
Citation: Padró, J.-C.; Della Sala, V.;

Castelló-Bueno, M.; Vicente-Salar, R.

Mapping the Influence of Olympic

Games’ Urban Planning on the Land

Surface Temperatures: An Estimation

Using Landsat Series and Google

Earth Engine. Remote Sens. 2024, 16,

3405. https://doi.org/10.3390/

rs16183405

Academic Editors: Christiane Weber,

Jean-Christophe Calvet

and Jingxia Wang

Received: 25 July 2024

Revised: 19 August 2024

Accepted: 8 September 2024

Published: 13 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Mapping the Influence of Olympic Games’ Urban Planning on
the Land Surface Temperatures: An Estimation Using Landsat
Series and Google Earth Engine
Joan-Cristian Padró 1,2,* , Valerio Della Sala 3,4,5 , Marc Castelló-Bueno 3 and Rafael Vicente-Salar 3

1 Grumets Research Group, Departament de Geografia, Edifici B, Universitat Autònoma de Barcelona,
E08193 Bellaterra (Cerdanyola del Vallès), Spain

2 Institut Cartogràfic i Geològic de Catalunya (ICGC), Parc de Montjuïc, E08038 Barcelona, Spain
3 Departament de Geografia, Universitat Autònoma de Barcelona, E08193 Bellaterra (Cerdanyola del Vallès), Spain;

valerio.dellasala@uab.cat (V.D.S.); marc.castello.bueno@uab.cat (M.C.-B.); rafael.vicente@uab.cat (R.V.-S.)
4 Sport Research Institute IRE-UAB, E08193 Barcelona, Spain
5 Interdepartmental Research Centre for Urban and Mega-Events Studies (OMERO), 10153 Turin, Italy
* Correspondence: joancristian.padro@uab.cat; Tel.: +34-639083003

Abstract: The Olympic Games are a sporting event and a catalyst for urban development in their
host city. In this study, we utilized remote sensing and GIS techniques to examine the impact of the
Olympic infrastructure on the surface temperature of urban areas. Using Landsat Series Collection
2 Tier 1 Level 2 data and cloud computing provided by Google Earth Engine (GEE), this study
examines the effects of various forms of Olympic Games facility urban planning in different historical
moments and location typologies, as follows: monocentric, polycentric, peripheric and clustered
Olympic ring. The GEE code applies to the Olympic Games that occurred from Paris 2024 to Montreal
1976. However, this paper focuses specifically on the representative cases of Paris 2024, Tokyo 2020,
Rio 2016, Beijing 2008, Sydney 2000, Barcelona 1992, Seoul 1988, and Montreal 1976. The study is
not only concerned with obtaining absolute land surface temperatures (LST), but rather the relative
influence of mega-event infrastructures on mitigating or increasing the urban heat. As such, the
locally normalized land surface temperature (NLST) was utilized for this purpose. In some cities
(Paris, Tokyo, Beijing, and Barcelona), it has been determined that Olympic planning has resulted
in the development of green spaces, creating “green spots” that contribute to lower-than-average
temperatures. However, it should be noted that there is a significant variation in temperature
within intensely built-up areas, such as Olympic villages and the surrounding areas of the Olympic
stadium, which can become “hotspots.” Therefore, it is important to acknowledge that different
planning typologies of Olympic infrastructure can have varying impacts on city heat islands, with
the polycentric and clustered Olympic ring typologies displaying a mitigating effect. This research
contributes to a cloud computing method that can be updated for future Olympic Games or adapted
for other mega-events and utilizes a widely available remote sensing data source to study a specific
urban planning context.

Keywords: normalized land surface temperature; cloud computing; surface urban heat island

1. Introduction

Mega-events such as the Olympic Games, may significantly transform the urban
landscape of their host cities [1–5]. The urban planning process driven by the Olympic
event can lead to an increase or mitigation of urban surface temperatures, suggesting
that the design of Olympic facility locations and structures can impact the urban climate.
Considering the future challenges posed by climate change, this study focuses on analysing
the impact of Olympic facilities on the surface urban heat island (SUHI) effect, which can
be derived from land surface temperature (LST) remote sensing data.
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1.1. Olympic Games Urban Planning

Over time, mega-events have induced major urban transformations [6–10]. As ob-
served in the following section, the Summer Olympic Games were developed through a
model of sports promotion that transformed into a model of metropolitan development [11].
To analyse the different main stages of urban transformation in the host cities, we will
examine the evolution through five different phases [3].

1.1.1. Phase I: Minimal Transformation (1896–1924)

The first phase of the Olympic Games began with the event’s first games, until the
construction of the first Olympic Village in Paris in 1924. Throughout this phase, sub-
sequent games were characterized by private funding, an interest in promoting sports
through host cities, and economic organization. Consequently, Olympic cities in this phase
focused on minimal transformations, proposing models of temporary accommodation in
military areas or through public availability [4].

1.1.2. Phase II: Emerging Spatial Organisation (1932–1956)

In the second phase, Olympic cities focus on the construction of sports facilities for
the foundation of a new sports district in their peripheral areas. The Olympic games in
the second phase catalysed the construction of new sports facilities and Olympic accom-
modations that, in the post-Olympic period, became new permanent neighbourhoods for
the host cities. Thus, the second phase saw the emergence of spatial organisation and the
creation of new practices for infrastructural transformations, which we will observe in the
third phase. In this phase, the Berlin 1936 project promoted a new spatial solution for the
future host cities of Helsinki and Melbourne [3,4].

1.1.3. Phase III: Reconfiguration of Cities (1960–1988)

In the third phase, Olympic cities become deeply inspired by the design of the
1960 Rome Olympic Games. The Rome event is recognised as the first to consider the
Olympic event as an instrument of urban development and as an opportunity for reconfig-
uring the city [12]. The city of Rome concentrated on working in different areas, developing
a modern transport system and constructing an airport. The 1964 Tokyo games followed
the same philosophy as the previous games, using the Olympic event as an instrument
of urban renewal. However, Tokyo took advantage of the event to promote a ten-year
development plan that included improving the infrastructure system, roads, harbour, hous-
ing, water supply and public health. The Tokyo games led to one of the most extensive
urban development projects associated with the Olympics [3]. For the 1968 Mexico City
games, a spatial organisation was planned that included the development of new infrastruc-
ture and housing to expand a peripheral area of the metropolis. Meanwhile, the Munich
1972 games proposed redeveloping a brownfield site to construct a sports park, including
residences. The Munich plan foresaw the construction of a new self-sufficient community
and other road improvements in the city. Various improvements, such as the restoration
and pedestrianisation of the old town, the expansion of public transport lines, the creation
of underground car parks, the development of a new shopping centre and the construction
of three new motorways were carried out. Subsequently, the Montreal 1976 and Moscow
1980 games proposed new housing solutions and infrastructural works to reconfigure the
cities. The Montreal games in 1976 are recognised as forming one of the moments of most
significant concern for the increase in the size of the Olympic event. The 1984 Los Angeles
games were organised through private funding with existing or temporary structures. On
the other hand, the 1988 games in Seoul allowed the Olympics to resume their role as a
vehicle for urban transformation. The Seoul project was based on a twenty-year plan that
introduced new programmes to ensure higher health and hygiene standards throughout
the city. In addition, the project included measures for air pollution, rubbish control, and
water quality, as well as a significant plan to decontaminate the Han River. Thanks to
the Olympics, the city was able to develop three new underground lines to ease traffic
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congestion and 47 bus lines were extended. The airport was expanded, and new projects
were developed to emphasise the cultural aspects of the Olympic event. The city was able
to maintain a programme of renovation and reconstruction of historical monuments, such
as palaces and shrines [3].

1.1.4. Phase IV: Large-Scale Urban Transformations (1992–2004)

The fourth phase begins with Barcelona 1992 (recognised as the best example of the role
of the Olympic Games as a catalyst for change and urban renewal) and ended with Athens
2004. Barcelona 1992 proposed a new strategy for reconstructing and redefining post-
industrial cities. The transformation of a city in crisis was the common element of all the
Olympic cities in this phase. The city of Barcelona has become an example of post-industrial
reconversion by constructing a new image for the exploitation of tourism in the post-
Olympic period. Thus, the Olympic Games became a means of ensuring a significant change
in urban infrastructures through a mixed economy. From 1992 onwards, tourism became
a fundamental element of the economy of the host cities in the post-Olympic phase [13].
Barcelona presented a new image and development strategy, inspiring the next candidate
cities [14]. Following the same philosophy as Barcelona, Sydney, in 2000, proposed an
ambitious project for reconfiguring abandoned areas by applying new sustainable practices.
Sydney was recognised as the first Olympic city to introduce the theme of environmental
sustainability into the development of the Olympic event. The stadium and the Olympic
village, located in the peripheral area of the city, were included in the Homebush Bay area.
The area was neglected for many years and, thanks to the Olympic bid, the municipality
strengthened and accelerated the renovation of the whole area, establishing a new structural
plan for reconfiguring the area [3]. Subsequently, the Athens project in 2004 was included
in a programme of transformation of the primary infrastructure of the Greek city. The port’s
reconfiguration, the central areas’ redevelopment, the construction of a new airport and the
provision of a subway were the major infrastructural works that were advanced for the
modernisation of Athens [15].

1.1.5. Phase V: Metropolitan Development (2008–2028)

Finally, the fifth and final phase begins with the first Chinese games of Beijing 2008
and ends with the last games assigned to Brisbane in 2032. In this phase, the cities are char-
acterised by metropolitan development that uses the central empty spaces to reconfigure
the host cities. Thus, the Olympic Games will emphasise environmental protection and the
sustainable development of the Olympic project [2]. The establishment of an environmental
park in Beijing [16] or planning a water recycling system in London can be considered an
innovative measure for environmental protection in the candidate cities. Furthermore, since
London 2012, the tangible and intangible Olympic legacy has assumed great importance for
post-Olympic planning [17]. Temporary facilities and innovative solutions are used in the
following games. Compared with previous phases, the Beijing and London projects have
favoured the emergence of one-off infrastructure works such as airport reconfiguration
and rail and metro expansion [18]. Subsequently, the 2016 games of Rio de Janeiro brought
further changes to the allocation of host cities, which, for the first time, were chosen without
any competition. The allocation of the event through a proclamation process involved the
inclusion of temporary structures and the reuse of existing sports facilities in the candidate
cities. Therefore, the International Olympic Committee (IOC) identified Los Angeles and
Brisbane as cities that could represent the new evolution and organisation of the Olympic
event. The following stages allow us to affirm that the Olympic Games have been, through-
out urban history, inspirational for the candidate cities and that the variables specific to
each city have favoured legitimising the Olympic city as a distinct urban genre. Over time,
urban planners have proposed different projects that have become development models
for other cities. The former stages help us reflect on the history of the physical impact of
the games and how it has changed over the past two centuries [2], but also to contextualise
its impact in terms of the concept of the surface city heat island.
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1.2. Land Surface Temperature (LST) and Surface Urban Heat Island (SUHI)

The Olympic Games’ urban planning has evolved thorough history, as have the
resulting cities after the event, and its surface thermal behaviour. The evolution of the
LST can be mapped using thermal satellite sensors that receive the thermal radiance
emitted by the Earth’s surface. The land temperature in urbanized spaces is higher than in
naturalized spaces due to a greater presence of structures such as buildings, roads and other
infrastructure that absorb and re-emit the sun’s radiation more than natural landscapes
such as forests and water bodies [19,20]. This phenomenon of urban climate alteration
related with the increase in temperatures is known as an urban heat island (UHI). A UHI is
characterized by differences in ambient temperatures between urban and rural areas. If,
instead of analysing atmospheric temperatures for study, satellite images are used to obtain
the LST, the concept varies towards a SUHI [21].

In recent decades, this phenomenon has intensified due to climate change, increasing
the frequency and duration of heat waves and driving a thermal raise in urban areas [22].
Consequently, the attenuation of urban temperatures and the mitigation of the impacts
of heat waves have been incorporated into the political agendas of cities as measures to
improve thermal comfort in those urban populations sensitive to extreme heat.

According to several studies, the conditions that contribute to the creation and intensifi-
cation of heat islands include the urban structure, materials with low albedo, environmental
pollution, and the composition of land uses and covers [23–25]. In relation to the latter,
several authors have highlighted the nature and evolution of land uses as key determi-
nants in the surface behaviour of temperatures and have pointed out the fundamental
role of these covers in relation to the way that urban green spaces [26–28] and their spatial
structure reverse high temperatures through the effects of evapotranspiration or shading
generation [29–34].

Studies related to the spatial characterization of temperature show that it is not only
necessary to focus on dense cities, but also on those peri-urban spaces determined by a
daily floating population such as is the case of some zones or university campuses that
are related to the Olympic Games but which have, with some exceptions, received less
attention [35–39]. Along these lines, recent studies have focused on the thermal factor
as it relates to the geographical, landscape and morphological characteristics of Olympic
Game infrastructures, where green areas and urbanized areas converge and give rise to
peculiarly mixed configurations of urbanized and natural landscapes [4]. More specifically,
recent studies have analysed, using thermal satellite images, the spatiotemporal evolution
of surface temperature and its relationship with land covers and uses. From the point
of view of the Olympic Games, studies have been limited to specific cities (e.g., Beijing
2008 Summer Games by Cai et al. [40] and Pyeongchang Winter Games [41]), and recently
by Tu et al. in a wider focus [42].

The main tools for the direct measurement of the urban temperature are evidently
based on thermal sensors, either in terrestrial meteorological stations for measuring air
temperature, or sensors on board aircraft or satellites for measuring LST. Developed territo-
ries usually have networks of meteorological stations equipped with thermometers [43,44],
from which spatially specific data are obtained. The advantages of field observations are
their proximity to the Earth’s surface and the temporal resolution of the data (e.g., hourly
records), but the disadvantage is that they are punctual observations and so, from a ge-
ographical point of view, are often far from the location of interest. On the other hand,
since the beginning of satellite remote sensing for meteorological purposes in the 1970s
(e.g., Meteosat), the thermal data of the LST measured from space have been available [45].
The main advantages of satellite observations are the systematic sampling of a territory
(global coverage) and the periodicity of measurements. It should be noted that one of
the main drawbacks of meteorological satellite remote sensing, with respect to stations
on the ground, is the need to apply atmospheric corrections and consider the presence
of clouds that can hinder measurements. Despite their drawbacks, satellite remote sens-
ing techniques with thermal sensors have been crucial in the study and monitoring of
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temperatures from the applied perspective of large agencies [46]. Given the availability
of thermal data from satellite missions such as MODIS (already completed) and Land-
sat (active since the 1970s), images derived from these data have become the material
and methodological basis of many studies on the spatial behaviour of temperatures at
a scientific level [47–50], with a special utility in places with a low density of terrestrial
meteorological stations [51,52]. Particularly interesting, due to their characteristics, are
the thermal images from the Landsat series of satellites [53], which, due to the orbit that
the satellite follows, are obtained every 16 days and have a spatial resolution of 120 m to
60 m (depending on the sensor). The thermal band spatial resolution can be improved to
30 m with image processing techniques, based on the NDVI obtained from red and infrared
higher resolution bands, similarly to the pan-sharpening method using the panchromatic
band in Landsat-7, Landsat-8 and Landsat-9 [39,54,55]. With these, it is possible to obtain a
systematic sampling of the LST continued over time and on a sufficiently detailed scale
to analyse the urban surface temperatures, as has been carried out in numerous previous
studies throughout the world [56–58]. Heat maps from satellites can be used to monitor
LST, while optical data collected by satellites can report where and when land use and
land cover have changed over time. Once land covers and surface temperatures have
been mapped, incorporating socioeconomic data related to population, demographics, and
health information into heat vulnerability indices can help guide interventions to manage
risks for public health related to heat, as well as the comfort of users of the Olympic venues
in this specific case.

1.3. Objectives and Article Structure

This article focuses on analysing the relationship between the spatial behaviour of
surface temperatures at permanent facilities of the Olympic Games and the surface temper-
atures on its hosting city. Olympic venues are spaces in which urbanized and green land
uses cohabit. Examining these urban or peri-urban spaces (depending on the planning)
with oscillating population densities, for a wide temporal period (1976 to 2024) and from
the historical Olympic urban planning point of view, fills a research gap in existing studies.

The research questions are the following: Do Olympic facilities affect the SUHI of the
hosting city? If yes, is it a warming or cooling impact? Is there a relation between the urban
planning patterns of Olympic facilities and the warming or cooling?

The main objective is to develop and apply a replicable method for generating maps
and quantitative indicators that assess the thermal behaviour for each Olympic city after
the games. A secondary objective is to obtain a synthetic LST image that represents the
thermal behaviour of Olympic cities after the games, focusing on the relative temperatures
of Olympic facilities compared with the rest of the city, rather than absolute temperatures.
This will enable a comparison of the overall LST of the Olympic city and the LST of Olympic
facilities, as well as examination of how thermal behaviour varies in cities with different
climatic conditions.

The research questions suggest that the urban structure of Olympic Games facilities
may lead to surface temperatures that are higher or lower than the average for the city.
Additionally, it suggests that designing environmental guidelines can address potential
thermal anomalies caused by high temperatures. This highlights the significance of this
article’s contribution to the formulation and execution of public policies not only for
Olympic Games facilities, but also for other mega-events for which planning is undertaken.

The article is structured as follows: Section 2 explains the area of study, the materials,
and the methodology. Section 3 presents the results and their discussion. In Section 4 the
conclusions are presented.

2. Study Area, Materials and Methods
2.1. Study Area

The developed methodology in the cloud computing code (Google Earth Engine
(GEE)) applies to the Olympic cities from Montreal 1976 to Paris 2024. However, the
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primary focus of this paper is on eight specific Olympic city cases (Paris, Tokyo, Rio, Beijing,
Sydney, Barcelona, Seoul, and Montreal), representing four planning patterns (monocentric,
polycentric, peripheric and clustered) and three Olympic urban planning phases (III, IV,
and V) [della Sala 2022b]. The selection of these cities was made to encompass a range of
decades within the Landsat series (1972 to the present) and to represent the continents that
host Olympic Games (Figure 1 and Table 1).

Remote Sens. 2024, 16, x FOR PEER REVIEW 6 of 36 
 

 

Olympic Games facilities, but also for other mega-events for which planning is under-

taken. 

The article is structured as follows: the second section explains the area of study, the 

materials, and the methodology. The third section presents the results and their discus-

sion. In the fourth section the conclusions are presented. 

2. Study Area, Materials and Methods 

2.1. Study Area 

The developed methodology in the cloud computing code (Google Earth Engine 

(GEE)) applies to the Olympic cities from Montreal 1976 to Paris 2024. However, the pri-

mary focus of this paper is on eight specific Olympic city cases (Paris, Tokyo, Rio, Beijing, 

Sydney, Barcelona, Seoul, and Montreal), representing four planning patterns (monocen-

tric, polycentric, peripheric and clustered) and three Olympic urban planning phases (III, 

IV, and V) [della Sala 2022b]. The selection of these cities was made to encompass a range 

of decades within the Landsat series (1972 to the present) and to represent the continents 

that host Olympic Games (Figure 1 and Table 1). 

 

Figure 1. Location of the Olympic Game cities from 1972 to 2024, which are included in the Google 

Earth Engine code. The cities used as examples in this paper, representing four Olympic urban plan-

ning patterns, are highlighted in yellow. Source: Author’s own elaboration based on data from Open 

Street Map (@OpenStreetMap contributors) and International Olympic Committee (IOC) infor-

mation [59]. 

Table 1. Summary of the Olympic cities analysed, their area, and the typology of their Olympic 

facilities urban planning. 

Olympic  

Game City 

Olympic  

Year 

AOI Urban  

Area (km2) 

Olympic Urban  

Planning 

Paris 2024 2024 760 Phase V/Cluster 

Tokyo 2020 2021 633 Phase V/Polycentric 

Rio 2016 2016 1203 Phase V/Periphery 

London 2012 2012 1568 Phase V/Monocentric 

Beijing 2008 2008 1369 Phase V/Polycentric 

Athens 2004 2004 274 Phase IV/Periphery 

Sydney 2000 2000 392 Phase IV/Periphery 

Atlanta 1996 1996 351 Phase IV/Monocentric 

Barcelona 1992 1992 146 Phase IV/Cluster 

Seoul 1988 1988 605 Phase III/Monocentric 

Los Angeles 1984 1984 3721 Phase III/Cluster 

Moscow 1980 1980 1053 Phase III/Polycentric 

Montreal 1976 1976 894 Phase III/Monocentric 

Figure 1. Location of the Olympic Game cities from 1972 to 2024, which are included in the Google
Earth Engine code. The cities used as examples in this paper, representing four Olympic urban
planning patterns, are highlighted in yellow. Source: Author’s own elaboration based on data
from Open Street Map (@OpenStreetMap contributors) and International Olympic Committee (IOC)
information [59].

Table 1. Summary of the Olympic cities analysed, their area, and the typology of their Olympic
facilities urban planning.

Olympic
Game City

Olympic
Year

AOI Urban
Area (km2)

Olympic Urban
Planning

Paris 2024 2024 760 Phase V/Cluster
Tokyo 2020 2021 633 Phase V/Polycentric

Rio 2016 2016 1203 Phase V/Periphery
London 2012 2012 1568 Phase V/Monocentric
Beijing 2008 2008 1369 Phase V/Polycentric
Athens 2004 2004 274 Phase IV/Periphery
Sydney 2000 2000 392 Phase IV/Periphery
Atlanta 1996 1996 351 Phase IV/Monocentric

Barcelona 1992 1992 146 Phase IV/Cluster
Seoul 1988 1988 605 Phase III/Monocentric

Los Angeles 1984 1984 3721 Phase III/Cluster
Moscow 1980 1980 1053 Phase III/Polycentric
Montreal 1976 1976 894 Phase III/Monocentric

Each metropolitan area has its own specific definition, along with its corresponding
metropolitan authority, from which information regarding its geographical limits can
be obtained. To ensure consistency across all the cities studied, we utilized the global
Administrative Areas by Country Boundaries from GADM [60] thorough the HCMGIS
v.24.1.12 plugin in QGIS v.3.32 software [61], selecting the most detailed administrative
level to define the core of the city area and include the Olympic facilities, obtaining an area
of interest (AOI) (Figure 2).
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Figure 2. Area of interest (city AOI) of the eight cities analysed (red outline), and its corresponding area of interest (Olympic AOI) of the Olympic facilities
(yellow outline). (a) In the Paris case, the city AOI is defined by the Ille de France administrative boundaries. (b) In the Tokyo case, the city AOI is defined by
some municipalities of the Tokyo Metropolitan Area administrative boundaries. (c) In the Rio case, the city AOI is defined by the Rio de Janeiro Municipality
administrative boundaries. (d) In the Beijing case, the city AOI is defined by Beijing’s central urban area. (e) In the Sydney case, the city AOI is defined by some
municipalities of the North South Wales administrative boundaries. (f) In the Barcelona case, the city AOI is defined by the administrative boundaries of Barcelonès.
(g) In the Seoul case, the city AOI is defined by Keijo Teukbyeolsi administrative boundaries. (h) In the Montreal case, the city AOI is defined by the Champlain,
Communauté Urbaine de Montréal and Laval administrative boundaries.
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The general characterization of the selected cities and their Olympic facilities is
as follows:

(a) Paris (Olympic city in 2024): Paris is the capital and largest city of France. According to
estimated figures, its population as of January 2023 was 2,102,650 residents, and it covers
an area of more than 760 km2. The city of Paris is also the centre of the Île de France
region, or Paris region, with an official estimated population of 12,271,794 inhabitants,
as of January 2023 [62]. The administrative boundaries of the Île de France department
were used to delimit the Paris urban AOI polygon [60].
The Olympic facilities AOI polygon was manually digitized based on the official
venue [63], which includes several facilities such as the Stade de France, the Centre
Acquatique, Roland Garros, Paris la Défense Arena, Paris Bercy Arena, Arena Paris
Sud, Champ-de-Mars Arena, Parc des Princes, La Concorde, and the Olympic Village,
with an overall area of 4 km2. The Olympic urban planning configuration can be
categorized as clustered [3] (Figure 2a).

(b) Tokyo (Olympic city in 2020 but celebrated in 2021 due to COVID-19): Tokyo, the
capital and largest city of Japan, is home to over 14 million residents as of January
2023, spanning an area of more than 633 km2. It serves as the centre of the Greater
Tokyo Area, which has an official estimated population of over 40 million residents as
of 2023 [63]. The administrative limits of some municipalities of the Tokyo Metropoli-
tan Area were used for the delimitation of the Tokyo urban AOI area [60]. These are
Adachi, Arakawa, Bunkyo, Chiyoda, Chuo, Edogawa, Itabashi, Katsushika, Kita, Koto,
Meguro, Minato, Nakano, Nerima, Ota, Setagaya, Shibuya, Shinagawa, Shinjuku,
Suginami, Sumida, Taito and Toshima.
The Olympic facilities AOI polygon was manually digitized based on the official
venue [59], which includes the Olympic Stadium, Tokyo Stadium, the Tokyo Metropoli-
tan Gymnasium, the Equestrian Park, the Nippon Budokan, the Ariake complex, the Sea
Forest waterway, and the Olympic Village, with an overall area of 6 km2. The Olympic
urban planning configuration can be categorized as polycentric [3] (Figure 2b).

(c) Rio de Janeiro (Olympic city in 2016): Rio de Janeiro is the capital of the state of Rio
de Janeiro and the second-most-populous city in Brazil (after São Paulo), with an
official estimated population of 6,211,223 residents as of 2022 in an area of more than
1203 km2 [64]. The city of Rio de Janeiro is the centre of Rio Metropolitan Area, with an
official estimated population of 12,500,00 inhabitants in 2023 [63]. The administrative
limits of the Rio de Janeiro municipality were used for the delimitation of the Rio
urban AOI area [60].
The Olympic facilities AOI polygon was manually digitized based on the official
venue [59], including facilities such as the Maracaná Stadium, the Deodoro complex,
the Copacabana complex, and the Barra complex, including the Olympic village,
with an overall area of 3 km2. The Olympic urban planning configuration can be
categorized as peripherical [3] (Figure 2c).

(d) Beijing (Olympic city in 2008): Beijing is the capital and largest city of China, with an
official estimated population of more than 22 million residents [65] in 2023. The Beijing
central urban area (Zhixiashì) is situated in the Dongsheng and Tongzhou districts.
The administrative limits of these districts, and of Hadian, Chaoyang, Fengtai and
Shijingshan, were used for the delimitation of the Beijing urban AOI area, covering an
area of more than 1369 km2 [60].
The Olympic facilities AOI polygon was manually digitized based on the official
venue [59], including facilities such as the National Stadium, the National Aquatics
Centre, the Olympic Sports Centre and Gymnasium, the Workers Stadium, the Work-
ers indoor arena, the Olympic Village, and the Dongfeng Sports Park, with an overall
area of 25 km2. The Olympic urban planning configuration can be categorized as
polycentric [3] (Figure 2d).

(e) Sydney (Olympic city in 2000): Sydney is the most populous city in Australia and the
capital city of the state of New South Wales. There is an official estimated population



Remote Sens. 2024, 16, 3405 9 of 35

of 5,450,496 residents as of 2023 in a metropolitan area of more than 1003 km2 [66].
The administrative limits of some municipalities of North South Wales were used for
the delimitation of the Sydney urban AOI area, covering 392 km2. These are Ashfield,
Auburn, Bankstown, Botany Bay, Burwood, Canada Bay, Canterbury, Hurstville,
Kogarah, Leichhardt, Marrickville, Radwick, Rockdale, Starthfield, Sydney, Waverley
and Woollahra.
The Olympic facilities AOI polygon was manually digitized based on the official
venue [59], focusing on the Sydney Olympic Parc facilities, including, among others,
the Stadium Australia, the Sydney Baseball Stadium, the International Archery Park,
the Sydney International Aquatic Centre, and the Olympic village, with an overall
area of 4 km2. The Olympic urban planning configuration can be categorized as
peripherical [3] (Figure 2e).

(f) Barcelona (Olympic city in 1992): Barcelona is the second-most populous munici-
pality of Spain and the capital of the autonomous community of Catalonia. With
a population of 1.6 million within city limits, its urban area is home to around
5.8 million people [67]. The administrative limits of the county of Barcelona (co-
marca del Barcelonès) were used for the delimitation of the Barcelona urban AOI
area, with an area of 146 km2.
The Olympic facilities AOI polygon was manually digitized based on the official
venue [59], focusing on the Olympic Ring facilities, including, among others, the
Estadi Olímpic, the Baseball Stadium, the Palau Sant Jordi, and the Picornell Aquatic
Centre, and containing other locations such as the Nou Camp Stadium and the
Olympic village, with an overall area of 3 km2. The Olympic urban planning configu-
ration can be categorized as clustered [3] (Figure 2f).

(g) Seoul (Olympic city in 1988): Seoul is the capital and largest city of South Korea,
with an official estimated population of 9,635,445 million residents as of 1 January
2024 [68] in an area of more than 605 km2. The administrative limits of the Seoul
Capital Metropolitan City (Seoul Teukbyeolsi) were used for the delimitation of the
Seoul urban AOI area.
The Olympic facilities AOI polygon was manually digitized based on the official
venue [59], focusing on the Olympic Park facilities, including among others the
Olympic Gymnastic Hall, the Tennis Centre, the Olympic Velodrome, and the Jamsil
Seoul Sports Complex, including, among others, the Baseball Stadium, the Seoul
Olympic Stadium and the Olympic village, with an overall area of 2 km2. The
Olympic urban planning can be categorized as monocentric [3] (Figure 2g).

(h) Montreal (Olympic city in 1976): Montreal is the second-most populous city of Canada
and the capital of the province of Quebec. With a population of 1,762,949 inhabitants in
2021, its metropolitan urban area is home to 4,291,732 people [69]. The administrative
limits of the Champlain, Communauté Urbaine de Montréal and Laval municipalities
were used for the delimitation of the Montreal urban AOI area, covering 894 km2.
The Olympic facilities AOI polygon was manually digitized based on the official
venue [59], with a focus on the Montreal Olympic Park facilities, including among
others the Olympic Stadium, the Olympic Velodrome, the Olympic Pool, the Botanical
Garden and the Olympic village, with an overall area of 2 km2. The Olympic urban
planning can be categorized as monocentric [3] (Figure 2h).

2.2. Materials

The remotely sensed data have been obtained from the images of the Landsat Series,
using images from the Landsat-4, Landsat-5, Landsat-7, Landsat-8 and Landsat-9 missions
(Table 2). Landsat-4 and Landsat-5 imagery used in this study was acquired by a thematic
mapper (TM) sensor, configured with six optical bands and one thermal band. Landsat-7
imagery used in this study was acquired by an enhanced thematic mapper (ETM+) sensor,
configured with six optical bands, a panchromatic band and one thermal band. Landsat-8
and Landsat-9 optical imagery was sensed by operational land imager sensors (OLI-1 and
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OLI-2, respectively) configured with eight optical bands, a panchromatic band, and by
thermal infrared sensor (TIRS-1 and TIRS-2, respectively) configured with two thermal
bands [70].

Table 2. Summary of the Landsat satellite platforms used in this study, their satellite sensors (with
their band names), and their corresponding spectral regions.

Satellite Sensor Band Name Spectral Region Band Name Sensor Satellite

Landsat-8 and
Landsat-9

OLI SR_B2 Blue SR_B1

TM/ETM+
Landsat-4

Landsat-5 and
Landsat-7

OLI SR_B3 Green SR_B2
OLI SR_B4 Red SR_B3
OLI SR_B5 Near infrared SR_B4
OLI SR_B6 Shortwave infrared 1 SR_B5
OLI SR_B7 Shortwave infrared 2 SR_B7
TIRS ST_B10 Thermal ST_B6

Landsat-4 was operational from 16 July 1982 to 14 December 1993, and provided
partial coverage of the Olympic Games from Montreal 1976 to Seoul 1988 [70]. During
the same period, Landsat-5 was operational from 1 March 1984 to 5 June 2013, and pro-
vided partial coverage of the Olympic Games from Los Angeles 1984 to London 2012.
Landsat-7 was operational from 14 April 1999 to 6 April 2022 but experienced a failure in
its scan line corrector (SLC) system on 5 May 2003, resulting in data gaps thereafter [71].
Despite this issue, the data were still partially utilized to cover the Sydney 2000 Olympic
Games. Landsat-8 became operational on 11 April 2013 and provided partial coverage
of the Olympic Games from London 2012 to Paris 2024. Landsat-9 began operations on
27 September 2021 and provided partial coverage of the Olympic Games from Tokyo 2020
to Paris 2024.

USGS Collection 2 Tier 1 Level 2 datasets, which are housed on Google servers,
were employed for the analysis. These datasets encompass Landsat-4 [72], Landsat-5 [73],
Landsat-7 [74], Landsat-8 [75] and Landsat-9 [76]. Landsat-8 and Landsat-9 datasets contain
atmospherically corrected surface reflectance (SR) and surface temperature (ST), derived
from the imagery produced by the Landsat sensors and by ancillary data. The dataset
images contain five visible and near-infrared (VNIR) bands and two short-wave infrared
(SWIR) bands processed to orthorectified surface reflectance, and one thermal infrared
(TIR) band. Specifically, we used optical bands to visualize the imagery and to calculate
the normalized difference vegetation index (NDVI) and the normalized difference built-
up index (NDBI). The thermal band was used to obtain the LST and the normalized
land surface temperature (NLST). Additionally, the collection contains quality bands that
facilitate the determination of cloud coverage and the masking of clouds, cloud shadows,
and snow.

Strips of collected data were packaged into overlapping scenes covering approx-
imately 170 km × 183 km using a standardized worldwide reference system (WRS-2)
reference grid [77]. TM, ETM+ and OLI optical bands have a pixel size of 30 m, while the
TM thermal band is 120 m and the TIRS is 100 m pixel sized. However, thermal bands
of Collection 2 were resampled to 30 m pixel size. Landsat series images distributed
through Collection 2 Tier 1 Level 2 were geometrically and radiometrically corrected [78].
The orthorectification was made using ground control points (GCP) and data from the
shuttle radar topography mission (SRTM) digital elevation model (DEM). The GCPs
used are derived from the Global Land Survey 2000 (GLS2000) data set. The radiometric
calibration consists of a linear fit (the gain and bias parameters are found in the MTL file
that accompanies each image).

Summarizing the Landsat-5 and Landsat-8 Collection 2 Tier 1 Level 2 products, the
dataset spatial, radiometric, and spatial resolution is of adequate quality for pixel-level
time series analysis [78,79].
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The equatorial crossing time (ECT) of the Landsat Series satellites is between 09:45
and 10:00 local solar time, that is, in the daytime phase over the area of interest. Given
the worldwide geographical location of the AOI, images from different WRS-2 tiles have
been used. Additionally, given the variability in the cloud cover over each city, a different
number of images has been used. Moreover, in the GEE processing we applied cloud
masking (see Section 2.3). Furthermore, for each city, looking for the representativity of the
urban plan effects, we selected images from the 1st day of the Olympic year to 4 years later
(e.g., from 1 January 1992 to 31 December 1995, in the case of Barcelona). As exceptions,
there is Paris 2024 (with start date on 1 January 2023), London (where we used the launch
date of Landsat-8 as the initial date) and cities before the launch of Landsat-4 (in these
cases, we used the launch date of Landsat-4 as the initial date).

Table 3 presents an overview of the necessary information for each city, including the
number of images, the date range and the Landsat satellite used (Table 3). The complete
list of images used for each Olympic city can be found in the GEE code.

Table 3. Summary of each Olympic game city studied, the satellite that provided the imagery
(Collection 2 Tier 1 Level 2), the path and row tile filtered, and the time interval of search. Additionally,
we selected only images with less than 5% of cloud cover over land. All of this filtering resulted in a
number of images from which was calculated a synthetic image with a median value. (L4: Landsat-4,
L5: Landsat-5, L7: Landsat-7, L8: Landsat-8, L9: Landsat-9).

Olympic Game Satellite WRS2 Path-Row Start Date End Date N Images

Paris 2024 L8 and L9 199-26 1 January 2023 31 July 2024 10
Tokyo 2020 L8 and L9 107-35 1 January 2020 31 December 2024 7

Rio 2016 L8 217-76 1 January 2016 31 December 2020 17
London 2012 L8 201-24 11 April 2013 31 December 2016 5
Beijing 2008 L5 123-32 1 January 2008 31 December 2012 19
Athens 2004 L5 183-34 1 January 2004 31 December 2008 26
Sydney 2000 L5 and L7 089-84 1 January 2000 31 December 2004 30
Atlanta 1996 L5 019-37 1 January 1996 31 December 2000 30

Barcelona 1992 L5 197-31 1 January 1992 31 December 1996 17
Seoul 1988 L4 and L5 116-34 1 January 1988 31 December 1992 21

Los Angeles 1984 L4 and L5 041-36 & 37 1 January 1984 31 December 1988 41
Moscow 1980 L4 and L5 178-21 16 July 1982 16 July 1987 5
Montreal 1976 L4 and L5 014-28 16 July 1982 16 July 1987 12

2.3. Methods

When dealing with time series and different spatial locations, which are affected by
their intrinsic seasonal variations and different climatic conditions, the normalization of
LST is a common strategy with which to build a comparable dataset [80,81]. The NLST
can be obtained from different statistical methods [82,83], but all of them aim toward
the relative comparison of thermal data with different ranges of absolute temperature,
minimizing the internal variance of the data.

Therefore, the aim was to obtain a synthetic LST image that accurately represents the
thermal behaviour of each Olympic city after the games, comparable between cities and
within them. To achieve this, high resolution thermal imagery from the Landsat series
was processed using cloud computing tools (Google Earth Engine) to obtain the LST (in
absolute units, K) and the NLST (dimensionless, ranging from –1 to 1). These data were
analysed both with the GEE platform and with geographical information system (GIS)
desktop software (QGIS) (Figure 3).
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2.3.1. Cloud Computing Processing

The remote sensing data processing was mainly undertaken with the Google Earth
Engine cloud computing platform. A significant portion of this processing was inspired on
the code supplied by Ermida et al. [56], which is essentially a code repository that allows
the computing of LST from Landsats 4, 5, 7 and 8, by employing Collection 1. The Ermida
et al., code was adapted to fulfil the objectives of this work, and has been enhanced to
generate additional output products, including a synthetic median image for all the bands,
NDVI, NDBI, LST and NLST. The code is available from GEE (see Results section). The
method implemented in GEE code involves the following sections:

1. Import the data: First, it is necessary to import the Collection 2 Tier 1 Level 2 collections
for each Landsat mission, the AOI of each city polygon (AOI_CITY), and the AOI of
each city’s Olympic facilities (AOI_CITY_OLYMPIC_FACILITES).

2. Define data ranges for each Olympic city: To capture the essential influence of the
Olympic urban planning to the city, we search images five years after the event,
with some exceptions (see Table 3). The 5-year period was set to in order analyse
the consolidated Olympic urban planning without including further changes and
following remote sensing time-series references [84].

3. Create an Image Collection for each Olympic city and print the list of images filtered:
A set of images was assembled by selecting and filtering from a satellite collection
based on each city’s AOI, data range, and cloud cover over land of less than 5% (this
value allows a minimum of five images in all the analysed cities). In some cases,
the data range overlaps two satellite missions, in which case a merged collection is
created from both sources. To minimize radiometric artifacts, the collection is filtered
by selecting a single WRS path-row further, when the city AOI fits in a single WRS tile.

4. Cloud masking: After identifying the image collection for each city, the images are sub-
jected to masking to eliminate any pixels that have been flagged as representing cloud,
cloud shadow, or snow. By doing so, the resulting data are more robust, allowing for
one to obtain synthetic surface reflectance and surface temperature images.

5. Calculate the synthetic median image for all the bands and clip to AOI of the city
polygon: With the purpose to generate a single image for each Olympic city that
captures its thermal climate, a median value is calculated for all the images within
the 5-year period. The idea of employing the median as a centrality statistic for the
creation of an annual synthetic image is based on the following considerations:
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• The generation of synthetic images through the median of multiple annual or
seasonal images is a widely used method in remote sensing, with the aim of
obtaining a single, representative, and interannually comparable dataset, thereby
creating a time series [84].

• Using the median in place of the mean is a statistical approach that exhibits
reduced sensitivity to extreme values (outliers).

• Due to the variability in the dates of cloud-free satellite images and the inherent
differences that arise between years, it is not possible to directly compare the
data on a seasonal basis. To account for this, the creation of an annual synthetic
image is undertaken.

6. Calculate the land surface temperature in Kelvin (LST (K)) the normalized land surface
temperature (NLST), the difference vegetation index (NDVI) and the normalized
difference built-up index (NDBI):

• LST (K): We applied the scale (0.00341802) and offset (149) values [72–77] to the
thermal band, and converted the digital numbers for each pixel, thus obtaining
the LST in units of K [Equation (1)].

LST(K) = DN·0.00341802 − 149 (1)

where LST is the resulting LST (in Kelvin), DN is the digital number of the
Landsat satellite image thermal band (band 6 for L4, L5, L7 and band 10 for L8
and L9). Scale and offset parameters are obtained from Collection 2 metadata.

• NLST: As previously shown, a SUHI refers to the difference in LST between
an urban area and its surrounding non-urban area. In this study, we examine
urban areas that exhibit diverse morphologies and urban climates. Consequently,
we employ local normalization to adjust the LST of each city, transforming the
values to a non-dimensional range between –1 and 1 [Equation (2)]. We use a
scaling-to-range technique [85] modified by using as minimum and as maximum
the percentile 0.01 and the percentile 99.99, respectively, to exclude possible
outliers in the LST of a given AOI.

NLST = 2
(

LST − LSTmin
LSTmax − LSTmin

)
− 1 (2)

where NLST is the resulting normalized LST (dimensionless [−1 to 1]) and LST
is the input image obtained from [Equation (1)]. LSTmin and LSTmax are not
purely the respective minimum and maximum LST values but are the respective
percentiles 0.01 and 99.99, used to exclude possible outliers in the LST of a given
AOI. Note that the scaling gives a value of 0 to 1 and is applied with additional
scale (×2) and translating (−1) factors, dimensioning the result to the desired
[−1 to 1] range.

• NDVI: The NDVI is an index widely used to identify these areas with vegetation,
well correlated with urban heat mitigation and is a good indicator by which to
analyse the urban planning influence in the SUHI [61,86] [Equation (3)].

NDVI =
NIR − RED
NIR − RED

(3)

where NDVI is the resulting normalized difference vegetation index (dimension-
less [−1 to 1]), NIR is the near infrared band DN value of the Landsat satellite
image (band 4 for L4, L5, L7 and band 5 for L8 and L9), and RED is the red band
DN value of the Landsat satellite image (band 3 for L4, L5, L7 and band 4 for L8
and L9).
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• NDBI: The NDBI is an index that is well correlated with urban heat, making
it a good indicator by which to analyse the urban planning influence in the
SUHI [28,86] [Equation (4)].

NDBI =
SWIR1 − NIR
SWIR1 − NIR

(4)

where NDBI is the resulting normalized difference built-up index (dimensionless
[−1 to 1]), SWIR1 is the short wave infrared highest frequency band DN value of
the Landsat satellite image (band 5 for L4, L5, L7 and band 6 for L8 and L9), and
NIR is the near infrared band DN value of the Landsat satellite image (band 4 for
L4, L5, L7 and band 5 for L8 and L9).

7. Map visualization: The visualization of the Landsat image is accomplished with a
SWIR2–NIR–SWIR1 band combination. The LST, the NLST, the NDVI and the NDBI
are visualized with their corresponding palette and stretching values. The visualiza-
tion is key to the identification of the spatial context and SUHI effects of the Olympic
facilities, and to the identification of possible artifacts due to processing errors.

8. Spatial statistics: After processing remote sensing data, it becomes possible to extract
quantitative information. Statistics such as the mean, the median, the standard
deviation and the interquartile range can show the first results regarding the trends of
the LST behaviour, both for the overall city AOI and the Olympic facilities AOI.

9. Export synthetic images to drive: The aim was to enhance the analysis of spatial data
by exporting the images to a GIS desktop application. To achieve this, we exported
the synthetic median image, which encompassed the optical bands, LST, NDVI, NDBI,
and NLST, in GeoTIFF file format. Geometrically, the exportation was clipped by the
city AOI limits, at 30 m pixel size and in the corresponding EPSG code (WGS84 datum
UTM zone projection).

2.3.2. GIS Analysis and Visualization

The GIS desktop software used was QGIS 3.32 [87]. Once exported, the imagery was
processed with GEE and was combined with other layers (city limits, Olympic facility limits,
background maps). We then performed some operations to extract detailed information,
as follows:

Thermal transect: A segment was digitized to obtain the thermal profile from the
NLST, crossing the city and the Olympic facilities. Additionally, the NDVI and NDBI
profiles were included for comparison. The Profile Tool v.4.2.6 plugin for QGIS [88] was
utilized to intersect the segment with the target raster and extract the value of overlapping
pixels. The resulting table of values can be plotted in GIS software or exported to another
program, such as MS Excel, for graph editing.

Zonal statistics: For each city AOI and Olympic facilities AOI, as well as for each
variable-normalized variable (NLST, NDVI and NDBI), we extracted their respective central-
ity and distribution statistics, including area, mean, median, standard deviation, minimum,
and maximum. These synthetic values allow for an assessment of the impact of the Olympic
facilities’ urban planning on their urban climate. Zonal statistics were derived from the
intersection of a polygon with the target raster pixels’ values within the area.

Boxplot of the NLST: We conducted a comprehensive analysis using the NLST raster
values for each city AOI and Olympic facilities AOI. We employed a boxplot to visually
represent the distribution of these values, which enabled us to estimate the prevalence
of urban planning associated with Olympic facilities. The boxplot statistics were derived
from the raster pixel values within the respective AOIs, and we excluded any outliers from
the visualization.

Map visualization: The optical imagery was visualized with a typical band combina-
tion for urban analysis (SWIR2–NIR–SWIR1), while the NDBI, NDVI and the NLST were
visualized with a palette and stretched to better identify the hotspots and the green spots.
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Cartographic games: By combining all of the produced data and by designing a
template with the essential mapping elements (coordinate grid, legend, graphical scale,
north arrow), we created maps by which to visualize, in a synthetic but representative way,
the geographical information.

3. Results

The results of the cloud computing processing of all of the Olympic cities from
Montreal 1976 to Paris 2024 can be obtained by running the GEE code, available online
at https://code.earthengine.google.com/c94283fffb394f348b37905e847fb3e5 (accessed on
12 August 2024). These results include the alphanumeric results and the image results.

In the GEE alphanumeric output, the user can find the following:

• The list of images used to calculate the median image for each urban area: For every
city, a list is generated that displays the quantity of images incorporated within the
image collection utilized for the calculation of the synthetic median image. Each
feature constitutes an image, complete with its associated metadata and attributes,
including the acquisition dates or the cloud cover over land.

• Basic statistics: For each city there are printed some basic statistics, such as the AOI
of the city area (km2), AOI of the Olympic facilities area (km2), the AOI of the city
median LST (K), the AOI of the city LST standard deviation (K), the AOI of the Olympic
facilities median LST (K), and the AOI of the Olympic facilities LST standard deviation
(K). These statistics are beneficial for a preliminary approach of the Olympic facilities’
LST in relation to the overall city LST.

• The tasks to export the images: The exportation of the synthetic median image is
tasked for each city. The exported image consists of ten bands (blue, green, red, NIR,
SWIR1, SWIR2, Thermal, LST, NLST, NDVI and NDBI). The image is clipped by the
AOI of the city, at a pixel size of 30 m. The image is also georeferenced with a projected
coordinate system corresponding to its WGS84/UTM zone EPSG code. The file format
is GeoTIFF.

In the GEE imagery output, the user can find six layers for each Olympic city, as follows:

• The limits of the Olympic facilities: These limits were loaded from a shapefile and are
available for all the users.

• The Landsat median synthetic image: For a good visualization of the image, and given
the urban nature of the AOI, we used a SWIR2–NIR–SWIR1 combination. This layer is
not visible by default (it can be activated from the legend).

• The median NDBI image: For a good visualization of the NDBI, we used a palette
in which green colours correspond to the less urbanized pixels, and red colours to
the more urbanized pixels. Although the data range is [–1 to 1], the visualization is
stretched to [–0.25 to 0.25]. This layer is not visible by default (it can be activated from
the legend).

• The median NDVI image: For a good visualization of the NDVI, we used a palette in
which green colours correspond to the pixels with more vegetation, and red colours to
the pixels with less vegetation. Although the data range is [–1 to 1], the visualization
is stretched to [–0.25 to 0.25]. This layer is not visible by default (it can be activated
from the legend).

• The median NLST image: For a good visualization of the NLST, we used a palette
where purple colours correspond to the pixels with less relative temperature, and
red colours to the pixels with more relative temperature. This layer is not visible by
default (it can be activated from the legend).

• The median LST image: For a good visualization of the LST, we used a palette in
which purple colours correspond to the pixels with less relative temperature, and red
colours to the pixels with more relative temperature. The data range is variable for
each city, and therefore the visualization is stretched individually. This layer is not
visible by default (it can be activated from the legend).

https://code.earthengine.google.com/c94283fffb394f348b37905e847fb3e5


Remote Sens. 2024, 16, 3405 16 of 35

The employment of cloud computing code permitted the replication of operations
with additional cities or alternative AOI, while simultaneously producing preliminary
statistical outcomes that were beneficial to researchers. Nonetheless, map editing and more
extensive statistical analysis was carried out using a GIS desktop application, as evidenced
by the following results.

3.1. Mapping and Statistical Characterization of the Olympic Venues in Relation to Its Hosting City

Drawing on the statistical data derived from remote sensing products (Table 4), it is
evident that there are disparities among the primary variables analysed (LST, NDVI, NDBI,
and particularly NLST), which sheds light on the impact of the Olympic facilities on the
overall host city. For Rio and Sydney, the elevated NDVI levels for the entire city suggests
that their urban area has a considerable amount of green space, which leads to a higher
relative thermal influence of concrete infrastructure, such as those of the Olympic facilities.
However, in the case of Seoul, the NDVI is not high in the city or the Olympic facilities;
in this instance, the Olympic facilities simply emit more heat than the surrounding city
without mitigation strategies. Conversely, Tokyo in 2020, Beijing in 2008, and Barcelona
in 1992 are cities for which the mean LST is lower in the Olympic facilities than in the city
(Table 4).

The Landsat image at 30 m spatial resolution with a SWIR2–NIR–SWIR1 band com-
bination (Figure 4) and the derived maps of NDVI (Figure 5), NDBI (Figure 6) and NLST
(Figure 7) depict the overall configuration of the SUHI in each city. The distribution of tem-
peratures within the cities is not uniform, and there are variations in the Olympic venues.
High temperatures are concentrated in the built-up zones surrounding the Olympic Sta-
dium, the Olympic village, arenas, synthetic turf courts, and covered sport facilities such
as domes, velodromes, or pools; stadiums have highly reflective coated surfaces, and
synthetic turf grass or rubber track absorbs sun radiation, tending to a temperature rise,
in consonance with [89,90]. Conversely, open spaces with vegetation, such as equestrian
parks, natural turf courts, or gardens, and open aquatic waterways, contribute to lower
temperatures. All of the cities have intrinsic urban configurations, with heavily urbanized
zones that contribute to the urban heat and green spaces that contribute to the urban
cooling. For instance, Paris exhibits a radial urban configuration with a clear hotspot in the
central area, although it is mitigated by interstitial green spaces and the Sena River. Tokyo
has a relatively dense area near the port, but it also has important green spots. The Rio
metropolitan area has extensive vegetated areas, covering more than half of its area. Beijing,
like Paris, has a radial urban configuration centred on the Forbidden City. Sydney has an
extensive and highly green urban configuration. Barcelona has an intense built-up area
near the port, but the Olympic Ring area in Montjuïc functions as an important green spot.
Seoul has a densely urbanized area, but it also boasts forested areas to the south and north
of the city and the Han River, which helps to decrease the overall LST. The central island of
Montreal is more urbanized than Laval and Champlain, and it has three significant heat
spots around the St. Lawrence River.
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Table 4. Summary of centrality zonal statistics of the studied cities hosting the Olympic Games. Zonal statistics are essentially calculated from the intersection of the
AOI polygon and the target raster pixels values that are within (Land surface temperature (LST), normalized land surface temperature (NLST), normalized difference
vegetation index (NDVI) and normalized difference built-up index (NDBI). Instances where Olympic AOI temperatures are lower than city AOI temperatures are
highlighted in green and instances where Olympic AOI temperatures are higher than city AOI temperatures are highlighted in red.

LST(K) NLST NDVI NDBI Pixel
CountMean Median Std. Dev. Mean Median Std. Dev. Mean Median Std. Dev. Mean Median Std. Dev.

Pa
ri

s
20

24

AOI city 308.54 309.13 3.81 −0.15 −0.10 0.29 0.22 0.20 0.12 −0.07 −0.05 0.09 1,285,931
AOI Olympic 309.15 308.94 3.00 −0.11 −0.12 0.23 0.18 0.17 0.12 −0.06 −0.06 0.08 5955

Difference −0.61 0.19 0.82 −0.05 0.02 0.06 0.18 0.17 0.12 −0.01 0.00 0.01 1,279,976

To
ky

o
20

20

AOI city 303.79 304.56 2.81 0.24 0.30 0.26 0.09 0.08 0.07 −0.02 −0.01 0.04 867,511
AOI Olympic 300.97 300.94 2.59 −0.03 −0.04 0.24 0.20 0.21 0.11 −0.07 −0.07 0.07 7776

Difference 2.83 3.62 0.21 0.27 0.34 0.02 −0.11 −0.13 −0.04 0.06 0.06 −0.02 859,735

R
io

20
16

AOI city 307.85 307.88 4.07 −0.17 −0.16 0.29 0.23 0.25 0.12 −0.07 −0.07 0.10 1,446,446
AOI Olympic 311.81 311.94 2.28 0.12 0.12 0.16 0.12 0.08 0.11 −0.01 0.00 0.07 3154

Difference −3.96 −4.06 1.79 −0.29 −0.28 0.13 0.11 0.17 0.01 −0.06 −0.07 0.03 1,443,292

Be
iji

ng
20

08

AOI city 298.01 298.25 2.32 0.06 0.08 0.21 0.09 0.09 0.04 0.00 0.00 0.03 1,988,537
AOI Olympic 296.42 296.32 1.85 −0.08 −0.09 0.17 0.10 0.09 0.05 −0.02 −0.02 0.03 36,896

Difference 1.60 1.93 0.47 0.14 0.17 0.04 0.00 −0.01 0.00 0.02 0.02 0.01 1,951,641

Sy
dn

ey
20

00

AOI city 296.39 295.62 3.38 −0.47 −0.52 0.22 0.15 0.15 0.08 −0.02 −0.02 0.06 525,933
AOI Olympic 296.37 296.14 3.76 −0.47 −0.49 0.24 0.15 0.16 0.09 −0.05 −0.04 0.07 5895

Difference 0.02 −0.52 −0.38 0.00 −0.03 −0.02 0.00 −0.01 −0.01 0.03 0.02 −0.02 520,038

Ba
rc

el
on

a
19

92

AOI city 303.85 304.44 3.97 −0.02 0.02 0.30 0.11 0.08 0.07 0.00 0.01 0.06 217,207
AOI Olympic 303.14 303.09 1.82 −0.07 −0.08 0.14 0.15 0.16 0.06 −0.04 −0.04 0.05 4474

Difference 0.71 1.34 2.15 0.05 0.10 0.16 −0.04 −0.07 0.01 0.04 0.05 0.01 212,733

Se
ou

l
19

88

AOI city 290.35 290.69 2.46 −0.03 0.01 0.24 0.08 0.06 0.05 0.00 0.00 0.03 850,246
AOI Olympic 292.40 292.28 1.43 0.17 0.16 0.14 0.09 0.08 0.04 0.00 0.00 0.02 2970

Difference −2.05 −1.59 1.03 −0.20 −0.15 0.10 −0.01 −0.02 0.01 0.00 0.00 0.01 847,276

M
on

tr
ea

l
19

76

AOI city 298.62 299.38 3.91 0.41 0.45 0.22 0.22 0.22 0.12 −0.08 −0.07 0.07 1,421,374
AOI Olympic 299.11 298.44 2.52 0.44 0.40 0.14 0.27 0.32 0.13 −0.10 −0.12 0.06 2967

Difference −0.49 0.93 1.39 −0.03 0.04 0.08 −0.05 −0.10 −0.01 0.02 0.05 0.00 1,418,407
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(yellow outline). (a) In the Paris case, the city AOI is defined by the Ille de France administrative boundaries and the Olympic AOI is clustered. (b) In the Tokyo 

case, the city AOI is defined by some municipalities of the Tokyo Metropolitan Area administrative boundaries and the Olympic AOI is polycentric. (c) In the Rio 

case, the city AOI is defined by the Rio de Janeiro Municipality administrative boundaries and the Olympic AOI is peripheric. (d) In the Beijing case, the city AOI 

is defined by Beijing’s central urban area and the Olympic AOI is polycentric. (e) In the Sydney case, the city AOI is defined by some municipalities of North South 

Wales administrative boundaries and the Olympic AOI is peripheric. (f) In the Barcelona case, the city AOI is defined by Barcelonès administrative boundaries 

and the Olympic AOI is clustered. (g) In the Seoul case, the city AOI is defined by Keijo Teukbyeolsi administrative boundaries and the Olympic AOI is monocen-

tric. (h) In the Montreal case, the city AOI is defined by the Champlain, Communauté Urbaine de Montréal and Laval administrative boundaries and the Olympic 

AOI is monocentric.  

Figure 4. Area of interest (city AOI) of the eight cities analysed (red outline), and the corresponding areas of interest (Olympic AOI) of the Olympic facilities (yellow
outline). (a) In the Paris case, the city AOI is defined by the Ille de France administrative boundaries and the Olympic AOI is clustered. (b) In the Tokyo case, the city
AOI is defined by some municipalities of the Tokyo Metropolitan Area administrative boundaries and the Olympic AOI is polycentric. (c) In the Rio case, the city AOI
is defined by the Rio de Janeiro Municipality administrative boundaries and the Olympic AOI is peripheric. (d) In the Beijing case, the city AOI is defined by Beijing’s
central urban area and the Olympic AOI is polycentric. (e) In the Sydney case, the city AOI is defined by some municipalities of North South Wales administrative
boundaries and the Olympic AOI is peripheric. (f) In the Barcelona case, the city AOI is defined by Barcelonès administrative boundaries and the Olympic AOI is
clustered. (g) In the Seoul case, the city AOI is defined by Keijo Teukbyeolsi administrative boundaries and the Olympic AOI is monocentric. (h) In the Montreal case,
the city AOI is defined by the Champlain, Communauté Urbaine de Montréal and Laval administrative boundaries and the Olympic AOI is monocentric.
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Figure 5. Normalized difference vegetation index (NDVI) maps created using the median synthetic image over a 5-year period, for each of the 8 cities analysed in 

this study. NDVI was calculated using the NIR and red bands of the synthetic image (see Equation (3)). Additionally, there is a focus on the main Olympic facilities. 

The real data range is [−1 to 1] but this was stretched to [−0.25 to 0.25] in all of the maps for better understanding and visualization. (a) In the Paris case, higher 

NDVI levels are in the periphery, but some Olympic facilities (i.e. Champs-de-Mars) take advantage of inner green areas. (b) In the Tokyo case, there are sparse 

but important green spaces in the central area. (c) In the Rio case, there are elevated NDVI levels for the entire urban area, but not in the main Olympic facilities. 

(d) In the Beijing case, the central urban area has sparse green spaces, with overall moderate NDVI levels, where Olympic facilities where placed. (e) In the Sydney 

case, elevated NDVI levels suggest that their urban area has a considerable amount of green space, including some parts pf the Olympic Park. (f) In the Barcelona 

case, sparse green spaces can be found, highlighting Montjuïc Olympic ring area. (g) In the Seoul case, higher NDVI levels are located in the north and the south 

periphery, not where the Olympic Park was placed. (h) In the Montreal case, the overall urban area presents high NDVI levels, and some of the Olympic Park area 

was also located in a green area. 

Figure 5. Normalized difference vegetation index (NDVI) maps created using the median synthetic image over a 5-year period, for each of the 8 cities analysed in this
study. NDVI was calculated using the NIR and red bands of the synthetic image (see Equation (3)). Additionally, there is a focus on the main Olympic facilities. The real
data range is [−1 to 1] but this was stretched to [−0.25 to 0.25] in all of the maps for better understanding and visualization. (a) In the Paris case, higher NDVI levels are
in the periphery, but some Olympic facilities (i.e. Champs-de-Mars) take advantage of inner green areas. (b) In the Tokyo case, there are sparse but important green
spaces in the central area. (c) In the Rio case, there are elevated NDVI levels for the entire urban area, but not in the main Olympic facilities. (d) In the Beijing case, the
central urban area has sparse green spaces, with overall moderate NDVI levels, where Olympic facilities where placed. (e) In the Sydney case, elevated NDVI levels
suggest that their urban area has a considerable amount of green space, including some parts pf the Olympic Park. (f) In the Barcelona case, sparse green spaces can be
found, highlighting Montjuïc Olympic ring area. (g) In the Seoul case, higher NDVI levels are located in the north and the south periphery, not where the Olympic Park
was placed. (h) In the Montreal case, the overall urban area presents high NDVI levels, and some of the Olympic Park area was also located in a green area.
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facilities. The real data range is [−1 to 1] but this was stretched to [−0.25 to 0.25] in all the maps for better understanding and visualization. (a) In the Paris case, 

radial urban configuration shows a dense urbanised centre with high NDBI levels, such as the Stade de France. (b) In the Tokyo case, the area is densely urbanised, 

such as the Tokyo Dome complex, but with interstitial green spaces. (c) In the Rio case, there are several densely urbanised focuses with high NDBI levels, such 

as the Barra Olímpica complex, limited by densely vegetated areas. (d) In the Beijing case, the concentric pattern leads to a densely urbanised city with high NDBI 

levels, such as the National Stadium. (e) In the Sydney case, the extensive urbanization sprawl is combined with green spaces, such as the Olympic Park. (f) In the 

Barcelona case, the gridded configuration shows urban continuity and density with very high NDBI levels, such as the Olympic Village. (g) In the Seoul case, the 

urbanisation is dense around the Han River, with generalized high NDBI levels, such as the Jasmil Sports Complex. (h) In the Montreal case, the gridded pattern 

presents dense build-up areas combined with inner green spaces, such as the Olympic Park and the adjacent Botanical Garden. 

Figure 6. Normalized difference built-up index (NDBI) maps created using the median synthetic image over a 5-year period, for each of the 8 cities analysed in this
study. NDBI was calculated using the NIR and SWIR1 bands of the synthetic image (see Equation (4)). Additionally, there is a focus on the main Olympic facilities.
The real data range is [−1 to 1] but this was stretched to [−0.25 to 0.25] in all the maps for better understanding and visualization. (a) In the Paris case, radial urban
configuration shows a dense urbanised centre with high NDBI levels, such as the Stade de France. (b) In the Tokyo case, the area is densely urbanised, such as the Tokyo
Dome complex, but with interstitial green spaces. (c) In the Rio case, there are several densely urbanised focuses with high NDBI levels, such as the Barra Olímpica
complex, limited by densely vegetated areas. (d) In the Beijing case, the concentric pattern leads to a densely urbanised city with high NDBI levels, such as the National
Stadium. (e) In the Sydney case, the extensive urbanization sprawl is combined with green spaces, such as the Olympic Park. (f) In the Barcelona case, the gridded
configuration shows urban continuity and density with very high NDBI levels, such as the Olympic Village. (g) In the Seoul case, the urbanisation is dense around the
Han River, with generalized high NDBI levels, such as the Jasmil Sports Complex. (h) In the Montreal case, the gridded pattern presents dense build-up areas combined
with inner green spaces, such as the Olympic Park and the adjacent Botanical Garden.
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Additionally, there was a focus on the main Olympic facilities. The transect used to calculate the thermal profile of the NLST in each city is included. (a) In the 

Paris case, the relative high temperature focuses are in the central, north and south areas, also some Olympic facilities such as the Stade de France. (b) In the Tokyo 

case, the relative high temperature focuses are on the port and around the centre of the SUHI, while Olympic facilities are relative lower temperature zones. (c) In 

the Rio case, the relative low temperature focuses of the forested areas can be seen in the centre of the AOI, and Olympic venues are acting as relative hotspots. 

(d) In the Beijing case, the relative high temperature focuses are on the south-west, south and east areas, locating the Olympic facilities in relative lower temperature 

areas. (e) In the Sydney case, the Olympic venues act as hotspots in relation with the surroundings. (f) In the Barcelona case, the Olympic ring is a relative green 

spot in comparison with the urban area. (g) In the Seoul case, the Olympic facilities are acting as relative high temperature areas in the SUHI. (h) In the Montreal 

case, the location of the Stade Olympique is part of the relative higher temperature areas. 

Figure 7. Normalized land surface temperature (NLST) maps created using the median synthetic image over a 5-year period, for each of the 8 cities analysed in this
study. NLST was calculated using the thermal band of the synthetic image and the minimum and maximum LST values in each city (see Equation (4)). Additionally,
there was a focus on the main Olympic facilities. The transect used to calculate the thermal profile of the NLST in each city is included. (a) In the Paris case, the relative
high temperature focuses are in the central, north and south areas, also some Olympic facilities such as the Stade de France. (b) In the Tokyo case, the relative high
temperature focuses are on the port and around the centre of the SUHI, while Olympic facilities are relative lower temperature zones. (c) In the Rio case, the relative low
temperature focuses of the forested areas can be seen in the centre of the AOI, and Olympic venues are acting as relative hotspots. (d) In the Beijing case, the relative
high temperature focuses are on the south-west, south and east areas, locating the Olympic facilities in relative lower temperature areas. (e) In the Sydney case, the
Olympic venues act as hotspots in relation with the surroundings. (f) In the Barcelona case, the Olympic ring is a relative green spot in comparison with the urban area.
(g) In the Seoul case, the Olympic facilities are acting as relative high temperature areas in the SUHI. (h) In the Montreal case, the location of the Stade Olympique is part
of the relative higher temperature areas.
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3.2. Thermal Transects: Sampling the Impact of the Olympic Facilities in Its Hosting Cities

A transect was defined for each of the eight analysed cities, with the aim of crossing the
urban area from point A to point B and overlapping the main Olympic venues, especially
the Olympic Stadium (Figure 8).

(a) The Paris transect has a SW to NE direction and a length of 25,035 m. It was designed
to sample the UHI from point A (X: 444,248, Y: 5,401,311) to point B (X: 455,585, Y:
5,423,867, EPSG: 32631) by crossing les Champs de Mars, le Montage Olympique des
Invalides, the Sena River and St. Denis Stadium. In the latter, there is a peak in the
NLST transect graph, indicating a hotspot in this location in relation to the Paris UHI,
while in the Invalides, there is a relative green spot (Figure 8a). The clustered location
of the venues, added to the combination with gardens, promotes the balancing of the
heat emission of Olympic buildings.

(b) The Tokyo transect has a SW to NE direction with a length of 30,511 m and was
designed to cross the UHI from point A (X: 375,100, Y: 3,941,580) to point B (X: 398,083,
Y: 3,961,660, EPSG: 32654). The sample starts at the Tama River and crosses the Yoyogi
Park, the Japan National Stadium, the Tokyo Dome, the Arakawa River and finishes
at the Mizumoto Park. The thermal peak is located over the Stadium and the Dome
(Figure 8b). The high surface temperature reached by the Olympic building covers,
added to its huge dimensions, leads to the result of an important hotspot within the
city, but the buildings are located within a green area that mitigates the heating effects.

(c) The Rio transect has a SW to NE direction with a length of 44,230 m and it was
designed to sample the UHI from point A (X: 645,756, Y:7,450,883) to point B (X:
686,856, Y: 7,467,220, EPSG: 32723). The line starts at the Portinho River estuary and
crosses the Pedra Branca Park, the Olympic village and the Barra Olimpica venue,
the Tijuca National Park, and the city of Rio de Janeiro overlapping the Maracaná
Stadium. The thermal peak is located over Barra Olímpica and a secondary peak is
found over Maracaná, indicating that these types of Olympic infrastructure are some
of the higher heat emissaries in the city. The exuberant and dense vegetation of the
Rio area increases the relative contrast between the concrete urbanized areas and its
surrounding forests. This effect is still greater in the case of the Barra complex, in a
peripherical location (Figure 8c).

(d) The Beijing transect has a S to N direction and a length of 30,723 m. It was designed to
cross the UHI from point A (X: 447,915, Y: 4,401,850) to point B (X: 447,895, Y:4,432,570,
EPSG: 32650), starting at the Nanyuan residential district and crossing the Temple
of Heaven complex, the Olympic village, the Beijing National Stadium and finishing
at the Olympic Park. The coolest locations are the Olympic Park, which has a large
vegetated and gardened area, and the Temple of Heaven, while the hottest is the
Beijing National Stadium (Figure 8d).

(e) The Sydney transect has a NW to SE direction and a length of 23,108 m. It was de-
signed to cross the UHI from point A (X: 318,740, Y: 62,548,990) to point B (X: 339,180,
Y: 6,244,130, EPSG: 32756). The segment starts at the Duck River and crosses the
Olympic Park thorough the Accor Stadium, the residential areas of Haberfield, Mac-
donaldtown, Kensington before ending at the sea close to South Coogee. In the case
of this urban area, the extensive and low-density neighbourhoods, with many green
spaces, contrasts with the Olympic Stadium and the central and dense downtown,
where the thermal peaks are located (Figure 8e). Nevertheless, the Olympic Park
contains green areas and water bodies balancing the building heat.

(f) The Barcelona transect has a SW to NE direction and a length of 20,317 m. It was
designed to cross the UHI from point A (X: 426,010, Y: 4,575,085) to point B (X: 438,315,
Y: 4,591,235, EPSG: 32631). The transect starts at the Llobregat River and crosses the
industrial area of Mercabarna, the Olympic Ring by the Montjuïc Olympic Stadium,
the densely populated old city, the Eixample, the Besós River and finishes in Badalona.
The highest surface temperature is in the industrial area, and the Olympic Ring has
low relative temperatures due to its vegetated park areas, such as the Botanic Garden
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located near to the Palau Sant Jordi and the Olympic Stadium. Similarly to the other
cities, the lowest relative temperatures are over the water bodies (Figure 8f).

(g) The Seoul transect has a W to E direction and a length of 28,530 m and it was designed
to cross the UHI from point A (X: 307,545, Y: 4,153,195) to point B (X: 336,050, Y:
4,154,110, EPSG: 32652). It starts at the Bucheon Ecoaprk, crosses the densely popu-
lated areas of Dorim-Dong and Noryangjing-Dong, overlaps the Han River, enters to
the Jamsil Olympic complex and the Olympic Park (where the Olympic Stadium is
located), and ends at the limit with Gyeonggi-Do. As expected, the Han River presents
the lowest relative surface temperatures, with the higher temperatures located on
dense urban areas and over the Olympic Stadium (Figure 8g).

(h) The Montreal transect has a W to E direction and a length of 28,522 m. It was designed
to cross the UHI from point A (X: 605,630, Y: 5,030,500) to point B (X: 617910, 5,056,230,
EPSG: 32618). It starts at the Boulevard La Salle close to the Pont Honoré-Mercier,
crosses the Canal de Lachine, overlaps the residential area of Westmount, the Parc
du Mont Royal, the neighbourhood of Angus, the Olympique Parc de Montral and
the Stade Olympique, the low-density neighbourhood of Anjou, the industrial area
at East Montreal, and ends near the Île Du Tricentenaire. The higher relative surface
temperatures are found on the dense residential areas, and there is observed a peak
just over the Olympic Park. It is worth noting that the Botanical Garden, located next
to the Olympic Park, and from where the marathon took place, is one of the places
with a lower relative surface temperature in the inner urban area. Additionally, the
Parc du Mont Royal and the Canal de Lachine water body show the lower thermal
emissions (Figure 8h).

3.3. City Land Surface Temperatures Related to the Olympic Factilites Land Surface Temperatures

In a further explanatory analysis, and focusing on the NLST variable, we plotted the
boxplot for all of the pixels of each city AOI and for all the pixels within the respective
Olympic facilities’ AOIs. The boxplot excludes the outliers and values of the range [–1 to 1].
As a result, the reader can summarize the data and quickly identify the distribution of LST
across the areas and skewness by focusing on the quartiles and averages (Figure 9).

• Results for Paris and its Olympic area show a reduced interquartile range (IQR) of the
NLST within the overall Paris urban space in comparison with the Olympic area. This,
added to a higher variability of temperatures within the Olympic area as seen in the
wider distance between the minimum and the maximum, indicates that the Olympic
facilities contribute to a slight increase in the relative LST in Paris’s urban area. The
clustered location of the Olympic facilities along of the city can explain this reduced
effect of the hotspot in relation with its surrounded heavily urbanized area (Figure 9a).

• Findings for Tokyo and its Olympic area reveal a comparable IQR of the NLST within
the Olympic area in comparison with the overall Tokyo urban area. The variability of
temperatures within the Olympic area is also similar to the overall city, as seen in the
similar distance between the minimum and the maximum. However, the median and
the average LST is significantly lower in the Olympic facilities, demonstrating a strong
contribution to reducing the overall LST in the Tokyo urban area. The polycentric
location of the Olympic facilities along the city can explain its effect as a green spot in
relation with its surrounded heavily urbanized area (Figure 9b).

• Rio de Janeiro and its Olympic area show a lower variability of the NLST in the
Olympic area in relation with the overall Rio urban area, as seen in the lower distance
between the minimum and the maximum and between the 1st and 3rd quartile. In
this case the NLST minimum, median and average values within the Olympic area
are significantly higher than those in the overall Rio urban area; thus, the Olympic
facilities contribute to the increased overall LST. The location of the Olympic area in
the periphery of the city can explain its effect as a hotspot in relation to its less heavily
urbanized surrounding (Figure 9c).
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the Rio case, the thermal peak is located over Barra Olímpica and a secondary peak is found over Maracaná. (d) In the Beijing case, the hottest location is the 

Figure 8. Transects created using the NSLT, the NDVI and the NDBI images. A segment was digitized that crossed the city and the Olympic facilities to obtain the
thermal profile from the NLST. Additionally, to compare results, the NDVI and the NDBI profiles were added. This was undertaken with the Profile Tool v.4.2.6 QGIS
plugin, which essentially intersects the segment with the target raster, and extracts the value of the overlapped pixels. The result is a table with values that can be
plotted in the GIS v.3.32 software or exported to another software to edit the graph. (a) In the Paris case, there is a peak in the Stade de France NLST transect graph,
indicating a hotspot in this location in relation to the Paris UHI. (b) In the Tokyo case, the thermal peak is located over the Stadium and the Dome. (c) In the Rio case,



Remote Sens. 2024, 16, 3405 25 of 35

the thermal peak is located over Barra Olímpica and a secondary peak is found over Maracaná. (d) In the Beijing case, the hottest location is the Beijing National
Stadium. (e) In the Sydney case, the extensive and low-density neighbourhoods, with many green spaces, contrasts with the Olympic Stadium and the central and
dense downtown, where the thermal peaks are located. (f) In the Barcelona case, the highest surface temperature is in the industrial area, and the Olympic Ring has
low relative temperatures due to its vegetated park areas. (g) In the Seoul case, the Han River presents the lowest relative surface temperatures, with the higher
temperatures located on dense urban areas and over the Olympic Stadium. (h) In the Montreal case, the higher relative surface temperatures are found on the dense
residential areas, and there is observed a peak just over the Olympic Park.



Remote Sens. 2024, 16, 3405 26 of 35

• Beijing and its Olympic area demonstrate a shorter IQR of the NLST within the
Olympic area when compared with the overall Beijing urban area. Additionally, the
variability of temperatures within the Olympic area is also lower than in the overall
city, as seen in the similar distance between the minimum and the maximum values.
However, both the median and the average LST are lower in the Olympic facilities,
showing a strong contribution to the reduced overall LST in the Beijing urban area.
The fact that the Olympic facilities are located in a polycentric manner throughout
the city can account for this green spot effect in relation to its surrounding heavily
urbanized area (Figure 9d).

• Sydney and its Olympic area indicate a higher variability of the NLST in the Olympic
area when compared with the broader Sydney urban area. This is evident in the
wider distance between the minimum and the maximum values, as well as between
the 1st and 3rd quartiles. In this case the NLST median and average values within
the Olympic area are much higher than in the overall urban area; thus, the Olympic
facilities contribute to the overall increase in LST of the resulting urban area after the
games. The median and average NLST values within the Olympic area are notably
higher than in the overall urban area. The median value is positioned closer to the
bottom of the box, and the whisker on the upper end of the box is shorter, indicating a
clearly negative skew in the distribution. This skew can be attributed to the mix of
green spaces and hot areas within the Olympic Park. The location of the Olympic area
on the periphery of the city can explain the hotspot effect, which is related to the way
in which it surrounds a less densely urbanized area (Figure 9e).

• The results reveals that the IQR of NLST in Barcelona’s Olympic area is shorter than in
the city overall. Additionally, the variability of temperatures within the Olympic area
is lower than in the rest of the city, as evidenced by the proximity of the minimum
and maximum temperatures. However, the median and average LST is lower in the
Olympic facilities, which significantly contributes to the overall reduction of LST in
the urban area of Barcelona. The fact that the Olympic facilities are clustered in a
particular location within the city can explain this effect of a green spot in relation to
the heavily urbanized area surrounding it (Figure 9f).

• The analysis of data for Seoul and its Olympic area reveals a reduction in the IQR
of the NLST within the Olympic area compared with the overall Seoul urban area.
Additionally, there is a decrease in temperature variability within the Olympic area,
as evidenced by the smaller distance between the minimum and maximum values.
However, despite these findings, the average and median values, as well as the higher
position of the 1st and 3rd quartiles, suggest that the Olympic facilities have led to a
relative rise of LST in the Seoul urban area. This effect can be attributed to the monocen-
tric location of the Olympic facilities within the city and the urbanized surroundings,
which creates a hot spot in relation to the overall urbanized area (Figure 9g).

• Similarly to Seoul, the data for Montreal indicate a narrowing of the IQR of the
NLST within the Olympic area as compared with the broader Montreal urban area.
Additionally, the temperature variability in the Olympic Park is lower, as shown by the
smaller distance between the minimum and maximum values. However, the average
and median values, as well as the higher position of the 1st and 3rd quartile, suggest
that the Olympic venues have contributed to an overall relative increase of the LST in
the resulting Montreal urban area after the games. The central location of the Olympic
facilities within the city and its urbanized surroundings can explain this effect of a hot
spot in relation to the overall urbanized area (Figure 9h).

3.4. NLST Validation

The LST (K) and the NLST are expected to exhibit perfect correlation through a linear
regression, as they are simply transformed using the scaling method (see Section 2.3.1). To
evaluate this, we employed thermal transect pixels as samples for each city (Figure 10),
achieving the expected results.
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boxplot indicates that the Olympic facilities contribute to a slight increase in the relative LST in Paris’s urban area. (b) In the Tokyo case, the boxplot indicates a
strong contribution of the Olympic facilities to reducing the overall LST in the Tokyo urban area. (c) In the Rio case, boxplot indicates that the Olympic facilities
contribute to increase the overall SUHI LST. (d) In the Beijing case, the boxplot shows a median and average LST lower in the Olympic facilities, thus a strong
contribution to the reduced overall LST in the Beijing urban area. (e) In the Sydney case, the NLST median and average values within the Olympic area are much
higher than in the overall urban area; thus, the Olympic facilities contribute to the overall increase in LST of the resulting urban area after the games. (f) In the
Barcelona case, the median and average LST is lower in the Olympic facilities, which significantly contributes to the overall reduction of LST in the urban area of
Barcelona. (g) In the Seoul case, the boxplot suggest that the Olympic facilities have led to a relative rise of LST in the Seoul urban area. (h) In the Montreal case,
the average and median values, as well as the higher position of the 1st and 3rd quartile, suggest that the Olympic venues have contributed to an overall relative
increase of the LST in the resulting Montreal urban area after the games.
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4. Discussion
4.1. Towards a Sustainable Olympic Game Planning? Surface Thermal Mitigation Strategies

The past five decades have witnessed the development and execution of various
strategies in Olympic cities. Since the Sydney 2000 Games, these strategies have aimed
to achieve environmental sustainability [13]. Nevertheless, the outcomes indicate the
existence of high surface temperature concentrations, being necessary to adopt additional
measures to complement existing plans and achieve the established objectives. The findings
suggest that initiatives should focus on green space management that seeks to maintain
temperatures below average.

Emphasizing the Olympic buildings, the urban planning has particularly focused on
proposals related to energy consumption. We believe that this propositional line is essential
but can be improved, even more so when several studies indicate the direct relationship
between temperatures and energy consumption in buildings [91,92]. In addition, due to
low solar absorption and its impact on reducing surface temperatures [93], green roofs are
also an option, even allowing one to enhance interior thermal comfort [94,95]. Another
area of concern is the campus sports facilities, specifically in the rubber-based artificial
grass fields used for sports like soccer, hockey or baseball. These materials can lead to
high surface temperatures under certain meteorological conditions [89,90], even exceeding
those on concrete surfaces. Substitution with natural grass is a valid option, although
the current climate emergency and drought situation make its implementation difficult
(e.g., in Spain). The implementation of efficient irrigation systems would be beneficial for
the establishment of urban green spaces, but if this is not feasible, temporary restrictions
on the use of these facilities should be considered by the relevant authorities. A third
zone of action could be established in areas with medium-high and medium temperatures,
which are considered as possible transition zones. The objective of this zone would be to
homogenize temperatures within ranges close to the average or even lower. The results of
previous studies have shown that the coexistence of urban green spaces in areas dominated
by urbanized land uses can help to reduce temperatures. Areas of action include parking
lots and the surroundings of the Olympic Stadium in particular. In terms of parking lots,
most cities have implemented policies to promote sustainable mobility, reducing the use
of private vehicles and public transportation. A proposal to reduce the surface area of
parking spaces could be a complementary strategy, allowing for the reduction of private
vehicle usage and replacing these spaces with areas of forests, gardens, or medium-height
vegetation. Regarding the Olympic rings, while the passage of motorized vehicles has often
been restricted during events to promote pedestrianization, we believe that it is necessary
to accompany these measures with the implementation of mid-height vegetation, gardens,
or awnings that can help to mitigate temperatures. Due to the influence of urban greenery,
there are still opportunities to increase urban vegetation in internal and interstitial areas.

In conclusion, we recommend the implementation of vegetation in accordance with
the findings of recent studies [96,97], even if this entails additional economic costs required
for its correct maintenance throughout the year (irrigation, pruning, pest control, etc.). It
is worth considering the idiosyncrasy of a space characterized by a significant variation
in occupancy by the sports community and other massive events, both day and night,
and throughout certain seasons (holiday periods). The adaptation to climate change
must prioritize the promotion of green areas rather than their reduction, especially by
incorporating drought-resistant species adapted to the local habitats.

4.2. Limitations of This Study

There are some limitations in this study regarding the estimation of the influence of
urban planning for the Olympic Games on land surface temperatures:

• Spatial limitations: The delimitation of urban areas can sometimes be a contentious
issue, as it is influenced by disparities between the spatial boundaries of a SUHI and
the administrative limits. Despite these challenges, we aimed to use the administrative
limits that best suited the objectives of our study. In addition, we employed the same
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limits as previous studies conducted in the same city and its SUHI (e.g., Paris [98],
Rio [81], Seoul [99], Montreal [100]).

• Data gap limitations: For the LST estimation of Olympic urban planning, we consid-
ered a constant period of 5 years after the event, for all of the cities. If needed, this
date range can be expanded by modifying the GEE code to select a higher number of
images (also, more images could be obtained by relaxing the cloud cover constraint).
Regarding the data and the cloud computing code, there is a gap in the analysis of
London 2012 that could be addressed with Landsat-7 data. However, due to the
SLC-off failure [70] affecting this sensor and the availability of sufficient Landsat-8
data, we opted to use only the latter. Additionally, we used Landsat-4 and 5 for the
analysis of Olympic events before 1982, instead of Landsat-3. This affects the esti-
mation of the Montreal LST and constitutes a weak point of this paper. Our criteria
were guided by using Collection 2, which is not currently available for Landsat-1 to
Landsat-3 (Landsat-3 was the first Landsat mission with a thermal channel, launched
in 1978). Furthermore, the spatial resolution of the thermal band on Landsat-3 was
120 m (coarser than Landsat-4 to 9). Nevertheless, the GEE code is ready to include
Landsat-3 Collection 2 data when available.

• Finally, there are some known surface temperatures issues regarding Collection 2 that
affect the radiometric correction, the surface emissivity estimation [101], and some
others related with the lack of data treatment or inconsistent treatment in overlapping
areas between WRS2 distribution units [102].

5. Conclusions

In this study we analysed the surface temperatures of Olympic Games facilities and
the surface temperatures of the hosting city. The Olympic facilities affect the urban climate
of the hosting city, with a warming impact, but this impact has been reduced over the years
thanks to new urbanistic approaches and the cohabitation with urban green spaces.

Over time, urban planners have proposed different projects that apply to the Olympic
Games and its hosting cities. On the basis of five stages reflecting the history of the urban
impact of the games, we focused on the period from 1976 to 2024. The Landsat series
Collection 2 data, combined with cloud computing (e.g., Google Earth Engine) and GIS
methods, allows multiple and reproducible spatiotemporal urban studies, such as the
former. In this study we presented and shared a Google Earth Engine code to obtain 5-year
synthetic images for eight Olympic cities (Paris 2024, Tokyo 2020, Rio 2016, Beijing 2008,
Sydney 2000, Barcelona 1992, Seoul 1988 and Montreal 1976). We analysed the contribution
of the Olympic venues to the overall surface temperature of the hosting urban area. In
fact, we used and validated a locally normalized LST approach to better identify the effects
of the Olympic infrastructure to the urban heat island and compared the relative surface
temperature between different cities.

The results show that Olympic Games urban planning affects its hosting cities as
they are centres of attraction and population concentration where land uses tend to in-
termingle, creating territorial complexities. These examples between Montreal 1976 and
Paris 2024, with different urban planning patterns, show the role of urban greenery and
how its importance evolved over the last 40 years. Our findings indicate that high surface
temperatures are spatially concentrated in the concrete built-up zones around the Olympic
Stadium, the Olympic village, arenas, synthetic turf courts and covered sport facilities such
as domes, velodromes, or covered pools. On the other hand, open spaces with vegetation
such as the equestrian parks, natural turf courts or gardens, and open aquatic waterways,
are extensive areas contributing to lower temperatures. At the same time, all of the cities
have intrinsically urban configurations with heavily urbanized zones contributing to the
urban heat, and green spaces contributing to the urban cooling. The coexistence of urban
greenery like parks and gardens, with surface temperature hotspots like Olympic Stadiums
and other sports complex, contributes to the mitigation of urban temperatures, but that
the location of the Olympic buildings also has importance. In relation to environmental
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policies, Olympic urban planning has correctly evolved to more sustainable spaces, from
the monocentric Olympic Parks of Montreal 1976 or Seoul 1988 to the polycentric distribu-
tion of Beijing 2008, Tokyo 2020 or Paris 2024, where surface temperatures are balanced
(although the Olympic Stadium is, still, the main heat contributor). Our analysis also shows
how peripheral Olympic venues such as in Sydney 2000 and Rio 2016 result in a relative
hotspot in relation with their unurbanized areas. In general, the results confirm the need to
carry out more integrative policies in spaces of transition, with the aim of improving their
thermal comfort.

Finally, this article opens avenues of research in relation to the behaviour of tem-
peratures in urban and peri-urban areas. The aim of such would be to make a greater
contribution to the literature on the effect of climate change in these spaces. The GEE code
tool is applicable to the coming Olympic Games and to similar urban mega-events such
as the Universal Exhibition (EXPO). Additionally, we believe that integrating Olympic
infrastructures on a supra-municipal scale would help relate the temperatures that are
configured within them with their peripheral spaces, thus obtaining a better understanding
of the spatiality of temperatures outside dense urban areas.
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