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Abstract

The sports industry is one of the most important industries in the world. In
2023 only, it generated globally more than $512.14 billion in revenue (Kiko 2023).
For Spain more specifically, during the 2021-22 season, professional football gener-
ated 8.39 €billion in taxes, contributing to 1.44% of the country’s Gross Domestic
Product (GDP).

Extreme heat is one of the consequences of climate change and has a big impact

on the sports and football industries.

In this study, we address the situation in Spanish male football first division
(LaLiga) regarding heat stress exposure for the past two decades and the coming
two decades. For both periods, we calculate the Universal Thermal Climate Index
(UTCI) and evaluate the heat stress categories, as well as the policies that should
be taken. We also evaluate the situation across hours, months, and different lo-
cations grouped by similar climatic data by using the K-median algorithm. The
two periods are compared to one another to estimate the evolution. To conclude
the analysis, the optimal schedule with the least overlapping and the smallest heat

stress is calculated.

By using ERA5 and CORDEX data, we observe that LaLiga was exposed 15.5%
to strong heat stress conditions and 2.6% to very strong heat stress conditions over
the past two decades. In the future, it could increase between 16% and 17.7%, and
2.8% up to 4%, depending on human emission scenarios. It is shown that schedule

optimization can significantly reduce heat stress exposure by up to 5%.
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Author: Mathieu Leng

Keywords: Climate Change, Extreme Heat, Professional Football, Spain, Uni-
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Sumario

A inddtstria do desporto é uma das industrias mais importantes do mundo. Sé
em 2023, gerou globalmente mais de 512,14 mil milhoes de dblares em receitas (Kiko
2023). Mais especificamente em Espanha, durante a época de 2021-22, o futebol
profissional gerou 8,39 mil milhoes de euros em impostos, contribuindo para 1,44%
do Produto Interno Bruto (PIB) do pais.

O calor extremo é uma das consequéncias das alteracoes climéticas e tem um

grande impacto na industria do desporto e na industria do futebol.

Neste estudo, abordamos a situagao na primeira divisao Espanhola de futebol
masculino (LaLiga) no que respeita a exposicao ao stress térmico nas duas ultimas
décadas e nas duas décadas seguintes. Calculamos o Indice Universal de Clima
Térmico (UTCI) e avaliamos as categorias de stress térmico, bem como as politicas
que devem ser adotadas. Também avaliamos a situacao entre horas, meses e di-
ferentes locais agrupados por dados climéticos semelhantes utilizando o algoritmo

K-median. Os dois periodos sao comparados entre si para estimar a evolugao.

Utilizando os dados ERA5 e CORDEX, verificamos que a LalLiga esteve exposta
a 15,5% a condicoes de stress térmico forte e 2,6% a condicoes de stress térmico
muito forte nas ultimas duas décadas. No futuro esta exposicaopoderda aumentar
entre 16% e 17,7%, e 2,8% até 4%, dependendo do cendrio de evolucao das emissoes
antropogénicas. E demonstrado aquei que uma optimizacao do calendario dos jogos

pode reduzir significativamente a exposicao ao stress térmico até 5%.
Titulo: Arbitro! Estd a ficar calor aqui, podemos fazer uma pausa?
Autor: Mathieu Leng

Palavras-Chave: Alteracoes Climéticas, Calor Extremo, Futebol Profissional,

Espanha, Indice Universal de Clima Térmico (UTCI), Indtstria desportiva
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1 Introduction

The sports industry is one of the largest industries in the world. In 2023 only, the global
sports industry generated more than $512.14 billion in revenue (Kiko 2023), and this is
expected to continue to grow. As a comparison, the airline industry generated $896 billion
in 2023 (IATA 2023). By generating $50 billion a year globally, football (soccer) represents
the most profitable sport (Kiko 2023). Regarding Spain, more specifically, professional
football generated €8.39 billion in taxes during the 2021-22 season, representing 1.44% of
the country’s Gross Domestic Product (GDP) (Corkhill 2023).

Some of the most memorable scenes from the 2022 World Cup held in Qatar were the
massive cooling systems to refresh supporters, staff, and players in open-roofed stadiums.
Those scenes, yet surprising at first sight, might become more usual as time passes. Cli-
mate change is considered one of the biggest challenges that Humanity will face during
the coming century. It has severe consequences on different industries, such as agriculture
and tourism, but also on the sports industry. Sports organizations face multiple challenges
due to climate change, such as lowered revenue (Kay and Vamplew 2006), damage and
destruction of facilities (Elsasser and Biirki 2002), event delays and cancellations (Fairley,
Ruhanen, and Lovegrove 2015, Filo, Cuskelly, and Wicker 2015), and an overall decline
in interest in a sport (Dawson, Scott, and Havitz 2013). Those challenges can lead to
dramatic economic consequences for sports organizations. As a result, it is utterly impor-
tant for organizers to be able to proactively assess and manage the risks of climate change
for their organizations (Orr and Inoue 2019). In addition, for many sports organizations,
adaptation to climate change is complex and hard to implement. It is thus very important
to understand, as soon as possible, the vulnerability and take the needed actions before

it is too late.

Until very recently, the relationship between the sports industry and climate change
was not studied as a bidirectional relationship but rather as the impact of sports on
climate change. Nonetheless, as recent huge sports events, such as the latest Summer
Olympics and Paralympics in Tokyo and the 2022 FIFA World Cup in Qatar, took place
in locations where extreme heat conditions are common, the bidirectional relationship
between organized competitive sports and climate change has been gaining popularity
recently (Gerrett et al. 2019, Sofotasiou, Hughes, and Calautit 2015).

Climate change poses a wide range of risks to the sports industry. These risks can
be divided into two main categories: direct and indirect health-related effects. Direct
health-related effects, which represent the focus of this research, are primarily caused by

extreme temperatures and other weather conditions, such as heatwaves, extreme weather,



and ultraviolet radiation (Schneider 2021). Indirect consequences result from climate-
induced changes to our ecosystem, such as air pollutants, allergens, viruses, bacteria, and
the associated vectors and natural reservoirs (Schneider 2021). The consequences of these
effects on the sports industry can vary depending on the specific conditions and, also, from
one human being to another, but they include heat illness, heatstroke, heat exhaustion,
and hyperthermia (Parsons 2014, Grantham et al. 2010, Brotherhood 2008, Gerrett et al.
2019, A. J. Grundstein et al. 2021, Honjo et al. 2018, Kerr et al. 2019).

The present work will investigate the situation in Spain, which is located in the
Mediterranean Region, that is considered a climate change hotspot due to its vulnera-
bility to global warming impacts, namely the occurrence of heat-related extreme events,
such as drought, heat waves, and fires (Diffenbaugh and Giorgi 2012). In addition, the
importance of the professional football industry for the Spanish economy increased our
attention. As a result, the scope of this research is to understand the impact of extreme
heat on the male professional football industry in Spain, focusing on the first division
(henceforth denoted LaLiga). This problem statement substantiates itself in the following

3 research questions:

e RQ1: What is the current impact of extreme heat on Lal.iga?

e RQ2: What will be the impact of extreme heat on Laliiga for the next two decades

and different climate change evolution scenarios?

e RQ3: Is it possible to adapt Laliga to increasing extreme heat stress conditions by

optimizing the match schedule?

To answer these 3 research questions, we gathered data from state-of-the-art high-
resolution climate models and observations, providing both historical climate data for the
past two decades and projections for the upcoming two decades under different green-
house gas emissions scenarios. This climate data included a widely used human thermal
heat stress index, the Universal Thermal Climate Index (UTCI) for the past, but also
for the projected future under different anthropogenic greenhouse gas emission scenarios.
Our analysis is restricted to the boreal months of June, August, and September, corre-
sponding to the period where extreme heat conditions occur in Spain, and its evolution
for the coming two decades. Notice that the month of July is absent from the analysis
as it corresponds to the inter-season break and no games are played. After some data
preprocessing, we assessed the situation in the past by using UTCI stress categories based
on UTCI values and computed UTCI values for the future based on the state-of-the-art
climate model output data. We corrected the bias that exists in the climate model projec-
tions by employing Quantile Delta Mapping (QDM) between the two past data, a widely

used bias correction algorithm in climate applications which preserves relative changes in



data. Following, we assessed the situation in the future by using UTCI stress categories.

Finally, we used Linear Programming to suggest the optimal schedule in the future.

The present manuscript is divided into 5 sections and has the following structure: Sec-
tion 2 reviews the key literature; Section 3 presents the methods and datasets used in the
study; Section 4 introduces the results and their interpretation; Section 5 highlights the
limitations that may have arisen from this research, and Section 6 serves as a conclusion

and proposes future research.

To the researchers’ knowledge, as the subject of the relationship between climate
change and the sports industry in both ways is still in its pioneering phase, there are
no previous quantitative studies on the impact of extreme heat on the professional male

football industry, neither in Spain nor somewhere else.

2 Literature Review

2.1 Climate Change and its Impact

Climate change, its urgency, increasing severity, and associated impacts are well estab-
lished now (P. C. Change 2018, I. C. Change 2014), and by having consequences on the
environment, society, economy, and people’s health, it represents the greatest threat for
Humanity for the upcoming century (Eichinger 2019, Townsend et al. 2003). Some effects
were already measured, such as on the global average surface temperature that increased
by 0.6 & 0.2°C over the 20" century, and this trend is expected to strengthen as a fur-
ther increase between 1.4°C and 5.8°C, depending on the scenario, is projected by 2100
(Houghton et al. 2001, I. P. O. C. Change 2007). Spain and more specifically, the southern
of Spain has already been particularly affected by climate change, witnessing increased
temperature and reduced rainfall (Garcia-Mozo, Mestre, Galan, et al. 2010), and accord-
ing to the most probable scenarios, these consequences of climate change will continue
(Meehl and Tebaldi 2004, Tebaldi et al. 2006, I. P. O. C. Change 2007), with even more
intense extreme heat events expected in the Iberian Peninsula (Adopted 2014, Fischer
and Schéar 2009, King and Karoly 2017).

2.2 Climate Change and Sports Industry

Sports can be defined as the combination of 3 components: competition, physical activity,
and structures underpinned by rules and laws (Guttmann 2004). The sports industry is
massive and generated in 2023 only, more than $512.14 billion in revenue (Kiko 2023).
Sports involve billions of people worldwide, through both participants and audiences (T.
Miller et al. 2001), and impact whole economies (Flyvbjerg and A. Stewart 2012), thanks
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to the contribution to the GDP, to the media rights revenue, and sales of sporting goods

ranging from dozens to hundreds of billions of dollars per year (Andreff and Szymanski

2006).

Organized sports (e.g., sports competitions and organizations that operate them) show
degrees of vulnerability at the organizational, team, athletes, and facility levels, and it is
a recent understanding that the conditions of the natural environment surrounding sports
facilities are not granted (Orr and Inoue 2019), and that possible changes in those con-
ditions will impact the natural environment (McCullough, Orr, and Kellison 2020). The
potential consequences of climate change for sports organizations are multiple and include
lowered revenues (Kay and Vamplew 2006), damage and destruction of facilities (Elsasser
and Biirki 2002), event delays and cancellations (Fairley, Ruhanen, and Lovegrove 2015,
Filo, Cuskelly, and Wicker 2015), and an overall decline in interest in a sport (Dawson,
Scott, and Havitz 2013). Some examples exist in Spain, where Laliga organizers already
had to take the harsh decision to reschedule games due to intense heat in recent years,

such as 2016, 2018, 2020, and 2023.

The relationship between sports and the natural environment is bidirectional. On the
one hand, sports have an impact on the natural environment via waste production for
example (Chard and Mallen 2012, Trendafilova, Babiak, and Heinze 2013). On the other
hand, the natural environment provides natural resources such as field of play and weather
conditions (Kay and Vamplew 2006). As a result, it impacts sports (Orr and Inoue 2019,
McCullough, Orr, and Kellison 2020). Research on organized competitive sport and cli-
mate change was until 2021 in a ’pioneering phase’, with hints that it is now beginning a
‘growth phase’ (Orr, Inoue, et al. 2022), but research of the impact of the sports industry
on climate changes has been far more researched than the reverse (Orr and Inoue 2019,
Dingle and B. Stewart 2020). Yet, the topic of the impact of climate change on organized
sports competitions has gained popularity recently, as the latest summer Olympics and
Paralympics and FIFA World Cup took place in locations, Tokyo and Qatar respectively,
regularly experiencing extreme heat conditions (Gerrett et al. 2019, Sofotasiou, Hughes,
and Calautit 2015), which led researchers to be concerned by the potential risks of thermal
stress among athletes and spectators (Honjo et al. 2018, Kakamu et al. 2017, Olya 2019,
Tipton et al. 2019, Vanos et al. 2019).

Sport-specific risks jeopardized by climate change can be divided into two categories:
direct health-related and indirect health-related effects (Eis et al. 2011, Miicke and Matzarakis
2020). Our focus is on direct consequences, which are primarily caused by extreme temper-
ature and other weather conditions, such as heatwaves, extreme weather, and ultraviolet

radiation (Miicke and Matzarakis 2020, Schneider 2021). In general, increased outdoor
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temperature causes increased stress on the cardiovascular, respiratory, and metabolic sys-
tems (Miicke and Matzarakis 2020). The core body of humans is mostly close to 37°C
(Lemke and Kjellstrom 2012) and an increase in temperature is acceptable up to 39°C,
after which it can lead to health risks, such as heat illness and heatstroke (Parsons 2014,
Grantham et al. 2010, Brotherhood 2008), but also heat exhaustion, and hyperthermia
(Gerrett et al. 2019, A. J. Grundstein et al. 2021, Honjo et al. 2018, Kerr et al. 2019).
There are 4 ways to transfer heat to/from the body: by convection, conduction, radi-
ation, and evaporation of water (sweat) (Lemke and Kjellstrom 2012). Those can be
affected by the characteristics of the surrounding environment, such as air temperature,
wind speed, humidity, and heat radiation sources, which ultimately determine the heat
stress (Parsons 2014). When doing sports in an environment having both high temper-
ature and high humidity, the usual mechanisms allowing human beings to limit the rise
in core temperature by more than 2 or 3°C during exercise are less efficient(R. Maughan
et al. 2010, Brotherhood 2008, Hanna et al. 2011), exposing even more people to heat
stress and endangering their health (Brotherhood 2008, Kappas 2009, Townsend et al.
2003). Athletes may be at higher risk of experiencing heat-related illnesses compared to
spectators or the general population due to the physical exertion involved in sport and
prolonged exposure (Brocherie, Girard, and Millet 2015, Olya 2019), and they are even
considered as a risk group regarding climate change-related health risks (Hanna et al.
2011, Miicke and Matzarakis 2020) even if well-trained athletes can tolerate increases in
core body temperature that is about 0.97¥C higher than untrained individuals (Hanna et al.
2011), Europa 2019). Nonetheless, also amateurs, spectators, and officials will be directly

confronted with the implications of climate change on our health shortly (Schneider 2021).

Regarding football more specifically, while it is mostly considered a low-intensity sport,
because for >70% of the game athletes perform low-intensity activities, it has a high total
demand of energy, as suggested by measurements of heart rate and body temperature
(Bangsbo, Mohr, and Krustrup 2006). This high energy demand mainly comes from the
repeated high-intensity efforts performed by the players. Moreover, football is also con-
sidered an endurance game as top-class players perform on average 150-250 brief intense
actions during a game, and male outfield players usually cover about 10-13km (Bangsbo,
Mohr, and Krustrup 2006). When looking at other endurance sports, footballers have all
the reasons to be concerned as many examples of serious, although rarely fatal, heat ill-
ness during endurance events held in hot weather are known (R. Maughan et al. 2010), as
well as examples from American football where heat-related fatalities are less uncommon
(Bergeron, McKeag, et al. 2005).
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2.3 Business Analytics and Data Science for Climate Risk Management

Due to the escalation of climate change, which is posing a threat to sports competitions
(Orr 2020, Scott, Steiger, Rutty, and P. Johnson 2015, Scott, Steiger, Rutty, and Fang
2019), it is essential to assess as soon as possible the potential risks facing host cities,
in order to minimize these risks through technological adaptations or other new facilities
or policy options (Orr, Inoue, et al. 2022). To evaluate those risks, business analytics
and data science offer researchers tools. The first thing required is a way to evaluate the
situation. Amongst the different consequences of climate change, our focus here is on
extreme heat. To have a quantitative idea of the impact of heat, it is necessary to have a
heat stress index and create links between this index and the work-rest cycles needed to
prevent any heat stress effects (Lemke and Kjellstrom 2012). The most accurate option
would be to use specific methods based on individual measurements to determine heat
strain in individuals, but we will use another index based on heat stress. There are more
than 60 heat stress indices that have been suggested to evaluate high-temperature envi-
ronments and predict the potential for heat damage, all of them having their benefits and
drawbacks (Burton, Ebi, and McGregor 2009).

The Wet Bulb Globe Temperature (WBGT) could represent a good thermal index as
it is the most commonly used index of heat stress (Zare et al. 2018). It was proposed
more than 50 years ago, during the 1950s, and was used by the US Army and Machine
Corps to reduce heat-related illnesses in the training camps (Budd 2008, Yaglou, Minaed,
et al. 1957). This measure of environmental heat can be calculated based on meteoro-
logical data, with only 4 parameters being needed: air temperature 2 meters above the
ground, relative humidity, wind speed, and radiation heat (Zare et al. 2018). Moreover,
it has been recommended by the International Organization for Standardization (ISO)
certification (Parsons 2006), American College of Sports Medicine (Sawka et al. 2007,
Armstrong et al. 2007), International Olympic Committee (Bergeron, Bahr, et al. 2012),
by the Federation Internationale de Football Association (FIFA)(Mountjoy et al. 2012)
and has all the correct components to indicate physiological heat stress (Parsons 2014).
Nonetheless, this index has been challenged. Firstly, the WBGT is often not used in the
way it has been intended. As recommended by ISO and the American Conference of Gov-
ernmental Industrial Hygienists, the WBGT index should only be used as a preliminary
tool, while another index, the Predicted Heat Strain (PHS) (ISO 2004), should be used in
more extreme conditions (Brocherie and Millet 2015). Moreover, the WBGT is accused
of not reflecting correctly the severity of the weather/climate (Brocherie and Millet 2015)
and of being too stringent for determining conditions when full workload should be re-
duced (P. K. Nag, A. Nag, and Ashtekar 2007, Brake and Bates 2002), even if it has been
corrected by ISO (Lemke and Kjellstrom 2012). Because of those points, the validity,
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accuracy, and applicability of the WBGT are questioned, leading to a necessary move to
other metrics for a more adequate screening of heat stress during exercise (Alfano et al.
2014, Brocherie, Girard, Pezzoli, et al. 2014, Brocherie, Girard, and Millet 2015).

The Universal Thermal Climate Index (UTCI) was developed to have a standard cri-
terion for assessing heat stress in the light of human meteorology (Baejezyk 2010). Tt is
an index based on an advanced multi-node model of human heat transfer and thermo-
regulation (Fiala, Lomas, and Stohrer 2001, Fiala, Havenith, et al. 2012) and represents
the equivalent temperature for the environment derived from a reference environment.
This index is calculated based on 4 parameters, which are air temperature 2 meters above
the ground, mean radiation temperature, relative humidity, and wind speed. The value of
UTCI can be converted into 10 different heat stress categories based on its value (Young
2017). The different stress categories, the expected physiological impact, and the recom-
mended protection measures can be seen in Figure 1. Even if UTCI is regarded as one of
the most comprehensive indices for calculating heat stress in outdoor spaces (Blazejczyk
1994), it received some criticism as it does not take into account differences in metabolic
rates during work, the impact of specialized protective clothing, or the constant change

in position and movement during real work situations (Lemke and Kjellstrom 2012).

In order to calculate UTCI values, we need data from two different sources which are
ERA5 and CORDEX data. CORDEX is a World Climate Research Programme (WCRP)
project (Giorgi, Jones, Asrar, et al. 2009, Giorgi and Gutowski Jr 2015) which provides
climate information covering the main continental areas of the world at a regional scale
by means of coordinated Regional Climate Downscaling (RCD) techniques (Hewitson
and Crane 1996). On the other hand, ERA5 is a combination of observational data and
weather model, which fills the gaps existing in observation data. It is the 5 and the latest
generation of ECMWEF. CORDEX data are available for the 3 RCP scenarios, namely
RCP2.6, RCP4.5, and RCP8.5. The 3 RCP are 3 different scenarios depicting 3 different
concentrations of the greenhouse gases. RCP2.6, with a radiative forcing of 2.6 W.m™2, is
the least pessimistic and leads to an average global warming of about 1°C by 2100, while
RCP 8.5 equals 4°C by the same time horizon (Chou et al. 2014). Quantile Delta Mapping
(QDM), which is a bias correction algorithm used specifically to preserve relative changes
in data (Cannon, Sobie, and Murdock 2015), will be used to correct bias on CORDEX
data. Finally, K-median optimal clustering will be used to group locations sharing similar
climate characteristics. It is a derived version of K-means clustering where we use the
median as a central point instead of the mean. K-means clustering is a data exploration
technique used to group objects sharing similar characteristics together (Pham, Dimov,
and Nguyen 2005) based on unsupervised learning. We use this method as K-means cluster

analysis has already been used previously to group locations according to their climatic
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characteristics (Carvalho et al. 2016), but we prefer the median as it is less sensitive to

outliers. To find the best K, we will use silhouette analysis, an unsupervised method for

scoring the performance of a clustering method (Shutaywi and Kachouie 2021).

UTClI range [°C]

Stress category

Physiological responses

Protection measures

Above +46 Extreme heat stress Increase in rectal temperature time Temporary body cooling and drinking
gradient. Steep decrease in total net >0.5Lh ! necessary.
heat loss. Averaged sweat rate No physical activity.
>650 gh ™\, steep increase.
+38 to +46 Very strong heat stress ~ Low core-skin temperature gradient. Temporary use of air condition. Shaded
Increase in rectal temperature at places necessary. Drinking >0.5Lh™".
30 min. Reduce physical activity.
+32 to +38 Strong heat stress Averaged sweat rate >200gh™ L. Increase ~ Use shaded places.
in rectal temperature at 120 min. Drinking >0.25 Lh™!. Temporary reduce
Instantaneous change in skin physical activity.
temperature.
+26 to +32 Moderate heat stress Change of slopes in sweat rate and rectal ~ Drinking >0.25Lh L
and skin (mean, face, hand)
temperature. Occurrence of sweating at
30 min. Steep increase in skin
wettedness.
+9to +26 No thermal stress Averaged sweat rate >100gh .. Plateau Physiological thermoregulation sufficient
in rectal temperature time gradient. to keep thermal comfort
0to +9 Slight cold stress Local minimum of hand skin temperature.  Use gloves and hat.
—13t0 0 Moderate cold stress Vasoconstriction. Face skin temperature Intensify activity and protect face and
at 30 min <15°C (pain). extremities against cooling.
—13to —27 Strong cold stress Numbness. Increase in core-skin Intensify activity and protect face and
temperature gradient. extremities against cooling. Use
warmer clothing.
—27 to —40 Very strong cold siress ~ Frostbite, numbness, shivering. Steeper Intensify activity and protect face and
decrease in rectal temperature. extremities against cooling. Use
warmer clothing. Reduce outdoor
exposure time.
Below —40 Extreme cold stress Frostbite. Decrease in rectal temperature  Stay at home. If outdoor exposure is

time gradient.

necessary, use heavy and wind
protected clothing.

Figure 1: UTCI assessment scale of thermal stress, corresponding physiological responses
and possible protection measure (Di Napoli, Pappenberger, and Cloke 2019)

2.4 Adaptive Strategies in Sports Industry for Climate Change

Since the sports industry possesses unique characteristics (Gyri and Balogh 2017), e.g cen-
tral roles of managing competition (Trail, Anderson, and Fink 2000) and spectatorship
(Funk and Jeff James 2001, JD James, Walker, and Kuminka 2009), sport management
needs specific framework and strategies for assessing and managing climate change im-
pact (Orr and Inoue 2019). Heat policies are a way to manage the degree of heat-related
illness amongst athletes and spectators (A. Grundstein et al. 2013, A. J. Grundstein et al.
2021). Heat policies enable sports organizations and sports people to respond rapidly
when temperatures soar to ensure the health and well-being of athletes and spectators
(A. Grundstein et al. 2013). This adaptive measure often uses a temperature threshold
that triggers a predetermined action, which can include taking a water break, changing
equipment (e.g., decreasing the number of layers worn), or allowing athletes to use cooling

agents (such as cooling towels and mist showers) (Kakamu et al. 2017, R. Maughan et al.
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2010). Other measures are also recommended in the event of prolonged thermal stress,
such as doing sports activities during morning or evening hours and regular intake of fluid
before, during, and after activity (Wonisch and Ledl-Kurkowski 2017, Europa 2019), or
acclimatization (R. Maughan et al. 2010). However, regarding acclimatization, the pro-
cess usually takes longer than the thermal heat exposure (Schneider 2021), so it is advised
to use appropriate indices and analyses to foresee issues and to have other solutions, such
as the one mentioned before (Nybo et al. 2021). Concerning football, FIFA’s position on
extreme heat is quite clear: the WBGT index is employed to assess thermal stress, and if
the WGBT value exceeds 32°C, cooling breaks are mandatory in both halves of the match,
while the decision on whether to suspend or cancel the match is up to competition orga-
nizers (FIFPRO n.d.). Nonetheless, FIFpro (the International Federation of Professional
Footballers) does not agree with it and released an 11-point plan on what should be done
to assess extreme heat, mentioning that cooling breaks should be mandatory when the
WBGT is above 26°C, and that when WBGT is above 28°C game should be rescheduled,
and mid-day and afternoon matches should be avoided (FIFPRO 2023).

Regarding Spain, more specifically, Laliiga is known to be aware of the risks of hold-
ing football fixtures during the hot months of summer and recognizes that it puts both
spectators and players at risk (Vicente S. 2023). In 2020, because of COVID-19, the sea-
son was rescheduled, and while the season was expected to stop in May, it was extended
and resumed on the 8 of June and finished on the 19" of July. As games were played
during a hotter period than usual, Laliga decided to add weather conditions alongside
all of the programmed games, such as temperature forecasts and historical highs in all 20
locations (Vicente S. 2023), in order to predict and avoid playing in extreme heat con-
ditions. Moreover, in recent years, Spanish football fans have been used to see fixtures

being rescheduled later the same day due to unexpected extremely hot conditions.

3 Methodology

In this chapter, the goal is to present and explain the methodology used to study the
subject at hand and to answer the research questions formulated in section 1. This
section will be divided into 3 subsections namely: Research Design, Data Collection, and

Data Analysis.

3.1 Research Design

The methodology used to achieve this goal and answer the research questions formulated
in the first Section is a quantitative methodology. Indeed, numerical data from several

sources were merged and analyzed in order to perform a thorough analysis.
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3.2 Data Collection

First of all, data about the different stadiums were collected. The stadiums selected were
the ones of the teams playing in the first division of male Football in Spain (Laliga)
during the 2022-23 season. The data collected about them included the name of the
team, name of the stadium, latitude, longitude, and capacity of the stadium. Since no
available datasets combined that information, they were created by the researchers using
available material from the Internet (Wikipedia and Google Maps). Some cleaning and
data manipulation were needed, especially on the latitude and longitude features, where

they have been rounded up to the closest fourth to facilitate future merging.

Secondly, data about LaLiga fixtures during the 2022-23 season were collected in order
to have information about the time and the location of the games played. As mentioned
in Section 1, only the games played during summer were selected, so going from June until
September. This narrows the 380 games played during the whole season to 71. In order to
further analyze the impact of time, for every day there was a game at a certain location,
extra data points were added at 12h, 15h, 18h, and 21h. Those hours were chosen to
have knowledge about the situation during the whole afternoon, and because they cover
the different timeslots for games during the summer. To avoid confusing true games with
false ones, one additional binary column called "True_Game’ has been added, having 1 for
the true ones. Besides, since the goal of this research is to have an idea of the change be-
tween the past two decades and the future two decades, we decided to extend the Laliga
schedule of the 2022-23 season for this whole period, namely from 2002 until 2043. So,
we considered every season between 2002 and 2043 to have the exact same schedule as
the 2022-23 season. This trick is required for simplicity, necessity, and comparability. For
simplicity, because for previous seasons we could have used previous Laliga schedules,
but since teams change every year because of relegation and promotion, this would have
added complexity. For necessity, because both the schedule and the teams for the future
LaLiga schedule are unknown, as a result, it makes sense to copy the Laliga schedule of
the 2022-23 season and use it for the seasons from 2024 to 2043. Finally, for comparability
as it allows us to study the impact of climate change, since the days and locations are kept
constant. Those two datasets, one for each period, are then merged with the previous one

in order to have the longitude and latitude for each game.

Furthermore, historical data regarding UTCI was gathered. The data came from the
ERA5-HEAT (Human thErmAl comforT) dataset, which is produced by the European
Centre for Medium-range Weather Forecasts (ECMWF) and represents the current state-
of-the-art for bioclimatology data record production by using ERA5 reanalysis. This

dataset is available on Copernicus.eu website. The data are gridded, with a horizon-
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tal coverage of 0.25° x 0.25°(corresponding at the equator to approximately 27.75 km x
27.75km), a vertical coverage at surface level, and an hourly temporal resolution. In this
case, the hourly temporal resolution is very important since we want to have an idea of
the UTCI during a football match, which only lasts for nearly 2 hours. We merged those
data with the dataset of the historical period (2002-2022) in order to have UTCI values
only for the locations and timeslots that we are interested in. The plot of the distribution

of UTCI values for every location at every timeslot can be seen in Figure 2.

Histogram of UTCI Values
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Figure 2: Histogram of UTCI values of every location at every timeslot for the 2002-2022
period
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Since ERA5 is an observational product, it is not available in the future. Hence,
future climate data was obtained from CORDEX regional climate models, a set of high-
resolution climate simulations generated with state-of-the-art numerical climate models,
providing a plausible future realization of the future climate under different future hu-
man emission scenarios (Kotlarski et al. 2014). This data was downloaded for the period
2002-2022 for a certain model in order to evaluate any bias in the model and correct it
to be able to use this model for the projections for 2024-2043. The model used is for
Europe, CNRM-CERFACS-CM5(France) for the Global Climate Model (GCM), KNMI-
RACMO22E(Netherlands) for the Regional Climate Model (RCM), and rlilpl for the
ensemble member. The data are available with a horizontal resolution of 0.11° x 0.11°
(approximately 12km x 12km over Europe) and a temporal resolution of 3 hours. Once

again, the 3-hour temporal resolution is important as we want to assess the situation
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during football games, which last approximately 2 hours. The variables downloaded are
2m air temperature, 2m relative humidity, 10m wind speed, surface solar radiation down-
wards, surface thermal radiation downward, and surface upwelling shortwave radiation.
For data from 2002 until 2005, historical data were downloaded. Those data come from
experiments in the past using GCM boundary conditions. For the data after this pe-
riod, RCP 4.5 was used, as it is the stabilization scenario. Because the downloaded data
concerned the whole of Europe for this whole period, we narrowed it down to the closest
timestamp and location of the fake and real fixtures. Using those data we calculated UTCI
values for the historical period. Moreover, using the same model as mentioned previously,
CORDEX data were used for the period 2024-2043. We used projected data according
to the 3 RCP scenarios, namely RCP 2.6, RCP 4.5, and RCP 8.5. The same variables
were downloaded, and the UTCI was calculated the same way. The bias of the model was
calculated by comparing the CORDEX and ERA5-HEAT data for the historical period,
and the same correction was then applied using QDM on the UTCI values for the future

period, as a bias might exist due to the fact that the data were generated by a model.

Last but not least, we created several extra features for our datasets. For both datasets,
we use K-median clustering to group locations sharing similar characteristics, namely their
median and their standard deviation of UTCI values. This is done in order to find locations
that are similarly affected and to address the future evolution in those locations. This
column is called "Optimal_Cluster”. In order to use K-median clustering, you need to
provide K (number of clusters) beforehand. To find the best K, we use the silhouette
analysis. Moreover, another feature is created for each column containing UTCI values (1
in the dataset for the past, 3 for the dataset for the future), which is the ’Stress Category’
and consists of the translation between UTCI values and the corresponding stress category.
The translation can be seen in Figure 1. Finally, another translation layer is added by
translating UTCI values into FIFA’s and FIFpro’s policies. In order to do so, we first find
the equivalent values between UTCI and WBGT by using the results from Figure 3 and
then translate UTCI values by using those threshold values.

19



Indices

Thermal perception

UTCI WBGT  SET PMV PET
Very cold' (Extreme cold stress'") <40 -3 <4
(very strong cold stress’) 40 t0 -27
Cold' (Strong cold stress™) 27w -13 2.5 4-8
Cool'” (Moderate cold stress'*/ Moderate Hazard”) 1300 <17 -1.5 8-13
Slightly cool' (Slight cold stress'?) 0to+9 0.5 13-18
Comfortable"* (No thermal stress™?/ No Danger™) +9 to +26 <18 17-30 0 18-23
Slightly warm' (Slight heat stress') 0.5 23-29
Warm':** (Moderate heat stress'”/ Caution™") +26 to +32 1823 3034 15 2935
Hot' ** (Strong heat stress'”/ Extreme caution™) +32 to +38 2328 3437 25 35441
(very strong heat slrc:ar-:) +38 10 +46
Very hot" 34 (Extreme heat stress'?/ Dangcr”} > +46 28-30 =37 3 >41
Sweltering® (extreme danger®) =30
"PET and PMV UTCI "SET *WBGT

Figure 3: UTCI comparisons with other thermal indexes

3.3 Data Analysis

The analysis is divided into three parts: what happened for the past 2 decades,what we
can expect in the future, depending on different future anthropogenic emission scenarios,
and the optimization problem. The goal is to have a clear idea of the current situation
of the football games played in Spain and, furthermore, to see how it might evolve in
the future, and finally, to evaluate the optimal schedule. It is expected that keeping the
exact same schedule would result in a higher percentage of games played in heat-stress

conditions, which might ultimately lead to using different policies, such as rescheduling.

In order to have a clear view, UTCI Stress categories will be used to assess the type
of conditions according to the UTCI scale in Figure 1. The data will be used to have an
idea of the locations more at risk, as well as the hours and months. The different policies
according to FIFA and FIFPro will also be used.

The analysis will be divided into 3 parts: Descriptive Analysis, Predictive Analysis,

and Prescriptive Analysis.

3.3.1 Descriptive Analysis

The goal of this section is to answer the question "What happened ?”. In this section, we
will use descriptive statistics and visualization in order to have an idea of the range of
UTCI values, the percentage of conditions in each stress category both at game time and
not, the percentage of the different policies both at game time and not, the differences in

UTCI values between hours and months, and the difference between the different clusters.
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As we want to evaluate the climate, it needs to be done over a rather long period, two
decades in our case, and that is why we use percentages over the whole period. It is also
important to have an idea of the current schedule of Laliga games regarding the effort
made by Liga Nacional de Futbol Profesional (LNFP), the LaLiga organizers, to avoid

playing in heated conditions.

3.3.2 Predictive Analysis

The goal of this section is to answer the question "What will happen ?”. This part will
be focused on using projections for different scenarios (RCP 2.6, RCP 4.5, and RCP 8.5)
to analyze the situation in the different locations and compare the months and hours
of games. These three future greenhouse gas emission scenarios represent respectively a
low-emission Paris-aligned future, a middle-of-the-road scenario, and a business-as-usual
high-emission scenario without relevant efforts for emission reduction. The predictive
analysis includes visualization, using bar chart plots, tables, and statistical hypothesis
tests. We will first analyze the future projections and compute the anomalies comparing

the future with the past 2 decades in order to evaluate the evolution.

Since we will compare the different scenarios and periods based on percentages of
each stress category, we will use a chi-squared test to assess differences in distribution.
The chi-squared test is a statistical hypothesis test. It can be used to check whether two
categorical variables have the same distribution. Indeed, we do not care if the mean or the
median increased or decreased, but if the distribution changed, having more high UTCI
values resulting in more heat stress conditions. This will ensure that the differences
observed between heat stress categories are statistically significant. The differences in
distribution will first be evaluated between the three scenarios and then between each
scenario compared with the past period. There are four assumptions for the chi-squared
test: the two variables must be categorical, all observations have to be independent, cells
in the contingency table are mutually exclusive, and the expected value of cells should
be 5 or greater in at least 80% of cells. They have all been checked, and the first 3 have
been confirmed. Regarding the last one, it was not met when comparing the 3 scenarios
together and RCP8.5 with the past. Nonetheless, we will still use this test as it allows us
to verify that the distributions are different between at least two future scenarios and the
past, and because we are not interested in the exact difference between the past and one

scenario but the trend.

3.3.3 Prescriptive Analysis

The goal of this section is to answer the question "What should I do?”. This section is

decision-focused, based on an optimization problem. The goal of the optimization prob-
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lem is to minimize the number of games played under moderate, strong, very strong, and
extreme heat stress conditions and to minimize the audience concurrency due to overlap-
ping games. Extra constraints are added on the locations of the games and the number
of games per hour. As a result, this model would give us an optimal schedule for future
seasons. In order to minimize two different values, we use a weighted sum between the
two parts of Z. The weights have been chosen, so the two terms are on a similar scale.
The hours of the games will be rounded to 15h, 18h, and 21h in order to simplify. As the
same hours were not available in every location, keeping the original schedule would have

led to more complex overlapping calculations and less flexibility.

Sets and Indices:

e [ € Location

m € Month

d € Day
e h e Hour

e The tuples T (I,d, m, h) where [ € Location, m € Month, d € Day, and h € Hour
are not uniformly distributed across all locations. Each location [ has a specific
subset of tuples that are valid, which are determined by the true original schedule,

in which each location welcomed games only on certain days.
Parameters:

o 1isky, n, the risk of heat stress exposure

e capacity;, the capacity of the Stadium for the location 1, in number of people

e numbery,, the number of games per hour in the original schedule
Decision variables:

® Ty 4mp € [0,1], is the fixture in location 1, on day d of month m at hour h on?

o overlapping, amn € [0, 1], equals 1 if there is an overlapping between two games on

day d of month m on hour h
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748Ky ., is the hourly risk of thermal stress for each location, and each month; it is
a continuous number between 0 and 4, based on the monthly conditions for the whole
future period. capacity; is the capacity of location [. It is used as a proxy to address the
audience of each game. ;4,,) is a binary variable at 1 if a game occurs in this loca-
tion [, on the day d, of the month m, 0 otherwise. overlapping; 4m.n is a binary variable
put at 1 if the game happening in location [ on day d of month m at hour h is overlap-

ping with at least another game, on the same day and same hour, but on another location.
Minimize

Z = 0.99995 * > Tidm,n * TI8Kym

heHour,de Day,meMonth,l€ Location

0.00005 * E overlapping m . * capacity, (1)
de Day,le Location,mée Month,he Hour

Subject to the constraints:

Z Tyman =1 V1€ Location,Ym € Month,¥d € Day and(l,m,d,h) € T  (2)

heHour

Z Tman = number, Yh € Hour, and(l,m,d,h) € T (3)

deDay,me Month,l€ Location

Z Tiomdn < 1+ M xoverlapping, man Vm € Month,Vd € Day,Vh € Hour (4)

[2€ Location

Z Tiomdn > 2— M *(1—overlapping; man) ¥Ym € Month,¥d € Day,Vh € Hour
[2€ Location
(5)

The objective function contains two members. The first one concerns the heat stress
risks and is a sum of the risks for each game that happens. The second term concerns

overlapping audiences and is the sum of overlapping capacities.

The first constraint, equation (2), ensures that for every fixture (gameday and loca-
tion), one and only one game is being played to be sure at least one is played, which is
what we want, but also that there is only one game being played. The second constraint,
equation (3), ensures that the sum of games being played at every hour is the same as
during the 2022-23 season. We added this constraint because it is very likely that the
LNFP has a good reason to schedule games at certain hours and not all of them at 21h.
The third and fourth constraints link the values of x and overlapping and ensure that

overlapping is equal to 1 whenever there is an overlapping. M has to be large enough, in
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this case at least the maximum of games that can be scheduled at the same timeslots. By
adding all those constraints, we try to model as much as possible the constraints existing

on the LaLiga schedule in order to have results that can be compared to each other.

4 Results and Discussion

4.1 Results

This section presents the results of the analysis. It is divided into 4 parts. The first
part will be focused on analyzing the historical period in the range of values of UTCI,
the percentage of the different stress categories, and the difference by cluster, by location
and by month. For the future period, it will be focused on understanding what could be
the results, and evaluating the same things as for the historical period. The third part is
the differences between the future and the past two decades. The last part evaluate the

results of the optimization problem.

4.1.1 Historical Analysis

The dataset contains 6888 rows. The range of values goes from the 4 of June 2002 up to
the 30" of September 2022. A description of the numerical features can be seen in Table
1, the distribution of UTCI values can be seen in Figure 2, and on overview of the dataset
can be seen in Table 4. The distribution of UTCI values is normal, and the mean and
median are close to each other (24.89 and 24.82 respectively). The range of UTCI values
is large as the minimum is 0.45 and the maximum is 46.19. Regarding the capacity, it
ranges from 13450 to 99354 with a mean of 39168. For "True_Game’, the true fixtures
represent 21.65% of all the data points, as the mean is equal to 0.2165. The number
of different teams represented is 20, so every team in LaLiga 22/23 is present. Because
our analysis only considers 3 months, a limited sample of the full LalLiga schedule, some
teams welcomed more games (ranging between 2 and 5 games) (cf Supplementary Figure
12). Before any cleaning on the hours, the amount of timeslots is quite large. It exists 11
different timeslots, the first game beginning at 14h while the last one begins at 22h, more
details can be found in the Appendix in Table 5.
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True_Game Capacity UTCI
count 6888 6888 6888
mean 0.216463 39168.356707 24.886114
std 0.411864 22047.645271  7.313227
min 0.000000 13450.000000  0.451074
25% 0.000000 23142.000000 19.981348
50% 0.000000 36017.000000 24.819666
5% 0.000000 53289.000000 30.373308
max 1.000000  99354.000000 46.188898

Table 1: Descriptive Statistics 2002-2022

As described in Section 1, we employed K-median clustering to group locations sharing
similar climate characteristics. We decided to group locations based on the median and
the standard deviation. In order to find the best value for K, we used the silhouette score.
Having 5 clusters gave us the highest silhouette score which is equal to 0.44. The details
of the silhouette analysis can be found in the Appendix on Figure 13. The results of
K-median clustering can be seen in Figure 4. 5 different clusters have been created, and

it appears that locations having similar median and distribution are grouped together,

while locations having different median and distribution are separated groups.
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Figure 4: Box plots of UTCI values for the 2002-2022 period, colored by optimal clustering
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Secondly, regarding heat stress categories during the afternoons in Spain during sum-
mer, we see that 54.1% of the time there is no thermal stress and that the combination
of strong and very strong heat stress categories represents 18.4% of the conditions. When
translated into FIFA and FIFPro policies, we observed that according to FIFpro policies,
2.6% of the conditions would mean that the game should be rescheduled and 3.4% should
have mandatory cooling breaks, while very close to none would result in mandatory cool-
ing breaks according to FIFA. On the other hand, when narrowing our analysis on games
that truly happened (keeping the simplification on the schedule as mentioned before), we
observed that 74.4% of the games were played with no thermal stress, and only 5.4% of
the games were played with strong heat stress and 0.1 % with very strong heat stress.
When those results are translated into FIFA and FIFpro policies, according to FIFpro,
0.8% of the games should have had mandatory cooling breaks, and only 0.1% of the games

should have been rescheduled. More details can be seen in Figure 5.

Percentage of Different Stress Categories for Available Timeslots Percentage of Different Stress Categories for Games Played
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(c) Policies for Available Timeslots (d) Policies for Games played

Figure 5: Stress Categories and Policies percentages for the 2002-2022 period

In addition, as observable in Figure 6, by dividing the analysis by optimal clusters, the
situation is quite different amongst the different clusters. The locations in cluster number
4 (Athletic Bilbao, Real Sociedad, and Osasuna) were exposed to no thermal stress 81.5%
of the time and to strong or very strong heat stress only 2.7% of the time, while the most

exposed cluster, cluster number 2 (Betis Seville, Cadix, Rayo Vallecano, and Seville FC)
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was exposed only 37.1% of the time to no thermal stress, 31.4% of the time to strong
and 12% of the time to very strong heat stress. The results are different when looking at
the conditions during games. Cluster number 4 is still the one exposed to the least heat
stress, with 84.7% of the games being played with no thermal stress. But for the other 4
clusters, the percentage of conditions with no thermal stress increased a lot, from 16.7%
for cluster number 3 to 32.1% for cluster number 2. Besides, cluster 0 is the one in which

games were the most played in strong or very strong heat stress conditions.
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(a) Stress Categories by cluster (b) Stress Categories by cluster during games

Figure 6: Stress Categories by clusters

Furthermore, the analysis of the differences in heat stress conditions by hour, on Figure
Ta, highlighted that there is no heat stress after 20h, the hour with the smallest percentage
of no thermal stress is 12h, and it is also the hour with the highest percentage of strong
and very strong heat stress (35%). The three periods, 12h, 14h, and 15h, are very similar
and are the most exposed to heat stress, with a combined percentage of strong and very
strong heat conditions of 35%, 34.9%, and 34.5%, respectively.

In addition, the analysis of the monthly thermal stress situation gave us the results on
Figure 7b,. The month of June is the one with the highest percentage of no thermal heat
stress conditions, with a percentage of 70.1 %. Moreover, June is exposed 5.5 % of the
time to strong heat stress. The month having the highest percentage of strong and very
strong heat stress is August, with 24.7 %, followed by September at 16.4%. The month
of August also has the smallest percentage of no thermal stress conditions, with 48.9 %

while September has 53.5 %
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(a) Stress Categories by hours (b) Stress Categories by month

Figure 7: Stress Categories by hours and months

4.1.2 Future Analysis

For the future period, the data goes from the 4" of June 2024 until the 30" of September
2043. It contains 6560 entries; amongst them, 328 contain NA’s for the value in UTCI
under RCP2.6. As a result, those rows have been removed for every scenario. The details
of the values can be seen in Table 2. The 'Capacity’ and "True_Game’ columns have the
same statistics as for the historical period. For the UTCI values of the 3 scenarios, the
means are very close to each other. They are equal to 25.87 for RCP2.6, 25.71 for RCP
4.5, and 25.92 for RCP8.5. As for the historical period, the median and the means are
very close; the median is equal to 25.75, 25.61, and 25.73, respectively. The range of
UTCI values is different across the scenarios; as for RCP 2.6, the minimum value is 1.27,
and the maximum value is 46.44; for RCP 4.5, it is 0.13 and 46.37, and for RCP8&.5, it
is -3.72 and 46.39. Outliers have been kept, and we created 2 different types of columns,
each time for the 3 different scenarios: Stress Category and Policies. The values in the
Stress Category columns represent the different stress categories. The values in Policies
are based on the 2 policies according to FIFpro and the one according to FIFA, they are
based on the UTCI value after using the equivalence between UTCI and WBGT values.

The UTCI values have a normal distribution, as shown in Figure 11.

As mentioned before, QDM has been used to correct the existing bias in UTCI values
projected. The results can be seen in Figure 8. We can observe that after the bias cor-
rection, the distribution of the UTCI values is narrower and that the median is higher for

every scenario.

Moreover, in Figure 9, we see that the second scenario (RCP4.5) has the highest per-
centage of no thermal stress conditions, with 51.1% followed by RCP2.6, with 50.9% and
topped by RCP8.5, with 50.4%. The highest percentage of both strong and very strong

heat stress appears in the least optimistic scenario (21.7%), and they are the lowest in the
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Table 2: Descriptive Statistics for 2024-2043

count
mean
std
min
25%
50%
5%

max

Capacity
6232.000000
39168.356707
22047.813765
13450.000000
23142.000000
36017.000000
53289.000000
99354.000000

True_Game
6232.000000
0.216463
0.411867
0.000000
0.000000
0.000000
0.000000
1.000000

UTCI26

6232.000000

25.867316
6.679556
1.273134

21.350342

25.747507

30.812346

46.436747

UTCL45

6232.000000

25.710620
6.890237
0.134271

21.121230

25.613697

30.649761

46.368222

UTCLS85

6232.000000

25.922416

7.212438
-3.716052
21.191384
25.727391
31.254653
46.394194

second scenario (19.2%), even if, in this case, the percentage of very strong heat stress is
higher than in RCP2.6. In RCP2.6, the cumulated percentage of both strong and very
strong heat stress is 19.4%. The assumptions of the chi-squared analysis were not met
so we can not ensure that the differences in distribution are statistically significant. By
taking a look at the residuals, we can see that no absolute value exceeds 2. The details

can be found in Table 6 in the Appendix.

Box plot of UTCI_26, UTCI_45, and UTCI_85 from before and after bias correction
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Figure 8: Bias correction on UTCI values for the 2024-2043 years
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Percentage of each Stress Type by Stress Category
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Figure 9: Percentages of the Heat Stress Categories for the Different Scenarios

Figure 10 shows that the percentages of the heat stress categories across hours show
similar patterns under the different scenarios. Our results showed that for the 3 scenarios,
12h, 14h, and 15h represent the hours with the highest percentages of both strong heat
stress and very strong heat stress. In RCP2.6 and RCP4.5, 12h is linked with the highest
percentage of strong heat stress, with 40%, while for RCP8.5, it is 14h, with 44%. The
highest percentage of very strong heat stress is at 12h for each scenario, with 9%, 10%,

and 12% respectively. The smallest percentage of no thermal stress is for each scenario at
14h.
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Figure 10: Percentages of Heat Stress Categories across Hours under 3 different scenarios
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We found that cluster number 2 has the smallest percentage of no thermal stress in all
scenarios, with around one-third of occurrences, and would be exposed to the most heat
stress, with strong heat stress conditions being between 29.3% and 32.2% and very strong
heat stress between 12.3% and 18.5%. Cluster number 4 has the highest percentage of no
thermal stress, with 76.7%, 79.8%, and 79.7%, and the smallest percentage of strong heat
stress, with 5.3%, 3.2%, and 3.7%. More details can be found in the Appendix on Figure
14.

Finally, regarding the differences across the months under the different scenarios, we
observe that the 3 scenarios are similar (cf. Appendix on Figure 15). In the 3 scenarios, the
3 months have a similar percentage of no thermal stress conditions. Moreover, August
is always the month with the highest percentages of both strong heat stress and very
strong heat stress conditions. The highest values are obtained for August under RCP2.6
and RCP8.5 with 19% for strong heat stress, 4% for very strong heat stress, and 18% for
strong heat stress, and 5% for very strong heat stress, respectively. Under each scenario,
June has the highest percentage of no thermal stress with 53%, 53%, and 52% across the

scenarios.

4.1.3 Comparison between the 2 periods

The evaluation of both periods leads to an assessment of the evolution of the situation
between the two periods. The results can be found in Table 3. In the past, 54.05% of
the conditions were in no thermal stress; this number decreased by 3.6% in the least op-
timistic scenario and 3.1% and 2.94% for RCP 2.6 and RCP 4.5, respectively. For the
4 other thermal stress conditions, namely moderate heat stress, strong heat stress, very
strong heat stress, and extreme heat stress, all witnessed an increase in percentage. The
increase in percentage for the extreme heat stress thermal category is the slightest, the
maximum value being 0.01% for RCP 2.6 and the smallest being 0.001528% for the two
others. Chi-square analysis was done to evaluate if those differences are statistically sig-
nificant. The test was done between the past value of UTCI and each scenario separately.
A p-value of 1.63 x 1074, 5.44 x 107*, and 6.38 x 10~ were found for RCP2.6, RCP4.5,
and RCPS8.5, respectively, and all the assumptions were met except for RCP8.5. So the
trends are found to be significant except for RCP8.5.
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Table 3: Thermal Stress Conditions Past vs Future

Condition Past RCP_26 (in %) RCP_45 (in %) RCP_85 (in %)
No thermal stress 54.050523 -3.103796 -2.943334 -3.601229
Moderate heat stress 25.667828 3.327679 3.311633 0.856562
Strong heat stress 15.752033 0.839752 0.213950 1.914848
Very strong heat stress — 2.627758 0.148236 0.533346 1.415887
Extreme heat stress 0.014518 0.017574 0.001528 0.001528

These future changes in UTCI for different scenarios is also illustrated in Figure 11
representing the histogram of UTCI values across historical and the different future sce-
narios. A clear shift to the right of the distribution is observable, with higher heat stress
values for the higher emission scenarios. This result is even more noticeable when taking
UTCI values during games, where, first of all, values are least extreme, and furthermore,

the distribution change is bigger.

Normalized Histogram of UTCI values with Common Bins Normalized Histogram of UTCI values with Common Bins for True Games

= Past UTCI = Past UTCI

Future UTCI_26 008 Future UTCI_26
Future UTCI_45 Future UTCI_45
Future UTCI_85 Future UTCI_85
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(a) UTCI distribution for the past and the 3 (b) UTCI distribution for the past and the 3
scenarios scenarios during games

Figure 11: UTCI distribution comparison between the past and the 3 future scenarios

Notice that even if the increase in percentages does not seem large for some heat stress
categories, by focusing on months, hours, and clusters, we observe that the situations are

very different and that some are exposed to a massive increase in heat stress exposure.
4.1.4 Optimisation Problem
The solution of the Linear Problem gave us an optimal schedule for the 3 scenarios.

For RCP 8.5, by opting for the optimal schedule, 79.2% of the games would be played
under no thermal stress, 17.5% under moderate heat stress, and only 1.6% of the games

would be played in strong heat stress conditions. On the other hand, keeping the same

schedule as before would mean having 70.3% of the games played in no thermal stress
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conditions,19.3% in moderate heat stress, 7.6% in strong heat stress conditions, and 0.7%
in very strong heat stress conditions. Translating this into FIFA and FIFpro policies, by
using the optimal schedule, we ensure that 100% of the games are played without cool-
ing breaks nor rescheduling, while 4% of the conditions would require that the game is
rescheduled according to FIFpro and 4.3% would require mandatory cooling breaks. By

using the current schedule, those numbers decrease to 0.7% and 1.2% respectively.

For RCP 4.5, by opting for the optimal schedule, it is 79.5% of the games would be
played under no thermal stress, while only 0.7% would be played in strong heat stress
conditions and 18.8% under moderate heat stress. By using the current schedule, the
percentage of no thermal stress conditions would decrease to 73.2%, moderate heat stress
conditions would represent 20.3%, and 5% of the games would be played under strong
heat stress and 0.3% under very strong heat stress. Under RCP4.5, 3.2% of the games
would need to be rescheduled, and 4% would need mandatory cooling breaks, according
to FIFpro. By using the current schedule, those numbers decrease to 0.3% and 1% respec-
tively, and by using the optimal schedule, those decrease to 0.1% for the cooling breaks
and 0% for the rescheduling.

Last but not least, for RCP 2.6, the current schedule would expose spectators, staff,
and players to no thermal stress in 73% of the games, to moderate heat stress in 19.3% of
the games, to strong heat stress in 6.5% of the games and to very strong heat stress 0.1%
of the games. By opting for the optimal schedule, spectators, staff, and players would
be exposed to no thermal stress in 80.6% of the games, to moderate heat stress in 16.3%
of the games, to strong heat stress in 2.0% of the games and never to very strong heat
stress. Moreover, 3.9% of the timeslots would mean mandatory cooling breaks and 2.8%
would mean that the game should be rescheduled, both according to FIFpro. Keeping
the current schedule would mean that 0.8% need mandatory cooling breaks, and 0.1% of
the games would need to be rescheduled. Finally, by using the optimal schedule, both

percentages would be 0.

4.2 Discussion

The goal of this section is to interpret the research findings, compare them with es-
tablished theories and ideas, aim for generalization, and the effect on professional and

academic practice.

34



4.2.1 Interpretation of the Research Findings

The objectives of this research were firstly to have an idea of the situation in Spain re-
garding heat stress exposure during gamedays in the summer, then more specifically, to
address the situation during games. Secondly, the goal was to know what we could expect
in the future in Spain, and more specifically if we keep the same schedule. Finally, we
wanted to know if the future schedule could be optimized to reduce heat stress exposure,

and if so, how much would it improve the situation for players, staff, and spectators.

Firstly, the results give us a good insight into the situation in Spain in the different
football stadiums for the past 20 years. We understand that slightly more than half of
the time during summer, there was no thermal stress in Spain, but that the combination
of both strong and very strong heat stress conditions represented 18.4% of the conditions.
It is important to understand that the time slots for the football games can not just be
randomly picked to maximize the audience or for other financial reasons and Laliga has
to take into account the climatic characteristics of the environment to choose wisely the
game schedule. Moreover, regarding the policies, we observed that 94% of the conditions
would result in no cooling breaks nor rescheduling, 3.4% in cooling breaks, and 2.6% in
rescheduling, according to FIFpro. Fortunately, by analyzing the conditions in which
games were played in the past 20 years, it appears that the percentage of games played
with no thermal stress is higher than the percentage of conditions without thermal stress
during this period, 74.4% and 54.1%, respectively. In addition, the percentages of manda-
tory cooling breaks and rescheduling were lower. This serves as a key indicator that the
LNFP is already choosing the time slots wisely in order to reduce the heat stress implied

to players, staff, and spectators.

Moreover, grouping locations according to the median value of UTCI and the stan-
dard deviation and then using those optimal clusters to further our analysis helped us to
get insight into the locations that were more at risk. The disparity between the differ-
ent groups is very large. Some were almost never exposed to strong or very strong heat
stress conditions, such as cluster number 4 grouping Athletic Bilbao, Osasuna, and Real
Sociedad (all in northern Spain), while for others, such as cluster number 2 (including
Betis Seville, Cadix, Rayo Vallecano, and Seville FC), it represented close to half of the
conditions. August was found to be the summer month with the highest percentage of
both strong and very strong heat stress, while June was the summer month with the high-
est percentage of no thermal stress conditions. This might be an indication that shifting
the season to begin later in August or in September, and to end later in June might be
interesting in the future. Finally, analyzing the situation hour by hour shows that games

played before 15h are strongly exposed to heat stress, while after 20h there is no heat
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stress. Once again, this might represent an alternative to the current schedule, even if,
of course, shifting all the games later might mean more overlapping and, thus, reduced
audiences. We think that this whole analysis gives us a good idea of the past two decades

in Spain during summer in the football locations of Laliga.

In addition, regarding the situation for the coming twenty years, we observe that the
three scenarios, namely RCP2.6, RCP4.5, and RCP 8.5, depict a similar but slightly
different situation. Firstly, the shift to higher heat stress conditions of the distribution
of UTCI values between the past two decades and the future two decades supports the
idea that LaLiga players, supporters, and staff will be subjected to more heat stress in
the coming years. The fact that the three scenarios depict a situation in which the per-
centages of moderate heat stress, strong heat stress, very strong heat, and even extreme
heat stress conditions increase supports the hypothesis that players, staff, and spectators
will be exposed to more thermal heat stress. Furthermore, according to the 3 scenarios,
cluster number 2 will remain the one being the most exposed to extreme temperatures,
and cluster number 4 the one being the least exposed to extreme temperatures. For every
cluster, the percentage of no thermal stress conditions will decrease, and depending on the
scenario, some percentages of strong and very strong heat stress conditions decrease, but
in general, they all increase. The increase in UTCI values is general and exposes every
location to more heat stress. As a result, they all have to take into consideration that the
situation is getting worse. In the future, the most exposed hour will be narrower than in
the past but more extreme. According to the 3 scenarios, 12h, 14h, and 15h will be the
most exposed hours to heat stress, with 12h being the most exposed. In addition, for the
different months, the situation will change as June, August, and September will be more
similar. June will be exposed to more heat stress, and August a bit less. This supports
that in the future, it might be difficult to maintain playing games before 15h and in June,
which is contradictory to the historical analysis. The schedule should shift to later hours

and the season might be shortened to finish earlier.

Finally, it was possible to find an optimal schedule in the three different scenarios.
It was surprising to find out that even when trying to reduce overlapping as much as
possible and while keeping the same amount of games played at each hour as for the
2022-23 season schedule, it was possible to find a schedule with a low percentage of games
played in strong or very strong heat stress, although the overlapping is higher than in the
past with 35 games overlapping, compared to 21 in the past. Besides, we observed that
using the optimal schedule over the current one for the future reduces significantly the
exposure to strong heat stress conditions by approximately 5% for each scenario and that
it leads to no cooling breaks or rescheduling of games. It supports that rescheduling is

needed and effective to reduce heat stress exposure but it has a cost: more overlapping

36



will be induced. Moreover, the percentages of heat stress exposure were lower than the
current schedule during the past two decades. It might be the case because there are
other constraints that should be introduced and that could explain why the percentages
of games played under strong or very strong heat stress conditions are so "high” for the

past two decades.

4.2.2 Correspondence with Literature Review

It has been shown that climate change, via extreme heat, has an impact on the sports
industry, forcing games to be rescheduled or to have mandatory cooling breaks, and here,
this impact was observable for a specific case: laLiga in Spain. Moreover, the results for
the future period match the expectations presented in the Literature Review, stating that
more extreme heat events are expected as time passes. Knowing that this is expected and
to what extent allows Laliga organizers to anticipate and to already try to find solutions
to apply this optimized schedule. Because it is good to know that this optimal schedule
exists, that it is feasible, and that by using it, the percentage of games played under
strong or very strong heat stress can be significantly reduced and that rescheduling might
be avoided, it is something else to be able to introduce this new schedule, as there might
constraints from Lal.iga’s point of view that we do not know. Nonetheless, thanks to this
analysis, the LNFP can anticipate and find solutions to reduce heat stress in the coming

years, even with all those constraints.

4.2.3 Appropriateness of the Methodology and Data Collection

The quality of the data is high since they come from trustworthy sources, although some
things might lead to issues. First of all, the length of the period observed for both the
past and the future. Those two periods were supposed to be 20 years long, but due to
missing values, the future period is shorter, and it is considered by some climate scientists
that in order to observe significant differences regarding the climate, a period of 30 years

is necessary.

Moreover, the precision of the data could lead to inaccuracies. The temporal accu-
racy for the future is lower as the resolution is 3-hours and not hourly. In addition, the
spatial accuracy can also lead to inaccuracies as the data we got do not concern exactly
the location of the stadiums, and some stadiums were summarised to the same location.
Furthermore, we base our analysis of the future on only one model, and the analysis would
be more accurate by using different models, each one proposing one possible future. Ad-
ditionally, considering that the schedule has been constant for the past 20 seasons has
had some impact on the evaluation of the situation in the past two decades. Finally, the
choice of the values for the equivalence between the WBGT and UTCI threshold is not
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perfectly precise and might lead to different results, even if it might be negligible.

Concerning the methodology, we think that it was appropriate. We decided to use a
model proposed from reliable sources, and by using QDM to correct it, we managed to
handle the bias. As a result, the resulting model is free from bias, and the trend is kept,
which is fundamental in climate science. Moreover, choosing K-median clustering as a
tool for the grouping of locations makes sense, as using the median over the mean ensures
that it is less sensitive to outliers. We could have opted for geographical clustering as
close locations could have similar climates, but it might be the case that the situation
between two close locations is very different. As a result, we decided to use K-median,
topped with the analysis of standard deviation, because two locations might have a close
median, but in our analysis, the standard deviation has a big impact, as the most extreme

heat stress conditions arise from the most extreme UTCI.

Furthermore, using percentages makes sense in our case as for the future period, the
model we use does not depict the climatic characteristics by day or by hour but ensures
that the distribution of probability could look like that. As a result, it would not make
sense to analyze the future by day or year, but we analyze the probability distribution of
the climatic situation for the two coming decades in Spain. Regarding the past decades,
we do have the data for each day, and those are (almost) real data, but first of all, since
the schedule has been made up, it would not make sense to observe day by day. Besides,
the goal of our analysis is to analyze the climate, and this is made over a long period of
time and not day by day. For all those reasons, using percentages made the most sense

to analyse both situations and the differences between the two.

Finally, we opted for a Linear Program to find the optimal schedule with a multi-
objective function. This makes sense since it is one way to resolve optimization problems.
Nonetheless, we might lack some constraints that we do not know regarding the way that
the schedule is done. Moreover, the weights in the objective function have been chosen
so the two terms have the same scale, but it is possible that the LNFP would focus more

on one objective.

4.2.4 Effect on Professional and Academic Practice

The goal of this research is to have an impact on professional practice as we want to make
sports competition organizers understand that because of climate change, organizations
have to use different policies to adapt as it might put players, supporters, and staff at
risk. We think that this practical case of Lal.iga’s exposition to extreme heat makes sense

and that it will attract sports organizers’ attention. On the other end, even if no new
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technique was used in this research, we believe this might inspire researchers to analyze
the situation for other football leagues or other sports. In that regard, we expect to have

an academic effect by adding our research to a new field.

4.2.5 Generalization

Last but not least, those results can be generalized to, first of all, other sports compe-
titions, not only in Spain but in the whole Mediterranean Region. Spain is known to
welcome lots of different big sports events such as football, tennis, golf, F1, ... In that
regard, we think the results obtained in this analysis can be generalized for other sports
in Spain. Moreover, since the Mediterranean region is exposed to those important climate
changes and in similar proportion, we expect those results to be relevant for the rest of

this region.

5 Limitations

First of all, we based our analysis on the past 20 years and predict the future climate
for the coming two decades while it is supported that 20 years is the minimum to ob-
serve significant changes in climate and that a period of 30 years might be more suitable.
Since the same schedule has been applied for the past 20 years, but this is not the actual
schedule that happened, conclusions taken on percentages of games in those conditions,

or whether LaLiga already adapts or not, might be impacted.

Finally, We have some missing values in the future (about 2 years), and this might
impact the results too. We only used one model to predict the future situation, which
proposes one possible future. By using 2 or 3 models, the conclusions should be more
supported. The data gathered have a lack of temporal and spatial accuracy, which could
ultimately affect the results. UTCI is not a perfect index to address heat stress exposure,

and its translation from WBGT could be improved

6 Conclusions

6.1 Main Findings and Conclusions

The goal of this research was to assess the current and future impact of extreme heat on
the professional football industry in Spain, focusing on Laliga - the man’s football first

division - and to evaluate if a rescheduling optimization strategy might be enough to limit
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this impact.

First, we showed that the football locations in Spain have already been exposed to
high heat stress events over the last two decades. We observed that the combination of
strong and very strong heat stress represents 18.1 % of the conditions from 12h until 22h
on Laliga game days. Moreover, we analyzed that 5.4% of the games were played under
strong or very strong conditions during the past two decades. In addition, we discovered
that the situations are very different across the 20 locations and that those locations can
be grouped into 5 clusters based on the median and the standard deviation of their UTCI
values. The least heated group was only exposed 2.9% of the time to strong or very strong
heat stress, while the most heated group was exposed almost half of the time to strong or
very strong heat stress. This disparity is also observable for hours where the 12h-15h pe-
riod represents the most at-risk period with around one-third exposition to strong or very
strong heat stress, while there is no heat stress after 20h. Furthermore, August represents
the most heat-exposed month, followed by July, and then by June. Game exposition is
way lower than the general exposition, leading to the intuition that the LNFP already
tries to reduce players’, spectators’, and staff’s heat stress exposure. To sum up the situ-
ation in Spain for the past two decades, Spain has been exposed to high heat stress, but
the situation has already been handled by La Liga’s organizers by scheduling the games
to better time slots, introducing mandatory cooling breaks, and rescheduling the game
when needed. In other words, Laliiga’s schedule is relatively well adapted to the current

Spanish summer climate conditions.

Secondly, we evaluated the situation that might arise in the coming 2 decades. We
based ourselves on three different scenarios, namely RCP2.6, RCP4.5, and RCP8.5 - re-
spectively representing a Paris-aligned future emission scenario, and middle-of-the-road
scenario, and a business-as-usual emission scenario without relevant efforts for emission
reduction. We found that the situation is similar but different between the 3 scenarios.
For each scenario, the percentage of moderate heat stress conditions, strong heat stress,
and very strong heat stress was higher than in the past two decades, and the percentage of
no thermal stress conditions decreased. Moreover, the percentages of mandatory cooling
breaks and rescheduling would increase by 1% and 1.4%, respectively, in the worst-case
scenario. The most exposed hours remain at 12h, 14h, and 15h, but the heat stress ex-
posure increases for 12h and 14h and decreases for the others. For every month, the heat
stress exposure increases, with the highest increase in June. Every cluster will also be
exposed to more heat stress. As expected, the situation will worsen by exposing athletes,

staff, and spectators to more heat stress in the coming years, and this in every location.

We solved, for each scenario, an optimization problem in order to find the optimal
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schedule, reducing the exposure to heat stress as much as possible, as well as avoiding
dilution of audiences. For each scenario, we managed to find an optimal schedule, never
exposing players, staff, and spectators to very strong heat stress, and to strong heat stress
1.9%, 0.7%, and 1.6% of the times, for RCP 2.6, RCP4.5, and RCP 8.6 respectively.

By analyzing the situation in the past twenty years according to FIFA’s and FIFpro’s
policies, we observed that 0.8% of the games should have had cooling breaks while 0.1%
should have been rescheduled or canceled. This translates into approximately 2 games
canceled or rescheduled and around 12 games with mandatory cooling breaks in 21 years.
In the next 2 decades, those numbers, if keeping the same schedule, are between 0.8%,
and 1.2%, and 0.1% and 0.7%, respectively, according to the scenarios, which shows that
more and more games will need to apply those policies in order to protect players, staff,
and spectators. Fortunately, by using the optimal schedule, the number of games being

rescheduled or canceled, or with mandatory cooling breaks can decrease to 0.

This might indicate that rescheduling is enough to mitigate the impacts of climate
change on the professional football industry in Spain, but we think that it has to be taken
with a grain of salt. Indeed, it is possible that we are missing some constraints, making
impossible to apply this optimal schedule. Moreover, we think that both FIFA’s and
FIFpro’s recommendations might be too optimistic and not protecting athletes, staff, and
supporters enough, as we can see that it is recommended to reduce physical activity when

exposed to strong heat stress (Figure 1).

Extreme heat exposure can have several consequences, such as injuries or casualties,
but also legal and financial. Financially, game rescheduling or overlapping leads to a rev-
enue decrease, but also, for football clubs in the most exposed regions, it might get harder
to have stadiums financed. Besides, legally, the LNFP is facing more risks if spectators,
staff, and players are put into more endangering conditions. For all those reasons, our
research gives an important insight into what can be expected in the near future for the
Spanish professional football league. It will help organizers to make decisions with full

knowledge of the facts and anticipate future problems that might arise.
Even if, according to the results, the situation appears under control and not too

extreme, we want to strongly underline that it only takes once to become a massive event,

and that could change the rules.
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6.2 Future Research

Future research might be oriented towards doing the same analysis in other locations,
especially in the Mediterranean Region, or a similar analysis can be done for other sports,
such as tennis, which has been highly impacted by extreme heat events in recent history.
In addition, it would be very interesting to deepen the financial impact of extreme heat
on the professional football industry in Spain or to address the impact of extreme heat

on performance, which would also have several financial consequences for the LNFP.
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A Appendix

Home Team Timestamp True_Game Capacity UTCI Stress Category
Valence FC  2022-08-29 18:00:00 0 49500 25.042688 No thermal stress
Cadix 2022-08-29 20:00:00 1 25033 21.906213 No thermal stress
Cadix 2022-08-29 21:00:00 0 25033 21.230341 No thermal stress
Valence FC  2022-08-29 21:00:00 0 49500 23.518121 No thermal stress
Valence FC  2022-08-29 22:00:00 1 49500 24.019098 No thermal stress

Table 4: Dataset overview
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Figure 12: Number of Games by Location
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Figure 13: Silhouette Analysis

Time Number of Games

14.00 6
16.25 6
17.00 1
17.50 6
18.50 7
19.00 11
19.50 6
20.00 4
21.00 14
21.50

22.00 9

Table 5: Number of Games by Hour
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Table 6: Standardized Residuals

Stress Category 26 Stress Category 45

Stress Category 85

No thermal stress
Moderate heat stress
Strong heat stress
Very strong heat stress
Extreme heat stress
Slight cold stress

Moderate cold stress

0.002210
0.029434
-0.008946
-0.165595
0.50
-0.259036
-1.0

0.005366
0.028864
-0.046326
-0.049839
-0.25
-0.132530
-1.0

-0.007576
-0.058299
0.055272
0.215434
-0.25
0.391566
2.0
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Stress Category Percentages for RCP 2.6
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(a) Percentages of Heat Stress Categories across Optimal Clusters under RCP2.6
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(c) Percentages of Heat Stress Categories across Optimal Clusters under RCP8.5

Figure 14: Percentages of Heat Stress Categories across Optimal Clusters under 3 different
scenarios 53



UTCI 2.6 Stress Category Distribution by Month

100% 18 0%

|

80%
32%
29%
28%
60%
.
g
g
3
h:
40%
Stress Category
20% === No thermal stress
Moderate heat stress
== Strong heat stress
mmmm \/ery strong heat stress
=mmm Extreme heat stress
Slight cold stress
0%
- -
Month
(a) Percentages of Heat Stress Categories across Months under RCP2.6
UTCI 4.5 Stress Category Distribution by Month
100% 2% 1% 1 “ﬁ
80% -
32%
27% 30%
60%
.
g
8
&
40%
Stress Category
20% === No thermal stress
Moderate heat stress
mmmm  Strong heat stress
mmmm  \ery strong heat stress
mmmm Extreme heat stress
Slight cold stress
0%

w
Month

(b) Percentages of Heat Stress Categories across Months under RCP4.5

UTCI 8.5 Stress Category Distribution by Month

100% i“ﬁ

80%
28%
27%
60%
2
=3
S
£
8
5
&
40%
Stress Category
20% No thermal stress

Moderate heat stress
Strong heat stress

Very strong heat stress
Extreme heat stress
Slight cold stress

0%

Month

(c) Percentages of Heat Stress Categories across Months under RCP8.5

Figure 15: Percentages of Heat Stress Categories across Months under 3 different scenarios
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B Code

https://github.com/mathleng/impact_extreme_heat_spain/blob/main/final_code.ipynb
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