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1 INTRODUCTION
The last three years, specifically, have witnessed the occurrence of a number of remarkably
intense and high-impact weather events in Africa and the world. The summer of 2015/16 was
associated with the most intense El Niño event ever recorded. The year 2015 also turned out
to be the warmest calendar year in recorded history, only to be superseded in this regard by
2016. Moreover, in 2015, a critical symbolic (and physical) threshold was exceeded – it was
the first year for which the global average surface temperature was 1 °C warmer than the preindustrial average. This period of unprecedented high global temperatures is thought to have
been the result of systematic global warming under the enhanced greenhouse effect in
combination with natural variability in the form of an intense El Niño event.

In southern Africa, the impacts of the 2015/16 El Niño event were also significant. The region
experienced its warmest summer period in recorded history, in the order of 2 °C warmer than
the present-day average climatological temperature. In fact, during this period numerous
weather stations in the southern African interior recorded average monthly temperatures in
the order of 5 °C above their monthly average climatological temperatures (Engelbrecht et al.,
2016). Moreover, large parts of the summer rainfall region of southern Africa recorded their
driest summer season since 1900. In the mega-dam region of eastern South Africa, dam levels
reached critically low levels. Water restrictions followed over much of South Africa and the
maize crop yield was reduced significantly. Over much of the summer rainfall region of
southern Africa, the La Niña event of 2016/17 brought significant relief from the oppressive
temperatures and drought. However, in 2017, South Africa became acutely aware of a new
water crisis, this time in the winter rainfall region. After three successive years of below normal
rainfall, dam levels in the Western Cape reached critically low levels by September 2017.
During this period of drought, devastating fires occurred in Knysna and along the Garden
Route in June 2017. The dry state of vegetation and an exceptionally warm autumn
contributed to the outbreak and extent of the fires.

The southern African region (particularly South Africa) is projected to become generally drier
under enhanced anthropogenic forcing, with an associated increase in dry spells and droughts
(e.g. Christensen et al., 2007; Engelbrecht et al., 2009). East Africa and much of tropical
Africa are projected to become generally wetter (Christensen et al., 2007; Engelbrecht et al.,
2009; James and Washington, 2013; Niang et al., 2014). Tropical cyclone tracks are projected
to shift northward, bringing more flood events to northern Mozambique and fewer to the

Limpopo province in South Africa (Malherbe et al., 2013). Such changes in temperature and
rainfall patterns will plausibly have a range of impacts on our region, including impacts on
energy demand (in terms of ensuring human comfort within buildings and factories),
agriculture (e.g. reductions of yield in the maize crop under higher temperatures and reduced
soil moisture), livestock production (e.g. higher cattle mortality as a result of oppressive
temperatures), water security (through reduced rainfall and enhanced evapotranspiration) and
other similar climate sensitive segments of the economy (Thornton et al., 2011; Engelbrecht
et al., 2015; Garland et al., 2015).

2 METHODOLOGY
2.1 Regional climate model and experimental design
High-resolution regional projections of future climate change over Africa were analysed to
describe how the regional climate change signal over South Africa may unfold under different
degrees of global warming. The regional climate model used is the conformal-cubic
atmospheric model (CCAM), a variable-resolution global climate model (GCM) developed by
the Commonwealth Scientific and Industrial Research Organisation (CSIRO) in Australia
(McGregor, 2005; McGregor and Dix, 2001, 2008). CCAM runs coupled to a dynamic landsurface model CABLE (CSIRO Atmosphere Biosphere Land Exchange model). Six GCM
simulations of the Coupled Model Intercomparison Project Phase Five (CMIP5) and
Assessment Report Five (AR5) of the Intergovernmental Panel on Climate Change (IPCC),
obtained for the emission scenarios described by Representative Concentration Pathways 4.5
and 8.5 (RCP4.5 and 8.5) were downscaled to a 50 km resolution globally. The simulations
span the period 1971-2099. RCP4.5 is a high mitigation scenario, whilst RCP8.5 is a low
mitigation scenario. The scope of the analysis is confined to assessing the impact of climate
change under the low mitigation scenario (RCP8.5) on the current and future moisture budget
of the country. The GCMs downscaled are the Australian Community Climate and Earth
System Simulator (ACCESS1-0), the Geophysical Fluid Dynamics Laboratory Coupled Model
(GFDL-CM3), the National Centre for Meteorological Research Coupled Global Climate
Model, version 5 (CNRM-CM5), the Max Planck Institute Coupled Earth System Model (MPIESM-LR), the Norwegian Earth System Model (NorESM1-M) and the Community Climate
System Model (CCSM4). The simulations were performed on supercomputers of the Centre
for High Performance Computing (CHPC) of the Meraka Institute of the CSIR in South Africa.
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In these simulations CCAM was forced with the bias-corrected daily sea surface temperatures
(SSTs) and sea ice concentrations of each host model, and with CO2, sulphate and ozone
forcing consistent with the RCP4.5 and RCP8.5 scenarios. The bias is computed by
subtracting for each month the Reynolds et al. (2002) SST climatology (for 1961-2000) from
the corresponding CGCM climatology. The bias-correction is applied consistently throughout
the simulation. Through this procedure the climatology of the SSTs applied as lower boundary
forcing is the same as that of the Reynolds SSTs. However, the intra-annual variability and
climate change signal of the CGCM SSTs are preserved (Katzfey et al., 2009). The model’s
ability to realistically simulate present-day southern African climate has been extensively
demonstrated (e.g. Engelbrecht et al., 2009; Engelbrecht et al., 2011; Engelbrecht et al., 2013;
Malherbe et al., 2013; Winsemius et al., 2014; Engelbrecht et al., 2015) and is thus not
featured in this section.

2.2 Climate extreme indices
The study primarily uses the Standardized Precipitation Index (SPI) (McKee et al., 1993,
1995), which is recommended by the World Meteorological Organization (2006) and also
acknowledged as a universal meteorological drought index by the Lincoln Declaration on
Drought (Hayes et al., 2011), to characterize the extent of the severity, tendency and time
evolution of drought (flooding) over South Africa. The SPI, with a two-parameter gamma
distribution fit with maximum likelihood estimates of the shape and scale parameters, was
applied on monthly mean daily rainfall accumulations for a 3, 6, 12, 24 and 36 months base
period (scale). The SPI severity index is interpreted in the context of negative values indicating
droughts and positive values indicating floods. These values range from exceptionally drier
(<-2.0) or wetter (>2.0) to near-normal (region bounded within -0.5 and 0.5). The extent of
moisture stress or loss due to global warming was also assessed using the PrecipitationEvapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010; Beguería et al., 2013). The
SPEI utilizes a similar concept but instead normalizes accumulated climatic water balance by
deducting the possible moisture loss under a given environmental circumstance due to
potential evapotranspiration (PET) from accumulated precipitation. The use of SPEI is not
extensively tested in the context of the African climate regimes regarding the choice and fitting
of a univariate probability distribution as the drought severity is found to be sensitive to these
choices (Sienz et al., 2012). Here we used the generalized extreme value distribution to
compute the SPEI as suggested by Stagge et al. (2015) though their recommendation was
based on the European state of climate. The SPEI may provide a plausible characterization
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of climate water balance and the evolution of moisture loss as a function of climate change,
while the SPI may provide an important insight into how the rainfall regime may shift in a
changing African climate.

We explored the observed state of African extreme climate using an improved version of the
Climate Research Unit (CRU TS v. 4.01) (Harris et al., 2013) which covered the period 19012016 at the time of writing this report. This dataset has a range of climate variables including
rainfall and PET where the latter motivates our enthusiasm to consider the impact of the
evolving temperature on the country’s moisture budget, which is found to be of great societal
interest in the view of the region’s projected temperature changes toward the end of the 21st
century. The CRU is presumably the most reliable available high-resolution observed dataset
for Africa as the continent is lacking dedicated or readily available alternative observed
datasets.

A significance test was conducted using a variant of the Mann-Whitney nonparametric
procedure that explicitly accounts for variance adjustment caused by incidents of ties (Mason
and Graham, 2002; Wilks, 2006; Beraki et al., 2015). The paradigm provides appealing
flexibility (under various contexts such as tracing the signal of climate change) to test whether
two populations are significantly different.

3 RESULTS
The signature of climate change on the South African climate extremes with regard to moisture
budget is explored both in the model and through observation. Figure 1 presents how the
summer and winter regions of South Africa evolve in terms of droughts and floods. According
to the analysis based on the SPI, during the last 100 years the occurrence of extremes in the
South African climate barely showed any signature of the climate change signal. This can be
interpreted as evidence for the moisture budget generally being explained by natural
variability. In addition, the PET has a marginal impact on the long-term drought tendency.
However, over the last couple of decades (both over the summer Figure 1 (c) and winter
rainfall regions Figure 1(d) of South Africa), the loss of moisture due to PET has intensified,
presumably attributed to global warming. This suggests that it is important for South Africa to
explore options on how to better manage the loss of moisture due to evapotranspiration.
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Figure 1: Observed state of drought (flood) based on SPI (upper panel) and SPEI (lower panel) for the north-eastern
(part of the summer rainfall region; (a), (c)) and south-western (part of winter rainfall region; (b, d)) parts of South
Africa.
Note: The standardized climate indices were computed using CRU rainfall and PET (1901-2016). The 3, 6 12, 24 and 36 months
scale was further subject to a 36 months running mean (smoothing) to detect the slowly evolving signal. The severity and scale
tend to increase proportionally where the ≤12 months’ scale is shaded with dark and light grey for the tendency of wetness and
dryness respectively. The near-normal region is bounded within the dash lines.

Possible future changes in the state of drought and flood over South Africa under the low
mitigation scenario (RCP8.5) were estimated using the six climate projections in terms of SPI.
Daily accumulated monthly mean precipitation values were used, as noted above, to estimate
the SPI for multiple scales (3, 6, 12, 24 and 36 months) at a spatial resolution of 50 km over
the country. Since the analysis yields similar results, however, results from the 36 months
(three annual) scale are presented. The annual mean was used as it represents the
9

contribution of all the different climate regimes of South Africa (such as winter, summer and
year-round rainfall regions). As noted in Figure 1, the severity becomes noticeable as the scale
increases which further exposes the extent of moisture stress due to amplified atmospheric
moisture demand. This global warming-induced moisture deficit may have far-reaching
agricultural and hydrological implications.

Figure 2: Projected change in the drought (flood) tendencies (i.e., number of cases exceeding near-normal per decade)
over South Africa for the period 1995-2024 relative to the 1986-2005 baseline period, under a low mitigation scenario
(RCP8.5). Projections are shown for each of the six CCAM downscalings (a-f) and ensemble mean (g). The stipples in
figure (g) show significance 95% (see text for details).

Figure 2 reveals that southern Africa is already experiencing increased conditions of dryness
and is likely heading towards a regional climate system that may well be associated with more
frequently occurring droughts. During the period of 2035-2064 a high likelihood of increased
conditions of drought are projected to occur within the presence of a drastic increase in
maximum temperature and very hot days. Such a change, of a hot and dry climate system
becoming even hotter and drier would offer very few options for climate change mitigation. It
is likely that under an enhanced global warming scenario, this general pattern of increased
dryness will already be manifested over South Africa, but it is not projected that it will be
significantly drier over the periods of 1995-2024 (Figure 2) and 2015-2044 (Figure 3). Despite
the enormous uncertainty that exists among the model simulations forced with six CMIP5
models, the analysis generally suggests that South Africa’s state of drought and its frequency
becomes noticeable with a statistical significance at 95% during the period 2044-2064 under
the low mitigation scenario (RCP8.5) (Figure 4). Nonetheless, the containment of the global
average temperature within a 1.5 °C increase (as stipulated in the 2015 Paris Agreement)
10

compared to its present-day climate, potentially offers a greater opportunity to reverse the
looming threat of our region’s poor climate state.

The plausible physical mechanism underlying the moisture budget reduction in the region is
apparently due to a reduction of tropical temperate trough (TTT) related rainfall activities over
the region, with a potential northward migration of the tropical cloud bands and a strengthening
of the subtropical high-pressure belt over southern Africa (e.g. Engelbrecht et al., 2009).
Furthermore, the likelihood of an enhanced drought tendency over the winter rainfall region of
South Africa is presumably caused by the poleward displacement of the westerlies (e.g.,
Weldeab et al., 2013) and associated frontal activities. The latter is the main winter rainfall
bearing system over the country and is believed to remain confined within the southern oceans
under climate change scenario (e.g. McCabe et al., 2001).

Figure 3: Projected change in the drought (flood) tendencies (i.e., number of cases exceeding near-normal per decade)
over South Africa for the period 2015 - 2044 relative to the 1986-2005 baseline period, under a low mitigation scenario
(RCP8.5). Projections are shown for each of the six CCAM downscalings (a-f) and ensemble mean (g). The stipples in
figure (g) show significance 95% (see text for details).
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Figure 4: Projected change in the drought (flood) tendencies (i.e., number of cases exceeding near-normal per decade)
over South Africa for the period 2035 - 2064 relative to the 1986-2005 baseline period, under a low mitigation scenario
(RCP8.5). Projections are shown for each of the six CCAM downscalings (a-f) and ensemble mean (g). The stipples in
figure (g) show significance 95% (see text for details).
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