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Abstract

In this era of climate change, extreme weather events are expected to become more intense and frequent. This study analysed
the long-term future climate data from the mean of five climate model intercomparison project phase 6 (CMIP6) global cli-
mate models (GCMs) to examine the impacts of climate change on extreme temperature in four major South African cities.
The bias correction was successfully conducted using the CMhyd software program. The analysis of extreme temperatures
was conducted using indices developed by the World Meteorological Organization’s Expert Team on Sector-specific Climate
Indices (ET-SCI) and calculated using the R-based Climpact2 software. All statistical metrics (mean, R? and RMSE) show
that bias correction was fairly good, and further analysis and conclusions could also be drawn using the adjusted dataset.
The overall result shows that annual trends of all temperature indices analysed in this study are significantly increasing for
both scenarios (SSP2-4.5 and SSP5-8.5) except for some lower extreme temperature indices (i.e., number of cool days, cold
nights and cold spells). In the historical time scale, however, some indices showed no trend for some stations. The study also
found that coastal cities had a slower increase in higher extreme weather indices as compared to inland cities. However, for
lower extreme indices (such as number of cool days, cold nights, cool day’s temperature and cold spells), the opposite was
true. This information is important for policymakers, development agents and disaster prevention workers to make informed
decisions about adapting to and mitigating extreme weather events.

1 Introduction include heatwaves, warm spells, cold waves and cold spells.

According to the new IPCC report (Trisos et al. 2022), cli-

Extreme climate or weather events can be defined as the
occurrence of a climate or weather with greater or below
than a certain threshold value (Seneviratne et al. 2012).
These are usually related to extreme temperature and pre-
cipitation. Extreme temperature events are one of the major
manifestations of climate change that are greatly influencing
all life activities on Earth. More specifically, extreme tem-
peratures affect many aspects of the socio-economic, eco-
logical and environmental conditions including human well-
being. Common types of extreme temperature events (ETEs)
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mate change has increased the probability of heat waves
and drought on land surfaces across most African countries.
These impacts are expected to double on marine ecosystems
than the land surface. These events have disastrous impacts
on human health and ecosystems, such as increased mortal-
ity, morbidity, stress, discomfort, reduced productivity, crop
failure, livestock loss, fire risk, water scarcity and quality
deterioration. Such weather events are becoming common
in South Africa (Van der Walt and Fitchet 2022).

The impact assessment of climate change in South Africa
has been studied relatively well in recent years. One of the
key impacts of climate change in South Africa is the unprec-
edented extreme temperature. It is predicted that South
Africa will experience more significant warming than the
global average, and this could have severe consequences on
the environment, economy and society (Engelbrecht et al.
2015; Trisos et al. 2022). Many studies (e.g., Muller et al.
2015; Colyn et al. 2018; Mbokodo et al. 2020; Woyessa and
Wilson 2021; Bradshaw et al. 2022; Trisos et al. 2022) found
that the increase of heatwaves, cold waves, droughts and
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floods in South Africa could have severe consequences on
the economy, especially in the agricultural sector, which is
a significant contributor to the country's GDP. A study con-
ducted by the University of Pretoria found that the increase
in temperature and the decrease in rainfall could lead to a
decline in crop yields, especially in the maize-producing
regions (Muller et al. 2015). Another study by Colyn et al.
(2018) indicated that the increase in temperature could lead
to a decline in plant and animal species, particularly in the
fynbos biome, this will have severe consequences for bio-
diversity conservation and ecotourism. Although research
on low temperature extremes is very scarce in South Africa,
there is an indication that the impacts of cold waves will
decrease with the changing climate (e.g., Grab and Simpson
2000; Van Der Walt and Fitchett 2021).

Temperature rise also affects every stage of the water
cycle in several ways, putting pressure on water availability.
For example, high temperature leads to greater evaporation
rates and plant transpiration, which results in water loss in
soil and plants. A Stanford study (Diffenbaugh et al. 2015)
showed that drought conditions worsened when higher tem-
peratures coincided with minimal precipitation during the
California drought of 2011 to 2017. South Africa also expe-
rienced serious droughts in 2016 and 2017 which resulted
in severe shortages of water supply in major cities around
the country. A study in the central region of South Africa
indicates that there will be a reduction of rainfall by about
14% by the mid-century (Woyessa and Wilson 2021). It is
expected that the combined effect of reduced rainfall and
increase in temperature will exacerbate the existing problem
of water security in the region.

In addition to the environmental and economic impacts,
climate change could also have severe consequences on
society, especially in vulnerable communities. Cambell
et al. (2018) and Chersich and Wright (2019) revealed that
the health-related impacts of extreme weather and climate
events are not studied well. This is particularly the worst
in developing countries, including Africa, where societies
are more susceptible to ETEs and less capable to coping
mechanisms. Kapwata et al. (2022) and Trisos et al. (2022)
indicated that the increase in temperature could lead to an
increase in heat-related illnesses, especially in urban areas.
This could have severe consequences for the health sector
and could lead to increased healthcare costs.

In recent years, assessing the impact of future tempera-
ture increase under various climate change scenarios in
South Africa has become a vital and active area of research.
Extreme temperatures can have severe effects on the envi-
ronment, economy and society, making it crucial to take
measures to mitigate these impacts. Implementing policies
and strategies to reduce greenhouse gas emissions and adapt
to climate change can help minimise its negative effects.
Therefore, it is essential to monitor and model extreme
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temperature trends and impacts in vulnerable areas of South
Africa and implement suitable strategies to address them.
One of the most widely used methods is the use of global
climate models (GCM) data as these data are quiet efficient
to analyse historical and future variations with different
spatial and temporal scales (Mahmood and Babel 2014;
Das et al. 2018; Das and Umamahesh 2022). GCMs plays
fundamental roles in improving the understanding of the
climate systems, as well as its impact to the environment
and the society as a whole (O’Neill et al. 2014; O'Neill et al.
2016). Particularly, the climate model intercomparison pro-
ject phase 6 (CMIP6) provides muti-model climate projec-
tions with alternate scenarios (O’Neill et al. 2016). Many
studies (e.g., Chen et al. 2020, 2021; Thorarinsdottir et al.
2020; Kamruzzaman et al. 2021) show that the performance
of CMIP6 models generally have significant improvements
than CMIPS in the simulation of climate extremes as com-
pared to the observed climates.

Generally, research related to extreme weather events,
particularly temperature extremes, is very scarce in South
Africa. The few available researches either focus on his-
torical timescales or do not analyse temperature extremes
thoroughly. Thus, the current study was designed to ana-
lyse the trends and intensities of heat and cold waves using
extreme temperature indices in four major South African
cities. Particularly, this study was conducted to analyse (1)
the variability of temperature extremes during daytime, (2)
extremes during the nighttime temperatures, and (3) vari-
ability of warm and cold spells for historical (1950-2014)
and two CMIP6 climate change scenarios (2015-2100).

2 Material and methods
2.1 Description of the study area

This study is conducted in four major cities in South Africa,
namely, Bloemfontein, Cape Town, Durban and Pretoria,
which are major cities of Free State, Western Cape, Kwa-
Zulu-Natal, and Gauteng provinces, respectively (as shown
in Fig. 1). These are some of the highly populated cities
in South Africa where the impacts of climate change are
crucial for their sustainable development. Bloemfontein
and Pretoria are located in the interior regions while Cape
Town and Durban are located in the coastal areas of South
Africa. The long-term (1981-2010) climate data and station
information for data collected for bias correction for the four
cities are given in Table 2.

2.2 Climate model data

The Coupled Model Inter-comparison Project Phase 6
(CMIP6) is the latest climate model output from the World
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Fig. 1 Location of the study areas of four major cities, viz., Bloemfontein, Pretoria, Western Cape, and Durban in South Africa

Climate Research Program (WCRP). CMIP6 climate pro-
jections are developed with the incorporation of two major
components, i.e., the level of climatic forcing and alterna-
tive trajectories of socio-economic pathways (SSPs) (van
Vuuren and Carter 2014; O’Neill et al. 2016). The level of
climate forcing is represented by the representative con-
centration pathways (RCPs) in the former Coupled Model
Inter-comparison Project Phase 5 (CMIP5), whereas SSPs
represent the future socio-economic trajectories in the new
CMIP6 dataset. The SSPs in CMIP6 define the challenges
of the socio-economic settings for adaptation and mitigation
(Fig. 2). For example, SSP2 refers to the intermediate chal-
lenges for both adaptation and mitigation of climate change
whereas SSP5 is when the mitigation challenge dominates.

The naming convention for the CMIP6 data is also derived
from these two components. Naming starts with the position
of the socio-economic trajectories (SSPs), and then, the level
of climate forcing follows. Further description of the CMIP6
dataset is well explained in van Vuuren and Carter (2014),
O’Neill et al. (2016), and the CMIP website (https://wcrp-
cmip.org/cmip-phase-6-cmip6/).

The CMIP6 data is downloaded from the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) data
distribution centre, which is the Copernicus Climate Change
Service (C38S), Climate Data Store (C3S 2022). Five GCMs
(general circulation models; Table 1) of maximum and
minimum air temperature with daily time-step were down-
loaded. The data includes historical (1950-2014) and future
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projections (2015-2100) consisting of two scenarios, viz.,
SSP2-4.5 and SSP5-8.5.

2.3 Bias correction method

As the downloaded GCM data from ECMWF is not bias-
corrected, bias correction was considered as one of the
crucial tasks to improve the quality of the data. For this
purpose, station data of Tmax and Tmin were collected

Socio-economic challenges for adaptation

from meteorological stations (Table 2) found closer to
the four cities. The CMhyd software program (Rathjens
et al. 2016) was used to do the bias correction. The “dis-
tribution mapping” method was used to adjust the pre-
dicted climate data to minimise bias and better predict
the presence of extreme temperature events in the four
cities. The goodness of the bias correction was evaluated
by the comparison of station data with the GCM (with
similar time bounds) only. The statistical metrics used

Table 1 Description of the five Coupled Model Inter-comparison Project (CMIP6) GCMs used in this study

No Model Country Running Institution
1 ACCESS-CM2 Australia Commonwealth Scientific and Industrial Research Organization (CSIRO) and ARC-
CSS (Australian Research Council Centre of Excellence for Climate System Science)
AWI-CM-1-1-MR Germany Alfred Wegener Institute
3 EC-Earth3-Veg-LR Europe EC-Earth consortium (30 institutes in Europe)
4 MIROC6 Japan Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean
Research Institute, The University of Tokyo, National Institute for Environmental
Studies and RIKEN Center for Computational Science
5 MIROC-ES2L Japan Atmosphere and Ocean Research Institute, National Institute for Environmental Studies
Tab!e 2 Listof meteorological Station Lat Long Altitude Long-term climate Time
stz.mons and their long—term : period of
climate (1981-2010) in the Tmax Tmin PRC data used for
study area (the four cities) bias correc-
tion
Bloemfontein -29.11 26.19 1422 26 7.8 569 1951-2012
Cape town —33.97 18.61 45 222 11.7 456 1966-2018
Durban —29.97 30.95 12 25.6 14.7 1021 1973-2018
Pretoria —25.77 28.21 1443 25.6 10.3 687 1961-2018

(South African Weather Service (SAWS), 2022)

@ Springer



Assessing the impact of climate change on future extreme temperature events in major South African... 1811

are also explained in Sect. 2.5 (Statistical analysis) of
this study.

2.4 Extreme temperature assessment

The assessment of extreme temperatures (e.g., heat and cold
waves) was analysed by using the indices developed by the
World Meteorological Organization, Expert Team on Sector-
specific Climate Indices (ET-SCI). As described in Alexan-
der and Herold (2016), twelve indices were selected for this
study (Table 3). The Climpact2 software, which was devel-
oped by the ET-SCI team of experts, was used to check the
quality of the data before the main analysis was conducted.
The Climpact2 software is an R-based statistical tool which
is freely downloadable from the official ClimPACT2 Github
website (https://github.com/ARCCSS-extremes/climpact2/,
accessed on January 7, 2023). The Climpact2 software was
also used to calculate trends of selected temperature indices
(Table 3) relevant to this study. TX90P and TX10P represent
hot days and cool days, respectively. Similarly, TN90P and
TN10P indicate how warm or cool is the night, respectively,
and so on. Description for the indices used in this study is
given in Table 3.

2.5 Statistical analysis

The bias correction was conducted by CMhyd software using
the “distribution mapping” method. After bias correction,
the average dataset of the five GCMs was calculated. Hence,
this study is based on the average value (an ensemble) of the
five models after bias correction. In addition to the graphi-
cal presentation of the empirical cumulative distribution

Table 3 ET-SCI extreme temperature indices used in this study

function curves (ECDFs), t-tests, coefficient of determina-
tion (R?), and the root mean square error (RMSE) were used
to assess the bias-correction procedure. The trend of each
index was plotted by using Stata software (StataCorp 2019).
The significance of trends is also indicated (at P <0.05).

3 Results
3.1 Bias correction metrics

The bias corrections of the CMIP6 dataset for the four
selected cities were successfully implemented as shown
in Fig. 3 by the empirical cumulative distribution function
(ECDF). Visual observation of the graphs reveals that there
is a fairly good fit between the observed and adjusted (bias-
corrected) values in all four cities for both the time series
mean monthly maximum and minimum temperatures. Tmin
is significantly overestimated except in Durban where it is
significantly underestimated. This is more pronounced to
the lower end of Tmin values, as clearly indicated in Fig. 3,
panel b. The dataset for Pretoria has improved significantly.
Tmax’s bias correction is inconsistent with some parts being
underestimated and others overestimated. For example,
around 50% of the lower-end data for Bloemfontein is over-
estimated, while it is underestimated for Pretoria. Overall,
Tmin’s bias correction is more significant than that of Tmax.

Table 4 also presents basic statistical performance indica-
tors for the bias corrections of both maximum and minimum
temperatures. The coefficient of determination (R?) exceeded
0.75 for both maximum and minimum temperatures, whereas
the root mean square error (RMSE) was below 3.19. The
long-term mean values of adjusted Tmax and Tmin is also

Index  Definition Units Description

TX90P Annual number of days when TX > 90th percentile % Annual number of hot days

TX10P Annual number of days when TX < 10th percentile % Annual number of cool days

TNOOP  Annual number of days when TN > 90th percentile % Annual number of warm nights
TNI10OP Annual number of days when TN < 10th percentile % Annual number of cold nights

TXx Annual maximum value of TX °C Annual daytime hottest temperature
TNx Annual maximum value of TN °C Annual nighttime warmest temperature
TXn Annual minimum value of TX °C Annual daytime coolest temperature
TNn Annual minimum value of TN °C Annual nighttime coldest temperature
WSDI  Annual number of days with at least six consecutive days when TX > 90th percentile ~ days Annual longest

WSDI3 Annual number of days with at least three consecutive days when TX > 90th percentile days

CSDI

CSDI3

Annual number of days with at least six consecutive days when TN < 10th percentile ~ days

Annual number of days with at least three consecutive days when TN < 10th percentile days

(6 consecutive days) hot spell
Annual longest

(3 consecutive days) hot spell
Annual longest

(6 consecutive days) cold spell
Annual longest

(3 consecutive days) cold spell
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Fig.3 Graphical representation of the empirical cumulative distribution function (ECDF) for station data, bias-corrected, and raw data for a)

Tmax and b) Tmin

Table 4 Basic statistics for the

evaluation of bias correction for Parameters Tmax Tmin

monthly data of max and min Mean R? RMSE Mean R? RMSE

temperature for the four cities
BloemfonteinObs 24.6 - - 7.88 - -
BloemfonteinAdj 24.61 0.85 1.82 7.88 0.93 1.65
Bloemfontein_Raw 23.62 0.84 2.23 11.8 0.91 1.34
Cape Town_Obs 22.15 - - 11.71 - -
Cape Town_Adj 22.17 0.88 1.18 11.7 0.88 1.14
Cape Town_Raw 21.19 0.79 1.09 16.7 0.62 1.22
Durban_Obs 25.39 - - 16.75 - -
Durban_Adj 25.38 0.75 1.15 16.73 0.81 1.66
Durban_Raw 25.2 0.35 3.19 14.12 0.76 2.05
Pretoria_Obs 22.96 - - 10.6 - -
Pretoria_Adj 22.93 0.75 1.6 10.57 0.75 1.93
Pretoria_Raw 23.8 0.63 1.35 19.19 0.66 1.29

closer to the observed values. All these results indicate that
the bias correction process is fairly good, and further analy-
sis and conclusions could also be drawn using the adjusted
dataset.

3.2 Extremes in daytime temperature

The extreme daytime temperature values which are evalu-
ated by TX90P, TX10P, TXx, and TXn are shown in Fig. 4.
The magnitude of the slopes of the linear trends of extreme
temperature indices is also given in Table 5. The time series
plots indicate that hot days are increasing significantly irre-
spective of locations and scenarios. Comparing the slopes
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(Table 5), the trends of hot days will increase by an aver-
age of 1.7 and 2.9 times that of the historical for SSP2-
4.5 and SSP5-8.5, respectively. Similarly, the trends of the
annual daily hottest temperature (TXXx) increased by 1.2- and
2.7-fold than that of the historical trends for SSP2-4.5 and
SSP5-8.5, respectively. Generally, it is also indicated that
the trends of TX90P and TXx are higher in inland cities
(Bloemfontein and Pretoria) compared to the coastal cities
(Cape Town and Durban).

The time series graphs indicate that cooler daytime tem-
peratures (TXn) are rising significantly for both SSP2-4.5
and SSP5-8.5 scenarios compared to historical data, with
the latter scenario showing a greater increase. The annual
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Fig.4 Daytime extreme temperatures: Rows show indices and columns show the station names

number of cool days (TX10P) is decreasing significantly for
all the historical, SSP2-4.5 and SSP5-8.5 scenarios. Coastal
cities have a higher decreasing trend than the inland cit-
ies for TX10P. On average, coastal cities show 40 and 70%
decreasing trend with respect to the historical, whereas, for
inland cities, it was 23 and 58% for SSP2-4.5 and SSP5-8.5
scenarios, respectively. Similarly, the increase in slopes by
coastal cities for TXn is almost doubles that of inland ones.

3.3 Extremes in nighttime temperature

Figure 5 shows the time series plots for nighttime tempera-
ture indices. Irrespective of location and climate scenarios,
there is a general warming trend in the number of warm
nights (TN9OP), the warmest nighttime temperature (TNx)
and the coldest nighttime temperature (TNn) on an annual
scale. As indicated in Table 5, there are no significant trends
in TNn and TNx in the historical time scale. However, for

the intermediate challenge (SSP2-4.5) and high emission
scenarios (SSP5-8.5), TN9OP increases at least 2.1 and
4.6 times more than the historical trends, respectively. The
increase in TN9OP trends is slightly higher in coastal cities
compared to inland cities. For both climate change scenar-
ios, the linear trends for TNn and TNx have at least doubled
compared to the historical time.

In contrast, the annual number of cold nights (TN10P)
has a significant decreasing trend for all locations, climate
scenarios and time scales. Here, the trend (decreasing) by
the intermediate challenge (SSP2-4.5) is greater than the
high emission scenario (SSP5-8.5). Compared to historical
times, the slopes in coastal cities are higher than those in
inland cities.

3.4 Warm spells

All stations show significant increasing trends of warm
spell duration for both 3 days (WSDI3) and 6 days (WSDI)
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Table 5 The magnitude of the slope of linear trends for all the indices shown in Figs. 4-7

Station TX90P TX10P
Hist SSP2-4.5 SSP5-8.5 Hist
Bloemfontein 0.28 0.81 1.21 -0.13
Cape town 0.33 0.93 1.25 —0.16
Durban 0.37 0.86 1.25 -0.14
Pretoria 0.29 0.79 1.2 -0.13
Station TXn TN9OP
Hist SSP2-4.5 SSP5-8.5 Hist
Bloemfontein 0.02 0.02 0.06 0.17
Cape town 0.01* 0.04 0.08 0.16
Durban 0.01* 0.03 0.06 0.24
Pretoria 0.01* 0.03 0.07 0.22
Station TNn TNx
Hist SSP2-4.5 SSP5-8.5 Hist
Bloemfontein 0.01* 0.03 0.07 0
Cape town 0.01* 0.03 0.06 0.01*
Durban 0.02 0.02 0.05 0
Pretoria 0.01* 0.02 0.04 0.01*
Station WSDI CSDI3
Hist SSP2-4.5 SSP5-8.5 Hist
Bloemfontein 0.25 2.78 5.22 0
Cape town 0.41 3.47 54 -0.1
Durban 0.48 3.14 5.46 —-0.02
Pretoria 0.27 2.39 5.22 —-0.04

TXx
SSP2-4.5 SSP5-8.5 Hist SSP2-4.5 SSP5-8.5
—0.11 —0.06 0.02 0.05 0.08
-0.1 —-0.04 0.03 0.04 0.07
—0.08 —-0.05 0.01* 0.03 0.05
—0.09 —-0.05 0.02 0.04 0.07
TN10P
SSP2-4.5 SSP5-8.5 Hist SSP2-4.5 SSP5-8.5
0.69 1.12 —0.08 —-0.09 —0.08
0.64 1.15 -0.13 -0.13 —0.08
0.62 1.14 —-0.09 -0.1 —0.08
0.51 1.08 -0.11 -0.1 -0.1
WSDI3
SSP2-4.5 SSP5-8.5 Hist SSP2-4.5 SSP5-8.5
0.02 0.04 0.83 3.18 4.89
0.02 0.03 1.04 3.68 5.1
0.02 0.03 1.13 3.39 5.1
0.01* 0.03 0.96 3.01 4.96
CSDI
SSP2-4.5 SSP5-8.5 Hist SSP2-4.5 SSP5-8.5
0 —-0.04 0
—0.05 0 0 0 0
-0.07 0 0 0 0
0 0 0 0 0

An asterisk sign (*) after a number indicates that the trend values are not statistically significant at P <0.05

thresholds (Fig. 6; Table 5). The slopes of SSP5-8.5 are greater
than that of SSP2-4.5 for both WSDI3 and WSDI for all sta-
tions. WSDI has a higher increasing trend than WSDI3 for all
locations and scenarios. As a result, the slope of the trend for
WSDI varies between 5 and 20 times, whereas WSDI3 is only
2 to 5 times the historical time-scale irrespective of location
and scenarios. It can also be indicated that the trend of warm
spell duration for coastal cities is slower than the inland cities,
which is true for both scenarios and indices.

3.5 Cold spells

Although the time series plots in Fig. 7 show decreasing
trends, the cold spell duration does not have a significant trend
for most of its scenarios and locations. Specifically, CSDI does
not have a significant trend irrespective of scenario and loca-
tion. However, during its historical times, CSDI3 showed a sig-
nificant decreasing trend except for Bloemfontein. In general,
the few trends indicate that short-time cold spells (CSDI3)
significantly decreased during the historical time-scale and
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may continue to decrease significantly for some coastal cities
like Durban and Cape Town for the intermediate challenge
(SSP2-4.5). However, the trend lacks consistency for the high-
emission scenario (SSP5-8.5).

4 Discussion

This study examines the impact of climate change on
extreme temperature trends in four major South African
cities. According to literature (for example, Seneviratne
et al. 2012; Engelbrecht 2019; Trisos et al. 2022), both
maximum and minimum temperatures are projected to rise
rapidly. The findings of this study also reveal a consistent
influence on extreme temperatures.

The results indicate that all cities are likely to experi-
ence a warmer climate in the future. This is true for both
historical and climate change scenarios (SSP2-4.5 and
SSP5-8.5), although the rate of change differs. Specifi-
cally, the rate of increase is higher in the high emission
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Fig. 7 Extreme temperature indices for cold spells: Rows show indices and columns show the station names

(SSP5-8.5) than in the intermediate challenge (SSP2-4.5).
The findings further indicate that the impact of extreme
low temperature in these cities is not a major concern
as their trends are decreasing or diminishing. On the
other hand, the likelihood of extreme high temperatures
is increasing, as evidenced by an annual increase in the
number of hot days, hottest day temperature and warm
spells. The low risk of extreme low temperatures is also
indicated by decreasing annual trends for the number of
cold nights, temperature of coldest nights and cold spells.
Similar results have been reported by Kruger et al. (2019),
Engelbrecht (2019), Kapwata et al. (2022), Mbokodo et al.
(2020) and Van der Walt and Fitchett (2021).

The other major result from this study is the comparison
of inland versus coastal stations. It is clearly indicated that
there is a significant difference between inland and coastal
cities on the general trends of extreme temperature indices
on a changing climate. Hence, the trends of the rising tem-
perature indices (e.g. TX90P, TXx, WSDI) for coastal cities
were lower (increasing trend) than the inland cities. Similar
trends are reported by Van der Walt and Fitchett (2021).
Alternatively, the general trends of lower extreme indices
(such as TX10P, TN10P, TXn and CSDI3) for coastal cit-
ies was higher (decreasing trend) than the inland cities. In
other words, the number of hot days and their temperature
is decreasing, while the number of cold days is also decreas-
ing, but their temperature is increasing in coastal than inland
areas. This makes coastal areas to have milder and less vari-
able air temperature (lower daily temperature ranges). This
results are consistent with the reports of Hardin et al. (2018),
Khan et al. (2021), and Kapwata et al. (2022).
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The rise in extreme temperatures, such as hot days and
nights, will have negative impacts on the socio-economic,
environmental and well-being of society in general. Accord-
ing to Seckler and Amerasinghe (2000), South Africa is
nearing a state of physical water scarcity. Even if rainfall
remains constant, existing water stress will worsen and place
more pressure on agricultural and municipal water supplies
(Pereira 2017). Numerous studies (Seneviratne et al. 2012;
Mbokodo et al. 2020; Scholes and Engelbrecht 2021; Trisos
et al. 2022; Kapwata et al. 2022) have also found a signifi-
cant correlation between human health and extreme tem-
peratures, particularly heatwaves. Myers and Rother (2012)
also indicated that the burden of climate-sensitive diseases
is expected to increase in South Africa’s hotter and drier cli-
mate. Additionally, the increase in heatwaves can also affect
the general ecology by inducing other ecological hazards
such as wildfires (Engelbrecht 2019; Mbokodo et al. 2020).

As it is well explained in the IPCC report (Trisos
et al. 2022), the Southern African region is one of the hot-
spots of the impacts of climate change. The report further
explains that the occurrence of unprecedented extreme
temperatures will be the major phenomena for the twenty-
first century. Previous studies (Seneviratne et al. 2012;
Lakhraj-Govender and Grab 2019; Trisos et al. 2022; Meque
et al. 2022) indicate that climate variations, such as heat and
cold waves, are the results of global, regional or local driv-
ers. Some of these large-scale drivers of extreme weather
events in the African region include the El Nifio South-
ern Oscillation (ENSO), Indian Ocean Dipole (IOD) and
Southern Annular Mode (SAM) (Trisos et al. 2022; Meque
et al. 2022). Other local variables such soil moisture (Wehrli
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et al. 2019; Mbokodo et al. 2023) and vegetation condition
(Hao et al. 2020) have also significant impacts on local tem-
perature extremes. This region is particularly susceptible to
the effects of climate change due to its geographical loca-
tion and level of socio-economic development (Scholes and
Engelbrecht 2021). However, the presence of milder and less
variable temperature in the coastal than the inland stations
could be due to the impacts of see breeze from the nearby
oceans in the coastal stations (Hardin et al. 2018; Khan et al.
2021; Kapwata et al. 2022). In addition to the overall rise in
temperature caused by climate change, the El Nifio Southern
Oscillation (ENSO) is suggested as the major driver and
primary cause of extreme temperature patterns in Southern
Africa (Seneviratne et al. 2012; Lakhraj-Govender and Grab
2019; Brimicombe et al 2021; Trisos et al. 2022; Meque
et al. 2022).

5 Conclusion

This study assessed the impact of climate change on extreme
temperature trends in four major South African cities using
data from five GCMs. The results showed an increase in hot
days, warm nights and warm spells and a decrease in the
number of cold nights, cool days and cold spells for both
climate change scenarios. Except for historical times, all four
cities had similar trends (either increasing or decreasing) for
both scenarios. However, coastal cities showed a lower rate
of increase in trends for higher extreme indices (e.g., TX90P,
TXx, WSDI) than inland cities. The reverse is true for lower
extreme indices (such as TX10P, TN10P, TXn and CSDI3).
Hence, policymakers, health and disaster prevention workers
should focus on higher extreme temperature events than the
lower extreme temperatures. Similarly, inland cities should
also get more priority than the coastal ones during plan-
ning of the management of extreme weather events since
coastal cities showed a lower daily temperature ranges than
the inland ones. To respond to the effects of extreme cli-
matic conditions, strong inter-sectoral collaboration between
government, industry and community is required. Further-
more, multi-, inter- and trans-disciplinary research approach
is required to address the multifaceted challenges that the
society is facing and for effective adaptation and mitigation
planning.

Acknowledgements We acknowledge the South African Weather
Service (SAWS) for providing us historical weather data for bias
correction.

Author contribution (1) Achamyeleh G. Mengistu conceived and
designed the analysis, collected the data, contributed data or analysis
tools, performed the analysis, and wrote the paper; (2) Weldemichael
A. Tesfuhuney conceived and designed the analysis; provided financial
support, edited, and participated in proofreading; (3) Yali E. Woyessa

conceived and designed the analysis, wrote the paper, edited, and par-
ticipated in proofreading; (4) Stephan A. Steyn provided station data
for bias correction and participated in proofreading; (5) Sang Soo Lee
participated in proofreading.

Funding Open access funding provided by University of the Free
State. This research was partially supported by the German Academic
Exchange Service (DAAD) within the framework of the ClimapAfrica
Program with funds of the Federal Ministry of Education and Research.

Data availability The datasets generated during and/or analysed during
the current study will be available on request.

Declarations
Ethical approval Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alexander L, Herold N (2016) ClimPACT?2. Indices and software. A
document prepared on behalf of the Commission for Climatology
(CCl) Expert Team on Sector-Specific Climate Indices (ET-SCI),
46

Bradshaw CD, Pope E, Kay G, Davie JC, Cottrell A, Bacon J, Cosse A,
Dunstone N, Jennings S, Challinor A, Chapman S (2022) Unprec-
edented climate extremes in South Africa and implications for
maize production. Environ Res Lett 17(8):084028

Brimicombe C, Di Napoli C, Cornforth R, Pappenberger F, Petty C and
Cloke HL (2021) Characteristics of heatwaves in Africa: Morocco
2000 and South Africa 2015/16. Natural Hazards and Earth Sys-
tem Sciences Discussions, 1-22

Campbell S, Remenyi TA, White CJ, Johnston FH (2018) Heat-
wave and health impact research: a global review. Health Place
53:210-218

Chen H, Sun J, Lin W, Xu H (2020) Comparison of CMIP6 and
CMIP5 models in simulating climate extremes. Sci Bull
65(17):1415-1418

Chen CA, Hsu HH, Liang HC (2021) Evaluation and comparison of
CMIP6 and CMIPS5 model performance in simulating the seasonal
extreme precipitation in the Western North Pacific and East Asia.
Weather Clim Extremes 31:100303

Chersich MF, Wright CY (2019) Climate change adaptation in South
Africa: a case study on the role of the health sector. Glob Health
15:1-16

Colyn R, Smithers RJ, Scott-Shaw BC (2018) Assessment of the vul-
nerability of South African biodiversity to climate change. S Afr
J Sci 114(3/4):1-11

@ Springer


http://creativecommons.org/licenses/by/4.0/

1818

A. G. Mengistu et al.

Copernicus Climate Change Service (C3S), Climate Data Store (2022)
CMIP6 climate projections. Copernicus Climate Change Service
(C3S) Climate Data Store (CDS). https://doi.org/10.24381/cds.
c866074c. Accessed 09—11-2022

Das J, Nanduri UV (2018) Future projection of precipitation
and temperature extremes using change factor method over
a river basin: case study. J Hazard Toxic Radioact Waste
22(3):04018006

Das J, Umamahesh NV (2022) Heat wave magnitude over India under
changing climate: projections from CMIP5 and CMIP6 experi-
ments. Int J Climatol 42(1):331-351

Diffenbaugh NS, Swain DL, Touma D (2015) Anthropogenic warm-
ing has increased drought risk in California. Proc Natl Acad Sci
112(13):3931-3936

Engelbrecht F (2019) Green Book - Detailed projections of future cli-
mate change over South Africa. Technical report (CSIR/BE/SPS/
ER/2019/0005/C): Pretoria. CSIR, p 49

Engelbrecht FA, Adejuwon JO, Bopape MJ, Naidoo M, Garland RM
(2015) Projections of rapidly rising surface temperatures over
Africa under low mitigation. Environ Res Lett 10(8):1-11

Grab SW, Simpson A (2000) Climatic and environmental impacts of
cold fronts over KwaZulu-Natal and the adjacent interior of south-
ern Africa. S AfrJ Sci 96(11-12):602—608

Hao Y, Hao Z, Feng S, Zhang X, Hao F (2020) Response of vegetation
to El Nifio-Southern Oscillation (ENSO) via compound dry and
hot events in southern Africa. Global Planet Change 195:103358

Hardin AW, Liu Y, Cao G, Vanos JK (2018) Urban heat island intensity
and spatial variability by synoptic weather type in the northeast
US. Urban Climate 24:747-762

Kamruzzaman M, Shahid S, Islam AT, Hwang S, Cho J, Zaman MAU,
Ahmed M, Rahman MM, Hossain MB (2021) Comparison of
CMIP6 and CMIP5 model performance in simulating historical
precipitation and temperature in Bangladesh: a preliminary study.
Theoret Appl Climatol 145:1385-1406

Kapwata T, Gebreslasie MT, Wright CY (2022) An analysis of past and
future heatwaves based on a heat-associated mortality threshold:
towards a heat health warning system. Environ Health 21(1):1-12

Khan HS, Santamouris M, Kassomenos P, Paolini R, Caccetta P, Petrou
1(2021) Spatiotemporal variation in urban overheating magnitude
and its association with synoptic air-masses in a coastal city. Sci
Rep 11(1):6762

Kruger AC, Rautenbach H, Mbatha S, Ngwenya S, Makgoale TE
(2019) Historical and projected trends in near-surface temperature
indices for 22 locations in South Africa. S AfrJ Sci 115(5-6):1-9

Lakhraj-Govender R, Grab SW (2019) Assessing the impact of El
Nifo-Southern Oscillation on South African temperatures dur-
ing austral summer. Int J Climatol 39(1):143-156

Mahmood R, Babel MS (2014) Future changes in extreme temperature
events using the statistical downscaling model (SDSM) in the
trans-boundary region of the Jhelum river basin. Weather Clim
Extremes 5:56-66

Mbokodo I, Bopape MJ, Chikoore H, Engelbrecht F, Nethengwe N
(2020) Heatwaves in the future warmer climate of South Africa.
Atmosphere 11(7):712

Mbokodo IL, Bopape MIM, Ndarana T, Mbatha SM, Muofhe TP,
Singo MV, Xulu NG, Mohomi T, Ayisi KK, Chikoore H (2023)
Heatwave variability and structure in South Africa during summer
drought. Climate 11(2):38

Meque A, Pinto I, Matire G, Beleza A (2022) Understanding the vari-
ability of heatwave characteristics in southern Africa. Weather
Clim Extrem 38:100498

Muller C, Jack C, Kornher L (2015) Impacts of climate change on
maize yield in the Free State, South Africa: model linkages and
uncertainties. PLoS ONE 10(7):1-21

@ Springer

Myers JE, Rother HA (2012) Public health impact of and response
to climate change in South Africa. South African Health Rev
2012(1):127-138

O’Neill BC, Kriegler E, Riahi K, Ebi KL, Hallegatte S, Carter TR,
Mathur R, Vuuren DP (2014) A new scenario framework for
climate change research: the concept of shared socioeconomic
pathways. Clim Change 122:387-400

O’Neill BC, Tebaldi C, van Vuuren DP, Eyring V, Friedlingstein P,
Hurtt G, Knutti R, Kriegler E, Lamarque J-C, Lowe J, Meehl
GA, Moss R, Riahi K, Sanderson BM (2016) The Scenario
Model Intercomparison Project (ScenarioMIP) for CMIP6.
Geosci Model Dev 9(9):3461-3482. https://doi.org/10.5194/
gmd-9-3461-2016

Pereira L (2017) Climate change impacts on agriculture across Africa.
Oxford research encyclopedia of environmental science. https://
doi.org/10.1093/acrefore/9780199389414.013.292

Rathjens H, Bieger K, Srinivasan R, Chaubey I, Arnold JG (2016)
CMhyd user manual. Documentation for preparing simulated
climate change data for hydrologic impact studies. Texas A&M
University, p 16

Scholes R, Engelbrecht, F 2021 Climate impacts in southern Africa
during the 21st Century. Report for Earthjustice and the Centre
for Envrionmental Rights. Global Change Instiute, University of
Witwatersrand.

Seckler D, Amarasinghe U (2000) Water supply and demand, 1995 to
2025 IWMI, annual report 1999-2000. IWMI. Colombo, Sri Lanka

Seneviratne SI, Nicholls N, Easterling D, Goodess CM, Kanae S, Kos-
sin J, Luo Y, Marengo J, Mclnnes K, Rahimi M, Reichstein
M, Sorteberg A, Vera C, Zhang X (2012) Changes in climate
extremes and their impacts on the natural physical environment.
In: Managing the risks of extreme events and disasters to advance
climate change adaptation [Field, C.B., V. Barros, T.F. Stocker, D.
Qin, D.J. Dokken, K.L. Ebi, M.D. Mastrandrea, K.J. Mach, G.-K.
Plattner, S.K. Allen, M. Tignor, and P.M. Midgley (eds.)]. A spe-
cial report of Working Groups I and II of the Intergovernmental
Panel on Climate Change (IPCC). Cambridge University Press,
Cambridge, UK, and New York, NY, USA, pp 109-230

South African Weather Service (2022) Annual state of the climate of
South Africa 2021. Public document, Pretoria. South Africa

Stata Corporation LLC (StataCorp.) (2019) Stata: Release 16. Statisti-
cal Software. College Station, TX: StataCorp LLC

Thorarinsdottir TL, Sillmann J, Haugen M, Gissibl N, Sandstad M
(2020) Evaluation of CMIP5 and CMIP6 simulations of historical
surface air temperature extremes using proper evaluation methods.
Environ Res Lett 15(12):124041

Trisos CH, Adelekan IO, Totin E, Ayanlade A, Efitre J, Gemeda A,
Kalaba K, Lennard C, Masao V, Mgaya Y, Ngaruiya G, Olago D,
Simpson NP, Zakieldeen S (2022) Africa. In: Climate change 2022:
impacts, adaptation and vulnerability. Contribution of Working
Group II to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change [H.-O. Portner, D.C. Roberts, M. Tignor,
E.S. Poloczanska, K. Mintenbeck, A. Alegria, M. Craig, S. Langs-
dorf, S. Loschke, V. Moller, A. Okem, B. Rama (eds.)]. Cambridge
University Press, Cambridge, UK and New York, NY, USA, pp.
1285-1455. https://doi.org/10.1017/9781009325844.011

van Der Walt AJ, Fitchett JM (2021) Trend analysis of cold extremes in
South Africa: 1960-2016. Int J Climatol 41(3):2060-2081

Van Der Walt AJ, Fitchett JM (2022) Extreme temperature events
(ETESs) in South Africa: a review. S Afr Geogr J 104(1):70-88

Van Vuuren DP, Carter TR (2014) Climate and socio-economic sce-
narios for climate change research and assessment: reconciling the
new with the old. Clim Change 122(3):415-429

Wehrli K, Guillod BP, Hauser M, Leclair M, Seneviratne SI (2019)
Identifying key driving processes of major recent heat waves. J
Geophys Res: Atmos 124(22):11746-11765


https://doi.org/10.24381/cds.c866074c
https://doi.org/10.24381/cds.c866074c
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.1093/acrefore/9780199389414.013.292
https://doi.org/10.1093/acrefore/9780199389414.013.292
https://doi.org/10.1017/9781009325844.011

Assessing the impact of climate change on future extreme temperature events in major South African... 1819

Woyessa YE, Wilson BN (2021) Impact of climate change on water Publisher's Note Springer Nature remains neutral with regard to
security in a semi-arid river basin. In: Kgabi NA (ed) Integrated jurisdictional claims in published maps and institutional affiliations.
Transboundary Water—Climate Management Tools (Water Secu-
rity and Climate Adaptation in Southern Africa Volume 1).

AOSIS, Cape Town, pp 13-38. https://doi.org/10.4102/aosis.
2020.BK205.02

@ Springer


https://doi.org/10.4102/aosis.2020.BK205.02
https://doi.org/10.4102/aosis.2020.BK205.02

	Assessing the impact of climate change on future extreme temperature events in major South African cities
	Abstract
	1 Introduction
	2 Material and methods
	2.1 Description of the study area
	2.2 Climate model data
	2.3 Bias correction method
	2.4 Extreme temperature assessment
	2.5 Statistical analysis

	3 Results
	3.1 Bias correction metrics
	3.2 Extremes in daytime temperature
	3.3 Extremes in nighttime temperature
	3.4 Warm spells
	3.5 Cold spells

	4 Discussion
	5 Conclusion
	Acknowledgements 
	References


