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ABSTRACT 
Straddling the subtropics and mid-latitudes, the climate of South Africa is influenced by the 
seasonal migration of the Intertropical Convergence Zone, the Antarctic sea ice extent and 
associated displacement of the Southern Hemisphere Westerlies. As a consequence of this 
synoptic mechanism, South Africa has a unique rainfall climatology of summer, winter and year-
round rainfall zones (SRZ, WRZ and YRZ). Since the first known publication in 1938, much research 
has attempted to classify the spatial distribution of these rainfall zones. Different methods with 
different definitions of rainfall seasonality have been applied, and as such the classification of 
rainfall seasonality is disputed throughout this literature. Unlike research attempting to classify 
rainfall seasonality, there has been little research investigating how the seasonal characteristics of 
rainfall have and may possibly change under anthropogenically induced climate change. Across 
these studies different seasonality metrics have been applied making spatial and cross-study 
comparisons difficult. This is problematic for South Africa which has a heavy reliance on the 
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 and understand rainfall seasonality and the 
changes thereof. A consistent dataset of daily rainfall and temperature spanning the period of 
1987-2016 from 46 weather stations spread across South Africa was applied to objectively test 
four seasonality metrics which 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 across the four 
approaches were not fully 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 based on the relationship between 
temperature and rainfall and returns a seasonality score. This method was suggested as it 
produced the best classification of rainfall seasonality, with the YRZ extending northwest from the 
southern coast to the Namibian border, spanning the transition between the SRZ and WRZ. The 
second metric is based on the timing of accumulation of 10% and 90% of daily rainfall representing 
boundaries for the wet season and was suggested due the societal relevance of this metric for 
agricultural seasonality. These standard metrics are important for future climatological research 
across South Africa and are valuable to facilitate development of more accurate climate model 
forecasts and projections. Few statistically significant (8%) changes were quantified. Although this 
was the case, the changes quantified demonstrated much agreement across the seasonality 
metrics and spatially, and were broadly consistent with literature. For the majority of SRZ 
locations, an increase in SRZ 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 a longer wet 
season duration which coincided with a reduction in rainfall during many winter months; this has 
been linked to a poleward migration of the Westerlies. For the YRZ locations along the southern 
coast, an increase in WRZ seasonality consistent with a reduction in the wet season duration was 
quantified. These quantified changes in the seasonal characteristics of rainfall have implications 
for crop yields and water supplies across South Africa and are particularly important for developing 
adaptation strategies to reduce potentially detrimental consequences of climate change. 
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(yellow)ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦмрт 

Figure 5.18: Calendar plot of the mean onset and cessation dates, and length of the wet season for weather 
stations classified as SRZ. This plot is colour coded according to late and long SRZ. Dark red represents long 
SRZ and liƎƘǘ ǊŜŘ ǊŜǇǊŜǎŜƴǘǎ ƭŀǘŜ {w½ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмсл 

Figure 5.19: Bar graph of mean annual rainfall, length of the wet season and number of rain days for 
weather stations classified as SRZΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмсн 

Figure 5.20: Calendar plot of the mean onset and cessation dates, and length of the wet season for weather 
stations classified as WRZ. This plot is colour coded according to early, mid and late WRZ, where dark blue 
represents late WRZ, light blue represents mid WRZ and very light blue represents early WRZΧΧΧΧΧΧмсо  

Figure 5.21: Bar graph of mean annual rainfall, length of the wet season and number of rain days for 
weather stations classified as WRZΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмсп 
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Figure 5.22: Calendar plot of the mean onset and cessation dates, and length of the wet season for weather 
stations classified as YRZΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмср 

Figure 5.23: Bar graph of mean annual rainfall, length of the wet season and number of rain days for 
weather stations classified as YRZΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмсс 

Figure 5.24: Boxplots displaying the distribution of CV for the mean onset and cessation dates, length of 
the wet season and number of rain days for individual weather stations grouped as SRZ (red), WRZ (blue) 
and YRZ (yellow)ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦмст 

Figure 5.25: Ordinary kriging interpolation of the mean onset and cessation dates for the period of 1987-
2016ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмтл 

Figure 5.26: Ordinary kriging interpolation of the mean length of the wet season and number of rain days 
for the period of 1987-2016ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмто 

Figure 5.27: Spatial distribution of the SRZ, WRZ and YRZ classified using the mean onset and cessation 
dates. ND represents a weather station where no onset and cessation dates were obtainedΧΧΧΧΧΧΧмтп 

Figure 5.28: Spatial distribution of weather stations classified as late and long SRZ, early, mid and late WRZ, 
and YRZ. ND represents a weather station where no onset and cessation dates were obtainedΧΧΧΧΧΧΦмтр 

Figure 5.29: Boxplots displaying the distribution of mean 10% and 90% dates, length of the wet season and 
number of rain days for individual weather stations grouped as SRZ (red), WRZ (blue) and YRZ (yellow)Χмтф  

Figure 5.30: Calendar plot of the mean 10% and 90% dates, and length of the wet season for weather 
stations classified as SRZ. This plot is colour coded according to late and long SRZ, where dark red represents 
long SRZ and light red represents late SRZΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмум 

Figure 5.31: Bar graph of mean annual rainfall, length of the wet season and number of rain days for 
weather stations classified as SRZΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмуо 

Figure 5.32: Calendar plot of the mean 10% and 90% dates, and length of the wet season for weather 
stations classified as WRZ. This plot is colour coded according to late and long WRZ, where dark blue 
represents long WRZ and light blue represents late WRZΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмуп 

Figure 5.33: Bar graph of mean annual rainfall, length of the wet season and number of rain days for 
weather stations classified as WRZΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмур 

Figure 5.34: Calendar plot of the mean 10% and 90% dates, and length of the wet season for weather 
ǎǘŀǘƛƻƴǎ ŎƭŀǎǎƛŦƛŜŘ ŀǎ ¸w½ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмус 

Figure 5.35: Bar graph of mean annual rainfall, length of the wet season and number of rain days for 
weather stations classified as YRZΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмут 

Figure 5.36: Boxplots displaying the distribution of CV for the mean 10% and 90% dates, length of the wet 
season and number of rain days for individual weather stations grouped as SRZ (red), WRZ (blue) and YRZ 
(yellow)ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦмуу 

Figure 5.37: Ordinary kriging interpolation of the mean 10% and 90% dates for the period of 1987-
2016ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.190 
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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 1987-2016ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмфо 

Figure 5.39: Spatial distribution of the SRZ, WRZ and YRZ classified using the mean 10% and 90% datesΧ.194  

Figure 5.40: Spatial distribution of weather stations classified as late and long SRZ, late and long WRZ, and 
YRZΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмфр 

Figure 5.41: Shifts in the seasonality scores from 1987 to 2016 based on extended regression analysis. Lines 
with arrows represent individual weather station trends, starting from 1987 and ending at 2016. Specific 
values for each trend are under Appendix G and H. Squares represent change in the seasonality scores of 
less than or equal to +/-0.02. Only weather stations with significant trends at the 5% level were highlighted, 
whereby the colour corresponds to the classification of each weather station under Section 5.4.2. Pale blue, 
yellow and red represent WRZ, YRZ and SRZΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ197 

Figure 5.42: Shifts in the onset dates for the period of 1987-2016 based on extended regression analysis. 
Lines with arrows represent individual weather station trends which start from 1987 and end at 2016, and 
these specific values are under Appendix G and I.1. Squares represent changes of 2 days or less. Statistically 
significant trends at the 5% level were highlighted, whereby the colour corresponds to the classification of 
each weather station under Section 5.4.3. Pale red and blue represent SRZ and WRZ split at the autumn 
and spring equinox dates of 21 March and 23 September. Horizontal dotted lines indicate weather stations 
where onset dates shifted to the next or previous calendar yearΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΧΧΧΦ198          

Figure 5.43: Shifts in the cessation dates for individual weather stations for the period of 1987-2016 based 
on extended regression analysis. Lines with arrows represent individual weather station trends which start 
from 1987 and end at 2016. Specific values for each trend are under Appendix G and H.2. Squares represent 
changes of 2 days or less. Weather stations with statistically significant trends at the 5% level were 
highlighted, whereby the colour corresponds to the classification of each weather station under Section 
5.4.3. Pale red and blue represent SRZ and WRZ split at the autumn and spring equinox dates of 21 March 
and 23 SeptemberΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ199 

Figure 5.44: Shifts in the 10% dates for individual weather stations for the period of 1987-2016 based on 
extended regression analysis. Lines with arrows represent individual weather station trends which start 
from 1987 and end at 2016. Specific values for each trend are under Appendix G and J.1. Squares represent 
changes of 2 days or less. Weather stations with statistically significant trends at the 5% level were 
highlighted, whereby the colour corresponds to the classification of each weather station under Section 
5.4.4. Pale red and blue represent SRZ and WRZ split at the autumn and spring equinox dates of 21 March 
and 23 SeptemberΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ200 

Figure 5.45: Shifts in the 90% dates for individual weather stations for the period of 1987-2016 based on 
extended regression analysis. Lines with arrows represent individual weather station trends which start 
from 1987 and end at 2016. Specific values for each trend are under Appendix G and J.2. Squares represent 
changes of 2 days or less. Weather stations with statistically significant trends at the 5% level were 
highlighted, whereby the colour corresponds to the classification of each weather station under Section 
5.4.4. Pale red and blue represent SRZ and WRZ split at the autumn and spring equinox dates of 21 March 
and 23 SeptemberΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ201 

Figure 5.46: Probability of change in rainfall seasonality indicators for the period of 1987-2016. The 
direction as well as probability of change are indicated. Green and brown represent positive and negative 
trends respectively. The different levels of probability are based on de Luis et al. (2011) and categorised as: 
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exceptionally likely (p <0.01), extremely likely (p <0.05), very likely (p <0.10) and as likely as not (p >0.10). 
ND represents where no onset and cessation dates were obtained for a PNO. Considering the maps of the 
length of the wet season and number of rain days, (O) represents these quantities for the onset and 
cessation dates while (%) is for the percentile-based approachΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦнло  

Figure 5.47: Consensus regarding the direction of rainfall seasonality trends across South Africa based on 
Table 5.9ΧΧΧΧΧΦΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.213 

Figure 6.1: Composite map of the consensus on the spatial distribution of rainfall seasonality zones across 
South Africa (including Lesotho and Swaziland) captured between the statistical approaches, represented 
in Figures 5.11, 5.15, 5.27 and 5.39, used for this studyΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.237  

Figure 6.2: Composite map on the consensus and dispute on the spatial distribution of rainfall seasonality 
zones across South Africa (including Lesotho and Swaziland) captured between the statistical approaches 
used for this study and from previous maps of rainfall seasonality represented in Figure 2 of the published 
paper under Section 2.2 of Chapter 2 (Literature Review)ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦнрн  

Figure 6.3: Estimated spatial distribution of rainfall seasonality across South Africa (including Lesotho and 
Swaziland)ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧнрп 

Figure 6.4: Map demonstrating the estimated boundary location of the WRZ during the LGM, based on 
Figure 2.3, and presently, based on Figure 6.3. Arrows on the contemporary WRZ boundary represent the 
progressive shift of this boundary under climate change. The study locations are represented on the basis 
of the total period seasonality scores presented under Table 5.2ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧнсп 
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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 and WRZ; Fitchett & Bamford, 2017). It is well-understood that this 

dichotomy in seasonality is driven by the seasonal migration of the Intertropical Convergence Zone 

(ITCZ), the Antarctic sea ice extent and the resultant displacement of the Southern Hemisphere 

Westerlies (Chase et al., 2017; Lennard, 2019). The synoptic climatology behind these rainfall 

zones is well-understood (Taljaard, 1996; Tyson & Preston-Whyte, 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 (Favre et al., 2016). During 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 (Favre et al., 2016). Along the southern coast rainfall is meteorologically complex and 

is known to show no seasonal structure, with rainfall occurring throughout the year from 

numerous summer and winter synoptic rain-bearing circulation systems (Engelbrecht et al., 2015). 

The timing of rainfall across South Africa is particularly important as it dictates activities such as 

agriculture (Tadross et al., 2009), and tourism (Fitchett et al., 2017a), both of which are important 

activities contributing to the Gross Domestic Product of South Africa (Statistics South Africa, 2019). 

Although the timing of rainfall and the synoptic rain-bearing features behind rainfall are well-

understood, there is much dispute in quantifying and classifying the rainfall seasonality across 

South Africa. 

Rainfall seasonality is a concept that describes timing, duration and magnitude of wet and dry 

seasons (Feng et al., 2013). Rainfall seasonality is not only limited to describing these 

characteristics of the wet and dry season and as such it is considered to be a complex concept as 

it can be described in many ways (e.g. Dunning et al., 2016; Deng et 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 can be both qualitatively and quantitatively defined 
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(Walsh & Lawler, 1981). A qualitative description of rainfall seasonality may be through the 

describing the annual cycles of rainfall through quantifying mean monthly rainfall amount across 

a calendar year (e.g. SAWB, 1957 Landman et al., 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 seasons (e.g. Ileshamni, 1972a; Liebmann et al., 2012; Dunning et al., 2016), 

precipitation concentration index (PCI; e.g. Oliver, 1980), seasonality index (SI; e.g. Walsh & 

Lawler, 1981), dimensionless seasonality index and relative entropy (DSI and RE; e.g. Feng et al., 

2013), and harmonic analysis (e.g. Schumann & Hofmeyr, 1938), among others. Over South Africa, 

a number of these metrics, with varying levels of accuracy and usability, have been used to 

quantify and classify rainfall seasonality since 1938. Across these analyses, it is agreed that the 

seasonality of rainfall across South Africa is considerably complex particularly due to its latitudinal 

location in the subtropical and mid-latitude climatic belts (Taljaard, 1996; Chase & Meadows, 

2007). It is also agreed that there are three distinct rainfall zones with the SRZ spanning much of 

the interior and east coast, the WRZ across the southwestern Cape and western coast, and the 

year-round rainfall zone (YRZ) along the southern coast. However, across different mapped 

outcomes, the spatial distribution of the classification rainfall seasonality is considerably disputed 

(e.g. Taljaard & Steyn, 1991; Carr et al., 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 elements it is subject to change and year to year 

variability (Feng et al., 2013). Globally, numerous studies have highlighted that rainfall seasonality 

has changed under anthropogenically induced climate change (e.g. Sumner et al., 2001; Pryor & 

Schoof, 2009; de Luis et al., 2011; Feng et al., 2013; Raziei, 2017; Deng et al., 2019; Sarricolea et 

al., 2019). It is apparent that many studies exploring change in the seasonality of rainfall across 

southern Africa have investigated this over seasonal scales (e.g. Hoerling et al., 2006; Thomas et 

al., 2007; Nel, 2009; Shongwe et al., 2009; Mazvimavi, 2010; MacKellar et al., 2014; Davies et al., 

2016; du Plessis & Scholms, 2017; MacFayden et al., 2018). From these investigations it would 

appear that there is an assumption that changes in rainfall seasonality may be understood through 
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changing seasonal rainfall amounts (Dunning et al., 2018). Shongwe et 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 season. Such an assumption is problematic as it disregards the complexity of 

what rainfall seasonality entails. Certainly, the importance 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). For instance, 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 intensity or distribution of daily rainfall during that 

season. Additionally, it has been demonstrated by Van Der Walt and Fitchett (Under Review) that 

temperature seasonality across South Africa does not follow the strict seasonal brackets which 

have been typically applied to climate studies (i.e. Summer as December to January, Autumn as 

February to May, Winter as June to August and Spring as September to November). Moreover, 

much late Quaternary palaeoclimatological research has highlighted significant shifts in rainfall 

seasonality zones across southern Africa since the Last Glacial Maximum (LGM; e.g. Chase & 

Meadows, 2007; Thackeray & Fitchett, 2016; Fitchett & Bamford, 2017; Faith et al., 2018). As a 

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

at a more rapid rate, progressive changes in rainfall seasonality are likely to have occurred (Chase 

& Meadows, 2007;). Changes in the frequency of key winter and summer rain-bearing synoptic 

circulation systems have also been detected (Lennard & Hegerl, 2015), and as a result it is 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 investigations than changes in rainfall amount (Raziei, 2017). 

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 

(Tadross et al., 2009), and this may also inform annual water management decisions on when to 

optimise water storage (Kahinda et al., 2008). In fact, changes in rainfall seasonality have 

important implications on a number of climate sensitive activities across southern Africa such as 

conservation (Cramer & Hoffman, 2015; van Wilgen et al., 2016), forestry (Borchert, 1998, Suepa 
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et al., 2016), health (Briët et al., 2008a, b), and land use planning (Evrard et al., 2010), to name a 

few. Despite the obvious importance of understanding how rainfall seasonality has changed, this 

has rarely been analysed using observational records across southern Africa (e.g. Reason et al., 

2005; Tadross et al., 2009; van Wilgen et al., 2016; Botai et al., 2018).  

To this end, this research project 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 & Fitchett, 

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 focused on investigating, 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 under Section 1.2. 

 

1.1 RATIONALE AND CONTRIBUTION TO EXISTING KNOWLEDGE 

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

for Climate Change (IPCC) special report projects, with high confidence, that global temperatures 

are likely to increase in the order of 1.5°C between 2030 and 2052 (IPCC, 2018). In response to 

anthropogenically induced climate warming during the 21st century it is expected that the global 

precipitation field will be altered, although not uniformly (IPCC, 2013, 2018). By the end of the 21st 

century, under medium to high emission scenarios most global circulation model (GCM) 

projections generally agree on simulations of rainfall reductions in subtropical arid and semi-arid 

regions and increased rainfall in equatorial and high-latitude regions (IPCC, 2013, 2018). In 

particular, this points to southern Africa as being vulnerable to future rainfall reductions, where 

ǘƘŜ Ƴƻǎǘ ǊŜŎŜƴǘ Lt// ǎǇŜŎƛŀƭ ǊŜǇƻǊǘ ƘƛƎƘƭƛƎƘǘǎ ǎƻǳǘƘŜǊƴ !ŦǊƛŎŀ ŀǎ ŀ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ΨƘƻǘǎǇƻǘΩ even 

under low mitigation scenarios (IPCC, 2018). Regional 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 amounts have also been projected for some 

regions (Englebrecht et 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 rain-bearing synoptic features to an expansion of the tropics as well as a poleward shift 

of the Southern Hemisphere Westerlies (e.g. Christensen et al., 2007; Engelbrecht et al., 2009; 

Mahlalela et al., 2018; Sousa et al., 2018). As a result there is much concern surrounding the 

implications of these changes for the rainfall regimes across South Africa (Engelbrecht et al., 2009). 

For the WRZ there is much evidence that there may be an increased incidence of drought (e.g. 

Engelbrecht et al., 2009; Mahlalela et al., 2018; Sousa et al., 2018; Burls et al., 2019), whereas for 

the SRZ much evidence indicates that this may result in increased uncertainty surrounding the 

arrival of the first rains and subsequently shorter wet seasons (e.g. Engelbrecht et al., 2009; 

Shongwe et al., 2009; Dunning et 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 in rainfall seasonality (Ziervogel et al., 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 domestic use, and for 

renewable hydroelectric energy generation (Mukheibir, 2007; Tadross et al., 2009; Moeletsi et al., 

2011; Botai et al., 2017). Beyond this, the seasonality of rainfall over southern Africa has 

implications for health and conservation management decisions, among others, as the occurrence 

of malaria is somewhat related to the timing of rainfall (Craig et al., 2004; Briët et al., 2008a, b), 

and the timing of wet and dry seasons largely determines the timing of fire occurrence (Kraaij et 

al., 2018). Not only 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 have noted changes 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 few investigations 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.. Reason et al., 2005; Tadross et al., 2005a; 2009; Nel, 2009; Moeletsi et al., 2011; Le Roux, 

2015; Mupangwa et al., 2015; Tongwane et al., 2015; van Wilgen et al., 2016) or over time frames 
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shorter than 30 years (e.g.. Botai et al., 2018). These studies have also used different seasonality 

metrics, and this makes spatial and cross-study comparisons particularly difficult.  

In order to address these issues of comparability, this research aims to determine a standard 

approach to quantify 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 (Botai et al., 2016, 2017), quantifying 

climate suitability for tourism (Fitchett et al., 2017a) and quantifying vegetation health and 

productivity (Xulu et al., 2018). Establishing a standard metric to quantify rainfall seasonality for 

southern Africa which may be applied into future 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 rates of seasonality change, the patterns of variability in seasonal rainfall characteristics, 

and the drivers and mechanisms of change and variability in rainfall seasonality (Dunning et al., 

2016). Since there are few published investigations on rainfall seasonality 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 be investigated, 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 (Roffe et al., 2019), a 

standard approach may address this issue as classifications across different studies may then be 

comparable, avoiding confusion. Thus, this research attempts to address 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 study, where this will be discussed 

later under Chapter 7 (Conclusion). This is argued here because the standard approach which will 

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

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



7 

 

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

Africa, and broadly southern Africa, for both academic and societal purposes. 

The innovation of this work surrounds a number of contributions to South African climatological 

research. Firstly, this is through application of seasonality metrics which are for the first time 

applied across the full area of South Africa. Secondly, assessing these metrics on the basis of 

relative value to determine a standard statistical method which may direct future research is a 

contribution to an improved understanding of rainfall seasonality. Thirdly, seasonality changes 

have rarely been investigated across South Africa, therefore the contribution is that seasonality 

changes are explored considering the full area of South Africa for the first time. Finally, the multi-

method approach adopted is methodological contribution, as to date contemporary seasonality 

and the changes thereof have not been investigated this manner.  

 

1.2 STUDY AIM, HYPOTHESES AND OBJECTIVES 

To contribute knowledge to the aforementioned gaps in literature, the primary aim of this PhD is 

to statistically quantify rainfall seasonality 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 1987-2016. In addressing the primary aim of the study, the hypotheses are that: 

1. There is a statistical method that can accurately characterise and classify rainfall 

seasonality across South Africa; 

2. Rainfall seasonality across South Africa has changed during 1987-2016. 

To interrogate these hypotheses and to address the aim of this research, the specific 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 of 1987-2016; 

2. To develop a statistical approach to accurately quantify, 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: 
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a. Cluster analysis of mean monthly 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%) rainfall amount 

(Agroclimatology); 

3. To interrogate and understand the contemporary rainfall seasonality characteristics for 

the selection of weather stations using the statistical approach developed under 

objective 2; 

4. To quantify changes in rainfall seasonality over the period of 1987-2016 for the 46 

weather stations.  

 

1.3 STRUCTURE 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 chapter (Chapter 2) 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 South Africa 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 on rainfall seasonality 

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 synthesis of the literature presented in this chapter 

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

The study site chapter (Chapter 3) is presented next. This chapter is aimed at providing a reader 

with a background on the Republic of South Africa, the study region. In this chapter focus is placed 

on providing a description of the climate, where specific emphasis is placed on the rainfall 
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characteristics including, among others, a description on the synoptics, topography and 

surrounding oceans.  

Next, the data and methodology chapter (Chapter 4) is presented. The process for the selection of 

the study weather stations is firstly covered. This is followed by 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 results chapter (Chapter 5) 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 the study period.  

The discussion chapter (Chapter 6) explores the results and interpretations in the context of both 

the aim and objectives presented in this introduction chapter as well as previous literature. This 

chapter focuses on 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. This chapter also presents 

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

knowledge on climatology across South Africa.  

The conclusion (Chapter 7) is the final chapter presented. This 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 of this study as well as the significance of these. 
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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 Oceans (Fitchett & Bamford, 2017). 

As a result of this location, the subcontinent hosts a diverse range of rainfall regimes, namely 

summer, winter and year-round rainfall regimes, and is highly sensitive to perturbations in the 

9ŀǊǘƘΩǎ ŎƭƛƳŀǘŜ ǎȅǎǘŜƳ ōƻǘƘ ŀǘ ǊŜƎƛƻnal and global scales (Chase & Meadows, 2007). Using a range 

of seasonality metrics, there have been numerous attempts to classify rainfall seasonality across 

South Africa to understand the spatial distribution of these rainfall regimes (e.g. Schumann & 

Hofmeyr, 1938; Cooke, 1946; Taljaard & Steyn, 1991; Herrmann & Mohr, 2011; Liebmann et al., 

2012; Botai et al., 2018). It is well-known that spatially and temporally these rainfall zones have 

shifted as a result of changes undergone in synoptic-scale atmospheric 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 synoptic-scale atmospheric circulation systems 

responsible for rainfall and the changes in as well as variability thereof across or within areas of 

the SRZ (e.g. Crétat et al., 2012; Pohl et al., 2018), WRZ (e.g. Mahlalela et al., 2018; Sousa et al., 

2018) and YRZ (e.g. Engelbrecht et 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 Africa (e.g. Tadross et al., 2009; MacKellar et al., 2014; Botai et 

al., 2018). Furthermore, compared with the Northern Hemisphere where much research exists 

(e.g. Pryor & Schoof, 2008; Elagib, 2011; Cortesi et al., 2012; Feng et al., 2013; Raziei, 2017; 

Sarricolea et al., 2019; Zhang et 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 southern Africa. This literature review is presented in two parts. 

Part one is presented as a peer-reviewed journal article, with no modifications as published in the 

South African Geographical Journal (Volume: 101; Issue: 2; Page numbers: 158-174), investigating 

previous attempts at classifying rainfall seasonality across South Africa, where focus was placed 
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on reviewing rainfall seasonality classifications and the methodologies used. Part two is in written 

form and is focused on research regarding rainfall seasonality shifts 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. Next, focus 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 shifts. Following 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 understood through 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 gaps and avenues for future research, which 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 modifications. The details of this publication, 

including the citation, impact factor, 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 review. South African Geographic Journal, 101(2): 158-174. DOI: 

10.1080/03736245.2019.1573151. 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 reviewed research 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. 
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2.3 RAINFALL SEASONALITY SHIFTS AND PROJECTIONS 

2.3.1 THE 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 inter-annual variability worldwide (IPCC, 2013, 2018). As previously noted, 

literature has produced a confounding number of metrics to quantify rainfall seasonality (Figure 

2.1). In investigations regarding inter-annual variability and long-term time series trends of rainfall 

seasonality, many of these metrics have been applied globally (Figure 2.2), either across or for 

areas within the tropics (e.g. Feng et al., 2013), Europe (e.g. Cortesi et al., 2012; Coscarelli & 

Caloiero, 2012; Vyshkvarkova & Voskresenkaya, 2014), Asia (e.g. Tao et al., 2018; Deng et al., 2019; 

Zhang et al., 2019), the Middle East (e.g. aŀǘƘōƻǳǘΣ нлмрΤ ¸ŜǒƛƭƤǊƳŀƪ ϧ !ǘŀǘŀƴƤǊ нлмсΤ Raziei, 

2017), North America (e.g. Pryor & Schoof, 2008; Pal et al., 2013; Gitau, 2016), South America (e.g. 

Vélez et al., 2018; Meseguer-Ruiz et al., 2019; Sarricolea et al., 2019), and Africa (e.g. Adelekan & 

Adegebo, 2014; Ezenwaji et al., 2017; Salhi et al., 2019). In recent years numerous seasonality 

metrics have been developed (e.g. Zhang & Qian, 2003; Martin-vide et al., 2004; Liebmann et al., 

2012; Feng et al., 2013), and as such there has been an increasing number of studies which have 

investigated shifts in rainfall seasonality particularly since 2010 (Figure 2.2). However, given the 

concerns surrounding changes (Pascale et al., 2016; IPCC, 2018), under anthropogenically induced 

climate change, in the seasonal characteristics of rainfall, there are still relatively few studies 

regarding rainfall seasonality shifts highlighting a need for continued research (Figure 2.2). 

Commonly applied metrics to quantify rainfall 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 under Section 2.2 (Figure 2.1). Recently, 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, 2018; Li et al., 2016; ul Hasson, 2016; Kumi & 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 describing rainfall seasonality. The percentiles of accumulation represents the approaches of Ilesanmi 
(1972a, b) and Pryor and Schoof (2008). The start and end dates represent the approaches of Dunning et al. (2016) 
and Stern et al. (1982). The daily precipitation concentration period represents the approach of Martin-Vide (2004). 
The Gini index represents the approach of Rajah et al. (2014). The Precipitation Concentration Period and Precipitation 
Concentration Degree representes the approach of Zhang and Qian (2003). The 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 and Lawler (1981). The dimensionless seasonality 
index and relative entropy represents the approach of Feng et al. (2013). The vector analysis represents the approach 
of Markham (1970). The relationship between mean monthly rainfall and mean monthly temperature represents the 
approach of Thackeray and Fitchett (2016).  

 

 



31 

 

 

Figure 2.2: Number of publications from 2000-2019 per continent which have investigated rainfall seasonality shifts 
using seasonality metrics captured under Figure 2.1. Data derived from Google Scholar, 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 information on rainfall in general (Feng et al., 2013; Ma & Zhou, 2015). However, Feng et 

al. (2013) note that changes in monthly and annual rainfall amount are particularly useful when 

considering agreement with trends in seasonality metrics. This is because rainfall changes are 

considerably complex, and to understand rainfall modifications it is important to capture all 

aspects of change and variability over multiple temporal scales (Feng et al., 2013; Pascale et al., 

2015, 2016; Raziei, 2017). For instance, changes 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 amount (e.g. Pryor & Schoof, 2008; de Luis et al., 2011; 

Cortesi et al., 2012; Feng et al., 2013; Ma & Zhou, 2015; Huang et al., 2018; Deng et al., 2019). 

Studies considering historical shifts, for temporal periods of up to 100 years, in rainfall seasonality 

have typically used either rain gauge, reanalyses or satellite 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 

example, using the PCI for the period of 1946-2005 de Luis et 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 rainfall seasonality was particularly noted to 

contribute to the annual change. In China, as an example, Tao et al. (2018) note a general increase 

in rainfall seasonality using the SI, where this increase was statistically related, particularly for the 

statistically 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 highlighted that rainfall 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 local scale atmospheric circulation patterns, sea surface temperature (SST) anomalies, 

rising temperatures, greenhouse gas concentrations as well as local geographical factors (e.g. de 

Luis et al., 2010a; Feng et al., 2013; Deng et al., 2019; Zhang et 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 

China include, among others, land use change, irrigation, urbanisation, and natural internal climate 

variability. Similarly, Raziei (2017) highlights that in Iran topography may either enhance or reduce 

the influence of regional scale drivers of rainfall seasonality change and variability. Additionally, 

Zhang et al. (2019) note the role of latitude, longitude, altitude and the teleconnections with large 

scale circulation patterns (including El Niño Southern Oscillation (ENSO), the Pacific Decadal 

Oscillation, the Arctic Oscillation, 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 behind changes 

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; Cortesi et al., 2012; Coscarelli & Caloiero, 

2012; Gitau, 2016; Suepa et al., 2016; Bari et al., 2017; Sharma & Singh, 2017; Huang et al., 2018; 
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Sangüesa et al., 2018; Salhi et al., 2019). However, it may be that there are changes instead in the 

inter-annual variability of rainfall seasonality (e.g. Camberlin & Diop, 2003; Lana et al., 2004; de 

Luis et al., 2011; Feng et al., 2013; Mathbout, 2015; Raziei, 2017), or over a longer temporal period 

there may be a stronger signature of change (e.g. de Luis et al., 2011). Several studies have also 

detected abrupt shifts, especially from the 1970s, in rainfall seasonality which are noted to 

indicate changes in inter-annual variability (e.g. Gong & Ho, 2002; Camberlin & Diop, 2003; 

Mathbout, 2015). Considering the variability of rainfall seasonality for the period of 1930-2002, 

Feng et 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 rainfall across 

the tropics. 

Indeed, there has been an increase in the number of studies incorporating seasonality metrics in 

climate modelling research (e.g. Li et al., 2006; Rauscher et al., 2007; Biasutti & Sobel, 2009; Pryor 

& Schoof, 2008; Guenang & Kamga, 2012; Polson et al., 2013; Pascale et al., 2015, 2016; Demirel 

& Moradkhani, 2016; Dunning et al., 2016, 2018; Li et al., 2016; ul Hasson, 2016; Kumi & Abiodun, 

2018); seasonality metrics which have been incorporated in these studies include DSI and RE, SI, 

and various metrics on the timing of start and end dates of the wet season. It has been suggested 

by many that accurate and reliable identification of rainfall seasonality regimes, using seasonality 

metrics, is necessary to assess the performance of both GCMs and RCMs in simulating current 

climate and in projecting future climate (e.g. Rauscher et al., 2006; Pascale et al., 2015; Demirel & 

Moradkhani, 2016; Li et al., 2016). Studies exploring modifications in the seasonal cycle of rainfall, 

note that subtropical arid and semi-arid regions are expected to get drier, whereas wet equatorial 

and high latitude regions are expected to get wetter (Chou et al., 2013; IPCC, 2013), which is likely 

to influence rainfall seasonality. This is projected as a consequence of a widening of the Hadley 

cell (Seidel et al., 2008; IPCC, 2013, 2018), and a consequent poleward tendency of the subtropics 

as well as tropical and extra tropical storm tracks (IPCC, 2013, 2018; Tamarin-Brodsky & 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 changes (e.g. Pryor & Schoof, 2008; 

Cortesi et al., 2012; Feng et al., 2013; Li et al., 2016; Pascale et al., 2016; Raziei, 2017; Dunning et 
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al., 2018; Deng et al., 2019; Sarricolea et al., 2019). Across the various studies, globally or smaller 

regions thereof, which have used different seasonality 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 not 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 seasonality metrics through quantification 

capture different definitions and different characteristics of rainfall seasonality (Feng et al., 2013; 

Raziei et al., 2017; Roffe et al., 2019). 

To consider the agreement in seasonality trends globally, the direction of change is thus 

considered here for some studies across the world. Where the direction of change does not agree, 

this may be attributed to the fact that different metrics of rainfall seasonality have been used, and 

this may also be due to differences in the spatial and temporal characteristics of input datasets (Li 

et al., 2016; Raziei, 2017; Deng et al., 2019). Over a global scale for instance, the studies of Li et al. 

(2016) and Pascale et al. (2016) display remarkably different results. Li et al. (2016) note a 

predominant decrease, with scattered regions of increasing trends in SI for the period 1948-2005, 

while Pascale et al. (2016) mainly project (2080-2100) increasing RE implying an increase in the 

seasonality of rainfall also with some decreasing trends RE trends, projected across high latitudes 

(>50° N and S), which are suggestive of an increase in the number of wet months.  

Across the tropics using the DSI Feng et al. (2013) quantify a complex pattern of seasonality 

changes in seasonality for the period of 1930-2002, where this is somewhat consistent with the 

observed results presented by Li et al. (2016) and the projected trends across the African tropics 

presented by Dunning et al. (2018) based on start and end dates of the wet season. The pattern 

of change Feng et al. (2013) documented across the tropics is also relatively consistent with some 

of the model ensembles from Pascale et al. (2016).  

Across Europe using the DPCI for the period of 1971-2010, Cortesi et al. (2012) detected 

predominantly increasing trends 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 temporal period. Similarly, Vyshkvarkova and 

Voskresenkaya (2014) detect reductions in PCI across Ukraine for the period of 1961-1990. In 

agreement with the results of Cortesi et al. (2012), Pascale et al. (2016) project an increase in RE 

across the entire Europe region, while Li et al. (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 results of Sumner et al. (2001), Livada 

and Asimakopoulos (2005), Cannarozzo et al. (2006), and de Luis et al. (2010a, 2011) using either 

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

Across Asia, the results for the trends in seasonality using either RE and DSI, PCI, and the start and 

end dates of the wet season also display much agreement (e.g. Cook & Buckley, 2009; Li et al., 

2011; Guhathakurta & Saji, 2013; Nair et al., 2014; Luo & Zhang, 2015; Ma & Zhou, 2015; Li et al., 

2016; Pascale et al., 2016; Suepa et al., 2016; ul Hasson, 2016; Bari et al., 2017; Huang et al., 2018; 

Sahany et al., 2018; Tao et al., 2018; Deng et al., 2019; Zhang et al., 2019), however, this is not as 

strong as that displayed across Europe. Across Asia there is a predominant signal of increasing 

seasonality, while some of these studies have also detected small regions of decreasing trends in 

seasonality mainly across countries such as India (e.g. Guhathakurta & Saji, 2013; Sahany et al., 

2018) and China (Ma & Zhou, 2015; Deng et al., 2019; Zhang et al., 2019). A few studies have been 

conducted in the Middle East, yielding much 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 degree (e.g. Mathbout, 2015; Li et al., 2016; Pacale et al., 

2016; ̧ ŜǒƛƭƤǊƳŀƪ ϧ !ǘŀǘŀƴƤǊ нлмсΤ wŀȊƛŜƛΣ нлмтύΦ  

Across North America, the projected results of Pascale et al. (2016) and observed results of Li et 

al. (2016) are in complete disagreement, where Li et al. (2016) quantified increasing trends for SI 

in the northern regions and decreasing trends across the southern regions. Additionally, the 

results of Pal et al. (2013), and Pryor and Schoof (2008) were also contrasting using different 

seasonality metrics. Using SI Pryor and Schoof (2008) quantified mainly increasing trends, while 

Pal et 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, SI, and RE and DSI display much 

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 continent (e.g. Feng et 

al., 2013; Li et al., 2016; Pascale et al., 2016; Sangüesa et al., 2018; Vélez et al., 2018; Meseguer-

Ruiz et al., 2019; Sarricolea et 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 dates of the wet season, where there is 

again a dominant trend towards an increase in the degree of seasonality with smaller regions 

mainly across central Africa displaying decreasing trends (e.g. Hulme, 1992; Oladipo & Kyari, 1993; 

Bello, 1998; Tarhule & Woo, 1998; Camberlin & Diop, 2003; Odekunle & Adejuwon, 2007; Kniveton 

et al., 2009; Elagib, 2011; Feng et al., 2013; Adelekan & Adegebo, 2014; Li et al., 2016; Pascale et 

al., 2016; Ezenwaji et al., 2017; Dunning et al., 2018; Salhi et al., 2019). 

 

2.3.2 SOUTHERN AFRICA 

2.3.2.1 THE CASE FOR INTERROGATION OF RAINFALL SEASONALITY SHIFTS DURING THE LATE 

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 Meadows, 2007; Norström et al., 

2009, 2014; Finné et al., 2010; Stager et al., 2012, 2013; Chase et al., 2013, 2015, 2017; Truc et 

al., 2013; Chevalier & Chase, 2015; Fitchett et al., 2016, 2017b; Thackeray and Fitchett, 2016; 

Fitchett and Bamford, 2017; Chase & Quick, 2018; Faith et al., 2019). Most studies exploring 

rainfall seasonality, particularly focusing 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, 

microcharcoal, and stable isotopes of carbon and nitrogen (e.g. Mills et al., 2012; Chase et al., 

2013; Cordova, 2013; Fitchett et al., 2016, 2017b; Thackeray & Fitchett, 2016; Weiser et al., 2016; 

Fitchett & Bamford, 2017; Hahn et al., 2017). Some attempts to reconstruct rainfall seasonality for 

the late Quaternary have incorporated or been based solely on climate modelling (e.g. Barrable et 

al., 1998; Mills et al., 2012; Engelbrecht et al., Under Review). The studies exploring rainfall zone 

shifts have been particularly 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 periods (Fitchett & 

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 southern Africa (e.g. Van Zinderen 

Bakker, 1976; Tyson, 1986; Cockroft et al., 1987; Chase & Meadows, 2007; Fitchett & Bamford, 

2017; Fitchett et 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). Based on these models it has been hypothesised that during glacial and 

neoglacial periods, expansion of Antarctic sea ice extent would have caused the polar 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; 

Cockroft et al., 1987; Barrable et al., 1998; Stuut et al., 2004; Chase & Meadows, 2007; Fitchett et 

al., 2017c; Neumann & 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; Cockroft et al., 1987; 

Barrable et al., 1998; Stuut et al., 2004; Chase & Meadows, 2007; Fitchett et al., 2017c). 

Considering interglacial periods, the opposite is hypothesised where reduced Antarctic sea ice 

extent would have resulted in contraction of the polar high-pressure 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; Cockroft et al., 1987; Barrable et al., 1998; Stuut et al., 2004; Chase & 

Meadows, 2007; Stager et al., 2012; Chase et al., 2015; Fitchett et 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; Cockroft et al., 1987; Barrable et al., 1998; Stuut et al., 2004; Chase & Meadows, 2007; 

Stager et al., 2012; Chase et al., 2015; Fitchett et 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 (Figure 2.3). 
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Figure 2.3: Selected locations (Cowling et al., 1999; Parkington et al., 2000; Lim et al., 2016; Thackeray & Fitchett, 
2016; Combrink, 2017; Faith et al., 2019) understood to have been characterised by a predominant WRZ regime 
during the LGM (24,000-18,000 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 shown to have progressively 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 captured under Figure 
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 expanded in both northerly and 

easterly directions (e.g. Carr et al., 2006; Chase & Meadows, 2007; Norström et al., 2009, 2014; 

Mill et al., 2012; Stager et 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 reflect broader 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; Chase et al., 2015, 2017 Engelbrecht et al., Under Review). 

Few locations have been confidently captured as WRZ for the LGM (Figure 2.3). Through 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 

dynamic downscaling, Engelbrecht et al. (Under review) similarly quantify relatively no change in 

the northern extent (i.e. quantified during the LGM at ~22-23°S and ~23°S presently) and a larger 

shift in the eastern extent (i.e. quantified during the LGM at ~22-24°E and ~20°E 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 WRZ did not extend that far north. Additionally, Cockroft et al. 

(1987) suggest that in the western parts of the country the WRZ extended up to ~25°S and in the 

eastern regions up to ~30°S. More recently, Fitchett and Bamford (2017) argue a northward shift 

in the extent of the Westerlies to ~28°S during the Pleistocene-Holocene transition, and hence it 

is also suggested that the WRZ would not have extended further north than ~28°S. Neumann and 

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

Pollen, diatom and phytolith records as well as palaeogeomorphological evidence of periglacial 

features for the Pleistocene from Nörstrom et al. (2009, 2014), at Braamhoek wetland in the Free 

State, and Mills et al. (2012), in the Lesotho highlands of eastern Lesotho, confirm a greater 

influence and increased intensity of mid-latitude cyclones associated with a northward shift of the 

Westerlies. When considering the smallest extent of the WRZ, there are no records from the 

contemporary 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 carbon and nitrogen 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 (Chase et al., 2015). Additionally, diatom records from Lake Sibaya in 

KwaZulu-Natal (Stager et al., 2013), and pollen records from Wonderkrater spring mound in 

Limpopo (Truc et al., 2013), have been used to investigate the role of ITCZ shifts in SRZ variability 
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since the LGM. There is, however, still ongoing debate regarding the nature and extent of the shifts 

in the position of the Southern Hemisphere Westerlies and the ITCZ (Fitchett et al., 2017c), where 

it is held that investigation into the rainfall seasonality zone shifts provide crucial evidence for 

synoptic scale shifts (e.g. Carr et al., 2006; Chase et al., 2017; Fitchett & Bamford, 2017).  

Work during recent years has highlighted that although applicable broadly, the conceptual model 

hypotheses fail to explain climatic dynamics over smaller temporal and spatial scales (e.g. 

Norström et al., 2009, 2014; Chase et al., 2013, 2015, 2017; Stone, 2014; Fitchett et al., 2016, 

2017b; Chase & Quick, 2018; Faith et al., 2019). These studies highlight the heterogeneity of 

moisture records 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 and Benguela currents, and also to 

topographic variability (e.g. Carr et al., 2006; Norström et al., 2009, 2014; Chase et al., 2013, 2015, 

2017; Chevalier & Chase, 2015; Fitchett et al., 2016, 2017b; Chase & Quick, 2018; Faith et al., 

2019). For instance, Fitchett et al. (2017b) note delays in wet and dry periods when comparing 

moisture inferences from their study to those from lower altitude Drakensberg sites, at 

Braamhoek (Norström et al., 2009, 2014; Finné et al., 2010) and Mahwaqa Mountain (Neumann 

et al., 2014). These differences are attributed to the influence of the Great Escarpment in inducing 

orographic rainfall (Fitchett et al., 2017b), a feature also known to strongly govern the spatial 

variability in contemporary rainfall distribution by controlling the transfer of moist air from the 

Indian Ocean (Tyson & Preston-Whyte, 2000). 

Efforts to reconstruct rainfall seasonality and the shifts thereof have mainly been based on pollen 

records (e.g. Scott & Nyakale, 2002; Norstöm et al., 2009, 2014; Neumann et al., 2014; Fitchett et 

al., 2016, 2017b), being the most commonly used proxy across southern Africa (Fitchett & 

Bamford, 2017; Knight & Fitchett, 2019; Fitchett, 2019a). Rainfall seasonality reconstructions 

based on pollen records have followed a number of avenues. Studies 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. Scott et al., 2004; Neumann et al., 2014). Many 

studies have applied the fossil pollen ratio of Asteraceae: Poaceae to detect shifts in the strength 

of rainfall seasonality (e.g. Norström et al., 2009, 2014; Fitchett et al., 2016, 2017b); most of these 
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studies based on this ratio have adopted a multi-proxy approach using proxies such as diatoms, 

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 records to investigate shifts in the 

dominant tropical and temperate rain-bearing synoptics (e.g. Truc et al., 2013; Chevalier & Chase, 

2015). Recently more studies investigating rainfall seasonality shifts have been based on diatom 

records, again mainly to corroborate pollen reconstructions of rainfall seasonality dynamics (e.g. 

Finné et al., 2010; Stager et al., 2012; Fitchett et 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 understanding 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), which is key to understanding 

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 seasonality. Fitchett and Bamford (2017) focused on 

objectively assessing the ability of the commonly used Asteraceae: Poaceae pollen ratio, 

developed by Coetzee (1967), in discriminating between SRZ and WRZ conditions across southern 

Africa for the last ~20,000 cal. yr BP, 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 Boomplaas cave in 

the Western Cape, in comparison to their contemporary distributions and climatic regimes. To 

quantify contemporary rainfall regimes Thackeray and Fitchett (2016) developed a seasonality 

metric based on the relationship between temperature and rainfall (Figure 2.1), and through 

testing this metric on meteorological records in the SRZ, WRZ and YRZ it was demonstrated that 

this index statistically discriminates between WRZ and SRZ conditions in the contemporary record. 

However, even though this approach has 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 unresolved for 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 seasonality which may result in a higher amount of summer rainfall possibly 

having resultant effects on the intensity of rainfall (Christensen et al., 2007; Engelbrecht et al., 

2009; Fitchett et al., 2017c; Engelbrecht et al., Under Review; Figure 2.3). Since the YRZ is 

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 under Sections 2.3.1 and 2.3.2.3) or changes may 

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

late Quaternary investigations into rainfall seasonality 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. 

 

2.3.2.2 DRAWING ON RAINFALL SEASONALITY SHIFTS AND VARIABILTY IN THE CONTEMPORARY 

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 Current of the Indian Ocean 

(Fauchereau et 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 background of spatially 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 adaptation strategies (Mphale et al., 2014; Jury, 2018). It is known that changes in 

rainfall regimes will be most felt in arid and semi-arid regions of the world (Herrmann & Mohr, 
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2011; Feng et al., 2013; IPCC, 2013), which includes most of southern Africa (Knight & 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 contemporary record (e.g. Reason et al., 2005; Tadross et al., 

2005a, 2007, 2009; Nel, 2009; Moeletsi et al., 2011; Mupangwa et al., 2011; Le Roux, 2015; 

Tongwane et al., 2015; van Wilgen et al., 2016; Lipsett, 2017; Botai et al., 2018). For the purpose 

of this section 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 characteristics, and 2) the 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 characteristics where the drivers of year-to-year variability in rainfall are also captured, 

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

amount and seasonality (Fauchereau et al., 2003; Tadross et al., 2009).  

Given that rainfall amount and seasonality across southern Africa have high spatial and temporal 

variability, studies exploring changes based on surface observations and/or gridded data products 

have observed few statistically significant and spatially coherent trends (e.g. Jury, 2013; MacKellar 

et al., 2014; Kruger & Nxumalo, 2017; Jury, 2018). From numerous studies, it is suggested that 

across southern Africa inter-ŀƴƴǳŀƭ ǾŀǊƛŀōƛƭƛǘȅ Ƙŀǎ ƛƴŎǊŜŀǎŜŘ ǎƛƴŎŜ ǘƘŜ мфтлΩǎΣ ŦǳǊǘƘŜǊ ŎƻƴǘǊibuting 

to quantifying few statistically significant and spatially coherent trends (e.g. Richard et al., 2001; 

Fauchereau et al., 2003; Tadross et al., 2009; Phillipon et al., 2012; Jury, 2013; Dieppois et al., 

2016). These inconsistencies can also be attributed to data quality and studies capturing different 

time frames and locations, where inconsistencies are not likely due to methodological differences 

(MacKellar et al., 2014; Kruger & Nxumalo, 2017). On an annual scale, rainfall trends are known to 

be considerably heterogeneous in terms of direction and magnitude (Jury, 2013, 2018), however, 

results from the observed records of rainfall from Kruger (2006), MacKellar et al. (2014) 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 over a seasonal 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, however, some spatial patterns may be noted. Again, considering the studies 

across South Africa of MacKellar et al. (2014) and Kruger and Nxumalo (2017), trends for summer 

rainfall are somewhat consistent where increasing trends were mostly evident with some 

decreasing 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 trends in the eastern parts of the country, 

while MacKellar et 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 were quantified for spring and for autumn decreasing 

trends were quantified (MacKellar et al., 2014; Kruger & Nxumalo, 2017). Although for spring 

rainfall totals, most of the resulting trends from both MacKellar et al. (2014) and Kruger and 

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

Some studies noting trends particularly during the transitional seasons have postulated that these 

are evidence for changes in rainfall seasonality (e.g. Hoerling et al., 2006; Thomas et al., 2007; Nel, 

2009; Mazvimavi, 2010; Davis et al., 2016; du Plessis & Scholms, 2017; Nicholson et al., 2018; 

MacFayden et al., 2018); for example, across the Western Cape for the period of ~1900-2014 an 

increase in October and a decrease in November rainfall amount along the southern coast portion 

is suggested to point towards an earlier onset date, whereas an increase in September and a 

decrease in October rainfall amount is suggested to indicate an earlier end date within the 

Mediterranean portion of South Africa. Additionally, in the Namaqualand for the period 1901-

2009, Davis et al. (2016) detect no statistically significant changes in rainfall amount during any 

season, suggesting 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 (Dunning et al., 2018), but to assume this may 

be overlooking the 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 description of rainfall seasonality, where the following attributes of 

rainfall seasonality have been captured: onset and cessation dates including wet season duration 

and rain days (e.g. Tadross et al., 2005a, 2009; Kniveton et al., 2009; Moeletsi et al., 2011; 

Tongwane et al., 2015; Kabanda & Nenwiini, 2016; Lipsett, 2017), PCI (e.g. Nel, 2009; Botai et al., 

2018), SI (e.g. Tongwane et al., 2015; van Wilgen et al., 2016), rainfall percentiles (e.g. van Wilgen 

et al., 2016), duration of wet and dry spells (e.g. Usman & Reason, 2004; Kruger, 2006; Zengeni et 

al., 2016; Kruger & Nxumalo, 2017), and the occurrence of heavy to extreme rainfall events or 

changes in rainfall intensity (e.g. Mason et al., 1999; Easterling et al., 2000; Groisman et al., 2005; 

Kruger 2006; New et al., 2006; Lumsden et al., 2009; Roy & Rouault, 2013; Kruger & Nxumalo, 

2017; Burls et al., 2019).  

Across most of these studies, changes in rainfall seasonality characteristics have been detected 

but again few statistically significant trends are evident. Botai et al. (2018) explore change in PCI 

(see PCI under Section 2.2), for the period 1998-2015 across South Africa. Although the 

magnitudes of trends were small, ranging between -0.02 to 0.20.yr-1, and no trends were 

statistically significant there was spatial consistency in trends where most of the country displayed 

an increase in the degree of seasonality (Botai et al., 2018). Using PCI for the period 1921-2000 

across the eastern Drakensberg, Nel (2009) also detect an increase in seasonality where two 

locations demonstrated statistically significant trends. Across the northeastern parts of southern 

Africa for the period 1960-2005, a shift towards later onset and earlier cessation of the wet season 

was mostly evident with an overall decrease in the duration of the wet season by up to 1d.yr-1 

coinciding with an increase in the mean dry spell length, during the wet season, due to fewer rain 

days (Tadross et al., 2009). Very few statistically significant trends were identified, and this was 

attributed to very high inter-annual variability (Tadross et 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 due to later onset and earlier 

cessation. Trends quantified using SI (see SI under Section 2.2), and dates of accumulation of 25 

and 75% rainfall amount in various national parks across South Africa were not statistically 

significant and it was suggested that rainfall regimes were stable for the period of 1960-2010 (van 
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Wilgen et al., 2016). Rainfall regimes were, however, characterised by high levels of inter-annual 

variability (van Wilgen et al., 2016). Considering extreme rainfall, Roy and Rouault (2013) attribute 

the considerably strong positive trends in extreme rainfall across the eastern Drakensberg and 

adjacent coastal areas to the orographic effect of the Drakensberg Mountains and increasing 

moisture from the warming Agulhas 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 

amount which 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 insufficient literature exploring rainfall 

seasonality changes. 

Throughout the studies which investigate rainfall seasonality, over different temporal periods 

using different methods, there is some agreement regarding changes in the seasonality of rainfall. 

However, all the rainfall seasonality quantities had high inter-annual variability, and hence this 

may be the reason for low levels of statistical significance evident across previous studies. 

Important to note is that since rainfall across southern Africa is characterised by high year-to-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 rainfall regimes across South Africa (including Lesotho and Swaziland) are 

particularly unstable compared to neighboring countries to the north (Herrmann & Mohr, 2011). 

In particular, the highest level of variability in the seasonality across southern Africa was found 

across the transition zone between the SRZ and WRZ. This study also highlights that any changes 

in seasonality captured using the seasonality approach based on temperature and rainfall applied, 

which is discussed under Section 2.2, are a consequence of rainfall regime shifts given that mean 

monthly temperatures are relatively stable from year-to-year (Herrmann & Mohr, 2011). Lennard 

and Hegerl (2015) note that changes in the seasonality of rainfall at Cape Town and Johannesburg 

can be related to synoptic circulation changes, namely mid-latitude cyclones and convective 

synoptic systems. During the period of 1979-2009 they detect an increase in the frequency of key 

summer circulation modes and a decrease of key winter circulation modes (Lennar & Hegerl, 
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2015). Similarly, Burls et al. (2019) detect changes in the South Atlantic Anticyclone (SAA) and 

frontal systems, which are linked to a poleward expansion of the Hadley cell. These changes are 

postulated to suppress orographic rainfall in the southwestern Cape, where this was corroborated 

by an observed reduction in the number of rain days associated with a decrease in the duration of 

rainfall events associated with frontal systems (Burls et al., 2019). The results of these studies 

provide evidence that synoptic circulation changes are taking place, where this has also been 

highlighted by Mphale et al. (2014), and such changes are likely to result in a shift in the boundary 

between the SRZ and WRZ 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, 2000). Over 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 belts (e.g. Biastoch et al., 2009; Mahlobo et al., 2018; Sousa et 

al., 2018; Mahlalela et al., 2018; Burls et 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. Tadross et al., 2005a; 2009; Usman & Reason, 2004; 

Reason et al., 2005; Moeletsi et al., 2011). In the Free State, for the period of 1950-2008, Moeletsi 

et al. (2011) find no clear pattern between onset date and the positive and negative phases of 

ENSO. However, earlier and later cessation dates were strongly correlated to El Niño and La Niña 

years respectively. Additionally, they note a shorter than normal wet season during El Niño years 

and a longer than normal wet season during La Niña years (Moeletsi et al., 2011). Across most of 

southern Africa it was found that dry spell frequencies are usually highest during El Niño events 

and lowest during La Niña (Usman & Reason, 2004). Similarly, Reason et al. (2005) find a strong 

correlation between dry spell frequencies and ENSO via changes in regional circulation patterns 

over Limpopo for the period 1979-2002. Here they also recommend the use of dry spell 

frequencies and other rainfall seasonality characteristics in seasonal forecasting and projecting 

efforts for the SRZ (Reason et al., 2005), where Mahlalela et 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. Reason et al. (2005) 

also find a relationship evident between ENSO and onset of the wet season. Typically, late onset 

was associated with El Niño events and early onset was associated with La Niña (Reason et al., 

2005). However, this association was not particularly strong and two strong El Niño events were 

associated with early onset (Reason et al., 2005). It was highlighted that a different definition for 

onset date may have produced a different relationship with ENSO (Reason et al., 2005). On this 

point, across the northeastern parts of southern Africa Tadross et al. (2009) find that three 

different onset definitions did produce a different relationship with ENSO. Given this, it may be 

important to create standard 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 agriculture and water resource management. Arguably very little is understood regarding 

the variability of rainfall seasonality parameters (e.g. Reason et al., 2005; Tadross et al., 2009; 

Ratnam et al., 2018), where studies across southern Africa have predominantly 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, 2000; Reason 

& Jagadheesha, 2005; Reason & Rouault, 2005; Blamey & Reason, 2007; Fauchereau et al., 2009; 

Kane, 2009; Pohl et al., 2010; Ambrosino et al., 2011; Crétat et al., 2012; Phillippon et al., 2012; 

Weldon & Reason, 2014; Engelbrecht & Landman, 2016; Dieppois et al., 2016; Pohl et 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; Nicholson et al., 2018). 

Summer rainfall variability is known to be primarily associated with the ENSO and Indian Ocean 

SSTs (e.g. Reason, 2001; Fauchereau et al., 2009; Ambrosino et al., 2011; Crétat et al., 2012; 

Dieppois et al., 2016; Nicholson et al., 2018). A number of other mechanisms have been suggested 

to contribute to summer rainfall variability, and these include Quasi-biennial and -triennial 

oscillations (Kane, 2009), Madden-Julian oscillation (Pohl et al., 2007; Fauchereau et al., 2009; Pohl 

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

Pohl et 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 Niño years and above average summer 

rainfall is noted during La Niña years (Fauchereau et al., 2009; Dieppois et al., 2016). Winter rainfall 

variability is thought to be predominantly related to the Southern Annular Mode (SAM, also known 

as the Antarctic Oscillation; e.g. Reason & Rouault, 2005; Dieppois et al., 2016; Mahlalela et 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 (Reason et al., 2002; Reason & Jagadheesha, 2005; Blamey & Reason, 2007), 

and ENSO (Reason et al., 2002; Philippon et al., 2012). SAM, being the most prominent driver, is 

associated with above normal winter rainfall during a negative phase and below normal rainfall 

during the positive 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. Tadross et al., 

2005b, 2009, 2011; Hewitson & Crane, 2006; Engelbrecht et al., 2009; Shongwe et al., 2009; 

MacKellar et al., 2014; Davis et al., 2017; SAWS, 2017; Archer et al., 2018). Temperatures are 

reliably projected with GCMs and RCMs similarly projecting increases of 1-3°C by approximately 

2060, and it is estimated that the central interior areas will experience the greatest temperature 

increases of up to 5°C by 2099 for the Representative Concentration Pathway 8.5 emission 

scenario (Tadross et al., 2011; MacKellar et al., 2014; Archer et al., 2018). Conversely, projected 

rainfall changes are associated with much uncertainty, and especially is there low confidence in 

areas with complex topography for example (e.g. Lennard & Hegerl, 2015; Dedekind et al., 2016; 

Munday & Washington, 2018). Even so these projections provide important information 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 (Tadross et al., 2009). Notably, it is projected that mid-latitude and 

subtropical arid and semi-arid regions, of which most of southern Africa comprises such regions, 

will likely experience less precipitation (Christensen et al., 2007; IPCC, 2013, 2018). 
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On the topic of rainfall seasonality 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 rainfall seasonality 

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. Li et al., 2016; Pascale et al., 2016; Dunning et al., 2018). Instead RCM 

modelling studies for southern Africa have typically focused on projecting changes in rainfall 

amount over annual and seasonal scales (e.g. Tadross et al., 2005b, 2009; Hewitson & Crane, 2006; 

Engelbrecht et al., 2009; Shongwe et al., 2009; Engelbrecht et al., 2013; Pohl et 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 (Christensen et al., 2007). Projections 

developed for the period 2070-2079 using two RCMs suggest a statistically significant decrease in 

rainfall for October to December for the western parts of southern Africa, whereas in the eastern 

parts of the subcontinent a statistically significant increase in rainfall was projected for January to 

March (Tadross et al., 2005b). Similar results are obtained using the empirical downscaling 

technique, where Hewitson 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 the Drakensberg Mountain range. Very little change is projected for the 

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 2046-2065, Tadross et 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 be consistent with later onset dates from the observed trends for the period of 1960-

2005 (Tadross et al., 2009). Additionally, it is noted that the increase in autumn rainfall (September 

to November) projected does not correspond to the earlier cessation dates from the observed 

trends (Tadross et al., 2009).  

Engelbrecht et al. (2009) explore projected (2070-2100) changes in annual and seasonal rainfall 

totals through analysing the drivers of these changes, namely changes in atmospheric circulation. 
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The annual rainfall total changes projected are small, with annual rainfall along the western coast 

and southwestern Cape projected to significantly decrease by approximately 10-20% (Engelbrecht 

et al., 2009). Spring rainfall amount is projected to decrease across the northeastern 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 (Engelbrecht et al., 2009). Similarly, 

Shongwe et al. (2009) project a statistically significant decrease in rainfall from September to 

November for the period 2051-2200. 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 (Shongwe et al., 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 high-pressure belt. This projection 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 (Engelbrecht et al., 2009). Shongwe et al. (2009) 

similarly, for the period of 2051-2200, 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 South Africa and over 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 high-pressure belt (Engelbrecht et al., 

2009). During winter the subtropical high-pressure belt is projected to intensify leading to a further 

poleward displacement of the frontal rain bands to the south (Engelbrecht et al., 2009). Similarly, 

two studies across the southwestern Cape link drought conditions during 2015-2017 to a poleward 

deviation of the Westerlies (Mahlalela et al., 2018; Sousa et al., 2018); and Mahlalela et al. (2018) 

project, for the period of 2040-2060, an increase in the frequency of prolonged dry conditions 

during winter which was linked to the SAM shifting to a more positive 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 high-pressure belt (Mahlalela et al., 2018). 

Archer et 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, Pohl et al. (2017) and Engelbrecht et 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 differs considerably and hence only the direction of 

change was reported (Davis et 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 modelled trends in seasonal rainfall amount, Tadross et al. (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 characteristics in RCM 

projections across southern Africa is also highlighted. Similar to studies globally, few studies across 

southern Africa offer quantitative projections on future rainfall seasonality characteristics. There 

is, however, a growing number of studies on this topic. Pascale et al. (2016) use the DSI and RE, 

noted under Section 2.2, to provide quantitative projections for the period of 2006-2100 on rainfall 

seasonality changes globally, and for southern Africa the increase in seasonality projected is 

evident from an increase in the number of dry months and a shortening of the wet season. Over 

Africa, Dunning et al. (2018) applied a modified version of the metric created by Liebmann et al. 

(2012), described under Section 2.2. Over 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 2080-2099 (Dunning et al., 2018). Additionally, Shongwe et 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 Liebmann et al. (2012) developed. The model was demonstrated to adequately 

capture the timing of the wet season (Shongwe et al., 2015), however, no projections on rainfall 

seasonality characteristics were reported. Even Favre et al. (2016) using cluster analysis of monthly 

rainfall amount for the period of 1998-2006 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 investigate rainfall seasonality to evaluate 

simulations of rainfall regimes (e.g. Shongwe et al., 2015; Engelbrecht et al., 2016; Favre et al., 

2016; Pascale et al., 2016), and the metrics used in this project may be useful to understand how 
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rainfall seasonality has changed across southern Africa and how it may be projected to change. 

This could be especially important to refine RCMs to improve rainfall projections over the 

subcontinent to allow for better preparedness for the unfortunate droughts projected in the 

Western Cape (Mahlalela et al., 2018; Sousa et 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; Dunning et al., 2018). Additionally, objectively assessed metrics on rainfall seasonality 

may also be useful for seasonal forecasting of onset and cessation dates (Mahlalela et al., 2018; 

Phakula et al., 2018; Ratnam et al., 2018). 

 

2.4 SYNOPSIS: RESEARCH GAPS AND AVENUES FOR FUTURE WORK  

The complexity of 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 risk management, wild fire 

management, ecosystem management) across South Africa highlights the importance of 

continued research investigating rainfall seasonality (Botai et 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 extent 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 

amount and seasonality (IPCC, 2013; Favre et al., 2016), thereby further stressing a need for 

continued research on rainfall 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 in quantifying 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 avenue of 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 (Shongwe et 

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 application of methods used to infer rainfall 

seasonality from proxy records in contemporary attempts to quantify rainfall seasonality (Fitchett 

& Bamford, 2017). 
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3. STUDY REGION 

3.1 INTRODUCTION 

This study is focused on exploring the rainfall seasonality characteristics and the changes thereof 

using 46 weather stations, spanning the period of 1987-2016, 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 found under Chapter 4 (Data and Methodology). What follows in this chapter is a 

description of the geographic location and topographic characteristics, and contemporary climate 

of the study region. The discussion on the contemporary 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 AND TOPOGRAPHY 

South Africa is the southernmost country of Africa and is located between the coordinates of 22-

35°S and 16-33°E covering a terrestrial area of 1,220,000km2 (Figure 3.1; Landman et al., 2017; 

Lennard, 2019). 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 Current which flows 

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 complex and is characterised predominantly by a 

mountainous escarpment (i.e. the Great Escarpment) which separates the coastal plain from a 

high-lying interior plateau (Figure 3.1; Grab & Knight, 2018); the influence of both the surrounding 

oceans and topography on the 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, western Swaziland, 

the border of KwaZulu-Natal 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 Mountains of Lesotho (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 Cape Fold 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).  

 

Figure 3.1: Map of the study region of South Africa indicating the nine provinces 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 & Preston-Whyte, 2000; Landman et al., 2017; Lennard, 2019). Climate across South 
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Africa can be generalised to range from being warm, wet and humid in the east to being hot, dry 

and arid in the west (Landman et al., 2017; Botai et al., 2018; Lennard, 2019). As a result of South 

!ŦǊƛŎŀΩǎ ƭŀǘƛǘǳŘƛƴŀƭ ƭƻŎŀǘƛƻƴ Ƴŀƛƴƭȅ ƛƴ ǘƘŜ ǎǳōǘǊƻǇƛŎǎΣ ǘƘŜ ŎƻǳƴǘǊȅ ƛǎ ƛƴŦƭǳŜƴŎŜŘ ōȅ ǘƘŜ ǎŜŀǎƻƴŀƭ 

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 & Preston-Whyte, 2000; Chase & Meadows, 

2007; Jury, 2013). For instance, temperatures across the country are characteristically warmer 

during summer and cooler during winter (Landman et al., 2017). Additionally, over most of the 

country rainfall occurs during summer, in the southwestern Cape and along the western coast 

rainfall occurs during winter, and 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 & Preston-Whyte, 2000; Landman et al., 2017; Jury, 2018; Lennard, 2019). Although these 

physical controls on South African climate are discussed separately below, it is important to note 

that these controls are not in isolation but interact with one another. 

5ǳŜ ǘƻ {ƻǳǘƘ !ŦǊƛŎŀΩǎ ƭŀǘƛǘǳŘƛƴŀƭ ƭƻŎŀǘƛƻƴ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ƛƴ ǘƘŜ ǎǳōǘǊƻǇƛŎǎ ƛǘ ƛǎ ŀŦŦŜŎǘŜŘ ōȅ 

circulation systems prevailing in the tropical, subtropical and temperate climatic belts, where 

these will be discussed later in this section (Tyson & Preston-Whyte, 2000; Braun et 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 up the escarpment, temperatures decrease with height (Landman et al., 

2017). As such, winter snowfall in the highest parts of the Drakensberg and Maloti Mountains is 

common especially when cold fronts persist (Grab, 1997; Mills et al., 2012). The occurrence of 

mid-latitude cyclones and cold cored cut-off low pressure systems during winter also bring snow 

across the highest parts of the Cape Fold Mountains (Cowling et al., 2009). Although temperature 

follows a decreasing trend with altitude, it should be noted that 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 (Landman et al., 2017).  
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Besides the effect on temperatures, the topography of the 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 season a respective low-pressure 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 warm Agulhas current 

is forced to rise resulting in orographic rainfall and high annual rainfall totals (Favre et al., 2016; 

Landman et al., 2017). Similarly, over the southern coast and southwestern Cape, annual rainfall 

totals are relatively high due to the Cape Fold Mountains forcing moist frontal air to rise 

(Engelbrecht et al., 2015; Favre et al., 2016; Landman et 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 interior (Favre et al., 

2016; Landman et al., 2017). The eastern escarpment interacts with 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 & Preston-Whyte, 2000; Favre et al., 2016). Here, the descending limbs of the Hadley and 

Ferrel cells bring about the subtropical high-pressure systems which cause air to subside, resulting 

in characteristically clear skies as well as subsidence inversion layers over the interior of the 

country (Tyson & Preston-Whyte, 2000). During summer the base of these inversion layers is at 

approximately 3000m over the interior thus facilitating moisture flow from the warm Agulhas 

current of the Indian Ocean, whereas during winter the base of these inversion layers is at 

approximately 1750m which is below the escarpment and thus moisture flow is restricted into the 

interior (Tyson & Preston-Whyte, 2000). Finally, the escarpment is also responsible for the 

formation of coastal low-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, through the influence of ocean currents, and 

remote, through the influence of teleconnections (Landman et 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 pattern of rainfall across South Africa, where rainfall mostly 

decreases as you move west from the east coast over the plateau (Jury, 2013; Favre et al., 2016); 

for additional discussions on the annual rainfall characteristics across the country refer to Chapter 

5 (Results) Section 5.2 and Chapter 6 (Discussion) Section 6.2. During summer, moisture and energy 

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

the interior of the country (Nicholson, 2000; Favre et al., 2016). The semi-arid and arid conditions 

in the western parts of the country result from the occurrence of subsidence from the descending 

limbs of the Hadley and Ferrel cells, the presence of the cold, dry air due to the cold Benguela 

current and upwelling along the western coast (Tyson & Preston-Whyte, 2000; Chase et al., 2015; 

Lennard, 2019).  

The climate of South Africa, as previously noted under Chapter 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 (Crétat et al., 2012; Dieppois et 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 inter-annual timescale (Dieppois et al., 2015, 2016; Landman et al., 2017; Crétat 

et al., 2019). ENSO has a large influence on global weather systems and is a coupled ocean-

atmosphere phenomenon which occurs approximately every 2-8 years (Dieppois et al., 2015, 

2016; Landman et al., 2017; Pohl et al., 2018). This phenomenon refers to a SST oscillation in the 

equatorial Pacific Ocean which involves prolonged warming or cooling of SSTs, where the warm 

phase is referred to as El Niño and the cold phase is referred to as La Niña (Landman et al., 2017; 

Lennard, 2019). Generally, anomalously warm equatorial Pacific SSTs (El Niño) are associated with 

below average summer rainfall and anomalously cold equatorial Pacific SSTs (La Niña) are 

associated with above average summer rainfall (Dieppois et al., 2015, 2016; Pohl et al., 2018). This 

relationship does not always hold, for instance the very strong 1997/98 El Niño event produced 

normal rainfall totals and did not result in drought conditions as expected (Richard et al., 2001). 

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

La Niña events showing the opposite.  

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

the Southern Hemisphere and is known as a prominent driver of winter rainfall variability across 

South Africa (Thompson & Wallace, 2000; Reason & Rouault, 2005; Mahlalela et al., 2018; 

Lennard, 2019). The SAM is defined as an oscillation in atmospheric pressure between the 

Antarctic region and the mid-latitudes (Reason & Rouault, 2005). A positive phase in the SAM is 

characterised by anomalously high pressure over the mid-latitudes and anomalously low pressure 

over Antarctica, whereas a negative phase is characterised by anomalously high pressure over 

Antarctica and anomalously low pressure over the mid-latitudes (Reason & Rouault, 2005; 

Mahlalela et al., 2018). Both of these phases are associated with variability in the location of the 

Southern Hemisphere Westerlies storm track, such 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; Gillett et al., 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; Gillett et al., 2006).  

To a lesser extent and at a more regional scale, SST variability in the south Indian and south Atlantic 

Oceans is known to be modulated with inter-annual rainfall fluctuations (Crétat et al., 2012). South 

Atlantic SSTs are known to partially influence moisture fluxes between the south Atlantic Ocean 

and the western coast regions of South Africa (Reason et al., 2002; Reason & Jagadheesha, 2005). 

Wet winters tend to coincide with SSTs which are anomalously warm in the southwest Atlantic 

and southeast Atlantic and cool in the central south Atlantic (Reason et al., 2002; Reason & 

Jagadheesha, 2005). SST variability in the south Indian 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 Africa (Crétat et 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 (Reason, 2001, 2002; Crétat 

et al., 2012). 
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tropical, subtropical and temperate controls, on the climate of the county (Tyson & Preston-

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 (Taljaard, 1996; Tyson & Preston-Whyte, 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, 2019; Figure 3.2). These three controls are together responsible for the 

general climate dichotomy between SRZ and WRZ across South Africa (Lennard & Hegerl, 2015; 

Chase et al., 2017; Fitchett & Bamford, 2017). This is because each of these controls is associated 

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 South African rainfall 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 South Africa 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 & Preston-Whyte, 2000; Hart et 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 with the southward migration of the ITCZ (Tyson 
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& Preston-Whyte, 2000). Over Africa the ITCZ displays a tilde-like shape (~), and during summer 

over the Southern Hemisphere this shape is most pronounced (Tyson & Preston-Whyte, 2000; 

Nicholson, 2018). During the Southern Hemisphere summer months, the ITCZ reaches 

approximately ~17°S over the eastern parts of southern Africa (Taljaard, 1994; Nicholson, 2000, 

2018; Tyson & Preston-Whyte, 2000). During this time there is an arm of convergence off the ITCZ, 

known as the Congo Air Boundary, 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 Boundary are 

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; Tyson & Preston-Whyte, 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 (Taljaard, 1996; Tyson & 

Preston-Whyte, 2000; Lennard & Hegerl, 2015; Lennard, 2019; Figure 3.2). The easterly wave is a 

barotropic semi-stationary wave which is associated with warm, humid easterly winds between 

the ITCZ and the subtropical high-pressure belt (Taljaard, 1996; Tyson & Preston-Whyte, 2000; 

Dyson & van Heerden, 2002; Lennard & Hegerl, 2015; Lennard, 2019). Flowing from east to west, 

the easterly wave advects warm, moist air from the warm Agulhas current of the Indian Ocean to 

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

and interior parts of the country (Tyson & Preston-Whyte, 2000; Dyson & van Heerden, 2002; 

Lennard, 2019). Associated with the easterly wave is a closed low-pressure system which forms 

over the interior of the country (Taljaard, 1996; Tyson & Preston-Whyte, 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 escarpment bringing about convective 

rainfall across the interior and eastern parts of the country, rarely influencing the western coast 

region (Tyson & Preston-Whyte, 2000; Dyson & van Heerden, 2002; Lennard & Hegerl, 2015; 

Lennard, 2019). Convective rainfall from these 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 & Preston-Whyte, 2000; Lennard, 2019). Copious amounts of convective rainfall 

from these systems may result in wide-spread flooding events (Dyson & van Heerden, 2002; 

Engelbrecht et al., 2013). Thunderstorms are the main mesoscale convective phenomenon during 

the summer months which typically occur during the afternoon and early evening lasting for a few 

hours (Tyson & Preston-Whyte, 2000; Blamey & Reason, 2009). Individual single-cell storms 

general only influence small regions while large-scale composite storms such as squall line storms 

affect much larger regions (Tyson & Preston-Whyte, 2000; Blamey & Reason, 2009). Recently on 

5 March 2019, 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 tropical controls 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 

eastern coastline where inland penetration is blocked by the escarpment (Tyson & Preston-Whyte, 

2000; Malherbe et al., 2012; Fitchett, 2018). Tropical cyclones are warm-cored cyclonic 

disturbances which mainly occur during December to April, may have a diameter of up to 2000km, 

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 associated with strong 

winds as well as copious rainfall which typically leads to wide-spread flooding (Malherbe et al., 

2012; Fitchett & Grab, 2014). This year (2019) alone, two tropical cyclones namely Idai (March), 

which straddled category 2 and 3, and Kenneth (April), which was a category 4, had devastating 

impacts which reached the northeastern parts of South Africa causing much flooding (Fitchett, 

2019b, 2019c).  

The subtropical control on South African weather and climate is through a belt, spanning 

approximately 20-40°S, of semi-permanent subtropical anticyclones (i.e. high-pressure systems) 

known as the South Indian Anticyclone (SIA), the Continental High-pressure cell (CH) and the SAA 

(Taljaard, 1996; Tyson & Preston-Whyte, 2000; Cherchi et al., 2018; Figure 3.2). Variations in the 

latitudinal and longitudinal position and intensity of these high-pressure 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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cells and are associated with strong subsidence, relatively clear sunny skies and little or no rainfall 

(Taljaard, 1996; Tyson & Preston-Whyte 2000; Dyson & van Heerden, 2002; Lennard, 2019). The 

CH dominates the weather over the interior during winter, and during 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). During winter this band of high-pressure 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 interior (Cosijn & Tyson, 1996; Tyson & Preston-Whyte, 2000). Together with 

the SIA and SAA, the CH migrates south during summer due to the seasonal migration of the ITCZ 

(Tyson & Preston-Whyte, 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 & Preston-Whyte, 2000). During the summer months these weather systems are 

positioned offshore of the country and over the eastern parts of the country, where the winds 

associated with SIA assist to facilitate moisture flow into the interior which contribute to rainfall 

(Tyson & Preston-Whyte, 2000; Lennard, 2019; Figure 3.2). Additionally, associated with the SAA 

are ridging anticyclones which contribute 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 et 

al., 2015; Ndarana et 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 & Preston-Whyte, 2000; Ndarana et al., 2018; Lennard, 2019). These ridging anticyclones 

flow towards the SIA and are eventually absorbed by the SIA (Tyson & Preston-Whyte, 2000; 

Ndarana et al., 2018). 

The temperate control on South African rainfall as previously noted occurs during the winter 

months for the Southern Hemisphere, where this is associated with the northward migration of 

the ITCZ, subtropical high-pressure belt and the mid-latitude Westerlies (Tyson & Preston-Whyte, 

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

movement of the circumpolar Westerlies and is exerted through travelling perturbations from the 



66 

 

Westerlies, where the specific synoptic circulation systems include the westerly wave, cold fronts 

mainly associated with mid-latitude cyclones, coastal lows and berg winds, cut-off lows, and 

ridging anticyclones (Tyson & Preston-Whyte, 2000; Reason et al., 2002; Singleton & Reason, 2007; 

Philippon et al., 2012; Favre et al., 2013; Mahlalela et al., 2018; Sousa et 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 (Philippon et al., 2012). Recently, Blamey et al. (2018) quantified 

that atmospheric rivers influencing the west coast contribute between 15-60% of total winter 

rainfall across the southwestern Cape. 

During the winter months, the westerly wave, which has a periodicity of 2-8 days, is located further 

north (Taljaard, 1996; Tyson & Preston-Whyte, 2000; Lennard, 2019; Figure 3.2). During the winter 

months the rear of westerly wave trough is typically located over the Western Cape where this is 

associated with surface convergence and uplift, and clouds with rainfall (Taljaard, 1996; Tyson & 

Preston-Whyte, 2000; Lennard, 2019). Conversely, ahead of this trough, which is typically located 

over the interior and 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 & Preston-Whyte, 2000; Lennard, 2019). Associated with the westerly 

wave are cold fronts (i.e. mid-latitude cyclones or frontal systems) and cut-off lows which form as 

closed low pressure systems (Tyson & Preston-Whyte, 2000; Philippon et 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 & 

Preston-Whyte, 2000; Figure 3.2). Mid-latitude cyclones are cold-cored low-pressure systems 

which move from west to east, particularly influencing weather by contributing to rainfall across 

the south-western and southern regions of the country, however, when particularly strong these 

may also influence weather across the interior (Taljaard, 1996; Tyson & Preston-Whyte, 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 

approximately 24-hours, during which time these systems may travel up to 10,000km (Tyson & 
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Preston-Whyte, 2000). Mid-latitude cyclones particularly contribute the majority of rainfall in the 

southwestern Cape (Reason et al., 2002; Lennard & Hegerl, 2015; Mahlalela et al., 2018; Sousa et 

al., 2018); Lennard and Hegerl (2015) quantified that mid-latitude cyclones contributed up to two 

thirds of wet days at Cape Town for the period 1980-2009. If the core of these systems is 

particularly deep, then there may be associated extreme rainfall and gale force winds (Taljaard, 

1996; Lennard & Hegerl, 2015).  

Passing frontal systems may lead to the formation of cut-off lows, where these form in the upper 

and middle atmosphere on the equatorward side of frontal systems when a closed low detaches 

from the frontal system (Tyson & Preston-Whyte, 2000; Singleton & Reason, 2007; Favre et al., 

2013; Figure 3.2). These systems occur throughout the year but exert a maximum contribution to 

rainfall across South Africa during the autumn and 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 systems are particularly strong rainfall may occur in the western interior across the 

transition region between the SRZ and WRZ (Tyson & Preston-Whyte, 2000; Singleton & Reason, 

2007; Favre et al., 2013; Engelbrecht et al., 2015; Lennard, 2019). These systems contribute to 

most of the winter rainfall across the SRZ regions (Taljaard, 1996; Tyson & Preston-Whyte, 2000). 

When these systems are particularly deep and remain relatively stationary, they may be associated 

with particularly heavy 24-hour rainfall totals which may result in widespread flooding (Singleton 

& Reason, 2007; Favre et al., 2013; Engelbrecht et al., 2015). According to Singleton and Reason 

(2007) and Engelbrecht et al. (2015) the most rainfall that has been recorded from a single cut-off 

low occurred during September 1987, where the three-day rainfall total associated with this 

system exceeded 900mm along the KwaZulu-Natal coastline.  

The final temperate control on South African rainfall discussed here is the coastal low (Figure 3.2). 

The coastal low 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 coastal regions, these 

systems would not form (Reason & Jury, 1990; Tyson & Preston-Whyte, 2000). These systems form 

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


























































































































































































































































































































































































































































































































































































































































































































