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Executive Summary

Key to FOCUS-Africa’s aim to improve user-centric climate services in southern Africa, is understanding
and projecting future changes in the occurrence of extreme weather events. Building on deliverables
submitted earlier, such as D3.3 (Extreme events identification and their variability) and D4.1 (Seasonal
forecast quality assessment), this report (D2.2) further explores extremes with a focus on generating
a variety of extreme event indices that are relevant to food security in southern Africa. The analysis is
undertaken across southern Africa, and an assessment of risks and uncertainties are undertaken at
regional and sub-regional levels. D2.2 proceeds to demonstrate how climate change indices may be
used to make assessments of climate change impacting on agriculture and food security. In this way,
the data and indices generated by D2.2 can inform all FOCUS-Africa case studies concerned with
agriculture and food security. Note that this report does not aim to fully elaborate the risks to food
security but identifies and characterises climate extremes under a changing climate that would be
relevant for food security. Moreover, this report with its relevance to food security may be regarded
as an input to D2.3, dealing with the understanding of the climate risks relevant to the water-energy-
food (WEF) nexus.

The report identifies and describes a number of climatic impact drivers relevant to food security in a
changing climate. These include annual rainfall, extreme precipitation events, heatwaves, fire and
droughts. At a regional level, D2.2. points out that southern Africa is a climate change hotspot with
projected warming and drying trends amplifying stresses in a naturally warm, dry, and water stressed
region. Despite model-projected uncertainty in projected rainfall changes at sub-regional scales,
particularly over the eastern escarpment of South Africa (a region critical to water security), strong
model agreement in projections indicate that the larger southern African region is likely to become
generally drier in a warmer world. Sharply increased regional warming, associated strong reductions
in soil moisture availability, and increases in heatwaves and high fire-danger days are virtually certain
under low mitigation futures (that is, under high levels of global warming). These changes can already
be detected in observed climate trends for the last few decades, including regional warming and
drying in both the summer and winter rainfall regions. Moreover, an increase in intense rainfall events
can be detected in eastern southern Africa. This signal of change is projected to further amplify under
1.5 °C level of global warming, which according to the IPCC AR6 will under low mitigation futures be
reached as early as the early 2030s (that is, in the near term). Under higher levels of global warming,
further substantial increases in climate extremes, as assessed by D2.2, will translate into increasing
impacts on the agricultural sector and potentially on food security. As a demonstration of how the
extreme event indices generated can be used, D2.2 shows in particular that the area suitable for maize
production, the staple food in southern Africa, is projected to decrease substantially in western and
central southern Africa, and over parts of eastern southern Africa. This occurs in response to general
reductions in rainfall and increases in the occurrence of hot extremes. However, in other parts of the
region climate change may bring opportunities, for example over Lesotho in South Africa, where
reductions in cold extremes are projected to result in increasing climatic suitability for maize. Finally,
the report highlights that the projected generally warmer and drier climate with associated reduced
soil moisture availability, in combination with increases in the number of heatwaves and high fire-
danger days, may trigger the occurrence of regional tipping points in southern Africa. Examples include
the collapse of the maize crop in marginal regions, and of the cattle industry across southern Africa.

Keywords

Climate change, extreme weather events, climate indices, regional impacts, food security,
agriculture.
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1 Introduction

Southern Africa (here defined as Africa south of 10 °S) was classified as a climate change hotspot by
the Intergovernmental Panel on Climate Change (IPCC) Special Report on Global Warming of 1.5 °C
(SR1.5; Hoegh-Guldberg et al., 2018). It is a region with a warm climate and pronounced wet-dry
seasonality, which is acknowledged to be water-stressed in the context of naturally occurring
droughts, a growing population, and the agricultural and industrial ambitions of a developing region.
Under low mitigation emission scenarios southern Africa is certain to become substantively warmer
and likely drier (Engelbrecht et al., 2009; Engelbrecht et al., 2015; Engelbrecht and Engelbrecht, 2015;
Hoegh-Gulberg et al., 2018; Lee et al., 2021), justifying its classification as a climate change hotspot,
as under such scenarios, the options for adaptation are limited. While drying is a general projection
for the region, climate models also project likely sub-regional increases in intense rainfall events in
eastern southern Africa, including the eastern escarpment region of South Africa and Mozambique,
reflecting longer dry spells between more intense downpours (Ranasinghe et al., 2021).

The IPCC has recently assessed that general trends of drying and substantial warming can already be
detected across this region (Ranasinghe et al., 2021). Moreover, the signal of increasing intense rainfall
events in eastern southern Africa can also be detected in observed statistics over the last few decades
(Ranasinghe et al., 2021). In Mozambique, increases either in the number of intense tropical cyclones
(Fitchett, 2018), or in the rainfall amount that they produce, likely contribute to the upward trend in
the number of recorded intense rainfall events. A recent climate change attribution study has assessed
that climate change has likely resulted in an increase in precipitation associated with the series of
tropical cyclones that made landfall in Mozambique in 2022 (Otto et al., 2022).

Over the last six decades, average temperatures have been increasing at a surprising rate over
southern African, at 2-4 °C/century over large inland regions (Engelbrecht et al., 2015; Kruger and
Nxumalo et al., 2016), with the highest warming rates recorded over northern Botswana and southern
Zambia (Engelbrecht et al., 2015). Extreme temperature events such as very hot days, heatwave days
and high fire-danger days have correspondingly increased sharply in frequency over the last several
decades (Kruger and Sekele, 2013). It is certain that further increases in oppressive temperature
events will occur in the region for as long as global warming continues (Engelbrecht et al., 2015;
Garland et al., 2015), even under 1.5 °C of global warming (Seneviratne et al. 2021).

Generally, across most of southern Africa, inter-model agreement is strong across the ensembles of
the Coupled Model Intercomparison Project Phase Six (CMIP6), Coordinated Regional Downscaling
Experiment (CORDEX) and CORDEX-core ensembles, in terms of the general pattern of projected
decreases in rainfall (Dosio et al., 2021). These changes are projected to further amplify even under
1.5 C of global warming, a level that will likely be reached as early as the early 2030s under low
mitigation futures (Lee et al., 2021). However, there is less agreement over the eastern escarpment
areas of South Africa, where some models do not project general reductions in rainfall totals, but
rather rainfall total increases (Lee et al., 2021).

Confidence in the projections of a general drying in southern Africa in a warmer world follows not only
from model agreement, but also from the understanding of the dynamic circulation of the regionin a
warmer climate. The poleward displacement of the westerlies in a warmer world, one of the best
document changes in circulation that can already be detected in the Southern Hemisphere, is
associated with a reduction in frontal rainfall over South Africa’s winter and all-year rainfall regions
(the southwestern Cape, and the Cape south coast; Engelbrecht et al., 2009; Engelbrecht et al., 2015b).
The southward displacement of the rain-bearing frontal systems of southern Africa occurs in
association with the strengthening of the subtropical high-pressure belt over southern Africa

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa. 7
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(Engelbrecht et al., 2009), a mechanism directly linked to the now infamous 2015-2017 Cape Town
‘day-zero’ drought (Burls et al., 2019). A recent attribution study found that the likelihood of droughts
of this magnitude occurring in South Africa’s winter rainfall region has already increased by a factor of
three as a consequence of anthropogenic climate change (Otto et al., 2018). During summer, the
increase in the intensity and frequency of occurrence of the subtropical highs manifest in the mid-
levels (Engelbrecht et al., 2009), including via the Kalahari high-pressure system. The more frequent
occurrence of mid-level subsidence in mid-summer relate to longer dry spells, reduced precipitation
and more sunlight reaching the surface, thereby contributing to sharply increased surface warming
(Engelbrecht et al., 2009; Engelbrecht et al., 2015).

In this report, our focus is on exploring in more detail the main climate change signal projected for
southern Africa, namely that of a strongly warmer and generally drier climate, through the application
of the CMIP6 ensemble (e.g. Fan et al., 2020) — the largest ensemble of global climate model (GCM)
projections obtained to date. This includes an analysis of projected changes in weather extremes
associated with a drastically warmer and generally drier climate, building on the analysis in other
FOCUS-Africa reports, particularly D3.3 (Extreme events identification and their variability) and D4.1
(Seasonal forecast quality assessment). Increases in the number of heatwaves and high fire-danger
days, for example, which may occur in conjunction with a general trend of drying, may have potentially
devastating impacts on agriculture, water security, human and animal health, and biodiversity under
low mitigation climate change futures. We proceed to generate a range of climate indices and
demonstrate how these can be used in the assessment of risks to food security in southern Africa. In
this way, the report is designed to serve as an input into the next deliverable in Work Package 2, and
the indices generated may also support FOCUS-Africa case studies concerned with climate change
impacts on agriculture and food security.

2 Data and methods

For projections in mean rainfall and temperature, a large CMIP6 ensemble of 30 GCMs was used to
derive average changes relative to a baseline period of 1850-1900 (i.e. a preindustrial baseline), under
the Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5) scenario (a largely unmitigated fossil fuel
scenario). The projections were used to obtain changes in regional climate as a function of different
levels of global warming, namely 1.5°C and 2°C (i.e. the end members of the global goal as defined by
the Paris Agreement), and 3°C and 4°C of global warming (being representative of lesser levels of
mitigation resulting in failure to meet the Paris Agreement targets). Twenty-year moving averages are
used to define periods representative of the above levels of global warming, separately for each GCM
in the ensemble, as per the methodology of Lee et al. (2021).

For extreme event analysis, daily rainfall, average temperature, minimum and maximum temperature,
relative humidity, and surface wind speed data were obtained for the CMIP6 ensemble (Tebaldi et al.,
2021) of GCM simulations. These six surface variables are essential for the calculation of the drought
and fire indices that are key to the analysis undertaken here. Six CMIP6 models had available the
mentioned six surface variables under the low mitigation scenario SSP5-8.5 (Socio-economic Pathway
5-8.5).

The relatively low resolution CMIP6 GCM data were interpolated to a common 1° latitude-longitude
grid, towards a model-intercomparison of the projected climate change futures being undertaken.
Since the extreme weather events of interest in this analysis that focuses on the major drivers of
changing food security, namely heatwaves in the presence of drought or reduced rainfall totals are
synoptic-scale features, their main characteristics are well-represented at 1° resolution. All changes

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa. 8
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are shown for a specific level of global warming relative to the preindustrial baseline period (1850-
1990), which enables an assessment of the strengthening climate change signal as a function of the
level of global warming.

Three extreme weather-event definitions were employed in the analysis. The first is the World
Meteorological Organization (WMO) definition for heatwaves, as events when the maximum
temperature at a specific location exceeds the average maximum temperature of the warmest month
of the year by 5°C, for a period of at least 3 days (Engelbrecht et al., 2015). The second is the Keetch-
Byram drought index, D, which is defined in terms of a daily drought factor, dQ:

_ (203.2-Q)[0.968 x 6(0.0875T+1.5552)_8.30]
B [1+10.88 x e(-0.001736R)]

dQ (1)

Here R is the mean annual precipitation (mm) and Q (mm) is the soil moisture deficiency that results
from the interaction between rainfall and evaporation. Once Q has been updated by dQ, the drought
index is calculated from the equation

_10Q
T 203.2°

(2)
Note that D ranges from 0 to 10, where D=10 indicates completely dried out soil and vegetation
(Keetch and Byram, 1968, Engelbrecht et al., 2015).

We employed the McArthur forest fire index (FFDI) (Dowdy et al., 2009) to quantify fire-danger risks:

FFDI = Ze(—0.45+O.987lnD+O.0338T—O.0345H+0.0234U) (3)

Here T is maximum temperature (°C), H is relative humidity and U is average wind speed (measured
at a height of 10 m in ms™).

In order to demonstrate how regional climate extremes in a changing climate may impact on food
security in southern Africa, we make use of a simple yet robust index of maize suitability, which
explains the current distribution of maize production in southern Africa. Maize is selected because it
is the region’s staple crop and because of its perceived vulnerability to climate change, particularly in
the context of increasing extreme temperature events and reduced precipitation (Sanchez et al.,
2014). The index adopts the structure of the widely used mechanistic species distribution model
CLIMEX (Ramirez-Cabral et al., 2017):

MI = F(T,P) [% * [%] (4)

The above is an expression for the climatic suitability of maize (Ml), assuming that moisture
availability, determined by the balance between precipitation (P) and evaporation, which in turn
depends on temperature (T), is the main control of suitability. This suitability is further modified by
the probability of occurrence of cold extremes (CS, expressed as a percentage) and hot extremes
(HS, expressed as a percentage). The index is scaled to range between 0 and 3, with 0, 1, 2 and 3

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa. 9
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being thresholds that denote climatic unsuitability, marginal suitability, moderate suitability, and
optimal suitability for maize. The Keetch-Byram drought index D, scaled to range between 0 and 3, is
used to describe F(T,P) in equation (3). The Keetch-Byram index is ideal to use for this purpose, since
it essentially describes moisture availability. A predictive species modelling approach is followed to
apply the index to southern Africa (the CLIMEX approach). As a first step, the known distribution of
maize in southern Africa (Ramirez-Cabral et al., 2017) was used to determine the relevant thresholds
of moisture availability F(T, P) in southern Africa, to define regions of unsuitability, and marginal,
medium and optimal suitability. Regions that were deemed to have some degree of suitability in
terms of moisture availability, but are currently not maize production regions, were subsequently
assumed to be unsuitable due to a high frequency of occurrence of temperature extremes. The
probability of occurrence of hot and cold extremes were subsequently applied to refine Ml towards
it explaining the current distribution of maize in southern Africa.

3 Projected changes in regional climate and its extremes

3.1 Projected changes in annual rainfall totals

Changes are calculated with respect to the pre-industrial baseline period of 1850-1900, with the
pattern of change scaling in a remarkably stable way across increasingly higher levels of global
warming. A generally drier future is projected for southern Africa by the CMIP6 SSP5-8.5 ensemble
average, a signal that is expected to manifest even under 1.5 °C of global warming and strengthening
in amplitude at higher levels of global warming (Figure 1). Overall, this analysis provides a clear picture
of the potential to avoid adverse impacts if future warming scenarios encompass the global goal
according to the Paris Agreement (top two panels), as opposed to failure to meet the global goal
(bottom two panels).

There are three regions where increases in rainfall are projected by the ensemble average: South
Africa’s KwaZulu Natal Province, east of the country’s eastern escarpment; the most northern parts of
the southern African domain, the subtropical Atlantic Ocean along the coast of Angola and parts of
southwestern Madagascar. There is some variation across the ensemble members in terms of the
projected pattern of rainfall change across southern Africa (see the next section, also see Dosio et al.,
2021), but only two regions where model agreement is weak (that is, where conflicting signals of
change are projected across the ensemble members). These regions are the KwaZulu-Natal Province
of South Africa and the subtropical Atlantic Ocean west of Angola (Lee et al., 2021). Since model
disagreement over these regions persist at high levels of global warming, the uncertainty is likely
structural, rather than being caused by model internal variability. In the case of the KwaZulu-Natal
province, this structural uncertainty may relate to the parameterisation of convection over South
Africa’s steep eastern escarpment, and area long known to be associated with substantial model
rainfall biases (Engelbrecht et al., 2002; Dedekind et al., 2016).

The pattern of general drying projected across the southern African domain has previously been linked
to general increases in subtropical subsidence over southern Africa and the poleward displacement of
frontal systems in winter (Engelbrecht et al., 2009; Engelbrecht et al., 2015). This pattern of change is
remarkably robust (in terms of the ensemble average, at least) across the CMIP6, CMIP5, CORDEX and
CORDEX-core ensembles (Dosio et al., 2021). Moreover, the IPCC in Assessment Report Four
(Christensen et al., 2007), Assessment Report Five (Niang et al., 2014), SR1.5 (Hoegh-Guldberg et al.,
2018) and Assessment Report Six (Lee et al., 2021; Ranasinghe et al., 2021), made the assessment of
the southern African region becoming generally drier, and/or to become more drought-prone in a
warmer world.

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa. 10
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Figure 1. Changes in annual rainfall totals (% change) over southern Africa projected by the CMIP6
SSP5-8.5 ensemble-average, across various levels of global warming reached with respect to the 1850-
1900 baseline period, with the upper two panels directly representing the end members of the global

mitigation goal expressed in the Paris Agreement.

The pattern of drying is particularly strong for the winter rainfall region of the southwestern Cape in

South Africa, across all the ensemble members. The strong climate change signal over this region may
be linked to a reduction in frontal rainfall linked to the poleward displacement of the westerlies, an
already detectable change in the Southern Hemisphere (Goyal et al. 2021) that has been linked to an
increased likelihood for multi-year droughts to occur. The increase in precipitation over the northern
part of the domain is consistent with general increases in precipitation in tropical Africa in a warmer

world (Lee et al., 2021), and the expansion of the tropical belt. When considering the implications of
projected changes in extreme temperature and rainfall events in southern Africa, as in the following
sections, it is important to frame these changes in the context of strong regional warming, and a likely

general decline in rainfall.

The CMIP6 SSP5-8.5 ensemble average projected changes in annual average near-surface
mitigation scenarios that encompass achievement of the global goal according under the Paris

3.2 Projected changes in annual average near-surface temperature
temperature are shown in Figure 2, across different levels of global warming. As with the rainfall

projections, this analysis provides a clear picture of the potential to avoid adverse impacts under

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa.
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Agreement (top two panels), and the virtually certain adverse impacts in the case of failure to meet

Consistent with trends that can already be detected (Engelbrecht et al., 2015), the strongest warming
is centered over Botswana, extending across the western and central interior regions of southern
Africa. The interior regions of southern Africa are projected to warm at a higher rate than tropical

the global goal (bottom two panels).
Africa, whilst the moderating effect of the ocean also tempers the rate of warming over coastal areas.
The relatively high rate of warming over subtropical interior southern Africa has been attributed to a
strengthening of mid-level anti-cyclonic circulation and subsidence, which suppresses cloud
formation and rainfall, resulting in more solar radiation reaching the surface, thereby driving the
relatively high rate of temperature increase (Engelbrecht et al., 2009; Engelbrecht et al., 2015).
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Figure 2: Changes in near surface mean annual temperature ([1C) over southern Africa projected by
the CMIP6 SSP5-8.5 ensemble-average, across various levels of global warming reached with respect

40¢
to the 1850-1900 baseline period, with the upper two panels directly representing the end members of

12

the global mitigation goal expressed in the Paris Agreement.
With a view to gaining insight into weather extremes in southern Africa in a warmer world,

3.3 Projected changes in regional extremes
projections of six CMIP6 GCMs are considered for which daily data are available for the variables of
precipitation, minimum and maximum temperature, relative humidity and surface wind speed
(allowing for the calculation of fire-danger indices). To facilitate comparison with Figures 1 and 2
above, projected changes in annual rainfall totals (Figure 3) and annual average surface temperature

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa.
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(Figure 4) are plotted for each of the six GCMs under 3 °C of global warming. This level of global
warming is selected for extreme event analysis since it is likely to be associated with a clear climate
change signal (as opposed to the relatively larger role that climate/internal variability may play under
1.5°C, and possibly 2°C, of global warming). Moreover, under current international commitments to
greenhouse gas reductions (as per the Nationally Determined Contributions), the exceedance of the
3°C threshold of global warming remains entirely possible.

The rainfall projections indicate variation in rainfall spatial patterns of change across the ensemble
(Figure 3). For example, three of the six projections indicate slight rainfall increases over South Africa’s
KwaZulu-Natal Province, whilst all six indicate pronounced drying over the winter rainfall region of
the southwestern Cape. Three of the six projections also indicate slightly wetter conditions over all
or parts of western Botswana (the larger CMIP6 ensemble shows model agreement in this region, in
terms of a general signal of drying). All the simulations are indicative of pronounced warming over
southern Africa, peaking over the western interior at levels of 4-6 °C (Figure 4).

The projected changes in the Keetch-Byram drought index (Figure 5) are indicative of general
reductions in soil moisture availability across southern Africa under 3 °C of global warming. This is an
important finding: although there is variation in the pattern of rainfall change in the 6-member model
ensemble considered here, with conflicting signals in some regions, all projections are in agreement
of general reductions in soil moisture availability, even in the areas of projected increases in rainfall.
These reductions are the consequence of enhanced evaporation in a substantially warmer region.
Thus, it is possible to conclude with some certainty that southern Africa is likely to become generally
drier in terms of rainfall totals, but is virtually certain to become generally drier in terms of soil
moisture availability, a crucial element for crop production in the region. This finding is consistent
with strong model agreement in terms of projected decreases in soil moisture as parameterised in
CMIP6 GCMs (Wang et al., 2022, Zhai et al., 2020 ). Moreover, earlier work has indicated that such
general reductions in soil moisture in southern Africa translate to a shortening in the growing season
in the summer rainfall region. That is, the amount of soil moisture needed for crops to be planted is
reached later in the season in a warmer world compared to a cooler world; moreover, soil moisture
peaks at lower values at the end of the rainy season in a warmer compared to a cooler world
(Engelbrecht et al., 2015).

Consistent with the sharp increases in temperature, the six GCMs considered here also project
substantial increases in the number of heatwave days over southern Africa (Figure 6). These increases
range from 20-60 days per year over much of the western and central interior regions, implying that
heatwaves, compared to the pre-industrial threshold, will become a common and in some regions a
semi-permanent feature of summer climate. The geographical ‘centre’ of heatwave increases is over
Botswana in all the projections considered. This pattern of change likely relates to increases in mid-
level highs and associated subsidence (Engelbrecht et al., 2009), specifically through the
intensification and more frequent occurrence of the Botswana high. Indeed, over northern Botswana
and southern Zambia, the observed rate of increase in average temperature in decades has been
about 4 °C per century (Engelbrecht et al., 2015). Implications of heatwaves on agriculture and food
security are not only on the food crops (for example, reduced yield and harvest delays), but also on
farmer and farmworker health and wellbeing (Garland et al., 2015).

In a generally drier regional world (Figure 3), that is also warming at an almost unprecedented rapid
rate, meteorological fire-danger may also be expected to increase. This is illustrated by Figure 7,
which shows the projected change in the number of high fire-danger days, as defined by the McArthur
Fire Danger Index (eq 3). Substantial increases in the number of high fire- danger days, of between
20 and 80 days per year, are projected for extensive parts of the western and central interior, in some
projections extending into the Limpopo River Valley. In relation to generally drier conditions, these

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa. 13
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Figure 3: Projected changes in annual rainfall totals (% change) over southern Africa under 3 °C of
global warming relative to pre-industrial climate, as per an ensemble of six CMIP6 GCMs.
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Figure 4: Projected changes in annual average temperature (°C) over southern Africa under 3 °C of
global warming relative to pre-industrial climate, as per an ensemble of six CMIP6 GCMs.
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Figure 5: Projected changes in the Keetch-Byram drought index over southern Africa under 3 °C of
global warming relative to pre-industrial climate, as per an ensemble of six CMIP6 GCMs.
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Figure 6: Projected changes in the number of heatwave days over southern Africa under 3 °C of
global warming relative to pre-industrial climate, as per an ensemble of six CMIP6 GCMs.
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Figure 7: Projected changes in the number of high fire-danger days per year over southern Africa
under 3 °C of global warming relative to pre-industrial climate, as per an ensemble of six CMIP6

GCMs.
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Figure 8: Projected changes in the number of intense rainfall events (more than 20 mm of rain falling
over an area of 10 000 km2) over southern Africa under 3 °C of global warming relative to pre-
industrial climate, as per an ensemble of six CMIP6 GCMs.
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changes also translate to a lengthening of the fire season in southern Africa (Engelbrecht et al., 2015).
It may be noted that one of the ensemble members analysed (MPI-ESM1-2) is indicative of
pronounced decreases in high fire-danger days over Zambia. This change is underpinned by rainfall
increases (Figure 3) and an increase in the number of rainfall days in this particular model projection.
Although “controlled” fires are a feature of some small-scale agriculture in the region, where they are
used as a means to clear the land after each cropping cycle (often called the slash-and-burn
agriculture), the increasing probabilities of uncontrolled fires pose risks of substantial losses of crops,
grazing and agricultural infrastructure.

Despite the likely wide-scale decreases in rainfall, including substantial decreases in rainfall in the
west, and virtually certain increases in average temperatures, heatwave days and high fire-danger
days, general increases in intense rainfall events are likely in a warmer world in eastern southern
Africa, including eastern South Africa and Mozambique, a trend that can already be observed
(Ranasinghe et al., 2021). The ensemble of six projections considered in Figure 8 are indicative of the
spatial variability in the projections of changes in extreme events. All the projections are indicative of
increases in intense rainfall events across the northern part of the domain, including Northern
Mozambique, a more consistent change compared to the model projections of changing annual
rainfall totals. Some of the projections are also indicative of the potential of pronounced increases in
intense rainfall events over and to the east of the eastern escarpment.

4. Application of extreme weather indices: the maize crop in southern Africa

Extreme event indices are useful to assess the potential impacts of a changing climate on a variety
of crops, the livestock sector and on food security in general. Typically, in order to obtain
projections of changing crop yield under climate change, the indices or the daily values of variables
such as temperature, rainfall, evaporation and radiation would be used to drive a mechanistic crop
production model, for example as in Case Study 1 (CS1) of FOCUS-Africa, which explores changing
maize crop yield in South Africa’s North West Province. D2.2 and other deliverables in FOCUS Africa,
through the data sets and indices it has generated, thus also serve to support the case studies
directly focussing on estimating changes in crop yield, CS1 being the primary application in this
regard.

Although mechanistic (physical) crop models (as applied in CS1) represent the most advanced
methodologies to estimate future changes in crop yield, statistically derived indices are useful to
provide qualitative insights into the changing suitability of a specific crop in a specific area under
future climate change. For example, Moeletsi and Walker (2012), Ramirez-Cabral et al. (2017) and
Chemura et al. (2022) developed crop suitability indices for maize, incorporating variables such as
growing degree days, hot days, hot nights, growing season rainfall, dry-spell length and the
occurrence of frost. Building on this existing body of literature, D2.2. uses a consolidating
methodology that incorporates the Keetch-Byram drought index, in combination with extreme
temperature events, to define maize suitability in southern Africa. First, from the existing spatial
range of maize production in southern Africa, we identify the soil moisture content needed, as per
the Keetch-Byram index, for the growing season of maize (stretching from October to April). This
approach effectively describes the combined effects of rainfall and evapotranspiration (which in
turn depends on temperature) on moisture availability, which is a critical determinant of maize crop
suitability. The resulting range of suitability for maize production (as defined by moisture
availability) is subsequently modified by the frequency of occurrence of damaging extreme
temperature events, following Ramirez-Cabral et al. (2017) and using equation (4). The resulting
suitability maps are shown in Figure 9 (present-day climate), Figure 10 (pre-industrial climate) and
Figure 11 (3 °C of global warming).

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa. 20
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Figure 9: Maize suitability index for southern Africa based on moisture availability and the impact of
extreme temperature events, here calculated for present-day (1961-1980) climate.
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Figure 11: Maize suitability in southern Africa based on moisture availability and the impact of extreme
temperature events, here calculated for climate corresponding to 3 °C of global warming.
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It may first be noted that for present-day climate (1961-1980), the maize suitability index
realistically portrays the current observed range of maize production in southern Africa (see
Ramirez-Cabral et al., 2017). This characterisation is robust across the climatologies simulated by six
different GCMs, since the modelled soil moisture availability is fitted to the observed occurrence of
maize production across the region (following the CLIMEX predictive-species modelling approach of
Ramirez-Cabral et al., 2017). This includes areas of medium to optimal climatic suitability over
eastern South Africa, and the most northern parts of southern Africa, marginal suitability over the
central interior of South Africa, and unsuitability over the dry western parts, stretching eastwards
into the Limpopo River valley. All six model representations are also indicative of unsuitability in the
Zambezi river valley, known for its hot extremes, and consistent with the analysis of Ramirez-Cabral
et al. (2017). Some of the models are realistically indicating unsuitability over Lesotho under
present-day climate, given that these models simulate a relatively high occurrence of cold extremes
over this region.

Maize suitability for pre-industrial climate is shown in Figure 10, for the sake of using this as a
baseline when assessing changes under future levels of global warming. The patterns of suitability
are qualitatively similar compared to those for present-day climate. One important difference is
that present-day climatic suitability is simulated to be higher over Lesotho and the surrounding
eastern escarpment areas of South Africa. This is due to a decrease in the occurrence of cold
extremes in the present-day climate of this sub-region — a consequence of the regional response to
global warming. Under 3 °C of global warming, regions in western and central southern Africa
currently assessed to be marginally suitable for maize production are projected to become
unsuitable, due to reductions in rainfall and an increasing frequency of occurrence of hot extremes.
Drastic increases projected in hot extremes in areas surrounding the Limpopo River valley and
Zambezi river valley are similarly resulting in larger areas in eastern southern Africa becoming
unsuitable for maize production. It is specifically the more frequent occurrence of days with
maximum temperatures higher than 35 °C, during the flowering and anthesis stages of growth
(Sanchez et al., 2014) , that are resulting in this projected expanding unsuitability. Increases in
suitability are projected over Lesotho and the resulting eastern escarpment regions of South Africa,
due to reductions in cold extremes and in particular, the occurrence of frost. Steep mountains
slopes may however make it difficult to take advantage of enhanced climatic suitability of this sub-
region, unfortunately. Finally, over northern southern Africa, where climate models project
increases in rainfall, maize suitability is similarly projected to increase.

5. Regional extremes: the risk of regional tipping points

Regional tipping points refer to shifts in regional climate system that would establish a novel climate
regime, where weather events unprecedented in the historical record have the potential to occur.
Once a given threshold of global warming has been reached, these shifts are irreversible on the scale
of human lifetimes. Tipping points in regional climate systems would, in all likelihood, induce
ecological or socio-economic changes at regional scales that are similarly irreversible.

For southern Africa the almost certain reductions in soil moisture availability, increases in heatwave
and fire-danger days, combined with a generally drier and warmer climate holds the risks of
triggering a number of regional tipping points. Four examples of such potential tipping points are
discussed below: the potential of a ‘day zero’ drought in South Africa’s Gauteng Province, the
collapse of the maize crop in marginal regions, and of the cattle industry across southern Africa due
to multi-year droughts, unprecedented heatwaves impacting on food production and human
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mortality, and the risk of intense tropical cyclones making landfall further to the south than in the
historical record (Engelbrecht and Monteiro, 2021).

In September 2016, at the end of four consecutive years of drought in South Africa’s summer rainfall
region, the level of the Vaal Dam fell to 25%. Water restrictions were in place in South Africa’s
Gauteng Province, which depends on about 50% of its water supply from the integrated Vaal River
system. If the level of the Vaal Dam should fall to below 20%, the Gauteng water supply would be
severely compromised for two reasons. The first relates to the engineering limitations of pumping
water uphill to Johannesburg. The second relates to poor water quality at a dam level of 20% or
lower, to the extent that the water would not be suitable for human consumption. It may be noted
that the four-year-long period of below normal rainfall that resulted in dam levels being this low
culminated in the occurrence of the 2015/16 El Nifio and related drought in southern Africa. The
2015/16 El Nifio was the strongest in recorded history, at least in terms of the magnitude of
anomalies in the Nifo 3.4 region, and there is evidence that climate change strengthened the event.
Although the IPCC in AR6 did not make high confidence statements about changes in El Nifio and La
Nifia amplitudes and frequencies in a warmer world, it did assess that impacts are likely to
strengthen in amplitude in most regions of the world (Lee et al., 2021). This finding, in conjunction
with projections of generally drier conditions in southern Africa, reduced soil moisture availability
and increased temperatures and evaporation, suggest that the possibility exists that multi-year
droughts in South Africa’s eastern mega-dam region may occur more frequently, last longer and be
more intense under higher levels of global warming. This in turn, suggests that the likelihood of the
Vaal Dam’s level falling below the critical threshold of 20% will increase in a warmer world, creating
the possibility of a ‘day zero’ drought in the Gauteng Province. Such a drought is probably the largest
climate change risk South Africa faces in the context of socio-economic impacts. The Gauteng
Province is South Africa’s industrial heartland, where 15 million people live. A ‘day-zero’ drought
would imply extensive water restrictions and the reallocation of water between the sectors of
agriculture (e.g. for irrigation), urban usage (household and industrial demand) and energy (the
cooling towers of power plants).

A drought of duration and intensity to severely compromise Gauteng’s water supply from the
integrated Vaal River system has never occurred in the historical record, and if materialised would
represent a tipping point in the regional climate system. The four-year drought including the
2015/16 El Nino was broken by good falls of rain in October 2016, and thus represents a near-miss of
a ‘day-zero’ drought. Quantifying the probability of a Gauteng day zero drought under different
levels of global warming should thus be a research priority. Given the potentially severe impacts of
such a drought, a disaster risk reduction plan needs to be in place for such an event, even if it is low-
probability event.

The terminology of ‘day zero’ droughts had its origin in the 2015-2017 Cape Town drought, during
which the city came close to running out of water. A controversial issue during the drought was the
reallocation of water from the agricultural sector in the region to satisfy the household demand for
water in the city. This multi-year drought brought substantially reduced rainfall totals in the
Theewaterskloof catchment, which is key to the City’s water security. Associated with the
substantially reduced rainfall totals projected for the southwestern Cape (Figure 1), is the more
frequent occurrence of multi-year droughts. A tipping point may be reached where multi-year
droughts in the southwestern Cape will occur so frequently that it will impact on the City of Cape
Town'’s sustainable growth, to the extent that it will require a new water resource. Desalination
plants are often proposed as a solution in this regard, although the large electricity needs and
excessive costs of the associate technologies renders its implementation non-trivial. The mechanism
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underpinning day zero droughts in the southwestern Cape is the poleward displacement of the
Southern Hemisphere westerlies, a fingerprint of climate change that can already be detected (Goyal
et al. 2021). Observed trends in rainfall in the winter rainfall region over the last thirty years are
consistently negative (Wolski et al., 2021). Moreover, an attribution study concluded that the risks of
day zero type droughts occurring in the southwestern Cape is already three times as large as in pre-
industrial times (Otto et al., 2018). The risk of day zero type droughts extends into the all-year
rainfall region and South Africa’s Eastern Cape Province (Archer et al., 2022).

Multi-year droughts occurring in association with intense and heatwaves pose risks to the
agricultural sector, including the maize-crop (southern Africa’s staple food) and the high commodity
cattle industry. The 2015/2016 summer, experienced intense El Nifio induced drought and
heatwaves and was the driest in recorded history across South Africa’s Free State and North West
Provinces, which together produce more than 60% of South Africa’s maize crop. The South African
maize-crop was reduced by about 40% compared to yield of the previous summer. Botswana lost
40% of its cattle. The IPCC has warned that the collapse of both the maize crop and cattle industry
are likely in southern Africa under 3 °C of global warming (IPCC 2017). This assessment is based
purely on the biophysical effects of heat-stress on the maize plant and cattle in a southern African
climate that is warming drastically compared to the global rate of temperature increase, and which
is likely to also become generally drier (Hoegh-Guldberg et al., 2018). However, if one also considers
the socio-economics of farming, including the ability of subsistence farmers and small commercial
farmers to absorb the shocks of multi-year droughts becoming more intense, and occurring more
frequently, the possibility exists that such droughts may occur more frequently. Generating
probabilistic assessments of tipping points in these key commaodities in southern Africa thus requires
a combined approach that is informed by both the physical science base and the socio-economics of
farming. To this end, more reliable seasonal forecasts would provide critical adaptation support as
they could facilitate important decisions such as risk assessments relating to planting timing to
minimize costly drought related crop failure. Cultivar or crop species selection matched to the
projected climate conditions would also comprise a valuable potential adaptation option.

The 2015/16 El Nifio brought heatwaves of unprecedented frequency and intensity to southern
Africa, and there are clearly detectable upward trends in the frequency of occurrence of extreme
(warm) temperature events in the region. Climate model projections indicate potentially devastating
increases in heatwave occurrences across southern Africa under high levels of global warming
(Figure 6; Seneviratne et al., 2022). It is also clear though, that heatwaves of unprecedented
intensity will already occur in southern Africa in the near-term (the next twenty years). Millions of
people live in informal housing in southern Africa, without air conditioning, and often without easy
access to cool water. The elderly are particularly vulnerable to such heat related stresses. The
possibility exists of regional climate change in the near-term reaching a tipping point where
heatwaves of unprecedented intensity and duration may kill thousands of people (including
farmworkers involved in tasks that expose them to this hazard) and livestock across southern Africa.
Heat-adaptation plans in southern Africa will benefit from an enhanced understanding of the risk of
heatwaves associated with high mortality occurring.

The fourth example of a tipping point worthy of highlighting is quite different from those related to
oppressive temperatures and drought. It involves the potential landfall of intense tropical cyclones
(that is, a category 4 or 5 hurricanes) at latitudes further to the south than ever recorded before in
southern Africa. Global tropical cyclone statistics are indicative of the more frequent occurrence of
intense systems as well as of landfall at more poleward locations. Warmer sea-surface temperatures
in the southwest Indian Ocean, and in particular in the Mozambique Channel, may similarly allow for
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the more southward landfall of intense tropical cyclones in a warmer world. Indeed, recent decades
has brought an increase in the number of category 4 and 5 hurricanes in the southwest Indian Ocean
(Fitchett, 2018), although actual landfall of a category 5 hurricane has never been recorded in
Mozambique.

Intense tropical cyclone Idai reached category 4 status in the Mozambique Channel, before making
landfall as category 3 hurricane at Beira around midnight on 14 March 2019 (Engelbrecht and Vogel,
2021). In the destructive winds, storm surge and pluvial and fluvial flooding that followed, hundreds
of people lost their lives. The total death toll in tropical cyclone Idai’s path across Malawi,
Mozambique and Malawi is estimated to have been more than 1000. This makes Idai the worst flood
disaster in the history of Africa south of the equator. In Beira, there is some experience in local
populations and disaster management agencies in terms of dealing with the impacts of tropical lows
and cyclones. Tropical cyclone Idai serves as a stark reminder of how severe the impacts of category
3 to 5 hurricanes in southern Africa can be. In Mozambique, the impacts of Cyclone Idai included
devastation of over 700,000 hectares of agricultural land affecting over 500,000 families (WFP,
2019). These can have major impacts on crop and livestock production. The flooding that follows the
cyclones often makes replanting impossible.

Further to the south, in cities such as Maputo and Richards Bay, or in the Limpopo River valley
between South Africa and Zimbabwe, there is no community or governance experience in coping
with the impacts of intense tropical cyclones as no such events have occurred in the historical
record. Should the climate regime shift into a regime where such southern landfalls of intense
tropical cyclones become possible, or where the landfall of category five cyclones start to occur in
southern Africa, impacts may well be devastating, including on food security. The probability of such
a tipping point being breached is not well understood, however, AR6 of the IPCC had to base its
assessment on only two regional climate modelling studies focused on tropical cyclone landfall in
southern Africa (Malherbe et al., 2013: Muthige et al., 2018). In addition to the observational
increases in the occurrence of category 4 and 5 hurricanes in the southwest Indian ocean, a recent
study confirms the high rainfall associated with tropical cyclones in Mozambique can be attributed
to anthropogenic warming effects (Otto et al, 2022).

6. Conclusion

Southern Africa is classified as a climate change hotspot in the IPCC’s SR1.5. This stems from the
region being naturally warm, dry, and water stressed, with climate change projections indicating a
substantially warmer and likely also generally drier future. Such changes will imply limited options for
climate change adaptation. There is model uncertainty in terms of the signal of rainfall changes over
South Africa’s KwaZulu-Natal Province and the eastern escarpment, with some models indicative of
general increases in rainfall. Over South Africa’s eastern interior, and northwards over Mozambique,
general increases in intense rainfall events are likely. The main patterns of projected change
described above can already be detected in trends in observed data over the last few decades:
substantial regional warming, negative trends in rainfall in both the summer and winter rainfall
regions and increases in intense rainfall events across the eastern escarpment and northwards into
Mozambique. These observed changes, consistent with the assessment of projections, indicate to us
the most likely climate change future of southern Africa: a generally drier and substantially warmer
regional climate system, with more intense rainfall events in the east. Climate change adaptation
plans first and foremost need to prepare for such a future.

Additionally, the analysis we have presented point out that general reductions in soil moisture
availability are virtually certain to occur across the region, even in regions where the model ensemble

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa. 27



: FOCUS-AFRICA D2.2 Regional climate extremes relevant to food security in southenmsa

Deliverable_Template_V.1

il

average, or individual models, are indicative of increases in rainfall. This is a consequence of enhanced
evaporation in the warmer regional climate, and implies a generally shorter growing season and
longer wildfire season across the region. Moreover, substantial increases in the number of heatwave
days and high fire-danger days are virtually certain to occur under high levels of global warming.
Implications for the maize crop, southern Africa’s staple food, may be profound under high levels of
global warming. Reductions in the area suitable for maize production are projected under 3 °C of
global warming, largely due to reduced moisture availability and the impact of extreme temperatures
(very hot days) in western and central southern Africa, and in parts of eastern southern Africa.

Against this background it is clear that the potential exists for the regional climate system to tip into
a new regime, where unprecedented climate change impacts may start to occur in southern Africa.
Examples include the possibility of a day zero drought in Gauteng, the collapse of the maize crop and
cattle industry in some regions, the occurrence of heatwaves of unprecedented intensity, and the
landfall of tropical cyclones as far south as Maputo, the Limpopo River Valley, or Richards Bay. More
research is urgently required to quantify the probabilities of these and additional tipping points
being reached. This information is critical for the identification and implementation of climate
change adaptation plans and actions, especially as any of these adaptation options are likely to be
extensive, expensive and requiring of long lead time for implementation. It is clear though, that the
risk exists of the southern African region to become less habitable under high levels of global
warming. Imagine for example, a future South Africa where maize can no longer be produced in its
North West Province, or a future Botswana where the cattle industry has collapsed. At the same
time intense heatwaves may frequently impact on human health and mortality, with more frequent
long-lasting droughts hampering industrial development and the sustainable growth of cities. It is
clear that southern Africa as a region needs to advocate strongly for climate change mitigation, and
contribute its fair share to this mitigation effort, with the aim of avoiding these tipping points being
reached in the first place. At the same time, more research is needed to improve the probabilistic
understanding of tipping points being reached in the southern African region. While this report
identified and characterised some of the key regional climate extremes relevant to food security
under a changing climate in southern Africa, a follow-up report of FOCUS-Africa (D2.3) will aim
explore the specific risks and vulnerabilities to the food, water and energy nexus in southern Africa.

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa. 28



il

: FOCUS-AFRICA D2.2 Regional climate extremes relevant to food security in southenm:a

Deliverable_Template_V.1

Bibliography

1.

10.

Archer E, Du Toit J. Engelbrecht C. Timm Hoffman T. Landman W. Malherbe J. and Sterng M.
(2022). The 2015-19 multi year drought in the Eastern Cape, South Africa: it’s evolution and
impacts on agriculture. Journal of Arid Environments 196 104630.

Burls N.J., Blamey R.C., Cash B.A., Swenson E.T., Al Fahad A., Bopape M-J.M., Straus D.M. and
Reason C.J.C. (2019). The Cape Town “Day Zero” drought and Hadley cell expansion. Npj Clim
Atmos Sci 2. https://doi.org/10.1038/s41612-019-0084-6.

Chemura A., Nangombe S.S., Gleixner S., Chinyoka S. and Gornott C. (2022). Changes in climate
extremes and their effect on Maize (Zea mays L.) suitability over southern Africa. Frontiers in
Climate. doi: 10.3389/fclim.2022.890210.

Christensen J.H. et al. (2007). Regional climate projections Climate Change 2007: The Physical
Science Basis. Contribution of Working Group | to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change ed S Solomon,Dgin, Mmanning, Z
Chen,Mmarquis, A B Averyt,Mtignor and HL Miller (Cambridge: Cambridge University Press).

Dedekind Z., Engelbrecht F.A. and Van der Merwe J. (2016). Model simulations of rainfall over
southern  Africa and its eastern escarpment. Water SA 42 129-143.
http://dx.doi.org/10.4314/wsa.v42i1.13.

Dosio A., Jury M.W., Almazroui M., Ashfag M., Diallo I., Engelbrecht F.A., Klutse N.A.B.,
Lennard C., Pinto I., Sylla M.B. and Tamoffo A.T. (2021). Projected future daily characteristics
of African precipitation based on global (CMIP5, CMIP6) and regional (CORDEX,
CORDEX-CORE) climate models. Climate Dynamics 57 3135-3158.
https://doi.org/10.1007/s00382-021-05859-w.

Dowdy AlJ, Mills GA, Finkele K, De Groot W (2009) Australian fire weather as represented by
the McArthur Forest Fire Danger Index and the Canadian Forest Fire Weather Index. CAWCR
Technical Report number 10, Centre for Australian Weather and Climate Research.
Melbourne,Vic., Australia.

Engelbrecht C.J. and Engelbrecht F.A. (2016). Shifts in Koppen-Geiger climate zones over
southern Africa in relation to key global temperature goals. Theoretical and applied
climatology 123 247-261. https://doi.org/10.1007/s00704-014-1354-1.

Engelbrecht C.J., Landman W.A., Engelbrecht F.A. and Malherbe J. (2015). A synoptic
decomposition of rainfall over the Cape south coast of South Africa. Climate Dynamics 44
2589-2607. https://doi.org/10.1007/s00382-014-2230-5.

Engelbrecht F.A., Rautenbach C.J.deW, McGregor J.L. and Katzfey J.J. (2002). January and July
climate simulations over the SADC region using the limited-area model DARLAM. Water SA 28
361-374.

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa. 29



il

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

: FOCUS-AFRICA D2.2 Regional climate extremes relevant to food security in southenm:a

Deliverable_Template_V.1

Engelbrecht F.A., Adegoke J., Bopape M-J., Naidoo M., Garland R., Thatcher M., McGregor J.,
Katzfey J., Werner M., Ichoku C. and Gatebe C. (2015). Projections of rapidly rising surface
temperatures over Africa under low mitigation. Env. Res. Letters. 10 085004.
https://doi.org/10.1088/1748-9326/10/8/085004.

Engelbrecht F.A., McGregor J.L. and Engelbrecht C.J. (2009). Dynamics of the conformal-cubic
atmospheric model projected climate-change signal over southern Africa. International
Journal of Climatology 29 1013-1033. https://doi.org/10.1002/joc.1742.

Engelbrecht F.A. and Monteiro P.M.S. (2021). The IPCC Assessment Report Six Working Group
| report and southern Africa: Reasons to take action. S Afr J Sci. 117.
https://doi.org/10.17159/sajs.2021/12679.

Engelbrecht F.A. and Vogel C.H. (2021). When Early Warning is not enough. One Earth 4 1055-
1058. https://doi.org/10.1016/j.oneear.2021.07.016.

Fan, X., Miao, C., Duan, Q., Shen, C.and Wu, Y., 2020. The performance of CMIP6 versus CMIP5
in simulating temperature extremes over the global land surface. Journal of Geophysical
Research: Atmospheres, 125(18). https://doi.org/10.1029/2020/D033031

Fitchett J.M. (2018). Recent emergence of CATS5 tropical cyclones in the South Indian Ocean.
South African Journal of Science 114 11-12. http://dx.doi.org/10.17159/sajs.2018/4426.

Garland R.M., Matooane M., Engelbrecht F.A., Bopape M-J.M., Landman W.A., Naidoo M., Van
der Merwe J. And Wright C.Y. (2015). Regional projections of extreme apparent temperature
days in Africa and the related potential risk to human health. International Journal of
Environmental  Research and  Public Health 10/2015 12 12577-12604.
https://doi.org/10.3390/ijerph121012577.

Goyal R, Sen Gupta A, Jucker M, England MH (2021) Historical and Projected Changes in the
Southern Hemisphere Surface Westerlies. Geophys Res Lett 48:.
https://doi.org/10.1029/2020GL090849

Gnitou G.T., Tan G., Niu R. and Nooni I.K. (2021). Assessing past climate biases and the added
value of cordex-core precipitation simulations over africa. Remote Sens 13 2058.
https://doi.org/10.3390/rs13112058

Hoegh-Guldberg, O., D. Jacob, M. Taylor, M. Bindi, S. Brown, I. Camilloni, A. Diedhiou, R.
Djalante, K.L. Ebi, F. Engelbrecht, J. Guiot, Y. Hijioka, S. Mehrotra, A. Payne, S.I. Seneviratne,
A. Thomas, R. Warren, and G. Zhou, 2018: Impacts of 1.52C Global Warming on Natural and
Human Systems. In: Global Warming of 1.5°C. An IPCC Special Report on the impacts of global
warming of 1.5°C above pre-industrial levels and related global greenhouse gas emission
pathways, in the context of strengthening the global response to the threat of climate change,
sustainable development, and efforts to eradicate poverty. [Masson-Delmotte, V., P. Zhai, H.-
O. Portner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock,
S. Connors, J.B.R. Matthews, Y. Chen, X. Zhou, M.l. Gomis, E. Lonnoy, T. Maycock, M. Tignor,
and T. Waterfield (eds.)]. Retrieved February 8, 2023, from https://www.ipcc.ch/sr15/

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa. 30



il

21.

22.

23.

24.

25.

26.

27.

28.

: FOCUS-AFRICA D2.2 Regional climate extremes relevant to food security in southenm:a

Deliverable_Template_V.1

Hoegh-Guldberg O., Jacob D., Taylor M., Guillén Bolafios T., Bindi M., Brown S., Camilloni L.A.,
Diedhiou A., Djalante R., Ebi K., Engelbrecht F., Guiot J., Hijioka Y., Mehrotra S., Hope C.W.,
Payne A.J., Portner H.-O., Seneviratne S.l., Thomas A., Warren R. and Zhou G (2019). The
human imperative of stabilizing global climate change at 1.5°C. Science 365 1263 eaaw6974.
http://dx.doi.org/10.1126/science.aaw6974.

Keetch J.J. and Byram G.M. (1968). A drought index for fire control. Res. Pap. SE-38 (Asheville,
NC: US Department of Agriculture, Forest Service, Southeastern Forest Experiment Station) p
32 (revised November 1988). Retrieved February 8, 2023, from
https://www.srs.fs.usda.gov/pubs/rp/rp se038.pdf

Kruger A.C. and Nxumaloa M. (2016). Surface temperature trends from homogenized time
series in South Africa: 1931-2015. Int. J. Climatol. https://doi.org/10.1002/joc.4851

Lee J.Y., J. Marotzke, G. Bala, L. Cao, S. Corti, J.P. Dunne, F. Engelbrecht, E. Fischer, J.C. Fyfe, C.
Jones, A. Maycock, J. Mutemi, O. Ndiaye, S. Panickal, T. Zhou (2021). Future Global Climate:
Scenario-Based Projections and Near-Term Information. In: Climate Change 2021: The
Physical Science Basis. Contribution of Working Group | to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. Pirani, S. L.
Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K. Leitzell,
E. Lonnoy, J.B.R. Matthews, T. K. Maycock, T. Waterfield, 460. Yelekci, R. Yu and B. Zhou
(eds.)]. Cambridge University Press. Retrieved February 8, 2023, from
https://www.ipcc.ch/report/ar6/wgl/downloads/report/IPCC AR6 WG| Chapter04.pdf

Malherbe J., Engelbrecht F.A. and Landman W.A. (2013). Projected changes in tropical cyclone
climatology and landfall in the Southwest Indian Ocean region under enhanced anthropogenic
forcing. Climate  Dynamics 40 1267-1286. DOl  10.1007/s00382-012-1635-2.
https://doi.org/10.1007/s00382-012-1635-2.

Moeletsi M.E. and Walker S. (2013). Agroclimatological suitability mapping for dryland maize
production in Lesotho. Theor Appl Climatol 114 227-236. doi 10.1007/s00704-012-0829-1.

Muthige M., Malherbe J., Engelbrecht F., Grab S., Beraki A., Maisha R., Van Der Merwe J.
(2018). Projected changes in tropical cyclones over the South West Indian Ocean under
different  extents of global warming. Env. Res. Letters 13  065019.
https://doi.org/10.1088/1748-9326/aabc60.

Niang, I., O.C. Ruppel, M.A. Abdrabo, A. Essel, C. Lennard, J. Padgham, and P. Urquhart, 2014:
Africa. In: Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part B: Regional
Aspects. Contribution of Working Group Il to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Barros, V.R., C.B. Field, D.J. Dokken, M.D.
Mastrandrea, K.J. Mach, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma,
E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L. White (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, pp. 1199-1265.

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa. 31



il

29.

30.

31.

32.

33.

34.

35.

: FOCUS-AFRICA D2.2 Regional climate extremes relevant to food security in southenm:a

Deliverable_Template_V.1

Retrieved February 8, 2023, from
https://www.ipcc.ch/site/assets/uploads/2018/02/WGIIAR5-Chap22 FINAL.pdf

Otto E.L., Wolski P., Lehner F., Tebaldi C., Van Oldenborgh G.J.,, Hogesteeger S., Singh R.,
Holden P., Fuckar N.S., Odoulami R.C. and New M. (2018). Environ. Res. Lett. 13 124010.

Otto F.E.L., Zachariah M., Wolski P., Pinto I., Barimalala R., Nhamtumbo B., Bonnet R., Vautard
R., Philip S., Kew S., Luu L.N., Heinrich D., Vahlberg M., Singh R., Arrighi J., Thalheimer L., Van
Aalst M., Li S., Sun J., Vecchi G. and Harrington L.J. (2022). Climate change increased rainfall
associated with tropical cyclones hitting highly vulnerable communities in Madagascar,
Mozambique & Malawi. World Weather Attribution Service. Retrieved February 8, 2023, from
https://www.worldweatherattribution.org/climate-change-increased-rainfall-associated-
with-tropical-cyclones-hitting-highly-vulnerable-communities-in-madagascar-mozambique-

malawi/

Ramirez-Cabral N.Y.Z., Kumar L. and Shabani F. (2017). Global alterations in areas of
suitability for maize production from climate change and using a mechanistic species
distribution model (CLIMEX). Scientific Reports 7: 5910 doi:10.1038/s41598-017-05804-0.

Ranasinghe, R., A.C. Ruane, R. Vautard, N. Arnell, E. Coppola, F.A. Cruz, S. Dessai, A.S. Islam,
M. Rahimi, D. Ruiz Carrascal, J. Sillmann, M.B. Sylla, C. Tebaldi, W. Wang, and R. Zaaboul, 2021:
Climate Change Information for Regional Impact and for Risk Assessment. In Climate Change
2021: The Physical Science Basis. Contribution of Working Group | to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A.
Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.l. Gomis, M. Huang,
K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B.
Zhou (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,
pp. 1767-1926, doi:10.1017/9781009157896.014.

Sanchez B., Rasmussen A. and Porter J. (2014). Temperatures and the growth and
development of maize and rice: a review. Global Change Biology 20 408-417. doi:
10.1111/gcb.12389.

Seneviratne, S.1., X. Zhang, M. Adnan, W. Badi, C. Dereczynski, A. Di Luca, S. Ghosh, I. Iskandar,
J. Kossin, S. Lewis, F. Otto, I. Pinto, M. Satoh, S.M. Vicente-Serrano, M. Wehner, and B. Zhou,
2021: Weather and Climate Extreme Events in a Changing Climate. In Climate Change 2021:
The Physical Science Basis. Contribution of Working Group | to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. Pirani,
S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.l. Gomis, M. Huang, K. Leitzell,
E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou (eds.)].
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, pp. 1513—
1766, doi:10.1017/9781009157896.013.

Tebaldi C., Debeire K., Eyring V., Fischer E., Fyfe J., Friedlingstein P., Knutti R., Lowe J., O’Neill
B., Sanderson B., van Vuuren D., Riahi K., Meinshausen M., Nicholls Z., Tokarska K.B., Hurtt G.,
Kriegler E., Lamarque J.-F., Meehl G. et al (2021). Climate model projections from the scenario
model intercomparison project (Scenariomip) of cmip6. Earth Syst Dyn 12 253-293.
https://doi.org/10.5194/esd-12-253-2021 .

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa. 32



: FOCUS-AFRICA D2.2 Regional climate extremes relevant to food security in southenm:a

Deliverable_Template_V.1

il

36. Wang A, Kong X, Chen Y, Ma X (2022) Evaluation of Soil Moisture in CMIP6 Multimodel
Simulations Over Conterminous China. J Geophys Res Atmospheres 127:e2022JD037072.
https://doi.org/10.1029/2022JD037072

37. Wolski P., Conradie S., Jack C. and Tadross M. (2021). Spatio-temporal patterns of rainfall
trends and the 2015-2017 drought over the winter rainfall region of South Africa.
International Journal of Climatology 44 E1303-E1319. https://doi.org/10.1002/joc.6768.

38. World Food Programme (2019). Mozambique Flood Update (as of 23 April 2019).
https://docs.wfp.org/api/documents/bf8a07b3d31242f6987b26ee619c3418/download/.

39. Zhai J, Mondal SK, Fischer T, et al (2020) Future drought characteristics through a multi-
model ensemble from CMIP6 over South Asia. Atmospheric Res 246:105111.
https://doi.org/10.1016/j.atmosres.2020.105111

FOCUS-Africa Project — Full-value chain Optimised Climate User-centric Services for Southern Africa. 33



