 show some increases in rainfall over very small areas in the north
eastern parts of the country, as well as over parts of the east coast. These increases do not
extend into the interior. Most of low-lying areas such on the northeastern and eastern coast of
South Africa are projected by all the models to receive considerable below average rainfall. Such
findings agree with, UK Met Office (2011) who also suggested climate change to pose minor
impacts on water resources beyond 2030s over the Limpopo low-lying areas. Moreover, other
studies (e.g. Daron, 2014; IPCC, 2014; Garland et al., 2015) also projected less rainy days with

high rainfall amounts in far future suggesting a possible increase in extreme rainfall events.

5.6 Annual mean temperature change (Far Future)

Further increases are projected for far future with these ranging from 2°C to 2.5°C over the central
interior and at most 1.5°C for the coastal areas (Figure 5.21,). This is with the exception of
REMO2009 nested within MPI, which projected consistently lower temperature than other models
as was also the case for the near future projections. RCP8.5 projected pockets of intense heating
(at most over western “arid” parts of South Africa including neighboring deserts (Figure 5.22).
Several studies (e.g. Engelbrecht et al., 2015, Garland et al., 2015) have projected surfaces to
heat up at a faster rate than the rest of the globe over these western parts of southern Africa,
linked to the intensified subsidence of dry compressed hot air. In general, lower annual
temperature increases are more likely under a low emissions scenario and higher temperature
increase are more likely under a high emissions scenario as well-defined by several studies (e.g.
Tadross et al, 2011; IPCC, 2014). The combination of increased temperatures and dry spells may
result in frequent future wildfires over large areas in South Africa particularly in spring. This implies
that the projected regional climate-change signal in temperature is determined by enhanced

anthropogenic forcing. Engelbrecht et al., (2015) maintained that high-fire danger days would be
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consistent with more frequent heat wave days. High ambient temperatures can directly impact
human health through heat related diseases (Wright et al., 2015).

5.7 Seasonal mean rainfall and temperature changes (Far Future)

5.7.1 December-January-February (DJF)

All the models project a decrease in temperature in general over most of the country. CCLM4-8-
17 nested within HAJGEM2 and CNRM and REMO2009 forced on MPI projected slightly
increasing values (above 5%) over the central interior under RCP4.5, than RCA4 nested within
HadGEM2 (Figure 5.23). Areas that are projected to experience increases in rainfall are almost
similar to those in the near future climate. However, a tongue of extremely decreasing values (-
25%) over the eastern parts of the country along south of Mozambique, tend to be consistently
projected by RCMs forced by MPI and CCLM4-8-17 nested on CNRM under RCP8.5 scenarios
(Figure 5.24). This may suggest the season was governed by the El Nino phase. A gradual
increase of terrestrial temperature is projected over the western parts of the country from RCP4.5
(Figure 5.25) to RCP8.5 (Figure 5.26) by CCLM4-8-17 model nested within three GCMs, with MPI
exhibiting the largest increase over the central interior of South Africa. However, REMO2009
nested within MPI, contradicted with other models and projected decreasing values (up to -0.5°C)
along the western coast and adjacent interior of South Africa under both scenarios, similar to near

future projections.

5.7.2 March-April-May (MAM)

All models similarly projected a drying trend over the low-lying areas of Limpopo Valley, under
both scenarios, with CCLM4-8-17 nested within HadGEM2 showing great magnitude compared
to the rest of the models. RCMs nested within MPI have projected a strong decreasing trend of
rainfall over the Western Cape throughout the seasons, than any other models (Figure 5.27).
However, RCP8.5 projected slight wetting over the central interior towards western parts of the
country (Figure 5.28). Rainfall spatially varies prominently over South Africa in the same season
(e.g. Nikulin, et al., 2012; Dedekind et al., 2016).

On the other hand, evidence of prolonged drier spells is supported by amplified surface
temperature increase of 2°C from normal state over northwest and central interior are projected
by CCLM4-8-17 model within three GCMs for both scenarios, with RCP85 having higher intensity
(Figure 5.29). However, REM0O2009 within MPI projected similar lower values than the rest of the

models, the projections are however slightly different to the annual mean and DJF were lower
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temperatures were projected over the Western parts of the country. For MAM, the highest
temperature changes are projected over the western parts of the country. (Figure 5.30).

5.7.3 June-July August (JJA)

As already seen for most of the rainfall projections discussed here, all the models are projecting
lower rainfall amounts for most of the country during JJA. A concentration of increasing values
was projected by all the models under RCP45 over the eastern coast and the adjacent interior
(Figure 5.31), with RCA4 nested within HadGEM2 and REMO2009 forced on MPI exhibiting
significant wetting over the neighboring Lesotho Eastern Highlands. Importantly, over the Cape
south coast and parts of Western Cape, models had a tendency of variability on rainfall projection.
Projections driven by MPI are consistent in projecting extreme drying over the Western Cape and
south coast similar to near future. Such findings agree with previous studies (e.g. Engelbrecht et
al., 2009; Stager et al., 2012) projecting displacement of the rain producing mid latitude cyclones
and westerlies farther south into the ocean. This would imply that the rainfall that would have
fallen over the Western Cape will now occur south of the continent. CCLM4-8-17 nested within
HadGEM2 projected a significant wetting over the south coast and Western Cape. All the models
are consistent in projecting a general decrease in rainfall, due to changed circulation patterns
characterized by suppressed rainfall as a result subsidence, as suggested by Dedekind et al
(2016), over Limpopo Valley and some parts of western interior under RCP8.5 (Figure 5.32). All
the models projected surface temperatures to be consistent with the previous season (MAM) for
both scenarios (Figure 5.33 and Figure 5.34), hence some studies (e.g. IPCC, 2014) agree that
there is high confidence of decrease (increase) in cold (warm) days and nights over southern

Africa.

5.7.4 September-October-November (SON)

Predictions of rainfall change in South Africa displayed potential increases and decreases for both
scenarios. A tendency of general wetting almost the entire central Highveld projected by CCLM4-
8-17 nested within CNRM and REMO2009 forced on MPI, extending towards low-lying areas over
Limpopo (Figure 5.35). The remaining models projected fairly decreasing values (-10%) over the
same low-lying areas. The models projected significant below present day total rainfall values
along the west coast. Previous other studies (e.g. Engelbrecht et al., 2009; Lumsden et al., 2009)
projected similar decreasing values along the west coast and proximity interior areas and
suggested a strengthening of the anticyclonic circulation and displacement of westerly winds. In

contrast, SAWS (2017), projected wetter patterns over the west coastal areas.
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Projections under RCP8.5 (Figure 5.36.) scenario are associated with larger temperature changes
compared to RCP45, for all the models. RCMs nested with MPI model projected large increases
of surface temperatures at most 2°C, with highest values noted over northwest parts of South
Africa (Figure 5.37). The models also projected amplified warming (~3.5°C) under RCP8.5 with
greater coverage towards much of the entire country in the far future (Figure 5.38). Such changes
could trigger frequent heat waves and associated diseases Garland et al., 2015). However,
REMO2009 nested within MPI projected lower temperature increases across all the seasons and

annually. This may be due to the model (s) physics.
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Figure 5. 20 Annual mean rainfall change projection, for Far-Future (2036-2065), relative to present climate (1976-
2005), under conditions of the RCP45.
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Figure 5. 21 Annual mean temperature change projection, for Far-Future (2036-2065), relative to present climate
(1976-2005), under conditions of the RCP45.
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Figure 5. 22 Annual mean temperature change projection, for Far-Future (2036-2065), relative to present climate
(1976-2005), under conditions of the RCP85.
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Figure 5. 23 DJF mean rainfall change projection, for Far-Future (2036-2065), relative to present climate (1976-
2005), under conditions of the RCP45.
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Figure 5. 24 DJF mean rainfall change projection, for Far-Future (2036-2065), relative to present climate (1976-
2005), under conditions of the RCP85.
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Figure 5. 25 DJF mean temperature change projection, for Far-Future (2036-2065), relative to present climate
(1976-2005), under conditions of the RCP45.
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Figure 5. 26 DJF mean temperature change projection, for Far-Future (2036-2065), relative to present climate
(1976-2005), under conditions of the RCP85.
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Figure 5. 27 MAM mean rainfall change projection, for Far-Future (2036-2065), relative to present climate (1976-
2005), under conditions of the RCP45.
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Figure 5. 28 MAM mean rainfall change projection, for Far-Future (2036-2065), relative to present climate (1976-
2005), under conditions of the RCP85.
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Figure 5. 29 MAM mean temperature change projection, for Far-Future (2036-2065), relative to present climate
(1976-2005), under conditions of the RCP45.
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Figure 5. 30 MAM mean temperature change projection, for Far-Future (2036-2065), relative to present climate
(1976-2005), under conditions of the RCP85.
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Figure 5. 31 JJA mean rainfall change projection, for Far-Future (2036-2065), relative to present climate (1976-
2005), under conditions of the RCP45.
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Figure 5. 32 JJA mean rainfall change projection, for Far-Future (2036-2065), relative to present climate (1976-
2005), under conditions of the RCP85.
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Figure 5. 33 JJA mean temperature change projection, for Far-Future (2036-2065), relative to present climate
(1976-2005), under conditions of the RCP45.
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Figure 5. 34 JJA mean temperature change projection, for Far-Future (2036-2065), relative to present climate
(1976-2005), under conditions of the RCP85.
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Figure 5. 35 SON mean rainfall change projection, for Far-Future (2036-2065), relative to present climate (1976-
2005), under conditions of the RCP45.
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Figure 5. 36 SON mean rainfall change projection, for Far-Future (2036-2065), relative to present climate (1976-
2005), under conditions of the RCP85.
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Figure 5. 37 SON mean temperature change projection, for Far-Future (2036-2065), relative to present climate
(1976-2005), under conditions of the RCP45.
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Figure 5. 38 SON mean temperature change projection, for Far-Future (2036-2065), relative to present climate
(1976-2005), under conditions of the RCP85.
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5.8 Annual mean evaporation change

Several studies have projected warming due to increased concentration of GHGs in the
atmosphere (Tadross et al., 2005; Engelbrecht et al., 2015; Henderson et al., 2015). An
anticipated consequence is the intensification of the global hydrological cycle manifested
specifically as an enhancement of atmospheric moisture transport (Lainé et al., 2014).
Increased air temperatures will change the surface and atmospheric heat fluxes, causing
variations in spatial and temporal distributions of evaporation (Brutsaert and Parlange, 1998).
Soil moisture availability and heat are some of the preconditions for evaporation to take place
(Lu et al., 2016). Mixed signals of pan evaporation changes over the tropics are recently under
debate and thorough research is still needed. According to Figure 5.39, under both scenarios,
despite a warming climate, the model displayed a general decreasing trend in evaporation,

though the magnitudes varied.

Over adjacent interior (Figure 5.40), a general reduction of evaporation is projected with lowest
(-0.15 mm) over northeast, northwest parts and south coastal parts of South Africa, under
RCP8.5, though an insignificant pool of increasing values are projected over the central interior
towards northwest under RCP4.5. Some studies are in agreement, having found similar
decrease to be associated with drier soil conditions (e.g. Lainé et al., 2014). Despite declines
in evaporation over the land, this study projected increasing value (0.15-2 mm) over tropical
South Western Indian Ocean (SWIO) and Atlantic Ocean under both scenarios at 50" percentile
value distribution. Such findings are in line with Lainé et al., (2014), who found strengthening of
trades and westerlies winds to govern over the oceans. Furthermore, some studies (e.g.
DEADP, 2016) also projected a rising actual evapotranspiration trend over Western Cape, due
to projected increase of temperatures. Thus, observed and projected declines are inconsistent
with the rapidly rising surface air temperatures. This might explain that the model is projecting a
decrease due to reduced water availability. This phenomenon has been termed the “evaporation
paradox” which has been detected in several regions across the globe. Some studies have linked
such phenomenon to the continuous GHG emissions, subsequently disrupting the normal

hydrological cycle (e.g. Brutsaert and Parlange, 1998; Cong et al., 2009).
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Figure 5. 39 Mean actual evapotranspiration projections for MPI_GCM (a) RCP45 and (b) RCP85, over South Africa_
22-35°S and 15-35°E.
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Figure 5. 40 Annual mean actual evapotranspiration change for MPI, under RCP4.5 and 8.5 for 50t percentile over
South Africa (from 2006-2065), in relation to 1976-2005.
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5.9 Summary

In this chapter projection of two periods, near future (2006-2035) and far future (2036-2065) under
the RCP 4.5 and RCP 8.5 emission scenarios were compared to the present day climate defined
as 1976-2005. The majority of the models project a general decrease in rainfall over most of the
country with wetting patches over some area. In general, all the models projected slightly similar
pattern of annual rainfall distribution on both future climate, indicated plausible wetter conditions
over the east coasts and central interior of South Africa. One of the RCMs, REMO2009 model
distinctively projecting drying elements over much of the interior. The RCMs nested within MPI
projected far drier conditions for the Western Cape and south coast for all seasons and in both
periods that were considered. Over north of South Africa parts, the projected near-future
decrease in rainfall are small in amplitude. An exception is northwest and east coast region,
greater uncertainty surrounds RCMs and this shows that rainfall is less robust to project over
South Africa. There is high confidence amongst the models that mean and annual surface
temperatures are projected to increase in future, unlike, trends in precipitation which are still less
coherent. This is with the exception of REMO2009 model nested within MPI which projected
smaller temperature increases and in some cases, a decrease in temperature over most seasons.
The smallest decreases in this projection were different depending on the season being
considered, with some showing a decrease or smaller increase over the west, while the others
showed this over the east. A general reduction of evaporation was projected with lowest over
northeast, northwest parts and south coastal parts of South Africa, though a small tongue if
increasing values over tropical South Western Indian Ocean (SWIO) and Atlantic Ocean was

projected under both scenarios.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

6.1 Introduction

South Africa consists of diverse climate regions and receives most of its rainfall during austral
summer (Kruger, 2017). The study has investigated the variability and change of future rainfall
(2006-2065) over South Africa, relative to present-day climate (1976-2005). Rainfall was
displayed and analyzed on long-term mean annual and seasonal timescales under RCP 4.5 and
RCP 8.5 emission scenarios. This chapter provides a discussion and synthesis of key findings of
this work, mainly from Chapter 4-5. Recommendations and implications for future work on

modelling future rainfall are also offered.

6.2 Discussion and synthesis of key findings

6.2.1 Present-day (1976-2005)

Different cases (1991/92 dry and 1999/00 wet DJF seasons) of extreme events, were used to
assess the capability of model (s) to reasonable match the present-day. Rainfall as the primary
data understudy, was also studied at inter-annual timescale to determine its variability with
respect to models and GPCC. Therefore, it is important to note the following fundamental findings
from chapter 4. Each regional climate models displayed different signature on simulations, rainfall
in particular because this is a variable that is affected most by sub-grid process. In the RCM,
REMO2009 consistently simulated the largest amount of rainfall during all the seasons and also
produced rainfall over the Western Cape throughout the year. RCA4 was characterized by
scattering high rainfall (dark blue) noticeable over the north-eastern highlands of Lesotho and on
the Highveld. CCLM4-8-17 was associated with least amount of simulated rainfall. Simulations
nested within CNRM produced the least amount of rainfall across all seasons. The interannual
variability of both rainfall and temperature is underestimated in all the models, with high
temperature peaks in DJF, and low temperatures in JJA not well captured by all models.
Simulations nested within MIROC generally result in more precipitation than simulations forced

with other GCMs. HadGEM2 large scale patterns generally resembles the observations.

6.2.2 Future variability and change projections (2006-2065)

In the near future annual rainfall projections, CCLM4-8-17 projections are found here to be
associated with pockets of increasing rainfall amounts over different parts of the country for each
projection. For example, the projection nested within MPI projects wetter conditions over the

eastern parts of Limpopo, while the two other projections drier conditions in the same area. All
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the models project a drier Western Cape annual rainfall, with RCMs nested within MPI showing
the largest changes. The spatial differences in temperature projections were smaller and therefore
the model uncertainty associated with temperature is robust than that of precipitation.
Temperature, the sign of the change is the same (i.e. positive) except in the case of REM0O2009
nested with MPI, which indicates very small changes over the eastern coast. For DJF season,
areas associated with a decrease in temperature are projected to experience large decreases in
rainfall and therefore an increase in cloud cover does not explain the projected temperature
increase. CCLM4-8-17 forced by HadGEM2 projected below average temperatures over the
Kalahari Desert under the RCP8.5 scenarios. During JJA season, REMO2009 once again was
associated with drying along the Western Cape and south coast similar to DJF and MAM under
both scenarios, with CCLM4-8-17 projecting a similar picture. During the spring, all the models
projected resilient increases in temperature from JJA season, ranging from 1.0°C-1.5°C in a

large part of the inland to 0.5 °C over adjacent oceans.

In the far future climate, REMO2009 model distinctively projected drying elements over much of
the interior. The RCMs nested within MPI projected far drier conditions for the Western Cape and
south coast for all seasons and in both periods that were considered. Over north of South Africa
parts, most of the models projected rainfall decrease, though in small amplitude. An exception is
northwest and east coast region, greater uncertainty surrounds RCMs and this shows that rainfall
is less robust to project over South Africa. There is high confidence amongst the models that
mean and annual surface temperatures are projected to increase in future, unlike, trends in
precipitation which are still less coherent. This is with the exception of REMO2009 model nested
within MPI which projected smaller temperature increases and in some cases, a decrease in
temperature over most seasons. The smallest decreases in this projection were different
depending on the season being considered, with some showing a decrease or smaller increase

over the west, while the others showed this over the east.

6.3 Implications for future work

The ability for African countries to mitigate climate change tends to be of hinderance due to
several factors such as political instability, widespread poverty, lack of infrastructure and
continuous unsustainable development actions to catch up developed countries with
modernization and industrialization. Therefore, the development and application of climate
models capable to project rainfall is still primitive and requires thorough attention. A number of
climate change models project that some regions will experience an increase in temperature and

a general decrease in rainfall amounts (though some also contradict on rainfall). This indicates
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that there will be an increase in climate uncertainties and challenges in the future. A better
consideration is the development of more high-resolution climate models (e.g. CCAM_8km
resolution from CSIR) that are exceptional on physical processes. Changes and trends over South
Africa, may prove to be very useful in developing sustainable mitigation and adaptive measures
to deal with changing climate. Focus could lead to negative implications for quality of life,
economic well-being and growth of Africa at large.

The study presented a detailed long-term mean annual and seasonal assessment of rainfall
variability using medium to low and high mitigation scenarios. They were presented on spatial
maps. Generally, at regional scales, future projections were mainly based on dynamic model
applications which use laws of physics applied to the earth system with a set of complex partial
differential equations. Dynamic Regional Climate Models (RCMs) from CORDEX were key in
obtaining detailed projections of the climate in South Africa. They were applied at very high-
resolution for regions of interest. This reasoning and understanding allowed for future projections

using a combination high resolution RCMs from CORDEX and low resolution CMIP5 GCMs.

6.4 Conclusions

A clear distinction is that this study presented future projections of rainfall (and other supporting
variables such as temperature) variability and change over South Africa. Majority of the models
findings are in agreement with other previous works, projecting a prolonged future drying over
South Africa (e.g. IPCC, 2014; Engelbrecht et al., 2015). This study adds knowledge few existing
literatures with new different model approaches and results It is also apparent that climate change
may have evolving influences on mean circulations largely modulating rainfall (e.g. Tadross and
Johnston, 2012; Engelbrecht et al., 2015; SAWS, 2017).

In relation to the research objectives, the study managed to validate the models in respect to the
observations / reanalysis. RCMs nested within REMO2009 model, presented relatively weak
correlation, higher standard deviation and RMSE than the rest of the models. With
RCA4 HadGEM2 closer to the observations, during annual and DJF seasonal timescales. There
was not much comparison between raw GCM and RCM output to determine the greatest source
of uncertainty. The projected changes suggest that, continuous emission of GHG, may intensify
uncertainties amongst models on projections over South Africa and global at large. Since rainfall
projections are regarded as ambiguous at local and global scales, there is need for thorough

development of better models, research and to apply sustainable mitigation measures in practice.
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