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ABSTRACT

Straddlingthe subtropic and midlatitudes, the climate of South Africa is influenced by the
seasonal migration of théntertropical Convergence Zanthe Antrctic sea ice extenand
associated displacement of the Southern Hemisphere Westerlies. As a consequence of this
synoptic mechanism, South Africa has a unique rainfall climawicgynmer, winter and year

round ranfall zones (SRZ, W&XIYRZ). Since the first known publication in 1938, much research
hasattempted toclassiy the spatial distribution of these rainfall zonBdferent methods with
different definitions of rainfall seasonality have begplied andas such the classification of
rainfall seasonality is disputed throughout thiisrature. Unlike research attempting to classify
rainfall seasonality, there has been little research invesgtiglabw the seasonal characteristics of
rainfall have and magossibly change under anthropogealiginduced climate change. Ags

these studiedifferent seasonality metrics have beapplied making spatial and crossudy
comparisons difficult. This is problematic for South Africa which has a heavy reliane on th
seasonal characteristics of rainfall for activities such as agriculture, water resource management
and tourism.To address the aforementioned gaps and issues in literature, this research sought to
develop a standard approach to quantify, classify ancenstahd rainfall seasonality and the
changes thereof. A consistent dataset of daily rainfall and temperature spanning the period of
19872016 from 46 weather stationspreadacross South Africa was appliedotgjectively test

four seasonality metriosghich statistically discriminate between SRZ and WRZ conditions. Linear
correlation analysis was applied to the annual seasonality quantities to investigate changes in
rainfall seasonality. The results of the classification of rainfall seasonality acrossurthe fo
approaches were ndtlly consistent, further highlighting the necessity of a standard approach.
Due to the different applications of seasonality metrics, two standard approaches were proposed.
The first metric quantifies climatological seasonality bakeon the relationship between
temperature and rainfaland returns a seasonality score. This method was suggested as it
produced the best classification of rainfall seasonality, with the YRZ extendingasofitbm the
southern coasto the Namibian borderspanning the transition between the SRZ and VItiRZ.
secondmetricisbased on the timing @fccumulation 010% and 90%f daily rainfalfepresenting
boundaries for the wet seas@ndwas suggested due the societal relevancensf inetricfor
agricultual seasonalityThese standard metrics are important for future climatological research
across South Africa and are valuable to facilitate development of more accurate climate model
forecasts and projectionBew statistically sighcant (8%) changes were quantified. Although this
was the case, the changes quantified demonstrated much agreement acrossasenality
metrics and spatially, andvere broadly consistent with literature. For the majority of SRZ
locations, an increasa ERZ seasonality with a reduction in the wet season duration due to later
commencement was quantified, which is consistent with an expansion of the tropics. The results
for the WRZ locations predominantly suggest a decrease in WRZ seasonality and \@elbnger
season duration which coincided with a reduction in rainfall during many winter mtmshisas

been linked to a poleward migration of the Westerlies. For the YRZ locations along the southern
coast, an increase in WRZ seasonality consistent witiuatren in the wet season duration was
guantified. These quantified changes in the seasonal characteristics of rainfall have implications
for crop yields and water supplies across South Afndare particularly important for developing
adaptation stratgies to reduce potentially detrimental consequenakslimate change
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Figure 5.38: Ordinary kriging interpolation of the mean length of the wet season and the number of rain
days for the period of 1982016K X X X X X X XXX XX X X X X X X X X X X X X X X X X X X X X X X X X X
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Figure 5.43: Shifts in thessation dates for individual weather stations for the period of 286 based
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from 1987 and end at 2016. Specific values for each trend are AppendixcandH.2. Squares represent
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1. INTRODUCTION

South Africa has a unique geographical position at the transition between the subtropical-and mid
latitude climatic belts, and as a result of this location the country is characterised by both summer
and winter rainfall zones (SRZ &MRZ; Fitchett & Bamford, 2017). It is weltlerstood that this
dichotomy in seasonality is driven by the seasonal migration of the Intertropical Convergence Zone
(ITCZ)the Antarctic sea ice exterdnd the resultant displacement of the Southern Hemisphere
Westerlies (Chaset al, 2017; Lennard, 2019). The synoptic climatology behind these rainfall
zones is wellinderstood (Taljaard, 1996; Tyson & Predtdéimyte, 2000; Lennard, 2019). It is well
known that the majority of the country receives primarily convective summer rainfall mainly
during the months of October to March, and this is predominantly driven by the southward
displacement of the ITCZ and the tropical easterly winds (Eaale2016). Dring the Southern
Hemisphere winter months, the northward displacement of the Westerlies and associated mid
latitude cyclones are primarily responsible for winter rainfall mainly during the months of April to
September (Favret al, 2016). Along the solern coast rainfall is meteorologically complex and

is known to show no seasonal structure, with rainfall occurring througtheutyear from
numeroussummer and winter synoptic rabearing circulation systems (Engelbrestral, 2015).

The timing of raifall across South Africa is particularly important as it dictates activities such as
agriculture (Tadrosst al, 2009), and tourism (Fitchedt al, 2017), both of which are important
activities contributing tthe Gross Domestic ProdwaftSouth AfricgStatistics South Africa, 2019).
Although the timing of rainfall and the synoptic rbearing features behind rainfall are well
understood, there is much dispute in quantifying and classifying the rainfall seasonality across
South Africa.

Rainfall seasaiity is a concept that describes timing, duration and magnitude of wet and dry
seasons (Fengt al, 2013). Rainfall seasonality is not only limited to describing these
characteristics of the wet and degason and as such it is considered to be a coropleept as

it can be described in many wagsg(Dunninget al, 2016; Dengt al, 2019), and it may also
include additional metrics, for instance quantifying the length of wet and dry spells (Dunning,

2018). The rainfall seasonality of a location carfdth qualitatively and quantitatively defined



(Walsh & Lawler, 1981). A qualitativesdription ofrainfall seasonality may be through the
describing the annual cycles of rainfall through quantifying mean monthly rainfall amount across
a calendar year (g. SAWB, 1957 Landmenal, 2017). In attempting to quantitatively define
rainfall seasonality, a plethora of metrics have been proposed, such as analyses of arrival and end
dates of wet/dry season.g.lleshamni, 1972a; Liebmamt al, 2012; Dunninget al, 2016),
precipitation concentration index (P@Lg. Oliver, 1980), seasonality index &f. Walsh &

Lawler, 1981), dimensionless seasonality index and relative entropy (DSI emgdReEget al,

2013), and harmonic analysiesd.Schumann &lofmeyr, 1938), among others. Over South Africa,

a number of these metrics, with varying levels of accuracy and usability, have been used to
guantify and classify rainfall seasonality since 1938. Across these analyses, it is agreed that the
seasonality ofainfall across South Africa is considerably complex particularly due to its latitudinal
location in the subtropical and midtitude climatic belts (Taljaard, 1996; Chase & Meadows,
2007). It is also agreed that there are three distinct rainfall zortaghve SRZ spanning much of

the interior and east coast, the WRZ acrthss southwestern Cape and western coast, and the
yearround rainfall zone (YRZ) along the southern coast. However, across different mapped
outcomes, the spatial distribution of the s$dfication rainfall seasoiitglis considerably disputed
(e.g.Taljaard & Steyn, 1991; Catral, 2006; Schulze & Maharaj, 2007; Cramer & Hoffman, 2015).

As a result of the latitudinal location of South Africa and the resulting complexity of rainfall
regimes, it may be suggested that the country is a key location in which to investigate rainfall
seasonality (Fitchett & Bamford, 2017). In considering the investigation of rainfall seasonality, it is
important to note that similar to all climatic elemeritds subject to change and year to year
variability (Fengt al, 2013). Globally, numerous studies have highlighted that rainfall seasonality
has changed under anthropogeally induced climate change (e.g. Sumeeal, 2001; Pryor &
Schoof, 2009e luiset al, 2011;Fenget al, 2013; Raziei, 201 Denget al, 2019;Sarricoleaet

al., 2019). It is apparerthat manystudies exploring change in the seasonality of rainfall across
southern Africa have investigated this over seasonal scalesl¢egdinget al, 2006; Thomast

al.,, 2007; Nel, 2009; Shongweal, 2009; Mazvimavi, 201®8acKellaet al, 2014 Daviest al,
2016;du Plessis & Scholms, 20MacFayderet al, 2019. From these investigations it would

appear that there is an assption that changes in rainfall seasonality may be understood through



changing seasonal rainfall amounts (Duneingl, 2018). Shongwet al.(2009), as an example,
identified that a decline in spring (September to November) rainfall totals is associated with a delay
in onset of the wet seasoBuch an assumption is problematic as it disregards the complexity of
what rainfall seasonality entails. Certainly, the imguace of understanding changes in seasonal
rainfall amount are clear both for academic and societal purposes, however, rainfall characteristics
may change without necessarily being reflected in changes in seasonal rainfall totals (Pryor &
Schoof, 2008)¥-orinstance, changes only in the timing of wet season arrival and end dates may
not affect calendar season totals or even annual rainfall totals as changes in the wet season timing
may in turn be balanced by changes in the interwmitdistributionof dailyrainfall during that
season. Additionally, it hasdredemonstrated by Van Der Walt and Fitclfgiider Review) that
temperature seasonality across South Africa does not follow the strict seasonal brackets which
have been typically applied to climate sagl{(i.e. Summer as December to January, Autumn as
February to May, Winter as June to August and Spring as September to Nov&tobeoyer,

much late Quaternary palaeoclimatological research has highlighted significant shifts in rainfall
seasonality zoneacross southern Africa since the Last Glacial Maximum &@Mhase &
Meadows, 2007; Thackeray & Fitchett, 2016; Fitchett & Bamford, 2017 eFaith2018). As a

result, under contemporary climate change, which extends the trends of warming singeNhe

at a more rapid rate, progressive changes in rainfall seasonality are likely to have occurred (Chase
& Meadows, 2007;). Changestlire frequency okey winter and summer raipearing synopt
circulation systems have albeen detected (Lerard & Hegd, 2015), and as a resultis very

likely that rainfall seasonality across South Africa has changed.

Arguably, changes and variability in the characteristics of rainfall which pertain to the seasonality
of rainfall are of more importance for investigaits than changes in rainfall amouRggiei, 201)7

For example, information on changes in and variability of the timing and duration of the wet
season may inform annual decisions on crop planting dates and the selection of crop types
(Tadrosset al, 20M), and this may also inform annual water management decisions on when to
optimise water storage (Kahindzt al, 2008). In fact, changes in rainfall seasonality have
important implications on a number of climate sensitive activities across southernsafircas

conservation (Cramer & Hoffman, 2015; van Wikgeal,, 2016, forestry (Borchert, 1998, Suepa



et al, 2016), health (Briétt al, 2008a, b), and land use planning (Evedral, 2010), to name a
few. Despite the obvious importancewfderstanding how rainfall seasonality has changed, this
has rarely been analysed using observational records across southerneidriBa4soret al,

2005; Tadrosst al, 2009; van Wilgeat al, 2016 Botaiet al, 2018).

To this end, this researghmoject is focused on quantifying rainfall seasonality across South Africa
using a number of different methods adopted from literature, where the methods selected are
known to be able to differentiate between summer and winter rainfall (Thackeray & Eitchet
2016). The purpose here is to objectively assess these approaches in the ability to quantify and
classify rainfall seasonality across South Africa, to determine a standard climatological seasonality
approach. Additionally, this research is also focosddvestigating, for the first time, how rainfall
seasonality has changed across the full area of South Africa. The specific aim and objectives of this

research project are captured later und&ction 1.2

1.1RATIQIALE AND CONTRIBUTION TO EXISTING KNOWLEDGE

If temperatures continue to increase at the current rate, the most rdoéstgovernmental Panel

for Climate Chang@PCC) special report projects, with high confidence, that global temperatures
are likely to inrease in the order of 1°6 between 2030 and 2052 (IPCC, 20b8)esponse to
anthropogeniallyinduced climate warming during thes2&entury it is expected that the global
precipitation field will be altered, although not uniformly (IPCC,,2018. By the end of the 21
century, under medium to high emission scenarios most globedlation model (GCM)
projections generally agree on simulations of rainfall reductions in subtropical arid aratigemi
regions and increased rainfall in equatoriad dnghlatitude regions (IPCC, 201201§. In
particular, this points to southern Africa as being vulnerable to futiunéall reductions, where
GKS Y2ad NBOSyd Lt/ / &ALISOAILT NBLRNI KavaKt AIKG
under low nitigation scenario§PCC, 2018Regional climate models (RCM), which afford greater
detail, project reductions in mean annual rainfall across most parts of southern Africa, where
statistically significant reductions in seasonal rainfall amowaws &lsdeen projected for some
regions (Englebreckt al, 2009; SAWS, 2017). From the numerous projections of seasonal rainfall

amount and characteristics for South Africa there is much evidence which links shifts in summer
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and winter rainbearing synoptic fearesto an expansion of the tropics as well as a poleward shift
of the Southern Hemisphere Westerliesg( Christenseret al, 2007; Engelbreclgt al, 2009;
Mahlalelaet al, 2018 Sousaet al, 2018. As a result there is much concern surrounding the
implications of these changes for the rainfall regimes across South Africa (Engellab@Q09).

For the WRZ there muchevidence that there may be an increased incidence of droegit (
Engelbrechet al, 2009;Mahlalelaet al, 2018;Souseet al., 2018 Burlset al, 2019, whereas for

the SRZnuch evidence indicates th#tis may result in increased uncertainty surrounding the
arrival of the first rains and subsequently shorter wet seasews Engelbrechtet al, 2009;

Shongweet al, 2009; Mnninget al, 2018).

With such dire rainfall projections, southern Africa as a region with a low adaptive capacity which
depends highly on the seasonal characteristics of rainfall is considerably vulnerable to potential
future changes and variability mimfall seasonality (Ziervoglal, 2014). Indeed, a large number

of southern Africans are dependent on the seasonal characteristics of rainfall for crop sowing,
irrigation and yields, the replenishment of water supplies for drinking and domesticmddey a
renewable hydroelectric energy generation (Mukheibir, 2007; Tadt@ds2009; Moeletsét al,

2011; Botaiet al, 2017). Beyond this, the seasonality of rainfall over southern Africa has
implications for health and conservation management dstss among others, as the occurrence

of malaria is somewhat related to the timing of rainfall (Gztiig), 2004; Briéet al, 2008a, b),

and the timing of wet and dry seasons largely determines the timing of fire occurrenceefKraaij

al,, 2018). Not aly are such sectors and activities vulnerable to future changes and variability in
rainfall seasonality, it may be argued that the region of southern Africa has already felt such
affects. For example, farmers near Beaufort West in the Western Cape hedehanges in the

timing of rainfall where it is reported that in the past rainfall fell between February and May and
currently it is reported to fall between September and November (Harrison & Petersen, 2017). It
is surprising that there have been fewaestigations exploring changes in rainfall seasonality
across southern Africa. Studies which have been conducted across southern Africa investigating
contemporary seasonality changes have typically only been over relatively small spatial scales
(e.g- Reasn et al, 2005; Tadrosst al, 200%; 2009; Nel, 2009; Moeletst al, 2011;Le Roux,
2015;Mupangweet al, 2015;Tongwaneet al, 2015; van Wilgeet al, 2016 or over time frames



shorter than 30 year®(g. Botaiet al, 2018). These studies have also used different seasonality

metrics, and this makes spatial and crsiggly comparisons particularly difficult.

In order to address these issues of comparability, this research aims to determine a standard
approach to quarty rainfall seasonality across southern Africa. Not only is a standard metric
important for rainfall seasonality, standard metrics have shown importance for quantifying the
duration, frequency, intensity and severity of droughts (Betaal, 2016, 2017) quantifying
climate suitability for tourism (Fitche#t al, 2017A) and quantifying vegetation health and
productivity (Xulet al, 2018). Establishing a standard metric to quantify rainfall seasonality for
southern Africa which may be applied intoufet research across the region provides a basis for
which to improve the capacity to plan, manage, and adapt to changing in rainfall regimes. From a
scientific perspective a standard metric is important to provide information, which is comparable,
on the lates of seasonality change, the patterns of variability in seasonal rainfall characteristics,
and the drivers and mechanisms of change and variability in rainfall seasonality ([2tmhjng
2016). Since there are few published investigations on rasetabnality changes across southern
Africa, it can be argued that the development of a standard approach now is at an imperative and

key time for the future of climatological research across the region.

Before changes in rainfall characteristics can bestigated, an understanding of the seasonality

of rainfall experienced at the ground is important (Herrmann & Mohr, 2011). Since the
classification of rainfall seasonality across southern Africa is disputed €éRatfe 2019, a
standard approach may adis this issue as classifications across different studies may then be
comparable, avoiding confusion. Thus, this research attemptddi@ss the classification issue

by testing statistical approaches to determine a standard climatological seasonality approach as

well as activity specific approaches which may be used for large scale classification.

There is plausibly much research which may follow on from this stheyethis will be discussed

later underChapter 7 (Conclusiorijhis is arguelkerebecause the standard approach which will

be developed in this research project, and later published, offers the potential for much lhesearc

which may involve new locations and even longer time frames. This in part highlights the



contribution and importance of this research project to climatological knowledge across South

Africa, and broadly southern Africa, for both academic and societabms.

The innovation of this work surrounds a number of contributions to South African climatological
research.Firstly, his isthrough application ofseasonality metricgvhich are for the first time
appied across the full area of South Afri€econdly assessing these metrics on the basis of
relative value to determine a standard statistical method which may direct future redsaac
contribution toan improved understanding of rainfall seasonalityirdly, seasonality changes
have rarely been invégated across South Africa, therefore the contribution is that seasonality
changes are explored considering the full area of South Africa for the first time. fiaatiy/ti
method gproach adopted isnethodologicaktontribution asto date contemporay seasonality

and the changes thereof hamet been investigated thimanner.

1.2STUDY AIM, HYPOTHESES AND OBJECTIVES

To contribute knowledge to the aforementioned gaps in literature, the primary aim of this PhD is
to statistically quantify rainfadleasonality and the changes thereof across South Africa. This work
is undertaken using daily rainfall and temperature readings from 46 weather stations for the

period of 19872016. In addressing the primary aim of the study, the hypotheses are that:

1. Thereis a statistical method that can accurately characterise and classify rainfall
seasonality across South Africa;

2. Rainfall seasonality across South Africa has changed durin@QB&7

To interrogate these hypotheses and to address the aim of this restre@dpecific objectives of

this project are:

1. To investigate the spatiotemporal patterns of rainfall amount for the selection of 46
weather stations over an annual and a monthly scale for the period of23%

2. To develop a statistical approach to acceiajuantify, characterise and classify the
climatological rainfall seasonality of the selection of 46 weather stations using methods,
with known application across South Africa, from a diverse range of scientific fields

including:



a. Cluster analysis of meamonthly rainfall and variability (Climatology);

b. The relationship between mean monthly temperature and rainfall
(Palaeoclimatology);

c. Onset and cessation dates of the wet season (Agroclimatology);

d. Accumulation of minimum (10%) and maximum (90%) rainfalliain
(Agroclimatology);

3. To interrogateand understandhe contemporary rainfall seasonaldiyaracteristic$or
the selection of weather stations using the statistical approach developed under
objective 2;

4. To quantify changes in rainfall seasonality olvereriodof 19872016 for the 46

weather stations.

1.3STRUCTURE OF THIS THESIS

This thesis has been divided into seven chapters which are structured as follows:

This introductory chapter is followed by the literature review chapf@rapter ¥ which is
presented in two parts. Part one is presented as a published paper, with no modifications, in the
South African Geographical Journal, which focuses on reviewing both the classifications of rainfall
seasonality across Souffrica as well as the broad range of methodologies used. Part two returns
to thesis form and explores key literature investigating rainfall seasonality changes globally as well
as across southern Africa. The section covering the current knowledge @il ssatonality
changes across southern Africa explores this topic through a review of the palaeoclimatology,
contemporary climatology and climate modelling knowledge surrounding the research topic. The
final section of this literature review covers a ggsis of the literature presented in this chapter

by highlighting the existing scientific knowledge to which this study will contribute.

The study site chapteChapter 3 is presented next. This chapter is aimed at proyidineader
with a background on the Republic of Boéfrica, the study regionn this chapter focus is placed

on providing a description of the climate, where specific emphasis is placed on the rainfall



characteristics including, among others, a desompton the synoptics, topography and

surrounding oceans.

Next, the data and methodology chaptéh@pter ¥ is presented. The process for the selection of

the study weather stations is firstly covered. This isvielibby an outline of the methodological
procedures undertaken which includes the processes of data cleaning, understanding the general
rainfall characteristics, developing a statistical approach and quantifying changes in rainfall

seasonality.

The resultschapter Chapter % which follows presents the results of the annual and monthly
rainfall characteristics, the statistical approaches used to quantify rainfall seasonality, and the

changes in rainfall seasonality for thedstyeriod.

The discussion chapteCijapter § explores the results and interpretations in the context of both

the aimand objectives presented in thiggroduction chapter as well as previous literature. This
chapter focuseon the development of a standard approach to quantify rainfall seasonality
following on from the results of each statistical approach. This is followed by a discussion on the
changes in rainfall seasonality and some possible implications thereof. Thés elsppresents

an overview of the main limitations of this study, and the contribution of the research findings to

knowledge on climatology across South Africa.

The conclusiondhapter ¥ is the final chapter presented@his chapter reflects on the extent to
which the study aim and objectives have been achieved. This chapter also discusses possible
avenues for future research following on from this research project. Finally, this chapter reflects

on the key findings dhis study as well as the significance of these.



2. LITERATURE REVIEW
2.1 INTRODUCTION

Southern Africa occupies a key position within the tropical, subtropical and temperate climate
belts, and at the intersection between the Atlantic and Indian Océ&gtbédtt & Bamford, 2017)

As a result of this location, the subcontinent hosts a diverse range of rainfall regimes, namely
summer, winter and yeaound rainfall regimes, and is highly sensitive to perturbations in the
9 NI KQa Of A Yl (i $al and glabd scales Ehake &-Meéaddws, 2007). Using a range
of seasonality metrics, there have been numerous attempts to classify rainfall seasonality across
South Africa to understand the spatial distribotiof these rainfall regimes (e.§chumann &
Hofmeyr, 1938; Cooke, 1946; Taljaard & Steyn, 1991; Herrmann & Mohr, 2011; LiediraBnn
2012; Botakt al, 2018). It is weknown that spatially and temporally these rainfall zones have
shifted as a result of changes undergone in synagotide atmospéric circulation (Lennard &
Hegerl, 2015), where seasonality shifts have been most widely documented within
palaeoclimatological work across the region (Fitchett & Bamford, 2017). Notably, much research
has been conducted to further understand the synoeptiale atmospheric circulation systems
responsible for rainfall and the changes in as well as variability thereof across or within areas of
the SRZeg(g.Crétatet al, 2012; Pohét al, 2018), WRZ(g.Mahlalelaet al, 2018; Sousat al,

2018) and YREZ.g. Engelbrechtet al, 2015; Engelbrecht & Landman, 2016). However, this
interest has rarely translated into active research exploring changes in rainfall seasonality within
the contemporary record of South Afrieag. Tadrosst al, 2009; MacKellaet al, 2014; Botagt

al,, 2018). Furthermore, compared with the Northern Hemisphere where much research exists
(e.g. Pryor & Schoof, 2008; Elagib, 2011; Coesteal, 2012; Fenget al, 2013; Raziei, 2017,
Sarricoleaet al, 2019; Zhanget al, 2019),there is a limited understanding on how rainfall

seasonality has and may potentially change across southern Africa.

To this end, this literature review chapter explores existing literature surrounding rainfall
seasonality both globally and for southernids. This literature review is presented in two parts.
Part one is presented as a peeviewed journal article, with no modifications as published in the
South African Geographical Journal (Volume: 101; Issue: 2; Page numb&i&1)158/estigating

previous attempts at classifying rainfall seasonality across South Africa, where focus was placed

10



on reviewing rainfall seasonality classifications and the methodologies used. Part two is in written
form and is focused on research regarding rainfall seagosalifts both globally and across
southern Africa. Firstly, this section covers literature regarding the use of rainfall seasonality
metrics globally (i.e. excluding southern Africa) with a specific focus on studies exploring change
and variability. Nextfocus is placed on southern Africa. Acknowledging that there is limited
research regarding contemporary rainfall seasonality shifts, the first section covers key literature
regarding the methods applied to investigate palaeo rainfall seasonality sbilitsvifrg this,
literature regarding shifts and variability in contemporary rainfall seasonality is explored. Under
this section, variability and change in rainfall amount is also considered as contemporary rainfall
seasonality shifts may also be understdodugh an understanding of the modifications in rainfall
amount. This chapter then explores rainfall amount and seasonality projections. Finally, this
chapter concludes by highlighting the research gapsaaadues for future researchhich this

project aims to contribute knowledge to.

2.2 CLASSIFYING AND MAPPING RAINFALL SEASONALITY IN SOUTH AFRICA: A
REVIEW

This section includes an authored paper with no modificatibhs. details of this publication,

including the citation, impadactor, and contribution of each author, are below:

Roffe, S.J., Fitchett, J.M. and Curtis, C.J. (2019) Classifying and mapping rainfall seasonality in
South Africa: a revieiouth African Geographic Journal,(201158174. DOI:
10.1080/03736245.2019573151. Impact factor for 2017: 1.180.

Fitchett J.M (20% contribution) conceptualised the scope of this paper. Roffe S.J (75%
contribution) collected, digitised and georeferenced historic maps to produce the map in text.
Roffe S.J collated the reviewedeasch and led the writing of the manuscript, with input from
both Fitchett J.M and Curtis C.J (5% contribution) and with valuable contributions from the

anonymous reviewers.

11
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Classifying and mapping rainfall seasonality in South Africa:
a review
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ABSTRACT ARTICLE HISTORY
Across South Africa, many activities warrant consistent and predictable Received 24 August 2018
rainfall patterns which can be achieved from classification of rainfall Accepted 20 December 2018

seasonality into homogeneous zones. Since the first seasonality map KEYWORDS

for South Africa which was published in 1938, attempts to classify and Rainfall zone classification:
map rainfall seasonality for the region has proliferates, with many winter rainfall zone: summer
different approaches adopted. Currently, 59 published maps depicting rainfall zone; year-round
rainfall seasonality across South Africa are known. Although the dichot- rainfall zone; dimatology;
omy between the summer and winter rainfall zones is well-reported, integrated mapping
classification and mapping of the seasonal rainfall zones remains some-

what arbitrary and relatively inconsistent amongst authors. Amongst

these maps, there is a broad consensus that three distinct regions with

a relatively homogenous seasonal distribution of rainfall exist, known

as: summer, winter and year-round rainfall zones. Much of the country

has been classified with at least 75% spatial agreement, while classifica-

tion for the remainder of the country remains rather disputed. Available

classification approaches were interrogated, and it was demonstrated

that each approach is associated with limitations affecting the accuracy

of these maps. We suggest a rigorously assessed approach, or a set of

approaches should be used to classify rainfall zones which may be

important in further understanding rainfall seasonality across South

Africa.

Introduction

The variety of rainfall regimes across South Africa complicates the classification of
rainfall seasonality. Across South Africa, three rainfall seasonality zones are reported to
exist and in literature are termed winter rainfall zone (WRZ), summer rainfall zone
(SRZ) and year-round rainfall zone (YRZ) (Tyson & Preston-Whyte, 2000). These
rainfall zones exist as a result of the latitudinal location of South Africa (Tyson &
Preston-Whyte, 2000), which is between 22° and 34°S, at the intersection between the
tropical, subtropical and temperate atmospheric pressure systems (Braun, Bar-
Matthews, Ayalon, Zilberman, & Matthews, 2017). The WRZ located in the south-
western Cape region receives predominantly frontal induced rainfall, driven by westerly
derived mid-latitude cyclones, during April to September (Philippon, Rouault, Richard,
& Favre, 2012). The SRZ receives primarily convective rainfall during October to March

CONTACT J.M. Fitchett @ Jennifer.Fitchett@wits.ac.za e School of Geography, Archaeology and Environmental
Studies, University of the Witwatersrand, Johannesburg 2000, South Africa

© 2019 The Society of South African Geographers
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and is located across the interior and eastern parts of the country (Crétat et al., 2012).
The YRZ receives rainfall from both summer and winter rainfall systems and is under-
stood to exist along the southern coast (Engelbrecht, Landman, Englbrecht, &
Malherbe, 2015). Across the YRZ, there is no pronounced seasonality and rainfall
occurs throughout the year, with small peaks during April and September
(Engelbrecht & Landman, 2016). Rainfall seasonality across South Africa is well-
documented climatologically, and the general area of each rainfall zone is well-known.

South Africa, as a relatively arid country with an uneven spatial distribution of
rainfall and two-thirds of the country receiving less than 500 mm of annual rainfall
(King, Mitchell, & Pienaar, 2011), requires accurate representation of rainfall zones
experienced on the ground. Such information is invaluable for activities such as rain-fed
agriculture and sustainable water resource management across the country. There have
been many attempts to identify temporally and spatially homogeneous rainfall zones
using a number of rainfall seasonality classifications. Amongst maps on rainfall season-

ality, there is little consensus on the position of the geographical boundaries of each
rainfall zone. To this end, we explore the different rainfall seasonality classifications to

critically review approaches and compare mapping efforts amongst authors to quantify
the degree of uncertainty in these maps of rainfall seasonality across South Africa.

Importance of a rainfall seasonality classification and a spatially consistent
approach to mapping

A standard definition of rainfall seasonality has not been established, and while this is
the case, to describe rainfall seasonality, previous scholars have highlighted the impor-
tance of classifications based on measurements on the magnitude, timing and duration
of wet and dry seasons (Feng, Porporato, & Rodriguez-Iturbe, 2013; Pascale, Lucarini,
Feng, Porporato, & Hasson, 2014; Raziei et al., 2017). Additionally, there are no
formally established categories of rainfall seasonality to spatially classify an area
(Herrmann & Mohr, 2011). To motivate for the importance of rainfall seasonality
classification and spatially consistent mapping, the applicability of these classifications
and maps is to be considered. Applicability is not necessarily in decision-making, but
rather in meteorological and related research across South Africa.

In climate science, homogenous rainfall regions can be used to explore drivers of rainfall in
different regions, and for this task maps of rainfall seasonality are necessary (Tennant &
Hewitson, 2002). A quantifiable classification of rainfall seasonality may be used to investigate
historical changes in rainfall seasonality under a changing climate (Herrmann & Mohr, 2011;
Raziei, 2017), and consistency in the classification of rainfall seasonality is necessary for such
a task. In agroclimatology, research on the degree and type of vegetation cover across a region
and the timing of key phenophase events benefits considerably from classifications on
measurements on the arrival of the wet season and on maps of homogenous rainfall zones
(Feng et al., 2013; Raziei, 2017). Application of information regarding the timing of rainfall,
obtained from rainfall seasonality classifications, is necessary to quantify climate suitability of
tourism destinations using tourism climate indices (Fitchett, Robinson, & Hoogendoorn,
2017). Quantifiable measurements on the year-round temporal distribution of rainfall and
timing of flood and drought risk are vital for research concerning sustainable water and soil
resource management (Feng et al., 2013; Raziei, 2017).

13
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Review of methodologies to classify and map rainfall seasonality across
South Africa

Proliferation of attempts to map rainfall seasonality

To date, at least 60 maps depicting rainfall seasonality across the full area of South
Africa have been published, adapted and reused directly (Table 1). There are 19 original
maps based on primary data sources of rainfall. These original maps were reused and
adapted 13 and 28 times, respectively. These maps have been reused and/or adapted in
literature on contemporary and palaeoenvironmental research across South Africa.
Maps created by Carr, Thomas, Bateman, Meadows, and Chase (2006), Keen (1971)
and Schumann and Hofmeyr (1938) were most frequently reused or adapted. To date,
the most recent publication of a rainfall seasonality map was by Botai, Botai, and
Adeola (2018) on research regarding the spatio-temporal variability of rainfall concen-
tration. The most recent reuse of a map was Quick et al. (2018) on research regarding
changes in climatic zones through time. These maps describing rainfall seasonality are
still produced and used, and since these maps are dissimilar, the inconsistencies in the
spatial distribution and boundaries of rainfall zones are perpetuated.

The proliferation of rainfall seasonality classification maps for South Africa is clearly
apparent in Table 1. In spite of this, there is no evidence of a consistent process of
developing methods to classify rainfall seasonality, and maps have typically been
prepared without consideration of previous mapping or classification efforts. Most
maps have received little/no interrogation in literature. With so many approaches
available to create a rainfall seasonality classification, it is surprising that previous
classification approaches and maps have not been interrogated. Only Keen (1971)
reviewed and interrogated previous maps and classification approaches for his rainfall
seasonality classification (Table 1). Additionally, authors which reused or adapted maps
have generally done so without questioning those maps.

Classification methods and maps

In any systematic investigation of rainfall seasonality over a large region, especially one
which is climatologically heterogeneous, it is essential that the region is divided into
a number of smaller homogeneous regions such that each can be treated as a separate
entity for application into research (Keen, 1971). This applies to South Africa, where
there is remarkable diversity in the total annual rainfall amount and the seasonal
distribution of rainfall. Since there are many ways in which rainfall seasonality at
a particular location may be characterized, there are many ways of achieving
a classification of a region into smaller rainfall regions (Schumann & Hofmeyr, 1938).

For this section of the review, the different approaches that have been applied to
create a map of rainfall seasonality across South Africa have been evaluated in terms of
their ability to provide a complete description of rainfall seasonality. A complete
description captures measurements on the magnitude, timing and duration of wet
and dry seasons (Pascale et al, 2014). These maps have typically been created to
characterize rainfall seasonality into homogeneous rainfall regions as is experienced
on the ground (Herrmann & Mohr, 2011), based on either point weather stations,
remote-sensing products or a combination thereof.
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Across the world, many approaches to classify rainfall seasonality have been devel-
oped and applied. These include harmonic analysis explained by Schuman and
Hofmeyr (1938), the seasonality index (SI) developed by Walsh and Lawler (1981),
vector analysis developed by Markham (1970), the precipitation concentration index
(PCI) developed by Oliver (1980), the precipitation concentration degree and precipita-
tion concentration period developed by Zhang and Qian (2003), the daily precipitation
concentration index (DPCI) developed by Martin-Vide (2004), the seasonal concentra-
tion index developed by Fujita (2008), the dimensionless SI and relative entropy
developed by Feng et al. (2013) and the Gini index (GI) first used for inequality of
daily rainfall by Rajah et al. (2014).

Some of these and additional approaches have been applied to classify and map
rainfall seasonality across South Africa (Table 1). These methods range from simple
approaches, such as bar chart analysis (South African Weather Bureau, 1957), isobar
analysis (South African Weather Bureau, 1965), descriptive statistics (Taljaard & Steyn,
1991), percentage analysis (Carr et al., 2006; Cooke, 1946; South African Weather
Bureau, 1965) and the ratio of winter to summer rainfall (Cramer & Hoffman, 2015),
to more complex approaches such as vector analysis (McGee, 1977; Schulze & Kunz,
1997; Schulze & Maharaj, 2007), SI (Walsh & Lawler, 1981), PCI (Botai et al., 2018),
harmonic analysis (Schumann & Hofmeyr, 1938), spectral analysis (Keen, 1971),
remote-sensing techniques (Herrmann & Mohr, 2011) and calculation of wet season
start and end dates (Dunning, Black, & Allan, 2016; Liebmann et al., 2012).

The first known published map of rainfall seasonality across South Africa was by
Schumann and Hofmeyr (1938) using harmonic analysis by fitting sine waves to mean
monthly rainfall distribution (Table 1). The final map was drawn using two systems of lines
of ‘equal phase’ and ‘equal relative amplitude’, which are measures of the period of
maximum rainfall and normal rainfall fluctuation during the course of a year respectively.
Twenty-three delimited regions representing annual percentage of summer rainfall, during
October to March, were mapped, and summer rainfall for region one was 20.2% which
increased to 88.1% for region 23 (Schumann & Hofmeyr, 1938). The final classification
results provide measurements on the percentage and timing of rainfall, only on a monthly
scale. Many regions across South Africa may experience wet seasons which commence not
at the start but rather during a month. The magnitude of rainfall across the country is
considerably variable, and such variability was not considered by this approach.

Almost a decade later, Cooke (1946) created a rainfall seasonality map, with 16
rainfall regions, using two periods of percentage monthly rainfall (Table 1). The first
period was of the months contributing above 10% of annual rainfall and the second of
the months contributing below 5% of annual rainfall (Cooke, 1946). The prepared map
depicts the duration and timing of the wet season, again only on a monthly scale.
Information regarding rainfall magnitude is again unknown.

Starting in 1957, the South African Weather Bureau (SAWB) released a number of
maps depicting rainfall seasonality across South Africa. The first was produced by
plotting a location-specific classification of yearly rainfall distribution using bar
graphs on mean monthly rainfall (South African Weather Bureau, 1957; Table 1).
The second map was created using mean monthly rainfall values to calculate isohyet
lines of summer rainfall percentage across the country (South African Weather
Bureau, 1965; Table 1). The third map was produced using mean monthly rainfall
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values to create isohyet lines of seasonal rainfall, where the zero line indicated year-
round rainfall, and positive and negative lines represented excess spring and autumn
rainfall, respectively (South African Weather Bureau, 1965; Table 1). The fourth map
was created by plotting monthly migration of the 50mm isohyet, which provided an
incomplete classification of rainfall regimes (South African Weather Bureau, 1965;
Table 1). Common amongst these maps is that rainfall seasonality zones have not
been delimited into homogeneous zones, which should be treated as separate entities
in rainfall discussions on research topics such as water and soil resource management.
Additionally, measurements on the duration, timing and magnitude of wet seasons
are not evident from these classifications.

Keen (1971) classified rainfall seasonality using spectral analysis, mean monthly and
annual total rainfall (Table 1). The spectra of rainfall series were plotted and the
classification was developed by analysing the variance of the spectrum of rainfall series
and the mean amplitudes of the waves, which constituted various possible rainfall
regimes identified as spectral cycle fluctuations (Keen, 1971). By superimposing the
spatial distributions of the spectral cycle fluctuations, a map of 18 rainfall regions was
created (Keen, 1971). This classification and map described rainfall seasonality with
measurements on the duration, timing and magnitude of the wet season on a monthly
scale (Keen, 1971). The temporal distribution of rainfall, for example unimodal, bimo-
dal or year-round, was captured using this approach (Keen, 1971).

McGee (1977), Schulz and Kunz (1997) and Schulze and Maharaj (2007) classified
rainfall zones across South Africa using vector analysis (Table 1). This approach
assumes that mean monthly rainfall values for a location are vector quantities, with
a magnitude being monthly rainfall amount and a direction being the month expressed
(Markham, 1970; McGee, 1977). The resultant vector is a percentage ranging from zero
for rainfall evenly distributed throughout the year to 100 indicating all rainfall fell in 1
month, with a direction representing the period of rainfall (Markham, 1970; McGee,
1977). This approach describes the duration, timing and distribution of rainfall
throughout the year; however, a disadvantage of this method is that only one rainfall
peak may be identified as only one resultant vector is produced (Oliver, 1984). The
southern Cape coast of South Africa experiences a bimodal rainfall distribution, with
more than one rainfall peak during the year-round rainfall season. All three maps
demonstrated consistency using this rainfall seasonality classification.

Using the SI, mean monthly and annual average rainfall data, Walsh and Lawler
(1981) mapped rainfall seasonality across Africa (Table 1). This approach measures the
variability of monthly rainfall throughout a year, where the result is the degree of
seasonality ranging from zero, for equal monthly rainfall, to 1.83, where rainfall occurs
during a single month (Walsh & Lawler, 1981). This value does not demonstrate the
timing nor duration of seasonal rainfall, and in South Africa seasonal rainfall occurs
during summer and winter. Maps depicting the timing of rainfall are considerably
different to this map Walsh and Lawler (1981) produced.

In 1972, the SAWB produced a map of 93 rainfall districts across South Africa.
Taljaard and Steyn (1991) calculated mean and total monthly rainfall for each district to
group them according to the timing, duration and distribution of rainfall (Table 1). No
information regarding the magnitude of rainfall was obtained from this approach.
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Using predefined zones incorporated bias into the final rainfall zone boundary locations
as these were not calculated but rather boundaries of the rainfall districts.

Carr et al. (2006) used mean monthly rainfall data to create a map with SRZ, WRZ
and YRZ areas based on the annual percentage of winter rainfall (Table 1). Areas
classified as WRZ, YRZ and SRZ receive above 66%, 33-66% and below 33% of winter
rainfall, respectively (Carr et al., 2006). Classification into SRZ, WRZ and YRZ provides
some information on the timing and distribution of rainfall, but there is no information
regarding the magnitude nor duration of rainfall.

Herrmann and Mohr (2011) produced two maps of rainfall seasonality across Africa
based on the relationship between temperature and rainfall, at two different spatial
resolutions (Table 1). Non-seasonal humid, arid and single-, dual-, and multiple-wet-
season regimes were mapped to describe rainfall seasonality in terms of the timing and
distribution of rainfall throughout a vear (Herrmann & Mohr, 2011). These maps were
created using gridded rainfall from the Tropical Rainfall Measuring Mission

Multisatellite Precipitation Analysis (TMPA), at 0.25° and the Global Precipitation
Climatology Project (GPCP), at 2.5°, and the Moderate Resolution Imaging

Spectroradiometer land surface temperature product (Herrmann & Mohr, 2011). Grid
cells are not purely based on observed rainfall values, but rather a combination of
satellite and rain gauge observations (Rana, McGregor, & Renewick, 2015), which may
provide more spatially complete datasets of rainfall and arguably more homogeneity
over point-based weather stations. The spatial scale of grid cells at 0.25° is equivalent to
approximately 27-28km, which provides a better spatial resolution than meteorological
stations where the spatial distribution is equivalent to the distance between stations
which is not uniform and often larger than the spatial resolution offered by remote-
sensing products. Remote-sensing grid cells may provide predefined boundaries along
grid cell boundaries. Possibly a better way to determine the location of rainfall zone
boundaries may incorporate both remote-sensing products and point-based weather
stations.

Dunning et al. (2016) and Liebmann et al. (2012), using GPCP at 2.5° resolution,
defined the wet season across Africa using a quantity called the ‘anomalous accu-
mulation’, which is plotted to determine the start and end dates of rainfall when the
accumulation plot increases and decreases, respectively. This was the only approach
to classify rainfall seasonality on a daily scale. Additionally, information calculated
from this approach adequately describes the timing, duration and magnitude of the
wet season.

Cramer and Hoffman (2015) used mean monthly rainfall data obtained from a spline
interpolated surface created by Hijmans, Cameron, Parra, Jones, and Jarvis (2005), to
create a rainfall seasonality classification based on the ratio of winter (April to
September) and summer (October to March) rainfall (Table 1). While this ratio does
provide a statistical dichotomy on winter and summer rainfall and some information
on the timing of rainfall, there is no information regarding the duration, distribution
and magnitude of wet seasons.

The most recent map of rainfall seasonality was created using gridded mean monthly
rainfall, of 0.25° from TMPA, and the PCI to classify the temporal distribution of
rainfall (Botai et al,, 2018). The class limits used were adapted from Oliver (1980) and
indicate the distribution as follows: a PCI value less than 10 indicates a uniform rainfall
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distribution indicative of year-round rainfall, a PCI value between 10 and 15 indicates a
moderate rainfall distribution, a PCI value between 16 and 20 indicates an irregular
rainfall distribution and PCI values greater than 20 indicates a strong irregular rainfall
distribution indicative of highly seasonal rainfall. Similar to the SI approach, this
approach does not depict the timing nor duration of rainfall, and maps are also
considerably different to those depicting the timing of rainfall.

One of the main issues associated with most of the approaches used to classify
rainfall seasonality across South Africa is related to temporal data scale. Most
approaches call for monthly scale data (Table 1), which offers a coarse resolution not
accounting for daily scale rainfall variability and is an issue for areas where rainfall
seasons start within a month. This scale is problematic as rainfall anomalies may skew
monthly averages or totals and create misleading trends, while analysis at a daily scale
may account for these anomalies and short rainfall seasons (Keen, 1971; Walsh &
Lawler, 1981). The ‘anomalous accumulation’ quantity is the only approach which
considered rainfall on a daily scale, and subsequent maps were on a daily scale.
Additionally, the DPCI and GI, approaches with no known published use in South
Africa, use daily rainfall values for calculation (Martin-Vide, 2004). Results from these
approaches demonstrate the distribution of rainfall throughout a year, where higher
and lower values indicate a heterogeneous and homogeneous distribution of rainfall,
respectively (Sangiiesa et al., 2018). No numerical limits have been developed to
indicate seasonal or year-round rainfall from the DPCI and GI results (Martin-Vide,
2004; Rajah et al., 2014; Sangtiesa et al., 2018), and the resulting value does not indicate
the timing of rainfall. This limits the applicability of these approaches to research
activities on topics such as water resource management and agriculture which rely on
measurements on the timing of rainfall.

Despite continuous attempts to classify and map the rainfall seasonality across South
Africa and the rest of the world, there still does not exist a universally accepted
classification nor an objectively assessed ideal statistical approach for constructing
one. Even leading climatological organizations, for example the World Meteorological
Organisation, have not created a standard rainfall seasonality classification. However,
the SI and PCI are the most commonly used approaches (Raziei, 2017). These
approaches are associated with issues surrounding input data scale, and both
approaches do not demonstrate the timing of rainfall, issues highlighted earlier. By
using different approaches, comparisons over time and between different areas are
difficult, especially in areas with considerable dispute regarding their classification.

Analysis of rainfall seasonality classification maps

Amongst these maps, there is a broad consensus that South Africa contains a SRZ,
a WRZ and a YRZ, yet the geographical boundaries of these zones vary considerably
between maps (Figure 1). Across the country, the WRZ is typically shown to cover the
western coast, the SRZ is typically shown to cover the interior and eastern parts of the
country and the YRZ is typically shown along the southern coast, and this is repre-
sented fairly consistently throughout most maps.

Each of the 19 original rainfall seasonality maps was imported into ArcMap 10.3 and
georeferenced to a map of South Africa projected using the WGS84 coordinate system.
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(k)

Figure 1. Example of maps depicting rainfall seasonality across South Africa: (a) Schumann and
Hofmeyr (1938), (b) Cooke (1946), (c) South African Weather Bureau (1957), (d) South African
Weather Bureau (1965), (e) South African Weather Bureau (1965) (f) Keen (1971), (g) McGee
(1977), (h) Taljaard and Steyn (1991), (i) Schulze and Kunz (1997), (j) Carr et al. (2006), (k)
Herrmann and Mohr (2011) and () Cramer and Hoffman (2015).

Once the maps were georeferenced, spatial feature classes were identified which describe
consensus/dispute regarding the classification of rainfall zones to create a composite map
(Figure 2). From the composite map, it is clear that there are some inconsistencies in these
maps classifying rainfall seasonality across South Africa (Figure 2). Only 78% of the country
has been classified with at least 75% consensus, leaving the rainfall seasonality classification
for the remaining area disputed by at least 25% of authors (Figure 2; Table 2). The landmass
located between the SRZ and WRZ, excluding the southern coast of the country, is disputed
by at least 50% of authors (Figure 2; Table 2). Within this area, 3% of the country’s rainfall
seasonality classification is highly disputed as the area has been classified as SRZ, WRZ and
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Figure 2. Consensus and dispute between authors on the spatial distribution of rainfall seasonality
zones across South Africa. The locations Cape Town, East London, Johannesburg, Kimberley, Mossel
Bay, St. Lucia and Sutherland have been labelled for use in Table 2.

Table 2. Portion of South Africa, including Lesotho
and Swaziland, classified under each class of con-
sensus/dispute regarding the rainfall seasonality
classification in Figure 2.

Class of consensus/dispute Portion classified (%)

SRZ>75% consensus 73
SRZ 50-75% consensus
WRZ>75% consensus
WRZ 50-75% consensus
YRZ>75% consensus
YRZ 50-75% consensus
SRZ/YRZ

WRZ/SRZ

No clear definition

Wk =N RO

YRZ amongst the maps, indicating that there is no clear definition in the classification for
this area (Figure 2; Table 2).

The differences in maps appear to represent most clearly the differences in methods
used. A range of methods should converge on the same empirical observation, at very
least for the extremes of rainfall zones. More than 75% of the maps have converged on
the same rainfall seasonality classification for 78% of South Africa, and at least 50% of
maps converged on the same rainfall seasonality classification for 88% of the country
(Figure 2; Table 2). Between the WRZ and SRZ, there are inconsistencies in the rainfall
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seasonality classification. In this highly disputed area, classification approaches may
either not have the ability to capture weak signals of rainfall seasonality of the SRZ and
WRZ and may capture these as YRZ or classification approaches may capture weak
signals of seasonality, or this area is a YRZ and only some methods capture this.

The differences in maps may also represent the differences in temporal periods,
different spatial distribution and numbers of stations, different data products and
different spatial interpolation methods. Maps would be dissimilar unless the exact
same dataset, temporal period and spatial interpolation techniques are used to classify
rainfall seasonality using the exact same approach. First, different temporal periods
would capture the average rainfall seasonality of a specific period which would not be
the same as another period. Second, differences in the spatial distribution and number
of stations and data products will cause differences in the final surface of rainfall
seasonality which would capture rainfall seasonality specific to the spatial distribution
of selected stations and/or data products. Last, differences in spatial distribution may be
attributed to the use of different spatial interpolation methods, as no method will
display the exact same spatial distribution (Dobesch, Dumolard, & Dyras, 2007).
These differences would manifest mostly along boundary locations between rainfall
zones, where the classification of rainfall zones is disputed amongst authors (Figure 2).

The differences in maps also appear over time as new maps were published. These
differences over time could be a result of different definitions of rainfall seasonality
captured by different categories of rainfall regimes, reflecting the time these maps were
created. Additionally, the differences could also indicate temporal shifts in seasonality
distribution as rainfall seasonality, similar to all climatic elements, is subject to change
(Sousa, Blamey, Reason, Ramos, & Trigo, 2018). This does not seem to be the case for the
locations mapped in Figure 2, and over time classifications for the same location are
similar, and only the dassification of Sutherland is considerably disputed amongst the
authors (Table 3). Sutherland is located in the highly disputed area between the SRZ and
WRZ (Figure 2). Along the eastern coast of the country, as shown by the classification of
St. Lucia captured in the maps (Table 3), there are some discrepancies as some authors
classified this full coastline area or small parts of the coastline area as a YRZ (Chase, Boom,
Carr, Meadows, & Reimer, 2013; Keen, 1971; Walsh & Lawler, 1981).

Conclusions, future developments and research questions regarding
rainfall seasonality in South Africa

There have been many attempts to classify rainfall seasonality across South Africa and
to create a single map describing the spatial distribution of rainfall seasonality. This
study is the first of its kind to review the methods used to classify and map rainfall
seasonality across South Africa and to quantify the degree of uncertainty in subsequent
maps. Classification and mapping efforts were demonstrated to be inconsistent. The
inconsistencies are most apparent at the transition between the WRZ and SRZ, and
further work is essential to understand this area. In view of this, an important question
to consider is whether a YRZ characterizes the transition between the SRZ and WRZ. It
is also important to re-evaluate the spatial distribution of rainfall zones, especially the
YRZ which is considered to only occupy the southern coast in literature (Engelbrecht &
Landman, 2016; Engelbrecht et al., 2015).
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Table 3. Rainfall seasonality classification from the 19 original maps for seven locations mapped in
Figure 2. SRZ: summer rainfall zone; WRZ: winter rainfall zone; YRZ: year-round rainfall zone; WS: Wet
season. NC: not classified. Only SRZ, WRZ and YRZ have been highlighted.

Publication Cape East London  Johannesburg  Kimberley Mossel St. Lucia  Sutherland
Town Bay

Schumann and WRZ YRZ SRZ SRZ YRZ SRZ YRZ

Hofmeyr (1938)

Cooke (1946) WRZ YRZ SRZ SRZ YRZ SRZ WRZ

South African WRZ SRZ SRZ SRZ YRZ SRZ WRZ

Weather Bureau

(1957)

South African WRZ SRZ SRZ SRZ YRZ SRZ WRZ

Weather Bureau

(1965)

South African Autumn YRZ Spring Spring YRZ Spring Autumn

Weather Bureau

(1965)

South African NC SRZ SRZ SRZ NC SRZ NC

Weather Bureau

(1965)

Keen (1971) WRZ YRZ SRZ YRZ YRZ YRZ YRZ

McGee (1977) WRZ YRZ SRZ SRZ YRZ SRZ WRZ
Max: Jan Max: Jan Max: Feb

Walsh and Lawler ~ Rather YRZ Rather Rather YRZ YRZ Rather

(1981) seasonal seasonal seasonal seasonal

Taljaard and WRZ YRZ SRZ SRZ YRZ SRZ WRZ

Steyn (1991)

Schulze and Kunz =~ WRZ YRZ Early-SRZ Late-SRZ YRZ Late-SRZ WRZ

(1997) Max: Dec Max: Feb Max: Feb

Carretal. (2006) = WRZ YRZ SRZ SRZ YRZ SRZ YRZ

Schulze and WRZ YRZ Mid-SRZ Late-SRZ YRZ Mid-SRZ WRZ

Maharaj (2007) Max: Jan Max: Feb Max: Jan

Herrmann and One WS, One WS, One WS, One WS, Two WS,  One WS Two WS,

Mohr (2011) unimodal  bimodal unimodal unimodal unimodal-  unimodal unimodal-

*Map one unimodal unimodal

Herrmann and One WS One WS One WS One WS One WS One WS One WS

Mohr (2011) unimodal  unimodal unimodal unimodal unimodal unimodal unimodal

*Map two

Liebmann et al. WRZ YRZ SRZ SRZ YRZ SRZ YRZ

(2012)

Cramer and WRZ SRZ SRZ SRZ SRZ SRZ SRZ

Hoffman (2015)

Dunning et al. WRZ SRZ SRZ SRZ WRZ SRZ WRZ

(2016)

Botaiet al. (2018)  Irregular  Uniform Irregular Irregular Moderate  Moderate  Irregular

The inconsistencies apparent between the maps clearly represent the different classifi-
cation approaches, which refer to different definitions and categories of rainfall seasonality.
Inconsistencies amongst these maps are problematic for application of these maps, for
activities such as water resource management and agriculture which require information
on consistent and predictable rainfall regimes. A potential way to reduce the issues of
inconsistency may be to implement one approach, or a number of approaches, with
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established categories to classify and map rainfall seasonality across South Africa. This
approach is a consideration of our current research. The aim is that this approach can
provide quantifiable measurements on the magnitude, timing, duration and distribution of
wet and dry seasons which are considered to provide a complete description of rainfall
seasonality. An important feature of this approach should be the ability to qualitatively and
quantitatively describe rainfall seasonality for meaningful comparisons across the entire
country. This approach should be consistent and based on an objectively and rigorously
assessed statistical approach with all information disclosed regarding its calculation and
limitations. This approach should be able to quantitatively reflect change over time, which
would enable identification of rainfall seasonality trends under a changing climate.
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2.3 RAINFALL SEASONALITY SHIFTS AND PROJECTIONS

2.3.1THE USE OF RAINFALL SEASONALITY METRICS TO QUANTIFY CHANGE AND
VARIABILITY GLOBALLY

Climate change has not only altered the overall magnitude of rainfall but also its seasonal
distribution and interannual variability worldwide (IPCC, 2013, 2018).pfeviously noted,
literature has produced a confounding number of metrics to quantify rainfall seasonality (Figure
2.1). In investigations regarding insamnual variability and loAgrm time series trends of rainfall
seasonality, many of these metricave been applied globally (Figure 2.2), either across or for
areas within the tropics (e.g. Feagal, 2013), Europe (e.g. Cortegial, 2012; Coscarelli &
Caloiero, 2012; Vyshkvarkova & Voskresenkaya, 2014), Asiadetal, 2018; Dengt al, 2019;
Zhanget al, 2019, the Middle East (e.q | 1 K6 2dzi S wHnanmpT | SORazi@NX I |
2017), North America (e.g. Pryor & Schoof, 200&tRé) 2013; Gitau, 2016), South America (e.g.
Vélezet al, 2018; MesegueRuizet al, 2019 Saricoleaet al, 2019, and Africa (e.g. Adelekan &
Adegebo, 2014; Ezenwaji al, 2017; Salhet al, 2019). In recent years numerous seasonality
metrics have been developed (e.g. Zhang & Qian, 2003; Mateet al, 2004; Liebmanet al,

2012; Fenget al., 2013), and as such there has been an increasing number of studies which have
investigated shifts in rainfall seasonalitytgatarly since 2010 (Figure 2.However, given the
concerns surrounding changes (Pasetald, 2016; IPCC, 2018), un@derthropogeniallyinduced

climate change, in the seasonal characteristics of rainfall, there are still relatively few studies
regarding rainfall seasonality shifts highlighting a needcémtinued research (Figure 2.2
Commonly applied metrics to quantifainfall seasonality shifts in this body of literature include

the DSI and RE, Daily Precipitation Concentration Index (DPCI), PCI, onset and cessation dates, and
SI, metrics previously noted und&zction 2.2Figure 21). Recenty, seasonality metrics have been
incorporated into climate modelling endeavors in order to produce projections on more than just
rainfall amount and to assess the performance of climate models in simulating rainfall (e.g Dunning
et al, 2016, D18; Liet al, 2016;ul Hasson, 201&umi & Abiodun, 2018).
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Figure 2.1: Flow diagram of selected seasonality metrics, input data and output measurements of seasonality which
contribute to describingainfallseasonality. The percgles of accumulatin representghe approaches of llesanmi
(1972a, b) and Pryor and Schoof (2008). The atattend dates represetthe approaches of Dunnireg al. (2016)

and Sterret al.(1982). The daily precipitation concentration period represents the approach of Mat&r(2004).

The Gini index represents the approach of Refjah (2014).The Precipitation Concentration Period and Precipitation
Concentration Degree representesthpproach of Zhang and Qian (2003)e precipitation concentration index
represents the approach of Oliver (1980). The seasonality concentration index represents the approach of Fujita
(2008). The seasonality index represents the approach of Walsh atet [981). The dimensionless seasonality
index and relative entropy represeithe approach of Fengt al.(2013). The vector analysis represents the approach

of Markham (1970). The relationship between mean monthly rainfall and mean monthly tempezatesents the
approach of Thackeray and Fitchett (2016).
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Figure 2.2: Number of publications from 26819 per continent which have investigated rainfall seasonality shifts
using seasonality metrics captured unéégure 2.1 Data derived from Googtcholar, Science Direct and Web of
Knowledge.

Investigations regarding rainfall seasonality are considered to be particularly important as it has
been reported that statistics on annual, seasonal and monthly rainfall amount do not provide
enough informabn on rainfall in general (Fergal, 2013; Ma & Zhou, 2015). However, Fehg

al. (2013) note that changes in monthly and annual rainfall amount are particularly useful when
considering agreement with trends in seasonality metrics. This is becausd clianges are
considerably complex, and to understand rainfall modifications it is important to capture all
aspects of change and variability over multiple temporal scales ¢Fahg2013; Pascalet al,

2015, 2016; Raziei, 2017). For instardgnges in the annual distribution (i.e. seasonality) of
rainfall have been noted as a consequence of changes in rainfall amount (over monthly to annual
scales), and also without changes in rainfall amaugtfryor & Schoof, 2008; de Latsal, 2011;
Cortesiet al, 2012; Fenegt al, 2013; Ma & Zhou, 2015; Huaeigal, 2018; Dengt al, 2019).

Studies considering historical shifts, for temporal periods of up to 100 years, in rainfall seasonality
have typically used either rain gauge, reanalyseatellite derived products of rainfall over daily

or monthly scales. Although most studies note many statistically insignificant trends, from these
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studies it is evident that there have been significant changes in rainfall seasonality globally. For
examplepsing the PCI for the period of 192605 de Luist al.(2011) note a general, statistically
insignificant increase in annual rainfall seasonality across Spain, and over a seasonal scale a
statistically significant increasing trend in wet season raggafionality was particularly noted to
contribute to the annual change. In China, as an exampletB.¢2018) note a general increase

in rainfall seasonality using the SlI, where this increase was statistically related, particularly for the
statisticaly significant areas, to an increase in the frequency of extreme rainfall. In Senegal,
Camberlin and Diop (2003) note a decrease in the duration of the wet season as a result of delayed

onset dates.

Across most of these studies it is typically highligtitatrainfall seasonality may be considerably
variable from year to year and that any trends in rainfall seasonality are rather complex, where
these are not likely to be caused by one single factor and are probably related to, among others:
global to lochscale atmospheric circulation patterns, sea surface temperature (E8nalees,

rising temperatures, greenhouse gasicentrations as well as local geographical faceogsde

Luiset al, 2010a; Fengt al, 2013;Denget al, 2019;Zhanget al, 2019). This highlights that any
trends and variability in rainfall seasonality are particularly location dependent. As an example, Ma
and Zhou (2015) suggest that regional drivers of trends and variability in rainfall seasonality across
Chinainclude, amondteers, land use change, irrigation, urbanisation, and natural internal climate
variability. Similarly, Raziei (2017) high&gft in Iran topography may either enhance or reduce

the influence of regional scale drivers of rainfall seasonality changeagatility. Additionally,
Zhanget al.(2019) note the role of latitude, longitude, altitude and the teleconnections with large
scale circulation patterns (includiri§f Nfio Southern OscillatiorENSO), the Pacific Decadal
Oscillation, the Arctic Oscilian, the Indian Ocean Dipole and the North Atlantic Oscillation) in
change and variability of annual PCI. Despite the vast knowledge on the drivers behind rainfall
seasonality changes and variability, many studies do not highlight the drivers behindschange
observed, particularly because so many statistically insignificant trends are detected which are
assumed to represent no change, and hence many studies conclude there and do not explore
further (e.g. Livada & Asimakopoulos, 2005; Elagib, 2011; @beks?012; Coscarelli & Caloiero,
2012; Gitau, 2016; Suepaal, 2016;Bariet al, 2017;Sharma & Singh, 201Muanget al, 2018;
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Sanguesat al, 2018; Sallet al, 2019. However, it may be that there are changes instead in the
inter-annualvariability of rainfall seasonalitg.¢. Camberlin & Diop, 2003; Laatal, 2004, e

Luiset al, 2011; Fengt al, 2013; Mathbout, 2015; Raziei, 2017), or over a longer temporal period
there may be atronger signature of change.g.de Luiset al, 2011). Several studies have also
detected abrupt shifts, especially from the 1970s, in rainfall seasonality which are noted to
indicate changes in intemnual variabilityg.g. Gong & Ho, 2002; Camberlin & Diop, 2003;
Mathbout, 2015). Considering the \ability of rainfall seasonality for the period of 19512,
Fenget al.(2013) quantify an increased variability in conjunction with changing seasonality trends
which is suggested to have contributed to an increasing uncertainty in the timing of aaitsd

the tropics.

Indeed, there has been an increase in the number of studies incorporating seasonality metrics in
climate modelling research (e.get.al, 2006; Rauscheit al, 2007; Biasutti & Sobel, 2009; Pryor

& Schoof, 2008; Guenang & Kamga,Z2®olsoret al, 2013; Pascalet al, 2015, 2016; Demirel

& Moradkhani, 2016; Dunnirgg al, 2016, 2018; lat al, 2016;ul Hasson, 203&umi & Abiodun,

2018); seasonality metrics which have been incorporated in these studies include DSI and RE, S,
and various metrics on the timing of start and end dates of the wet season. It has been suggested
by manythat accurate and reliable identification of rainfall seasonality regimes, using seasonality
metrics, is necessary to assess the performance of boils@@d RCMs in simulating current
climate and in projecting future climate.g.Rauscheet al, 2006; Pascalet al, 2015; Demirel &
Moradkhani, 2016; let al, 2016). Studies exploring modifications in the seasonal cycle of rainfall,
note that subtropical arid and sefaiid regions are expected to get drier, whereas wet equatorial
and high latitude regions are expected to get wetter (GHal, 2013; IPCC, 28), which is likely

to influence rainfall seasonality. This is projected as a consequence of a widening of the Hadley
cell (Seidett al, 2008; IPCC, 2013, 2018), and a consequent poleward tendency of the subtropics
as well as tropical and extra tropichabrm tracks (IPCC, 2013, 2018; TamBrodsky & Kaspi,

2017).

In considering global rainfall seasonality trends, both projected and observed, it is widely agreed
that the seasonality of rainfall has and will exhibit marked chareggd(yor & Schoof2008;
Cortesiet al, 2012; Fengt al, 2013; Let al, 2016; Pascalet al, 2016; Raziei, 2017; Dunniety
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al., 2018; Dengt al, 2019; Sarricoleet al, 2019). Across the various studies, globally or smaller
regions thereof, which have used diffeteseasonality metrics for different temporal periods,
there is much spatial agreement in the direction of change tending towards increasingly seasonal
rainfall across most regions, as will be discussed in the paragraphs below. The magnitude of
change is ot consistent across these studies; however, although not impossible it is difficult to
compare the magnitude of seasonality across different metrics, even without considering changes
(Raziei, 2017). This is due to the fact that different seasonalitycexé¢fiiough quantification
capture different definitions and different characteristics of rainfall seasonality ¢Fahg2013;

Razieet al, 2017; Roffet al, 2019).

To consider the agreement in seasonality trends globally, the direction of chatiyes is
considered here for some studies across the world. Where the direction of change does not agree,
this may be attributed to the fatihat different metrics of rainfall seasonality have been used, and
this may also be due to differences in the spatia temporal characteristics of input datasets (Li

et al, 2016; Raziei, 2017; Deeigal, 2019). Over a global scale for instance, the studiegbélLi

(2016) and Pascalet al. (2016) display remarkably different results.etial. (2016) note a
predominant decrease, with scattered regions of increasing trends in SI for the peric2QD¥} 8

while Pascalet al.(2016) mainly project (2082100) increasing RE implying an increase in the
seasonality of rainfall also with some decreasing trends RiStnerojected across high latitudes

(>5C N and S), which are suggestive of an increase in the number of wet months.

Across the tropics using the DSI Fehg@l. (2013) quantify a complex pattern of seasonality
changes in seasonality for the period of 32802, where this is somewhat consistent with the
observed results presented byettial.(2016) and the projected trends across the African tropics
presented by Dunningt al.(2018) based on start and end dates of the wet season. The pattern
of change énget al.(2013) documented across the tropics is also relatively consistent with some

of the model ensembles from Pascetal.(2016).

Across Europe using the DPCI for the period of -2910 Cortesiet al. (2012) detected
predominantly increasingends with some smaller regions of decreasing trends across western

Europe, where an increase is indicative of an increase in the degree of seasonality with rain days
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tending towards being concentrated in a shorter tempoexiqua. Similarly, Vyshkvarkovada
Voskresenkaya (2014) detect reductions in PCI across Ukraine for the period-@B906In
agreement with the results of Cortegial.(2012), Pascalet al.(2016) project an increase in RE
across the entire Europe region, whiletLal.(2016) quantify increasing trends in SI mainly across
western Europe and decreasing trends across the eastern regions. Similar to the results of Cortesi
et al. (2012) across Greece, Italy, Portugal and Spain, the res@tsroferet al. (2001),Livada
andAsimakopoulos (2005annarozzet al.(2006),and ¢ Luiset al.(2010a, 2011ysing either

Sl or PCI quantify mainly increases in the degree of seasonality.

Across Asia, the results for the trends in seasonality using either RE and, Bx&l, tR€&tart and

end dates of the wet season also display much agreereentQook & Buckley, 2009; dti al,
2011;Guhathakurta & Saji, 2013; Nairal, 2014; Luo & Zhang, 2018a & Zhou, 2015 iet al,

2016; Pascalet al, 2016;Suepeet al, 2016;ul Hasson, 201;@ariet al, 2017;Huanget al, 2018;

Sahanyet al, 2018; Taet al, 2018; Dengt al, 2019; Zhangt al, 2019), however, this is not as

strong as that displayed across Europe. Across Asia there is a predominant signal of increasing
sea®nality, while some of these studies have also detected small regions of decreasingqntrends
seasonalitymainly across countries such as Inéig.Guhathakurta & Saji, 201Sahanyet al,

2018) and China (Ma & Zhou, 2015; Deing, 2019; Zhangt al, 2019. A few studies have been
conducted in the Middle East, yieldimguch agreement in trends which are indicative of
increasing seasonality across a number of metrics including DPCI, SI, RE and DSI, PCI and
precipitation concentration period and degré.g.Mathbout, 2015; Let al, 2016; Pacalet al,

2016;, SOAEt PNXYIF]1 9 ' GFGFYPNI vamecT wktlTASAZT HAMTOO®

Across North America, the projected results of Pastadé (2016) and observed results ofet.i

al. (2016) are in complete disagreement, wheretlal.(2016) quantified increasing trends for SI

in the northern regions and decreasing trends across the southern regions. Additionally, the
results of Pakt al. (2013) and Pryor andchoof (2008) were also contrasting using different
seasmality metrcs. Using Sl Pryor agghoof (2008) quantified mainly increasing trends, while
Palet al.(2013) using start and end dates of the wet season note trends towards a longer wet
season. The majority of studies across South America using PCI, S, and RHigpldyD8uch

agreement where there are predominantly increasing, observed and projected, trends with
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smaller regions of decreasing trends mainly in the northern regions of the congrgeifefget
al, 2013; Let al, 2016; Pascalet al, 2016;Sangjiesaet al, 2018;Vélezet al, 2018; Meseguer
Ruizet al, 2019 Sarricoleat al, 2019).

Lastly, across Africa there is also much agreement in the trends projected and observed using
metrics such as SI, DSI and RE, PCI and the start and end tstesatfseason, where there is

again a dominant trend towards an increase in the degree of seasonality with smaller regions
mainly across central Africa displaying decreasing trengléiilme, 1992; Oladipo & Kyari, 1993;
Bello, 1998; Tarhule & Woo, 19%amberlin & Diop, 2003; Odekunle & Adejuwon, 2007; Kniveton

et al, 2009; Elagib, 2011; Feagal, 2013; Adelekan & Adegebo, 2014etlal, 2016; Pascalet

al., 2016; Ezenwagt al, 2017; Dunningt al, 2018; Salhet al, 2019).

2.3.2 SOUTHER¥RICA

2.3.2.1 THE CASE FOR INTERROGATION OF RAINFALL SEASONALITY SHIFTS DURING THE LA
QUATERNARY: LESSONS FROM PALAEO RECORDS

There have been considerable efforts to investigate rainfall seasonality and the shifts thereof
across southern Africa for the late Quaternary (e.g. Chase and MeadowsNaggiigmet al,

2009, 2014Finnéet al, 2010; Stageet al, 2012, 2013; Chasat al, 2013, 2015, 2017; Trat

al,, 2013; Chevalier & Chase, 2015; Fitclketal, 2016, 2017b; Thackeray and Fitchett, 2016;
Fitchett and Bamford, 2017; Chase & Quick, 2018; Eaith, 2019). Most studies exploring
rainfall seasonality, particulgrfocusing on the shifts in rainfall zones, across the subcontinent
have been based on either or a combination of proxy records of biomarkers, geomorphology,
pollen, phytoliths, sediment properties, diatoms, coccoliths, micromammalian fossils,
microcharcof and stable isotopes of carbon and nitrogerg(Mills et al, 2012; Chaset al,

2013; Cordova, 2013; Fitchettal, 2016, 2017b; Thackeray & Fitchett, 2016; Wetaf, 2016;
Fitchett & Bamford, 2017; Halemhal, 2017). Some attempts to reconstt rainfall seasonality for

the late Quaternary have incorporated or been based solely on climate modetii®a(rableet

al., 1998; Millset al, 2012; Engelbrecldt al, Under Review). The studies exploring rainfall zone
shifts have been particulg useful in investigations regarding the dynamics of the ITCZ and

Southern Hemisphere Westerlies, which have been identified as underlying drivers of synoptic
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scale and essentially rainfall seasonality shifts throughout the late Quaternary pefticiast (&

Bamford, 2017).

Key to understanding the dynamics of the ITCZ and Westerlies have been the conceptual models
developed during the early years of Quaternary research across southerneidri¢ar{ Zinderen

Bakker, 1976; Tyson, 1986; Cockatfal, 1987; Chase & Meadows, 2007; Fitchett & Bamford,
2017; Fitchettet al, 2017c; Neumann & Scott, 2018). These early conceptual models are, to an
extent, based on the contemporary seasonal dynamic between the ITCZ and Westerlies (Chase &
Meadows, 2007). Bad on these models it has been hypothesised that during glacial and
neoglacial periods, expansion of Antarctic sea ice extent would have caused the pelar high
pressure cell to expand, resulting in the Westerlies being displaced equatorward, and due to
diminished equatorial heating the Hadley cell would have contracted (Van Zinderen Bakker, 1976;
Cockroftet al, 1987;Barrableet al, 1998; Stuuet al, 2004; Chase & Meadows, 2007; Fitcleett

al.,, 2017cNeumann& Scott 2018). This would have influenced the climate over southern Africa
through frontal rainfall which may have occurred both more frequently and with greater intensity,
thereby increasing the spatial extent of the WRZ (Van Zinderen Bakker, 1976; €oakrafi87;
Barrableet al, 1998; Stuutet al, 2004; Chase & Meadows, 2007; Fitchetttal, 2017c).
Considering interglacial periods, the opposite is hypothesised where reduced Antarctic sea ice
extent would have resulted in contraction of the polar kpgéssure cell, a poleward displacement

of the Westerlies, and due to increased equatorial heating the Hadley cell would have expanded
with a resultant southward displacement of the ITCZ and associated tropical easterlies (Van
Zinderen Bakker, 1976; Codkret al, 1987;Barrableet al, 1998; Stuukt al, 2004; Chase &
Meadows, 2007; Staget al, 2012; Chaset al, 2015; Fitchetet al, 2017c;Neumann& Scott

2018). This would have influenced the subcontinent through more frequent and more intense
convective rainfall, and hence the extent of the SRZ would have been larger (Van Zinderen Bakker,
1976, Cockrofet al, 1987;Barrableet al, 1998; Stuuet al, 2004; Chase & Meadows, 2007;
Stageret al, 2012; Chaset al, 2015; Fitchettet al, 2017c) Since the LGM and during the
Holocene, an interglacial period, the WRZ has reduced in size (Fitchett & Bamford, 2017), where
agreement on the contemporary spatial extent of the WRZ is largely restricted to the

southwestern Cape and western coast (Figusg.
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Figure 2.3: Selected locations (Cowbngl, 1999; Parkingtoet al, 2000; Linet al, 2016; hackeray & Fitchett,

2016; Comkhnk, 2017; Faitret al, 2019) understood to have been characterised by a predominant WRZ regime
during the LGM (24,0608,000 cal. yr BP). The dark blue boundary represents the region estimated to have been
under a WRZ regime during the LGM, with the WRZ LGM boundary shoawetprbgressively reduced to the
estimated contemporary WRZ region. The estimated contemporary WRZ boundary represents the area known to
demonstrate at least 75% consensus in the classification of WRZ from previous published maps captufgpitender

2 of Section 2.2

Recent studies investigating the extent of rainfall zones have led to some consensus that during
the late Pleistocene and Holocene, the WRZ extent fluctuated and expadéia northerly and
easterlydirectiors (e.g.Carret al, 2006; Chase & Meadows, 2007; Norstetnal, 2009, 2014,

Mill et al, 2012; Stageet al, 2012;Thackeray & Fitchett, 2016; Fitchett & Bamford, 2017; Faith

et al, 2019; Figure 2.3), however, the geographic extent of this has not been fully quantified
(Fitchett and Bamford, 2017). This is partly because of the difficulties in obtaining direct
information pertaining to rainfall seasonality, as proxies instead trdfteader fluctuations in

total annual precipitation which is not necessarily a reflection of seasonality and rather a reflection
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of moisture (Chase & Meadows, 2007; Clesd, 2015, 2017 Engelbrecét al, Under Review).

Few locations have been cordidly captured as WRZ for the LGM (FiguB83. Zhrough these
locations an estimated extent of the WRZ may be drawn (Figure 2.3), where this particularly
highlights that there may have been a greater shift in the eastern extent of the WRZ. Through
dynamicdownscaling, Engelbrecht al.(Under review) similarly quantify relatively no change in
the northern extent (i.e. quantified during the LGM at-232S and ~23 presently) and a larger

shift in the eastern extent (i.e. quantified during the LGM at2£E and ~2tE presently) of the

WRZ.

The earliest attempt to reconstruct the WRZ was during 1976, where Van Zinderen Bakker
suggested that the WRZ extend north to ~24°S and east into the Free State. Later Van Zinderen
Bakker (1983) suggested that the WiRZnot extend that far north. Additionally, Cockrefftal.

(1987) suggest that in the western parts of the country the WRZ extended up to ~25°S and in the
eastern regions up to ~38. More recently, Fitchett arBamford (2017) argue a northward shift

in the extent of the Westerlies to ~28 during the Pleistocestdolocene transition, and hence it

is also suggested that the WRZ would not have extended further north th&a N28mann and

Scott (2018) recently suggest that the WRZ may have only extaoth to southern Namibia.

Pollen, diatom and phytolith records as well as palaeogeomorphological evidence of periglacial
features for the Pleistocene from Norstranal.(2009, 2014), at Braamhoek wetland in the Free
State, and Millet al. (2012), in theLesotho highlands of eastern Lesotho, confirm a greater
influence and increased intensity of riéditude cyclones associated with a northward shift of the
Westerlies. When considering the smallest extent of the WRZ, there are no records from the
contempoary southwestern Cape WRZ which suggest that this region was influenced by SRZ
conditions at any point during the late Pleistocene or Holocene or even earlier (Chase & Meadows,
2007; Fitchett & Bamford, 2017). Pollen, microcharcoal, and stable carbortragém isotope
records extracted from a hyrax midden at Swartruggens Mountains in the Western Cape provide
evidence that fluctuations in the easterly wave are linked to variability in summer rainfall, and
essentially the SRZ extent (Chasal, 2015). Aditionally, diatom records from Lake Sibaya in
KwaZuleNatal (Stageet al, 2013), and pollen records from Wonderkrater spring mound in

Limpopo (Truet al, 2013), have been used to investigate the role of ITCZ shifts in SRZ variability
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since the LGM.hEre is, however, still ongoing debate regarding the nature and extent of the shifts
in the position of the Southern Hemisphere Westerlies and the ITCZ (Fatchiett017c), where
it is held that investigation into the rainfall seasonality zone ghiftgide crucial evidence for

synoptic scale shifte.g.Carret al, 2006; Chaset al, 2017; Fitchett & Bamford, 2017).

Work during recent years has highlighted that although applicable broadly, the conceptual model
hypotheses fail to explain climatynamics over smaller temporal and spatial scales (e.g.
Norstromet al, 2009, 2014, Chas# al, 2013, 2015, 2017; Stone, 2014, Fitctedtal, 2016,
2017b; Chase & Quick, 2018; Fadthal, 2019). These studies highlight the heterogeneity of
moisturerecords on precipitation amount and records on seasonality, where these records are
particularly location specific (Fitchett & Bamford, 2017). Over local scales there is consensus that
synoptic scale changes are related to dynamics in the Agulhas ancBengtents, and also to
topographic variabilitye(g.Carr et al., 2006; Norstroat al, 2009, 2014; Chas al, 2013, 2015,

2017; Chevalier & Chase, 2015; Fitclettal, 2016, 2017b; Chase & Quick, 2018; Fetithl,

2019). For instance, Fitchedt al. (2017b) note delays in wet and dry periods when comparing
moisture inferences from their study to those from lower altitude Drakensberg sites, at
BraamhoekNorstromet al, 2009, 2014Finnéet al, 2010 and Mahwaga Mountain (Neumann

et al, 2014) These differences are attributed to the influence of the Great Escarpment in inducing
orographic rainfall (Fitche#t al, 2017b), a feature also known to strongly govern the spatial
variability in contemporary rainfall distribution by controlling trensfer of moist air from the
Indian Ocean (Tyson & Prestéthyte, 2000).

Efforts to reconstruct rainfall seasonality and the shifts thereof have mainly been based on pollen
records (e.g. Scott & Nyakale, 2002; Norsgbml, 2009, 2014; Neumaret al, 2014; Fitchettet

al,, 2016, 2017b), being the most commonly used proxy across southern Africa (Fitchett &
Bamford, 2017; Knight & Fitchett, 2019; Fitchett, 2)1®Rainfall seasonality reconstructions
based on pollen records have followed a number of aen®tudies have reconstructed
vegetation patterns to detect periods when pollen specific to WRZ flora are evident in records
from locations in the contemporary SRZ (e.g. Szto#tl, 2004; Neumanmet al, 2014). Many
studies have applied the fossil palletio of Asteracead?oaceae to detect shifts in the strength

of rainfall seasonality (e.g. Norstr@tal, 2009, 2014; Fitchedt al, 2016, 2017b); most of these
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studies based on this ratio have adopted a nprthixy approach using proxies such adains,
phytoliths and sediment properties to validate the shifts detected in the pollen records. Studies
have also used probability density functions and principal component analysis to compare
contemporary vegetation distributions and fossil pollen regai@ investigate shifts in the
dominant tropical and temperate ratvearing synoptics (e.g. Tretal, 2013; Chevalier & Chase,
2015).Recentlymore studies investigating rainfall seasonality shifts have been based on diatom
records, agaimainly to coroborate pollen reconstructions of rainfall seasonality dynamics (e.g.
Finnéet al, 2010; Stagest al, 2012; Fitchetet al, 2016, 2017b). Hyrax middens containing stable
isotopes of carbon and nitrogen have also been used to infer shifts in rainfall seasonality (Chase
et al, 2015). Although these approaches to investigate rainfall seasonality shifts have been
invaluable in nderstanding and reconstructing past rainfall seasonality and the shifts thereof, few
of these approaches have been objectively assessed on their accuracy in discriminating between
contemporary SRZ and WRZ conditions (Fitchett & Bamford, 2017), whicloisikderstanding

seasonality shifts since the LGM, or even earlier, to present (Thackeray & Fitchett, 2016).

More recently efforts to reconstruct rainfall seasonality have focused on assessing these
approaches used to investigate rainfall seasonalitghéit and Bamford (2017) focused on
objectively assessing the ability of the commonly used Astera¢t@sceae pollen ratio,
developed by Coetzee (1967), in discriminating between SRZ and WRZ conditions across southern
Africa for the last ~20,000 cal B, where it was confirmed that this ratio accurately discriminates
between SRZ and WRZ conditions. Thackeray and Fitchett (2016) quantified rainfall seasonality
shifts from ~80,000 cal. yr BP to present using fossil rodent distributions, from Booraptaas c

the Western Cape, in comparison to their contemporary distributions and climatic regimes. To
guantify contemporary rainfall regimes Tha@y and Fitchett (2016) developed a seasonality
metric based on the relationship between temperature and rdiirf{fféigure 2.1), anthrough

testing this metric on metwological records in the SRZ, WRZ andt¥irs demonstrated that

this index statistically discriminates between WRZ and SRZ conditions in the contemporary record.
However, even though this approacas been tested for its use in the contemporary record, it is

yet to be objectively assessed across the entire region of southern Africa (Fitchett & Bamford,

2017). Given this, debates surrounding late Quaternary research will therefore benefit from
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efforts to explore rainfall seasonality across southern Africa using instrumental records (Fitchett
& Bamford, 2017). Such efforts will also be important for climate modelling to understand synoptic
circulation changes, where the specifics remain largely uwezséor southern Africa (Fletcher &
Moreno, 2012). This is particularly important given the concern that there may be a greater
incidence of drought in the WRZ with a reduction in the spatial extent, and for the SRZ there may
be an increase in seasonahtyiich may result in a higher amount of summer rainfall possibly
having resultant effects on the intensity of rainfall (Christeredeal, 2007; Engelbrechdt al,

2009; Fitchettet al, 2017c; Engelbrechat al, Under Rview; Figure 2.3). Since the YiRZ
influenced by atmospheric circulation and weather processes affecting both the SRZ and the WRZ,
it is more difficult to interpret changes as they may either positively correlate with the SRZ (given

the expected tropical circulation changes noted urfskections 2.3.and2.3.2.3 or changes may

be inversely correlated or not even correlated at all (Tyson & Préghge, 2000). Compared to

late Quaternary investigations into rainfedlasonality shifts across southern Africa, few studies
have explored contemporary rainfall seasonality changes. Studies which have explored
contemporary seasonality shifts are discussed under the section of the literature review which

follows.

2.3.2.2DRAWING ON RAINFALL SEASONALITY SHIFTS AND VARIABILTY IN THE CONTEMPORA
RECORD

Within southern Africa, rainfall variability and changes are considerably complex and are strongly
influenced by the Great Escarpment, creating an inland plateau, and the surrounding cold
Benguela current of the Atlantic Ocean and warm Agulhas Currenteointian Ocean
(Fauchereawt al, 2003; Jury, 2013, 2018). Although rainfall trends over the subcontinent show
little coherence given the large spatial and temporal variability, notable changes have been
detected (Jury, 2013, 2018). Against the backgtaeinspatially and temporally heterogeneous
trends in rainfall across the subcontinent, knowledge on these trends are crucial for agriculture,
water resource management and tourism, amongst other rainfall dependent activities, especially
to develop adaptabn strategies (Mphalet al, 2014; Jury, 2018). It is known that changes in

rainfall regimes will be most felt in arid and samd regions of ta world (Herrmann & Mohr,
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2011;Fenget al, 2013 IPCC, 2033whichincludes most of southern Afri¢gnidit & Holmes,

2018). Despite this and the highly seasonal and diverse rainfall regimes evident across southern
Africa, there remain only a few studies which have investigated trends and variability in rainfall
seasonality characteristics for the contempgregcord (e.g. Reasat al, 2005; Tadrosst al,

2005a, 2007, 2009; Nel, 2009; Moelatsial, 2011; Mupangwaet al, 2011; Le Roux, 2015;
Tongwaneet al, 2015; van Wilgeat al, 2016;Lipsett, 2017Botaiet al, 2018). For the purpose

of this sectn of the literature review the studies on rainfall trends and variability across southern
Africa will be structured into two main parts: 1) the studies which investigate trends and variability
in terms of rainfall amount and seasonality characteristics2qthe studies which explore drivers
behind the changes and variability in rainfall amount and seasonality characteristics. Although
trends in rainfall amount are reported, the main focus of this section regards the trends in rainfall
seasonality charaeristics where the drivers of yeto-year variability in rainfall are also captured,

but briefly, given that this is important to consider when exploring-terrg trends in rainfall

amount and seasonality (Fauchered@al, 2003; Tadrosst al, 2009).

Given that rainfall amount and seasatyahcross southern Africa hakigh spatial and temporal
variability, studies exploring changes based on surface observations and/or gridded data products
have observed few statistically significant and spatialigrent trends (e.g. Jury, 2013; MacKellar

et al, 2014; Kruger & Nxumalo, 2017; Jury, 2018). From numerous studies, it is suggested that
across southern Africaintery y dz £ @F NA I oAf AG& KIFa Ayowd aSR
to quantifying fev statistically significant and spatially coherent trefedg. Richardet al, 2001,
Fauchereatet al, 2003; Tadrosst al, 2009; Philliporet al, 2012; Jury, 2013; Dieppas al,

2016). These inconsistencies can also be attributed to data qualistaties capturing different

time frames and locations, where inconsistencies are not likely due to methodological differences
(MacKellaet al, 2014; Kruger & Nxumalo, 2017). On an annual scale, rainfall trends are known to
be considerably heterogeneoursterms of direction and magnitude (Jury, 2013, 2018), however,
results from the observed records of rainfall from Kruger (2006), Maaitedla2014) and Kruger

and Nxumalo (2017) are largely consistent, presenting predominantly decreasing trends in the

eastern parts of the country and increasing trends in the western part of the country.
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Trends in rainfall amount have also been detected oseaaonal scale, where seasonal groupings
are typically as summer (December to February), autumn (March to May), winter (June to August)
and spring (September to November). Trends in rainfall amount over this scale are also notably
heterogeneous, howevesome spatial patterns may be noted. Again, considering the studies
across South Africa of MacKe#aal.(2014) and Kruger and Nxumalo (2017), trends for summer
rainfall are somewhat consistent where increasing trends were mostly evidentsavitke
decreaing trends particularly across the eastern parts of the country. However, during winter the
trends in rainfall amount were less consistent. Kruger and Nxumalo (2017) note increasing trends
across the western parts of the country and decreasing trentie ieastern parts of the country,

while MacKellaret al. (2014) note predominantly decreasing trends. During the transitional
seasons of spring and autumn the trends between these studies were somewhat consistent,
where predominantly increasing trends wereantified for spring and for autumn decreasing
trends were quantified (MacKellat al, 2014; Kruger & Nxumalo, 2017). Although for spring
rainfall totals, most of the resulting trends from both MacKedtaal. (2014) and Kruger and

Nxumalo (2017) suggea deceasing trend across the eastern parts of the country.

Some studies noting trends particularly during the transitiseatons have postulated that these

are evidence fochanges in rainfall seasonaligyg.Hoerlinget al, 2006; Thomast al, 2007; Nel,

2009; Mazvimavi, 2010; Dawsal, 2016; di Plessis & Scholms, 2017; Nicholsbal, 2018;
MacFayderet al, 2018); for example, across the Western Cape for the period of <208@0an
increase in October and a decrease in November rainfalliat along the southern coast portion

is suggested to point towards an earlier onset date, whereas an increase in September and a
decreasein October rainfall amount is suggested to indicate an earlier end date within the
Mediterranean portion of South #da. Additionally, in the Namaqualand for the period 1901
2009 Daviset al.(2016) detect no statistically significant chasmge rainfall amount during any
season suggesnhg this is indicative of no seasonality changes. Although likely to be true, such
analyses on rainfall amount offer no quantitative assessment on how rainfall seasonality may be
changing. One would expect changing onset and cessation dates to be related to changes in rainfall
amount at the beginning and end of the wet season (Duretialg 2018), buto assume this may

be overlookinghe complexity of rainfall.
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Over recent years studies have investigated aspects of the wet and dry seasons which may
contribute to a complete descriptionf cainfall seasonality, where the following ditries of

rainfall seasonality have been captured: onset and cessation dates including wet season duration
and rain dayse(g. Tadrosset al, 2005a, 2009; Knivetoet al, 2009; Moeletset al, 2011;
Tongwaneet al, 2015; Kabanda & Nenwiini, 2Q1fpset, 2017, PCl€.g.Nel, 2009; Botait al,

2018), Sld.g.Tongwaneet al, 2015; van Wilgeet al, 2016), rainfall percentiles.g.van Wilgen

et al, 2016), duration of wet and dry spelisg.Usman & Reason, 2004; Kruger, 2006; Zergieni

al., 2016; Kruger & Nxumalo, 2017), and the occurrence of heavy to extreme rainfall @vents
changes in rainfall inteity (e.g.Masonet al, 1999;Easterlinget al, 2000;Groismaret al, 2005;

Kruger 2006; Newt al, 2006; Lumsdeet al, 2009; Roy & Roul, 2013; Kruger & Nxumalo,

2017 Burlset al, 2019.

Across most of these studies, changes in rainfall seasonality characteristics have been detected
but again few statistically significant trends are evident. Bbtal. (2018) explore change in PCI

(see PCI undeBection 2.p for the period 1992015 across South Africa. Although the

magnitudes of trends were small, ranging betwee@.02 to 0.20.yt, and no trends were
statistically significant there was spatiahsistency in trends where most of the country displayed

an increas in the degree of seasonalffgotaiet al, 2018). Using PCI for the period 12200

across the easteribrakensbergNel (2009) also detect an increase in seasonality where two
locatiors demonstrated statistically significant trends. Across the northeastern parts of southern
Africa for the period 1960005, a shift towards later onset and earlier cessation of the wet season
was mostly evident with an overall decrease in the duratiomefatet season by up to 1ddyr
coinciding with an increase in the mean dry spell length, during the wet season, due to fewer rain
days (Tadrosst al, 2009). Very few statistically significant trends were identified, asdwdis
attributed to veryhigh nter-annual variability (Tadrogs$ al, 2009). Similarly, in northeast South
Africa Kabanda and Nenwiini (2016) note high variability in rainfall seasonality characteristics, and

a statistically significant shortening of the wet season was evident datetamnset and earlier

cessation. Trends quantified usings®k(SI| undeBection 2.§, and dates of accumulation of 25
and 75% rainfall amount in various national parks across South Africa were not statistically

signifcant and it was suggested that rainfall regimes were stable for the period e2026qvan
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Wilgenet al, 2016). Rainfall regimes were, however, characterised by highdévstisr-annual
variability (van Wilgeet al, 2016). Considering extreme rilh, Roy and Rouault (2013) attribute

the considerably strong positive trends in extreme rainfall across the e&xtakensbergnd
adjacent coastal areas to the orographic effect of Brakensberglountains and increasing
moisture from the warming Aduds current. Across South Africa, Kruger and Nxumalo (2017)
demonstrate predominantly an increase in extreme daily rainfall, and across the eastern half of
the country an increase in the frequency of dry spells with no change in mean annual rainfall
amountwhich may possibly be attributed to a change in the annual distribution of rainfall. From
these studies it is evident that elements of rainfall seasonality have changed across southern
Africa, however, this review also highlights that there is insuffiterature exploring rainfall

seasonality changes.

Throughout the studies which investigate rainfall seasonality, over different temporal periods
using different methods, thelis some agreement regardinfanges itthe seasonality of rainfall.
However,all the rainfall seasonality quantities had high waenual variability, and hence this

may be the reason for low levels of statistical sigmfie evident across previous studies
Important to note is that since rainfall across southern Africa is diesissed by high yean-year
variability, it is not surprising that rainfall seasonality characteristics are also characterised by high
variability (Herrmann & Mohr, 2011). Analysis of the stability of rainfall regimes across Africa
highlights that rainfih regimes across South Africa (including Lesotho and Swaziland) are
particularly unstable compared to neighboring countries to the north (Herrmann & Mohr, 2011).
In particular, the highedewel of variability in the seasonality across southern Africafoasd

across the transition zone between the SRZ and WRZ. This study also highlights that any changes
in seasonalitgaptured using theeasonalityapproachbased on temperature and rainfall applied
which is discussed undgection 2.2area consequence of rainfall regime shifts given that mean
monthly temperatures are relatively stable from y&ayear (Herrmann & Mohr, 2011). Lennard

and Hegerl (2015) note that changes in the seasondligirdall at Cape Town and Johannesburg

can be related to synoptic circulation changes, namelylatitdde cyclones and convective
synoptic systems. During the period of 1209 they detect an increase in the frequency of key

summer circulation modesnd a decrease of key winter circulation modes (Lennar & Hegerl,
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2015. Similarly, Burlst al. (2019) detect changes in the South Atladti@ticyclone (SAA) and
frontal systems, which are linked to a poleward expansion of the Hadley csd. cliaanges are
postulated to supress orographic rainfall in the southwestern Cape, where this was corroborated
by an observed reduction in the number of rain days associate@ w#hrease in the duration of
rainfall events associated wiftontal systems (Burlst al, 2019).The results of thesstudies
provide evidence that synoptic circulation changes are taking place, where this has also been
highlighted by Mphalet al.(2014), and such changes are likely to result in a shift in the boundary
between the SRZ andRY across southern Africa (Knight & Holmes, 2018). The patterns of rainfall
and its seasonality are a direct consequence of synoptic circulation patterns, and hence changes
in circulation patterns directly influence rainfall seasonality (Nicholson, ZD0€) recent years
literature has highlighted progressive changes in Southern Hemisphere climatic belts through
changes in the strength of these belts, and expansion of the tropics and poleward deviation of the
subtropical and temperate climatic belesq.Biastochet al, 2009;Mahloboet al, 2018 Sousaet

al., 2018;Mahlalelaet al, 2018; Burlet al, 2019.

Notable, as already mentioned, were the high levels of variability in rainfall seasonality
characteristics investigated across studies. Few studies have investigated the drivers of variability
in rainfall seasonality characteristics (e.g. Tadebsd, 2005a; 2009; Usman & Reason, 2004;
Reasoret al, 2005; Meletsiet al, 2011). In the Free State, for the period of 12508, Moeletsi

et al. (2011) find no clear pattern between onset date and the positive and negative phases of
ENSO. However, earliercalater cessation dates were strongly correlated to El Nifio and La Nifia
years respectively. Additionally, they note a shorter than normal wet season during El Nifio years
and a longer than normal wet seasduring La Nifia years (Moelegsial, 2011). Acrss most of
southern Africa it was found that dry spell frequencies are usually highest during El Nifio events
and lowest during La Nifia (Usman & Reason, 2004). Similarly, Beak¢P005) find a strong
correlation between dry spell frequencies and ENi@@hanges in regional circulation patterns
over Limpopo for the period 1978)02. Here they also recommend the use of dry spell
frequencies and other rainfall seasonality characteristics in seasonal forecasting and projecting
efforts for the SRZ (Reaseinal, 2005), where Mahlalelet al.(2018), for example, note the lack

of forecasting skill in the South African Weather Service (SAWS) seasonal forecasting models for
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the WRZ due to complex topography and highly variable surrounding oceans. ®e&$2005)

also find a relationship evident between ENSO and onset of the wet season. Typically, late onset
was associated with El Nifio events and early onset was associated with La NifiagiRaason
2005). However, this association was not particularly strong and two strong El Nifio events were
associated with early onset (Reastral, 2005). It was highlighted that a different definition for
onset date may have produced a different relationship NSO (Reasen al, 2005). On this

point, across the northeastern parts of southern Africa Tadebsd. (2009) find that three
different onset definitions did produce a different relationship with ENSO. Given this, it may be
important to create stanakd methods based on standard definitions to quantify rainfall
seasonality, for large scale spatial comparisons, in order to characterise the mechanisms
responsible for variability, which is particularly important to inform decision making on for
example griculture and water resource management. Arguably very little is understood regarding
the variability of rainfall seasonality parametezgy(Reasoret al, 2005; Tadrosst al, 2009;
Ratnamet al, 2018), where studies across southern Africa have pmedmtly investigated

anomalies in seasonal rainfall totals.

Although not fully understood, the mechanisms behind variability in total seasonal rainfall are well
documented in the exhaustive body of literature for southern Africa (e.g. Nicholson, 2886n Re

& Jagadheesha, 2005; Reason & Rouault, 2005; Blamey & Reason, 2007; Faeichker2a09;

Kane, 2009; Polet al, 2010; Ambrosinet al, 2011; Crétaet al, 2012; Phillippoet al, 2012;
Weldon & Reason, 2014; Engelbrecht & Landman, 2016; disep@l, 2016; Pohét al, 2018).

A wide range of factors, over numerous time scales, are suggested to contribute to summer and
winter rainfall variability across the subcontinent (Nicholson, 2000; Nichelsah, 2018).
Summer rainfall variabilitg known to be primarily associated with the ENSO and Indian Ocean
SSTse(g. Reason, 2001; Fauchereatial, 2009; Ambrosin@t al, 2011; Creétaet al, 2012;
Dieppoist al, 2016; Nicholsoat al, 2018). A number of other mechanisms have been sugfeste

to contribute to summer rainfall variability, and these include Guiasnial and-triennial
oscillations (Kane, 2009), Maddéulian oscillation (Poét al, 2007; Fauchereaat al, 2009; Pohl

et al, 2010), and the Atlantic oscillation and Soutlait SSTs (Reason & Jagadheesha, 2005;

Pohlet al, 2010), among others. ENSO, being the most prominent driver, affects are nonlinear
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although below average summer rainfall is noted during El Nifio years and above average summer
rainfall is noted during Wéifa years (Fauchereatial, 2009; Dieppoist al, 2016). Winter rainfall
variability is thought to be predominantly related to the Southern Annular Mode (SAM, also known
as the Antarctic Oscillatior;g.Reason & Rouault, 2005; Dieppeisal, 2016;Mahlalelaet al,

2018); although a range of other factors have also been highlighted to contribute to this variability,
including anomalies in South Atlantic SSTs and sea ice in the region of the Southern Ocean
bordering the Atlantic (Reasehal, 2002 Reason & Jagadheesha, 2005; Blamey & Reason, 2007),
and ENSO (Reasenal, 2002; Philippomt al, 2012). SAM, being the most prominent driver, is
associated with above normal winter rainfall during a negative phase and below normal rainfall
during thepositive phase (Reason & Rouault, 2005). A study by Engelbrecht and Landman (2016)
linked rainfall variability within the YRZ along the southern Cape coast to both ENSO and the SAM.

2.3.2.3 RAINFALL SEASONALITY PROJECTIONS

RCMs which are either empirically or dynamically downscaled from GCMs are typically used to
provide a range of scenarios on future climate change across southern Africa (e.g. &talross
2005b, 2009, 2011; Hewitson & Crane, 2006; Engelbegtcht, 2009; Shongweet al, 2009;
MacKellaret al, 2014; Daviet al, 2017; SAWS, 2017; Arclegral, 2018). Temperatures are
reliably projected with GCMs and RCMs similarly projecting increas€s @byl approximately

2060, and it is estimated that the cealtinterior areas will experience the greatest temperature
increases of up to °& by 2099 for theRepresentative Concentration Pathw@yp emission
scenario (Tadrosst al, 2011; MacKellagt al, 2014; Archeet al, 2018). Conversely, projected
rainfallchanges are associated with much uncertainty, and especially is there low confidence in
areas with complex topography for examm@ey(Lennard & Hegerl, 2015; Dedekigtdal, 2016;
Munday & Washington, 2018). Even so these projections provide importamhation on how

rainfall may change across the subcontinent and understanding this is key to developing successful
adaptation strategies for agriculture and water resource management amongst other rainfall
dependent activities (Tadrosst al, 2009). Ntably, it is projected that mithtitude and
subtropical arid and serarid regions, of which most of southern Africa comprises such regions,
will likely experience less precipitation (Christeretesd,, 2007; IPCC, 2013, 2018).
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On the topic of rainfallemsonality projections, there is a rudimentary understanding of how these
characteristics may change in the future, owing to the lack of application of rainfall seasonality
metrics in modelling endeavors. Few studies have produced projections on raasalhality
characteristics for southern Africa, where these studies used GCMs which of course are typically
over larger spatial scales (i.e. Globally or across Africa) possibly masking out spatial and temporal
variability in rainfall (e.g. &t al, 2016;Pascalest al, 2016; Dunningt al, 2018). Instead RCM
modelling studies for southern Africa have typically focused on projecting changes in rainfall
amount over annual and seasonal scadag.{adros®t al, 2005b, 2009; Hewitson & Crane, 2006;
Engebrechtet al, 2009; Shongwet al, 2009; Engelbreclet al, 2013; Pohét al, 2017; Mahlalela

et al, 2018), where the findings of these studies are summarised in the next paragraph.

Seasonal shifts in rainfall can be expected in the future (Christens®n 2007). Projections
developed for the period 2078079 using two RCMs suggest a statistically significant decrease in
rainfall for October to December for the western parts aftBern Africa, whereas in the eastern

parts of the subcontinent a statistically significant increase in rainfall was projected for January to
March (Tadrosst al, 2005b). Similar results are obtained using the empirical downscaling
technique, where Hewsbn and Crane (2006) project a statistically significant increase in summer
rainfall from December to February over the central and eastern plateau, with the largest increase
to the east of theDrakensbergMountain range. Very little change is projected fbe
southwestern Cape where slight drying is expected during summer, and during winter (June to
August) a slight decrease in frontal rainfall is projected (Hewitson & Crane, 2006). Across the
northeastern parts of southern Africa, for the period of 2Q065, Tadrosst al.(2009) project

no statistically significant changes in summer (December to February) and winter (June to August)
rainfall amount. A statistically significant decrease in spring rainfall evident for most of this area is
suggested to beonsistent with later onset dates from the observed trends for the period of 1960
2005 (Tadrosst al, 2009). Additionally, it is noted that the increase in autumn rainfall (September
to November) projected does not correspond to the earlier cessaticas dadm the observed

trends (Tadrosst al, 2009).

Engelbrechet al. (2009) explore projected (2072100) changes in annual and seasonal rainfall

totals through analysing the drivers of these changes, namely changes in atmospheric circulation.
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The annubrainfall total changes projected are small, with annual rainfall along the western coast
and southwestern Cape projected to significantly decrease by approximat@y/d(Engelbrecht

et al, 2009). Spring rainfall amount is projected to decrease atr@s®rtheastern parts of South
Africa, Mozambique, Botswana and Zimbabwe, and this is linked to a decrease in moisture from
the Indian Ocean and enhanced anticyclonic circulation (Engelbeedit 2009). Similarly,
Shongweet al. (2009) project a stagtically significant decrease in rainfall from September to
November for the period 2052200. This decline was linked to a delay in onset of the wet season
and together with the projected decline in autumn rainfall a reduction in the duration of the wet
season was postulated (Shongeteal, 2009). For summer (December to February), Engelbrecht
et al.(2009) project widening, larger than for winter and spring, of the tropical belt and a poleward
deviation of the subtropical higbressure belt. This projeon is associated with a statistically
significant increase in rainfall amount over the northeastern parts of southern Africa and a
decrease in the western parts of the subcontinent (Engelbetcit 2009). Shongwet al.(2009)
similarly, for the perid of 20522200, project a statistically significant increase in summer rainfall
over the eastern parts of the subcontinent, and in the central areas a statistically significant
increase in the severity of droughts. Over the northeastern area of Southakfdover Botswana

a statistically significant decrease in autumn (March to May) rainfall was projected and this was
again linked to a poleward deviation of the subtropical -‘pigissure belt (Engelbreclet al,

2009). During winter the subtropical highessure belt is projected to intensify leading to a further
poleward displacement of the frontal rain bands to the south (Engelbe¢ehf 2009). Similarly,

two studies across the southwestern Cape link drought conditions during22@¥50 a poleward
deviation of the Westerlies (Mahlaledtal, 2018; Sousat al, 2018); and Mahlalekt al.(2018)
project, for the period of 204060, an increase in the frequency of prolonged dry conditions
during winter which was linked to the SAM shifting to aenpmsitive phase. Here it is suggested
that there is agreement with much other research projecting expansion of the Hadley circulation
(tropics) leading to a poleward shift of the subtropical fmggssure belt (Mahlaleket al, 2018).
Archeret al.(2018) link the projected changes in rainfall over southern Africa to a widening of the

tropical belt with a poleward deviation of the subtropics and the Westerlies. Projecting similar
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dynamics in atmospheric circulation, Pehal.(2017) and Engelbrechkt al. (2013) additionally

project an increase in extreme rainfall events over much of southern Africa.

These RCM studies provide relatively similar signals of future rainfall and atmospheric circulation
changes, but the magnitude of these changes differsiderably and hence only the direction of
change was reported (Daws al, 2017). Projections on rainfall amount from these studies are
typically over a seasonal scale. Through a comparison between observed trends in onset and
cessation dates and modedl¢rends in seasonal rainfall amount, Tadetssl.(2009) note that it

is difficult to compare rainfall amount changes to statistics on wet season changes, and the
importance of incorporating quantitative metrics of seasonal rainfall characteristicGMnh R
projections across southern Africa is also highlighted. Simgardies globallyfew studiesacross
southern Africaffer quantitative projections on future rainfall seasonality characteriskivsre

is, howevera growing number of studiem thistopic. Pascalet al.(2016) use the DSI and RE,
noted underSection 2.2to provide quantitative projections for the period of 2€200 on rainfall
seasonality changes globally, and for southern Africa the increassasonality projected is
evident from an increase in the number of dry months and a shortening of the wet season. Over
Africa, Dunnin@t al.(2018) applied a modified version of the metric created by Liebratah

(2012), described undé&rection 2.20ver southern Africa, predominantly later onset dates, earlier
cessation dates, a shorter duration of the wet season and a decrease in wet season rainfall amount
were projected for the period of 2088099 (Duning et al, 2018). Additionally, Shongwee al.

(2015) evaluate the ability of the Coordinated Regional Downscaling Experiment RCMs in
simulating the timing of onset and cessation dates across the eastern half of southern Africa using
the method Liebmanret al. (2012) developed. The model was demonstrated to adequately
capture the timing of the wet season (Shongtveal, 2015), however, no projections on rainfall
seasonality characteristics were reported. Even Fet\vake(2016) using cluster analysiswdnthly

rainfall amount for the period of 199806 simulated rainfall seasonality across southern Africa,
although projections on how the seasonal characteristic of rainfall may change were not reported.
Hence, there has been much effort recently to itigege rainfall seasonality to evaluate
simulations of rainfall regimes (e.g. Shon@weal, 2015; Engelbrechdt al, 2016; Favret al,

2016; Pascalet al, 2016), and the metrics used in this project may be useful to understand how
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rainfall seasondlyi has changed across southern Africa and how it may be projected to change.
This could be especially important tefine RCMs to improve rainfall projections over the
subcontinent to allow for better preparedness for the unfortunate droughts projectehein
Western Cape (Mahlalekt al, 2018; Sousa&t al, 2018), and the general reductions in the
duration of the wet season projected across most other regions of the subcontinent (Christensen
et al, 2007; Dunningt al, 2018). Additionally, objectivedgsessed metrics on rainfall seasonality
may also be useful for seasonal forecasting of onset and cessation dates (Mahklle2018;
Phakuleet al, 2018; Ratnaret al, 2018).

2.4SYNOPSIBESEARCH GAPS AND AVENUES FOR FUTURE WORK

The complexitpf rainfall regimes as well as the societal importance of the seasonal characteristics
of rainfall for numerous climate sensitive activities (e.g. agricultural crop and livestock production,
sustainable water resource management, forestry, disaster riskageaent, wild fire
management, ecosystem management) across South Africa highlights the importance of
continuedresearch investigatingainfall seasonality (Botait al, 2018). Complexity in rainfall
regimes across southern Africa is also captured within the palaeoclimatological record, where
recent research has highlighted a need for continued research in the contemporary record to
contribute to better understand the &nt to which rainfall seasonality has changed since the
LGM (Thackeray & Fitchett, 2016). Additionally, most climate change projections point to an
expansion of the Hadley circulation and a consequent poleward shift of the Westerlies which is
likely to have an immense and dire influence on southern African rainfall both in terms of rainfall
amountand seasonalityIPCC, 2013; Favet al, 2016) thereby further stressing aeed for

continued research orainfall seasonality.

In considering the need for continued research, the confounding number of seasonality metrics
which have been developed both in literature globally and for southern Africa highlight the need
for a standard approach to direct future research endeavors amtgying and characterising
rainfall seasonality across southern Africa. The recent use of rainfall seasonality metrics in

assessing the ability of climate models in simulating rainfall seasonality and in producing
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projections globally highlights an avenaf future research across southern Africa, where a
standard approach to quantifying rainfall seasonality may be applied in order to improve model
projections and to also produce projections on the seasonal characteristics of rainfall (Séiongwe
al., 2015). An objectively tested set of methods may also be particularly useful for corroboration
of trends detected in rainfall seasonality (Raziei, 2017); of which there is limited research across
southern Africa. Additionally, there is a call for applicatibmethods used to infer rainfall
seasonality from proxy records in contemporary attempts to quantify rainfall seasonality (Fitchett
& Bamford, 2Q7).
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3. STUDY REGION
3.1 INTRODUCTION

This study is focused on exploring the rainfall seasorhbiracteristics and the changes thereof
using 46 weather stations, spanning the period of 12&16, spread across the Republic of South
Africa. A discussion on the data used, collection of data and the locations of the project weather

stations can be fouhunderChapter 4 (Data and Methodologyyhat follows in this chapter is a

description of the geographic location and topographic characteristics, and contemporary climate
of the study region. The discussion on t¢batemporary climate is the main focus of this chapter,
where the key focus here is on the wide range of synoptic features which contribute to rainfall

across South Africa.

3.2 THE REPUBLIC OF SOUTH AFRICA
3.2.1 DESCRIPTIVE GEOGRAPHY: LOCATION ANBPHYPOGR

South Africa is the southernmost country of Africa and is located between the coordinates of 22
35°S and 183°E covering a terrestrial area of 1,220,000kAgure 3.1; Landmaet al, 2017;
Lennard, 201P The country is bordered by six neighbouring countries which include Botswana,
Lesotho, Mozambique, Namibia, Swaziland and Zimbabwe (Figure 3.1). To the south and southeast
the country is bordered by the Indian Ocean which hosts the warm Agulhas Quriemflows
southwards along the coast, whereas to the west the country is bordered by the Atlantic Ocean
which hosts the cold Benguela Current which flows northwards along the coast (Figure 3.1). The
topography across South Africa is considerably conapléxs characterised predominantly by a
mountainous escarpment (i.e. the Great Escarpment) which separates the coastal plain from a
hightlying interior plateau (Figure 3.1; Grab & Knight, 2018); the influence of both the surrounding
oceans and topographyndhe climate of South Africa will be discussed under the section which
follows. The coastal regions of the country are generally situated below 500m.asl (Figure 3.1). The
Great Escarpment extends through eastern Limpopo, eastern Mpumalanga, westeran8yazil

the border of KwaZultlatal and Lesotho, northern Eastern Cape, northern Western Cape and

western Northern Cape, and is highest in the eastern parts of the country where it reaches over
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3,000m in some regions, particularly in the Maloti Mountainsesbtho (Figure 3.1; Grab &
Knight, 2018). The inland plateau is situated at a height of approximately 500m.asl in the western
regions and 2,000m.asl in the eastern regions (Figure 3.1). Also contributing to the complex
topography of South Africa are the péaFold Mountains which are located within the
southwestern Cape and along the southern coast, reaching heights of approximately 1,000
2,500m.asl (Figure 3.1; Grab & Knight, 2018).
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Figure 3.1: Map of the study region of South Africa indicating thepndwnces and major cities, topography, the

surrounding oceans and their respective ocean currents.

3.2.2 CLIMATE AND WEATHER
The climate and weather characteristics across South Africa are well documented (e.g. Taljaard,
1996; Tyson & Prestaivhyte, 2000 Landmaret al, 2017; Lennard, 2019). Climate across South
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Africa can be generadid to range from being warm, wet and humid in the east to being hot, dry
and arid in the west (Landmanal, 2017; Botaget al, 2018; Lennard, 2019). As a result of Bout
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migration of ITCZ and Southern Hemisphere Westerlies, and as such seasonality is known to play
an important role in the climate of the country (Tyson & teresVhyte, 2000; Chase & Meadows,

2007; Jury, 2013). For instance, temperatures across the country are characteristically warmer
during summer and cooler during winter (Landnearal, 2017). Additionally, over most of the
country rainfall occurs during sumer, in the southwestern Cape and along the western coast
rainfall occurs during winteand along the southern coast rainfall occurs throughout the year
(Schulze & Maharaj, 2007; Lennard & Hegerl, 2015). In general, the weather and climate of South
Africa are spatially and temporally variable over numerous scales and owe their characteristics to
the latitudinal location, topography and surrounding oceans (Taljaard, 1996; Nicholson, 2000;
Tyson & PrestolVhyte, 2000; Landmaet al, 2017; Jury, 2018; Lemaa 2019). Although these
physical controls on South African climate are discussed separately below, it is important to note

that these controls are nan isolation buinteract with one another.
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circulation systems prevailing in the tropical, subtropical and temperate climatic belts, where
these will be discussed later in this section (Tyson & Pr¥8toite, 2000; Brauret al, 2017).

First, the topographic controls on the latitudinally determined climate need to be discussed as the
topography of South Africa affects regional climate in a number of ways. In general, as altitude
increases from the coast upd escarpment, temperatures decrease with height (Landehah

2017). As such, winter snowfall in the highest parts of the Drakensberg and Maloti Mountains is
common especially when cold fronts persist (Grab, 1997; &ilis, 2012). The occurrence of
mid-latitude cyclones and cold coredt-off low pressure systems during winter also bring snow
across the highest parts of the Cape Fold Mountains (Caetlaig2009). Although temperature
follows a decreasing trend with altitude, it should be notexd the surrounding oceans moderate
seasonal temperature variations and as a result winters across the coastal plains, for instance, are

milder than those across the inland plateau (Landetaai, 2017).
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Besides the effect on temperatures, the topographthe country particularly influences rainfall

and the associated synoptic systems. The escarpment affects both westerly flow in the mid
latitudes during winter as well as easterly flow in the subtropics during summer (Lennard, 2019).
During each seasa@respective lowpressure trough forms on the leeward side of the escarpment
(Lennard, 2019). These troughs form on the westerly and easterly waves and will be discussed
later. Over the eastern escarpment, moist air from the Indian Ocean and the warmasAgultent

is forced to rise resulting in orographic rainfall and high annual rainfall totals ¢Favye016;
Landmaret al, 2017). Similarly, over the southern coast and southwestern Cape, annual rainfall
totals are relatively high due to the Capeld=Mountains forcing moist frontal air to rise
(Engelbrechet al, 2015; Favret al, 2016; Landmaet al, 2017). Additionally, it should be noted

that the interior elevated plateau receives significantly less rainfall than it would if it were at sea
level and if there were no escarpment, and this is due to the influence of the steep escarpment
slopes which in general act as barriers blocking the flow of moisture into the interiorgfakre
2016; Landmaeet al, 2017). The eastern escarpment intdgawith the descending limbs of the
Hadley and Ferrel cells of the tricellular circulation system, where during summer it facilitates the
flow of moisture into the interior of the country and in winter it restricts moisture into the interior
(Tyson & Preésn-Whyte, 2000; Favret al, 2016). Here, the descending limbs of the Hadley and
Ferrel cells bring about the subtropical hglessure systems which cause air to subside, resulting

in characteristically clear skies as well as subsidence inversiondagerthe interior of the
country (Tyson & Prestéhyte, 2000). During summer thedaaof these inversion layersats
approximately 3000m over the interior thus facilitating moisture flow from the warm Agulhas
current of the Indian Ocean, whereas duringter the bae of these inversion layers as
approximately 1750m which is below the escarpment and thus moisture flow is restricted into the
interior (Tyson & PresteWhyte, 2000). Finally, the escarpment is also responsible for the
formation of coastabw-pressure systems, and this will be discussed later in this section (Reason

& Jury, 1990).

The surrounding oceans, as already noted, largely influence the climate of South Africa in a number
of ways and these can be considered to be local, througimthuence of ocean currents, and

remote, through the influencef teleconnections (Landmaet al, 2017; Lennard, 2019). First, it
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should be highlighted that the presence of the warm Agulhas and cold Benguela currents
contribute to the general spatial path of rainfall across South Africa, where rainfall mostly
decreases as you move west from the east coast over the plateau (Jury, 2018t &B\V2616);

for additional discussions on the annual rainfall characteristics across the country €&fepter

5 (Results) SectiorandChapter 6 (Discussion) Sectidh Buring summer, moisture and energy

from the Agulhas current is transported inland by the easterly winds amitical for rainfall over

the interior of the country (Nicholson, 2000; Faetal, 2016). The senarid and arid conditions

in the western parts of the country result from the occurrence of subsidence from the descending
limbs of the Hadley and Fefrcells, the presence of the cold, dry air due to the cold Benguela
current and upwelling along the western coast (Tyson & Présftorte, 2000; Chasat al, 2015;
Lennard, 2019).

The climate of South Africa, as previously noted utlexpter 2 (Literature Review) Section

2.3.2.2 is impacted by numerous large scale teleconnections which modulate South African
rainfall, of which some of the most commonly known are the ENSO, the SAM and SST variability in
the south Indian and south Atlantic Oceans (Crétatl, 2012; Dieppoist al., 2015, 2016; Pohl

et al, 2018). Of these the ENSO is known to have the strongest influence on South Africa rainfall,
especially at the inteannual timescale (Dieppas al, 2015, 2016; Landmaet al, 2017; Crétat

et al, 2019). ENSO has a largBuence on global weather systems and is a coupled ecean
atmosphere phenomenon which occurs approximately eveByy2ars (Dieppoist al, 2015,

2016; Landmaset al, 2017; Pohét al, 2018). This phenomenon refers to a SST oscillation in the
equatorialPacific Ocean which involves prolonged warming or cooling of SSTs, where the warm
phase is referred to as El Nifio and the cold phase is referred to as La Nifia (Letralm2@17;
Lennard, 2019). Generally, anomalously warm equatorial Pacific SSfi®) (&leNissociated with

below average summer rainfall and anomalously cold equatorial Pacific SSTs (La Nifia) are
associated with above average summer rainfall (Diegpais 2015, 2016; Poleit al, 2018). This
relationship does not always hold, fortarsce the very strong 1997/98 El Nifio event produced
normal rainfall totals and did not result in drought conditions as expected (Rethaitd2001).

Additionally, Philippoet al.(2012) detected a relationship between ENSO and winter rainfall, such
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that El Nifio events are associated with high seasonal rainfall amounts and longer wet spells with

La Nifia events showing the opposite.

The SAM is the principal mode of atmospheric variability in théatiodes and high latitudes in

the Southern Hemispherand is known as a prominent driver of winter rainfall variability across
South Africa (Thompson & Wallace, 2000; Reason & Rouault, 2005; Madtledd]a2018;
Lennard, 2019). The SAM is defiresl an oscillation in atmospheric pressure between the
Antarctic region and the mithtitudes (Reason & Rouault, 2005). A positive phase in the SAM is
characterised by anomalously high pressure over thdatitddes and anomalously low pressure
over Antarctica, whereas a negative phase is characterised by ansipaimh pressure over
Antarctica and anomalously low pressure over the-latitbdes (Reason & Rouault, 2005;
Mahlalelaet al, 2018). Both of these phases are associated with variability in the location of the
Southern Hemisphere Westerlies storm tratlch that during the positive phase the storm track

is shifted poleward typically resulting in subsequently less winter rainfall over the WRZ of South
Africa (Reason & Rouault, 2005; Gilkttal, 2006). During the negative phase typically wetter
winters in the WRZ are associated with the equatorward shift of the Westerlies storm track

(Reason & Rouault, 2005; Gillettal, 2006).

To a lesser extent and at a more regional scale, SST variability in the saathriddouth Atlantic
Oceans iknown tobe modulated with inteannual rainfall fluctuations (Crétattal, 2012). South
Atlantic SSTs are known to partially influence moisture fluxes between the south Atlantic Ocean
and the western coast regions of South Africa (Reetsal) 2002; Reason dagadheesha, 2005).

Wet winters tend to coincide with SSTs whicharemalously warm in the southwest Atlantic

and southeast Atlantic and cool in the central soAtlantic Reasoret al, 2002; Reason &
Jagadheesha, 20055ST variability in the southdi@n Ocean is known to influence rainfall
variability to a greater extent than SST variability in the south Atlantic, where this is because the
Indian Ocean is a major source of moisture for rainfall across South Bhétat ¢t al, 2012;
Lennard, 2019)SST variability in the Indian Ocean is often referred to as the Indian Ocean Dipole
(Lennard, 2019). Wetter conditions over central and eastern South Africa are known to be
associated with positive SST anomalies in the southwest Indian Ocean (Reds@Q@)Cretat

et al, 2012).
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tropical, subtropical and temperate controls, on the climate of the county (Tydereson

Whyte, 2000). Given that South Africa is predominantly located in the subtropics, the descending
limbs of the Hadley and Ferrel cells particularly influence the climate and as a result the mean
circulation throughout the year is anticyclonic @aijl, 1996; Tyson & Prestdvhyte, 2000;

Dyson & van Heerden, 2002; Lennard, 2019). The tropical and temperate controls are seen during
the summer and winter months respectively and are a function of the movement of the ITCZ and
the Westerlies (Lennard, 29; Figure 3.2). These three controls are together responsible for the
generalclimate dichotomy between SRZ and VéR@ss South Africa (Lennard & Hegerl, 2015;
Chaseet al, 2017; Fitchett & Bamford, 2017). This is because each of these controlsistedsoc

with particular synoptic circulation features which in turn display specific weather characteristics
(Harrison, 1984; Taljaard, 1996; Lennard & Hegerl, 2015; Figure 3.2). Below, these synoptic
circulation features which are associated with Soutlcairrainfall patterns are briefly discussed,
generally following the order of tropical, subtropical and temperate synoptic circulation features.
Throughout the following paragraphs it is highlighted that rainfall can vary across different regions

of SouthAfrica in terms of the underlying synoptic circulation features behind rainfall.
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Figure 3.2: Schematic diagram of the synoptic features which influence weather and climate across South Africa during
summer (top) and winter (bottom; After: Tyson & Presi@ghyte, 2000; Harét al, 2010;Blamey & Reason, 2013;
Reason & Smart, 2015; Lennard, 2019).

As previously noted, the tropical control on weather and climate across South Africa is only evident

during the summer months, where it is associated wittsthehward migration ahe ITCZ (Tyson
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& PrestonWhyte, 2000). Over Afridhe ITCZ displays a tiklke shape (5)and during summer

over the Southern Hemisphere this shape is most pronounced (Tyson & Rigstta 2000;
Nicholson, 2018). During the Sloern Hemisphere summer months, the ITCZ reaches
approximately ~1°6 over the eastern parts of southern Africa (Taljaard, 1994; Nicholson, 2000,
2018; Tyson & Prestaiwhyte, 2000). During this time there is an arm of convergenceeoff 0z,
known as theCongo Air Bundary, approximately extending west from Zambia through to
northern Namibia and the Atlantic Ocean (Taljaard, 1994; Nicholson, 2000, 2018). Together with
moisture from the Indian Ocean and warm Agulhas current, the ITCZ and Congo Air Boandary
important sources of moisture for convective summer rainfall across the eastern and central parts
of South Africa (Munday & Washington, 2017). Associated with the southward progression of the
ITCZ are the easterly waves and lows (Taljaard, 1996; &\@@stonWhyte, 2000; Munday &
Washington, 2017; Lennard, 2019; Figure 3.2).

The main tropical controls on South African rainfall are exerted through the easterly waves and
associated lows predominantly during the summer months of the year (Taljaaéd,T439n &
PrestonWhyte, 2000; Lennard & Hegerl, 2015; Lennard, 2019; Figure 3.2). The easterly wave is a
barotropic semstationary wave which is associated with warm, humid easterly winds between
the ITCZ and the subtropical higressure belt (Taljaayd996; Tyson & Prestaithyte, 2000;

Dyson & van Heerden, 2002; Lennard & Hegerl, 2015; Lennard, 2019). Flowing from east to west,
the easterly wave advects warm, moist eoni the warm Agulhas current thfe Indian Ocean to

the interior of the country, @d thus is an important control on summer rainfall over the eastern

and interior parts of the country (Tyson & PresWhyte, 2000; Dyson & van Heerden, 2002;
Lennard, 2019). Associated with the easterly wave is a closqutdssure system which forms

over the interior of the country (Taljaard, 1996; Tyson & Pregtiyte, 2000; Lennard & Hegerl,

2015; Lennard, 2019; Figure 3.2). This associated low pressure system is a thermal low which
causes convergence and uplift at the surface and along the escarprimging about convective

rainfall across the interior and eastern parts of the country, rarely influencing the western coast
region (Tyson & PrestdWhyte, 2000; Dyson & van Heerden, 2002; Lennard & Hegerl, 2015;
Lennard, 2019). Convective rainfall frirase associated lows may last for a few hours or up to a

few days and this may bring rainfall across large areas of the eastern and central regions of the
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country (Tyson & PrestéWhyte, 2000; Lennard, 2019). Copious amounts of convective rainfall
from these systems may result in widpread flooding events (Dyson & van Heerden, 2002;
Engelbrechet al, 2013). Thunderstorms are the main mesoscale convective phenomenon during
the summer months which typically occur during the afben and early evenirigsting for a few
hours (Tyson & PrestdWhyte, 2000; Blamey & Reason, 2009). Individual sieflestorms
general only influence small regions while lssgale composite storms such as squall line storms
affect much larger regions (Tyson & Prestdgnyte,2000; Blamey & Reason, 2009). Recently on

5 March2019, severe thunderstorm activity led to localised flooding across numerous parts of the

Limpopo, Gauteng, Mpumalanga and North West provinces (Kahla, 2019).

Tropical cyclones are also part of the tropemaitrols on South African rainfall (Tyson & Preston
Whyte, 2000; Figure 3.2). These systems, depending on size and intensity (i.e. the category), are
known to contribute to rainfall in the northeastern parts of the country and sometimes along the
easterncoastline where inland penetration is blocked by the escarpment (Tyson & Préisyos,

2000; Malherbeet al, 2012; Fitchett, 2018). Tropical cyclones are weoned cyclonic
disturbances which mainly occur during December to April, may have a diamgi¢o @000km,

and typically have a lifespan, from development to dissipation, of a few days (Tyson & Preston
Whyte, 2000; Fitchett & Grab, 2014; Lennard, 2019). Tropical cyclones are assutiedgdng

winds as well as copious rainfall which typidabiyls to widespread flooding (Malherbet al,

2012; Fitchett & Grab, 2014). This y&€019) alonetwo tropical cyclones namely Idai (March),
which straddled category 2 and 3, and Kenneth (April), which was a category 4, had devastating
impacts which @ached the northeastern parts of South Africa causiuch flooding (Fitchett,
2019b, 2019¢

The subtropical control on South African weather and climate is through a belt, spanning
approximately 2810°S, of sempermanent subtropical anticyclones (ibégh-pressure systems)
known as the South Indian Anticyclone (SIA), the Continentapkigbure cefCH) and th&AA
(Taljaard, 1996; Tyson & Prestédfhyte, 2000; Cherclet al, 2018; Figure 3.2). Variations in the
latitudinal and longitudinal positiomand intensity of these highressure systems play an
important role in the spatial and temporal distribution of rainfall across South Africa (Dyson & van

Heerden, 2002). These anticyclones are a function of the descending limbs of the Hadley and Ferrel
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cdls and are associated with strong subsidence, relatively clear sunny skies and little or no rainfall
(Taljaard, 1996; Tyson & Prestsinyte 2000; Dyson & van Heerden, 2002; Lennard, 2019). The
CH dominates the weather over the interior during winter, dumihg summer the CH is relatively
absent over the interior, however, during the summer months the CH migrates south and
dominates weather in the southwestern and southern parts of the country (Tyson & Preston
Whyte, 2000; Lennard, 2019; Figure 3.2). Runminter this band of higpressure cells,
particularly the CH, is associated with the presence of subsidence inversion layers which may last
for approximately four days, and as already noted these inversion layers restrict the flow of
moisture into the iterior (Cosijn & Tyson, 1996; Tyson & Preswhyte, 2000). Together with

the SIA and SAA, the CH migrates south during summer due to the seasonal migration of the ITCZ
(Tyson & Prestelvhyte, 2000; Lennard, 2019). During winter the SIA and SAA are located
relatively adjacent to the CH, and during summer the SIA and SAA migrate south by approximately
6° (Tyson & Prestelvhyte, 2000). During the summer months these weather systems are
positioned offshore of the country and over the eastern parts of the cpuwhere the winds
associated with SIA assist to facilitate moisture flow into the interior which contribute to rainfall
(Tyson & Prestelvhyte, 2000; Lennard, 2019; Figure 3.2). Additionally, associated with the SAA
are ridging anticyclones which contrib considerably (~46%) to annual orographic rainfall across

the southern coast with a peak contribution during the spring months, where these systems also
contribute to orographic rainfall over the eastern escarpment (Jury & Levey, 1993; Engelbrecht

al., 2015; Ndaranat al, 2018; Figure 3.2). Ridging anticyclones occur south of the country and
form (i.e. break off) from the SAA when it ridges eastwards as it interacts with the westerly wave
(Tyson & Prestelvhyte, 2000; Ndaranet al, 2018; Lennard2019). These ridging anticyclones

flow towards the SIA and are eventually absorbed by the SIA (Tyson & Wvéasten 2000;
Ndaraneet al, 2018).

The temperate control on South African rainfall as previously noted occurs during the winter
months for the Buthern Hemisphere, where this is associated with the northward migration of
the ITCZ, subtropical higinessure belt and the mitatitude Westerlies (Tyson & Prestdihyte,

2000). The temperate control on South African rainfall is associated with théoeeard

movement of the circumpolar ®éterlies and is exerted through wedling perturbations from the
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Westerlies, where the specific synoptic circulation systems include the westerly wave, cold fronts
mainly associated with midtitude cyclones, coastéws and berg winds, cuaiff lows, and
ridging anticyclones (Tyson & Prestbéhyte, 2000; Reasagt al, 2002; Singleton & Reason, 2007,
Philipporet al, 2012; Favret al, 2013; Mahlalelat al, 2018; Souset al, 2018; Lennard, 2019;
Figure 3.2). These temperate systems are typically confined to the southwestern Cape and
southern coast due to the presence of topographic barriers and as previously noted this is
important for orographic rainfall (Philippehal, 2012). Recently, Blameyal.(2018) quantified

that atmospheric riverinfluencing the west coastontribute between 150% of total winter

rainfall across the southwestern Cape.

During the winter months, the westerly wave, which has a periodicit§ d¥s, is located further

north (Taljaard, 1996; Tyson & Presiinyte, 2000; Lennard, 2019; Figure 3.2). During the winter
months the rear of westerly wave trough is typically teda@ver the Western Cape where this is
associated with surface convergence and uplift, and clouds with rainfall (Taljaard, 1996; Tyson &
PrestonWhyte, 2000; Lennard, 2019). Conversely, ahead of this trough, which is typically located
over the interior ad eastern parts of the country, there is subsistence and associated clear skies,
where the presence of the escarpment typically blocks the influence of rainfall from the westerly
wave in the interior (Tyson & Prestavhyte, 2000; Lennard, 2019). Associatéith the westerly

wave are cold fronts (i.e. mldtitude cyclones or frontal systems) and-otftlows which form as
closed low pressure systems (Tyson & Pregfbgte, 2000; Philippoet al, 2012; Lennard &
Hegerl, 2015; Lennard, 2019; Figure 3.2).

Mid-latitude cyclones occur throughout the year, however, their cold front arms only reach the
southern and interior regions of the country during the winter months (Taljaard, 1996; Tyson &
PrestonWhyte, 2000; Figure 3.2). Midtitude cyclones are colcbred lowpressure systems

which move from west to east, particularly influencing weather by contributing to rainfall across
the southwestern and southern regions of the country, however, when particularly strong these
may also influence weather across theerior (Taljaard, 1996; Tyson & Preswihyte, 2000;
Lennard, 2019; Figure 3.2). These systems are baroclinically unstable disturbances which originate
in the Westerlies and have a lifetime of approximately three to five days, reaching maturity in

approxmately 24hours, during which time these systems may travel up to 10,000km (Tyson &
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PrestonWhyte, 2000). Midatitude cyclones particularly contribute the majority of rainfall in the
southwestern Cape (Reasenal, 2002; Lennard & Hegerl, 2015; Mahkatgtlal, 2018; Sousat

al., 2018); Lennard and Hegerl (2015) quantified thatlatitude cyclones contributedp to two
thirds of wet days at Cape Town for the period 12809. If the core of these systems is
particularly deep, then there may be assted extreme rainfall and gale force winds (Taljaard,

1996; Lennard & Hegerl, 2015).

Passing frontal systems may lead to the formation ebffubws, where these form in the upper

and middle atmosphere on the equatorward side of frontal systems whieseddow detaches

from the frontal system (Tyson & Prestdfhyte, 2000; Singleton & Reason, 2007; Favia,

2013; Figure 3.2). These systems occur throughout the year but exert a maximum contribution to
rainfall across South Africa during the autumd spring months (Singleton & Reason, 2007; Favre

et al, 2013). The occurrence of rainfall from these systems depends on the amount of moisture
in the atmosphere, where rainfall typically occurs along the southern and eastern coastline and
when these sysims are particularly strong rainfall may occur in the western interior across the
transition region between the SRZ and WRZ (Tyson & P#éstgie, 2000; Singleton & Reason,
2007; Favreet al, 2013; Engelbrectdt al, 2015; Lennard, 2019). These systemstribute to

most of the winter rainfall across the SRZ regions (Taljaard, 1996; Tyson & Riegten2000).

When these systems are particularly deep and remaitivelastationary, theynay be associated

with particularly heavy 2hour rainfall totad which may result in widespread flooding (Singleton

& Reason, 2007; Fave¢ al, 2013; Engelbrectdt al, 2015). According to Singleton and Reason
(2007) and Engelbrecht al.(2015) the most rainfall that has been recorded from a singteftut

low ocurred during September 1987, where the thagy rainfall total associated with this

system exceeded 900mm along the KwaRidtal coastline.

The final temperate control on South African rainfall discussed here is the coastal low (Figure 3.2).
The coasthlow is a shallow mesoscale disturbance in the atmosphere, and the influence of these
features is confined to the coastal and adjacent areas (Reason & Jury, 1990; Tyson & Preston
Whyte, 2000). Without the presence of the escarpment confining the coag@mns, these
systems would not form (Reason & Jury, 1990; Tyson & Pi\&4tgte, 2000). These systems form

on the windward side of the escarpment thie western coast of the country as a frontal system
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