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A B S T R A C T

Africa is a global hotspot for climate change, affecting various sectors, including sports. Against this backdrop,
major international sports events such as the African Cup of Nations (Afcon) could become more complex under
global warming. This study examines projected changes in the wet-bulb globe temperature (WBGT) index used as
a proxy to determine suitable Afcon host countries under climate change conditions. Using eleven CMIP6 sim-
ulations from NASA’s NEX-GDDP-CMIP6, downscaled to a 25 km resolution, the analysis covers three shared
socioeconomic pathways (SSP1–2.6, SSP2–4.5, and SSP5–8.5) climate change scenarios for the near future
(2031–2060) and far future (2071–2100), relative to 1985–2014. The model ensemble mean reproduced the
spatial distribution of the WBGT index and related variables well with the reference datasets over Africa but with
some biases. Projections indicate a significant WBGT increase across Africa under all scenarios and periods,
especially under SSP5–8.5 in the far future, with a value of about 6 ◦C. Many countries may transition from an
unrestricted to a high-risk status. Climate change could notably reduce the number of Afcon host countries under
the SSP5–8.5 scenario. This study provides valuable insights for Afcon hosting and climate change integration,
contributing to resilience and sustainability in urban environments hosting such events.

1. Introduction

Climate change threatens human beings and has become a state
affair. According to the United Nations Framework Convention on
Climate Change, human activities inducing warming, are the main cause
of climate change (UNFCCC, 1992). The effects of climate change are
numerous in all countries and contribute to the loss of life, damage, and
a decline in population well-being (Nyiwul, 2021; Ebi et al., 2021;
Warner & van der Geest, 2013). The Paris Agreement proved the
awareness of policymakers, stakeholders, and governments to lower our
carbon footprint to reduce the Earth’s global mean temperature to 2 ◦C
and further to 1.5 ◦C (Maslin et al., 2023). To achieve this goal, we need
to reduce our greenhouse gas emissions. This is one of the key recom-
mendations of the conference of parties held in Dubai in 2023 to achieve
net-zero emissions by 2050 (Locke et al., 2023). Nonetheless, we are still
currently facing severe impacts from climate change, and February 2024
is the warmest February ever recorded (ECMWF, 2024). Exposure to
high outdoor temperatures is associated with morbidity and an

increased risk of premature death (Vicedo-Cabrera et al., 2021).
Therefore, the impacts of climate change may put outdoor activities
such as football in danger.

Football has gained popularity in recent years and has become the
favorite sport in Africa. The Confédération Africaine de Football (CAF) is a
confederation that attributes and organizes the prestigious tournament
of the continent: the African Cup of Nations (Afcon). The latest Afcon
(Afcon-2023) was held in Côte d’Ivoire from mid-January to mid-
February 2024. Three games were played during the tournament’s
group stages, and two were played in the other phases, leading up to the
final. In the group stages, the games were played at 14:00, 17:00 and
20:00 GMT; in the latter stage, two games were played at 17:00 and
20:00 GMT. Due to the high temperature and humidity in Côte d’Ivoire,
the players had two-minute rest and refreshing breaks in the 30th
minute in the first half and the 75th minute in the second period,
following the recommendation of Fédération Internationale de Football
Association (FIFA). According to the CAF regulations, the temperature
and relative humidity are measured before the kick-off to ensure the
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players’ performance and to diagnose and treat heat-related illnesses
(CAF, 2024). Several studies have shown that football players’ perfor-
mance significantly decreases during games under high temperature and
humidity conditions (Gibson et al., 2019; Racinais et al., 2015; Mohr
et al., 2012; Grantham et al., 2010).

High temperatures are expected to increase over the African conti-
nent by 4.4 ◦C, with the highest warming of 5.6 ◦C occurring in the Sahel
region and the lowest warming of 3.5 ◦C occurring in Central Africa
under the shared socioeconomic pathway (SSP) 5–8.5 (Almazroui et al.,
2020). Climate change is likely to amplify the intensity of hot days and
nights by 1.5–3 ◦C and 1–4 ◦C, respectively, in Africa under SSP sce-
narios (Das et al., 2023). Sawadogo et al. (2024) reported increased
temperature and heat stress days across Burkina Faso under SSP sce-
narios. On the other hand, the effect of increasing temperature on
human comfort is expected to be significant. For instance, Fotso-N-
guemo et al. (2023) showed that heat stress categories susceptible to
creating discomfort for populations are likely to increase in Africa.
However, this discomfort is not uniform across Africa and some regions
will likely face higher risk than others. This is the case in the West Af-
rican region, particularly in the Sahel region, where most of these
countries will experience more than a 50 % increase in heat stress days
due to global warming (Sylla et al., 2018). Heat stress may also
contribute to a decline in player performance in a football game
(Ozgünen et al., 2010). Given these projections and the potential im-
pacts of heat stress on human discomfort and performance, incorpo-
rating indices such as the wet bulb globe temperature (WBGT) has
become paramount (Mahgoub et al., 2020; Kakaei et al., 2019).

TheWBGT index is an international standard for measuring the effect
of heat-related stress on the human body. This index is more compre-
hensive and tailored for outdoor conditions under direct sunlight. This
makes it a valuable metric for assessing the thermal conditions faced by
individuals working outdoors and athletes (Spangler et al., 2022). For
instance, Chowdhury et al. (2017) identified June and July months as
high health risk factors in workplaces in Dhaka, Bangladesh, based on
WBGT analysis. Over the last decades, South Asia has experienced a
significant increase in WBGT during monsoon and pre-monsoon periods,
exposing the population to extreme heat (Kyaw et al., 2023).

On the other hand, theWBGT is also used to determine the heat stress
of players in football (FIFA, 2015). A study by Nassis et al. (2015)
investigated the impact of hot environmental conditions on football
players during the 2014 FIFAWorld Cup in Brazil using theWBGT index.
Their study revealed that high-intensity activity and the number of
sprints during a game were reduced at high WBGT values. In Germany,
Chmura et al. (2021) found that a high WBGT affects players’ total
distance covered and sprint performance during five consecutive Bun-
desliga seasons. This is also true among female football players (Austin
et al., 2021). With the decrease in player performance at high WBGT
levels, some researchers have investigated the impacts of global warm-
ing on the WBGT index. For instance, Newth and Gunasekera (2018)
found an increase in WBGT under RCP2.6 (0.6–1.7 ◦C) and RCP8.5
(2.37–4.4 ◦C) globally. Compared with the 1961–1990 reference period,
Brazil is likely to expect an increase in the WBGT under global warming
(Bitencourt et al., 2021). A restricted continuous physical activity level
is likely to be reached under the RCP8.5 scenario in Australia (Hall et al.,
2022). In Eastern Africa, Yengoh and Ardö (2020) projected an increase
in WBGT in Kenya and Tanzania that could affect smallholder farmers’
rest and work cycles.

Despite previous studies on the impact of climate change on heat-
related stress, there is a notable gap in the literature on how projected
changes in heat stress, as measured by the WBGT, might affect major
sports events in Africa. While studies have examined the WBGT in
relation to health safety and exercise-induced heat stress in Africa

(Raines & Fitchett, 2024; Brimicombe et al., 2024), no study to date has
systematically examined the future impact of climate change on the
suitability of African countries to host major tournaments such as the
Afcon. This gap is significant as Africa is a climate change hotspot and
Afcon is one of the continent’s most important international sporting
events. Our study addresses this unexplored interface between climate
change, football, and sports event planning by using the WBGT index as
a proxy to assess how global warming will constrain or limit host
countries under different climate scenarios. Moreover, the study is the
first to combine climate projections with a comprehensive analysis of
the WBGT index to assess future risks for hosting sports events, which
provides critical insights for decision-making under global warming
conditions for sustainable societies.

To achieve that, we used eleven Coupled Model Intercomparison
Project Phase 6 (CMIP6) datasets from NASA Earth Exchange Global
Daily Downscaled Projections (NEX-GDDP-CMIP6), statistically down-
scaled to a spatial resolution of 25 km. Future changes in the WBGT are
carried out under three SSPs: SSP1–2.6, SSP2–4.5, and SSP5–8.5. We
projected the WBGT for the near-future period (2031–2060) and the far-
future period (2071–2100) relative to the 1985–2014 baseline period.
Furthermore, we used the WBGT index as a proxy to identify suitable
countries in the near and far future under the SSP scenarios to host the
Afcon based on the different alert status categories. The induced changes
in the WBGT relative to the air temperature (tas), relative humidity
(hurs), and surface downwelling shortwave radiation (rsds) are also
investigated. We also quantified the uncertainties related to the increase
in WBGT in Africa and its subregions. The results of this study can serve
as a benchmark for policymakers, and the CAF to consider global
warming as a factor for selecting appropriate months for the selected
countries.

The paper is structured as follows: Section 2 highlights the study
area, data, and methods used in this study, while Section 3 presents the
results and discussion section. Finally, Section 4 presents the conclusion
of the study.

2. Materials and methods

2.1. Climate and reference datasets

We used datasets from NEX-GDDP-CMIP6 to project future changes
in the WBGT in Africa. Several studies have used the NEX-GDDP-CMIP6
dataset for climate impact studies (Sawadogo et al., 2024; Rao et al.,
2024; Airiken et al., 2023). These datasets are statistically downscaled
climate scenarios derived from CMIP6 models to a horizontal resolution
of 0.25◦ with a bias correction and spatial disaggregation (BCSD)
method (Thrasher et al., 2022). The latest version of Global Meteoro-
logical Forcing Dataset (GMFD) for Land Surface Modeling was used as a
reference for the bias correction of different CMIP6 simulations.
NEX-GDDP-CMIP6 encompasses 35 climate models and five experi-
ments: historical, SSP1–2.6, SSP2–4.5, SSP3–7.0, and SSP5–8.5. The
historical period spans from 1960 to 2014, while the future period
ranges from 2015 to 2100. In addition, only the r1i1p1f1 variant was
used in NEX-GDDP-CMIP6, which included nine variables: relative and
specific humidity, precipitation, surface downwelling longwave and
shortwave radiation, surface wind speed, minimum, maximum, and
mean temperature. For this study, we selected eleven climate models
based on variable availability (hurs, rsds, and tas) and scenarios
(SSP1–2.6, SSP2–4.5, and SSP5–8.5). The different models used in this
study are listed in Table.S1 (see supplementary material).

For the reference data, we used two datasets. The first dataset comes
from the European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis dataset, version 5 (ERA5; Hersbach et al., 2020).
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ERA5 is the fifth-generation ECMWF atmospheric global climate rean-
alysis with a spatial resolution of 31 km. It covers the period from
January 1940 to the present and has 37 pressure levels from 1000
(surface) to 1 hPa. We downloaded the hurs and tas variables from 1985
to 2014. Note that hurs is not an available straightforward variable in
ERA5; hurs is computed from tas and dewpoint temperature following
the equation given in Alduchov and Eskridge (1996).

The second dataset is sourced from the CM SAF third edition of the
Surface Solar Radiation Data Set-Heliosat (SARAH-3; Pfeifroth et al.,
2023). SARAH-3 is a satellite-based climate data record from 1981 to the
present with a lag of two days. It has a spatial resolution of approxi-
mately 5 km and covers the region at ±65◦ longitude and ±65◦ latitude.
We retrieved daily rsds data from 1985 to 2014.

2.2. Wet-bulb globe temperature

The WBGT is defined as the measure of heat stress in direct sunlight.
It was originally developed in the 1950s to ensure safety and avoid heat
illnesses at US military camps (Budd, 2008). The WBGT index is a
suitable heat index for evaluating working environment conditions due
to its capacity to assess heat exposure effects over time and its ease of use
(Kakaei et al., 2019). In recent decades, the WBGT has been widely used
in sports such as football to assess players’ performance and/or the
recommendation to cancel a game or not (Tripp et al., 2020). In this
study, we use the WBGT index, which is computed daily, to assess the
suitable countries to host Afcon under climate change conditions.
Following Parsons (2006), for outdoor environments with solar radia-
tion, the WGBT can be expressed as:

WBGT = 0.7× Tw + 0.2× Tg + 0.1× tas (1)

where Tw is the natural wet temperature, Tg is the black globe temper-
ature, and tas is the air temperature.

Since Tw and Tg are not recorded by weather stations or climate
model outputs, we need to find another way to estimate them. Stull
(2011) proposed an analytical psychrometric equation to calculate Tw as
a function of hurs and tas at standard sea level pressure with a mean
deviation of less than 0.3 ◦C. Tw is expressed as:

To compute Tg, we used the results from Hajizadeh et al. (2017),
where Tg is estimated using a linear regression model with a significant
correlation coefficient of 0.95. It can be estimated as:

Tg = 0.01498× rsds+ 1.184× tas − 0.0789× hurs − 2.739 (3)

We classified the obtained values of the WBGT from Eq. (1).
Following Zare et al.(2018); Brocherie and Millet (2015), Table 1 sum-
marizes the classification of the WBGT index values, their alerts, and
recommended sports activities.

2.3. Climate change analysis

This study focuses on the African continent, its subregions, and
different countries (Fig. 1). The first analysis involves assessing the
climate model with reference data. This exercise is necessary to ensure
the ability of climate models to reproduce the spatial pattern of the
reference data used in this study. All the reference data are interpolated
to the spatial resolution of the NEX-GDDP-CMIP6 dataset via the bilinear
grid interpolation technique. Some statistical metrics, such as spatial
correlation (R), mean bias error (MBE), and overall performance (OP),
are also used for model evaluation. The OP is a new statistical metric
introduced by Sawadogo et al. (2023), combining the normalized
root-mean-square-error (nRMSE), correlation R, and index of agreement
(IOA), and it is expressed as:

OP = 1 −

(
nRMSE
100

+(1 − R)+ (1 − IOA)
)

(4)

The OP is dimensionless. +1 means that the model is perfectly close
to the reference data, while a negative value indicates that the model is
far from the reference data. The IOA is defined as:

IOA = 1 −

∑n
i=1(Pi − Oi)

∑n
i=1(|Pi − O||Oi − O|)2

(5)

where P is EnsMean, O the Ref data. O is the mean value of the Ref data.
The projected changes in the WBGT index are determined under

three SSP climate scenarios. SSPs are narrative scenarios for the future
development of human societies. These factors include demographics
(population growth), inequality, human development, technological
change, economic growth, governance, and policy orientations. The SSP
scenarios have five socioeconomic families and are classified into two
major groups: challenges to mitigation and challenges to adaptation
(O’Neill et al., 2014). These new climate scenarios do not replace the
RCP scenarios but rather expand them (O’Neill et al., 2020).

This study selected three socioeconomic families (SSP1, SSP2, and
SSP5) associated with three radiative forcings (2.6, 4.5, and 8.5 W m-2,
respectively). SSP1–2.6 describes one of the most optimistic scenarios of
the Intergovernmental Panel on Climate Change (IPCC), aiming to reach

net zero emissions before 2050. Moreover, it also aims to stabilize the
global mean temperature (GMT) by 1.8 ◦C at the end of the century,
aligning with the target of the Paris Agreement. On the other hand, in
the SSP5–8.5 scenario, the GMT could increase to 4.4 ◦C by 2100, as
twofold greater CO2 emission levels than our current emissions are ex-
pected by 2050. This scenario is classified as the worst-case scenario
among the SSP scenarios. Between the two extreme scenarios, we also
selected the SSP2–4.5 scenario. This scenario represents the “middle of
the road,” and the GMT could increase to 2.7 ◦C by the end of the cen-
tury. These selected SSP scenarios provide a broad overview of the

Table 1
Recommended WBGT index values for outdoor activities and their implications.

WBGT (◦C) Thermal sensation Alert description Recommended sport activity

< 18 Neutral Unrestricted Unlimited
18 - 24 Warm Low-risk Remain vigilant for potential index rises and signs of heat stress
24 - 28 Hot High-risk Reduce physical activity for individuals who are not acclimatized
28 − 30 Very hot Very high-risk Limit physical activity for individuals who are not well-acclimated
> 30 Sweltering Stop-play All training should be stopped

Tw = tas× arctan
[
0.15977× (hurs+ 8.313659)0.5

]
+ arctan(tas+ hurs) − arctan(hurs+ 1.676331) + 0.00391838

×hurs3/2 ∗ arctan(0.023101× hurs) − 4.686035
(2)
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impacts of climate change on the WBGT index in Africa under the
optimistic, worst, and intermediate scenarios.

The projected changes in the WBGT index and all related variables
are in absolute terms. Two future periods were considered: the near
future (2031–2060) and the far future (2071–2100) relative to the
reference period of 1985–2014. All the analyses used the arithmetic
multimodel ensemble mean (hereafter, EnsMean) of the NEX-GDDP-
CMIP6. The robustness of the climate signal change is analyzed
following Fischer et al. (2014), where 80 % of the simulations agree in
the same direction. Additionally, we employed a t-test, using a 95 %
confidence interval, to evaluate the significance of the change, which is
indicated as a dot for each grid point. We used the monthly and annual
daily means of the WBGT for the climate change projections. Finally, the
suitable countries based on the WBGT index are identified by projecting
the changes in alert descriptions stated in Table 1. This is provided by
taking the 75th percentile of grid points within each country in the
reference and future change periods. The change in the alert description
is the sum of the future change period and the reference for the
respective countries, and then it is normalized to the alert description.
The change in alert description is carried out on a monthly and annual

mean scale.

2.4. Induced changes in the WBGT

To understand the relative importance of the different variables in
calculating the WBGT index under climate change, we computed the
induced change in the WBGT. This is calculated by substituting the Tw
and Tg expressions into Eq. (1). rsds, hurs, and tas are the main variables
contributing to the change in the WBGT. We used a method similar to
that used by Sawadogo et al. (2019); Jerez et al. (2015) to isolate
different variables, which can be expressed as:

ΔWBGT = ΔtasWBGT + ΔhursWBGT + ΔrsdsWBGT (6)

where ΔtasWBGT, ΔhursWBGT and ΔrsdsWBGT are the contributions to the
total change in the WBGT.

Following the first order of Taylor approximation, ΔtasWBGT and
ΔrsdsWBGT can be expressed as:

Fig. 1. Study area showing the topography. Each label in the box indicates a subregion. NAF: North Africa; SAH: Sahara; WAF: West Africa; CAF: Central Africa;
NEAF: North-East Africa; CEAF: Central-East Africa; SWAF: South-West Africa; SEAF: South-East Africa and MDG: Madagascar. The borders of the countries are
depicted in red lines with their code name. The meaning of the code names is presented on the right side as a red circle.

ΔtasWBGT = Δtas× 0.7×

{

arctan
[
0.151977× (hurs+ 8.3313659)0.5

]
+

1
1+ (hurs+ tas)2

}

+ 0.3368 (7)
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ΔrsdsWBGT = Δrsds× 0.002996 (8)

From Eq. (6), we can deduce that:

ΔhursWBGT = ΔWBGT − ΔhursWBGT − ΔrsdsWBGT (9)

The contribution changes are given in relative terms by dividing Eqs.
(7), (8) and (9) by ΔWBGT.

2.5. Uncertainty analysis

To support robust decision-making and risk management related to
climate change impacts, we quantified uncertainties in projecting
changes in the WBGT across the NEX-GDDP-CMIP6 datasets used in this
study. Following the methodology of Hawkins and Sutton (2009), the
source of uncertainties is partitioned into three sources: internal vari-
ability (V), model uncertainty (M), and scenario uncertainty (S). All the

NEX-GDDP-CMIP6 data under the different scenarios are fitted using
ordinary least squares with a fourth-order polynomial from 1960 to
2100. The raw prediction X for each model can be written as:

Xm,s,t = xm,s,t + im,s + εm,s,t (10)

where m, s, and t indicate the model, scenario, and year, respectively.
xm,s,t represents the smooth fit of the fourth-order polynomial, im,s de-
notes the multiyear average WBGT of the 1985–2014 period and εm,s,t

indicates the residuals of the fitted equation.
The internal variability (V) is defined as the average variance of the

multimodel residuals, and it is written as:

V =
1
Nm

∑

m
vars,t

(
εm,s,t

)
(12)

Fig. 2. Mean annual spatial distribution of the daily wet bulb globe temperature (WBGT), relative humidity (hurs), air temperature (tas), and shortwave radiation
(rsds) for the reference data (Ref) and the multimodel ensemble mean of the NEX-GDDP-CMIP6 (EnsMean) with their bias (EnsMean minus Ref) in the present climate
(1985–2014). Each row shows the variables, while the column indicates the name of the data. R indicates the spatial correlation. OP represents the overall spatial
performance and the mean absolute error, respectively.
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where vars,t is the variance across scenarios and years, V is constant over
time, and Nm is the number of models used.

The model uncertainty (M) for each scenario is calculated based on
the weighted variance in the various model prediction fits.

M =
1
Ns

∑

m
varm

(
xm,s,t

)
(13)

where Ns is the number of scenarios.
Finally, the scenario uncertainty (S) is defined as the variance of the

weighted EnsMean for the three scenarios and is calculated as follows:

S = var

(
∑

m
xm,s,t

)

(14)

We hypothesize that the three sources of uncertainties are indepen-
dent and that the total variance (T) is the sum of the V, M, and S
uncertainties:

T = V +M+ S (15)

The sources of uncertainties over Africa and its subregions are rep-
resented by the fractional total variance from 2020.

3. Results and discussion

3.1. Model evaluation

The EnsMean well captured the spatial annual distribution of the
reference data over Africa for the different variables (Fig. 2). The per-
formance of the different variables varies across the continent. The OP
values range from 0.62 to 0.91, while the R values range from 0.80 to
0.97. The spatial distribution of hurs exhibits the highest performance
(OP = 0.91 and R = 0.97), whereas the rsds shows the lowest perfor-
mance (OP = 0.62 and R = 0.80). Ref and EnsMean agree on the
maximum and minimum spatial distribution in hurs. The Sahel and some
fringes of the northern regions exhibit the highest values in hurs of about
20 %, whereas the central and some areas along the coast of western
Africa, south-east Africa, and Madagascar experience high values of
approximately 80 %. The lowest values in hurs could be explained by the
presence of desert, while the highest values could be attributed to the
presence of forest or/and the influence of the monsoon system.

High humidity is related to the formation of clouds, which reduce the
amount of solar radiation reaching the surface. Conversely, low

humidity implies fewer clouds in the atmosphere, leading to clear sky
conditions and, thus, more solar radiation at the surface. This is why the
maximum values of rsds are located in the Saharan region, while the
minimum values are in the central African region (Fig. 2j-k). Moreover,
EnsMean is able to mimic this pattern along with the Ref data. Addi-
tionally, both datasets converge in the same spatial distribution of tas
over Africa. They show that the warmer areas are in the Sahelian strip,
and the coolest areas are located on the northern edge and at the bottom
of Africa (Fig. 2g-h). Similarly, the WBGT index shows the same spatial
distribution of tas (Fig. 2a-b). We observe similar results between the
two datasets, with a high OP of 0.87 and R of 0.96. Both datasets exhibit
consistent WBGT index gradients at the equator. The annual mean
climatology values of the WBGT index range from 15 to 27 ◦C across the
continent and are similar to those found by Kong and Huber (2022) over
Africa. Moreover, both datasets agree on the maximum values of the
WBGT index, where hurs and tas are relatively high, and with a low
WBGT index, where hurs and tas are relatively low.

Even with the good performance of EnsMean in the spatial distribu-
tion of the different variables, there are some notable biases. EnsMean
indicates an overestimated WBGT index over Africa, with a spatial mean
bias of 0.83 ◦C. The overestimation of the WBGT index could be due to
the inherent spatial mean biases observed in tas (Fig. 2-i) and hurs
(Fig. 2-f) of 0.68 ◦C and 0.83%, respectively. However, the magnitude of
the biases differs from one region to another and among the variables.
Near the equator, EnsMean overestimates the value of hurs by more than
10 %, while in northern Africa, we have an underestimation of
approximately 5 %.

In contrast to hurs, EnsMean exhibits a general warm bias of tas across
the regions. Notably, within the Sahel region, localized areas exhibit
pronounced warm biases reaching magnitudes as high as 2.5 ◦C. These
high biases could be due to the lack of available radiosonde stations and
active land surface stations in these areas for data assimilation in ERA5.
The biases in the WBGT are also strong in these localized areas in the
Sahel region at approximately 2.0 ◦C. Apart from these areas, EnsMean
shows a relatively low bias across Africa in the WBGT index of 1.0 ◦C.
Moreover, EnsMean underestimates the rsds in central Africa by more
than 10 W.m-2 and overestimates the rsds in Southeast Africa and the
eastern part of the Sahel region by more than 10 W.m-2. The biases
observed in the different variables could be due to the inherent biases
from the reference datasets used to statistically downscale the NEX-
GDDP-CMIP6 datasets or the reference datasets used to compare the
EnsMean. Similar biases in tas variables have also been found across

Fig. 3. Annual climatology of the alert description status in the present climate (1985–2014) for the reference data (Ref) and the multimodel ensemble mean of the
NEX-GDDP-CMIP6 (EnsMean). Each color corresponds to a specific alert description status depicted in the color bar.
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Fig. 4. Similar to Fig. 3 but for monthly climatology.

W. Sawadogo et al. Sustainable Cities and Society 119 (2025) 106091 

7 



African regions using CMIP5, CMIP6, or NEX-GDDP-CMIP6 (Sawadogo
et al., 2024; Almazroui et al., 2020, 2020). Overall, EnsMean shows good
performance in reproducing the spatial distributions of the WBGT index,
tas, hurs, and rsds.

Fig. 3 shows the annual climatology of the alert description status for
each country based on the WBGT index for the Ref and the EnsMean
datasets in the current climate. Five countries, Libya, Tunisia, South
Africa, Namibia, and Lesotho, show an unrestricted alert status under
the Ref dataset. The EnsMean also exhibits a similar unrestricted alert
status except for Namibia, where it shows a low-risk alert status. Both
datasets agree on the high-risk alert status of coastal countries in West
Africa. Most West African countries located in the Sahel region, northern
Africa, and some countries in southern Africa indicate a low-risk alert in
both datasets. Both datasets disagree on the alert status over central
African countries and some countries like Sudan and Ethiopia. This
discrepancy is due to the overestimation of the WBGT index over these
countries in EnsMean (Fig. 2-c). In general, the Ref and the EnsMean
datasets show that most African countries, such as Ghana, Côte d’Ivoire,
and Togo, can host the Afcon with some precautions to take due to their
high-risk alert status.

However, the alert description status varies throughout the year
(Fig. 4). Overall, the EnsMean and Ref datasets show similar alert
description status in most months. There is good agreement between
June and September between the two datasets for very high-risk alert
status in Eritrea. In addition, there is also a good similarity in the Ref and
EnsMean datasets in January-February and June-July, where most of the
Afcon games take place. These months show unrestricted and low-risk
alert descriptions in most countries. Countries located above 10◦ lati-
tude north show an unrestricted alert, and some countries in southern
Africa indicate a low-risk alert in January-February, with the situation
reversing in June-July. This finding aligns with the climate pattern over
the continent, where the January-February and June-July months fall in
the winter period in the Northern Hemisphere and Southern Hemi-
sphere, respectively.

3.2. Projected changes in the WBGT index and suitable countries

3.2.1. Projected changes in the WBGT index across Africa
Fig. 5 shows the projection change in annual WBGT under all sce-

narios and periods over Africa. EnsMean projects a significant increase in
WBGT across Africa. The projection changes for the two periods suggest
that the impacts of climate change on theWBGTwill likely becomemore
pronounced in the 2071–2100 period. For instance, under the SSP2–4.5
scenario, an average increase of 1.34 ◦C is expected for the 2031–2060
period, while an increase of 2.16 ◦C is expected for the 2071–2100
period. In addition, the SSP5–8.5 scenario exhibits the highest increase,
and the SSP1–2.6 scenario indicates the lowest increase in both periods.
An average of 3.8 ◦C and 1.3 ◦C are projected for the 2071–2100 period
under the SSP5–8.5 and SSP1–2.6 scenarios, respectively. These aver-
aged values over the continent fall within the range of projected changes
in the WBGT across the globe (Newth & Gunasekera, 2018).

However, these increases are not homogeneous across the continent.
Higher increases are observed in the Sahara region and northern and
southern Africa, while the lowest increases are observed in central Af-
rica. Under the SSP5–8.5 scenario, some areas of the Sahra region can
expect an increase of 5 ◦C and 4 ◦C in the southern parts for the
2071–2100 period. These increases could be explained by a similar in-
crease pattern observed in temperature in all scenarios and periods (see
supplementary material Fig. S1–2). Moreover, the EnsMean project a
lower increase in the WBGT in the coastal areas for most scenarios and
periods. The projected changes in WBGT exhibit seasonal variation
across all scenarios and time periods (see Fig. S3–4). The DJF
(December-January-February) and MAM (March-April-May) seasons
show a low relative increase compared to the JJA (June-July-August)
and SON (September-October-November) seasons. Under the SSP5–8.5
scenario and the 2071–2100 period, there is a significant increase in
WBT in some areas of North Africa and the Sahel region of more than 5.0
◦C. These differences in WBGT magnitudes among the SSPs illustrate the
climate risk of each scenario, highlighting the potential benefits of
lower-emission pathways.

These projected changes in the WBGT found in our study are

Fig. 5. Annual projected spatial distribution of the WBGT index across Africa of the multimodel ensemble mean of the NEX-GDDP-CMIP6 (EnsMean). Each column
shows different scenarios, while the row indicates the periods. The dotted points indicate areas with a 95 % confidence interval.
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comparable to those in other areas of the world. A study by Ullah et al.
(2022) found an increase of about 6.0 ◦C toward the end of the century
in the South-Asia region under the SSP5–8.5 scenario. Additionally, an
increase in the WBGT index is projected by the end of the century and
could be more pronounced under the RCP8.5 scenario in Europe
(Casanueva et al., 2020). Our results are also similar to those of several
previous studies in Africa using different metrics, such as heat stress and
discomfort indices, for heat-related risks to the human body (Sawadogo
et al., 2024; Dajuma et al., 2023; Fotso-Nguemo et al., 2023; Parkes
et al., 2022; Iyakaremye et al., 2021). The projected increase in the
WBGT across Africa may significantly affect outdoor activities such as
football. As WBGT levels rise, the thermal stress experienced by athletes
during training and competitions can profoundly affect performance,
health, and safety and increase the risk of exertional heat injuries
(Hosokawa et al., 2019, 2018). The players’ performance in Afcon’s
games may weaken under climate change, and this weakness could be
more pronounced at the end of the century.

3.2.2. Projected changes in the WBGT across African countries
The projected changes in the WBGT index among countries vary, and

the values range from 1 to 4.3 ◦C (Fig. 6). There is an increase in the
WBGT values from the “challenge to mitigations scenario” to the
“challenge to adaptations scenario” for each country. For instance,
under the SSP5–8.5 scenario, an average increase value of 3.8 ◦C for the
aggregated countries is expected for the 2071–2100 period, while a 1.47

◦C increase is expected under SSP1–2.6 for the same period. Moreover,
each country shows high values in the late century for all climate sce-
narios. Zimbabwe (ZWE) indicates the lowest increase under SSP1–2.6,
while Sierra Leone (SLE) has the lowest increase for both periods under
SSP5–8.5. Climate change will likely increase the WBGT index values by
1.7–2.6 ◦C in some countries, such as Guinea-Bissau (GNB; 2.6 ◦C), The
Gambia (GMB; 2.0 ◦C), Madagascar (MDG; 2.0 ◦C) and Egypt (EGY; 1.7
◦C), under SSP1–2.6 for the 2071–2100 period. The latter country has a
higher rank, with an increase in the WBGT of 2.5 ◦C for 2071–2100
under the SSP2–4.5 scenario. Most of the northern African and Sahelian
countries are among the ranked countries with the increase in the WBGT
index under the SSP5–8.5 scenario. EGY (2.0 ◦C), followed by Algeria
(DZA; 1.9 ◦C), has the highest increase for the near future, while in the
far future, both countries have the same values of 4.3 ◦C. Overall, these
findings suggest that Northern and Sahelian countries may experience a
more pronounced increase in the WBGT index.

3.2.3. Model agreement
Fig. 7 illustrates the model spread of the projected changes in the

WBGT index over each subregion. There is a high level of agreement
among the models in terms of the projected changes in the WBGT over
the different subregions. All the models exhibit a consistent increase in
the WBGT in the near and far future and under the SSP scenarios. The
projectedminimum value of theWBGT among the models is greater than
0 for all periods and SSPs. This implies the robustness of the projected

Fig. 6. 75th percentile projected changes in WBT across countries under different climate scenarios and periods of the multimodel ensemble mean of the NEX-GDDP-
CMIP6. The countries are ranked in ascending order for each period for a given scenario. The different colors of each country and period indicate the values depicted
in the color bar.

Fig. 7. Boxplot of the NEX-GDDP-CMIP6 models for the projected changes in the WBGT index over different subregions in Africa and for each climate change
scenario: SSP1–2.6, SSP2–4.5 and SSP5–8.5. Panel (a) presents the near-future projections (2031–2060), while panel (b) illustrates the far-future pro-
jections (2071–2100).
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changes in the WBGT index in Africa. In addition, for all the subregions,
the SSP5–8.5 scenario indicates the highest increase in both periods.
Some subregions, such as the NAF and SAH, could experience an in-
crease of approximately 6.0 ◦C under SSP5–8.5 in the far future, as
shown by the maximum value projected by the model spread. However,
there are some discrepancies in the increased magnitude of changes
among the models. These discrepancies are stronger in the far future
than in the near future. Moreover, the difference between each SSP is
more pronounced in the 2071–2100 period compared to the 2031–2060
period for all subregions. This is the case in the WAF region, where the
median difference between SSP5–8.5 and SSP1–2.6 is about 0.4 ◦C for
the 2031–2060 period, while in the period of 2071–2100, it is about 2.5
◦C. These findings reveal some uncertainties in the increase in the
magnitude of the WBGT index over Africa, mainly due to the climate
change scenario. Further discussions on these uncertainties will be
provided in Section 3.2.6

3.2.4. Induced changes in the WBGT
The contribution of each variable involved in calculating the WBGT

index is presented in Fig. 8 for the near future period and in Fig. 9 for the
far future period. The total change in the WBGT index (ΔWBGT) due to
the contribution of tas (Δtas ΔWBGT) indicates the largest contribution
in all scenarios and time periods. ΔtasWBGT shows similar values across
Africa of about 100 % except for some areas in the Sahelian Strip and
Eastern Africa. In these areas, both Δtas ΔWBGT and Δhurs ΔWBGT
contribute more to the increase in the WBGT. The projected changes in

hurs show an increase over these areas but are muchmore pronounced in
the far future than in the near future, with a value of 2.5 % (see
FigS.1–2). This suggests that an increase in hurs could also contribute to
ΔWBGT in Africa. However, the induced changes in Δhurs ΔWBGT and
Δtas ΔWBGT are not consistent among scenarios and periods. Further-
more, in these localized areas, the contribution from hurs increases to-
ward the highest scenario and to the later century. ΔhursWBGT is likely to
increase by approximately 15 %, 30 %, and 40 % under the SSP1–2.6,
SSP2–4.5, and SSP5–8.5 scenarios, respectively, in the near future in
some areas of the Sahelian Strip and Eastern Africa. In the far future,
ΔhursWBGT will contribute less than 20 % of these areas. Nonetheless, the
contribution of rsds (Δrsds ΔWBGT) is negligible over the continent for
each SSP scenario and period. This negligible effect of rsds on ΔWBGT
could be attributed to the low relative change in the value of 5 W.m-2

under climate change (see Fig. S1–2). These findings suggest that the
increase in tas and hurs has a more substantial effect on the change in the
WBGT index in Africa than the increase in rsds. Similar results were also
found in China, where heat-related stress is more sensitive to the in-
crease in temperature and humidity (Cheng et al., 2024).

3.2.5. Suitable countries
The projected changes in the WBGT index could contribute to the

potential impacts of reduced player performance during the Afcon in a
given host country. Fig. 10 shows the projected annual mean changes in
the alert description status under the different SSPs and periods for each
country. Most African countries may experience an escalation in alert

Fig. 8. Annual projected changes in the spatial distribution of the total change in the WBGT index of the multimodel ensemble mean of the NEX-GDDP-CMIP6
datasets due to the contributions of different variables across Africa under different climate scenarios in the near future (2031–2070). Δtas ΔWBGT indicates the
contribution change in temperature (tas), while Δrsds ΔWBGT shows the contribution change in shortwave radiation (rsds). The contribution change in relative
humidity (hurs) is illustrated by Δhurs ΔWBGT.
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Fig. 9. Similar to Fig. 8 but for the far future (2071–2100).

Fig. 10. Annual projected spatial distribution of the alert description status across African countries of the multimodel ensemble mean of the NEX-GDDP-CMIP6
(EnsMean) for different SSPs and periods. The color indicates the different warnings described in Table 1.
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Fig. 11. Similar to Fig. 10 but on a monthly scale: (a) for the near future (2031–2060) and (b) for the far future (2071–2100).
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description status under climate change. However, this escalation varies
under different scenarios and over different periods. In the near future,
several countries, such as Burkina Faso, Senegal, Guinea, Madagascar,
and Uganda, may transition from low-risk to high-risk alert status under
the SSP1–2.6 scenario. Libya and South Africa may lose their unre-
stricted alert status and shift to a low-risk alert status. The projected
increase in the WBGT index will not impact the alert description status
for the 2071–2100 period compared to that for the 2031–2060 period
under SSP1–2.6. This is not true for the SSP2–4.5 scenario, where Ghana
may shift from a high-risk alert status in the 2031–2100 period to a very
high-risk alert status in the 2071–2100 period. The warning alert level of
this country worsens, reaching a higher alert level under the SSP5–8.5
and 2071–2100 period. This can be attributed to an increase in the
WBGT of approximately 3.9 ◦C (see Fig. 6) and the fact that the country
already holds a high-risk alert status under the reference climate. In the
same period and scenario, countries such as Côte d’Ivoire, Benin, Togo,
Nigeria, Cameroon, the Republic of Central Africa, South Sudan, Sudan,
Kenya, Ethiopia, and the Democratic Republic of the Congo exhibit a
very high-risk warning alert compared to the high-risk alert status found
in their reference climate. Nonetheless, some countries could have the
opportunity to safely host Afcon under SSP5–8.5. This is the case for
Morocco, Algeria, Tunisia, Libya, Egypt, Western Sahara, South Africa,
Namibia, and Botswana, where they have low-risk alert status de-
scriptions. Only Lesotho maintains an unrestricted alert status under all
the SSPs and periods.

Assessing the suitability of hosting the Afcon on an annual scale
provides a broad overview of climate conditions under climate change.
However, monthly projection assessments offer a deeper understanding
of the future climate change that could impact player performance
during the tournament. Fig. 11 illustrates the projected changes in alert
status descriptions for each month under the different SSPs for the
2031–2060 and 2071–2100 periods. The analysis focuses on particular
months when the Afcon takes place. This is usually about 30 games over
two months, either in January-February or June-July.

The monthly projection of the alert description status varies across
countries, SSPs, and periods, with an escalation in warning level status.
In the January-February months, most of the northern countries,
including Mali, Mauritania, Western Sahara, and Niger, may maintain
unrestricted alert status under the SSP1–2.6 scenario in the near future.
This could be related to the decrease in hurs in these countries, despite
the increase in tas (see FigS5–6). However, there is an escalation alert
from an unrestricted alert status to a low-risk or high-risk alert status
under the SSP2–4.5 and SSP5–8.5 scenarios. In these months, most
countries may experience a high-risk alert status under the SSP2–4.5 and
SSP5–8.5 scenarios in the near future. In the far future, Ghana, Togo, the
Benin Republic, Gabon, andMozambique will likely get a very-high alert
status under the SSP2–4.5 scenario in February. Along with these
countries, some countries like Côte d’Ivoire, Madagascar, Zimbabwe,
Botswana, the Democratic Republic of Congo, Congo Brazzaville, So-
malia, and Kenya could shift to a very-high alert status under the
SSP5–8.5 scenario in the 2071–2100 period. Among these countries,
only Ghana will exhibit a stop-play alert status in February under the
SSP5–8.5 scenario in the far future. Also, southern countries, including
Madagascar, may move from low-risk/high-risk (reference climate) to
high-risk/very high-risk under the SSP5–8.5 scenario and the
2071–2100 period. Central and Eastern countries could shift to high-risk
and very high-risk status under the SSP2–4.5 and SSP5–8.5 scenarios
and in the 2071–2100 period. Our findings suggest that playing the
Afcon in January-February could suit the northern and Sahelian coun-
tries under climate change.

On the other hand, in comparison to January and February, June and
July exhibit high warning alerts across countries under all the SSPs and
periods. The projected EnsMean shows an alert status escalation
compared to most countries’ reference climate. For instance, in June,
Morrocco, Algeria, Tunisia, Libya, and Egypt may transition from low-
risk to high-risk status under all SSPs and periods for June. Some

countries, such as Senegal, South Sudan, Sudan, Mauritania, and Mali,
may shift to a very high-risk alert status under the SSP scenarios and in
the near future for the June-July months. This could be due to the in-
crease in temperature of approximately 4–7 ◦C in these countries (see
Fig. S5–8). Southern countries may maintain the alert restrictions found
in the reference climate under all the SSPs and periods. This could be
related to the decrease in hurs (more than 4 %) under the SSP scenarios
in the June-July months (see Fig. S5). However, many countries are
projected to experience a stop-play alert status in the 2071–2100 period
under the SSP5–8.5 scenario. Senegal, Mali, Burkina Faso, Niger, South
Sudan, Sudan, Nigeria, and Mauritania are likely to shift to a stop-play
alert status under the SSP5–8.5 scenario in the far future. Generally,
countries above the equator indicate a high waning alert in hosting the
Afcon competition. This indicates potential unsuitability for hosting
Afcon in the 2071–2100 period. Nevertheless, South Africa, Botswana,
Zambia, Mozambique, and Namibia are suitable countries for hosting
Afcon under the SSPs in the far future for the June-July months.

The study suggests that both periods of playing the Afcon could limit
many countries, mainly in Western, Central, and Eastern Africa, from
hosting one of the most prestigious football tournaments on the conti-
nent. This could be due to the projected increase in tas and hurs in these
countries (FigS5–6). These projected changes in tas and hurs also align
with previous studies on the continent (Almazroui et al., 2020; Brouillet
& Joussaume, 2019). Our findings indicate that the January-February
and June-July periods are suitable for hosting Afcon only in northern,
Sahelian countries and southern countries, respectively. Therefore,
climate change may prevent some Central, Western, and Eastern coun-
tries from hosting the Afcon under the SSP5–8.5 scenario. Our results
support the Sustainable Development Goals (SDGs), especially SDG 13,
highlighting a call for climate action, as the SSP5–8.5 scenario foci the
increasing difficulty of hosting safe events in a warming climate. This
emphasizes the need for low-emission pathways to mitigate the risks of
extreme heat.

In addition, our findings extend not only to the Afcon tournament but
also to the national football championship. Various countries in West
and Central Africa show a high-risk alert status, and most of the months
in their present climate could escalate to very high-risk or stop-play alert
status. For instance, it may be challenging for countries such as Burkina
Faso to play their national football championship from March to
November under the SSP5–8.5 scenario and in the 2071–2100 period. In
addition, it could be challenging for most northern countries to play
football games between May and October under the SSP5–8.5 scenario
and in the far future. The results demonstrate that an increase in the
WBGT in Africa could also impact the national football championship,
which is already affected by the need for well-designed stadiums. The
future impacts of global warming on sports events in Africa underline
the importance of climate-adapted urban planning for African cities.
Encouraging the National Football Association to invest in sustainable
design and cooling stadiums, which aligns with SDG 11. Recent studies
have explored climate adaptation and resilience under extreme heat in
urban settings, emphasizing public health measures and adaptable
infrastructure to combat heat impacts (Kim & Kang, 2023; Anand et al.,
2021; Mao et al., 2021; Ramyar et al., 2019). For instance, Kim and Kang
(2023) demonstrated the effectiveness of targeted cooling interventions
in urban centers, which could benefit high-exposure settings like Afcon,
where outdoor activities are susceptible to heat risks. Likewise, Gol-
lagher and Fastenrath (2023) analyzed how urban sports events could
adopt heat mitigation strategies, underscoring the need for
climate-sensitive approaches to protect participants and spectators.

3.2.6. Source of uncertainties in the projected change in the WBGT
Fig. 12 shows the contributions of uncertainty for the WBGT index

quantified by the proportion of variance over Africa and its subregions.
Most subregions show a similar contribution trend from the three un-
certainty sources. In the short-term projection, the model uncertainty
emerges as the highest source of uncertainty over Africa and its
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subregions at approximately 76.0 % of its peak. Moreover, the internal
variability could contribute to about 33.25 % of the total in 2020 and
decrease from 2026 to the end of the century. Additionally, in the short
term, the contribution from climate scenarios is low compared to the
uncertainty from the model and internal variability. This suggests that
any SSPs can be used to project the impacts of WBGT in Africa in the
short-term because there is not much difference in the magnitude of
changes. Furthermore, the projected change in the WBGT in the short
term should be carried out using the multimodel ensemble mean.
However, in the long-term, significant uncertainties arise in the
magnitude of the WBGT index under the SSP scenarios. This implies that
in the long term (from the middle to the end of the century), scenario
uncertainties could strongly contribute to the magnitude of changes in
the WBGT index, as shown in Fig. 7-b. These insights suggest that
climatological data may provide useful information for decision-making
in the short-term projection of the WBGT. In contrast, in a long-term
projection, multimodel and scenario spreads should be considered to
address the escalating WBGT in Africa.

An athlete’s physiological responses during physical exercise are
significantly impacted by hot environmental conditions, influencing his
or her performance (Drust et al., 2007). Global warming could nega-
tively affect the environmental conditions in Africa, which is considered
one of the hotspots of climate change. Some African countries may face
challenges in hosting the Afcon tournament. The increase in tempera-
ture associated with relative humidity across these countries could affect
the players’ performance during the tournament. This could be similar
to or worse than what was observed for the negative effects of high
temperatures on players in the 2014 FIFA World Cup in Brazil (Chmura
et al., 2017). With the projected changes in the WBGT over the African
continent, players may be exposed to a hot environment during the
Afcon tournament. They could face challenges in showcasing their skills.
High temperatures during football games can reduce the intensity of
exercise, sprint numbers, and total distance covered at high intensity
and can impact the game’s outcome (Nassis et al., 2015; Mohr et al.,
2010). Nassis et al. (2015) showed that under high WBGT values, the
number of passes was significantly impacted compared to a low-stress
environment during the 2014 FIFA World Cup. Drust et al. (2005) re-
ported that repeated maximal effort in a football game decreases the
player’s power under hot environmental conditions. Moreover, Mohr
and Krustrup (2013) highlighted that repeated countermovement jumps
are reduced in warm environments at approximately 30 ◦C after playing
a football game. These could reduce the players’ performance and pose a
serious problem in the game. Despite these challenges, indicators such as

the number of sprints, total distance covered, and power ability remain
essential in assessing a football player’s technical skills (Faude et al.,
2012). However, our results suggest that the projected escalation in alert
status across countries to high-risk, very high-risk, or stop-play alert
status could lower the game quality in the Afcon tournament. None-
theless, the number of shots, rate of successful passes, ball possession,
number of goals, and number of cards may not be impacted despite the
increase in WBGT (Illmer & Daumann, 2022).

Additionally, previous studies have shown that a high WBGT index is
correlated with heat-related illness (Lewandowski et al., 2022; Spangler
et al., 2022; Grundstein et al., 2012). Consequently, this can increase the
risk of heat-related illnesses such as heat exhaustion and heatstroke. For
instance, in the Afcon 2022 in Cameroon, a referee experienced a
heatstroke during the Mali-Tunisia match. This incident underscores the
importance of real-time monitoring of players and referees during a
football game under high temperature and humidity. In response to such
events, the CAF must implement robust health protocols to ensure safe
conditions, such as cooling break time, acclimatization, light shirts, and
strict application of heat-related stress protocols, aligning with SDG 3 on
health and well-being. Also, natural grass on sports stadiums should be
promoted over artificial turf surfaces, as they significantly absorb more
heat and lead to higher WBGT levels, exposing players to high heat stress
(Liu & Jim, 2021). Furthermore, rescheduling matches are essential
under hot environmental conditions. This has been applied in the FIFA
World Cup 2022 in Qatar, where the competition was shifted to late fall
(November-December) due to hot environmental conditions (Sanderson,
2022).

However, it is essential to acknowledge that the suitability of hosting
the Afcon tournament depends on a combination of factors beyond
environmental conditions. For instance, infrastructure, logistics,
approved stadiums, security, and safety are also included as criteria for
hosting Afcon. Therefore, appropriate measures must be implemented to
ensure the continued success of the Afcon in the face of challenging
environmental conditions. Overall, our findings recommend that the
organizers of Afcon need to consider the climatology data of the WBGT
index of the host country and the future impacts of climate to reschedule
the Afcon matches at appropriate months for the safety of players.

4. Summary and conclusion

This study investigated the potential impacts of climate change on
theWBGT index over Africa and its subregions. The projected changes in
the WBGT are used as a proxy to identify suitable countries for hosting

Fig. 12. Variance decomposition of the annual mean of the WBGT index into different uncertainty sources of the multimodel ensemble mean of the NEX-GDDP-
CMIP6 datasets (blue: model uncertainty, green: scenario uncertainty, and orange: internal variability) over Africa and its subregions.
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Afcon under climate change. We used eleven climate models from the
NEX-GDDP-CMIP6, which were statistically downscaled to a spatial
resolution of 25 km. Two datasets from ERA5 and SARAH-3 were used
for the model evaluation. Three climate scenarios were used in this
study: SSP1–2.6, SSP2–4.5, and SSP5–8.5. The projection changes are
carried out in the near future (2031–2060) and far future (2071–2100)
relative to the baseline period of 1985–2014. Moreover, this study
investigated the potential contributions of tas, hurs, and rsds to the total
change inWBGT in Africa. We also investigated the uncertainties related
to future changes in the WBGT index. The analysis used the multimodel
ensemble mean of the NEX-GDDP-CMIP6 datasets. The insights from this
study can be summarized as follows:

• The ensemble mean relatively well captures the spatial distribution
of the reference data for the WBGT index and related variables over
Africa, with some biases.

• The ensemble mean projects a significant increase in theWBGT index
under all SSPs and periods, with a pronounced increase under the
SSP5–8.5 scenario and in the late century.

• Hosting the Afcon tournament could be a challenge for some coun-
tries under climate change, and this could require the CAF to
reschedule the Afcon matches in appropriate months for the safety of
players.

• The increases in tas and hurs are the main meteorological variables
contributing to the future increase in the WBGT index in Africa.
Moreover, this increase is associated with large uncertainties from
climate scenarios, mainly long-term projections.

The projected changes in the WBGT index in Africa could put the
Afcon tournament in danger, typically in January-February or June-
July. The SSP1–2.6 shows more moderate increases in WBGT, suggest-
ing that low-emission pathways could help preserve hosting viability for
a broader range of countries. Our results highlight the importance of
considering climate and weather information for decision-making when
attributing the Afcon to a country. However, African countries could
adopt environmental design strategies such as urban greening and
shaded areas for climate change adaptation and mitigation to enhance
microclimatic conditions. Such measures could make a tangible differ-
ence, especially in countries predicted to experience higher WBGT
values (Niwa & Manabe, 2024), aligning with SDG 3 (Good Health and
Well-being) and SDG 13 (Climate Action) for sustainable cities and
societies.

Despite the valuable information in this study, there is still room for
improvement. The use of daily data to compute the WBGT index could
substantially underestimate its value during a particular day. For
instance, Hosokawa et al. (2018) used sub-daily data to investigate the
impacts of the WBGT index on players during the 2020 Olympic football
tournament in Yokohama and Saitama, Japan. They found that 40–50 %
of matches scheduled in the late morning and early afternoon exceeded
the 30 ◦C WBGT index value. Using sub-daily data in the WBGT index at
the time of playing at different group stages could provide more infor-
mation on heat-related stress on players. Future research could expand
on this work by exploring adjustments in event timing and infrastructure
improvements to accommodate the changing climate. Moreover, accu-
rate weather monitoring before a game could also offer safety to players.
Advanced technologies like thermal imaging combined with artificial
intelligence could be used for reliable estimation of the WBGT index in a
stadium for heat stress assessment on players and spectators (Mahgoub
et al., 2020). The CAF should also work with the host country’s national
meteorological agency and experts to provide an operational forecast for
the WBGT index. In addition, different heat-related stresses, such as the
universal thermal climate index and effective temperature, could be
used to extend the knowledge on the impacts of heat-related stress on
football players since the WBGT index has some limitations (Budd,
2008). Nonetheless, this study provides a benchmark for the impacts of
climate change on the Afcon tournament, especially on potential host

countries, and highlights the need to redesign major sports events under
climate change.
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