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Epigraph

“Wer nie sein Brot mit Tränen aß,

Wer nie die kummervollen Nächte

Auf seinem Bette weinend saß,

Der kennt euch nicht, ihr himmlischen
Mächte.”

—Johann Wolfgang von Goethe (1749–1832)



Preface

This bookmarks the 10-year anniversary of the outdoor thermal comfort index called
Universal Thermal Climate Index ‘UTCI’. The planning for putting through a book
proposal to Springer’s Biometeorological Series started in 2017 and from then on,
several actions were taken in order to carry out this mission. In 2019, a meeting
was held in Warsaw, Poland, in the shape of an International Conference dedicated
to UTCI applications. The conference was organized by the Polish Academy of
Sciences, the International Society of Biometeorology, the National Research Insti-
tute and the University of Warsaw, with a great deal of effort from Prof. Krzysztof
Błażejczyk.The aimof this conferencewas similar to that of the current book, namely,
discussing current achievements in human bioclimatology based on the UTCI. The
event gave me the opportunity to have an overview of the diverse applications of the
index so far and also to identify potential collaborators for book chapter contribu-
tions.As a follow-up of this conference, special issues found place at the International
Journal of Biometeorology, Geographica Polonica and Miscellanea Geographica,
with papers presented at the Warsaw Conference.

The year 2020, however, was severely struck by the COVID-19 pandemic, which
affected in many ways the anticipated start for preparing this book. Throughout the
several months living with the pandemic (declared as such by the World Health
Organization on March 11, 2020), several articles have been published that draw
parallels between the current COVID crisis with the challenges we face ahead with
the progress of the climate change crisis. To the already established climate resilience
discourse, we will need now to add pandemic resilience as an essential requirement
for human settlements. At the moment, there is a debate on which steps need to be
taken for humanity to achieve herd immunity, i.e. the benchmark at which a sufficient
number of people are immune to the virus to stop its spread. This debate needs also to
take into account the efficacy of existing vaccines, the pace of the many vaccination
rollouts taking place all over the world versus the rise of new virus variants. It is very
likely that COVID-19 will become endemic and stay for a longer time. Therefore, we
will need to live with and constantly struggle against both crises (actually, as duly put
by E. Felsenthal, in his editorial for the Time Magazine’s 1–8 February 2021 issue,
the crises we face are manifold and we can talk about a trust crisis, an inequality
crisis, an economic crisis and a democracy crisis as well). In the case of the COVID

vii
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crisis, the multiple applications of the UTCI (as described in this book as well as in
the literature) are well aligned with the fields currently addressed by studies on the
pandemic (e.g. urban areas, outdoor spaces).

Applications of thermal biometeorological indices such as the UTCI can be
strongly associated to research initiatives aimed at climate change mitigation.
Included here are urban planning initiatives, health and safety measures for outdoor
spaces, improvements in environmental quality and well-being and biometeorology
in general, the latter having a precursor role as a discipline that goes beyond single
disciplines to safeguard human health.

The book series on Biometeorology launched by Prof. Glenn McGregor in 2009
had among its aims, as well put by Prof. McGregor “to demonstrate how a biome-
teorological approach can provide insights to the understanding and possible solu-
tion of cross-cutting environmental issues”, including adaptation to climate change.
This book pursues this aim and presents a current snapshot of applications of the
UTCI starting with an in-depth literature review on the subject. It would fulfill
a broader purpose if applications, approaches and methods presented here would
catalyze progress across multiple areas in human biometeorology not only those
covered by the book.

The book also showcases research initiatives across a wide range of disciplines
and highlights the multidisciplinary nature of what is termed ‘Outdoor Thermal
Comfort’. The UTCI was the successful result of a collaboration, which was carried
out following an interdisciplinary cross-country teamwork approach, though headed
and pushed energetically forward by Prof. Gerd Jendritzky under the auspices of the
International Society of Biometeorology. The application of the UTCI in different
fields of knowledge reinforces the importance of connecting ideas, methods and
people beyond single disciplinary boundaries.

Editor
Curitiba, Brazil Eduardo L. Krüger
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Chapter 1
Introduction

Eduardo L. Krüger

Abstract The outdoor thermal comfort index termed ‘Universal Thermal Climate
Index’ or ‘UTCI’ was launched in 2009 as successful output of interdisciplinary
work performed by a group of experts that composed the European COST Action
730, Commission 6, within the framework of the International Society of Biometeo-
rology (ISB). COST Action 730 was centered on the development of a physiological
assessment model of the thermal environment in order to significantly enhance appli-
cations related to health and well-being in the fields of public weather service, public
health systems, precautionary planning and climate impact research. After a full
decade from the finalization and official launch of the UTCI, it is timely relevant
to check on the progress and current applications of the index so far. UTCI is to
be included in the revision of one of the guidelines of the Association of German
Engineers (Verein Deutscher Ingenieure ‘VDI’), VDI Guideline 3787-2, which is
aimed at providing “evaluation methods of human biometeorology as a standard for
taking into account climate and air quality (bioclimate) in relation to man in overall
physical planning”. The chapter describes motivations that lead to the organization
and writing of the book, putting this in the context of the COVID-19 pandemic.

Keywords UTCI · Outdoor thermal comfort · Pandemic · Climate change

1 Context

The organization and writing of this book were done during the Coronavirus disease
(COVID-19) pandemic. One of the side-effects of the spread and the speed with
which this disease propagated around the globe was the sheer uncertainty it created
in many aspects of life. The pandemic installed an ‘Age of Uncertainty’ that affected
economies worldwide.

E. L. Krüger (B)
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2 E. L. Krüger

Uncertainties regarding economic development increased alongside uncertainties
in the political realm, including the effectiveness of implemented policies such as
the duration and extent of social distancing. Altig et al. (2020) analyzed a variety of
economic uncertainty measures during the pandemic in 2020. They all showed that
the COVID-19 economic crisis exhibits an unprecedented nature and the uncertainty
generated by it has skyrocketed in its wake. Uncertainties were also observed in
the case of the controversial policy of the closing of schools and the associated
risk of transmission in classroom settings vis-à-vis the adverse impacts on academic
progress from distance learning. So far, little evidence has been found to corroborate
that schools have contributed meaningfully to increased community transmission
(Honein et al. 2021; European Centre for Disease Prevention and Control ECDC
2020). The ECDC December 23 Report recommends that school policies should
instead aim at non-pharmaceutical interventions such as physical distancing that
prevent crowding aswell as hygiene and safetymeasures for preventing transmission.

Uncertainties also arise with respect to our own personal development: impacts
on work and academic productivity, well-being and mental state during a lockdown,
among others.

Intrinsic uncertainties naturally exist regarding the virus itself, its lethality, infec-
tiousness and resilience over time and more recently regarding its progress, with
more harmful and contagious variants found in different parts of the world. Add to
that, the uncertain containment of the disease amidst the many vaccination rollouts,
taking place at the current time in various countries.

With respect to the subject matter of this book, many of the motivations and
priorities we had set before the pandemic have changed with the advance of the
disease. It may at first seem that the current global COVID-19 crisis has dwarfed the
common goal of promoting climate change resilience in cities. Indeed, the rhythm
of research carried out on topics related to the book contents got severely disrupted.
Yet, during the pandemic, summer periods present enhanced and concomitant risk
factors amidst the pandemic and heat stress poses additional challenges to the public
health system (Martinez et al. 2020). This multi-hazard crisis requires governments
to plan policies formitigating the risk of both heat exposure andCOVID-19 transmis-
sion. In particular, government initiative and community-level measures (Shumake-
Guillemot et al. 2020) are warranted to minimize the risk from COVID-19 trans-
mission and heat exposure among vulnerable populations, such as the elderly and
children. Traditional heat intervention strategies (e.g. cooling shelters) can become
infeasible during COVID-19. Therefore, it is vital to alleviate thermal discomfort at
an early stage to prevent future severe heat-related illnesses.

In the aftermath of the pandemic, it might well be that new, unforeseen applica-
tions of the outdoor thermal comfort indices like theUniversal ThermalClimate Index
‘UTCI’ will arise. Possible future applications could then be related to improvements
of hygiene and safety conditions in urban outdoor spaces and how such spaces should
be designed to curb future outbreaks. Strategies such as the provision of natural venti-
lation within building arrays as well as avoiding unnecessarily constrained spaces
and encroachments in urban areas might become in vogue requiring thermal comfort
analyses for such structural modifications of the urban realm.



1 Introduction 3

Developments such as the current rate of urbanization and trends toward more
compact cities might undergo a rethinking process. The urban character of the
pandemic and the need to reduce agglomerations in urban areas might attract more
people to small towns and mid-sized cities. Locally, outdoor recreational spaces
(public squares and parks) might go through a revival. Such rediscoveries of rural
life and outdoor areas can have an impact on microclimate and will therefore require
thermal comfort assessments associated with those changes. Tourism in National
Parks and nature reserves, one of the application areas of the UTCI identified in the
literature review, will most likely call for dedicated thermal comfort assessments
in order to guide mobility and to identify risk areas in connection with heat waves
and global warming. As correctly put by Więckowski (2020), from every crisis an
opportunity arises for reflection and for change and there are noticeable signs that
the pandemic has already performed substantial changes in the Anthropocene, with
nature benefiting rather tangibly and rapidly with improvements in air and water in
cities and in wildlife in National Parks.

The area termed human biometeorology will also be affected by the “new normal”
after the pandemic. Despite its remote origins during the times of Hippokrates in
ancient Greece (Höppe 1997), the science of biometeorology formally started as an
interdisciplinary area in the 1960s and was later subdivided into three specialized
sub-fields (animal, plant and human biometeorology) and in more recent decades
into further branches (Burton et al. 2009). Defined as the science of the influences
of the atmospheric environment on man (Höppe 1997), at least for the human sub-
field biometeorology will need to adapt to new potential usages after the pandemic,
opening new avenues of interdisciplinary research that deal with thermal comfort,
boundary-crossing with hygiene and safety measures.

Parting from the basic question posed to the field of biometeorology in the ISB
website “How does weather and climate impact the well-being of all living crea-
tures?” and looking at the study areas proposed for that field of investigation, the
years to come will witness an increase in research focusing in well-being, morbidity,
mortality of humans that face extremeweather and inadvertentmicroclimatic changes
resulting from urbanization (albeit now additionally aimed at diminishing the risk of
new contagions) next to changes in land use in non-urban areas (e.g. by deforestation,
irrigation schemes etc.).

In urban planning, climate considerations will be required alongside post-COVID
planning measures. In a recent review paper of research published during the
pandemic, the environmental quality of cities was found to be a dominant subject
matter (Sharifi and Khavarian-Garmsir 2020). Overall, an optimistic future for
research and actions toward environmentally sound city planning was envisaged
by the authors as the current COVID crisis brought to life the issue of urban vulner-
ability to pandemics. While partial and total lockdowns pointed to improvements in
air quality in cities due to reductions in traffic-related pollution, there is an apparent
direct relationship between pollution and the spread of the pandemic. Regarding
climatic parameters, the reviewed studies showed conflicting outcomes for the rela-
tionship between air temperature and the COVID-19 confirmed cases. An evident
advantage of promoting higher wind speeds in urban areas is noted, specifically
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in reducing air pollutants and consequently diminishing the spread. The renewed
interest in these topics adds thus pandemic resilience to the climate change discourse
towards adaptation measures in cities. As pointed out by Allan and Jones (2020),
it is important to “enable resilience strategies to not only in respect of addressing
climate change, but also regarding pandemic preparedness and mitigation because
these have also proven to be disastrous to our current and rapidly urbanized world”.

An attempt towards better planning of urban areas in view of the 2003 SARS
mini pandemic (Cherry 2004) was the launch of an expert task team to propose
urban design guidelines for Hong Kong (Ng 2009). Due to the air-borne spread of
SARS (Severe Acute Respiratory Syndrome) and to the congested urban conditions
of hot-humid Hong Kong, guidelines focused primarily on ventilation strategies with
the development of a technical methodology of an air ventilation assessment system.
In the context of the current pandemic, in dealing with an airborne transmission of a
deadly virus, the mission of that expert group “how to design and plan the city fabric
for better natural air ventilation?” might grow in importance in many other urban
centers worldwide.

Still, one of the main challenges facing humanity today is climate change. During
the presentCOVID-19 crisis, similarities have been found between both challenges as
they both affect people globally, such as time-lagged response to crises, irreversible
changes they cause with unforeseeable consequences, social and spatial inequality,
weakening of international solidarity and the fact that it is less costly to prevent than to
cure (Manzanedo and Manning 2020). In terms of the latter, climate-change mitiga-
tionmeasures seem to be farmore economically sound than adaptation, although both
will certainly be required. Associated costs, however, depend on howwe quantify the
cost of adaptation, and the types of adaptation we consider. Many adaptation studies
use global RCP (Representative Concentration Pathways) or SSP (Shared Socio-
economic Pathways) scenarios. This type of adaptation is known as planned adapta-
tion, which include government policies and heat-health warning systems. However,
adaptation might also occur through autonomous adaptation, such as acclimatiza-
tion and behavioral adjustment such as changes in clothing choices or spending less
time outdoors during hot weather. For example, Gosling et al. (2017) combined both
planned and autonomous adaptation and examined their impact of future heat-related
mortality. Without considering autonomous adaptation in the equation, an overes-
timation of the future effects of heat on mortality is likely to occur (Huang et al.
2011).

As adequately put by Manzanedo and Manning (2020), in both the pandemic
and the climate crises it becomes evident the need for early action and prevention.
Other than considering that climate change matters are less important than pressing
concerns related to the pandemic, the current crisis offers insights formore adequately
managing climate change. Similar comparisons between both crises are presented
by Klenert et al. (2020), again reinforcing the need for consistent policies actions
in fighting them and reminding that delay in dealing with them is usually costly.
Yet, in drawing such parallels between the two crises, we need to recognize that
climate change is much more difficult to confront than the current pandemic. Those
authors conclude that “drawing the right lessons from this crisis [the pandemic] will
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prepare policy-makers and citizens for the long-term challenges presented by climate
change.” That line of thought seems to be accepted by the scientific community and
several other authors (e.g. Watts et al. 2020) agree that relevant lessons can be drawn
from the actual crisis, which are applicable to climate change management.

2 Climate Change and Human Thermal Comfort

Climate change is a wicked problem, that is, one that is difficult or even impossible
to be solved. It would be helpful to highlight the co-benefits in addressing climate
change and pandemics such as COVID-19, in order to facilitate international climate
change mitigation efforts. One example of the literature on relationships between
human health and climate changemitigation strategies is given by Smith et al. (2014).
Those authors evaluate direct, ecosystem-mediated and human-mediated impacts of
climate change on health outcomes, suggesting that climate change will likely and
with very high confidence exacerbate health problems that already exist. Working
or spending more time outdoors, for example, will be severely compromised with
rising temperatures and high humidity. At least in the case of air pollution, there
might be co-benefits with “health gains from strategies that are directed primarily
at climate change, and mitigation of climate change from well-chosen policies for
health advancement” (Smith et al. 2014).

Public awareness and media coverage have increased substantially with climate-
related events becomingmore andmore frequent over the last decades. A fewmonths
before the outbreak, in September 2019, TIME magazine devoted an entire issue to
climate change with the hope that this was an occasion we could all rise to. Despite
the disruption in the climate change discourse caused by the pandemic, it is still a
major issue in human biometeorology and the contents of this book are in some way
related to it.According to the last Intergovernmental Panel onClimateChange (IPCC)
Report, published in 2015 (the next one is due 2022), human influence on climate
is proven, clear and growing with extended impacts on human and natural systems.
The 2015 Report states that it is very likely that the number of cold days and nights
has decreased and that of warm days and nights has increased globally and there is
“medium confidence that the observed warming has increased heat-related human
mortality and decreased cold-related humanmortality in some regions” (IPCC2014).
Regarding human biometeorology, as stated in the IPCC Report, deleterious impacts
of such climate extremes include human morbidity and mortality with consequences
formental health and humanwell-being,which can be accentuated at the lowest levels
of socio-economic development. At present, the climate change discourse broadly
justifies any struggle to study urban climate and outdoor thermal comfort, which can
be supported by indices such as the UTCI.

It is unlikely that mankind will be able to keep global warming lower than 2 °C
relative to pre-industrial levels as proposed by the Paris Agreement andmany authors
such as Hanna and Tait (2015) rely on human thermoregulation and acclimatization
to cope with rising temperatures, particularly in cities. However, physiology alone
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will not be sufficient for ensuring comfort conditions outdoors, so that behavioral and
technological adaptation measures (Auliciems 2009) will also be required. Matters
related to outdoor thermal comfort are thus of multi and interdisciplinary nature.
The area covers a wide range of disciplines, including but not limited to physiology,
health andbehavioral sciences, occupational health, urbanplanning andurbandesign,
landscape architecture, meteorology and urban climatology. Also lying within the
research area called ‘outdoor thermal comfort’ or OTC research, in connection to
climate change and urbanization, health aspects deserve full attention and are gaining
momentum amidst health professionals and policy makers toward heat adaptation
and adaptation to extreme events such as heat waves (McGregor and Vanos 2018).
Particularly vulnerable populations and professionals who are frequently exposed
to the outdoor environment are more prone to heat-induced illnesses and combined
risks of multi-focal environmental aspects (thermal stress, urban noise, pollutants,
e.g. Candas and Dufour 2005).

In this context, thermal comfort indices are aimed at diverse applications in
outdoor spaces, providing relevant information to planners who seek more adequate
conditions for humans as well as an integrated assessment of perceived thermal
comfort for several issues related to health and safety and biometeorology (as in the
case of heatwaves or future climate projections, for example). The rationale for devel-
oping integrated energy-balance approaches for existing meteorological variables
instead of using single variables was already introduced by Büttner in the 1930s and
the advantages of such indices became evident (Höppe 1997). Such indices combine
relevant meteorological data like air temperature and humidity, wind velocity and
solar radiation into a single value, which can be then translated to categorical scales
expressing the predicted degree of human thermal stress and serve as important
indicators for weather forecasting systems. Advanced applications include urban
climatology, where index results can be used as important indicators of advantages
or disadvantages arising from the implementation of changes in urban morphology,
vegetation and water bodies.

As mentioned above, the subject matter is also relevant to human health research.
As relevant support to studies involving different adaptive opportunities (phys-
iological, psychological, social and behavioral) of humans in outdoor spaces,
comfort/stress indices can also gauge the extent of such adaptations, such as assessing
the impact of a continuous usage of air-conditioned indoor spaces on tolerance of
pedestrians to heat or cold stress. Another important application is the possibility of
better assessing thermal stress levels in particular locations accounting for target age
and gender groups, metabolic rate and clothing insulation. Again, hygienic needs
should go hand in hand with the thermal component in decision making processes
of planners (Höppe 1997).
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3 UTCI

The Universal Thermal Climate Index ‘UTCI’ was developed within the frame-
work of the International Society of Biometeorology (ISB), who in 2000 established
the UTCI ISB Commission 6. Prior to that, during the International Congress of
Biometeorology in Sydney, Australia, 1999, first discussions took place toward the
elaboration of such index. In 2004, the idea of a new COST Action on the UTCI was
launched, which was subsequently approved as COST Action 730.

COST Actions (European Cooperation in Scientific and Technical Research) are
a networking instrument for researchers, engineers and scholars to cooperate and
coordinate nationally funded research activities. They allow European researchers
to jointly develop their own ideas in any science and technology field.

The COST Action 730 was centered on the development of a physiologically
relevant model of the thermal environment in order to significantly enhance applica-
tions related to health and well-being in the fields of public weather service, public
health systems, precautionary planning and climate impact research. Started in 2005
and finalized in 2009, it involved researchers from 19 European countries and also
from Israel, Canada, New Zealand and Australia. During its elaboration, both the
UTCI expert group and the ISB defined a methodological framework for using the
UTCI, which involved the preparation of input meteorological variables, calcula-
tion procedure and assessment scale referring to thermal stress and physiological
reactions of the human organism in actual weather conditions under given assump-
tions, i.e. walking at 4 km/h (with a metabolic rate of 135 W/m2) and wearing
clothing adjusted to prevailing thermal conditions. After its conclusion, the index
was presented at several conferences and in two special issues, respectively, of the
International Journal of Biometeorology (vol. 56, 2012) and Geographia Polonica
(vol. 86(1), 2013).

What is the UTCI? In their executive summary, the expert group of COST Action
730 defines the index as the air temperature of the reference condition causing the
same thermophysiological model response as the actual condition. The equivalence
between the actual and the reference thermal environment is based on the dynamic
physiological response between both. A computed UTCI value or data point is an
equivalent temperature obtained from a set of air temperature, radiation, wind and
humidity data that corresponds to the air temperature in the reference condition of
radiation, humidity and wind speed, both producing the same thermal strain condi-
tion. The associated assessment scale was developed from the simulated physiolog-
ical responses comprising 10 different categories ranging from extreme cold stress
to extreme heat stress (Table 1).

In addition, the UTCI band between 18 and 26 °C, that range closely corresponds
to the definition of the “thermal comfort zone” defined in the Glossary of Terms
for Thermal Physiology (2003) as: “the range of ambient temperatures, associated
with specified mean radiant temperature, humidity, and air movement, within which
a human in specified clothing expresses indifference to the thermal environment for
an indefinite period”.
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Table 1 UTCI assessment
scale—UTCI categorized in
terms of thermal stress
(adapted from Bröde et al.
2012)

UTCI (°C) range Stress category

Above +46 Extreme heat stress

+38 to +46 Very strong heat stress

+32 to +38 Strong heat stress

+26 to +32 Moderate heat stress

+9 to +26 No thermal stress

+9 to 0 Slight cold stress

0 to −13 Moderate cold stress

−13 to −27 Strong cold stress

−27 to −40 Very strong cold stress

Below −40 Extreme cold stress

The UTCI is based on the advanced multi-node ‘Fiala’ thermoregulation model
coupled with a state-of-the-art clothing model that accounts for the behavioural
adaptation of clothing insulation to ambient temperature. Fiala’s multi-node ther-
moregulation model simulates human heat transfer processes within the body and at
its surface, and was perfected after several validation studies took place for a wide
range of thermal exposure conditions (Fiala et al. 2003).

From the three interdisciplinary working groups (WGs) formed during the devel-
opment of the index and described in the executive summary, one of themwas devoted
to applications of the UTCI. The basic task of WG3 (Applications) was to bridge the
gap between science and application. At that point, applications of existing thermal
comfort and thermal sensation indices, particularly PT, SET* and PET in diverse
field were identified, but not of the UTCI. After the project’s completion, dissemi-
nation of results took place in short-term scientific missions of young researchers,
presentations at several conferences and in a training school for young scientists.
The final outcome was presented in a symposium with the World Meteorological
Organization (WMO).

Due to the time-consuming calculation of this equivalent temperature, faster
options were considered for the calculation of UTCI data, among them look-up
tables with pre-calculated UTCI values for various combinations of climatic param-
eters and a polynomial regression function,which predicts the equivalent temperature
values for those same exposure conditions (Bröde et al. 2012).

Several studies published on the UTCI pointed to a number of methodological
issues that still needed to be clarified. Bröde (2019) showed an account of caveats
of the UTCI, which are related to calculation procedures, meteorological input data
and the proposed thermal comfort assessment scale for the UTCI. One of the limi-
tations refers to the procedure adopted for assessing UTCI values, whether using
interpolations from look-up tables or the polynomial regression function, when
compared to UTCI-Fiala model calculations. The range of meteorological parame-
ters for obtaining valid UTCI data is well presented by Bröde et al. (2012) as well as



1 Introduction 9

the procedures to be taken for using consistent input data. Within those boundaries,
UTCI calculations should be reliable within acceptable error margins.

The assessment scale proposed for the UTCI (Table 1) is asymmetrical as the
diverse categories are based on limits for thermoregulatory variables and effector
functions (human physiology). Thus, when defining the thermal comfort zone for
a given population, the limits can deviate from the described ‘no thermal stress’
range, in order to account for regional adaptation to local climatic conditions. The
associated index Dynamic Thermal Sensation (DTS) (Fiala et al. 2003) is, in this
case, a more adequate predictor for the thermal comfort sensation.

In his presentation, Bröde (2019) listed the main recommendations for a correct
application of the UTCI, some of which have been mentioned here. Developments
of the index have also been proposed such as adjustments in calculated UTCI data to
account for modified clothing, activity level and exposure duration. Presently, UTCI
is about to be included in the revision of one of the guidelines of the Association of
German Engineers (Verein Deutscher Ingenieure ‘VDI’) VDI Guideline 3787-2 and
an R package is to be launched with the polynomial function, the look-up table, and
a DTS calculator.

3.1 The International Conference UTCI—10 Years
of Applications

In May 2019, a conference was held in Warsaw, Poland, “UTCI—Assessment
Measure in Human Bioclimatology—10 Years of Applications” alongside the “1st
European Biometeorologist Regional Meeting”. The conference had the aim to cele-
brate the 10th anniversary of the UTCI, showcasing diverse areas of application
of the index in order to discuss achievements in human bioclimatology based on
the UTCI and to review the progress in biometeorological research in Europe. The
conference was organized by the Institute of Geography and Spatial Organization,
Polish Academy of Sciences, by the International Society of Biometeorology, by the
Institute of Meteorology and Water Management National Research Institute and by
the University of Warsaw, Faculty of Geography and Regional Studies. During that
conference, a plethora of presentations covered diverse application areas of theUTCI,
such as occupational thermal stress, physiology, forecasting models, health-related
aspects of climate change, urban climate, bioclimate assessment, weather extremes
and heat waves.

As a follow-up to that conference, two special issues have been launched, by
the International Journal of Biometeorology (IJBM) and Miscellanea Geographica,
respectively and another special issue is currently in progress atGeographia Polonica.
Those special issues are a complement to the literature review shown in the next
chapter (Chap. 3: Literature Review on UTCI Applications).
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4 Chapters Distribution

This book is structured as follows.
This chapter gives an Introduction on the subject, relating the current pandemic

to the subject matter, summarizing the UTCI and new developments and updates to
it.

In Chap. 2, Peter Bröde summarizes calculation procedures for obtaining UTCI
data, limitations noticed and modifications performed, presenting the way forward
for further improvements for the assessment of UTCI output.

Chap. 3 presents a comprehensive literature review of peer-reviewed papers on
UTCI with special focus on its applications. The chapter is a mix between a basic
bibliometric analysis and a standard literature review on relevant papers, with the
aim of categorizing applications of the index.

In Chap. 4, Peter Bröde and colleagues compare predictions of thermal sensation,
expressed as the Dynamic Thermal Sensation (DTS) from the UTCI-Fiala model
of human thermoregulation, to thermal sensation votes as recorded on the 7-unit
ASHRAE scale for two Brazilian cities. Field data from outdoor comfort surveys
are used for that purpose. Aim is to evaluate the influence of biometrical data (age,
sex, body composition), site morphology (open space, street canyon), climatic state
(comfort/discomfort) and clothing choice on the model’s predictive power.

In Chap. 5, Charlie Lam and colleagues look at human acclimatization in the
short term and in the long term, which potentially affect reported thermal sensation.
Instead of testing the sensitivity of the index as in the preceding chapter, the UTCI
and, more precisely, the DTS is used here as a reliable reference for comparisons
between subgroups of respondents using field data from a longitudinal study and
from a cross-sectional study.

In Chap. 6, we investigate an important component of outdoor thermal perception,
namely, the adaptation of local populations to prevailing climatic conditions at a given
location. This factor has been noticed in several studies, as pointed out in the literature
review, and many of them attempted to calibrate comfort and thermal stress ranges
of the UTCI in order to account for regional adaptation. Field data refer to locations
in Brazil and encompass a broad latitude range and various climate types.

In Chap. 7, Katerina Pantavou analyzes adverse health effects arising from heat-
related thermal discomfort thereby examining the susceptibility of pedestrians to
outdoor thermal environment, assessed using the UTCI.

The subsequent three chapters refer to UTCI mapping with special focus on urban
planning. In Chap. 8, Krys Błażejczyk and Anna Błażejczyk present an overview of
mapping approaches for the UTCI at different spatial scales. In Chap. 9, Jan Geletič
and colleagues present potential applications of the UTCI in urban planning for
Prague, in the Czech Republic. Authors evaluate a selected neighborhood in terms of
heat stress and outdoor thermal comfort in streets and courtyards, using a city-scale
model (PALM).

In Chap. 10, Claudia Di Napoli and colleagues describe the UTCI-based fore-
casting systems developed in Czech Republic, Italy, Poland, Portugal and at the
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pan-European scale. The chapter describes their characteristics and discusses their
potential as warning systems for thermal hazards.

Finally, in Chap. 11, Kevin Lau presents the rationale and current stand of the
proposed repository for a worldwide outdoor thermal comfort database, which can
facilitate diverse comparisons between locations in terms of outdoor comfort data
and thereby disseminate the usage of the UTCI.
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Chapter 2
Issues in UTCI Calculation
from a Decade’s Experience

Peter Bröde

Abstract Computing values of the Universal Thermal Climate Index (UTCI) from
meteorological input of air temperature, wind speed, humidity and mean radiant
temperature is straightforward thanks to the publicly available simple calculation
algorithms provided by the operational procedure. These have triggered numerous
UTCI implementations, especially relying on the regression polynomial following
its publication. Nevertheless, several issues that will require consideration for facil-
itating successful UTCI application have emerged from a decade’s experience in
counselling UTCI users. These comprise the huge errors introduced when extrapo-
lating the regression function beyond its domain of definition; the question on how
to upscale wind speed input to the required height of 10 m above ground; and the
interpretation of the asymmetrical UTCI assessment scale in terms of physiology
and thermal comfort. This chapter provides hints and guidelines on how to handle
these issues, and especially encourages the application of the hardly used look-up
table approach, which will help avoiding many, if not all concerns related to UTCI
calculation via the regression polynomial.

Keywords UTCI calculation · Algorithms · Data table · Wind speed · Assessment
scale · Thermal comfort

1 Introduction

A decade after its first release, the Universal Thermal Climate Index (UTCI) has
become an established tool for assessing the outdoor thermal environment in the
major fields of human biometeorology (Jendritzky et al. 2012; Jendritzky and Höppe
2017). TheUTCI summarises the interaction of ambient temperature, wind, humidity
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and radiant fluxes on humanphysiology. The dynamic physiological responses under-
lying the UTCI were simulated by an advanced multi-node model of human ther-
moregulation (Fiala et al. 2012), which had been extensively validated (Psikuta et al.
2012; Kampmann et al. 2012) and coupled with a model of adaptive clothing choice
in urban populations (Havenith et al. 2012). UTCI values are expressed on an equiv-
alent temperature scale. This involved the definition of a reference environment with
50% relative humidity (but vapour pressure not exceeding 2 kPa), with still air and
radiant temperature equalling air temperature, to which all other climatic conditions
are compared. The UTCI is supplemented by an assessment scale classifying UTCI
values into ten categories of thermal stress from extreme cold to extreme heat.

As illustrated byFig. 1, themajor, or even only concern from the users’ perspective
is the provision of themeteorological input, as the operational procedure (Bröde et al.
2012a) offers simplified algorithms to compute UTCI values from air temperature
(Ta), wind speed (va), mean radiant temperature (Tmrt) and water vapour pressure
(pa). These algorithms rely on the database of the offsets to air temperature reflecting
the deviation in humidity, wind and radiation of the actual compared to the reference
condition. Extensive simulations with the advanced UTCI-models (Fiala et al. 2012;
Havenith et al. 2012) yielded these offsets once for all relevant (Ta, va, Tmrt , pa)-
combinations.

It is crucial to understand that this database, which is available as supplemental
information (Fig. 1) to the published operational procedure (Bröde et al. 2012a), is
the pivotal source for calculating the UTCI according to Eq. 1:

Fig. 1 UTCI application via simplified calculation procedures provided by the operational proce-
dure (Bröde et al. 2012a), which were based on the tabulated offsets to air temperature reflecting the
deviation in humidity, wind and radiation of the actual condition compared to the reference envi-
ronment. These offsets result from extensive simulations with the advanced UTCI-models (Fiala
et al. 2012; Havenith et al. 2012)
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UTC I = Ta + O f f set (Ta, va, Tmrt , pa) (1)

The operational procedure (Bröde et al. 2012a) suggests a look-up table approach
and a regression polynomial for approximating the tabulated offsets (Fig. 1), and thus
the UTCI according to Eq. 1, however, the overwhelming part of UTCI applications
curently rely on the regression polynomial.

The UTCI website (UTCI—Universal Thermal Climate Index 2009) offers an
online calculation tool with access to the FORTRAN code for computing the UTCI
(Bröde 2009) using the regression polynomial. The publicly available code and the
online supplements to the operational procedure (Bröde et al. 2012a) have triggered
numerous implementations of UTCI calculation within application programming
interfaces, e.g. theHumanHeatExchangeAPI (Ravanelli andKingma2019), or using
Python (Tartarini and Schiavon 2020) or R (Schweiker 2016). Furthermore, theUTCI
was integrated into application software like Bioklima (Błażejczyk and Błażejczyk
2010), PALM (Fröhlich and Matzarakis 2020), Grasshopper and Ladybug (Perini
et al. 2017; Milosevic et al. 2017; Bajšanski et al. 2015), or RayMan (Matzarakis
et al. 2007), to name a few.

In addition, UTCI calculation has been implemented within many individual
research projects. As the author of this chapter was the corresponding author
of the paper describing the operational procedure (Bröde et al. 2012a) and also
acts as contact person of the UTCI website (UTCI—Universal Thermal Climate
Index 2009), we received frequent requests for help and/or clarification on UTCI
application.

Thus, based on a decade’s experience, this chapter will summarize the major
issues that occurred in UTCI application, which are related to

– the features of the regression polynomial compared to the look-up table approach
to UTCI approximation;

– the errors due to ignoring the domain of definition of UTCI input parameters;
– the input of wind speed at the height of 10 m above ground;
– the features of the UTCI assessment scale in terms of its asymmetry and

interpretation regarding physiology and thermal comfort.

2 UTCI Approximation: Regression Polynomial Versus
Look-up Table

The tabulated offsets (Fig. 1) in connection with the algorithms offered by the opera-
tional procedure (Bröde et al. 2012a) provide for a straightforward execution ofUTCI
calculation without the need to implement and operate the advanced and complex
models of human thermoregulation and clothing (Fiala et al. 2012; Havenith et al.
2012).

The look-up table algorithm will easily find the corresponding tabulated offset,
if the (Ta, va, Tmrt , pa)-combination represents a point on the 4-dimensional grid of
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input parameters. Values for intermediate points will be interpolated as average of
the 24 = 16 neighbouring points on the grid. The storage of the tabulated offsets and
the search for the 16 neighbours pose challenges to the implementation of this algo-
rithm, which will result in longer execution time compared to the simpler regression
approach.

On the other hand, the look-up table algorithm is almost as accurate as the direct
UTCI computation via the physiological model, whereas the easier-to-implement
regression polynomial works with acceptable accuracy for most conditions, with
the approximation error increasing for high wind speeds above 17 m/s (Bröde et al.
2012a).

Another advantage of the look-up table algorithm is that it can only be applied
over the grid of valid input values, for which tabulated offsets exist. This means, it
possesses an intrinsic robustness against non-observance of the domain of definition
of UTCI input parameters. Inappropriate implementations of the regression polyno-
mial, however, are highly susceptible to this issue, which is detailed in the following
section.

3 Domain of Definition of UTCI Input Parameters

The domain of definition with valid UTCI values stretches over the range of (Ta, va,
Tmrt , pa)-combinations with tabulated offsets (Fig. 1). This results in the following
intervals representing valid input to the UTCI:−50 °C≤ Ta ≤ + 50 °C, 0.5 m/s≤ va
≤ 30.3 m/s, − 30 °C ≤ Tmrt-Ta ≤ + 70 °C, 5% ≤ RH ≤ 100% (with pa < 5 kPa and
RH denoting relative humidity). These boundaries do not restrict routine application
as indicated by comparisons to the control run of the general circulation model
ECHAM4 (Stendel and Roeckner 1998). For wind speeds and relative humidity
values below 0.5 m/s or 5%, respectively, the oprational procedure (Bröde et al.
2012a) advises to perform the offset calculations with the lower bounds. Similarly,
for Ta below −50 °C, the offset should be calculated for the lower bound and then
applied to compute the UTCI according to Eq. 1. A corresponding procedure can be
applied for Ta exceeding +50 °C by computing the offset for the upper bound of Ta,
however, this extrapolation will likely underestimate heat stress for air temperatures
above 55 °C.

It is important to note that the approach using a look-up table intrinsicly respects
the above mentioned boundaries simply because the data table does not contain any
offset values outside the domain of definition.

With the regression polynomial, however, the input requires properly checking
for validity as exemplified in the FORTRAN code available from the UTCI website
(Bröde 2009), otherwise as a consequence of extrapolation results will become unre-
liable; e.g. UTCI values below zero Kelvin (!) were reported for wind speeds above
34 m/s, i.e. outside the domain of definition (Novák 2011).

As another example, the chair of the COST Action 730 on the UTCI, Gerd
Jendritzky (personal communication, June 23, 2014), was confronted by a colleague
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Fig. 2 Wind effect on the UTCI calculated by the regression polynomial in relation to air temper-
ature for simulated data averaged over relative humidity ranging from 10 to 100%. The left panel
shows the curves for all input data, the right panel displays the results for input adhering to the
upper bound of 5 kPa for water vapour pressure input

with an alleged ‘strange response’ of the UTCI to wind in the heat, which is shown in
the left panel of Fig. 2. This study using the regression polynomialwas based on simu-
lated data averaged over relative humidity ranging from 10 to 100%, thus with water
vapour pressure up to 12.3 kPa, far above the upper limit of 5 kPa valid forUTCI input,
and also far above anywater vapour pressure values observed in natural environments
relevant to real world applications (Stendel andRoeckner 1998). Restricting the input
to valid (and reasonable) vapour pressure values yielded the curves in the right panel
of Fig. 2, which were well in line with previously reported results (Bröde et al. 2012a,
2013a).

4 Input of Wind Speed at 10 m Above Ground

Following meteorological convention, the input of wind speed (va in m/s) is taken as
value measured 10 m above ground (Bröde et al. 2012a). If wind speed in an actual
application represents a value va,x at a height of xm, the following equation provided
by the operational procedure (Bröde et al. 2012a) will transform the wind speed va,x
to the required va at reference height of 10 m:

νa = νa,x × log(10/0.01) / log(x/0.01) (2)

The value 0.01 in the above equation refers to the roughness length (z0 in m),
which was set to 0.01 m representing open outdoor terrain (grassland) conditions
(Oke 1987) for the purpose of the UTCI (Fiala et al. 2012). UTCI users, who have
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measured or estimated wind speeds at body height (1, 2 m or a similar height) in non-
open terrains potentially advocating for different values of z0, e.g. around buildings
or in urban areas, are advised still to use Eq. 2 for upscaling wind speed to 10 m
above ground. This will ensure that the physiological response as calculated by the
UTCI-Fiala model (Fiala et al. 2012) considers the actually measured (or estimated)
wind speed at body height.

5 UTCI Assessment Scale—Asymmetry, Physiology
and Thermal Comfort

UTCI includes an assessment scale establishing UTCI threshold values that define
different categories of thermal stress from extreme cold to extreme heat. This
scale was developed by comparing the thermoregulatory variables and effector
functions simulated by the UTCI-Fiala model (Fiala et al. 2012) to criteria from
thermo-physiology and ergonomics (Bröde et al. 2012a, 2013a; Błażejczyk et al.
2013).

As shown by Fig. 3, the scale is asymmetric with more categories covering wider
intervals in the cold compared to the heat, which reflects differences in the capacity to
adapt clothing insulation to ambient temperature as assumed by the UTCI-clothing
model (Havenith et al. 2012).

Especially, thermoregulatory responses simulated for UTCI values from 18 to
26 °C, e.g. the absence of pronounced sweating or shivering, comply with the defini-
tion of the thermal comfort zone TCZ as “range of ambient temperatures, associated

Fig. 3 Dynamic Thermal Sensation (DTS) calculated by the UTCI-Fiala model (Fiala et al. 2012)
mapping thermal sensation votes ranging from −3:’cold’ over 0:’neutral’ to +3:’hot’ according
the 7-unit-ASHRAE scale (ASHRAE 2004) to UTCI. Vertical reference lines indicate the thermal
stress categories from the UTCI assessment scale with the sub-interval 18 °C ≤ UTCI ≤ 26 °C
indicating the thermal comfort zone (TCZ)
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with specified mean radiant temperature, humidity, and air movement, within which
a human in specified clothing expresses indifference to the thermal environment for
an indefinite period” (IUPS Thermal Commission 2003).

Notably, the dynamic thermal sensation (DTS) shown in Fig. 3 as calculated by
the UTCI-Fiala model (Fiala et al. 2012, 2003) for UTCI reference conditions and
averaged over the 2 h exposure time, yielded values between −0.5 and +0.5 for
the TCZ. This suggests considering DTS for thermal sensation prediction by UTCI
in field studies or surveys on outdoor thermal comfort. This approach, which is
facilitated by the published UTCI-to-DTS relation (Bröde 2019), had been applied
previously (Bröde et al. 2013b, 2012b) and is again showcased in the chapter on the
sensitivity of UTCI thermal comfort prediction of this book (Chap. 4).

6 Conclusions and Recommendations

UTCI application is straightforward thanks to the easy to implement calculation algo-
rithms offered by the operational procedure that are publicly available (Bröde et al.
2012a; Bröde 2009; UTCI—Universal Thermal Climate Index 2009). Nevertheless,
the following hints and recommendations will facilitate UTCI application and will
ensure better understanding of the procedures and the reliability of the results.

– Do not mistake the UTCI-Fiala model or the regression polynomial for repre-
sentingUTCI; rather the pre-calculated grid of offsets to air temperature reflecting
the deviation in humidity, wind and radiation of the actual condition compared to
the reference environment are key to establishing UTCI application.

– Any UTCI application must respect the domain of definition, i.e. the allowed
range for UTCI input parameters (Ta, va, Tmrt , pa). Note that using the look-
up table approach completely prevents any such issue, which can only occur
with the regression polynomial.

– Upscaling wind speed measured (or estimated) at person level, e.g. in an urban
environment, by Eq. 2 ensures that human responses are calculated by UTCI with
the most appropriate information on wind speed input.

– The thermal stress categories of the assessment scale reflect limits for thermoreg-
ulatory variables and effector functions, i.e. they are based on physiology, but
not on (symmetric) thermal sensation. The scale’s asymmetry reflects different
adaptive capacities under heat and cold stress in donning and doffing clothing.

– Do not confuse the thermal stress categories with thermal sensation. Outdoor
thermal comfort studies comparing thermal sensation votes should rely on the
published UTCI-to-DTS relation (Bröde 2019) with the UTCI subrange of 18–
26 °C marking the thermal comfort zone (TCZ).

As an outlook, we noticed that the look-up table approach to UTCI application is
currently hardly implemented, though it is more accurate and more robust compared
to the regression polynomial. Thus, we plan to make a corresponding calculation
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procedure available in due course at the UTCI website (UTCI—Universal Thermal
Climate Index 2009), hoping that it will still broaden the range of UTCI applications.
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Chapter 3
Literature Review on UTCI Applications

Eduardo L. Krüger

Abstract This chapter presents a comprehensive literature review of peer-reviewed
papers on theUTCIwith special focus on its applications.A search inScopus andWeb
of Science has been conducted in February 2021 yielding 320 and 304 documents,
respectively, for the time frame from2000 toMarch2021.Results havebeen classified
according to 8 different categories, which roughly define the areas of application of
the index: (1)Outdoor ThermalComfort (OTC) and thermal stress; (2)UrbanClimate
and Planning studies; (3) Climate-related impacts on human health; (4) Bioclimate;
(5) Comparisons with other thermal comfort indices; (6) Meteorological analyses;
(7) Climate change research; (8) Tourism. The bulk of research carried out on the
UTCI is primarily concentrated on the first two topics, reaching about 60% of papers
output. Clusters identified in VOSviewer from co-occurrences of author keywords
closely match the main areas of application of the index. Research output shows
an intrinsic multidisciplinary nature but it is still concentrated in a few countries.
Areas of application such as public weather service and climate-related impacts on
the health sector still need to become aware of the potentialities and practicalities of
the UTCI.

Keywords UTCI · Literature review · VOSviewer · Bibliometric analysis

1 Introduction

This chapter presents a comprehensive literature review of peer-reviewed papers
on UTCI with special focus on its applications. An Article title/Abstract/Keywords
search in Scopus and Web of Science ‘WoS’ (search string “UTCI” AND “THER-
MAL” OR “UTCI” AND “CLIMATE”, to account for thermal aspects and climate-
related issues) yielded 320 and 304 documents, respectively, for the time frame from
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2000 to 2021, as of Mid-March 2021, about 85% of them published as articles. Both
searches (Scopus and WoS) were combined in our literature review, complementing
each other. Figure 1 presents search results until the year 2020 in order to account
only for complete yearly output. Even though WoS has a slightly lower amount of
papers, the overall trend and growth are similar in both databases.

1.1 Initial Papers (2000–2010)

The publication output on the UTCI over the time frame 2000–2020 shows that
only one article was published even before the index was under development. This
particular paper came out in a Special Issue of Energy and Buildings edited by Fergus
Nicol and Ken Parsons with contributions from the Conference Moving Thermal
Comfort Standards into the 21st Century, held in Windsor, England, in 2020. Höppe
(2002) announced the effort at that time to introduce models other than steady-
state approaches for outdoor comfort research. Höppe’s paper became a classic,
pointing to the risk of existing models to overestimate thermal discomfort in outdoor
settings. Particularly in cold climates, it would take several hours for a person to
reach steady-state conditions, therefore Höppe proposed the non-steady state UTCI,
which was then under development by a working group of the International Society
for Biometeorology. The sentiment was that thermal comfort models developed for
indoorswere not fully applicable to outdoors. The paper finishes pointing out possible
applications of the index including weather reports and forecasts, climate change
scenarios and tourism.

Nevertheless, it was just after the index was launched (in 2009, with the final-
ization of Cost Action 730) that further publications began to appear (Fig. 1). The
very first papers were published by or in co-authorship with former members of
the ISB expert group. Some of these publications consisted of a formal presentation
of the index with regard to its thermophysiological principles, modeling of human
thermoregulation and clothing insulation (Błażejczyk et al. 2010a, b; Bröde et al.
2010). In those papers, potential applications of the index were introduced such as in
weather forecasts, bioclimatological assessments, bioclimatic mapping in all scales
(frommicroscale tomacroscale), urban design, planning of outdoor spaces,measures
towards urbanquality of life, outdoor recreation andhealth, epidemiology and climate
research. At the same time, the operational procedure with source code were made
available at the UTCI website (www.utci.org) and a tool was created to perform
calculations of the UTCI and other indices, the BioKlima software (Błażejczyk and
Błażejczyk 2010). From 2014 (Bruse 2014), the ENVI-met V4 package, that allows
microclimate simulations of urban environments for assessing the effects of atmo-
sphere, vegetation, architecture and materials, included BioMet as a post-processing
tool for calculating Human Thermal Comfort Indices, among them the UTCI.

http://www.utci.org
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Fig. 1 aAmount of publications in absolute numbers per annum and cumulative—Scopus database
(2000–2020). b Amount of publications in absolute numbers per annum and cumulative—web of
science ‘WoS’ database (2000–2020)
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1.2 Early Applications of the UTCI and the IJBM Special
Issue

Early applications of the index can be found in local bioclimatic analyses (Idzikowska
2010; Novák 2011; Chabior 2011; Mateeva 2011). The very first paper on such anal-
yses focused on the use of the UTCI for Paris, Rome and Budapest (Idzikowska
2010), conducted by a researcher from the University of Warsaw/Faculty of Geog-
raphy and Regional Studies. In that particular study, data from a European Project
for the Assessment and Prevention of Acute Health Effects of Weather Conditions
were used, which already hints at the interdisciplinary nature of the UTCI. The same
author (Idzikowska 2011) subsequently performed an analysis of the UTCI with
respect to mortality in chosen European cities, situated in different climate zones,
thereby starting a new avenue of research with the UTCI as relevant indicator for
matters involving human health in outdoor spaces. Noteworthy at this point is also an
initial paper dealing with calibration procedures of the thermal comfort assessment
scale, developed by Mateeva (2011) for Bulgaria.

In 2012, a special issue of the International Journal of Biometeorology (IJBM)
had the purpose of disseminating the UTCI. In the foreword, the interdisciplinary and
multidisciplinary character of the research team responsible for developing the index
was stressed: “UTCI not only represents a scientific advance but is an exemplar of the
co-production of knowledge” (McGregor 2012). The contents of this special issued
ranged from describing the rationale behind the index, uncertainties and limitations
to a general application of the index in the assessment of thermal climate in outdoor
environments. One of the papers in this special issue (Bröde et al. 2012a) resulted
from a collaborative work between authors of this book, started just after theWindsor
Conference 2010, using relevant field data from outdoor comfort campaigns initiated
in 2009 in Curitiba, Brazil.

In that special edition, Jendritzky et al. (2012) presented the reasons that lead
to its development pointing out that the use of the UTCI will potentially “stan-
dardize applications in the major fields of human biometeorology, thus making
research results comparable and physiologically relevant”. Areas expected to profit
from the newly introduced index were: public weather service, public health system,
precautionary planning and climate impact research in the health sector. The thermo-
physiological model embedded in the UTCI, based on Fiala’s multi-node human
physiology and thermal comfort model, was one of the most advanced (multi-node)
thermo-physiological models identified by ISB Commission 6 at the time.

Also in the special issue, a rigorous validation of the Fiala’s model was presented
by Psikuta et al. (2012), working on previous validation procedures within the frame-
work of a multi-institutional research initiative conducted by Psikuta et al. (2006,
2007a, b) against a wide range of climatic conditions, metabolic rates and clothing
levels. The validity of the model in terms of physiological strain for combined vari-
ations of air temperature and humidity was verified by Kampmann et al. (2012).
Weihs et al. (2012) focused on the accuracy of the UTCI due to imprecisions in
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measuring radiant fluxes, showing that uncertainties in measurements of meteoro-
logical variables could be critical in the extreme (hot or cold) conditions of thermal
stress.

Extensions of the model were also introduced during the development of the
index (Fiala et al. 2012). An important feature of the UTCI, its clothing model
(Havenith et al. 2012), predicts clothing insulation based on ambient temperature
and considering seasonal clothing adaptation habits of Europeans (Błażejczyk et al.
2012). Subsequent studies have shown some inconsistencies of the clothing model
for estimating garments actually worn by different populations (European versus
South-American) within a narrow band of ambient temperatures albeit the model
was in good agreement with field data at higher and lower temperatures (Bröde et al.
2014). Pantavou et al. (2013) noticed in their questionnaire survey that estimated
clothing by the UTCI clothing model had reached negative values with high air
temperatures (>31.6 °C), a feature that has been adjusted later. Those authors also
pointed to the need for calibrating the UTCI thermal comfort/stress assessment scale
in order to account for local climatic and population needs, though recognizing at
that point that seasonal acclimatization and adaptation effects might have played a
role in the mismatch found between observed thermal neutrality and the neutrality
range proposed for the UTCI. Noteworthy at this point is also an initial paper dealing
with calibration procedures of the thermal comfort assessment scale, developed by
Mateeva (2011) for Bulgaria.

Initial shortcomings of the UTCI have been identified in the first papers published
on the index. Nastos and Matzarakis (2012), upon performing an analysis of the
influence of ambient temperature and calculated values for the thermal indices PET
and UTCI for Athens, Greece, noticed that in the inter-comparison between thermal
indices, “UTCI does not interpret the mortality risk of strong/extreme heat stress,
which is better approached by PET analysis”. Despite that, an initial comparison
between both indices byBłażejczyk et al. (2012), including a number of other thermal
indices, ranging from simple (WBGT, Humidex) to complex, heat-budget models
such as the PET, pointed to a strong correlation between both with an r-squared
of 0.97 for a large variation of meteorological parameters (65,500 random samples
worldwide). Such initial comparison suggested that the UTCI was better able to
represent thermal sensation due to its clothing model whereas PET lagged behind as
calculations took into account fixed clothing level. Indeed, there were asymmetrical
differences between UTCI and PET particularly for cold conditions which were
verified in the respective assessment scales for a long series of meteorological data
for Freiburg, Germany.

Another shortcoming referred to wind speed. The problem was identified by
Novák (2010) for extreme winter conditions and for extremely windy conditions
(>30 mps). In a subsequent paper, Novák (2011) mentioned that the problem had
been solved by then. The inter-comparison between the UTCI and commonly used
indices in biometeorological forecast performed by that author for a warm summer
day showed that index results had greater variability, as it accounted for radiant heat
exchanges, which lead the author to conclude that the UTCI expresses “the real
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load of a human body better, including the short-time fluctuations of this load” with
similar or better response when compared to other indices.

Bröde et al. (2013a) listed a few limitations of the UTCI, in particular the limited
number of physical variables used for calculations whereasmetabolic rate is assumed
as fixed and clothing is estimated as a function of ambient temperatures, which might
limit the applicability of the index in working conditions with protective clothing and
with varying workloads. Modifications of the index for accounting for issues related
to occupational thermal stress (metabolic rate, clothing levels and exposure duration)
have been explored more recently by Bröde et al. (2018) and future developments
should further address such issues and potential limitations.

2 Applications of the UTCI

With the aim of categorizing potential applications for the UTCI, an attempt was
made to group publications found into different categories. Basically, they can be
split into the following ones:

• Comparisons with other existing thermal comfort indices—such comparisons
were particularly necessary for testing the suitability of the UTCI in human
biometeorological evaluations;

• Outdoor Thermal Comfort (OTC)—with studies on thermal perception, thermal
stress, related or not to outdoor activities, walkability and the identification of
walkable routes in outdoor urban spaces, observational and behavioral studies,
calibration of the thermal assessment scale; such studies are centered on the user
of outdoor spaces and can have implications for urban planning;

• Climate-related impacts on human health—UTCI is in this case mostly used for
assessing health risks in outdoor environments, generally associated to excess
heat and heatwave episodes, by means of localized studies or in health-related
UTCI mapping;

• Bioclimate—such application generally involves spatial and temporal distribu-
tions of the index over a given area, sometimes accompanied by mapping of the
UTCI;

• Meteorological analyses—herewe include the usage of theUTCI as a complement
to atmospheric studies that deal with particular aspects related to Climatology,
such as the interpretation of historical data in terms of comfort parameters;

• Climate change research—weather extremes resulting from climate change and
also long-term projections of the UTCI for given areas;

• Urban Climate and Planning studies—the application of the UTCI for under-
standing patterns related to urban climate aiming at urban planning;

• Tourism—one of the expected areas of application of the index; tourism-related
studies investigate the relationship between bio climate and OTC conditions on
tourism attractiveness, spatiotemporal distribution of the UTCI in tourism areas
and tourism management strategies.



3 Literature Review on UTCI Applications 29

2.1 Comparisons with Other Thermal Comfort Indices

The applicability of the UTCI in diverse fields has been assessed by several studies,
particularly as regards its performance when compared to existing indices. Compar-
isons between different thermal indices to the UTCI have been carried out by a
number of authors: Nastos and Matzarakis (2012), Błażejczyk et al. (2012), Novák
(2013), Matzarakis et al. (2014), Lai et al. (2014), Pantavou et al. (2014), Tumini and
Perez Fargallo (2015), Provençal et al. (2016), Coccolo et al. (2016), Golasi et al.
(2018), Potchter et al. (2018), Zare et al. (2018), Charalampopoulos (2019), Fang
et al. (2019a), Staiger et al. (2019), Charalampopoulos and Nouri (2019), Zare et al.
(2019), Katavoutas and Founda (2019), Asghari et al. (2019), Santurtún et al. (2020),
Lian et al. (2020). Such studies employed diverse methods for the comparisons, such
as correlations to meteorological variables, statistical tests with respect to partic-
ular information (e.g. mortality data, hospital admissions, data from field measure-
ments, including thermal perception votes), suitability for human biometeorological
evaluations in urban and regional planning and sensitivity analyses.

2.2 Outdoor Thermal Comfort (OTC)

In this subcategory, the focus of interest is the user of the outdoor space, for leisure
activities, for transiting or for using it as aworking environment. The reviewed studies
can be here further subdivided into the following classifications: thermal percep-
tion; thermal stress; walkability; observational and behavioral studies; confounding
and interfering factors on OTC; calibration of the UTCI’s thermal comfort/stress
assessment scale; applications in indoor and transitional spaces.

THERMALPERCEPTION:Generally, OTC studies are based onmeasuredmete-
orological variables, which are post-processed as UTCI data for comparisons with
reported thermal perception. For that, questionnaire-based surveys are conducted
with local population. In the case of the UTCI, such procedure, starting with the
afore-mentioned study by Bröde et al. (2012a) for Curitiba, Brazil, was adopted
in diverse climates and locations: arid climatic conditions (Abdel-Ghany et al.
2013, 2014; Hadianpour et al. 2018), mediterranean climate (Pantavou et al. 2013),
temperate conditions (Mateeva 2011; Nidzgorska-Lencewicz and Mąkosza 2013;
Maras et al. 2016; Xu et al. 2018; Zhang et al. 2020; Zhu et al. 2020), in comparisons
between subtropical versus maritime temperate climate (Krüger et al. 2012; Bröde
et al. 2013b), warm temperate (Hamanaka and Bueno-Bartholomei 2017), humid
subtropical (Watanabe et al. 2014; Li et al. 2018; Silva and Hirashima 2020), in
a monsoon-oriented subtropical humid climate (Manavvi and Rajasekar 2020; Das
and Das 2020), among others. Chen et al. (2020) and An et al. (2021) compared
thermal preferences of pedestrians in cold cities in China, yearlong and for winter,
respectively.
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OUTDOOR ACTIVITIES/THERMAL STRESS: Under such classification, we
could identify studies conducted for particular exposure conditions. For outdoor
working conditions, the UTCI was used in diverse studies that focused on occu-
pational heat stress: in a spatial and temporal analysis of heat stress conditions and
potential risks of heat hazard of outdoor workers inWarsaw, Poland (Błażejczyk et al.
2014a); for predicting heat stress conditions when compared to measured physio-
logical parameters in occupational heat stress assessments in the brick industry in
Iran (Vatani et al. 2015); in a physiological and perceptive evaluation of open-pit
mines in Iran (Nassir et al. 2017); in a cross-sectional study conducted on physio-
logical responses of male farmers exposed to the hottest conditions in Boukan, West
Azerbaijan, Iran (Zamanian et al. 2017); in a cross-sectional study on the human
susceptibility of farmworkers in India exposed to outdoor heat during paddy and
potato cropping activities (Sen and Nag 2019); in a study of thermal stress levels
young soldiers of the Portuguese Army are exposed to during training or field activi-
ties under hot conditions (Galan and Guedes 2019); and, for evaluating the influence
of OTC conditions on people working in scaffoldings in Poland (Szer et al. 2019).
Worth mentioning in this context is the EU’s Horizon 2020 HEAT-SHIELD project,
particularly a study that evaluated heat stress among workers in two agricultural
companies and one construction company in Europe, with questionnaire surveys and
concurrent monitoring of meteorological variables (Messeri et al. 2019).

Climate change impacts on workability in warm outdoor environments were
studied by Bröde et al. (2018) with respect to different heat stress assessment
metrics, including the UTCI. On a similar topic, another study reviewed several
heat stress indices, including the UTCI for assessing occupational heat stress risks
in hot climate areas, discussing advantages and disadvantages in relation to meteo-
rological data, local workplace environments, body heat production and the use of
protective clothing (Gao et al. 2018).

Another subset under this classification involves sport activities. Honjo et al.
(2018) predicted heat stress levels with the UTCI along the marathon course in
Tokyo, the venue of the Olympic Games in 2020 if it were not for the COVID-
19 Pandemic, using high-resolution meteorological data combined with short-term
analyses of shading along the course. Fang et al. (2019b) focused on thermal
perception of athletes during their break throughout outdoor training sessions at the
Guangzhou University campus in Guangzhou, China, using post-processed UTCI
values from field measurements and questionnaire-based surveys. Thorsson et al.
(2020) compared different thermal indices, among them the UTCI, in terms of their
predictive power for ambulance-required assistances and collapses during a city half
marathon in Gothenburg, Sweden. Gasparetto and Nesseler (2020) looked at the
relationship between athletes’ performance and thermal exposure conditions using
historical data for marathon runners in the last 12 NewYork CityMarathons. Konefał
et al. (2020) analyzed soccer players’ performance during the 2018 FIFA Worldcup
in Russia with respect to thermal stress conditions at training centers and during tour-
nament matches. Niu et al. (2020) studied the relationship between physiological and
subjective thermal responses for various activity levels with the UTCI.
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Unrelated to performing activities in the outdoors, some studies focused on the
analysis of spatial variability of thermal stress conditions within a given urban area
with GIS tools (Dobek et al. 2013; Milewski 2013; Błażejczyk et al. 2014b). Also
for Poland, following studies were conducted on this topic: a recent multi-city study
focusedonhazardous thermal stress conditions bymeansof spatial and temporal anal-
ysis of diverse cities (Kuchcik et al. 2021; Miszuk 2020, 2021) and also Głogowski
et al. (2020a) evaluated heat stress intensity in selected meteorological stations in
Lower Silesia and in the Polish-Saxon region and Krzyżewska et al. (2020) presented
UTCI variability in Poland during summer in connection to tourism. Pecelj et al.
(2020) evaluated heat stress conditions during heatwaves in Serbia. Dong et al. (2020)
proposed a newheatwave-induced health risk framework that could be used as a urban
planning tool, from data gathered in a spatial analysis for Wuhan City, China.

WALKABILITY: The search for walkable routes in outdoor urban spaces that are
able to provide physical, psychological and community benefits (Lee et al. 2020),
with respect to microclimatic and pedestrian thermal stress conditions has been
explored with the UTCI. Basically, three different approaches could be identified
in our review: pedestrian walking behavior from observational analysis; dynamic
thermal monitoring along specific routes alongside reported thermal responses; and,
thermal mapping from fixed locations in a given area. Lee et al. (2020) carried out
a walkability study focusing on thermal and OTC factors, using the UTCI as one
of the analysis parameters from measurements and onsite observations of pedes-
trians in a walkway turned into an experimental site in Hong Kong, China. Talhi
et al. (2020) conducted micrometeorological walks along different paths in Algiers,
Algeria, a location with a southMediterranean climate. Predefined routes were taken
by subjects thatwere asked to respond a questionnaire at different 12 urban configura-
tions. Objective data were then used for UTCI calculations. As for the third approach
mentioned above, a comfort-based navigational study, based on meteorological data
recorded at different sites and post-processed as predicted outdoor comfort in UTCI
units, was proposed by Liu and Li (2018), facilitating the choice of the most ther-
mally adequate path among different alternatives over a given area in the Fuzhou
University Campus, Fuzhou, China.

CONFOUNDING AND INTERFERING FACTORS ON OTC: As pointed out
by Höppe (2002), thermal comfort is comprised of three different components: a
psychological, a thermophysiological and one based on energy balance relationships.
In investigating human responses in OTC surveys, potential interfering factors have
been raised in a number of studies, some of them looking at physical components
of the thermal environment, such as the interaction between acoustic and thermal
aspects (Bjerre et al. 2017), the influence of wind patterns (Hanipah et al. 2016,
2017; Ohashi et al. 2018; Abadla et al. 2019; Haidanpour et al. 2019), shading and
solar exposure (Lam and Hang 2017; Xu et al. 2019a) and an ensemble of variables,
as analyzed through a sensitivity analysis by Li et al. (2020). Some studies focused on
potential physiological components of thermal perception related to thermal history
and acclimatization, biometrics, metabolism and ethnicity such as: thermal history
and air-conditioning usage (Krüger et al. 2015; Lam et al. 2020, 2021a, b), short- and
long-term acclimatization effects (Krüger et al. 2017a; Lam and Lau 2018), heatwave
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episodes and their implications on perceived thermal comfort (Lamet al. 2018, 2019),
exposure time length on OTC (Cheung and Jim 2019), activity and metabolic rates
(Liu et al. 2020), anthropometric effects (Krüger and Drach 2017; Jin et al. 2020),
personal factors and other physical parameters of the thermal environment (Fang
et al. 2018; Xue et al. 2020; Lam et al. 2020; Lehnert et al. 2021), ethnicity (He et al.
2020). And, finally, the psychological component was also examined: psychological
effects from site-related context (Krüger et al. 2017b; Krüger 2017).

OBSERVATIONAL AND BEHAVIORAL STUDIES: Perhaps following the
tradition of observing people’s activities in outdoor spaces started by Jan Gehl
in the 1970’s for evaluating the livability of urban areas (Gehl 2011), some OTC
studies look at influences of microclimate, expressed as the UTCI, on behavior
and preferences of users for shade or sun in outdoor spaces. Watanabe and Ishii
(2016) analyzed the effect of microclimatic conditions in the choice of a place in
sun/shade next to traffic lights, using for that unobtrusive observations of passers-by.
A novel approach to observational studies of urban dwellers in outdoor environ-
ments was proposed by Reinhart et al. (2017). Such approach is based on Wi-Fi data
informing the frequency and extent of usage of a public courtyard in Cambridge,
United States alongside UTCI predictions from measured microclimatic conditions
onsite. A subsequent paper expands the same approach for the hot-arid conditions
of the United Arab Emirates (UAE) to evaluate the effect of outdoor evaporative
coolers on frequency of usage of a public courtyard in Abu Dabi (Dhariwal et al.
2019). The spatial distribution of UTCI estimates for the periods of observation with
available Wi-Fi data were obtained by means of numerical simulations in ENVI-
met. Outdoor activity observations and microclimate measurements were carried out
in public outdoor spaces in Australian cities, presenting thresholds for the UTCI
due to observed declines in outdoor living, as a function of activities and adapta-
tion measures (clothing, activity level) and meteorological data (Sharifi and Boland
2018). A further study by the authors focused on adaptation measures of people
during the passive activity observation periods (Sharifi and Boland 2020). A mix
between an observational and a questionnaire-based study with concurrent thermal
monitoring was conducted by Huang et al. (2016a) in subtropical Wuhan, China.
The study also involved urban interventions (renovations of a playground) which
lead authors to conclude on implications for urban design from output obtained in
term of UTCI data.

CALIBRATION: The thermal assessment scale originally proposed for the UTCI
is one way to interpret results in terms of thermal stress. The scale was defined from
strain reactions in lab tests as has a pronounced human-physiological component
(Bröde et al. 2012b). A correspondence to thermal comfort categories as defined
for other scales is shown in Pantavou et al. (2018). Using survey data, some studies
attempted to locally calibrate the UTCI’s thermal comfort/stress assessment scale:
Bröde et al. (2013b), Pantavou et al. (2013), Lai et al. (2014), Pantavou et al. (2014),
Jin et al. (2019), Krüger et al. (2020), Borges et al. (2020), Chen et al. (2020). A
more thorough calibration of theUTCIwas performed byPantavou et al. (2018) using
the extensive OTC database from the RUROS research initiative (Rediscovering the
Urban Realm and Open Spaces) that encompassed seven cities in three European
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countries. A recent review of studies focusing on the calibration of OTC indices was
carried out by Binarti et al. (2020) with 31 reviewed papers on the calibration of
diverse indices in hot-humid cities, four of which proposing ranges for the UTCI
thermal comfort/stress assessment scale.

INDOOR AND TRANSITIONAL SPACES Even though the UTCI was meant
for outdoor environments, some papers have used the UTCI in indoor environments
(Knott and Evins 2013; Langner et al. 2013; Mazon 2014; Adekunle 2018; Walike-
witz et al. 2018; Adekunle 2019; Adekunle and Nikolopoulou 2019; Adekunle 2020)
and in transitional spaces: Huang et al. (2017) used the UTCI for evaluating pedes-
trian thermal perception in areas underneath elevated buildings and Zhang, Y. et al.
(2020) evaluated thermal perception in semi-open transition spaces with overhead
layer connecting university buildings with surveys, controlled actions and measure-
ment of physiological parameters. In regard to this matter, Gamero-Salinas et al.
(2021) list the UTCI among othe relevant thermal comfort indices but cautiously
do not use it as their study involved semi-outdoor spaces and the index is primarily
meant for outdoor spaces. Wu et al. (2021) drew comparisons of index performance
for predicting thermal sensation in outdoor, transitional and indoor spaces, proposing
adaptation of diverse indices for the evaluation of different spaces.

2.3 Climate-Related Impacts on Human Health

Climate-related impacts on human health, expressed as changes in the UTCI, are
explored by some authors. An initial paper by Idzikowska (2011) performed an
analysis of the UTCI with respect to mortality in chosen European cities, situated in
different climate zones, thereby starting a new avenue of research with the UTCI as
relevant indicator in terms of human health.

In some of these studies, the relationship between UTCI data and medical records
has been sought. An example of this is a series of papers conducted for the Polish
city of Olsztyn, characterized by cold climate type. For that location, the relationship
between meteorological parameters and the calculated UTCI versus consultations
for Respiratory Tract Infections (RTI) was analyzed by Romaszko et al. (2019),
concluding that the UTCI may be considered a valuable predictive parameter for
forecasting seasonal increases in RTI cases. A similar work, focusing on consulta-
tions for hypertension and their relationship to the UTCI was presented by Skutecki
et al. (2019a). A further paper studied the relationship between lipid parameters
and meteorological and OTC conditions (including the UTCI) for Olsztyn (Skutecki
et al. 2019b). More recently, a paper by Lindner-Cendrowska and Bröde (2021)
analyzed biometeorological data, expressed as the UTCI and influenza-like inci-
dence in Warsaw, from medical data provided by the Voivodship Unit of the State
Sanitary Inspection in Warsaw.

Based on Emergency Room (ER)-visit records from three major hospitals in
Beijing, China, Ma et al. (2018a) used the UTCI for assessing the climatic thermal
environment, correlating the frequency of ER visits andmorbiditywith thermal stress
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data. Also for Beijing, Ma et al. (2018b) used ER-visit records for correlating with
UTCI data for respiratory tract diseases.

Diverse aspects related to human health in connection to UTCI variations can thus
be found in the literature: heat-related morbidity (Hartz et al. 2013); heat- or cold-
related mortality (Idzikowska 2011; Morabito et al. 2014a, Kuchcik 2020), or both,
from epidemiological information (Błażejczyk et al. 2014c); heat- and cold-related
effects on cardiovascular mortality (Urban and Kysely 2014); connections between
heat stress and overexposure to unperceivable ultraviolet radiation (Morabito et al.
2014b); incidence of asthma exacerbation (Romaszko-Wojtowicz et al. 2020); and,
analysis of health impacts originated from changes in daylighting conditions in
melatonin secretion in human subjects (Wieczorek et al. 2013).

Cross-disciplinary studies involving atmospheric sciences, OTC surveys and
health-related aspects could also be identified. Romaszko-Wojtowicz et al. (2020)
analyzed the relationship between atmospheric conditions and meteorological vari-
ables using medical data and the UTCI for Olsztyn, Poland. Changes in mortality
due to weather patterns were also researched by Ghalhari and Mayvaneh (2016),
using air temperature and UTCI data to correlate with respiratory disease mortality
in Iran. Pappenberger et al. (2015) analyzed the application potential of the UTCI for
forecasting thermal health hazards. The combined effect of air pollution and thermal
stress on morbidity was investigated by Lokys et al. (2018) along a north-south
gradient in Germany, using air-pollution, meteorological and hospital admission data
for obtaining correlations. Heat stress mortality was analyzed in its connection with
meteorological variables expressed as UTCI units for various cities in Poland using
historical meteorological series and in combination with climate change scenarios
(Błażejczyk et al. 2018). Using meteorological measurements and concurrent ques-
tionnaireOTCsurveys, Pantavou et al. (2016) looked at the relationship betweenheat-
related, reported symptoms by interviewees with thermal index values throughout
seasons in a Mediterranean climate (Athens, Greece). Newly, Cymes et al. (2021)
correlated emergency service interventions for fainting with atmospheric data, using
the UTCI as a predictor of fainting, for Poland.

VULNERABLE POPULATIONS: Morabito et al. (2014a) compared mortality
data for very elderly people (≥75 years) to UTCI data, establishing a causal rela-
tionship between mortality and heat stress for that population stratum. The issue of
mortality in the elderly in relation to the amount of vegetation and the distance to
water bodies and interactions with microclimate expressed as equivalent temperature
(UTCI) was explored for Lisbon with remote sensing and GIS (Burkart et al. 2016).
Decreased mortality was observed as a consequence of reduced heat in those areas,
with implications to planning and climate change mitigation strategies. Larriva and
Higueras (2020) evaluated health risks related to thermal and acoustic discomfort of
the elderly inMadrid, Spain, using surveys and field observations. The application of
the UTCI and its ability to predict thermal stress in the elderly is compared to that of
other thermal comfort indices by Chindapol et al. (2017). Another vulnerable group
is the homeless population. Cold-related hypothermia was correlated to weather
conditions, expressed as UTCI units by Krzyżewska et al. (2017), offering useful
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advice for policymakers assisting the prevention of hypothermia in the most vulner-
able groups of society. Romaszko et al. (2017) used UTCI predictions for assessing
thermal comfort/stress conditions and mortality among the homeless in Olsztyn,
Poland, a vulnerable population permanently exposed to the outdoor environment.
Baruti et al. (2020) investigate the case of informal settlements in a warm-humid
city in terms of OTC with SET*, UTCI, sensitizing the research community to the
need for conducting more research on such settlements, with the aim to promote
upgrading schemes.

MAPPING: Di Napoli et al. (2018) investigate the potential of the UTCI for
predicting heat-related health risks in Europe. Using historical meteorological data,
authors were able to create thermal bioclimate maps for Europe in summer thereby
identifying hot spots areas with potential heat stress conditions. The predictability of
the UTCIwas assessed by comparing heat stress conditions verified against mortality
data. Heat stress and probability of occurrence of wildfires related to meteorological
conditions have been evaluated with UTCI output for mapping such hazards for
decisionmakers contributing to the efforts to develop a EuropeanMulti Hazard-Early
WarningSystem (MH-EWS) platform (Vitolo et al. 2019).DiNapoli et al. (2019) also
developed mapping for better defining health-based, heat-stress thresholds in terms
of the UTCI during heatwaves for warning systems. Authors used heat-attributable
excess mortality for cities in France as a test bed against meteorological reanalysis
data. By means of reanalysis, past records are fed into a numerical model in order
to provide reasonable estimates of the state of the system within a given region. In
this context, the ERA5-HEAT dataset is an exemplary work presented by Di Napoli
et al. (2020) showing global UTCI data. Antonescu et al. (2021) used output from
ERA5-HEAT reanalysis for evaluating thermal stress over Europe between 1979 and
2019 in terms of UTCI data.

2.4 Bioclimate

Oxford dictionary defines bioclimate as “a climate or climatic zone considered or
defined in relation to living organisms and their distribution”. The main purpose
of such an application of the UTCI is to assess predicted thermal conditions that
might affect humans in outdoor spaces. In this case, studies might be interested in
the present situation of a given location or that of a larger area, looking at the spatial
variability of bioclimate and also evaluate the development of such conditions over
time.

Methods here range from distributed onsite measurements, recorded data from
existing meteorological stations, mobile measurements to GIS data, generally with
spatial and temporal analysis, extending from very local conditions (e.g. university
campuses) to entire regions, aiming at different applications, including recreational
and tourist activities.

Starting with a bioclimate study of selected cities, Paris, Rome and Warsaw,
which used an existing database with weather data over time (Idzikowska 2010),
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the majority of studies investigate bioclimate using fixed meteorological station data
with estimated UTCI data: Novák (2011), Chabior (2011), Nidzgorska-Lencewicz
and Mąkosza (2013), Mąkosza (2013), Dobek and Krzyżewska (2016), Błażejczyk
et al. (2015), Nidzgorska-Lencewicz (2015), Araźny et al. (2016), Mąkosza and
Nidzgorska-Lencewicz (2016), Zhang et al. (2018), Koźmiński and Michalska
(2019), Dobek et al. (2020), Wereski et al. (2020), Błażejczyk et al. (2020a).

Jacobs et al. (2019) evaluated heat stress conditions with the UTCI in the
South Asian cities Delhi, Dhaka and Faisalabad. In this study, authors analyzed
the temporal evolution of heat exposure as well as intra-urban differences, using a
mix of meteorological measurements from mobile and stationary devices.

A novel approach inmonitoring outdoor comfort usesmeasured data from ‘citizen
scientists’ in a network generated for a field study in Australia. The creation of such
a network aims to circumvent difficulties arising from weather stations data, which
do not consider the urban heat island effect and also from amateur networks, which
may have the issue of unreliable data gathering and equipment. Rajagopalan et al.
(2020) present their citizen science approach for assessing theUTCI in outdoor areas,
thereby providing useful data for policymakers for urban planning. Using an existing
network of citizen weather stations (CWS), Varentsov et al. (2020a) propose the use
of crowdsourced meteorological observations for urban climate research and applied
monitoring services inMoscow, Russia, with an application that is available at http://
carto.geogr.msu.ru/mosclim/ and that will be further developed to include a real-time
thermal comfort assessment based on PET and UTCI data.

Another novel approach for assessing OTC and thermal stress in urban areas is
proposed by Ruedisser et al. (2020), employing 3D-data acquired from drone flights,
pre-existing city models and a Monte-Carlo ray-tracing algorithm. Their method
allows the calculation of the UTCI in surveyed areas.

MAPPING AND SPATIAL DISTRIBUTION OF THE UTCI: Several studies
employ data from extant meteorological stations to perform a spatiotemporal anal-
ysis of greater regions. Chi et al. (2018) used 30-year historical meteorological data
for analyzing trends inOTCpredicted by the indices PET andUTCI for cities inmain-
landChina thereby defining climate types. Also for China, a bioclimatemappingwith
spatiotemporal analysis of UTCI distribution was performed by Wu et al. (2019)
using data from 591 meteorological stations comprising historical weather data.
Roshan et al. (2019) utilized a statistical technique using macroscale data frommete-
orological stations for defining thermal comfort thresholds for four major thermal
comfort indices, including the UTCI, in different climate zones in Iran. Spatiotem-
poral distribution ofOTC levels expressed asUTCImapswere generated fromhistor-
ical data obtained at nine weather stations representative of the three climatic zones
in Nigeria by Balogun et al. (2019). Vinogradova (2020) generated UTCI data and
the spatial distribution of the UTCI for the Russian territory using observations from
500 meteorological stations in Russia.

Another approach is based on predicted and reanalysis data. The ERA5-HEAT
dataset shows historical spatially gridded data for the UTCI in an hourly basis world-
wide and is freely downloadable for diverse environment-health applications (Di
Napoli et al. 2020). Zeng et al. (2020) presented a spatial-temporal analysis of

http://carto.geogr.msu.ru/mosclim/
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the UTCI in the China-Pakistan economic corridor using 40-year reanalysis data
from the European Centre for Medium-Range Weather Forecasts (ECMWF). Other
studies adopted ERA-Interim reanalysis data for evaluating the spatial distribution
of the UTCI over the Russian territory using historical data (Varentsov et al. 2020b,
Konstantinov et al. 2020).

Wibowo and Salleh (2017) employed satellite imagery (Landsat land-surface
temperatures ‘LST’) for assessing thermal conditions with UTCI distribution over
the University of Indonesia campus. Wang et al. (2020) also used satellite data for
running spatial analysis of UTCI distribution andmapping for over the Yangtze River
Delta urban agglomeration. The relationship between LST and land cover over time
was evaluated by Obiefuna et al. (2021) for the region of Lagos, Nigeria.

Leroyer et al. (2018) used the UTCI for predicting bioclimate with a Numerical
Weather Prediction model in urban areas of Toronto, Canada. The index has been
incorporated into the Canadian Numerical Weather Prediction (NWP) model with
the aim of improving thermal conditions in urban areas.

2.5 Meteorological Analyses

Under this category, we include the use of the UTCI as an aid to atmospheric studies,
in this case with outputs converted to predicted thermal comfort. Also included are
particular aspects related to Climatology, such as the interpretation of historical data
in terms of comfort parameters.

Applications of the index inMeteorology are various, ranging from understanding
the relationship between large-scale atmospheric conditions on bioclimate (Więcław
and Okoniewska 2015; Bartoszek et al. 2017; Kolendowicz et al. 2018; Katavoutas
and Flocas 2018; Owczarek 2019; Głogowski et al. 2020b; Błażejczyk et al. 2020b;
Okoniewska 2020), analysis of historicalmeteorological data for specific locations or
regions (Bleta et al. 2014; Pecelj et al. 2017;Yan et al. 2019; Chi et al. 2018; Rozbicka
and Rozbicki 2018; Katavoutas and Founda 2019) to the sensitivity of the index to
particular aspects and meteorological variables such as the mean radiant temperature
(Krüger et al. 2014), wind and rain patterns (Nastos et al. 2017; Hadianpour et al.
2019; Roshan andMoghbel 2020) or in combination (Fröhlich andMatzarakis 2016;
Provençal et al. 2016; Du et al. 2020a).

2.6 Climate Change Research

Under this category, some studies looked at extreme weather conditions, interpreting
those in terms ofUTCI values, others utilizemodeling techniques and climate change
scenarios to assess biometeorological conditions in the long term.

Applications of the index with respect to impacts on human health due to extreme
weather events, expressed by UTCI values or stress categories, have been explored
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by a few authors such as Nastos et al. (2013), Saneinejad et al. (2014a, b), Liu
et al. (2015), Krzyżewska et al. (2016), Giannaros et al. (2017), Kong et al. (2017),
Roshan and Nastos (2018), Mohammadi et al. (2018), Tomczyk and Owczarek
(2020). Methods of assessment includedmeteorological records, field measurements
or historical data from meteorological stations. Forecasting models have been used
by some authors to obtain climate change projections, having also as relevant output
UTCI data: Cheung and Hart (2014), Lokys et al. (2015), Chi et al. (2019), Brecht
et al. (2020), Takane et al. (2020).

2.7 Urban Climate and Planning Studies

The most common usage of the UTCI for urban planning is by means of computer
simulations, and in this case the ENVI-met package is the most frequently used
software for the evaluation of rehabilitation schemes, microclimatic modifications
by means of vegetation or passive techniques and so on. Some extensions, apps
or plug-ins have additionally been introduced by some authors, as well as other
simulation packages.

SIMULATION-BASEDSTUDIES:Thefirst paper identified that employed simu-
lation tools for evaluating urban areaswith theUTCIwas published byGoldberg et al.
(2013), evaluating planning measures in terms of predicted OTC with simulations in
ENVI-met and Rayman for Dresden, Germany. As at the time the available ENVI-
met version had not yet incorporated the BioMet post-processor tool so that data
from ENVI-met were post-processed in the Rayman model (Matzarakis et al. 2010),
which calculates radiation-balance components as well as diverse OTC indices.

Further studies looked at specific features relevant for facilitating the assessment
of the UTCI: the development of a novel method for assessing the sky-view factor,
a morphological attribute used in planning that affects radiant heat exchange (Park
and Tuller 2014); the use of automatic algorithms for facilitating the simulation
process (Bajšanski et al. 2015;Milošević et al. 2017a); a 3-step simulation process for
shading design in outdoor spaces (Mackey et al. 2015); the use of CFD for estimating
OTC conditions (Manickathan et al. 2018); the use of genetic algorithms (Xu et al.
2019b, c); the development of novel micro-scale bioclimate models such as the
VTUF-3D (Nice et al. 2018), the SkyHelios model, which incorporates UTCI output
(Fröhlich and Matzarakis 2018; Fröhlich et al. 2019) and SOLENE-microclimat
(Imbert et al. 2018); the coupling of existing models such as SOLWEIG (SOlar
Long-Wave Environmental Irradiance Geometry) with energy-balance models for
predicting OTC and UTCI distribution (Oswald et al. 2019); the coupling between
theWRFmodel and an urban canopy model (Imran et al. 2018); and between ENVI-
met and CFD modeling (Perini et al. 2017); development as apps such as ENVI-
BUG for expanding ENVI-met input features relevant for OTC predictions (Fabbri
et al. 2017); and, the utilization of a rapid fine-scale spatial model for assessing the
UTCI in a 2D environment (Back et al. 2021). Recently, Fröhlich and Matzarakis
(2020) compared outcomes in terms of different OTC indices including the UTCI,
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using different approaches relative to simulations run in a biometeorology module
implemented into the Parallelized Large-Eddy Simulation Model (PALM) system.
Geletič et al. (2021) used PALM-4U for investigating thermal benefits in an urban
area from spatiotemporal patterns of thermal exposure.

Other studies used simulations to assess bioclimate conditions related to particular
planningmeasures bymeans of human bioclimaticmapping (Park et al. 2014) and the
analysis of urban planning measures and their impacts on OTC (Minella et al. 2014;
Bajšanski et al. 2015; Huang et al. 2019). Evaluations based on computer simulation
were carried out for achieving diverse aims: bioclimate impact from changes in
urban morphology attributes (Tumini et al. 2016; Achour-Younsi and Kharrat 2016;
Xu et al. 2019c, d; Hamdan and De Oliveira 2019; Aghamolaei et al. 2020; Xiong
et al. 2020), effects on OTC from vegetation and urban greening schemes (Wu et al.
2016; Milošević et al. 2017b; Liang et al. 2019; Matzarakis and Fröhlich 2017;
Manickathan et al. 2018; Nice et al. 2018; Shata et al. 2021; Meili et al. 2021),
bioclimate effects from albedomodification of urban surfaces (Schrijvers et al. 2016;
Dietrich 2018; Grifoni et al. 2017), cooling benefits from the proximity to water
bodies (Rahul et al. 2020), cooling strategies andUHImitigationmeasures in summer
(Huang et al. 2016b; Morille and Musy 2017; Imran et al. 2018), trade-offs between
solar photovoltaic (PV) roofs, vegetation and cool roofs in terms of outdoor thermal
comfort and PV conversion efficiency (Berardi and Graham 2020).

Traditional urban design (Nasrollahi et al. 2017) and land-use schemes (Choe
and Han 2020) or urban planning modifications over time (Barbosa et al. 2019)
were also simulated for assessing bioclimate with UTCI. Such studies are in many
cases supported by field measurements in order to calibrate the simulation model for
numerical analyses thereby testing different scenarios in terms of urban geometry
and microclimate mitigation in a given urban area (Minella et al. 2014; Battista et al.
2016; Tseliou and Tsiros 2016; Bandurski et al. 2020). Grifoni et al. (2017) evaluated
microclimate and thermal comfort amelioration in terms of the UTCI with ‘cool
façades’ by means of numerical tools and monitoring of relevant meteorological
variables. Montazeri et al. (2017) evaluated numerically thermal comfort effects
obtained from evaporative cooling by water spray systems during a heatwave in
Rotterdam, the Netherlands. As in Grifoni et al. (2017), the study was supported by
experimental data and the UTCI was used to assess the heat stress reduction due to
evaporative cooling.

MEASUREMENT-SUPPORTED STUDIES: Thermal monitoring of urban areas
and the post-processing of monitored data as OTC information can aid planners
to know the benefits of urban redevelopment projects, to compare different urban
morphologies in order to guide such processes or to test the advantages of innovative
microclimate mitigation strategies.

Amongst such strategies, urban greenery has been explored in several locations as
a means to improve OTC conditions. Cheung and Jim (2018a) compared the cooling
effects from trees by intercepting solar radiation and evapotranspiration on human
thermal comfort with the UTCI against the shading effect of an extensive concrete
shelter in an urban park in Hong Kong, China. In a subsequent paper, Cheung et al.
(2020) monitored seasonal and meteorological effects on the cooling magnitude of
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trees in the humid subtropical climate of Hong Kong with respect to air temperature
and OTC output including UTCI data. Petralli et al. (2020) analyzed the thermal
effects obtained from tree shading and ground material properties on OTC in terms
ofUTCI data using onsitemeteorologicalmeasurements in an urban park in Florence,
Italy.Also focusing on the usage of green spaces for urban climatemitigation,Kurban
Lopez and Grasso (2017) used monitored data in diverse green areas scattered in an
arid city in west-central Argentina to analyze their impact on predicted outdoor
thermal comfort with the UTCI. Gómez et al. (2018) studied effects from natural
elements on OTC in urban areas of Valencia, Spain. Data were recorded at different
locations and converted to UTCI output for predicting the thermo-physiological
state of people carrying out activities in the open space. Du et al. (2020b) studied
the shading effect from vegetation and building elements on micrometeorology and
OTC.

Another course of action for investigating the benefits of urban greenery as a
planning strategy is based on questionnaire-surveys alongside thermal monitoring.
Martini et al. (2014, 2020) carried out OTC surveys in Curitiba, Brazil, analyzing the
effect of street trees on outdoor thermal sensation against UTCI data. Cheung and Jim
(2018b) performed OTC surveys in urban green spaces in Hong Kong, China, and
looked at possible effects from vegetation on participants’ thermal perception and
on attendance and usability of such spaces. A further paper on the subject evaluated
the impact of Intensive Green Roofs (IGR) on UTCI conditions from microclimatic
monitoring in specific sites with and without woodland IGR in Hong Kong (Lee and
Jim 2019). Also usingmicroclimatic monitoring, Petralli et al. (2020) assessed UTCI
conditions in different green area settings in Florence, Italy.

Another heat stress mitigation strategy is based on the use of blue infrastructure
and evaporative cooling. Hendel et al. (2016) focused on Urban Heat Island (UHI)
mitigation by means of pavement watering as a feasible UHI countermeasure in
Paris, France. Resulting effects were expressed as UTCI values. A subsequent paper
examined pedestrian thermal comfort improvement through pavement watering in
Paris, as part of mitigationmeasures from the City of Paris to counteract heat stress in
summer (Parison et al. 2017). Parison et al. (2020) used later the database collected
in 2013 for pavement watering to propose a statistical method for assessing effects
of UHI countermeasures. Ulpiani et al. (2019) conducted an experimental study on
an overhead water mist cooling system designed to improve OTC during summer in
two Italian cities (Ancona and Rome).Measuredmicroclimatic data were interpreted
in terms of the UTCI along with surveys with local population. The same approach
was employed by Oh et al. (2019) with several outdoor indices including the UTCI
in a study on mist spraying to relieve thermal discomfort in hot weather involving the
assessment of environmental factors, physiological responses and surveys, in Tokyo,
Japan. A similar study was conducted in Antofagasta, located in the Atacama desert
region of Chile, with a misting prototype and comprising subjective thermal percep-
tion and field measurements (Desert et al. 2020). Also in a hot-dry location (Tempe,
Arizona), Vanos et al. (2020) evaluated the effectiveness of evaporative misters in
terms of OTC (UTCI data) and business managers’ motivations to use such equip-
ment. The influence of blue infrastructure onOTCandmicroclimate ameliorationwas
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studied by Fung and Jim (2020) on days with different sky cover for Hong Kong,
China. Onsite monitoring for sites with and without a pondside lawn were inter-
compared in terms of UTCI output. Lehnert et al. (2020) investigated the combined
effect of blue and green infrastructure on OTC in terms of UTCI data measured in
public downtown areas.

Alsowith a view to planning applications, a few studies focus on particular aspects
that define urban morphology such as the aspect ratio or the H/W relationship (H =
average building height, W = street width), street canyon orientation and vegetation
canopy. The resulting building density can bring about impacts on OTC conditions.
Coutts et al. (2016) analyzed such effects in combination with urban street trees
for Melbourne, Australia, using locally monitored meteorological data. Pan and Du
(2017) carried outmeasurements in diverse urban villages in Shenzhen, China aiming
to explore the correlation between urban density and OTC characteristics, examining
both UHI intensity and UTCI data. Streda et al. (2014) analyzed the impact of land
cover and land use on local meteorological variables and OTC in Hradec Králové,
Czech Republic. Using the Local Climate Zones (LCZ) scheme (Stewart and Oke
2009a, b), Liu et al. (2018) selected locations for carrying out OTC surveys with
concurrent measurements of meteorological parameters in Schenzhen, China. The
LCZ scheme was also used in another study in combination with OTC data and
UTCI output (Kwok et al. 2019), where authors conducted a spatiotemporal thermal
climate analysis ofToulouse, France, underwarmanddry summer conditionswith the
mesoscale atmosphericmodelMeso-NH.A similar temporal analysis was carried out
using weather station data for two different locations, i.e. outside and inside Ankara,
Turkey, for the purpose of evaluating thermophysiological stress (Nouri et al. 2021).

Finally, albedo properties have been investigated by Sen et al. (2020) with
measurements of relevant OTC variables next to (pedestrian scale) reflective parking
lots for microscale Urban Heat Island mitigation.

2.8 Tourism

As one of the expected areas of application of the index, the relationship between
bioclimate, OTC conditions and tourism attractiveness is relevant for obvious
economic reasons. Research in this area can serve as important aid to decision-
making and management by the tourism industry. Spatial and temporal observations
aswell as themobility of peoplewithin evaluated areas are themost commonmethods
used for that. Climate change is also an impacting factor which has been explored.

With the aim of providing relevant information for decision makers, applications
of the UTCI in international tourism, regarding the intrinsic importance of weather
and climate for decision-making and their impacts on temporal and spatial patterns
of tourism demand have been explored by Rutty and Scott (2014, 2015).

With the goal of supporting the tourist industry and management, some papers
analyzed more locally spatial and temporal variations of the UTCI such as in
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Warsaw, Poland (Lindner-Cendrowska 2013; Rozbicka and Rozbicki 2020), at Zlat-
ibor Moutain in Serbia (Basarin et al. 2018), in particular summer destinations
in China using historical weather data (Yang et al. 2018), and with GIS tools for
Loznica, Serbia (Pecelj et al. 2018). In a broader spatial scale, Roshan et al. (2018)
looked at implications to international tourism in Iran of historical meteorological
data combined as UTCI thermal comfort data, thereby identifying biometeorological
clusters which can aid tourism management in that country. A subsequent discus-
sion under consideration of climate change influences is presented in a book chapter
by Fitchett and Roshan (2020). Ge et al. (2017) investigated the spatial pattern of
thermal bioclimatic conditions in China having the UTCI as relevant thermal comfort
indicator for applications in tourism bioclimatology and from a tourism perspective.
Hua et al. (2020) used historical data from a number of weather stations in mainland
China to assess the thermal suitability of tourist attractions.

In terms of mobility, Liang and Bi (2017) correlated tourist flow, online booking
and climatic information, expressed as UTCI units. Not precisely related to tourism
but to inland travel, an analysis between weather variability and trip chaining and
travel behaviorwas evaluated byLiu et al. (2016) using theUTCI as relevant indicator
of meteorological conditions and explanatory variable in themodels generated by the
authors. Liu et al. (2020) analyzed how perception of weather conditions, expressed
as UTCI values, affect decision-making for leisure activities. The method uses self-
reported travel diary surveys conducted in Sweden.

Impacts from current climate and climate change projections on tourism were
investigated by Miszuk et al. (2016) within the framework of the EU KLAPS project
in the German-Polish border region, using in their study the UTCI as thermal biocli-
mate predictor. Kong et al. (2019) performed a study of climate change impacts on
OTCwith the UTCI as relevant indicator in diverse regions of China during summer,
thereby identifying regions that are suitable for “sunbird” tourism, i.e. regions to
which citizens will potentially be able to escape from heat stress in summer.

2.9 New Tools in OTC Research

Further applications of the index can arise from new tools developed by researchers
and a few of them have been identified in the literature search. A smartphone app
was developed by Heusinkveld et al. (2017) that communicates a location-specific
human thermal comfort forecast expressed as UTCI units based on high-resolution
numerical weather prediction (NWP) and geoinformation. A novel wind rose biome-
teorological data visualization tool was developed by Sadeghi et al. (2018), which
takes into consideration the OTC dimension in terms of predicted UTCI data for
the assessment of comfort wind resources in Sydney, Australia. The study also uses
climate projections for 2030 accounting for climate change estimates. Baglia et al.
(2019) propose a dynamic microclimate modeling for urban areas in China with
the purpose of assessing pedestrian comfort (UTCI output), air quality and building
ventilation potential.
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DISCUSSIONANDREVIEWPAPERS: In a review paper, Ongoma et al. (2016)
describe the UTCI as a potential index to be used for thermal comfort assessment
in planning with respect to growing urbanization in Nairobi City, Kenya. Hai and
Feng (2018) propose an approach termed ‘thermalscape’ for evaluation the human-
centered outdoor thermal environment performance, using the UTCI as its core indi-
cator. Graham et al. (2020) discuss the obstacles found while implementing micro-
climate analysis as a design driver in an architectural office and measures that could
be taken to overcome them. Basarin et al. (2020) present a systematic review of
recent studies of biometeorological extremes in Europe, during extreme conditions
and heatwaves, looking at influences on human health and providing an overview of
heat-health warning systems (HHWS) across the European continent.

3 Categorization

Höppe (2002) had envisaged applications of the UTCI in weather reports and fore-
casts, climate change scenarios and tourism, while initial publications by the former
members of the ISB expert group also listed as potential areas of application, apart
from those, bioclimatological assessments, bioclimate mapping, urban planning,
outdoor recreation and health, epidemiology and climate research. In the 2012 special
issue of IJBM, Jendritzky et al. (2012) suggested following areas to be expected to
profit from the UTCI: public weather service, public health system, precautionary
planning and climate impact research in the health sector.

The literature review showed that, basically, two areas concentrate most of the
applications of the index: human-centered research focused on thermal perception in
outdoor spaces and studies aimed at urban planning and microclimate amelioration
(Table 1), together amounting to just over 59% of all papers reviewed. It should be
noted that the total amount of categorized papers has varied slightly from the total
sample of publications in this review, with the exclusion of repeated items, of papers
not directly related to the UTCI usage and of a few papers that were not available
online. From the initial samples of 320 and 304 documents, in Scopus and WoS,
respectively, the combined list of valid and non-duplicated publications amounted
altogether to 317 papers.

As performance tests of the index in comparison to other existing indices can be
also understood as a preliminary phase in OTC research, the bulk of research output
(one third of the total) in this literature review is related to human biometeorology
and its subfield human thermal comfort assessment including heat stress evaluation.
Under such application, the testing of the index against field measurements and the
calibration of the thermal assessment scale are necessary stages. Sensitivity tests and
new methods in OTC assessment have also been explored.

A second major application is in urban climate studies and in studies related to
urban planning, with about one quarter of the total. In that category, the great part
of contributions is based on simulation tools, such as ENVI-met, either performing
sensitivity tests with those tools or improving them by various means (coupling,
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yż
ew

sk
a
et
al
.(
20

17
),
C
hi
nd

ap
ol

et
al
.(
20

17
),
R
om

as
zk
o
et
al
.

(2
01

7)
,L

ok
ys

et
al
.(
20

18
),
M
a
et
al
.(
20

18
b)
,(
B
ła
że
jc
zy
k
et
al
.(
20

18
),
D
iN

ap
ol
ie
ta
l.
(2
01

8)
,M

a
et
al
.(
20

18
a)
,

R
om

as
zk
o
et
al
.(
20

19
),
V
ito

lo
et
al
.(
20

19
),
D
iN

ap
ol
ie
ta
l.
(2
01

9)
,S

ku
te
ck
ie
ta
l.
(2
01

9a
,b
),
(K

uc
hc
ik

(2
02

0)
,

R
om

as
zk
o-
W
oj
to
w
ic
z
et
al
.(
20

20
),
L
ar
ri
va

an
d
H
ig
ue
ra
s
(2
02

0)
,B

ar
ut
ie
ta
l.
(2
02

0)
,D

iN
ap
ol
ie
ta
l.
(2
02

0)
,

L
in
dn

er
-C

en
dr
ow

sk
a
an
d
B
rö
de

(2
02

1)
,C

ym
es

et
al
.(
20

21
),
A
nt
on
es
cu

et
al
.(
20

21
)

(c
on

tin
ue
d)



46 E. L. Krüger

Ta
bl
e
1

(c
on
tin

ue
d)

To
pi
c/
A
pp
lic
at
io
n

of
th
e
U
T
C
I

A
m
ou

nt
of

pe
er
-r
ev
ie
w
ed

pu
bl
ic
at
io
ns

Pe
rc
en
ta
ge

of
to
ta
l

(%
)

R
ef
er
en
ce
s

4.
B
io
cl
im

at
e

31
10

Id
zi
ko
w
sk
a
(2
01

0)
,N

ov
ák

(2
01

1)
,C

ha
bi
or

(2
01

1)
,N

id
zg
or
sk
a-
L
en
ce
w
ic
z
an
d
M
ąk
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development of apps and plugins) or by using simulations to assess bioclimate
changes arising from planning measures. Field measurements were also performed,
aimed at planning applications. Of particular interest are studies related to green and
blue urban infrastructure.

A third worth-mentioning category is related to climate-related impacts on human
health, including mortality, morbidity and diverse aspects related to human health in
connection to UTCI variation. Of special interest here is the development of mapping
approaches, such as the ERA5-HEAT dataset, presented by Di Napoli et al. (2020).

The application of the UTCI in studies of bioclimatic conditions in selected cities
and regions has been pursued in a number of papers with temporal and spatial
analyses, using various methods (weather station data, GIS data, existing models,
mapping and so on).

Applications in meteorology and comparisons to other indices come next and
encompass the use of theUTCI as an aid to atmospheric studies whereas comparisons
to other relevant indices, particularly the PET index, have also been performed in
order to evaluate the predictability of the index.

Finally, applications for tourism and climate change research could be identified,
but in a relatively smaller number of publications.

3.1 Categorization Using VOSviewer

The VOSviewer tool version 1.6.16 (van Eck and Waltman 2013) allows users to
createmaps based on network data and visualize and explore thesemaps. It is aimed at
bibliometric analyses and in the case of the two databases consulted for this literature
review chapter (Scopus and WoS), it was possible to identify the main clusters of
papers arising from common keywords using its functionality ‘co-occurrence of
author keywords’.

The procedure used was as follows: (a) saving search results as.csv and.txt files, in
both Scopus and WoS samples, respectively, (b) creating maps with co-occurrences
based on Author Keywords data in VOSviewer with full counting and a minimum
number of 5 occurrences for a given keyword, and (c) filtering keywords that are very
general or mere descriptors of the UTCI as well as names of specific locations. The
mapsgenerated could thenbe summarized as coincident keywordswith some strength
(not necessarily the highest link strength—defined as the number of publications
in which terms occur together). Again coincident terms are neither just common
descriptors for the UTCI nor location names, and are primarily related to areas of
application of the index. Figure 2 presents the network visualizations for author
keywords in both samples. Table 2 summarizes clusters found in both samples.

A similar cluster distribution was found in both search results, with some vari-
ations as the two samples are not exactly the same. Basically, clusters identified in
VOSviewer bare a resemblance with UTCI applications listed in Table 1, with a
distinction between human-centered studies (clusters 1 and 6, application topics 1
and 3), climate change research (cluster 2, application topic 7), microclimate studies
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Fig. 2 Network visualizations for author keywords: a Scopus search, bWoS search
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Table 2 Clusters defined for main author keywords in co-occurrences in Scopus andWoS, ordered
by strength of link

Scopus WoS

Cluster 1: heat stress, outdoor comfort,
mortality

Cluster 1: heat stress, outdoor comfort, cold
stress, mortality

Cluster 2: thermal comfort, climate change,
thermal stress

Cluster 2: thermal stress, climate change

Cluster 3: urban heat island, PET, microclimate Cluster 3: PET, microclimate, ENVI-met

Cluster 4: thermal sensation, urban climate Cluster 4: thermal comfort, thermal sensation,
urban climate

Cluster 5: evaporative cooling, bioclimate Cluster 5: Urban Heat Island, evaporative
cooling

Cluster 6: outdoor thermal comfort, thermal
adaptation

Cluster 6: outdoor thermal comfort, thermal
adaptation

and comparisons with other indices, predominantly with the PET index, aided or not
by simulations in ENVI-met (cluster 3 and application topics 2 and 5), studies on
urban climate focusing on human thermal sensation (cluster 4 and application topic
2), bioclimate and urban climate amelioration studies, particularly by means of evap-
orative cooling (cluster 5 and application topic 2 and 4). Application topics 6 and 8,
with lower publication output and, in the case of meteorological analyses, involving
a diversity of parameters of analysis, did not yield significant co-occurrences.

4 Conclusions

Papers on the UTCI cover different topics, but with a prevalence of OTC research and
studies related to the understanding of microclimate and aimed at urban planning.
Applications in meteorology, climate change and tourism are still timid, though
these areas will gain in importance in the years to come. Global issues arising from
climate change will tend to increase with the progress of global warming andweather
extremeswhileworldwide tourism in the aftermath of the COVID-19 pandemic crisis
will progressively rise again.

Most of the papers surveyed are still concentrated in a few countries, most
evidently in Germany, Poland and China. Research output observed in Germany
and Poland are in a great extent linked to studies conducted by former members
of the ISB Commission responsible for the development of the UTCI. Applications
in China are mounting up and currently this country is leading in outdoor thermal
comfort research, as reported in a recent comprehensive review by Lai et al. (2020).
With the rising, fastest growing urbanization and economic development taking place
in China presently, that trend is likely to continue over the next years. Also noticed
in the analysis of search results is the prominent funding of many of the studies by
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the National Natural Science Foundation of China, which is undoubtedly conducive
to widening the application spectrum of the UTCI in that country.

The multidisciplinary character of human biometeorology when analyzing
research output on UTCI applications also became evident. In the analysis of
search results, the bulk of research was categorized as environmental science (28%),
followed by earth and planetary sciences (25%), social sciences (16%) and by
engineering (11%).

From the potential applications for the UTCI in major fields of human biomete-
orology, as stated by Jendritzky et al. (2012), areas such as public weather service
and climate-related impacts on the health sector still need to become aware of the
potentialities and practicalities of the UTCI. The next chapters will explore accuracy
and regional adaptation of the UTCI to various exposure conditions and populations.
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biometeorologicznych w Toruniu i jego strefie podmiejskiej w 2012 r]. Przegląd Geograficzny
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ment of bioclimatic conditions for recreation and tourism in the Polish Baltic coastal zone using
the UTCI index]. Przegląd Geograficzny
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WięcławM, OkoniewskaM (2015) Appearance of hot days in Bydgoszcz in the years 2005–2008 in
different air masses and their influence on the selected biothermal indices. Sci Rev Eng Environ
Sci 2015(1):67–78

Wu Z, Kong F, Wang Y, Sun R, Chen L (2016) The impact of greenspace on thermal comfort in a
residential quarter of Beijing, China. Int J Environ Res Public Health 13(12):1217

Wu F, Yang X, Shen Z (2019) Regional and seasonal variations of outdoor thermal comfort in China
from 1966 to 2016. Sci Total Environ 665:1003–1016

Wu P, Zhang Y, Fang Z, Gao Y (2021) Comparison of thermal comfort in different kinds of building
spaces: field study in Guangzhou, China. Indoor Built Environ 1420326X20981714

Xiong K, Yang Z, Cheng C (2020)Microclimate environmental assessment and impact of mountain
city pedestrian streets in summer. In: E3S web of conferences, vol 172. EDP Sciences, p 11001

Xu M, Hong B, Jiang R, An L, Zhang T (2019a) Outdoor thermal comfort of shaded spaces in an
urban park in the cold region of China. Build Environ 155:408–420

XuM, Hong B, Mi J, Yan S (2018) Outdoor thermal comfort in an urban park during winter in cold
regions of China. Sustain Cities Soc 43:208–220

Xu X, Liu Y, Wang W, Xu N, Liu K, Yu G (2019b) Urban layout optimization based on genetic
algorithm for microclimate performance in the cold region of China. Appl Sci 9(22):4747

Xu X, Yin C, Wang W, Xu N, Hong T, Li Q (2019c) Revealing urban morphology and outdoor
comfort through genetic algorithm-driven urban block design in dry and hot regions of China.
Sustainability 11(13):3683

XuX,WuY,WangW, Hong T, XuN (2019d) Performance-driven optimization of urban open space
configuration in the cold-winter and hot-summer region of China. Build Simul 12(3):411–424.
Tsinghua University Press

Xue J, Hu X, Sani SN, Wu Y, Li X, Chai L, Lai D (2020) Outdoor thermal comfort at a Univer-
sity Campus: studies from personal and long-term thermal history perspectives. Sustainability
12(21):9284

Yan Y, Wang D, Yue S, Qu J (2019) Trends in summer air temperature and vapor pressure and their
impacts on thermal comfort in China. Theor Appl Climatol 138(3–4):1445–1456

Yang J, Zhang Z, Li X, Xi J, Feng Z (2018) Spatial differentiation of China’s summer tourist
destinations based on climatic suitability using the Universal Thermal Climate Index. Theor
Appl Climatol 134(3–4):859–874

Zamanian Z, Sedaghat Z, HemehrezaeeM, Khajehnasiri F (2017) Evaluation of environmental heat
stress on physiological parameters. J Environ Health Sci Eng 15(1):24

Zare S, Hasheminejad N, Shirvan HE, Hemmatjo R, Sarebanzadeh K, Ahmadi S (2018) Comparing
Universal ThermalClimate Index (UTCI)with selected thermal indices/environmental parameters
during 12 months of the year. Weather Clim Extrem 19:49–57

Zare S, ShirvanHE,HemmatjoR,Nadri F, JahaniY, JamshidzadehK, Paydar P (2019)Acomparison
of the correlation between heat stress indices (UTCI, WBGT, WBDT, TSI) and physiological
parameters of workers in Iran. Weather Clim Extrem 26:

Zeng D, Wu J, Mu Y, Deng M, Wei Y, Sun W (2020) Spatial-temporal pattern changes of UTCI in
the China-Pakistan economic corridor in recent 40 years. Atmosphere 11(8):858

Zhang XY, Jiang C, Sun JX, Zhou MF (2018) Spatio-temporal variations and influencing factors of
thermal comfort at different elevations. J Appl Ecol 29(9):2808–2818

Zhang Y, Liu J, Zheng Z, Fang Z, Zhang X, Gao Y, Xie Y (2020b) Analysis of thermal comfort
during movement in a semi-open transition space. Energy Build 225:

Zhang L, Wei D, Hou Y, Du J, Liu ZA, Zhang G, Shi L (2020a) Outdoor thermal comfort of urban
park—a case study. Sustainability 12(5):1961

Zhu Z, Liang J, Sun C, Han Y (2020) Summer outdoor thermal comfort in urban commercial
pedestrian streets in severe cold regions of China. Sustainability 12(5):1876



Chapter 4
Sensitivity of UTCI Thermal Comfort
Prediction to Personal and Situational
Factors—Residual Analysis of Pedestrian
Survey Data

Peter Bröde, Claudia Di Napoli, Luísa Alcantara Rosa,
Eduardo Grala da Cunha, and Eduardo L. Krüger

Abstract The Universal Thermal Climate Index (UTCI) assesses the interaction of
ambient temperature, wind, humidity and radiant fluxes on human physiology in
outdoor environments on an equivalent temperature scale. Based upon the dynamic
thermal sensation (DTS) from theUTCI-Fialamodel of human thermoregulation, the
UTCI allows for thermal comfort prediction. Here we compare those predictions to
thermal sensation votes as recorded on the 7-unit ASHRAE scale for two Brazilian
cities, Curitiba and Pelotas. Outdoor comfort surveys from 1551 respondents in
Curitiba and 1148 in Pelotas, respectively, yielded negligible bias and less than one
unit root-mean square error (rmse), which was similar in magnitude for both study
areas. Residual analysis revealed that factors such as age, sex, body composition,
site morphology (open space, street canyon), climatic state (comfort/discomfort)
and clothing choice only explained a small portion of the prediction error variance,
which in the total sample was dominated for over 94% by residual inter-individual
variability. Adding historical weather information from the previous three days gave
superior information compared to longer time lags and helped to reduce the residual
variance to 88%. Those findings underpin current limitations in individual thermal
comfort prediction, whereas personal and situational factors hardly affected UTCI
predictive performance, which showed reasonable accuracy at the population level.
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1 Introduction

The Universal Thermal Climate Index (UTCI) has become an established tool for
assessing the outdoor thermal environment in the major fields of human biometeo-
rology (Jendritzky et al. 2012; Jendritzky and Höppe 2017). The UTCI summarises
the interaction of ambient temperature, wind, humidity and radiant fluxes on human
physiology. The dynamic physiological responses are simulated by an advanced
multi-node model of human thermoregulation (Fiala et al. 2012) coupled with a
model of adaptive clothing choice in urban populations (Havenith et al. 2012). The
model considers the distribution of clothing over different body parts, and the reduc-
tion of thermal and evaporative clothing resistances caused by wind and the move-
ment of the wearer, who is assumed walking at 4 km/h (1.1 m/s) on the level. UTCI
values are expressed using an equivalent temperature scale. This involved the defi-
nition of a reference environment with 50% relative humidity (but vapour pressure
not exceeding 20 hPa), with still air and mean radiant temperature equalling air
temperature, to which all other climatic conditions are compared.

The operational procedure (Bröde et al. 2012a) provides simplified algorithms to
compute UTCI values from air temperature, wind speed, mean radiant temperature
and water vapour pressure. It was supplemented by an assessment scale establishing
UTCI threshold values that define different categories of thermal stress from extreme
cold to extreme heat, with UTCI values from 18 to 26 °C complying with the thermal
comfort zone (Bröde et al. 2012a, 2013).

Based upon the dynamic thermal sensation (DTS) from the UTCI-Fiala model
of human thermoregulation (Fiala et al. 2012, 2003), the UTCI allows for thermal
comfort prediction, which can be compared to observed thermal sensation votes on
the ASHRAE thermal sensation scale (ASHRAE 2004). We have already presented
the UTCI operational procedure and its application to outdoor thermal comfort
surveys from Curitiba, Brazil (Bröde et al. 2012b, 2013). For interviews carried
out in Curitiba, the observed clothing insulation was in good agreement with the
UTCI-clothing model. In addition, the actual votes were well predicted by the DTS
from the UTCI-Fiala model simulations carried out for UTCI reference conditions
(Fiala et al. 2003, 2012). Specifically, the averaged error (bias) was found negligible
and the root-mean square errors (rmse) less than one unit on the 7-unit scale (ISO
10551 1995). Detailed simulations considering the individual climatic conditions and
observed clothing insulation did not further improve the predictions indicating that
the assumptions underlying the UTCI model are appropriate for the surveys carried
out in Curitiba (Bröde et al. 2012b).

However, we had observed larger negative bias (i.e. underestimation) and rmse
for the thermal sensation votes from a survey conducted in Glasgow, UK, where the
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pedestrians were wearing less insulating clothing than assumed by the UTCI model
(Krüger et al. 2012; Bröde et al. 2014).

Regional differences in thermal comfort, as they have been reported in field studies
withinEurope (Nikolopoulou andLykoudis 2006) and in tropical regions (cf. Chap. 6:
Regional adaptation of the UTCI: comparisons between different datasets in Brazil,
in this book), can be partly attributed to climatic and sociocultural aspects and to some
extent to personal and situational influences. These comprise psychological and phys-
iological factors related to thermal physiology (Havenith 2001; Havenith et al. 1998;
Cabanac 1971), thermal aspects of occupant behaviour (Hellwig 2015; Schweiker
et al. 2013, 2016, 2020b), and non-thermal factors affecting outdoor thermal comfort
(Nikolopoulou 2011; Nikolopoulou et al. 2001; Nikolopoulou and Steemers 2003;
Knez et al. 2009).

It is unknown, however, whether those personal and situational factors have an
impact on the accuracy of the UTCI outdoor thermal comfort predictions. To address
this we have expanded our data to include a recent survey carried out in Pelotas,
another Brazilian city (Krüger et al. 2020), and have:

– analysed how the residues of UTCI predictions on thermal sensation depend on
personal characteristics (sex, age, body composition) and urban site morphology
(open spaces vs. street canyons); as well as

– considered effects related to recent experience (Nikolopoulou et al. 2001;
Nikolopoulou and Steemers 2003) by including UTCI values available from
a meteorological data archive, which were calculated days, weeks and months
before each survey took place.

2 Material and Methods

Here, we briefly review the field surveys’ methodology, as detailed descriptions are
available in recent publications (Bröde et al. 2012b; Krüger et al. 2020), and in the
Regional Adaptation chapter of this book (Chap. 6).

2.1 Outdoor Surveys

Field measurements with concurrent administration of comfort questionnaires were
carried out in Curitiba, Brazil (25°26′S, 49°16′W, 917 m amsl, subtropical climate
in elevation) and in Pelotas, Brazil (31°46′18′′S, 52°20′33′′W, 14 m amsl, humid
subtropical climate). Both field studies used similar protocols, thus ensuring compat-
ibility of the employed procedures. In both locations, surveys were carried out in
pedestrian areas during daytime (typically from 10 a.m. to 4 p.m. local time) with
portable weather stations recording air temperature, relative humidity, air velocity
and globe temperature, from which mean radiant temperature was calculated (ISO
7726 1998).
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We applied a standard comfort questionnaire to collect personal information
like age, sex, height and weight. Participants rated their thermal sensations using
a symmetrical 7-unit two-pole scale ranging from −3 = ‘cold’ over 0 = ‘neutral’ to
+3 = ‘hot’ (ISO 10551 1995). Intrinsic clothing thermal insulation was determined
from the worn items observed on site according to standardised tables (ISO 9920
2007).

2.2 Data Analysis and Statistics

Only data of permanent residents (i.e. living for more than 6 months in the city)
of adult age (older than 17 years) who had spent at least 15 min moving outdoors
before the interview were considered eligible for the analysis. This yielded to 1148
responses from Pelotas and 1551 from Curitiba.

UTCI values were computed using the table look-up approach of the UTCI oper-
ational procedure (Bröde et al. 2012a) from measured air temperature, humidity,
air velocity and mean radiant temperature. Predictions of dynamic thermal sensa-
tions (DTS) averaged over 2 h exposure time (Bröde 2019) were obtained from the
output of the UTCI-Fiala model (Bröde et al. 2012a; Fiala et al. 2012) for reference
clothing. In previous analyses, a more complex model incorporating actual clothing
insulation did not reduce the prediction error (Bröde et al. 2012b, 2014). Therefore,
we restricted our subsequent analyses on the DTS predictions for UTCI reference
conditions, which are available as online dataset (Bröde 2019).

DTS prediction error was defined as the difference of DTS to the actual thermal
sensation vote, with negative values indicating underestimation and positive values
representing overestimation. We calculated the averaged error (bias), root-mean
square error (rmse) and Pearson’s correlation coefficient (r) to assess the deviations
between predicted and measured thermal sensation votes.

General additive models (Wood 2017) with locally estimated smoothing splines
(LOESS) and 95%-confidence intervals (CI) were computed to describe the average
course of clothing insulation, of thermal sensation and of the prediction error consid-
ering the potentially non-linear relationships with air temperature and the UTCI,
respectively. For comparing models with different predictors, Akaike’s Information
Criterion (AIC) was used to assess the goodness-of-fit (Zuur et al. 2009).

The influence of potential modifiers on the prediction error was assessed by
computing bias, rmse and correlation coefficients for subgroups defined by city
(Curitiba or Pelotas), sex and other classifying factors as described below. We calcu-
lated body mass index (BMI) from weight and height and classified the persons’
body composition as ‘underweight’, ‘normal’, ‘overweight’ or ‘obese’ according to
WHO guidelines (Bröde et al. 2012b; WHO 1995), which were also applied to build
age subgroups as below 25 years (young), between 25 and 64 (adult) and above
64 (elderly). Two urban site morphology groups were defined: ‘street canyons’ and
‘open spaces or crossroads’. We used the thermal state classification according to
the UTCI assessment scale with the thermal comfort zone corresponding to UTCI
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values from 18 to 26 °C, cold discomfort below 18 °C and warm discomfort above
26 °C (Bröde et al. 2012a, 2013). The deviation of worn clothing insulation (Iclobs)
from the UTCI-clothing model (Iclmod) was determined as percentage deviation, i.e.
(Iclobs – Iclmod)/Iclmod*100. Percentage deviation was classified in three levels as
more than 20% below (<80% Iclmod) or above (>120% Iclmod) or within ±20% of
Iclmod, the clothing insulation from the UTCI model.

Variance components of prediction error attributable to the factors described
above were obtained separately for both cities and for the total sample, respectively,
by fitting linear mixed models (Schützenmeister and Piepho 2012) considering the
factors as random and using the package ‘VCA’ of R 4.0.2 (R Core Team 2020).

The data were supplemented by historical weather records for time periods
preceding the survey campaigns, which comprised records in hourly intervals of
UTCI values derived from ERA5-HEAT (Di Napoli et al. 2020). From this data, we
calculated daily averages of UTCI from the recordings obtained between 10 a.m. and
4 p.m. (corresponding to the usual time frame of the surveys). For each study area,
we obtained averaged historical UTCI values at 1, 3, 7, 14, 28 and 56 days prior to
the actual campaign. This allows the study to cover in a logarithmic manner periods
from days, weeks to almost two months. The differences between actual and histor-
ical UTCI values corresponding to the mean for the time frame of the surveys were
used as predictors of the DTS prediction error by fitting cubic regression splines by
generalized additive models GAM (Wood 2017). For the variance component anal-
ysis, these differences were classified in intervals±3 °C (actually as cool/warm as in
previous period), <−3 °C (actually cooler than in previous period), > +3° (actually
warmer), with the thresholds corresponding to the inter-quartile range for the lagged
values (Fig. 3a).

3 Results

3.1 Prediction of Clothing Insulation and Thermal Sensation

Clothing thermal insulation showed considerable inter-individual variation, but on
average dropping with increasing air temperature in both study areas (Fig. 1a). It was
in good agreement with the UTCI-clothing model, especially at low temperatures in
Curitiba and at higher temperatures in both cities. Although the observed insulation
oscillated around the UTCI model between 12 and 25 °C, overall mean deviations
(bias) from the UTCI-clothing model were negligible with a typical error (rmse) of
0.25 clo and correlation coefficients ranging between 0.7–0.8 (Table 1).

Thermal sensations also varied largely and increased with the UTCI (Fig. 1b).
Generally, bias was negligible and rmse was less than one unit on the 7-unit thermal
sensation scale (Table 1). These figures, including the correlation coefficients slightly
above 0.6, were very similar in both study areas.
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a b

Fig. 1 Individual recordings in Curitiba and Pelotas superimposed by smoothing splines with
95% confidence intervals for clothing thermal insulation related to air temperature (a) and thermal
sensation votes (−3: ‘cold’,…,0: ‘neutral’,…, +3: ‘hot’) related to UTCI (b). Black dashed lines
indicate predictions by the UTCI model

Table 1 Number of respondents (n), averaged errors (bias), root-mean-square errors (rmse) and
Pearson correlation coefficient (r) by study area between observed and predicted clothing insulation
(clo), and for the observed thermal sensation votes (7-unit scale) compared to the dynamic thermal
sensation predicted by the UTCI-Fiala model for the UTCI reference environment

n Clothing insulation (clo) Thermal sensation (7-unit scale)

bias rmse r bias rmse r

Curitiba 1551 0.02 0.25 0.69 −0.12 0.95 0.61

Pelotas 1148 −0.09 0.21 0.78 −0.12 0.97 0.63

Total 2699 −0.02 0.23 0.77 −0.12 0.96 0.65

3.2 Factors Influencing Thermal Sensation Prediction Error

There were only small changes in the bias, rmse and correlation presented for the
different subgroups in Table 2 compared to the overall results (Table 1). The BMI
categories showed a tendency of increased underestimation error with increasing
obesity. There was a small underestimation bias due to warmer sensations reported
in canyons compared to open spaces (Table 2), as well as slightly increased under-
estimation bias with young respondents and under cold discomfort conditions more
relevant in Curitiba (Fig. 2b). However, the variance component analysis (Fig. 2)
revealed that all factors only accounted for a very small portion of total variance,
which was dominated by residual inter-individual variability (Fig. 2a), amounting to
more than 90% in relative terms (Fig. 2b).
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Table 2 Averaged thermal sensation prediction errors (bias) and root-mean-square errors (rmse)
by study area comparing observed thermal sensation votes to DTS predicted by the UTCI model
in relation to the modifying factors age, body composition (BMI), sex, site morphology, thermal
comfort/discomfort zone according to the UTCI and deviation of worn clothing insulation from
Iclmod of the UTCI clothing model

Factor Curitiba Pelotas Total

bias rmse bias rmse bias rmse

Age

Young −0.23 0.97 −0.19 0.99 −0.21 0.98

Adult −0.09 0.94 −0.10 0.97 −0.09 0.96

Elderly −0.10 0.96 0.08 0.84 −0.04 0.92

BMI category

Underweight 0.02 0.95 0.10 0.96 0.05 0.95

Normal −0.09 0.94 −0.10 1.02 −0.09 0.97

Overweight −0.15 0.97 −0.07 0.90 −0.12 0.94

Obese −0.21 0.97 −0.25 0.97 −0.23 0.97

Sex

Female −0.11 1.01 −0.15 0.99 −0.13 1.00

Male −0.13 0.91 −0.06 0.93 −0.11 0.92

Site morphology

Open space 0.05 0.98 −0.08 0.99 −0.03 0.99

Street canyon −0.21 0.93 −0.25 0.90 −0.22 0.93

UTCI zone

Cold discomfort −0.30 0.99 −0.24 0.95 −0.29 0.98

Comfort −0.14 0.89 0.02 0.98 −0.09 0.92

Warm discomfort 0.06 0.98 −0.15 0.97 −0.07 0.97

Clothing insulation worn (clo)

Under-dressing (<80% Iclmod) −0.14 0.97 −0.06 0.93 −0.09 0.95

Conformity (100 ± 20% Iclmod) −0.08 0.94 −0.22 1.00 −0.13 0.96

Over-dressing (>120% Iclmod) −0.16 0.96 −0.12 1.02 −0.15 0.98

3.3 Prediction Error and Historical Weather Data

While Fig. 3a indicates only slight variation in the distribution of changes in UTCI
compared to prior values with different time lags, Fig. 3b illustrates the influence of
those lagged values on thermal sensation prediction error for the survey data from
both study areas and the total sample, respectively, against the background of the large
individual variation. The AIC values (Fig. 3c) indicate that 3 days lag information
fitted better than longer lag periods, and were superior to using 1-day lag values.

The fitted spline functions in Fig. 3b for lags greater than one week exhibited
monotonically decreasing prediction errors with increasing lagged values. On the
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a b

Fig. 2 Partitioning of the variance for the DTS prediction error into factors corresponding to Table
2 shown separately for the study areas and the total sample as absolute mean square error (MSE)
(a) and in relative terms (b), respectively. Note that factor “city” only applies to the total sample
and that panel (b) does only show the range above 80%

a b

c

Fig. 3 a Empirical cumulative distribution function (ECDF) of the difference of actual UTCI to
lagged values averaged over different lag periods from 1 day to 8 weeks for the total sample.
Vertical reference lines at −3 and + 3 °C approximately intersect with the 1st and 3rd quartiles,
respectively. b Individual DTS prediction errors in the study areas and the total sample, respectively,
in relation to the difference of actual to lagged UTCI values with cubic regression spline functions
fitted separately for different lag periods. Dashed horizontal reference lines indicate mean bias
from Table 1. c Values of Akaike’s Information Criterion (AIC) assessing the goodness-of-fit for
the separate functions in (b) with lower values indicating superior fit
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a b

Fig. 4 aRelative partitioning of the variance for the error in thermal sensation votes (TSV)predicted
by the UTCI model into factors considered in Fig. 2 plus the difference of actual UTCI to lagged
values averaged over 3 days (�UTCI-to-3-days-lag) shown separately for the study areas and the
total sample. Note that factor “city” only applies to the total sample and that the left panel does
only show the range above 80%. b Bias and rmse for the categories of �UTCI-to-3-days-lag in the
study areas and the total sample, respectively

other hand, the information from shorter previous periods (lag 1–3 days) displayed
a U-shaped variation with a reduced underestimation of thermal sensation turning to
slight overestimation at both negative and positive ends of the differences between
actual and lagged UTCI values.

The categorized analysis for the best fitting 3 days lag period (Fig. 4b) corrobo-
rated this U-shape only in Curitiba, but not in Pelotas and the total sample, where
the decreased negative bias only occurred in connection with a preceding warmer
(negative difference) period. This suggests that a largely warmer period preceding
the actual day resulted in diminished warm sensations of the respondents and thus
a reduced negative bias. Only in Curitiba, we found this also for cooler past days
(Fig. 4b).

Figure 4, which presents the variance components of DTS prediction error in
relative terms, depicts that the consideration of UTCI values from the 3 previous
days reduced the residual inter-individual variability by 3–4%. This was even slightly
increased in combination with the other factors, e.g. for the total sample reducing
residual variance from over 94% (Fig. 2) to 88% (Fig. 4).

4 Discussion

The dynamic thermal sensations (DTS) calculated by the UTCI-Fiala model for
UTCI reference climatic conditions provided essentially unbiased predictions of
actual thermal sensation votes recorded in outdoor field surveys with rmse typically
less than 1 unit on the 7-unit thermal sensation scale. Given that thermal sensation
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votes in the range of±1 are applied to define thermal comfort in survey studies (Rossi
et al. 2012), this level of accuracy appears reasonable. Sex, age, body composition,
site morphology, thermal status, and clothing choice hardly affected the prediction
error with only marginal differences between Pelotas and Curitiba.

However, the large portion of 90% and more of unexplained inter-individual
residual variance indicates current limitations in individual thermal comfort
modelling. We had previously noted that explicitly considering individual clothing
insulation in the heat exchange model did not improve the predictions (Bröde et al.
2012a, 2014). This might be explainable by inter-individual differences in human
thermoregulation, probably interconnected with the clothing choice.

Recently, attempts to adapt a thermo-physiological model to Asian populations
have beenmadebymodifying the passive part of the system, i.e. anthropometry (Zhou
et al. 2013). Nevertheless, given the limited influence of personal characteristics
found in our study, it remains questionable, whether such alterations will sufficiently
account for psychological influences (Nikolopoulou and Steemers 2003; Nasrollahi
et al. 2020) or even semantic differences in perceiving thermal comfort in different
cultures or regions (Tochihara et al. 2012; Schweiker et al. 2020a; Pantavou et al.
2020). Achieving a better understanding on the psychological part of thermal comfort
(Lenzholzer and Nikolopoulou 2020) remains crucial for adequately considering
regional (Nikolopoulou and Lykoudis 2006) and inter-cultural differences (Havenith
et al. 2020).

Additional information on prior weather as a surrogate of short-term experi-
ence (Nikolopoulou and Steemers 2003) could only help reducing the large inter-
individual residual variance if it refers to a short previous period, with an optimum fit
for 3 days lag in our study. This concurs with earlier results for a survey carried out
in Glasgow (Bröde et al. 2014), though in that study 1 day lagged values fitted best
to the data. It also confirms regression analyses from earlier studies (Nikolopoulou
et al. 2001) showing lower capacity of temperatures recorded at longer time lags for
neutral temperature prediction. The reduced bias due to diminished warm sensations
following a preceding short warmer period (Figs. 3 and 4) may be attributable to
habituation or short-term acclimation (Krüger et al. 2017; Lam et al. 2021), which
are considered in another chapter of this book (Chap. 5: Long and short-term acclima-
tization effects on outdoor thermal perception versus UTCI). Corresponding effects
due to a previous cooler period only occurred in Curitiba, but had also been observed
for Glasgow, UK (Bröde et al. 2014). The mechanisms underlying such regional
differences still have to be elucidated,which could be facilitated by databases summa-
rizing outdoor thermal comfort studies as described in another chapter of this book
(cf. Chap. 11: Proposed framework for establishing a global database for outdoor
thermal comfort research, in this book).
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5 Conclusions

The accuracy of UTCI predictions of outdoor thermal comfort as experienced by
pedestrians in two Brazilian urban areas was acceptable at the population level, thus
confirming recent studies in Brazil and other regions (Xue et al. 2020; Krüger and
Drach 2017). The personal and situational factors considered in this study hardly
affected UTCI predictive capability.

As an outlook, recently developed personal monitoring systems have shown the
potential to move forward towards an individualized assessment of thermal stress
related to comfort and health in outdoor environments (Hondula et al. 2021; Sugg
et al. 2020; Runkle et al. 2019; Buller et al. 2018). This may be supplemented by inte-
grating human thermalmodellingwith emerging technologies (Anderson et al. 2021),
with climate modelling (Brecht et al. 2020; Di Napoli et al. 2020) or weather fore-
casts (Petersson et al. 2019), as exemplified in the Operational Forecasting chapter
of this book (Chap. 10, in this book).

Acknowledgements UTCI was developed within COSTAction 730, the COST office is supported
by the EU framework program Horizon 2020.
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Chapter 5
Long and Short-Term Acclimatization
Effects on Outdoor Thermal Perception
Versus UTCI

Cho Kwong Charlie Lam, Eduardo L. Krüger, Ivan Julio Apolonio Callejas,
and Andreas Wagner

Abstract The chapter looks at human acclimatization in the short and in the long
term with respect to intercations between reported thermal perception, monitored
meteorological variables and calculated UTCI data. Two different perspectives are
employed to investigate both issues: responses from 16 participants in a longitudinal
study using a controlled thermal environment (climate chamber) and responses from
a cross-sectional study with local population. In both cases, outdoor data were moni-
tored and compared to participants’ thermal responses. In the longitudinal study, a
5-h exposure in a controlled thermal environment preceded a 30-min period outdoors,
during which standard standard thermal comfort questionnaires were administered
at three time stamps along with the monitoring of meteorological data for assessing
potential short-term acclimatization effects. In the cross-sectional study, reported
thermal history was used as an indicator of short-term acclimatization. For the eval-
uation of long-term acclimatization, two approaches have been used: in the longi-
tudinal study, changes in thermal votes were compared over three seasons of the
year; in the cross-sectional study, we compared thermal responses from two popu-
lations living under different climatic conditions but subject to summer conditions
(Guangzhou/Zhuhai andMelbourne). TheUTCIwas used as a relevant thermal index
for assessing acclimatization effects. The method of analysis also differed between
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studies: in the longitudinal study, a dynamic approach was used with trend analysis
over time; in the cross-sectional study, comparisons were made using right-here-
right-now responses performing cluster analysis, followed by t-test and chi-square
test of independence.

Keywords Acclimatization · Dynamic thermal sensation · Multisensory
interactions · Thermal history · UTCI

1 Introduction

The way outdoor thermal comfort (OTC) surveys are configured usually involves the
administration of right-here-right-now comfort assessment questionnaires to a given
population at a particular point in time. At that particular moment, microclimate
will have been affected dynamically in the course of the preceding hours in terms of
radiant and convective heat exchanges to and from surrounding surfaces (Pearlmutter
et al. 1999, 2007). Local microclimate will exhibit a thermal environment strongly
related to the present weather conditions in conjunction with local urbanmorphology
(Lin et al. 2017). A person’s thermal assessment, by its turn, will evaluate thermal
conditions as he found them at that specific moment. However, the extent of time
the subject has been exposed to the outdoor environment prior to that given moment
will play a role in his thermal assessment (Nikolopoulou and Steemers 2003). Anal-
ogously, the previous thermal environment the subject came from, whether it was
warmer or cooler than the present environment he encounters, will also affect his
judgment. In a similar fashion, the long-term memories of previous thermal environ-
ments and past climate types experienced by the subject will additionally affect the
way he perceives the present conditions (Lenzholzer 2010).

In termsof thermophysiological parameters,Höppe (2002) shows that the extent of
time spent in outdoor environments can be within the range of minutes, yet variations
in skin and core temperature, modeled with the Munich Energy-balance Model for
Individuals (MEMI) Model, are expected to last up to three hours and 43 h, respec-
tively, until the human body reaches thermal equilibrium with the thermal environ-
ment on a cold winter day. Under hot conditions, thermal adaptation happens in a
faster pace, with a bit less than half an hour for the skin surface temperature and just
lower than one hour for the core temperature. In this respect, Höppe (2002) advo-
cated for a dynamic modeling of outdoor thermal comfort as opposed to steady-state
models, thereby introducing the UTCI, which was at the time under development.

In physiology research, short-term acclimatization is an adaptation process
through which the human body adjusts to new thermal conditions involving physio-
logical strain (de Freitas and Grigorieva 2014). Such adaptation takes place firstly in
the respiratory tract throughheat exchanges elicited by respiration, and independently
from clothing habits and behavioural adjustments. The process involves the reduction
of physiological strain under repeated stress exposure. Heat exchanges involved in
the respiratory and thermoregulatory systems and the accompanying thermal strain
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tend to drop with acclimatization. Such a process can last up to several weeks (de
Freitas and Grigorieva 2014; Hanna and Tait 2015). In physiological terms, acclima-
tization is accounted for by appropriate indices that assess thermal strain, such as the
Acclimatization Thermal Strain Index (ATSI) proposed by de Freitas and Grigorieva
(2009).

Likewise, coping mechanisms such as behavioural and technological adaptations
can greatly diminish thermal stress imposed, for instance, by progressing global
warming (Hanna and Tait 2015). In the context of climate change, and in purely
thermophysiological terms, three types of acclimatization can occur, roughly: low
acclimatization, which will essentially affect those who remain unchallenged by
weather extremes by a permanent exposure to air-conditioned spaces; partial acclima-
tization, which is the case of the population majority, with interchanging exposure
to heat (i.e. frequently moving from indoors to outdoors); and high acclimatization,
which applies to outdoor workers and those engaged in outdoor activities.

In terms of thermal perception, the cognitive interpretation of the aforemen-
tioned physiological reactions will greatly influence a person’s adaptive behaviour in
seeking immediate relief from thermal stress conditions. Yet, despite the strong rela-
tionship between measurable physiological changes and interpreted thermal sensa-
tion (or thermal perception), changes in relevant physiological markers such as
skin temperature alone are not a requirement for the initiation of thermoregulatory
behaviour in humans. Perceptual mechanisms can be in many cases more reliable
behavioural controllers (Schlader et al. 2011). In that sense, the concept of allies-
thesia (Cabanac 1971), i.e. seeking pleasantness from acting in favour of or against
a given stimulus, applies, thereby mediating behavioural responses (de Dear 2011).
Alliesthesia can be applied in a short time scale such as in transient thermal environ-
ments (Parkinson et al. 2012; Parkinson and de Dear 2015; Shooshtarian 2019; Lam
et al. 2021a), and in a longer time scale such as seasonal alliesthesia (Spagnolo and
de Dear 2003; Schweiker et al. 2020c).

Thermal discomfort might greatly affect behavioural strategies to reduce heat
and cold stress (Shooshtarian et al. 2018), dictating to which extent one undergoes
acclimatization in outdoor spaces (Taylor 2014). In such context, the way a person
perceives the thermal environment is influenced by seasons, expectations towards that
particular outdoor location and their immediate thermal history (Nikolopoulou and
Steemers 2003). Moreover, thermal sensitivity is also affected by the ‘range effect’,
as discussed by Humphreys et al. (2007, p. 72), which refers to a psychological
condition where ‘people accustomed to a wide range of temperature might be less
sensitive to change than those accustomed to smaller variations’. The range effect has
been noticed in outdoor comfort studies (Heng andChow2019; Lam et al. 2021a) and
is observed in comparisons shown for Brazilian cities in Chap. 5 of this book (Ref.
Chap. 5: Regional adaptation of the UTCI: comparisons between different datasets
in Brazil).

Seasonal influence on subjective thermal preferences is well demonstrated by the
work done by deDear andBrager (2001),which culminatedwith theANSI/ASHRAE
Standard 55: Thermal Environmental Conditions for Human Occupancy (ASHRAE
2017). According to the adaptive comfort approach, indoor design temperatures or
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acceptable temperature ranges in naturally ventilated buildings should be dictated by
outdoor meteorological parameters. In this case, prevailing mean outdoor tempera-
tures define the range of indoor operative temperature within given thermal accept-
ability limits. The adaptive comfort approach thus accounts for seasonal effects on
preferred thermal conditions, based on the adaptation potential of humans throughout
different seasons of the year as observed from a global database of 21,000 measure-
ments conducted primarily in office buildings (ASHRAE 2017). The approach
follows a trend in thermal comfort research that aims at non-steady-state thermal
conditions, where occupants can attain comfort through their physiological and
behavioural temperature regulatory mechanisms instead of relying on technological
adaptation (de Dear 2011). Similar findings of seasonal effects on outdoor thermal
comfort have also been reported in terms of thermal adaptation (Lin et al. 2011;
Kántor et al. 2016; Zhou et al. 2020).

However, perceptualmechanisms expressed by subjective thermal responses addi-
tionally entail psychological aspects such as thermal expectation (Becker et al. 2003;
Nikolopoulou and Steemers 2003; Schweiker et al. 2020b). The role of expectation
is demonstrated by Nasrollahi et al. (2017) in a study on thermal comfort condi-
tions experienced by tourists in different sites in Iran. Under hot conditions, most
of the tourists felt warm at the sites despite being satisfied with the thermal condi-
tions, which can be attributed to their expectation towards the visited sites. More
strikingly, Rutty and Scott (2015) present a field study where expectation with the
thermal environment in Caribbean beaches became evident when respondents cast
their preference for no change or even warmer conditions at 39 °C in the UTCI scale.
This temperature corresponds to ‘very strong heat stress’ according to the index’s
thermal comfort/stress assessment scale. Expectations towards a given outdoor loca-
tion can also be verified by attitudes of the subjects with regard to that environment
and its overall appearance, particularly with respect to urbanmorphology (Knez et al.
2009; Lenzholzer and Koh 2010; Klemm et al. 2017; Krüger and Costa 2019).

Then, there is the issue of thermal history (Nikolopoulou and Steemers 2003; Lam
et al. 2021b), which can affect how a person perceives a recently entered thermal envi-
ronment. Lenzholzer and de Vries (2020) propose that studies dealing with human
thermal perception (the interpretation of sensory signals) should focus on two time
scales: the short-term and the long-term scales. Both scales are in this case related to
weather parameters: momentary and accumulated weather experience. Thus, in OTC
surveys based on right-here-right-now questionnaires, the short-term acclimatization
can roughly lie within minutes to a couple of hours before the interview takes place
(Ji et al. 2019). The long-term acclimatization takes place over seasons (Zhang et al.
2016; Krüger et al. 2017). As an example of acclimatization in the short term, de
Dear et al. (1993) investigated a step-change exposure from a thermally controlled
environment. They showed that reported thermal sensation throughout the 90-min
exposure in the new environment varied over time, with a marked cold overshoot in
thermal sensation for down-steps, lasting for a few minutes, in short duration.

Using the UTCI as a relevant thermal index, as described in Chap. 2 of this book
(Ref.Chap. 2: Literature reviewonUTCI applications), a number of studies have been
conducted on thermal history and air-conditioning usage (Cândido et al. 2010,Krüger
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et al. 2015), as well as on short- and long-term acclimatization effects (Krüger et al.
2017; Lam and Lau 2018; Lam et al. 2021a). Moreover, past studies have examined
heat-wave episodes and their implications on perceived thermal comfort (Lam et al.
2018, 2019) and exposure time length on OTC (Cheung and Jim 2019).

This chapter will look at human acclimatization in the short term (activities
performed and thermal environments occupied by respondents prior to their subjec-
tive thermal assessment evaluation) and in the long term (seasonal effects, or orig-
inal climatic region of the respondent) with respect to outdoor thermal perception.
Specifically, this chapter addresses two research questions:

(1) To what extent do short-term thermal history and length of outdoor exposure
time affect subjective thermal perception?

(2) To what extent does long-term acclimatization (seasonal effects and climatic
region of subjects) affect subjective thermal perception?

2 Materials and Methods

Two different perspectives are employed here to investigate acclimatization influ-
ences: (a) responses from 16 participants in a longitudinal study using a controlled
thermal environment; and, (b) responses from a cross-sectional study with local
population. Each study had a different experimental setup and followed an appro-
priate research protocol for data collection and analysis. In the longitudinal study,
a 5-h exposure in a controlled thermal environment preceded a 30-min period
outdoors, during which standard OTC questionnaires were administered at three
time stamps alongside the monitoring of meteorological data. In the cross-sectional
study, informed thermal history was used as an indicator of acclimatization effects.

For the evaluation of long-term acclimatization, two approaches have been used:
in the longitudinal study, changes in thermal votes were compared over three seasons
of the year; in the cross-sectional study, we compared thermal responses from popu-
lations living under different climatic conditions, both in China and in Australia.
The following sections describe the local climate, experimental setup and research
protocols of both studies.

2.1 Longitudinal Study Carried Out in Karlsruhe, Germany

In the longitudinal study, short and long-term acclimatization effects are investigated
from subjective responses to outdoor conditions of participants who took part in a
controlled field experiment over three seasons in a temperate climate in Karlsruhe,
Baden-Württemberg, Germany (49°0′24.81′′N, 8°24′13.16′′E).

Local climate can be defined as warm and temperate, ‘Cfb’ type according to
the Köppen-Geiger climate classification (Kottek et al. 2006). The average annual
temperature is 10.5 °C, with a daily average in the coldest month (January) of
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1.1 °C and 19.7 °C in the hottest month (July) (climate-data.org). Karlsruhe has been
impacted by recurring heat wave episodes such as many other cities in Western-
Central Europe over the last 20 years (Basarin et al. 2020), one of which was noticed
during our measurements in summer 2015 (Krüger et al. 2017) and also documented
by Muthers et al. (2017) while focusing on South-West Germany (where the state of
Baden-Württemberg is located).

Thefield studywas developed in the outside premises of a climate chamber located
at theKarlsruhe Institute ofTechnology, termed ‘Laboratory forOccupantBehaviour,
Satisfaction, Thermal Comfort and Environmental Research’ (LOBSTER). The
facility comprises two adjoining 24m2 offices, designed as semi-controllable thermal
environments with operable windows and shading devices. In each office, two work-
stations with internet access allow participants to engage in common office activities
while participating in several indoor comfort surveys. Thermal control is achieved
with thermally activated surfaces equipped with a capillary tube system while the
ventilation system is based on floor convectors inlets for cooled and heated air and
exhaust fan-driven outlets (Schweiker et al. 2014). The one façade with glazing
(visible light transmittance: VLT 70) of each test environment has a window-to-wall
ratio of 73%. Thanks to a rotating mechanism at the bottom of the facility, the glazed
façade can assume diverse solar orientations. A thorough description of the facility
is presented by Wagner et al. (2018).

The sample consists of thermal votes obtained from 16 German males with an
average height of 1.80m (SD 0.06m), weight of 80 kg (SD 8.9 kg), and 24.9 years old
(SD 3.6). These participants occupied both offices in two groups of two participants
per session, for a consecutive period of 5 h under controlled thermal conditions, after
which they were led to the outdoor environment for further 30 min. Clothing was
standardized as much as possible: indoors, participants wore sneakers, t-shirt and
jeans; outdoors, depending on season and weather conditions on a particular day,
an additional fleece pullover and/or a jacket were worn, according to a group deci-
sion. Clothing insulation thus ranged between 0.11 m2 K/W (indoors) and, outdoors,
between 0.11 and 0.16 m2 K/W in summer, 0.20 m2 K/W in spring and 0.26 m2 K/W
in winter (ISO 9920 2007). Assumed metabolic rate for indoors corresponded to a
seated position, reading and doing light work (1.2 Met); outdoors, a short walking
circuit was completed a couple of times around the facility (Fig. 1) at a regular pace
close to 4 km/h (2.8 Met) (ISO 7730 2005), so as to match assumptions made for
the UTCI’s state-of-the-art adaptive clothing model (Richards and Havenith 2007).
Food intake and beverages were standardized for all participants: only still water
and neutral, sugarless biscuits and fruits were provided by the research team during
sessions.

Conditionsmonitored indoors and outdoors comprise the relevant thermal comfort
variables air temperature (Ta), relative humidity (RH) and speed (va) and the mean
radiant temperature (Tmrt), the latter calculated according to ISO 7726 (2001) from
globe temperature readings (Tg). For that, two Ahlborn comfortmeters ALMEMO
2690 were used, one at each office. They were continuously monitored by the
researchers, who would promote slight changes in the air-conditioning system to
ensure quasi-steady-state thermal conditions within the lower and upper limits of the

http://climate-data.org
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Fig. 1 Walking route outside the climate chamber, Google image and schematic view

thermal comfort zone defined for the thermal index ‘PMV’ for ‘Class B’ thermal
environments (ISO 7730 2005). During the 5-h period in the chamber, other aspects
regarding indoor comfort were evaluated in a parallel study focusing on non-visual
aspects of daylight and well-being (Tamura et al. 2017). For that parallel study,
window façade orientation was tested as well as the absence of natural light. The
two daylight situations were the solar orientation of the glazed façade to south or
southwest (‘equatorial orientation’ or ‘EQ’) and, alternatively, to north-northwest
(‘non-equatorial orientation’ or ‘NEQ’). For test days with only artificial lighting
‘ART’, the light source was from four Osram L36W/840 fluorescent lamps, with
luminaires facing the ceiling, resulting in diffuse light at desk level.

After the 5-h acclimatization period indoors, subjects were led to the walking
circuit outside the chamber, stopping at times next to a hand-made weather station
consisting of two HOBO U12-011 dataloggers, one of which was placed within a
plastic 15-mm globe painted grey for recording globe temperature; and the other
logger hung on a string inside a 50-cm-long PVC tube acting as a naturally venti-
lated solar radiation shield. Spot measurements of wind speed were additionally
taken using a hand-held anemometer (Testo 416 Mini-Vane anemometer), which
was attached to the tripod. Back-up data from the roof-top Thies weather station,
located at 6 m from ground level on the rooftop of the climate chamber were also
used. Measurements at pedestrian level comprised of air temperature and humidity
at 1.30 m, globe temperature at 1.2 m and wind speed at approximately 1.6 m.

A standard comfort questionnaire was administered to the subjects at three time
stamps: immediately after leaving the facility (or at time stamp 1); after 15 min
of light walk around it (time stamp 2); and after a further 15 min (time stamp 3).
Subjective thermal perception was assessed according to the German version of
the 7-point perceptual judgment scale with a neutral point (ISO 10551 2019) for
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Table 1 Breakdown of experimental sessions

Winter (January 12 through February 6)

Test day 1 2 3 4 5 6 7 8 9 10 11 12

Light source EQ ART NEQ ART NEQ EQ EQ NEQ ART NEQ EQ ART

Sky conditions C N/A OC N/A OC OC C OC N/A C OC N/A

Spring (April 13 through May 8)

Test day 13 14 15 16 17 18 19 20 21 22 23 24

Light source EQ ART NEQ NEQ EQ ART EQ NEQ ART ART NEQ EQ

Sky conditions PC N/A C C C N/A C C N/A N/A PC PC

Summer (June 22 through July 17)

Test day 25 26 27 28 29 30 31 32 33 34 35 36

Light source ART EQ NEQ NEQ ART EQ EQ ART NEQ NEQ EQ ART

Sky conditions N/A PC C C N/A C C N/A OC OC C N/A

Exposure: EQ equatorial; NEQ non-equatorial; ART electric light source
Sky conditions:N/A not applicable (external blinds drawn); C clear sky; PC partly overcast/cloudy;
OC = overcast

thermal sensation and preference. Groups of four were tested each day and for three
consecutive days per season, so that each individual would follow three times the
same experimental procedure, hence a total of 9 test days per subject.

Outdoor thermal conditions were post-processed with the UTCI using Bioklima
2.6 (Błażejczyk and Błażejczyk 2010). Air temperature and humidity, as well as
globe temperature readings at pedestrian level, and the wind speed measured on the
rooftop, rescaled for the height of 10 m according to a logarithmic formula (Bröde
et al. 2012) were used for calculations of the UTCI.

In total, 36 sessions took place, including winter, spring and summer periods in
2015, and accounting for the three different light exposures as previously mentioned
(Table 1).

2.1.1 Analysis Protocol

The analysis focussed on reported thermal sensation and preference votes cast over
the various exposure conditions. We employed descriptive statistics, significance
tests, ANOVA and multiple regression analysis for evaluating individual responses
from a same subject over three time stamps and under different conditions (previous
exposure as regards window configuration and seasonal changes), encompassing 414
thermal votes (missing data) and at grouped responses for each of the 108 sessions.
As a relevant index for analysis, UTCI’s Dynamic Thermal Sensation (DTS), more
specifically its prediction bias (DTS minus the actual thermal sensation vote), was
used as a variable of interest. Improved models for DTS were tested by adding
stepwise exposure time, previous exposure conditions and season.
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2.2 Cross-Sectional Study

2.2.1 Regional Climate of Study Areas

For the cross-sectional study, our study areas are Guangzhou and Zhuhai in South-
east China and Melbourne in Australia (Fig. 2). In these cities, surveys were
conducted under warm and hot conditions, so the long-term acclimatization is
not related to the season but associated with long-term thermal history. Table 2
shows the 1981–2010 average air temperature (Ta), relative humidity (RH) and
wind speed (va) in September in Guangzhou and Zhuhai, as well as in January
and February in Melbourne. These months are the same months during which

Fig. 2 Survey study sites according to the Köppen climate classification. The colour scheme was
adapted from Peel et al. (2007)
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Table 2 Mean air temperature, relative humidity and wind speed in Guangzhou, Zhuhai and
Melbourne for the period 1981–2010. Guangzhou and Zhuhai data are derived from China
Meteorological Administration (2012), whereas Melbourne data are derived from the Bureau of
Meteorology (2020). We chose the long-term monthly average corresponding to the same months
where we conducted our surveys

City Ta (°C) RH (%) va (m/s)

Guangzhoua 32.1 72 1.5

Zhuhaia 30.6 80 3.1

Melbourneb 21.1 65 (9 a.m.) and 47 (3 p.m.) 2.4 (9 a.m.) and 3.5 (3 p.m.)

aSeptember average, bJanuary and February average

we conducted the surveys in the three cities. Both Guangzhou (Köppen Cfa) and
Zhuhai (Köppen Cwa) have a humid subtropical climate. From May to September,
summer is characterized by high temperature and humidity affected by the monsoon.
Melbourne has a temperate oceanic climate (Köppen Cfb), and exhibits fluctuating
weather conditions with a large diurnal temperature range in summer (Sturman
and Tapper 2006). Melbourne occasionally experiences heat waves during summer
(December–February),which is related to persistent incursions of hot, dry continental
air.

2.2.2 Site Description

In Melbourne, we chose the Melbourne Gardens (37°50′S, 144°58′E; Fig. 3a)
and Cranbourne Gardens (38°7′S 145°16′E; Fig. 3b) as our study sites. Moreover,
outdoor thermal comfort surveys and concurrent meteorological measurements were
conducted in three Chinese university campuses in Guangzhou (23°05′N 113°17′E;
Fig. 3c), Panyu (a peri-urban district in Guangzhou, 23°03′N 113°23′E; Fig. 3d),
and Zhuhai (22°21′N 113°34′E; Fig. 3e), which is near the South-eastern coast of
China. These sites represent open spaces and urban parks. Overall, we have selected
different sites in three cities to cover a range of sky view factors (SVF) in green
and open sites (from shaded, partially shaded to fully exposed). SVF refers to ‘the
amount of sky that can be seen from a given point’, ranging from 0 (fully obstructed)
to 1 (fully visible)’ (Gosling et al. 2014). Moreover, selecting similar landscapes in
different cities would allow us to evaluate thermal history’s effect on outdoor thermal
comfort in a similar urban context.

2.2.3 Meteorological Measurements

In Melbourne, we used Campbell Scientific CR211X loggers and Kestrel 4400 heat
stress trackers to measure Ta, RH, va, and globe temperature (Tg). The Tg was
measured by black globe thermometers (150-mm for Campbell Scientific station and
25-mm for Kestrel 4400 heat stress trackers). Campbell Scientific CR211X loggers
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Fig. 3 Selected locations of weather stations and survey sites inMelbourne, showing: aMelbourne
Gardens and b Cranbourne Gardens (Nearmap aerial imagery: January 2014 and February 2014),
c Guangzhou campus, d Panyu campus, e Zhuhai campus (Google Maps: September 2019)
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(with 150-mm globe thermometers) were employed in the Visitor Centre and the Tea
room in theMelbourne Gardens (Fig. 3a), as well as the Visitor Centre and Rockpool
Waterway in the Cranbourne Gardens (Fig. 3b). We used Kestrel 4400 heat stress
trackers (with 25-mm globe thermometers) at Fern Gully and Guilfoyle’s Volcano in
the Melbourne Gardens (Fig. 3a) and Promenade and Ian Potter Lakeside Precinct
in the Cranbourne Gardens (Fig. 3b). The same meteorological instrument was used
at each location during the entire survey period in Melbourne. The meteorological
data were based on 1-min measurements and later averaged into a 10-min interval.

We used the Rainwise Portlog in the First teaching building and Swasey Hall
in Guangzhou (Fig. 3c) and Rongyuan Square and Suiyuehu Canteen in Zhuhai
(Fig. 3e). Furthermore, we used the Davis Vantage Pro 2 va in the public teaching
building and library in Panyu (Fig. 3d). All weather stations were set up at 1.5 m
above ground. Similar to Melbourne, our weather stations measured Ta, RH and
va. We used a 150 mm black globe thermometer (TJHY HQZY-1) to measure Tg.
The weather data were averaged into a 1-min interval for both Rainwise and Davis
weather stations.

2.2.4 UTCI Calculation

Using meteorological measurements collected and physiological observations made
during the survey campaigns in the three cities, we calculated UTCI. To calculate the
UTCI, we input Ta, RH, va at 10 m (V10m), as well as Tmrt , which was derived from
the globe temperature. We used the logarithmic formula (Bröde et al. 2012; Fiala
et al. 2012) to convert our 1.5 m wind speed to V10m.

In Guangzhou, Zhuhai and Melbourne, we used Ta, RH, va to calculate the Tmrt

from the globe thermometers based on the equation defined in ISO 7726 (2001). For
reducing the black globe’s sensitivity to wind speed variation, we used the 10-min
average Ta, va, and Tg to calculate Tmrt in both Guangzhou, Zhuhai, and Melbourne.

InMelbourne, theTmrt of a 150-mmblack globe (Tmrt150mm)was calibrated against
integral radiation measurements by Kipp and Zonen CNR1 (Coutts et al. 2016). We
also calibrated the Tmrt of Kestrel weather station’s 25-mm black globe against
the 150-mm black globe for Melbourne (Lam and Lau 2018). In Guangzhou and
Zhuhai, the Tmrt150mm was calibrated for size and precision against the readings of
three Kipp & Zonen CNR4 net radiometers, which measured the radiation fluxes
from six perpendicular directions concurrently (Lam et al. 2021b).

2.2.5 Thermal Comfort Survey

We conducted thermal comfort surveys in two botanic gardens in Melbourne (n =
3293) from 8th to 19th January 2014 and from 5th to 16th February 2014 (within
24 days). Surveys were also conducted on university campuses during summer (3rd–
15th September 2018, i.e. within 13 days) in Guangzhou and Panyu (n = 2882), as
well as Zhuhai (n = 1422). The survey questions were posed by the interviewers
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and had two parts. The first part included respondents’ demographic background,
origin, clothing insulation, as well as their activity and exposure 10–15 min before
the survey. Based on the tick box of clothing in the survey, the respondents’ clothing
insulation values were estimated from the tables provided in ISO 9920 (2007).

In the second part, survey questions were designed according to the guidelines
of ISO 10551 (2019). Both Guangzhou and Melbourne surveys included questions
regarding thermal sensation vote (TSV: theASHRAE7-point scale) and thermal pref-
erence vote (TPV). TheMelbourne survey used the 3-pointMcIntyre scale (McIntyre
1980), whereas the 7-point preferred TSV scale was used to indicate thermal pref-
erence. Details on the harmonisation method used for TSV and McIntyre scales are
given by Lam et al. (2021b). Further details of the survey questions are shown in
Lam et al. (2021b).

We derived the Köppen climate zone classifications of survey respondents in
Guangzhou, Zhuhai and Melbourne based on their reported origin. Our survey in
Guangzhou and Zhuhai recorded the city of origin, whereas our survey inMelbourne
recorded the country of origin and postcode for Australian respondents. For the
Melbourne survey, certain samples only reported country of origin and we could
not define their exact climate zone. These samples (404 out of 3293 votes) were
discarded for the associated analysis.

2.2.6 Analysis Protocol

We first conducted a cluster analysis to form different groups from the survey with
a similar TSV and TPV characteristic. After that, we conducted t-tests and chi-
square tests of independence to compare the long-termand short-termacclimatization
parameters between these clusters.

For the cross-sectional study, the raw survey data were analysed and grouped
through a clustering procedure to classify different clusters (i.e. relatively homoge-
nous groups). We compared these different groups of survey participants in terms
of their proportion of long-term acclimatization (e.g. reported climate zones of
origin) and short-term thermal history (prior exposure environments and activities,
as reported during surveys). We adopted two steps to the cluster analysis. First, hier-
archical cluster analysis (Bridges 1966) was used to determine the number of clusters
required based on the dendrogram and observing the changes in the distance coeffi-
cients. Second, we used k-means cluster analysis (Hartigan andWong 1979) to form
the clusters according to a priori fixed k number of clusters, which has been used in
previous outdoor thermal comfort studies (Pigliautile and Pisello 2020; Acero et al.
2020). In this study, the number of clusters was determined by the hierarchical clus-
tering algorithm. Hierarchical clustering is an algorithm that groups similar objects
into clusters. The endpoint is a set of clusters, where each cluster is distinct from
each other, and the objects within each cluster are broadly similar to each other.

For the k-means method, we calculate the squared Euclidean distance (SED)
between two data objects, which are comprised of different variables. The iteration
process begins with selecting the cluster centroids (CC). Then, the k-means method



94 C. K. C. Lam et al.

calculates the SED for each grouping of CC and data objects. The cluster is formed
by assigning all data objects to their nearest CC. After that, a new CC is provided
by averaging the data objects of each cluster. When no data require reassignment
to another CC, the process of reassigning CC and calculating SED stops. Hence,
the k-means method groups data objects according to their similarity. The final CC
represents unique values of the selected variables that characterize the clusters’ data
objects. There are two reasons for using the k-means clustering. First, this approach
can classify all datawithout removing data that could have been recognized as outliers
by other algorithms. Second, k-means clustering is suitable for large sample sizes
and good at segmenting large data sets.

The clustering input parameters are (i) thermal sensation vote (TSV) and (ii)
thermal preference vote (TPV) in Guangzhou, Zhuhai and Melbourne. These two
parameters are suitable to summarize outdoor thermal comfort in these cities. After
forming the new clusters, scatterplots were used to visualize the cluster distribution
(e.g. distribution of thermal sensation vote and thermal preference vote). Then, the
clusters were evaluated by short-term thermal history variables (reported activity
and exposure environment before the survey), as well as long-term acclimatization
indicators (e.g. city or country of origin reported by the subject).

Following the clustering analysis, we conducted an independent samples t-test
to compare the mean thermal sensation vote (MTSV) between the two clusters in
each city across different UTCI thermal stress categories (e.g. moderate to extreme
heat stress). For the t-test, we used eta squared (η2) as our effect size. Moreover, we
conducted a chi-square test of independence to investigate whether there is an associ-
ation between long- and short-term acclimatization and outdoor thermal perception
in Guangzhou/Zhuhai andMelbourne. The long-term acclimatization indicator is the
respondents’ climate zone, whereas short-term acclimatization indicators are activity
and exposure environment before the survey. The effect size is shown by Cramer’s
V (ϕc). After that, we used a Bonferroni-corrected z test to examine whether the
column proportion between different clusters is significantly different (Lomax and
Hahs-Vaughn 2020; Sharpe 2015).

3 Results

3.1 Longitudinal Study Carried Out in Karlsruhe, Germany

According to the physiological concept of Alliesthesia (Cabanac 1971) “a given
stimulus will arouse either pleasure or displeasure according to the internal state
of the stimulated subject”. Therefore, stepping from thermal homogeneity to tran-
sient outdoor conditions should create immediate responses that would then diminish
with the time of exposure. When a subject experiences a thermally static environ-
ment for a long time, with no opportunity for the body to interpret the ‘usefulness’
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of a stimulus for thermoregulation, there is a greater chance that he will more effec-
tively experience thermal pleasure under sudden transient conditions. In the climate
chamber study, such long-term exposure in a thermally homogeneous environment
was granted before each subject was exposed to the outdoors.

Outdoor conditions measured over the three seasons are varied, including mild
days in winter, unexpected warm days in spring and heat wave episodes in summer.
Nevertheless, post-processed climatic conditions represented as UTCI units (Fig. 4)
differed significantly between seasons (p < 0.0001).

A side-by-side comparison of the same individual’s thermal response (sensation
and preference) over three time stamps (0 min, 15 min, and 30 min) after leaving the
chamber againstUTCI changes along the course of those sessions is shown inTable 3.
Accounting for missing data, altogether 414 votes have been evaluated. No statistical
significance has been verified, neither in terms of exposure conditions nor in obtained
thermal responses throughout the three time stamps. Yet, although UTCI remained
quite unchanged, mean values for thermal sensation and preference varied slightly
over the course of outdoor exposure (Table 3). Locally estimated smoothing splines
(LOESS) with 95%-confidence intervals (CI) were used considering the potentially

Fig. 4 UTCI, thermal sensation and preference related to season and exposure time. Individual
data and smoothing function (LOESS) with 95% CI for time effect
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Table 3 One-way ANOVAwith repeated measures results with F- and p-values for UTCI, thermal
sensation (TS) and thermal preference (TP) accounting for exposure time—all seasons

UTCI TS TP

F p F stat F p F stat F p F stat

Stats 0.040 0.9607 3.018 0.689 0.5025 3.018 1.710 0.1821 3.018

Exposure time (min) 0 15 30 0 15 30 0 15 30

Mean 19.7 19.6 20.0 −0.09 0.00 0.15 0.72 0.57 0.41

Standard deviation 11.9 12.2 12.7 1.64 1.75 1.88 1.31 1.44 1.54

Confidence level (95%) 2.01 2.06 2.13 0.28 0.29 0.32 0.22 0.24 0.26

Table 4 Mean prediction error (bias) and root-mean-squared error (rmse) of DTS (Dynamic
Thermal Sensation) related to season and exposure time

Season bias rmse

0 min 15 min 30 min 0 min 15 min 30 min

Winter −0.08 −0.02 −0.01 0.84 0.49 0.41

Spring −0.23 −0.43 −0.53 0.74 0.63 0.75

Summer 0.34 0.25 0.04 0.59 0.56 0.67

Total 0.01 −0.07 −0.17 0.73 0.56 0.63

non-linear patterns of the UTCI and thermal perception votes over the course of the
three time stamps.

Table 4 illustrates the time course of UTCI’s Dynamic Thermal Sensation (DTS)
bias, which represents the difference between the estimator and the actual thermal
vote. Moreover, root-mean-square error (rmse) of prediction for the different seasons
showed that bias and rmse were reduced after 15 min in winter and after 30 min in
summer, respectively. For spring, there was not much change in rmse and even
a slightly increased negative bias, meaning underestimation of thermal sensation.
In order to harmonize data, as there were on occasion less than four participants
per session (missing data, comprising 6% of the total of thermal perception votes),
grouped thermal responses for each session were computed. An overshoot of cool
responses in summer lead to increased bias (i.e. to an overestimation of DTS), which
was attenuated with temperature and time of exposure. Such effect has been reported
in past research by de Dear et al. (1993) while conducting temperature step changes
in a thermally controlled environment. In that study, however, overshoot in cold
responses was noticed for down-steps, lasting for a fewminutes; in our case, the cold
overshoot was noticed more evidently in summer and extended to 15 min.

In Table 5, the effect of previous window exposure is represented. The possibility
of having a view to the outdoor environment before leaving the climate chamber or
to have a more or less accentuated access to daylight could be analysed, again, by
looking at aggregate responses over the 108 sessions. Overall, bias is low and changes
in responses can be noticed most pronouncedly for a previous non-equatorial view
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Table 5 Mean prediction error (bias) and root-mean-square error (rmse) ofDTS (DynamicThermal
Sensation) related to previous window exposure and exposure time

Exposure bias rmse

0 min 15 min 30 min 0 min 15 min 30 min

ART 0.03 0.05 0.01 0.79 0.72 0.73

EQ 0.06 0.04 −0.15 0.83 0.38 0.53

NEQ −0.05 −0.29 −0.36 0.54 0.54 0.60

Total 0.01 −0.07 −0.17 0.73 0.56 0.63

Exposure: EQ equatorial; NEQ non-equatorial; ART electric light source

orientation (NEQ), howeverwith rising underestimation of thermal sensation byDTS
over the three time stamps.

Three-factor ANOVAs performed for the three factors (exposure time, season
and previous window exposure) indicated that differences are only found for DTS
bias with respect to season, but no statistically significant interactions were found
between previous exposure conditions, season and exposure time.

Nevertheless, Fig. 5a shows that, in spring, a high overestimation by DTS occurs
for all previous exposure conditions. In winter, previous exposure to electric lighting
(ART) yielded an underestimation of thermal sensation outdoors, whereas previous
exposures to natural light (EQ, NEQ) led to an overestimation of it, yet with a
reduced bias for an equatorial window orientation, which might suggest that visual
cues of outdoor conditions in that season are important for a more accurate thermal
perception before leaving to outdoors. In summer, all previous exposures led to an
overestimation of thermal sensation by DTS with a more accentuated bias for ‘ART’
and then for ‘EQ’. Patterns found for spring and summermight indicate a relationship
between illuminance level subjects were exposed to prior to their outdoor residency
and outdoor thermal sensation.Measured illuminance at desk level performed during
indoor sessions with a JETI Specbos 1201 spectroradiometer showed that overall,
for the ‘EQ’ Mean = 1165 lx (SD = 448 lx), for ‘NEQ’ Mean = 1100 lx (SD =
170 lx) and for ‘ART’ a constant value of 1506 lx (SD = 9 lx).

With respect to exposure time (Fig. 5b), for those who had been previously devoid
of the outside view, bias remained low and unchanged over the three time stamps.
There was a change in reported thermal sensation over time for previous exposures
to natural light. Again, this seems to indicate a lasting relationship between previous
light exposure and outdoor thermal perception.

The interaction between season and exposure time (Fig. 5c) confirms the findings
of Table 4, with subtle differences in votes in winter and more accentuated changes
in reported thermal sensation votes over time in the other two seasons, in spring with
a rising underestimation of thermal sensation and in summer with an initial over-
estimation by DTS for thermal sensation, with a clear overshooting response at the
first time stamp. Such patterns denote a seasonal acclimatization effect, with a more
precise thermal response in the coldest period of the year, an uncertain perception
of the weather in spring and diminishing bias in summer over time, perhaps due to
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Fig. 5 Interactions between variables previous exposure (‘Prev Exp’), season (‘Season’) and
exposure time (‘Exp Time’) derived from three-factor ANOVAs

short-term acclimatization. It should be stressed that heat wave episodes took place
during the summer sessions, significantly affecting the way subjects perceived the
outdoor thermal environment over the three time stamps (Krüger et al. 2017).

Since seasonal effects reached statistical significance, one-way ANOVAs have
been carried out separately for winter, spring and summer, in order to evaluate
whether prior exposure in a given season is relevant for defining thermal sensa-
tion and preference. Statistically significant differences only occurred under winter
conditions, particularly between prior exposure to electric lighting (ART) and natural
light exposure (EQ and NEQ). For sensation, ‘ART’ showed increased cold sensa-
tion (mean ± SE: −2.2 ± 0.12) whereas ‘NEQ’ and ‘EQ’ both had diminished cold
sensation, −1.3 ± 0.13 and −1.5 ± 0.16, respectively. For thermal preference, a
reverse relationship is observed: ‘ART’ had 2.2 ± 0.12 in terms of thermal prefer-
ence vote, meaning that participants voted for warmer conditions, whereas for ‘EQ’
and ‘NEQ’, the intensity of preference for warmer conditions was reduced: 1.6 ±
0.13 and 1.6 ± 0.14, respectively.
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3.1.1 Effect Size and Model Building

The several variables tested, relative to their contribution to diminishing prediction
bias and to promoting a better fit between DTS and thermal sensation were integrated
stepwise in multiple regression models. Starting with DTS and adding one by one
the variables exposure time (‘Exp Time’), season (‘Season’) and previous exposure
from the window during the 5-h stay in the indoor environment prior to outdoors
(‘Prev Exp’), the effect size (Pearson’s r-value), mean bias of prediction, Willmott’s
index of agreement (d) (Willmott 1981), root-mean-square error (rmse) and features
of the regression model were determined (Table 6) for the whole ensemble and in
Table 7 for the grouped data per questionnaire round. For variations in ‘Exp Time’
according to the three increasing time stamps, at 0min, 15min and 30min, the values
1, 2, 3 have been used. Changes in ‘Season’ have been assigned as follows: winter
= 1, spring = 2, summer = 3, so as to follow the rhythm of rising temperatures over
the course of seasonal changes. For ‘Prev Exp’, assigned values were, for ART = 1,
for NEQ = 2, for EQ = 3, thus in a rising rank order in terms of previous exposure
to natural light.

Increases in the predictive power of UTCI’s Dynamic Thermal Sensation (DTS)
for reported thermal sensation are minimal when new variables are included. The
complete model (model 6) showed a somewhat better fit to reported data but with
only two variables having any statistical significance. Predicted thermal sensation
according to that model rises with exposure time (positive slope coefficient) and
drops (negative slope coefficient) with the course of seasonal changes, from winter
to summer and with previous exposure to natural light, which could suggest the
influence of acclimatization in the short and in the long term and of visual cues on

Table 6 Improved predictive models for DTS, from individually reported thermal votes (N = 414)

DTS Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

N 414 414 414 414 414 414 414

R 0.840 0.841 0.844 0.840 0.845 0.844 0.845

R-squared 0.706 0.708 0.712 0.706 0.713 0.712 0.713

Mean bias −0.122 −0.027 −0.024 −0.027 −0.024 −0.024 −0.024

RMSE 0.957 0.949 0.943 0.950 0.940 0.943 0.940

Wilmott 0.908 0.908 0.910 0.908 0.911 0.910 0.911

Equation parameters

Intercept – −0.096 0.711* 0.062 0.521* 0.730* 0.539

Slope-DTS – 0.983** 1.123** 0.982** 1.120** 1.124** 1.122**

Slope-Exp Time – 0.095 – – 0.091 – 0.091

Slope-Season – – −0.306* – −0.301* −0.308* −0.303*

Slope-Prev Exp – – 0.016 – −0.007 −0.007

*Significant at p < 0.05 level
**Significant at p < 0.001 level
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Table 7 Improved predictive models for DTS, from grouped thermal votes (N = 108)

DTS Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

N 108 108 108 108 108 108 108

R 0.917 0.917 0.918 0.921 0.922 0.921 0.922

R-squared 0.840 0.841 0.843 0.848 0.850 0.848 0.850

Mean bias −0.07 0.00 0.00 0.00 0.00 0.00 0.00

RMSE 0.645 0.6368 0.6359 0.6240 0.6199 0.6248 0.6206

Wilmott 0.955 0.956 0.956 0.958 0.958 0.958 0.958

Equation parameters

Intercept – 0.015 −0.111 0.712* 0.529 0.728* 0.544

Slope-DTS – 0.981** 0.982** 1.126** 1.123** 1.127** 1.124**

Slope-Exp Time – 0.092 0.088 0.088

Slope-Season – −0.314* −0.311* −0.317* −0.313*

Slope-Prev Exp – 0.028 −0.006 −0.005

*Significant at p < 0.05 level
**Significant at p < 0.001 level

predicted thermal sensation. However, with respect to acclimatization impacts on
reported thermal sensation, only the long-term effect is noticeable and consistent
for ‘Season’ in models 2, 4–6, with a drop in reported thermal sensation throughout
seasons having a slight contribution to the predictive power of DTS. In this case,
subjects become adapted to warmer conditions with the approach of summer and
will likely report diminished warm sensation.

For the aggregated data (Table 7) with the mean thermal responses of each group
of respondents, per time stamp, session and season, correlations rise as dispersion
drops, i.e. data spread is reduced by the averaging procedure. Mean bias for all
models, including one or more of the added variables of interest, drops virtually to
zero. Again, improvements from introducing new variables are negligible. In terms
of significance, apart from DTS, only ‘Season’ plays a role in the models, with an
inverse relationship to reported thermal sensation.

The longitudinal study examined the effect of acclimatization and seasonal effect
on outdoor thermal comfort andDTS using a panel study design. The following study
investigates long-term acclimatization and short-term thermal history on outdoor
thermal comfort in a cross-sectional manner.
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Table 8 Meteorological variables and UTCI ranges (showing maximum and minimum values) for
Guangzhou, Zhuhai and Melbourne during the survey period. The meteorological variables are air
temperature (Ta), relative humidity (RH), wind speed (va) and mean radiant temperature (Tmrt)

Location Ta (°C) RH (%) va (m/s) Tmrt (°C) UTCI (°C)

Guangzhou 26.2–34.6 44–93 0–2.5 26.3–66.8 28.0–43.0

Zhuhai 25.8–36.1 52–95 0–3.7 26.8–73.7 28.7–47.8

Melbourne 15.8–41.3 14.6–99.9 0–3.7 18.5–71.9 16.0–48.4

3.2 Cross-Sectional Study (Guangzhou, Zhuhai
and Melbourne)

3.2.1 Meteorological Conditions

Table 8 summarizes the meteorological conditions in Guangzhou, Zhuhai and
Melbourne during the survey period. In Guangzhou and Zhuhai, the daily maximum
Ta reached over 34 °C, and maximum UTCI could reach beyond 46 °C in Zhuhai
(extreme thermal stress). During the survey period, the maximum Ta in Guangzhou
and Zhuhai was 2.5 °C and 5.5 °C higher than the 1981–2010 average maximum
Ta (32.1 °C and 30.6 °C, respectively). Sunny days were selected for our survey in
Guangzhou and Zhuhai.

InMelbourne, the range of Ta was greater than Guangzhou and Zhuhai during the
survey period. There were heat waves in Melbourne from 14th to 17th January 2014
and from 7th to 9th February 2014. Themaximum Ta reached 41.3 °C andmaximum
UTCI was 48.4 °C during theMelbourne heat wave. Melbourne was experiencing an
atypical year in 2014, with maximum Ta (14.7 °C) above the maximum average Ta

(26.6 °C) for the summer period (1981–2010). In 2014,Melbourne was experiencing
below-average rainfall, with most areas in Melbourne recording about 75% of their
long-term average rainfall (Bureau of Meteorology 2015). In Melbourne, rainfall
was absent during the survey period apart from 17th January 2014 (1.2 mm) and
16th February 2014 (7.2 mm).

3.2.2 Respondents’ Characteristics (Guangzhou, Zhuhai
and Melbourne)

Table 9 presents the respondents’ characteristics in Guangzhou, Zhuhai and
Melbourne. In Guangzhou, the proportions of male and female respondents were
approximately 50%, whereas there were 15.3% and 15.5% more female respon-
dents than male respondents in Zhuhai and Melbourne, respectively. In Melbourne,
74% of respondents were walking 15 min before the survey, whereas walking and
sitting were the most common activities before the survey in Guangzhou (83.2%)
and Zhuhai (84.2%). InGuangzhou, 33.8% of respondents were in an air-conditioned
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Table 9 Respondents characteristics from Guangzhou, Zhuhai and Melbourne

Guangzhou Zhuhai Melbourne

n % n % n %

Gender Female 1425 49.4 816 57.4 1872 56.8

Male 1420 49.3 598 42.1 1359 41.3

Missing 37 1.3 8 0.6 62 1.9

Age 17–24 2389 82.9 1306 91.8 315 9.6

25–44 395 13.7 78 5.5 1260 38.3

45–64 46 1.6 18 1.3 1078 32.7

65+ 2 0.1 2 0.1 619 18.8

Missing 50 1.7 18 1.3 21 0.6

Activity 10–15 min
before the survey

Lying down 33 1.1 34 2.4 18 0.5

Sitting 842 29.2 751 52.8 596 18.1

Standing 229 7.9 94 6.6 198 6.0

Walking 1555 54.0 447 31.4 2435 74.0

Running 132 4.6 9 0.6 24 0.7

Other 91 3.2 87 6.1 18 0.5

Exposure
10–15 min before
the survey

Outdoor
(exposed)

962 33.4 235 16.5 1928 58.6

Outdoor
(shaded)

746 25.9 246 17.3 1108 33.7

Indoor (no
AC)

198 6.9 218 15.3 112 3.4

Indoor (AC) 975 33.8 723 50.8 143 4.3

(AC) environment 15min before the survey, compared with 50.8% of Zhuhai respon-
dents. In contrast, only 4.3% of Melbourne respondents were in an AC environment
15 min before the survey, because most Melbourne respondents were in an outdoor
environment in the botanic gardens.

3.2.3 Cluster Analysis Results (Guangzhou, Zhuhai and Melbourne)

Based on the hierarchical clustering, it is possible to form either two or three clus-
ters in our case. When three clusters were formed in the k-means cluster analysis,
the sample size ratio between the largest and smallest cluster was large (10.69 for
Guangzhou and Zhuhai and 7.85 for Melbourne). Therefore, we chose to form two
clusters for both Guangzhou/Zhuhai and Melbourne, which had a sample size ratio
below 3.26 between the larger and smaller cluster. These two clusters are the warm
and neutral groups. For Guangzhou and Zhuhai, the warm group (n = 3170) had
a mean thermal sensation vote (MTSV) of 2 (warm) and mean thermal preference
vote (MTPV) of −1 (prefer cooler), whereas the neutral group (n = 1134) had a
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MTSV of 0 and MTPV of 0 (no change) (Fig. 6a). When the UTCI thermal stress
level was moderate to very strong, our t-test results showed that the warm group had
a significantly higher MTSV than the neutral group (p < 0.001) (Table 10). As the
UTCI increased from 27 to 48 °C, the warm group’s MTSV increased from +2 to +
3, but the MTSV of the neutral group remained at 0 (Fig. 6c). Under the same UTCI
range, the MTPV of the warm group was −1, while the MTPV of the neutral group

Fig. 6 Cluster analysis results, showingmean thermal sensation vote (MTSV) versus mean thermal
preference vote (MTPV) in a Guangzhou and Zhuhai and b Melbourne; UTCI versus MTSV in
c Guangzhou and Zhuhai and d Melbourne; UTCI versus MTPV in e Guangzhou and Zhuhai and
f Melbourne
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Table 10 Independent samples t-test for thermal sensation vote (TSV) for different cluster groups
in Guangzhou, Zhuhai and Melbourne. The Table shows the mean (M) and standard deviation (SD)
of TSV, the t-statistic (t), p-value (p) and eta squared (η2). The extreme thermal stress results for
Guangzhou and Zhuhai are not shown as n < 10 for group 2. Similarly, very strong thermal stress
results for Melbourne are not shown for the same reason

UTCI thermal stress level Warm
group

Neutral group df t p η2

M SD M SD

Guangzhou and Zhuhai

Moderate 1.98 0.89 −0.20 0.56 1231.9 53.73 <0.001** 0.690

Strong 2.39 0.82 −0.16 0.52 1169.7 80.80 <0.001** 0.757

Very strong 2.61 0.70 −0.14 0.73 109.1 34.11 <0.001** 0.576

Melbourne

Moderate 1.64 0.69 −0.20 0.60 1007.7 52.10 <0.001** 0.653

Strong 1.93 0.73 −0.11 0.45 303.4 41.83 <0.001** 0.698

Note **p < 0.001
Warm group—Guangzhou and Zhuhai: TSV = 2, prefer cooler; Melbourne: TSV = 2, no change
Neutral group—Guangzhou and Zhuhai: TSV = 0, no change; Melbourne: TSV = 0, no change

was between 0 and −0.4 (Fig. 6e). The warm group of Guangzhou/Zhuhai preferred
to feel cooler regardless of the UTCI thermal stress levels.

In Melbourne, the warm group (n = 2266) had a MTSV of 2 and MTPV of 0,
whereas the neutral group (n = 1011) had a MTSV of 0 and MTPV of 0 (Fig. 6d).
Moreover, the MTPV of the warm group decreased from 0 (no change) to−1 (prefer
cooler) when MTSV increased from +1 to +3 (Fig. 6b). At moderate to very strong
UTCI thermal stress levels, the warm group reported a significantly higher MTSV
than the neutral group (p < 0.001) (Table 10). For UTCI between 15 and 46 °C,
the MTSV of the warm group increased from +1 to +3. In contrast, the MTSV of
the neutral group was between −0.5 and 0 (Fig. 6d). Under the same UTCI range,
the MPTV of the warm group decreased from 0 to −1. In contrast, the MTPV of
the neutral group was between 0.4 and −0.2 (Fig. 6f). Overall, the neutral group of
Guangzhou/Zhuhai and Melbourne exhibited a similar pattern of MTSV andMTPV.
However, the MTPV trend of the warm group differed between Guangzhou/Zhuhai
and Melbourne.

3.2.4 Long-Term Acclimatization and Thermal Perception

A chi-square test of independence was conducted to compare the proportion of
respondents’ climatic origins between the two cluster groups, which represented
different thermal perceptions (warm and neutral). Further examination of column
properties was done by the Bonferroni-corrected z test. In Guangzhou and Zhuhai,
the relation between respondents’ Köppen climate zones and thermal perception was
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significant, χ2 (3, n = 4252) = 3.6, p = 0.003, ϕc = 0.06. Based on the Bonferroni-
corrected z test, thewarmandneutral groups had significantly different proportions of
respondents from Köppen climate zone C and D (p < 0.05) (Fig. 7a). Within Köppen
climate zone C, there was no significant association between climatic origins and
thermal perception, χ2 (4, n = 3616) = 8.0, p = 0.09, ϕc = 0.05. Moreover, the
proportion of respondents from Köppen Cfa, Cfb, Cwa, Cwb, and Cwc was similar
between the warm and neutral groups in Guangzhou and Zhuhai (Fig. 7b).

In Melbourne, the relation between Köppen climate zones and the two cluster
groups was insignificant, χ2 (4, n = 2873) = 4.6, p = 0.33, ϕc = 0.04 (Fig. 7c).
Within Köppen climate zone C, there was also no significant association between
climatic origins and thermal perception,χ2 (4, n= 2686)= 6.2, p= 0.19, ϕc = 0.05.
The proportion of respondents fromKöppen Cfa, Cfb, Csa, Csb, and Cwawas similar
between the warm and neutral groups (Fig. 7d). Most Melbourne survey respondents

Fig. 7 The percentage of a major Köppen climate zones, b Köppen climate zone C subgroups.
The percentage of c major Köppen climate zones and d Köppen climate zone C subgroups for the
warm and neutral groups in Melbourne
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were from Cfb (n = 2508). Therefore, the differences in thermal perception between
thewarm and neutral groupswould likely be due to factors other than climatic origins,
such as short-term thermal history.

3.2.5 Short-Term Thermal Exposures, Activity Levels and Thermal
Perception

We performed a chi-square test of independence to compare the proportion of expo-
sure environments and activities before taking the survey between the two cluster
groups (warm and neutral). There was a significant association between short-term
thermal exposures and thermal perception in Guangzhou and Zhuhai, χ2 (3, n =
4303) = 89.1, p < 0.001, ϕc = 0.14. The warm and neutral groups had significantly
different proportions of people who had been outdoor (exposed) and indoor (AC
and non-AC) (p < 0.05) (Fig. 8a). Furthermore, the relation between activity levels

Fig. 8 The percentage of exposure environments before taking the survey for the warm and neutral
groups in a Guangzhou and Zhuhai, and cMelbourne. The percentage of activity levels prior to the
survey for the warm and neutral groups in b Guangzhou and Zhuhai, and d Melbourne
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and thermal perception was significant, χ2 (5, n = 4304) = 88.3, p < 0.001, ϕc =
0.14. Compared with the warm group, the neutral group had significantly different
proportions of who had been sitting, walking, or running before taking the survey (p
< 0.05) (Fig. 8b). The warm and neutral groups in Guangzhou and Zhuhai differed
in both their prior exposure environments and types of activities.

In Melbourne, our analysis indicated a significant relation between short-term
exposure environments and thermal perception, χ2 (3, n = 3275) = 49.0, p < 0.001,
ϕc = 0.12. Compared with the warm group, the neutral group had significantly
different proportions of people who had been outdoors (shaded) and indoors with no
AC (p < 0.05) (Fig. 8c). Furthermore, the relation between activity levels and thermal
perception was significant, χ2 (5, n= 3274)= 24.7, p < 0.001, ϕc = 0.09. The warm
and neutral groups had significantly different proportions of people who had been
sitting before taking the survey (p < 0.05) (Fig. 8d). Similar to Guangzhou and
Zhuhai, the warm and neutral groups in Melbourne also had different percentages
of thermal exposures and activity levels. These results highlight the influence of
short-term thermal history on people’s outdoor thermal perception.

4 Discussion and Conclusions

This chapter demonstrates the use of longitudinal and cross-sectional study design
to investigate the impact of long- and short-term acclimatization on thermal comfort
perception. The longitudinal study showed that even though changes in thermal
responses could be observed over progressing exposure times, those differences were
not statistically significant. Similar non-significant effects on reported thermal sensa-
tion, analysed against predicted thermal sensation with UTCI’s derived ‘Dynamic
Thermal Sensation’ DTS, also became evident. However, relationships between
precedent visual comfort and reported thermal sensation were observed, which rein-
force the need for further investigation on such interactions as recently suggested by
a few authors (Chinazzo et al. 2019; Ko et al. 2020; Schweiker et al. 2020a). From
results obtained, long-term acclimatization or the seasonal influence on subjective
thermal assessment was found to be a relevant and statistically significant variable
capable of improving the goodness of fit of DTS predictions for thermal sensation.

For the cross-sectional study, most Melbourne survey respondents are from Cfb
(Fig. 7), representing Melbourne residents who are acclimatized to the local climate.
Therefore, it is unsurprising that there was no significant relation between climatic
origins and cluster groups in Melbourne. The differences in the thermal perception
betweenMelbourne’s cluster groups are more likely to be due to differences in expo-
sure environment and activity levels before taking the survey (Fig. 8). However,
we could not determine the Köppen climate zones of certain overseas visitors in
Melbourne as we only knew their country of origin. In the Guangzhou and Zhuhain
samples, long-term acclimatization and short-term thermal history (thermal expo-
sures and activities) influenced subjective thermal perception, which supports the
findings of previous studies (Lai et al. 2020; Xue et al. 2020; Ji et al. 2019).
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The cross-sectional study demonstrates that clustering analysis can be used as an
unsupervised technique to reveal various thermal comfort patterns. Each ‘thermal
comfort personality’ is characterized by different thermal sensation and preference.
Our chi-square test results of different clusters indicate that these differences in
thermal sensation and preference are affected by climatic background, short-term
activity, and exposure environment on outdoor thermal comfort. These findings agree
with our past studies that used pre-defined groups in data analysis (Lam et al. 2020,
2021a, b). Clustering analysis has been previously employed in thermal comfort
studies in both indoor (Gauthier et al. 2020; Bennetts et al. 2020; Sood et al. 2020) and
outdoor environments (Jayathissa et al. 2019; Pigliautile and Pisello 2020), resulting
in various thermal comfort patterns. Instead of a one-size-fits-all approach, deriving
thermal comfort patterns presents a human-centric view on outdoor thermal comfort
(Nazarian and Lee 2020), which has implications for designing urban space and
mitigation strategies tailored to different population needs.

Future studies could combine physiological measurements by wearable sensors
and surveys (Nazarian et al. 2021) to better understand the influence of physiological
and psychological adaptation on thermal comfort in real-time. These approaches
could provide further insight into how acclimatization affects thermal comfort and
the associated comfort patterns.
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was assumed to comply with the thermal comfort zone definition of the Commission
for Thermal Physiology of the International Union of Physiological Sciences. Yet,
several studies have suggested that such thermal comfort zone might fluctuate due to
adaptation to regional climatic conditions by local populations. This occurs primarily
as a result of long-term thermal adaptation and also due to other influencing factors,
such as demographics and economic and sociocultural aspects. There is thus a need
for adjusting the proposed thermal comfort zone for the UTCI when using it in very
diverse climatic contexts. Such adjustments can be best gauged by reported thermal
perception of local populations when employing questionnaire-based surveys along-
side on-site monitoring of relevant meteorological variables. The aim of this chapter
is to investigate the need for regional adaptation of the UTCI’s thermal comfort zone
to different populations within a large range of latitudes and climatic conditions
in Brazil. Results suggest that subjective responses follow the patterns of exposure
conditions during surveys, which directly affect obtained neutral temperatures and
thermal sensitivity. Weather patterns and seasons might, however, not be represen-
tative of local climate. We thus advocate for standardized protocols for conducting
outdoor thermal comfort surveys, wherein samples should reflect asmuch as possible
local demographics and exposure conditions should be fine-tuned with the range and
extent of thermal comfort/stress conditions in the surveyed location.

Keywords Urban climate · Outdoor thermal comfort · Questionnaire-based
surveys · Regional adaptation

1 Introduction

As pointed out in the literature review chapter of this book (Chap. 3), the very first
publication dealing with calibration procedures of the thermal comfort assessment
scale of the UTCI was a study carried out by Mateeva (2011) for three different
locations in Bulgaria. The aim was to draw a relationship between human thermal
perception ofweather and indexvalues calculated for thoseweather conditions,with a
long-term goal of establishing an “exact quantitative expression of the corresponding
differences between both parameters as a function of the continuous adaptation of
an organism to the local climatic conditions” (Mateeva 2011, p. 336). In that study,
the issue of regional adaptation was explored by Mateeva in terms of the thermal
sensitivity of people living in three different locations in Bulgaria with relatively
small deviations in latitude yet with remarkable differences in climate. Surveys were
carried out with local population concurrently with onsite measurements. The aim
of the study as well as its method has been pursued in other investigations since then.

The thermal stress assessment scale originally proposed for the UTCI allows
the interpretation of index results in terms of 10 different thermal stress categories.
The assessment scale was introduced so as to allow a correspondence between UTCI
values and their categorization in terms of thermal stress for given applications of the
index (Bröde et al. 2012a). Those categories were defined based on strain reactions
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observed in lab tests, thus having a pronounced human-physiological component.
The sub-interval between 18 and 26 °C of the ‘no thermal stress’ category, which
ranges from9 to26 °C (UTCI scale),was assumed to complywith the thermal comfort
zone definition of theCommission for Thermal Physiology of the InternationalUnion
of Physiological Sciences (2003). The Commission states: “The range of ambient
temperatures, associated with specified mean radiant temperature, humidity, and air
movement, within which a human in specified clothing expresses indifference to the
thermal environment for an indefinite period”.

Nevertheless, when we account for human thermal sensitivity and regional adap-
tation to local climatic conditions, the thermal comfort zone might shift downward
or upward, broadening or narrowing depending on local climate exposure. As in
Pantavou et al. (2018), those regional variations in thermal sensitivity suggest the
influence of local climate as a factor of long-term thermal experience which strongly
defines the thermal comfort range.

Comparisons have been drawn between the original UTCI thermal stress assess-
ment scale and empirical data obtained from surveys with local population, allowing
for a direct calibration of the original ‘no thermal stress’ and ‘thermal comfort’ zones
(e.g. Bröde et al. 2012b; Hadianpour et al. 2019; Jin et al. 2019; Krüger et al. 2020;
Borges et al. 2020). Other researchers compare field data to thresholds obtained
from previous studies (Kántor et al. 2012; Golasi et al. 2018; Potchter et al. 2018).
Comparisons to previously published material have however the drawback that the
methods used during surveys and for the collection of local microclimatic data might
not follow exact same protocols. Kántor et al. (2012) provide evidence of intrinsic
differences in the instruments and methods of data collection, scales and semantics
used to assess thermal perception which might or not be linked to the research objec-
tives behind each study. In their study, those differenceswere in great part responsible
for the difficulties encountered by the authors to harmonize third-party data to their
own field data. Bringing outcomes from different studies that used different protocols
to an equal base for comparisons is a relevant issue in this case.

A thorough calibration of the UTCI using data collected and presented in a stan-
dardized way was performed by Pantavou et al. (2018). In their work, authors used
the extensive Outdoor Thermal Comfort (OTC) database from the RUROS research
initiative (Rediscovering the Urban Realm and Open Spaces) encompassing seven
cities in three European countries (Nikolopoulou and Lykoudis 2006). The need
for standardization of protocols in OTC research has been stressed by Johansson
et al. (2014) and such effort more recently became a research initiative towards the
development of a data repository for OTC research (Lau and Krüger 2020a, b).

Despite intrinsic limitations arising from comparisons of subjective responses to
climatic data gatheredbydifferent researchers followingnot the exact sameprotocols,
the present chapter looks at the effects of regional adaptation of local population to
very diverse climatic conditions in Brazil. As in Kántor et al. (2012), such effects
will play a role in the results obtained due to both physiological acclimatization
and psychological adaptation. In the case of this study, the uniformity in semantics,
language and overall features of the samples, all obtained within Brazil, should
contribute to minimize sociocultural differences in subjective thermal assessments.
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Deviations found in the thermal comfort zones obtained for each location are likely
to be more strongly correlated to prevailing climatic features. A broader aim of
this research is to investigate the sensitivity of various populations to the thermal
environment, with the understanding that regional adaptation to local climate should
be the focus of climate-responsive urban planning.

The method of comparison is based on regression analysis and uses an averaging
procedure for variations in UTCI units for subjective votes and concurrent objective
parameters. This procedure not only reduces the scattering of data but also allows
us to assess sensitivity of different populations (the slope of the fitted regression
function), neutral UTCI conditions and the derived thermal comfort zone for each
location.

2 Field Data

The field studies were carried out in six different Brazilian cities, spanning a latitude
range between 7° S and 30° S (Fig. 1). Climatological Normals1 for 1981–2010 are
summarized in Table 1. The Table presents annual temperature ranges along with
the total number of days with ambient temperatures below 10 °C (daily minima) and
above 25 °C (daily maxima) using data from the network of official meteorological
stations that belongs to the Brazilian NationalMeteorological Service (INMET). The
Köppen-Geiger’s classification for each location is also informed in the Table.

In each location, surveys were conducted at selected spots alongside meteoro-
logical measurements with portable equipment. As the locations were surveyed
by different groups of researchers, the equipment used as well as the format of
the comfort questionnaire may diverge somewhat. Monitoring points used for the
surveyswere also varied, with distinct types of vegetation cover, pavingmaterials and
buildingmorphological compositions. In João Pessoa, the interviewswere conducted
in a particular spot in a public park, which was shaded by native vegetation. Those
exposure conditions might have affected both thermal perception and thermal sensi-
tivity of the participants, as described later. General characteristics of the surveys are
presented in Table 2.

For all datasets, the calculation of the mean radiant temperature (Tmrt ) for the
different data sets was performed using the equation for forced convection according
to ISO 7726 (1998). The calculation of the UTCI was done in BioKlima 2.6
(Błażejczyk and Błażejczyk 2010), using Ta , RH, va and the post-processed Tmrt

data. The wind speed measured on site was converted to that of the required height
of 10 m above ground for UTCI calculations, using a logarithmic formula (Bröde
et al. 2012a).

1ClimatologicalNormals are defined by theWorldMeteorologicalOrganization (WMO) as averages
of climatological data computed for consecutive periods of 30 years, according toWMO’s Technical
Regulations.
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Fig. 1 Location of the field studies (adapted from Peel et al. 2007)

Table 3 presents overall characteristics of the samples as well as the range of
values, the mean and the dominant thermal comfort/stress assessment class of the
UTCI obtained in the field datasets. Age groups have been defined according to the
World Health Organisation (WHO) as follows: below 25 years (‘young’), between
25 and 64 (‘adult’) and above 64 (‘elderly’). The Body Mass Index (BMI) was
calculated as a function of body mass (weight) and height of an individual, defined
as the body mass divided by the square of the body height, given in kg/m2 units. Four
different classes were then assigned to the calculated BMI values according toWHO
thresholds. Obesity classes I–III have been grouped as one. In the case of very young
persons, up to 19 years of age, the thresholds recommended by WHO for this age
group, broken down to boys and girls, were applied (De Onis and Lobstein 2010).

In João Pessoa and Belo Horizonte, biometric data have not been adequately
assessed so that a clear distribution between age groups and BMI classes was not
feasible. In João Pessoa, such information was not part of the survey questionnaire
whereas in Belo Horizonte, too coarse age and height/weight groups were used in
the interviews (e.g. 20–29 years of age, 180–189 cm tall, 90–99 kg).
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Table 1 General climatic and geographical features of the locations chosen for analysis (http://
www.inmet.gov.br, https://dateandtime.info/citycoordinates.php, https://en.climate-data.org)

Location Latitude Longitude Elevation
(m a.s.l.)

Annual
temp
range
(monthly
means)

Number of
days with
Tmin ≤ 10
°C

Number of
days with
Tmax ≥ 25
°C

Köppen-Geiger’s
climate type

João
Pessoa

7° 06′
54′′ S

34° 51′
47′′ W

45 25.1–27.9
°C

0 365 Am

Cuiabá 15° 35′
45′′ S

56° 05′
48′′ W

193 23.4–27.9
°C

2 352 Aw

Belo
Horizonte

19° 55′
14′′ S

43° 56′
16′′ W

872 19.1–23.8
°C

1 279 Cwa

Rio de
Janeiro

22° 54′
10′′ S

43° 12′
27′′ W

5 22.3–28.1
°C

0 299 Am

Curitiba 25° 25′
40′′ S

49° 16′
23′′ W

924 13.3–21.0
°C

74 156 Cfb

Pelotas 31° 46′
18′′ S

52° 20′
33′′ W

14 12.2–23.5
°C

84 149 Cfa

There are noticeable differences in demographic data among the datasets, partly
explained by the locations where survey took place in each city. Discrepancies can be
more evidently noticed between Rio and Pelotas, with an inverse proportion between
male and female interviewees and a much less percentage of young interviewees in
Rio, possibly due to the predominantly CBD (Central Business District) character
of downtown Rio. In general, half of the samples consist of individuals with normal
weight, followed by overweight and obese subjects.

Wider variations in UTCI exposure are observed in the two southern cities of
Curitiba and Pelotas, and also in Cuiabá, characterized by a Tropical Savannah
climate type with marked wet and dry seasons, followed by Belo Horizonte. Domi-
nant UTCI classes for the coldest locations (Curitiba and Pelotas) differ by one UTCI
thermal stress category, with Pelotas having the majority of measured conditions in
‘moderate heat stress’.

3 Methods

The method of comparison comprised of analyses of raw and grouped data for
reported thermal sensation, adopting 1 °C bins in the UTCI scale for averaging
subjective thermal responses. As grouping criterion, binned data should contain at
least three thermal sensation votes (TSV). For that reason, there was a slight reduc-
tion of the original samples, when discarding UTCI bins with less than three votes.
Methods of analysis used in the comparisons encompassed:

http://www.inmet.gov.br
https://dateandtime.info/citycoordinates.php
https://en.climate-data.org
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(1) Generation of trend lines for binned TSV data over variations of the UTCI by
means of linear regression;

(2) Representation of the percentages of TSV for different thermal comfort/stress
categories of the UTCI; and,

(3) Consideration of the Dynamic Thermal Sensation (DTS) for UTCI data and
generation of biases between predicted and reported thermal sensation.

4 Results

Overall conditions of the entire sample are presented in Fig. 2. A wide spectrum
of climatic conditions and thermal perception votes were assessed with a greater
concentration of situations in heat stress as defined for the UTCI, ranging from
moderate to very strong heat stress, though the bulk of conditions evaluated lies
within the ‘moderate heat stress’ category. As expected, thermal sensation votes for
cool and comfort decrease for higher UTCI heat stress categories while there is an
increase in warm and hot sensations. For thermal preference, an inverse relationship
is found. Thermal comfort votes are highest for the ‘no thermal stress’ category (it
should be stressed that the ‘slightly cool’ class has only 9 thermal votes, assessed
only in Curitiba). A more refined breakdown of the ‘no thermal stress’ category into
the thermal comfort range suggested by Bröde et al. (2012a), with 18 °C ≤ UTCI ≤

Fig. 2 Overall exposure conditions (a) and thermal perception votes for the complete dataset (n =
10,202): thermal sensation (b), thermal preference (c), thermal comfort assessment (d)
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26 °C, yielded a slight improvement in the percentage of comfort votes: 68%, versus
67% for the wider spectrum of the ‘no thermal stress’ range.

In general, survey participants’ responses appear consistent with expected thermal
sensation and thermal preference, with a higher concentration of comfort votes
around the proposed thermal comfort range for the UTCI.

A first comparison between locations can be visualized in Fig. 3, which represents
the binned TSV data for the different ranges of the UTCI at each location. Figure 4
zooms in on the common UTCI range observed between studies, roughly 27–34
°C UTCI, constrained by the reduced fluctuation in the UTCI as measured in João
Pessoa.

In the overall comparison, the slope of the curves suggest a similar thermal sensi-
tivity of local population to changes inUTCI units inmost of the cities, except for João
Pessoa, which stands out more evidently in the graph that depicts a common base for
thermal exposure (Fig. 4). Surveys in João Pessoa were conducted in a shaded spot,
which restricted thermal exposure variations and thus affected thermal responses.
Table 4 presents properties of the trend line equations generated for each city, along
with neutral UTCI temperatures, calculated for MTSV = 0 in the corresponding
regression equation.

In general, MTSV were well correlated with the UTCI with r-squared from 0.87.
Slope coefficients ranged between 0.10 and 0.15, except for João Pessoa, which
had a much higher slope of 0.21. Neutral temperatures obtained demonstrate some
consistency with local climatic features, with the high-latitude cities and the high-
elevation Belo Horizonte having the lowest values and the warmer locations showing

Fig. 3 Mean thermal sensation votes, binned for a 1 °C variation of the UTCI, versus predicted
UTCI for the six locations
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Fig. 4 Mean thermal sensation votes, binned for a 1 °C variation of the UTCI, versus predicted
UTCI for the six locations—common UTCI range

Table 4 Number of respondents (n), neutral temperature in UTCI units, slope coefficient and
intercept of the corresponding regression equation and determination coefficient (r-squared) for
the mean thermal sensation votes (MTSV) compared to the predicted UTCI, as well as thermal
sensitivity (°C/MTSV), by location

Locations n Neutral
temperatures

Slope coefficient Intercept r-squared °C/MTSV

João Pessoa 900 25.2 0.2095 −5.2774 0.96 4.8

Cuiabá 683 24.0 0.1268 −3.040 0.87 7.9

Belo Horizonte 3625 20.5 0.1385 −2.8451 0.87 7.2

Rio de Janeiro 1325 24.1 0.1417 −3.4138 0.95 7.1

Curitiba 1582 19.9 0.1067 −2.1184 0.94 9.4

Pelotas 1974 21.7 0.1298 −2.822 0.97 7.7

higher neutral temperatures. As for thermal sensitivity, respondents in João Pessoa
were much more sensitive to changes in the UTCI, requiring a 4.8 °C variation in the
UTCI for changing their thermal vote. That sensitivity is lowest in Curitiba, where
population is exposed to higher seasonal and daily temperature fluctuations. It could
thus be argued that to some extent thermal sensitivity is a factor of seasonal and daily
temperature fluctuations local populations are exposed to.

However, as the range of outdoor exposure, expressed by UTCI units, was
not equal in the six locations, a more detailed analysis of thermal responses was
conducted using percentages of TS responses for the different classes of thermal
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comfort/stress defined for the UTCI. Figures 5, 6 and 7 present the distribution of
individual TS votes over the three thermal comfort/stress categories of the UTCI
where there was an overlap of data. Note that the João Pessoa sample does not
appear in both the ‘no thermal stress’ and the ‘thermal comfort’ ranges (Figs. 5 and
8) and it does not figure among the other datasets in Table 5 as UTCI rangesmeasured
there lied above the thermal comfort range.

Fig. 5 Percentages of individual thermal sensation votes for the ‘no thermal stress’ class of the
UTCI

Fig. 6 Percentages of individual thermal sensation votes for the ‘moderate heat stress’ class of the
UTCI
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Fig. 7 Percentages of individual thermal sensation votes for the ‘strong heat stress’ class of the
UTC

Fig. 8 Percentages of individual thermal sensation votes for the ‘thermal comfort’ class of the
UTCI

The overlapping of responses for the five locations with existing data within
the ‘no thermal stress’ range shows a similar pattern for most of them, except for
Cuiabá. There, responses tend to skew to the left, which suggest a cold sensation of
the respondents. The two graphs for rising heat stress categories (Figs. 6 and 7) show
some consistency in thermal responses, with a trend to the right side of the scale (hot
sensation), which is more accentuated for Belo Horizonte in the ‘strong heat stress’
category. The somewhat high percentage of neutral thermal sensation observed in the
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Table 5 Descriptive statistics, skewness and kurtosis from a midpoint (TSV = 0) for the different
cities—‘thermal comfort’ class of the UTCI

Cuiabá Belo Horizonte Rio de Janeiro Curitiba Pelotas

Mean −0.06 0.01 −0.05 0.02 0.01

Median 0.00 0.00 0.00 0.00 0.00

Standard deviation 0.15 0.12 0.12 0.12 0.14

Variance 0.02 0.02 0.01 0.01 0.02

Kurtosis 2.90 −1.48 −0.14 0.69 −0.16

Skewness −1.52 −0.45 −0.80 −0.08 0.00

moderate and also in the strong heat stress environmental conditions may represent
the resilience and adaptability of the Brazilian population to cope with hot thermal
environments.

For understanding the behavior of each population as regards the range 18 °C
≤ UTCI ≤ 26 °C that complies with the definition of the ‘Thermal Comfort Zone’
(TCZ) according to theGlossary of Terms for Thermal Physiology (2003, Bröde et al.
2012a), data from five cities were overlapped for comparisons (Fig. 8). Skew and
kurtosis for each percentage distribution are presented in Table 5. The middle point
in the thermal sensation scale (TSV = 0) was used for determining such factors by
assuming a normal distribution with symmetrical pattern. For that, thermal sensation
votes were multiplied by the respective percentage for each survey location.

The comparison for the range equivalent to the comfort zone between cities,
taking into account their percentages in each of the 7-point thermal sensation votes
(Table 5) shows the largest skew from the midpoint for Cuiabá, with a negative sign,
meaning a larger concentration of responses for cold sensation. Skewness drops for
the southern locations (Curitiba and Pelotas) and are higher for Rio than in Belo
Horizonte, possibly due to local climate influences as shown in Table 1. Kurtosis,
which shows how quickly percentage data tails off at each location, is highest for
Cuiabá, which means that the bulk of thermal responses are not much distributed
over the entire cold section of the TS spectrum, but in fact more concentrated in TS
= –1 (cool sensation), as noticed in the graph. In contrast, for Belo Horizonte, the
distribution of comfort votes is comparatively flatter.

The Dynamic Thermal Sensation (DTS) was assessed from UTCI data by
assigningUTCI values to respectiveDTS according to operational procedures (Bröde
et al. 2012a). Comparisons were drawn to reported thermal sensation for the whole
dataset and for different thermal comfort/stress categories of the UTCI (Table 6).

In general, DTS fit well to thermal sensation responses in terms of the mean with
a small positive bias (calculated as DTS minus reported thermal sensation) in some
locations suggesting an overestimation of the thermal sensation by the DTS and
also negative biases due to an underestimation of thermal sensation by the index.
Biases found for the entire datasets indicate that the discrepancy is low, less than
half of a thermal vote. If broken down into comfort/stress categories, biases can
fluctuate between underestimation and overestimation of reported thermal sensation
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depending on the level of thermal stress. In the highest latitudes, i.e. in the cities with
colder climate, there is an underestimation of cold sensation and an overestimation of
heat sensation. For the less variable conditions of João Pessoa, bias is low and close
to zero whereas for the mostly warm conditions assessed in Rio with the highest
average UTCI during field campaigns, there was a consistent overestimation of hot
sensation, which possibly indicates a thermal adaptation of local population to heat
stress conditions, as stated previously. Belo Horizonte follows a similar trend as the
coldest locations except for the turning point occurring only at the ‘strong heat stress’
class, when bias turns positive. Cuiabá does not have a clear pattern, with subjective
responses below or above predicted DTS over four classes of the UTCI.

Pearson-correlation coefficients obtained seem to be detached from the mean bias
and from the different behavior of found biases over different classes of the UTCI.
Highest r-value was for Cuiabá, which had one of the largest mean DTS-biases and
showed an unclear behavior of the prediction error over varying classes of the UTCI,
whereas the lowest correlationwas for João Pessoa, which had the lowest bias values.

In terms of climate types, Rio and Cuiabá, both cities characterized by a trop-
ical climate type (Köppen-Geiger’s class ‘A’—Peel et al. 2007), had a strong mean
positive bias for the thermal comfort range. Such overestimation of reported thermal
sensations by theDTSwasmost likely responsible for the upward shift of their neutral
temperatures, relative to the other locations. Belo Horizonte, Curitiba and Pelotas
(Köppen-Geiger’s class ‘C’ for temperate climate types), exhibited an almost null
bias, which suggests that neutral thermal sensation reported by local residents is in
good agreement with estimated sensation given by the DTS. Again, observed biases
may result from variations in thermal stress conditions local populations are exposed
to throughout the year.

Despite the noticed effect of local climate type over a given population’s thermal
responses, which lead to noticeable differences in neutral temperatures, confidence
intervals drawn for each survey dataset showed that such differences are not statisti-
cally significant (p > 0.05). There was an overlap in the confidence intervals obtained
for the six locations (Fig. 9).

A more detailed analysis conducted with one-way ANOVA revels that campaigns
carried out in the surveyed locations differed in terms of outdoor thermal exposure.
In Rio, Cuiabá and João Pessoa, confidence intervals (CI) overlapped (with p <
0.05), with mean exposure conditions lying within the ‘moderate heat stress’ range
which is representative of the climate at this locations (cf. Table 7, shown later). In
Curitiba, mean outdoor thermal exposure belongs to the ‘no thermal stress’ class,
which corresponds to the most frequent conditions at that location. In this case, the
obtained confidence interval does not overlap with that of the warmer locations. Belo
Horizonte and Pelotas had confidence intervals also overlapped within the ‘moderate
heat stress’ range (p < 0.05). However, mean exposure during surveys in these two
cities do not correspond to the most frequent conditions there (cf. Table 7).

The locations that were subjected to similar exposure conditions during surveys
were evaluated for possible differences in climate adaptation. ANOVA results indi-
cated that there are no significant differences between thermal responses assessed
in Rio, Cuiabá and João Pessoa (p > 0.05), which might be explained by their very
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Fig. 9 Neutral temperatures for the six locations with 95% CI

Table 7 Predicted UTCI data with ERA5 reanalysis for the locations and thermal comfort/stress
categories

João Pessoa Cuiabá Belo Horizonte Rio de Janeiro Curitiba Pelotas

Mean UTCI 24.8 28.8 21.9 26.3 17.5 16.5

Mean UTCI
(daytime)

27.0 29.7 24.9 28.9 19.5 18.1

Mean daily
fluctuation

7.0 15.8 18.0 13.5 16.0 15.0

Absolute yearly
fluctuation

17.7 40.1 37.5 37.7 54.8 57.3

UTCI comfort/stress class (daytime)

Cold (%) 0 0 0 0 0 0

Moderate cold
stress (%)

0 0 0 0 1 3

Slight cold
stress (%)

0 0 3 0 9 12

No thermal
stress (%)

35 31 45 32 66 64

Moderate heat
stress (%)

62 24 39 32 20 14

Strong heat
stress (%)

3 35 13 28 3 6

Very strong heat
stress (%)

0 9 0 7 0 0
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similar climate types. On the other hand, statistically significant differences were
observed between thermal responses for Pelotas and Belo Horizonte (p < 0.05),
which indicates a different level of thermal adaptation by these populations. In fact,
despite the classification of these cities as Köppen-Geiger’s class ‘C’ for temperate
climate types, winter exposure conditions in Pelotas are harsher than in Belo Hori-
zonte whereas during summer the opposite occurs, with higher UTCI values in Belo
Horizonte. Therefore, different thermal adaptations are required for these popula-
tions. In turn, the climate of Pelotas is more similar to that of Curitiba. However,
the average exposure conditions in Pelotas within the ‘moderate heat stress’ range
and not within the ‘no thermal stress’ range did not make it possible to adequately
compare the thermal responses of both populations.

5 Discussion

Differences found in neutral temperatures suggest an impact of local climatic features
on the thermal perception of a given population. A more general description of local
climate, as expressed by Köppen-Geiger’s main climate classes can further confirm
such effect. A negative skew of thermal sensation responses and a positive DTS bias
for UTCI’s thermal comfort range were noticed in the warmer locations, pointing
that for comfort conditions, part of the respondents felt cold so that the predicted
thermal sensation overestimated their thermal sensation. In colder locations catego-
rized as belonging to Köppen-Geiger’s ‘C’ climate type, skew was comparatively
lower tending to zero and the same was noticed for DTS bias.

These observations can also be understood in light of UTCI data generated for a
recent year (2019) usingmodeled weather data for the six cities. UTCI time series for
the locations were obtained by extracting the UTCI from the corresponding grid cells
ofERA5-HEATclimate reanalysis (CopernicusClimateData Store 2020).Computed
using the ERA5 reanalysis from the European Centre for Medium-Range Forecasts
(ECMWF), ERA5-HEAT provides hourly gridded maps of the UTCI at 0.25° ×
0.25° spatial resolution and currently spans from 1979 to the present date (Di Napoli
et al. 2020). Table 7 presents general features for each location in terms of UTCI
data and the percentage of hours under various thermal comfort/stress categories.

Surveyed exposure conditions (Table 3) were warmer than estimated annual
figures and closer to daytime conditions at all locations, assumed as the time period
between 9 am and 3 pm, during which most of the surveys took place. It can be
noticed that particularly João Pessoa and Pelotas had a large discrepancy in daytime
mean UTCI during surveys when compared to predicted data. Thus, the range of
thermal conditions surveyed does not exactly match the fluctuations observed over a
24-hour cycle or during the year, though the relatively lower fluctuation noticed for
João Pessoa from UTCI estimates and also from onsite measurements may explain
the higher sensitivity of its population to smallest changes in the UTCI. Compara-
tively, Curitiba, which had the highest range of conditions measured and one of the
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Fig. 10 Correlations between neutral UTCI and slope coefficient to survey exposure conditions

highest fluctuations of the UTCI on annual basis, showed the lowest slope in the
linear regression analysis and thus the lowest thermal sensitivity of its population.

Consequently, and generally speaking, from the six datasets, it could be argued
that obtained neutral temperatures correlate well with the mean UTCI conditions
surveyed and that thermal sensitivity (or the slope of the regression equation) is
inversely correlated with the UTCI range, under which surveys took place (Fig. 10).

Yet, despite such relationships that might indicate a regional adaptation effect of
local population to prevailing climatic features, ideally covered during the surveys,
a few issues remain unexplained from a purely climatic perspective such as the
correlation between subjective thermal responses and UTCI and DTS data obtained
from in situ meteorological measurements.

The lack of strong correlations between subjective responses and thermal comfort
index data, in our case, the UTCI (for the overall dataset r = 0.59, cf. Table 6) has
been attributed in some studies to other components of human thermal comfort. In
this respect, Höppe (2002) lists three major approaches to what is termed human
thermal comfort: a psychological, a thermophysiological and another one, based
on human thermal balance. Over the last two decades, various studies have found
discrepancies between reported thermal sensation and a given thermal index’s values.
Many of those were transverse studies across populations with large samples, as the
ones presented in this chapter (Nikolopoulou et al. 2001; Pantavou et al. 2013) but
longitudinal studies have also been carried out with small groups (Cheng et al. 2012),
more recently supported by thermal or microclimate walks (Chokhachian et al. 2018;
Vasilikou and Nikolopoulou 2020) showing a similar mismatch between subjec-
tive and objective data. To tackle such shortcomings, it has been suggested that an
understanding of the dynamic human parameter is required taking into consideration
psychological adaptation (Nikolopoulou et al. 2001), which lead to the intersec-
tion of outdoor thermal comfort studies with environmental psychology (Lenzholzer
and Nikolopoulou 2020). With the aim of presenting new research focussing on the
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subjectiveness involved in OTC, IJBM has launched a special issue on Subjective
Approaches to Thermal Perception (Lenzholzer and Nikolopoulou 2020).

Still, in a previous study we showed that the UTCI was able to capture inter-
variabilitywithin a given sample, exemplified forCuritiba,with small changes in bias,
rmse and Pearson correlation presented for different subgroups (age, BMI, biological
sex and urban morphology aspects) (Bröde et al. 2014). Chapter 4 of this book also
looks into the sensitivity of the UTCI as regards such aspects, including historical
weather information from the previous days (Sensitivity of UTCI thermal comfort
prediction to personal and situational factors—residual analysis of pedestrian survey
data). This way, differences in the datasets in terms of anthropometric information
should not be expected to account for substantial changes in prediction bias.

In turn, thermal history and short-term acclimatization (discussed in more detail
in Chap. 5 of this book—Long and short-term acclimatization effects on outdoor
thermal perception versus UTCI) may have affected obtained results to a certain
extent. Previously published studies for the datasets gathered in right-here-right-
now surveys in Rio de Janeiro and Cuiabá showed an increase in reported thermal
sensation votes and in the thermal sensitivity of subjectswho reported amore frequent
usage of air-conditioned environments (Krüger et al. 2015;Borges et al. 2020).Not all
the six datasets contain reported information on thermal history or on air-conditioning
usage, and the way thermal history was approached was not standardized, thus the
consideration of such aspects in our analysis was not possible. Apart from that, the
settings also varied between cities, some of them having a more urban character with
a diversity of morphologies (Cuiabá, Rio de Janeiro, Curitiba and Pelotas), while
others being more focused on leisure and resting areas such as public parks (João
Pessoa, Belo Horizonte).

Finally, the relationship between local climate features and reported OTC data
obtained fromsurveyswith local populationweakens for samples that fail to represent
the full spectrum of UTCI conditions one might be exposed to locally over the year.
Correlations drawn between slope and neutral temperatures to estimated UTCI data
(ERA5-HEAT data) are significantly lower than those represented in Fig. 10. This
last point seems to be relevant, as it could a starting guideline to be considered in
standardized protocols for UTC surveys, such as the initiatives started by Johansson
et al. (2014) and Lau and Krüger (2020a, b) (see also Chap. 11 of this book: Proposed
framework for establishing a global database for outdoor thermal comfort research).

6 Conclusions

Wrapping up, it can be concluded that subjective responses tended to follow the
patterns of exposure conditions during surveys, suggesting that the neutral tempera-
ture is well alignedwith themeanUTCI value obtained for themonitoring campaigns
and that thermal sensitivity is inversely correlated with the range of conditions
surveyed. In that sense, a regional adaptation effect is verified and that effect can
be linked to measured climatic conditions.
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However, from looking at long-term estimates for the UTCI in each location,
it was noticed that exposure conditions did not correspond in most cases to the
range of conditions one might be exposed to during daytime in those locations.
Moreover, anthropometric, morphological data were not similar for all samples and
perhaps do not correspond to local demographic features. It can thus be concluded
that standardized protocols are required for OTC surveys, samples should reflect
local demographics and exposure conditions should be in tune with the range and
extent of thermal comfort/stress conditions at a given location.

Acknowledgements The national research funding agenciesCAPES (Coordenação deAperfeiçoa-
mento de Pessoal de Nível Superior) and CNPQ (ConselhoNacional deDesenvolvimento Científico
e Tecnológico) and the regional funding agency FAPEMAT-Research Support Foundation of Mato
Grosso, Brazil for financially supporting several steps of this research.

References

Błażejczyk K, BłażejczykM (2010) BioKlima© 2.6, Program komputerowy. http://www.igipz.pan.
pl/Bioklima-zgik.html

Borges VCDAL, Callejas IJA, Durante LC (2020) Thermal sensation in outdoor urban spaces: a
study in a Tropical Savannah climate, Brazil. Int J Biometeorol 64(3):533–545

BrödeP, FialaD,BłażejczykK,Holmér I, JendritzkyG,KampmannB,HavenithG (2012a)Deriving
the operational procedure for the Universal Thermal Climate Index (UTCI). Int J Biometeorol
56(3):481–494

Bröde P, Krüger EL, Rossi FA, Fiala D (2012b) Predicting urban outdoor thermal comfort by the
Universal Thermal Climate Index UTCI—a case study in Southern Brazil. Int J Biometeorol
56(3):471–480

Bröde P, Krüger EL, Fiala D (2014) Residual analysis of UTCI predictions on outdoor thermal
sensation survey data. In: 8th Windsor conference: counting the cost of comfort in a changing
world, Cumberland Lodge, Windsor, UK, 10–13 April 2014

Cheng V, Ng E, Chan C, Givoni B (2012) Outdoor thermal comfort study in a sub-tropical climate:
a longitudinal study based in Hong Kong. Int J Biometeorol 56(1):43–56

Chokhachian A, Lau KKL, Perini K, Auer T (2018) Sensing transient outdoor comfort: a
georeferenced method to monitor and map microclimate. J Build Eng 20:94–104

Commission for Thermal Physiology of the International Union of Physiological Sciences (2003)
Glossary of terms for thermal physiology. J ThermBiol 28:75–106

Copernicus Climate Data Store (2020) Thermal comfort indices derived from ERA5 reanalysis.
https://doi.org/10.24381/cds.553b7518

De Onis M, Lobstein T (2010) Defining obesity risk status in the general childhood population:
which cut-offs should we use? Int J Pediatr Obes 5(6):458–460

Di Napoli C, Barnard C, Prudhomme C, Cloke HL, Pappenberger F (2020) ERA5-HEAT: a global
gridded historical dataset of human thermal comfort indices from climate reanalysis. Geosci Data
J. https://doi.org/10.1002/gdj3.102. ISSN 2049-6060 [currently in press]

Golasi I, Salata F, deLietoVollaroE,CoppiM (2018)Complyingwith the demand of standardization
in outdoor thermal comfort: a first approach to the Global Outdoor Comfort Index (GOCI). Build
Environ 130:104–119

Hadianpour M, Mahdavinejad M, Bemanian M, Haghshenas M, Kordjamshidi M (2019) Effects of
windward and leeward wind directions on outdoor thermal and wind sensation in Tehran. Build
Environ 150:164–180

http://www.igipz.pan.pl/Bioklima-zgik.html
https://doi.org/10.24381/cds.553b7518
https://doi.org/10.1002/gdj3.102


6 Regional Adaptation of the UTCI: Comparisons Between … 135

Höppe P (2002) Different aspects of assessing indoor and outdoor thermal comfort. Energy Build
34(6):661–665

ISO 7726 (1998) Ergonomics of the thermal environments: instruments and methods for measuring
physical quantities. International Standards Organization

Jin H, Liu S, Kang J (2019) Thermal comfort range and influence factor of urban pedestrian streets
in severe cold regions. Energy Build 198:197–206

Johansson E, Thorsson S, Emmanuel R, Krüger E (2014) Instruments and methods in outdoor
thermal comfort studies—the need for standardization. Urbanclimate 10:346–366

Kántor N, Égerházi L, Unger J (2012) Subjective estimation of thermal environment in recreational
urban spaces—Part 1: Investigations in Szeged, Hungary. Int J Biometeorol 56(6):1075–1088

Krüger E, Drach P, Bröde P (2015) Implications of air-conditioning use on thermal perception in
open spaces: a field study in downtown Rio de Janeiro. Build Environ 94:417–425

Krüger EL, Silva TJV, da Silveira Hirashima SQ, da Cunha EG, Rosa LA (2020) Calibrating
UTCI’S comfort assessment scale for three Brazilian cities with different climatic conditions. Int
J Biometeorol 1–10 (in press)

Lau K, Krüger E (2020a) Methodological framework for establishing a global database for outdoor
thermal comfort survey: progress of data acquisition and harmonization. In: Planning post carbon
cities: 35th PLEAconference on passive and lowenergy architecture,ACoruña, Spain, September
2020

Lau K, Krüger E (2020b) Establishing a global database for outdoor thermal comfort survey: a
pilot study of standardisation of methodology. In: 11th Windsor conference: resilient comfort,
Windsor, UK, April 2020

Lenzholzer S, Nikolopoulou M (2020) Foreword to the special issue on subjective approaches to
thermal perception. Int J Biometeorol 64(2):167–171

Mateeva Z (2011) Personal factors of human thermal perception: long-lasting climate experience.
Prace i Studia Geograficzne 47:335–344

Nikolopoulou M, Lykoudis S (2006) Thermal comfort in outdoor urban spaces: analysis across
different European countries. Build Environ 41(11):1455–1470

Nikolopoulou M, Baker N, Steemers K (2001) Thermal comfort in outdoor urban spaces:
understanding the human parameter. Sol Energy 70(3):227–235

Pantavou K, Theoharatos G, Santamouris M, Asimakopoulos D (2013) Outdoor thermal sensation
of pedestrians in a Mediterranean climate and a comparison with UTCI. Build Environ 66:82–95

Pantavou K, Lykoudis S, Nikolopoulou M, Tsiros I (2018) Thermal sensation and climate: a
comparison ofUTCI andPET thresholds in different climates. Int JBiometeorol 62(9):1695–1708

Peel MC, Finlayson BL, MC Mahon TA (2007) Updated world map of the Köppen-Geiger climate
classification. Hydrol Earth Syst Sci Discuss Eur Geosci Union 11:1633–1644

Potchter O, Cohen P, Lin TP, Matzarakis A (2018) Outdoor human thermal perception in various
climates: a comprehensive review of approaches, methods and quantification. Sci Total Environ
631:390–406

VasilikouC,NikolopoulouM (2020)Outdoor thermal comfort for pedestrians inmovement: thermal
walks in complex urban morphology. Int J Biometeorol 64(2):277–291



Chapter 7
Outdoor Thermal Environment
and Heat-Related Symptoms
of Pedestrians: An Application
of the UTCI for Health Risk Assessment

Katerina Pantavou

Abstract Prolonged exposure to hot environments can cause adverse health effects
ranging from thermal discomfort to heart disorders and heat stroke. Climate change
andglobalwarming increase people exposure to heat, posing a serious threat to human
health. Adverse heat-related health impacts can be prevented by preparing public
health systems to cope and address these threats. This study aims to examine the
susceptibility of pedestrians to outdoor thermal environment. Micrometeorological
conditions were monitored in urban public sites in Athens, Greece while data on
individual’s attributes and heat-related morbidity were collected with questionnaire-
based field surveys. Participants were asked to report whether theywere experiencing
symptoms of heat-related illness during the field surveys. The symptoms included
breathing difficulties, dizziness, headache and exhaustion. The thermal environment
was assessed using the Universal Thermal Climate Index (UTCI). The relationship
of experiencing or not heat-related symptoms with the UTCI was examined using
logistic regression. Hierarchical clustering analysis was used to determine thresholds
of the UTCI above which heat-related symptoms are expected to occur. A total of
2731 pedestrians participated in the surveys. Most of them were residents of the
metropolitan area of Athens (94.2%), between 18 and 34 years old (44.8%), without a
medical history of cardiovascular or respiratory disease (88.6%). Logistic regression
showed that for one unit increase of the UTCI the odds of reporting heat-related
symptoms increase by 4% (adjusted odds ratio (aOR) = 1.04, p-value < 0.001). The
odds were increased to 6% in summer (aOR = 1.06, p-value < 0.012). The UTCI
threshold for experiencing heat-related symptomswas 28.5 °C (moderate heat stress)
for all seasons and38.9 °C (very strongheat stress) for summer. These results could be
used to strengthen public health capacities to protect population from heat exposure
impacts.

Keywords UTCI · Heat · Health effects · Heat illness · Heat-related symptoms

K. Pantavou (B)
Laboratory of General and Agricultural Meteorology, Agricultural University of Athens, Iera
Odos 75, 118 55 Athens, Greece
e-mail: kpantavou@aua.gr

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
E. L. Krüger (ed.), Applications of the Universal Thermal Climate Index
UTCI in Biometeorology, Biometeorology 4,
https://doi.org/10.1007/978-3-030-76716-7_7

137

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76716-7_7&domain=pdf
mailto:kpantavou@aua.gr
https://doi.org/10.1007/978-3-030-76716-7_7


138 K. Pantavou

1 Introduction

Heat illness is a medical condition caused by exposure to ambient heat. It includes
minor conditions such as heat rash, cramps, syncope and exhaustion as well as the
serious condition of heat stroke. Warning signs and symptoms include red cluster of
pimples or small blisters, muscle pain, headache, dizziness, heavy sweating, rapid
breathing, fainting, and rise of body temperature (CDC 2020).

Heat illness or heat-related morbidity occurs when the human body is unable to
regulate-maintainwithin certain boundaries (i.e., 36.5–37.5 °C)—its internal temper-
ature (Guyton and Hall 2006). The balance of body temperature is preserved by heat
production and loss by means of thermoregulation. The body generates heat mainly
in the brain, heart, liver, and with the contraction of skeletal muscles. Moreover,
through mechanisms of hormonal thermogenesis (thyroid gland releases hormones
to increase metabolism) and vasoconstriction (blood vessels become narrower to
decrease blood flow to the skin and keep heat near the inner body) the produced heat
is increased or retained. The body loses heat by sweating (sweat glands release sweat
that cools the skin when evaporating) and vasodilation (blood vessels become wider
to increase blood flow to the skin away from the warm inner body). In both cases, i.e.
heat production or heat loss, the mechanisms behind thermoregulation are controlled
by the brain (hypothalamus). When internal temperature increases, the brain sends
signals to organs, glands, muscles, and the nervous system responding to environ-
mental changes and trying to keep the body temperature in a state of equilibrium,
called homeostasis (Guyton and Hall 2006).

Environmental conditions may lead to failure of thermoregulatory mechanisms
by preventing heat dissipation, which results in the body producing heat faster than it
can lose it. This may activate dangerous physiological responses or pathways poten-
tially leading to organ failure apart from causing heat illness. Heat exposure may
trigger ischemia, heat cytotoxicity, inflammatory response, disseminated intravas-
cular coagulation and rhabdomyolysis (Mora et al. 2017). Evidence of 27 different
pathways were found to be triggered by heat, leading to failure of brain, heart, lungs,
liver, kidneys, pancreas and intestines (Mora et al. 2017). For example, thermoregu-
latory responses in skin blood flow and sweating are accompanied by cardiovascular
adjustments, which have to be effective in order for the body to withstand exposure
(Cui and Sinoway 2014). Thus, individuals with chronic cardiovascular diseases may
be particularly vulnerable to heat (Basu and Samet 2002; Cui and Sinoway 2014; Sun
et al. 2018). Factors such as physiology, activity, clothing, andmedication intakemay
negatively or positively affect the thermoregulation process (Lipman et al. 2013).

The effect of hot environments on human health is commonly recognized as a J-
shaped relationship between ambient temperature and heat-related health outcomes
(Basu and Samet 2002). This relationship was suggested using data of all-cause
and cause-specific mortality (Son et al. 2019), as well as morbidity data based on
hospitalizations, emergency hospital admissions and visits, or ambulance transports
(Ye et al. 2012) during periods of heatwaves or extreme temperatures (Song et al.
2017). The examined heat-related health outcomes mainly focus on cardiovascular
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and respiratory diseases (Son et al. 2019). The negative effect of hot environments on
heat illness (Murakami et al. 2012;Wang et al. 2016), preterm deliveries (Avalos et al.
2017), intestinal infectious diseases, endocrine, nutritional, andmetabolic diseases in
infants (0–4 years old) (Xu et al. 2014), andmental health have also been documented
(Sherbakov et al. 2018). A decline of the heat effect has been noticed when a peak
temperature is observed (Sugg et al. 2016) as well as negative association with health
outcomes has been also found (Pantavou et al. 2008) attributed to the effectiveness
of and compliance to preventive measures enforced during these peak events.

Vulnerable populations comprise elderly populations (Son et al. 2019), women
(Son et al. 2019), infants, children and pregnant women (WHO 2020). Populations
at high risk are also those exposed to ambient environment for work purposes as
well as low-income populations residing in old building structures (WHO 2020),
in urban areas with lack of green spaces and usually without air-conditioning (Xu
et al. 2013). Thresholds of air temperature above which heat-related mortality or
morbidity increases vary by location, which point to a potential adaptation of the
population to local climates (Hajat and Kosatky 2010; Ye et al. 2012), in addition to
regional adaptation trends in terms of optimal thermal comfort ranges as shown in the
previous chapter (Chap. 6: Regional adaptation of the UTCI: comparisons between
different datasets in Brazil). These thresholds were found to decrease with latitude
(Hajat and Kosatky 2010).

The prevailing indicator of heat stress effects in the published literature is air
temperature (Ye et al. 2012; Song et al. 2017; Son et al. 2019). Few studies combine
meteorological variables, i.e., air temperature, relative humidity, wind speed, solar
radiation, in term of thermal indices to assess heat-related health risks. Such indices
include Wet-Bulb Globe Temperature (WBGT), Apparent Temperature, Predicted
Mean Vote (PMV), Physiologically Equivalent Temperature (PET) and Universal
Thermal Climate Index (UTCI) (Pantavou et al. 2008, 2016, 2020; Vaneckova et al.
2011; Nastos and Matzarakis 2012; Di Napoli et al. 2018). The UTCI is increas-
ingly used to evaluate thermal conditions and heat-related mortality risk in different
climates (Nastos and Matzarakis 2012; Urban and Kyselý 2014; Di Napoli et al.
2018; Kuchcik 2020).

In light of global warming trends (IPCC 2018), which bring about an increased
exposure to heat, the focus of environmental health includes heat-related disease
prevention. With this in mind, heat-related morbidity is a serious public health
concern especially in typical thermal conditions and in the absence of preventive
measures. Moreover, the need for well-grounded, universal and integrated tools for
the assessment of thermal environment becomes apparent. Towards that aim, this
chapter examines the relationship between the UTCI and milder symptoms of heat-
related illness experienced by pedestrians in an urban environment with the aim
to better establish its usefulness. Milder symptoms of heat-related illness such as
headache, dizziness, breathing difficulties and exhaustion are common, easily self-
valuated. Such symptoms are usually resolved without hospitalization, and are thus
not recorded in health registries. However, although mild, these symptoms degrade
the quality of life while they could be precursors of a more serious heat-related health
condition, consequently deserving careful investigation.
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2 Materials and Methods

2.1 Study Design and Study Area

This study is part of the Urban Biometeorology and Planning project (UBiPlan
2020). The UBiPlan project integrates data from three major projects on thermal
sensation carried out independently in Athens, Greece and enriched such database
with new data. The aim was to develop a database to be used for a spatial assess-
ment of thermal conditions. Overall, the UBiPlan database includes data from field
surveys conducted in 13 different urban sites covering ten different municipali-
ties of the greater area of Athens. All four projects (Nikolopoulou et al. 2004;
Pantavou et al. 2013; Tseliou et al. 2016; UBiPlan 2020) included field surveys
employing questionnaire-based interviews and concomitant in-situ meteorological
measurements. The surveys were conducted following similar protocols, so that data
integration is considered meaningful.

Data used in this study were collected in field surveys carried out in the context of
the two projects that collected data on heat-related effects on human health (Pantavou
et al. 2013, 2016; UBiPlan 2020). Monitoring campaigns alongside with question-
naire surveys with pedestrians took place in warm, cold and transient seasons, i.e.,
summer, autumn and winter, spanning from around 9:00 a.m., to sunset. The moni-
toring locations were outdoor public sites (squares, pedestrian streets, promenades)
in the metropolitan area of Athens, Greece.

Athens is the capital of Greece with a Csa type-Mediterranean climate (Kottek
et al. 2006). The warm and dry period is fromApril to October and the cold and rainy
period from mid-October until the end of March. Monthly average air temperature
ranges between 9.3 °C in January and 27.0 °C in July while monthly maxima reach
32.6 °C in July. Monthly average relative humidity ranges between 48% in July and
73% in November and December (NOA 2020). The metropolitan area of Athens has
a total population of 3,828,434 citizens which is about the one third of the country’s
population (ELSTAT 2020).

2.2 Microclimate Monitoring

Micrometeorological conditions were monitored on-site and at the height of 1.1 m
above the ground using a mobile weather station. Measured meteorological variables
included air temperature (Ta, °C), relative humidity (RH, %), average wind speed
(va, m s−1), and globe temperature (Tgl, °C; PVC sphere with 40 mm in diameter
painted grey with RAL 7001). Data were stored at 1 min intervals with a data logger.
Features of the monitoring equipment used in this study are presented in Table 1.
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Table 1 Type of instruments used in the field surveys

Variable Abb Type Instrument

Project 1 Project 2

Air
temperature

Ta Thermo-hygrometer Rotronic
(HC2-S3C03-PT15)

Rotronic
(MP101A-T7-W4W)

Relative
humidity

RH

Average wind
speed

va Anemometer Second Wind C3
cup anemometer

Atmos 22

Globe
temperature

Tgl Pt100 Tailor made (PVC
sphere 40 mm
diameter painted
with RAL 7001)

Tailor made (PVC
sphere 40 mm
diameter painted
with RAL 7001)

Data logger Sampling time: 30 s
Storing time: 1 min

Campbell (CR10X) Delta-T (GP2)

Project 1 Pantavou et al. (2013, 2016); Project 2 UBiPlan (2020)

2.3 Questionnaire Description

The questionnaire was designed to capture heat-related morbidity of pedestrians and
information related to demographics and subjective attributes. Questionnaire items
(Table 2) were selected based on studies of similar design for examining thermal
sensation (Nikolopoulou et al. 2004; Tseliou et al. 2016) and in accordance to inter-
national standards (ISO 10551 1995; ISO 8996 2004; ISO 9920 2007). Heat-related
morbidity was reported by participants; i.e., whether they were experiencing symp-
toms of heat-related illness such as breathing difficulties, headache, dizziness and
exhaustion (CDC2020) at themoment of the interview.These are common symptoms
that are feasible to be self-evaluated and quantified, normally do not result in hospi-
talization and are thus usually not recorded in health registries, despite being poten-
tial precursors for a more serious underlying heat-related health condition. Demo-
graphics included biological sex, age, height, weight and city of residence. Subjective
attributes involved clothing description, main activity for the last half hour before
the interview (sleeping, sitting, standing, walking, sports), recent exposure history
(outdoors, indoors/vehiclewith/without air-conditioning), outdoor exposure duration
(i.e., less than 5 min, 5–15 min, 15–30 min, 30 min to 1 h, more than 1 h), purpose of
visit (rest, work, passing by, entertainment/meeting friends/shopping/other), medical
history (respiratory or cardiovascular), thermal sensation based on a seven-point
bipolar scale from cold (−3) to hot (+3), thermal comfort (comfortable, uncom-
fortable) and thermal preference (cooler, neither warmer nor cooler/no change,
warmer).
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Table 2 Questionnaire items and response categories

Variable Questionnaire items Response categories

Biological
sex

Sex: Male/female

Age Age (years) <12/13–17/18–24/25–34/35–44/45–54/55–64/>65

Place of
residence

Where do you live? (City/municipality)

Height Please state your height … (cm)

Weight Please state your weight … (kg)

Clothing The clothes that best
describe participant’s
outfit are

Estimated according to ISO 9920 (2007)

Activity Over the last half hour,
you have been mainly

Sleeping/sitting/standing/walking/doing sports

Exposure
duration

How long have you been
in this place?

<5 min/5 to 15 min/15 to 30 min/30 min to 1 h/>1 h

Exposure
history

Where were you during
the last half hour?

Indoors-car-public transport, with/without air
conditioning/outdoors

Visit purpose Reason to be in this place Rest/work/passing by/entertainment-meeting
friends-shopping-other

Medical
history

Do you have any chronic
condition like

Cardiovascular-respiratory/none

Health
symptoms

At this moment, do you
havea

Breathing
difficulties/headache/dizziness/exhaustion/no
symptoms

Thermal
sensation

How do you feel at this
precise moment?

Cold/cool/slightly cool/neither cold nor hot/slightly
warm/warm/hot

Thermal
comfort

Do you find this Comfortable-neutral/uncomfortable

Thermal
preference

Please state how you
would prefer to be now

Cooler/neither cooler nor warmer-no change/warmer

aParticipants could select as many as apply

2.4 Data Processing and the UTCI

Clothing insulation (Icl, in clo units) was estimated using the clothing description of
participants (ISO 9920 2007). Body mass index was derived from height and weight
(BMI, kg m−2). Mean radiant temperature (Tmrt , °C) was estimated based on Ta, Tgl,
and va (ISO 7726 2001). Questionnaire responses used in the two projects (Pantavou
et al. 2013, 2016; UBiPlan 2020) were harmonised to allow integration of the two
datasets. Furthermore, pedestrians were classified as local (residing in the same
municipality of the monitoring site) and non-local residents, based on the responses
regarding the place of residence. Also, heat-related symptoms were collapsed into
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Table 3 UTCI assessment
scale in terms of thermal
stress

UTCI (°C) range Stress category

Above +46 Extreme heat stress

+38 to +46 Very strong heat stress

+32 to +38 Strong heat stress

+26 to +32 Moderate heat stress

+9 to +26 No thermal stress

+9 to 0 Slight cold stress

0 to −13 Moderate cold stress

−13 to −27 Strong cold stress

−27 to −40 Very strong cold stress

below −40 Extreme cold stress

a dichotomous variable, i.e., reporting and non-reporting heat-related symptoms at
the moment of the interview.

The UTCI was estimated to assess thermal environment using the BioKlima soft-
ware (Błażejczyk andBłażejczyk 2010). This approach uses a sixth-order polynomial
equation utilizing Ta (zC), RH (%), va (m s−1), and Tmrt (zC) (Bröde et al. 2012).The
UTCI assumes a self-adapting clothing insulation, a permanent walking speed of
4 km h−1 (1.11 m s−1) and an internal heat production of 135 W m−2. Its original
assessment scale (Błazejczyk et al. 2013) is presented in Table 3.

2.5 Statistical Analysis

The statistical analysis involved frequency distributions for categorical variables and
mean, median and standard deviation values for continuous variables. The differ-
ences between experiencing and not heat-related symptoms during the interviewwas
examinedwith chi-squared and t-tests.Binary logistic regressionwas used to examine
the association of heat-related symptoms with the UTCI and pedestrians’ attributes
treating heat-related symptoms as a dichotomous variable (i.e., experiencing or not
heat-related symptoms during the interview). UTCI data and other questionnaire
items were treated as independent covariates and factors. Odds ratios (OR) and p-
values were produced from logistic regression models. Multivariate logistic analysis
was performed adjusting for variables that were significant in the univariate analysis.
Hosmer–Lemeshowgoodness-of-fit test was used to assess the goodness of fit of each
model. A p-value higher than significance level indicates a good logistic regression
model fit.

Hierarchical cluster analysis was applied to examine whether pedestrians can be
classified in distinct groups of people experiencing or not heat-related symptoms,
based on the UTCI. The UTCI transition point between the two groups was defined
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as the average of the UTCI for the two closest cases belonging to different groups.
Statistical significance was considered at a significance level p ≤ 0.05.

3 Results

3.1 Sample Description

The dataset consists of 2731 (about 60% of those belonging to the sample of the
UBiPlan project) responses. Most of the participants were males (54.7%). About
44.8% were between 18 and 34 years old. Approximately 94% of the respondents
were residents of the metropolitan area of Athens and 31% local residents (residents
in the municipality of the monitoring site). About 88.6% of the participants reported
no medical history of cardiovascular or respiratory disease. In the last half hour
before the interview, 62.8% of the participants reported that they had been indoors,
in a vehicle or had used public transport, and 66.2%hadbeen in a non-air conditioning
environment. 96.3% of the participants reported that their activity during the last half
hour before the interview was low, i.e., they were mainly sitting (37.5%), standing
(31.6%) or walking (27.1%).More than half of the respondents (57.9%)were visiting
themonitoring site for less than15min, 37.9%were visiting the site forworkpurposes
and 24.9%were passing through.MeanBMI of the participants was estimated at 24.5
± 4.5 kg m−2.

The interviews were almost evenly distributed between summer (July, 39.8%) and
winter (January–February 33.5%) while autumn (October-early November) inter-
views were slightly less (26.6%). Participants’ characteristics were similar across
seasons except for exposure history and purpose of visit. Pedestrians were more
likely (p < 0.001) to have spent the last half hour before the interview outdoors in
autumn (41.9%) or winter (38.8%) than in summer (32.3%) or in a place without
air-conditioning in autumn (89.3%) than in winter (60%) and summer (56.4%; p <
0.001). More participants reported that they visited the monitoring site for work in
summer (41.6%) than in autumn (35.8%) or winter (35.4%). Mean Iclo (±standard
deviation) was estimated 0.4 ± 0.1 clo for summer, 0.7 ± 0.2 clo for autumn and 1.2
± 0.3 clo for winter.

3.2 Exposure Conditions

Field surveyswere conductedunder a rangeofmeteorological conditions.Air temper-
aturewas recordedbetween6.9 and39.3 °C, and the relative humidity rangedbetween
22 and 79% (Table 4). Grey globe temperature ranged from 7.9 to 43.8 °C while
mean air speed was estimated 1.0 ± 0.6 m s−1. UTCI ranged from 4.9 to 43.8 °C
corresponding to the slight cold stress and very strong heat stress categories.
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About 58.7% of the participants reported thermal sensation between slightly cool
and slightly warm, 69.7% felt comfortable and 39.7% reported that they would prefer
neither cooler nor warmer/ no change in their thermal sensation.

Most interviews (53.5%) were conducted in heat stress conditions (UTCI above
26 °C, corresponding tomoderate/strong/very strong heat stress categories; Fig. 1a).
For UTCI values between 32 and 38 °C (strong heat stress), 50.2% of the respondents
reported thermal sensation warm or hot. This percentage increased to 69.1% for
UTCI values above 38 °C (very strong heat stress) (Fig. 1b). Over 35.4% of the
participants reported that they felt uncomfortable when the UTCI ranged between
32 and 38 °C (strong heat stress) (Fig. 1c). Over 49.1% would prefer to experience
a cooler thermal sensation when the UTCI stress category was moderate, strong or
very strong heat stress (Fig. 1d). Moreover, participants seemed to be more sensitive
to low temperatures. About 76.6% of the participants reported cold or cool thermal
sensation while 52.5% reported that they felt uncomfortable in slight cold stress
conditions (0 °C < UTCI < 9 °C).

Table 4 Meteorological conditions during the field surveys

Season Meteorological
variable

Minimum Maximum Median Mean Standard deviation

Summer Ta (°C) 27.9 39.3 32.4 32.3 1.6

RH (%) 22 50 33 34 7

va (ms−1) 0.4 9.3 1.0 1.1 0.8

Tgl (°C) 29.4 43.8 34.8 35.5 3.3

Tmrt (°C) 30.1 77.2 43.2 46.0 10.2

UTCI (°C) 28.9 43.8 34.3 34.9 3.4

Autumn Ta (°C) 16.8 27.9 22.5 22.0 2.6

RH (%) 36 73 56 55 7

va (ms−1) 0.4 2.6 0.7 0.8 0.4

Tgl (°C) 17.5 35.7 25.3 26.7 5.4

Tmrt (°C) 17.8 63.3 38.4 39.6 13.4

UTCI (°C) 15.4 34.2 25.6 26.5 5.2

Winter Ta (°C) 6.9 20.4 12.9 12.1 3.7

RH (%) 23 79 49 51 14

va (ms−1) 0.4 3.5 0.8 1.0 0.5

Tgl (°C) 7.9 27.7 16.6 16.0 5.5

Tmrt (°C) 10.3 69.5 23.2 28.7 13.5

UTCI (°C) 4.9 27.3 16.8 16.1 6.1
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Fig. 1 a Assessment of the thermal environment during the interviews according to UTCI thermal
stress categories, b thermal sensation (p < 0.001), c thermal comfort (p < 0.001) and d thermal
preference (p < 0.001) reported by pedestrians for each UTCI stress category

3.3 Heat-Related Symptoms

Heat-related symptoms were reported by 405 (14.8%) participants. Most of them
reported that they were experiencing exhaustion (45.4%) at the time of the interview.
About 31.9% reported experiencing headache, 19.5% dizziness and 17.8% breathing
difficulties. Pedestrians were more likely to report heat-related symptoms in summer
(20.4%) than autumn (13.8%) or winter (9.1%) (Fig. 2a). Exhaustion was more
frequently reported in summer (49.6%) and headache in autumn (36.4%) and winter
(36.9%) (Fig. 2b).

Mean UTCI was higher for pedestrians reporting heat-related symptoms than
for those who did not (29.3 ± 8.8 °C compared to 25.9 ± 9.4 °C, p < 0.003).
The percentage of pedestrians reporting symptoms increased with UTCI heat stress
categories (Fig. 3a), i.e., from moderate stress to very strong stress. Indications of
increased reporting in UTCImoderate (35.1%), strong (50%), very strong heat stress
(44.3%) categories was found for exhaustion (Fig. 3b).

Females reported more often heat-related symptoms than males (18.4% versus
11.6%; p < 0.001) as did participants between 25 and 35 years old (20.3%; p <
0.001) compared to the remaining age groups. Similarly, non-local residents (16.3%
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Fig. 2 Seasonal frequency distribution of heat-related health symptoms a collapsed into two cate-
gories (reporting and non-reporting heat-related symptoms; p < 0.001) and b for each reported
symptom (p < 0.001)

Fig. 3 Frequency distribution of heat-related health symptoms against UTCI stress categories
a collapsed into two categories (reporting and non-reporting heat-related symptoms; p < 0.001) and
b for each reported symptom (p < 0.001)

versus 11.8%; p = 0.001) and participants who had been indoors, in a car or public
transport the last half hour before the interview (16.1% versus 12.5% outdoors; p =
0.06) or with medical history of cardiovascular or respiratory disease (24.8% versus
13.5%; p < 0.001) were more likely to report symptoms. Moreover, the prevalence
of heat-related symptoms was higher among participants visiting the monitoring
site for over 1 h (19.1%; p = 0.001), reporting thermal sensation hot (28.7% p <
0.001), thermal comfort uncomfortable (22.9% versus 11.3%; p < 0.001) or thermal
preference cooler (22.2%; p < 0.001).

Binary logistic regression (Table 5) showed that for 1 °C increase of the UTCI
the odds of reporting heat-related symptoms increases by 4% (adjusted OR (aOR) =
1.04, p-value < 0.001). The oddswere increased to 6% for the pedestrians participated
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in summer field surveys (aOR= 1.06, p-value < 0.012). Biological sex and subjective
attributes were also associated with reporting heat-related symptoms. Females were
40%more likely to report heat-related symptoms than males (aOR= 0.60, p-value <
0.001). Moreover, non-local residents (35%, aOR = 1.35, p-value = 0.020), pedes-
trians with a medical history of cardiovascular or respiratory (54%, aOR = 0.46,
p-value < 0.001) or who had been indoors, in a car or public transport the last half
hour before the interview (33%, aOR = 1.33, p-value = 0.025), and who had been
at the monitoring site over 1 h (about 33%, aOR: 0.66/0.67; p-value ≤ 0.023) were
more likely to report heat-related symptoms. The Hosmer–Lemeshow goodness-of-
fit test indicated that regression models adequately fitted the data (p-value = 0.189
for all season and p-value = 0.113 for summer).

Hierarchical cluster analysis showed that the respondents can be reasonably
divided into two groups, as follows: those who were experiencing and those who
were not experiencing heat-related symptoms, in terms of the UTCI. The UTCI cut-
off point was found 28.5 °C (moderate heat stress) for all seasons and 38.9 °C (very
strong heat stress) for summer.

4 Discussion

This study examined the association ofmild symptoms of heat-related illnesswith the
thermal environment, assessed in terms of the UTCI while controlling for subjective
attributes. Breathing difficulties, dizziness, headache or exhaustion were reported by
14.8% of the pedestrians who participated in the field surveys, which were conducted
under non-extreme thermal conditions. Heat-related symptoms were associated with
UTCI values. Females, non-local residents, people with history of a cardiovas-
cular/respiratory disease, those recently exposed to an indoor environment or being
in a vehicle, participants visiting the monitoring site for more than one hour or
reporting thermal sensation as hot, experienced more often heat-related symptoms.

The findings of this chapter confirmed the relationship of UTCI and hot thermal
sensation with health effects prevalence. Results on the confounding subjective
attributes were in agreement with earlier findings in the literature. A similar increase
of the likelihood of manifestation of heat-related symptoms (4%) for increases
in the PET, another widely used thermal stress index (Potchter et al. 2018) was
found in a different Mediterranean setting (Pantavou et al. 2020). The category
moderate heat stress of the UTCI was also identified as the transition level for experi-
encing heat-related symptoms in a previous study in Athens, Greece (Pantavou et al.
2016). Females vulnerability to heat has already been suggested in both heat-related
mortality and morbidity studies (Basu 2009; Ye et al. 2012; Pantavou et al. 2016,
2020; Näyhä et al. 2017). Differences in health-effects between males and females
could be attributed to differences in physical characteristics, physiological variables
of temperature regulation, aerobic fitness (Gagnon and Kenny 2012) as well as to
occupational exposure (Fouillet et al. 2006).Nevertheless, females’ sensitivity to heat
was also identified among farmworkers in Florida (Mutic et al. 2018). Whereas ratio
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of body surface to body mass, subcutaneous fat thickness, sudomotor activity and
sweat production rate have been found to vary between males and females (Seidell
et al. 1988; Kaciuba-Uscilko and Grucza 2001; Gagnon and Kenny 2012; Dehghan
et al. 2013). Individuals with cardiovascular health problems demonstrate reduced
thermal tolerance to heat stress (Kenney et al. 2014) since thermoregulatory responses
in skin blood flow and sweating are accompanied by cardiovascular adjustments.

In this study, the sample of vulnerable population, i.e., children, elderly people
and pregnant women, was relatively small while a response bias could have poten-
tially interfered as participants self-reported heat-related symptoms. Still, the anal-
ysis involved a relatively large number of responses, representative of the active
part of the population involved in daily activities. Moreover, the analysis focused on
heat-related symptoms that were feasible to self-evaluate. This study is one of a few
examining the heat-related symptoms of pedestrians. The findings suggest that the
UTCI is consistent with changes in the reported thermal sensation, comfort and pref-
erence enhancing its reliability and usefulness as a thermal environment assessment
tool. The UTCI moderate heat stress category could be considered as a threshold of
experiencing heat-related symptoms for pedestrians.

5 Conclusions

Heat is a major health risk of increasing research interest due to climate change and
the rising global ambient temperatures. Public health guidance and recommendations
should be enhanced with thorough assessments of the most current evidence and
approaches. In this study, the UTCI was examined as a risk indicator of experiencing
heat-related symptoms under non-extreme thermal conditions, and was found to be
a credible candidate for the assessment of heat-related health effects. A threshold for
experiencing heat-related symptoms could be considered the category of moderate
heat stress.

Future research including extreme thermal conditions and concurrent air quality
assessment could be beneficial for extending the results of this study. Furthermore,
it would be interesting to examine the possible impact of heat exposure on the health
condition of vulnerable populations. The results of this study are part of the UBiPlan
project that aims to examine the spatial distribution of thermal burden and public
health impact in order to improve design guidelines and to identify spatial patterns
associated with optimized thermal conditions in outdoor urban spaces.
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Chapter 8
Mapping the Universal Thermal Climate
Index (In Different Scales)

Krzysztof Błażejczyk and Anna Błażejczyk

Abstract One of the important aims of climatic and bioclimatic studies is to define
spatial differentiation of particular climate elements and/or bioclimatic indicators.
Several approaches are used for this purpose. Isoline maps aim to create spatial vari-
ability of any climate variable based on data points from a network of meteorological
stations. The second commonly used visualisation method is based on typological
maps,which assume that values observed in particular locations representwider areas
with similar properties of natural and socio-economic environment. The combina-
tion of isoline and typological approach are raster maps. In these maps, the space is
divided into several regular geometrical fields (raster). For each raster, meteorolog-
ical variables and bioclimatic indices are defined. The aim of the chapter is to present
methods of cartographical representation of the Universal Thermal Climate Index in
different spatial scales (global, regional, local).

Keywords Isoline maps · Typological maps · Raster maps · Spatial distribution of
the UTCI · Cartographical representation of the UTCI

1 Introduction

One of the main aims of climatic and bioclimatic studies is to define geographical
patterns for particular climate elements (e.g. air temperature, precipitation, solar
radiation) and/or bioclimatic indicators. In the past, the spatial variability of these
elements was mainly based on location-specific research using data from a network
of meteorological stations. Observed weather station data were commonly used to
create isolinemaps, i.e. maps where lines connect points with identical values inside
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a continuum and show any spatial gradient of the presented variable. This method is
still widely used in synoptic research and for presenting climate/bioclimatemaps over
an extended region, e.g. countries and continents (an overview of warning systems
used in various national weather services is shown by Di Napoli and colleagues in
this chapter: UTCI as an operational forecasting tool of human biometeorological
conditions in Europe). The isolines can be generated manually (as done in the past)
or automatically (more recent years) as an effect of mathematical interpolation of
observed values.

The second commonly usedvisualisationmethodof spatial distribution for climate
data are typological maps. This method assumes that values observed at specific
points are representative of a wider area with similar natural and socio-economic
properties. As an example, we can mention maps with climate types (e.g. Koeppen–
Geiger classification, Peel et al. 2007) or bioclimate maps (e.g. Mieczkowski’s TCI
maps, Mieczkowski 1985). Typological maps are applied in different spatial scales,
from global to local (e.g. topoclimatic maps, Oke 1987; Geiger 1969).

The combination between the isoline and the typological approach gives us
raster maps. In raster maps, the space is divided into several regular geometrical
fields (usually a matrix of grid cells). For each raster, meteorological variables are
presented, which can be later used for the calculation of bioclimatic indices. There
are different ways to define climate elements over a raster, e.g. kriging interpolation
(Ustrnul and Czekierda 2003) or by dividing typological pictures into raster modes
(Kozłowska-Szczęsna and Błażejczyk 1996).

These methods of cartographical representation for climate and bioclimate have
been recently used to represent the spatial variability of human thermal stress as
defined by theUniversal Thermal Climate Index (UTCI). Some examples of different
approaches of UTCI mapping are presented in more detail in this chapter.

2 Global UTCI Maps

The first attempt to present a global distribution of UTCI characteristics (namely
annual frequency cold and heat stress conditions)was prepared for the finalworkshop
of COST 730 action in Geneva in 2009 by G. Jendritzky, B. Tinz and O. Baddour.
The authors have applied in this purpose ECMWF-reanalysis (ERA15/ERA40) data
with spatial resolution of about 1.1°, i.e. ca. 120 km.

A few years later, Pappenberger et al. (2015) have published maps of cold stress
(UTCI < −13 °C) and heat stress (UTCI > 32 °C) frequency in January and July
for the period 2009–2012. The UTCI was calculated globally using meteorological
input from the European Centre for Medium-Range Weather Forecasts (ECMWF).
The horizontal resolution of the model was approximately 80 × 80 km and the time
step was 3 h.

This research was continued within the framework of the latest global climate
reanalysis dataset created by the ECMWF. Meteorological variables were used to
calculate a worldwide historical gridded UTCI dataset, called ERA5-HEAT, thereby
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drawing UTCI maps. The automated routine implemented to generate ERA5-HEAT
is described in detail by Di Napoli et al. (2020a). It generates UTCI time series as
a sequence of spatial grids at 0.25° resolution (approximately 28 km at the equator)
and 1 h intervals (Di Napoli et al. 2020b). These are freely available from the Climate
Data Store, CDS, developed as part of the Copernicus Climate Change Service C3S
implemented by ECMWF (CDS 2020).

3 Regional UTCI Maps

Over the last decade, several regional maps of UTCI distribution were done for
various regions in Europe, Asia and Africa. From the cartographical point of view,
themaps represent three different approaches: raster, isoline or cartogram (Nusrat and
Kobourov 2016). The decision on which method is most effective and informative
depends mostly on the data sources available and on the purpose of the study.

3.1 Raster Maps

The global ECMWF database of meteorological variables is applied in regional
UTCI research. Figure 1 is an example of that. It shows a map of heat stress during
the heatwave of June 2019 in Europe. The map presents a distribution of particular
thermal stress categories based on averaged UTCI values for the period between June
24 and July 2, 2019. It can be underlined that in the Mediterranean Basin, moderate
and even strong heat stress conditions were observed not only over land, but also
over sea surface. Analytic maps of June 2019 heatwave can also be found at the
Copernicus webpage (ESOTC 2019).

UTCI records from ECMWF reanalysis data were recently applied in several
regional bioclimate studies. Di Napoli et al. (2018) have used them in studies of
regional patterns of heat-related mortality in Europe. The research covers the period
1979–2016 with a time resolution of 3 h. The spatial pictures identify Mediterranean
and Black Sea regions as the most exposed to strong heat stress during midday hours.

Ge et al. (2017) have applied reanalysis data to calculate UTCI over China. Their
study refers to tourism. The generated map showed the south-eastern part of the
country with the greatest exposure to high UTCI values and increased frequency of
heat stress conditions. On the other hand, the Tibetan Plateau is the region with the
lowest UTCI and the greatest occurrence of cold stress. Similar results were also
obtained for specific Chinese regions by Kong et al. (2017) and Wu et al. (2019).

ECMWF reanalysis data were also applied in the analysis of spatial and temporal
variations of UTCI over the China-Pakistan Economic Corridor (CPEC) from 1979
to 2018 by Zeng et al. (2020). The authors found inter-regional differences in UTCI
time trends and indicated a potential applicability of UTCI in regional planning
within CPEC.
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Fig. 1 Distribution of particular thermal stress categories over Europe during the June 2019 heat-
wave occurred between June 24 and July 2, 2019 (Source https://www.ecmwf.int/en/newsletter/
162/news/heat-health-hazard-index-based-ecmwf-data)

https://www.ecmwf.int/en/newsletter/162/news/heat-health-hazard-index-based-ecmwf-data
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In Europe, Brecht (2019) has applied a set of Global Climate Models to analyze
the spatial variability ofUTCI overGermany. In his representation, a gradual increase
of UTCI was observed from the northern to the southern part of the country.

3.2 Isoline Maps

Regional UTCI studies use data not only from reanalysis and climate models but
also from networks of meteorological stations. Cartographical representations of the
spatial distribution of UTCI by the isoline method were published for Russia, Benin
and Poland.

Vinogradova (2020) has calculated the UTCI for 500 meteorological stations in
Russia for the period 2001–2015. Daily meteorological data were obtained from the
archive of the All-Russian Research Institute of Hydrometeorological Information –
WorldData Center. UTCI values were calculated for daytime (at 3 pm) and night time
(at 3 am), as representative of the warmest and coolest hours of the day, respectively.
Because of its great geographical extent, Russia’s bioclimate presents a wide range
of UTCI values both in winter and summer.

Boko et al. (2014) have produced maps of mean monthly distribution of UTCI
values over the territory of Benin (equatorial Africa). They have used meteorological
data from 11 stations for the period 1971–2010. They noticed the greatest heat stress
in the northernmost stations (at the southern edge of the Sahel region) during summer
months.

A spatial distribution of multiannual UTCI values was also accomplished for
Poland by Tomczyk and Owczarek (2020), and by Kuchcik et al. (2021). Tomczyk
and Owczarek (2020) used daily meteorological data from 40 stations for the period
1966–2015. The UTCI was calculated at 12 UTC to consider the warmest part of
the day. Their analysis shows a spatial distribution of the number of days per annum
with strong and very strong heat stress in summer and in July, in particular. Kuchcik
et al. (2021) used meteorological data at 12 UTC from the period 1951–2018 for 22
synoptic stations. The analysis concentrates both on the spatial distribution of the
UTCI as well as on its time trends. Figure 2 shows the spatial distribution of the
highest, mean, and lowest annual UTCI values. The UTCI distribution represents
well the spatial climatic variability of Poland.

A novel approach was recently proposed by Roshan et al. (2018). The authors
have applied daily meteorological data for 155 Iranian synoptic stations spanning
the period 1995–2014. The purpose of their research was to cluster stations in terms
of their bioclimatic conditions’ similarity as embodied byUTCI. Daily UTCI outputs
were used for clustering using the Euclidean Distance by the Ward method (Ander-
berg 1973). Their study revealed that the division of the stations into 7 clusters with
different UTCI patterns is the most appropriate for the territory of Iran.
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Fig. 2 The highest a, yearly average b, and the lowest c values of UTCI in Poland, 1951–2018

3.3 Cartogram Maps

Another cartographical approach for the representation of UTCI spatial variability
was introduced byBłażejczyk et al. (2020a). In theirwork, the influence of air circula-
tion on UTCI spatial differences over the northern Carpathians (border area between
Poland, Slovakia and Ukraine) was studied. Daily meteorological data for 12 UTC
were calculated from 21 stations for the period 1986–2015. In order to represent the
spatial distribution of UTCI, cartogram maps were employed. Results show that air
circulation strongly impact UTCI characteristics (obtained values and the frequency
of days with cold and heat stress). Distinct differences between southward and north-
ward exposed stations and between western and eastern parts of the studied region
were also found (Fig. 3).
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Fig. 3 Diagram map of highest UTCI values at particular stations and atmospheric circulation
registered in northern Carpathians region (Poland-Slovakia-Ukraine), 1986–2015

4 Local-Scale UTCI Maps

Global and regional databases are very useful when addressing the distribution of
UTCI characteristics (mean,maximum,minimumvalues, frequency of variousUTCI
thermal stress categories) over large territories. However, climatic and bioclimatic
analyses generally refer to small areas such as cities and neighborhoods. In regional
climate research we pay attention to general features of radiation, air circulation and
geographical factors responsible for large-scale bioclimatic differentiation. However,
in local-scale studies we concentrate on specific features of the environment (e.g.
relief, land use, physical properties of surface, plant cover) which can potentially
modify overall climatic conditions. In local climate research, deviations of particular
meteorological variables from standard weather conditions observed at the nearest
meteorological station are usually the focus of attention (Kunert and Błażejczyk
2011).

Several topoclimatic field studies carried out in different geographical regions
provide information of the general impacts of particular geographical elements on
microclimatic conditions (Geiger 1969; Oke 1987; Słowińska et al. 2010; Erell et al.
2011; Matuschek and Matzarakis 2011; Błażejczyk and Błażejczyk 2014; Provençal
et al. 2016; Trimmel et al. 2019). Results lead to the general conclusion that the
patterns of change in microclimate are the same all over the world but their values
can differ from region to region. The following scheme of climate modifications in
local scale, caused by various environmental factors, can be drawn:

Relief : incoming solar radiation is significantly greater at equator-facing slopes
(south in the northern and north in the southern hemisphere) than at other slopes,—
sun-facing slopes are warmer than others,—air temperature decreases and incoming
solar radiation rises according to increases in altitude,—bottoms of valleys and basins
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are areas of so called “cold lakes air”,—tops and elevated ridges are exposed to
stronger winds than valleys.

Forests and parks: incoming solar radiation under canopies can be reduced up
to 90%,—maximum air temperatures and their amplitudes are significantly lower
during daytime than in open areas,—air humidity is higher by 5–10%,-wind speed
can be reduced by 40–90%,—on sunny days, heat stress can be reduced but in days
with low temperature cold stress is likely to be enhanced.

Ground moisture: of sandy and dry areas warms rapidly during daytime and cools
fast in night time hours generating large daily temperature fluctuations (a similar
effect is produced by artificial surfaces, e.g. asphalt, concrete pavements, in urbanized
areas). An opposite temperature rhythm is observed over wet areas.

Land use: coastal areas of lakes, large rivers and seas are cooler, windier and more
humid (this refers to water bodies and their surroundings up to dozens of meters),—
rural areas modify meteorological variables depending on their structure (e.g. wet
meadows versus dry cultivated fields).

Urban areas: great microclimatic modifications are observed in urbanized areas.
Such areas strongly influence wind flows (direction and velocity), radiation field
(shaded and exposed to solar radiation clusters) and ambient temperature (urban
heat island, intra-urban differences due to morphology, parks and water bodies).
These modifications generate considerable spatial variability in microclimatic and
micro-bioclimatic conditions.

The general relations mentioned above can reach different ranges in various
climatic zones. Results from urban climate studies have been applied to develop
models of spatial differentiation of urban areas. Park et al. (2014) have used a combi-
nation of twomodels: HURES (Human-Urban Radiation Exchange Simulation) and
ENVI-met 3.1 (http://www.envi-met.com) to simulate the UTCI within downtown
areas in Nanaimo (BC, Canada) and Changwon (Republic of Korea). Results from
those simulations show distinct differences for the UTCI in studied areas and over
consecutive hours. The ENVI-met model was also applied for the calculations of the
UTCI in Kashgar city, China (Wu et al. 2019). The representation of other models
using high-resolution urban UTCI modeling is shown by Geletič and colleagues in
the following chapter of this book (In this chapter: Application of the UTCI in high-
resolution urban climate modeling techniques).

The most complex topoclimatic database refers to the mid-latitude climates of the
northern hemisphere. Several experimental, topoclimatic studies were carried out in
different types of landscapes, both natural (forests,meadows, fields,wetlands, slopes,
ridges etc.) and man-made (urban, rural, industrial) in Poland, France, southern
Scandinavia, western Ukraine, Bulgaria, European Russia, United States, Mongolia,
Turkmenistan, among others. Reviews of their results are presented and discussed in
Błażejczyk (1990), Błażejczyk et al. (1992), Grzybowski (1990), Kuchcik (2001),
Paszyński et al. (1999).

The obtained results from a wide set of topoclimatic research can serve as a
basis for defining coefficients of changes in solar radiation (zr), wind speed (zv),
air temperature (zt) and relative humidity (zf) in different types of local landscapes
(Table 1). While the experimental research was carried out during warm seasons,

http://www.envi-met.com
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Table 1 Coefficients of change in global solar radiation (zr), air temperature (zt), wind speed (zv)
and relative humidity (zf) in selected types of landscape

Type of landscape Coefficients of change

zr zt zv zf

Relief features Plains 1.00 1.00 1.00 1.00

Tops and upper parts of
hills

1.00 1.00 1.40 1.00

Valley bottoms (H—is valley depth, W—is valley width):

>20 m H and
<200 m W

0.95 0.85 0.70 1.10

<20 m H and
<200 m W

1.05 0.90 0.80 1.00

>20 m H and
>200 m W

1.05 0.95 0.90 1.05

<20 m H and
>200 m W

1.00 1.00 1.00 1.00

Slopes (EL—elevation above slope foot):

Equator facing, EL
20–50 m

1.20 1.20 1.00 0.95

Equator facing, EL
>50 m

1.20 1.20 1.00 0.95

Pole facing, EL
20–50 m

0.80 0.85 1.00 1.10

Pole facing, EL >50 m 0.80 0.85 1.00 1.10

East/west, EL 20–50 m 1.00 0.95 1.00 1.00

East/west, EL >50 m 1.00 0.95 1.00 1.00

Land use Fields and wetlands 1.00 1.00 1.00 1.00

Meadows 1.00 0.95 1.00 1.00

Forests 0.30 0.90 0.20 1.10

Ground transportation
belts

1.00 1.05 0.95 0.90

Rural settlement 1.00 1.10 0.80 1.00

Intra-forest-settlement 0.60 0.95 0.60 1.00

Downtown 0.80 1.25 0.60 0.90

Industrial areas 0.80 1.30 0.60 0.90

Water banks and water
bodies

1.00 0.85 1.10 1.20

Ground moisture Dry 1.00 1.00 1.00 1.00

Humid 1.00 0.95 1.00 1.10

Wet 1.00 0.90 1.00 1.20

Caution: zt coefficients are valid within the air temperature range of 5–35 ºC (Source Błażejczyk
(2002), modified by Kunert (2010))
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the coefficients of changes in air temperature are valid within the range of 5-35 ºC
(Błażejczyk 2002).

For defining landscape units, several environmental layers must be available: land
use and land cover, ground moisture, hypsometry, plant cover. Values of particular
meteorological components necessary for UTCI analysis are calculated by means of
the reclassification of environmental layers using coefficients listed in Table 1. As
basic values ofmeteorological elements,we canuse variablesmonitored at the nearest
meteorological station and/or they can be obtained by defining specific weather
scenarios typical for particular regions and seasons. In the next step, the modelled
meteorological variables are used for the calculation of UTCI.

In Poland, the first attempt to present a spatial distribution of UTCI was done by
Błażejczyk (2011, 2013) for Warsaw. Environmental raster layers (relief, land use,
vegetation cover) were developed by digitizing paper maps that had a spatial reso-
lution of 120 × 120 m (Kozłowska-Szczęsna et al. 1996). For each raster, different
types of landscapewere defined and consequently relative values of particular climate
elements were adopted. UTCI was calculated with the use of IDRISI Tajga (2009)
software package. Several weather scenarios were applied to define expected values
of meteorological variables (Table 2).

To assess thermal stress, the following simplified UTCI equation was applied:

UTCI = 0.84 × Ta + 0.246 × Tmrt − 2.45 × va + 0.204 × vp − 0.01 (1)

Table 2 Weather scenarios
applied in UTCI modelling
for Warsaw

Air temperature
(Ta, °C)

Total cloud cover
(N, %)

Wind speed (va,
m/s)

Cool (10) Cloudy (80) Calm (2)
Windy (4)
Very windy (8)

Cool (10) Sunny (20) Calm (2)
Windy (4)
Very windy (8)

Warm (20) Cloudy (80) Calm (2)
Windy (4)
Very windy (8)

Warm (20) Sunny (20) Calm (2)
Windy (4)
Very windy (8)

Hot (30) Cloudy (80) Calm (2)
Windy (4)
Very windy (8)

Hot (30) Sunny (20) Calm (2)
Windy (4)
Very windy (8)

Relative humidity was set at 50% as constant value
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where: Ta is air temperature (°C), Tmrt is the mean radiant temperature (°C), v is
wind speed at 10 m above ground (m/s), vp is water vapour pressure (hPa) calculated
based on relative humidity (RH) and air temperature values, as follows:

vp = 6.112 × 10[7.5×Ta/ (237.7+ Ta)] × 0.01 × RH) (2)

To calculate Tmrt , the following procedure was applied:

Tmrt = [(
Rprim + 0.5 × Lg + 0.5 × La

)
/
(
5.384 × 10−8

)]0.25 − 273 (3)

where:

La = 5.5 × 10−8 × (273 + Ta)
4 · [0.82 − 0.25 × 10(−0.094×0.75·vp)], (4)

Lg = 5.5 × 10−8 × (
273 + Tgr

)4
, (5)

Ground surface temperature (T gr) is assessed as follows:

Tgr = ta − (for cloudiness, N > 80%) (6)

Tgr = 1.25 × Ta − (for N < 80% and Ta > 0◦C) (7)

Tgr = 0.9 × Ta − (for N < 80% and Ta < 0◦C)] (8)

To calculate solar radiation absorbed a by nude man (Rprim) the SolAlt model
(Błażejczyk 2001, 2004; Błażejczyk and Kunert 2011) was applied.

Rprim = 0.7 × [73.98 × ln(h) − 100.4] × zr − for N <= 20% (sunny weather)
(9)

Rprim = 0.665 × h1,039 × zr − for N > 80% (cloudy weather). (10)

where h is solar angle taken for midday hours as 30° for Ta = 10 °C, 50° for Ta =
20 °C and 60° for Ta= 30 °C; zr is the coefficients of change in global solar radiation
a shown in Table 1.

In Warsaw, the smallest differentiation of heat stress is observed at moderate
temperature (20 ºC) and wind speed (4 m/s), both by cloudy and sunny weather.
Irrespective of cloudiness, in most of the urban area UTCI is within the range of “no
thermal stress” (9-26 ºC). In sunny hot summer days, moderate heat stress (26-32 ºC)
can be found only in industrial and very dense urban areas. During extreme weather
conditions, a diversified urban morphology causes a great spatial differentiation of
biothermal conditions. On cloudy, cool and windy days, UTCI in the downtown area
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can mean moderate cold stress range. On the other hand, during sunny, hot, humid
and calm days, several hot spots with extreme heat stress are found in the city center
(Fig. 4).

The Błażejczyk’s method was used by Dobek et al. (2013) for the city of Lublin
(eastern Poland). The authors applied environmental layers (relief, land use) at a
resolution of 5 × 5 m. Those layers were created based on Digital Elevation Model

Fig. 4 Spatial distribution of UTCI in Warsaw (Poland) in selected weather scenarios
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Sunny, ta 10°C, f 80%, v 8 m/s Sunny, ta 30°C, f 40%, v 1 m/s

Fig. 5 Distribution of different UTCI categories over Kłodzka Land basin at different weather
scenarios (Source Milewski 2013)

and Topographic Database derived from topographic maps at a scale 1:10,000. The
UTCI maps were generated for several weather scenarios. Similarly to Warsaw, the
greatest heat stress is expected in central parts of the city.

TheBłażejczyk’smethodwas also used byMilewski (2013) to present local differ-
entiation of UTCI in the mountain region of Kłodzka Land basin (eastern Sudetes,
Poland). Raster mode environmental data with a resolution of 0.5 × 0.5 km were
derived from various sources. The land-use layer is based on Corine Land Cover
2006 data. The layer with types of relief was developed using the Digital Terrain
Elevation Data (DTED). Automatic reclassification of environmental layers allowed
the definition of landscape units, and then the calculation ofmeteorological variables.
UTCI maps were calculated for different weather scenarios of the warm season. The
example shows a distinct spatial diversity of UTCI, especially during hot, sunny and
not-windy summer weather (Fig. 5).

In 2010, Kunert hasmodified the Błażejczyk’smethod (Kunert 2010). She applied
the typological approach to establish types of landscape. Based on environmental
information, spatial units of homogeneous landscape features (e.g. flat grassland
with moderate ground moisture, valleys bottoms with wet meadows) were defined as
a combination of information listed in Table 1. For every type of landscape zr, zt, zf
and zf coefficients (cf. Table 1) were classified. Based on such coefficients, projected
values of meteorological variables were defined for particular weather scenarios. For
the calculation of UTCI, a full algorithm is used as available in the BioKlima 2.6
software package (https://www.igipz.pan.pl/bioklima.html).

First, the modified method was applied in UTCI maps of Mazovia Lowland in
central Poland (Błażejczyk and Błażejczyk 2014). Landscape units were defined for
1 × 1 km raster based on environmental layers of land use, hypsometry and ground
moisture. While the study area is very flat, the main factors differentiating spatial
diversity of UTCI were land use and ground moisture. The maps present UTCI

https://www.igipz.pan.pl/bioklima.html
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values in two weather scenarios. In both images, there is the well-defined Warsaw
agglomeration, which generates higher UTCI than surrounding areas (Fig. 6).

Recently, the method has been applied to study the spatial variability of UTCI in
the sub-mountain health resort of Przerzeczyn (Błażejczyk et al. 2020b). In the first
step, environmental maps were created. The land-use layer was developed based on
Corine Land Cover 12 data. While the relief is not very differentiated, the principal
relief units were defined using a hypsometric layer at topographic map. The same
map and information from the map with soil types were applied to identify ground
moisture (Fig. 7). Finally, for every part of the area with individual combinations
of environmental factors (type of land use, relief and ground moisture) the zr, zt,

Fig. 6 Distribution of UTCI over Mazovia Lowland (central Poland) during two summer weather
scenarios
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Fig. 7 Hypsometry and land use of Przerzeczyn health resort (health resort areas are divided into
core zone “A” and buffer zone “B”)

zv and zf coefficients were defined. In the next step, these coefficients were applied
to calculate values of particular climate elements: global solar radiation (Kglob), air
temperature (Ta), wind speed (va) and relative humidity of air (RH).

UTCI values were calculated in BioKlima 2.6 software using the full UTCI
formula (Błażejczyk and Błażejczyk 2010) for different weather scenarios typical
for warm seasons in Poland: clear sky and overcast, four air temperatures (1, 10, 20
and 30 °C), two wind speeds (2 and 8 m/s). The relative humidity was set constant at
70%. The combination of weather scenarios is shown in Table 3. The table also indi-
cates the solar angle (typical for midday hours in particular seasons in Poland) used
in particular weather scenarios to calculate the mean radiant temperature. The proce-
dure applies for this purpose the SolGlob model, which estimates absorbed solar
radiation by a pedestrian based on global solar radiation (Kglob) data (Błażejczyk
2001, 2004; Błażejczyk and Kunert 2011).

Rprim = 0.17269 × K 0.9763
glob − for Kt <= 0.8 (11)

Rprim = 2.58454 × K 0.5842
glob − for Kt between 0.8 and 1.05 (12)

Rprim = 30.3982 × K 0.2326
glob − for Kt between 1.05 and 1.2 (13)

Rprim = 6.24967 × K 0.4861
glob − for Kt greater than 1.2 (14)
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Table 3 Definition of weather scenarios used in UTCI simulation

Season Global solar
radiation (W/m2)

Air temperature
(°C)

Wind speed (m/s) Solar angle (°)

Spring and autumn 200 (sunny) 1 (cold) 2 (calm) 15

200 (sunny) 1 (cold) 8 (windy) 15

100 (cloudy) 1 (cold) 2 (calm) 15

100 (cloudy) 1 (cold) 8 (windy) 15

400 (sunny) 10 (cool) 2 (calm) 30

400 (sunny) 10 (cool) 8 (windy) 30

100 (cloudy) 10 (cool) 2 (calm) 30

100 (cloudy) 10 (cool) 8 (windy) 30

Summer 800 (sunny) 20 (warm) 2 (calm) 50

800 (sunny) 20 (warm) 8 (windy) 50

200 (cloudy) 20 (warm) 2 (calm) 50

200 (cloudy) 20 (warm) 8 (windy) 50

800 (sunny) 30 (hot) 2 (calm) 50

800 (sunny) 30 (hot) 8 (windy) 50

200 (cloudy) 30 (hot) 2 (calm) 50

200 (cloudy) 30 (hot) 8 (windy) 50

where Kt represents theoretically possible global radiation at cloudless sky:

Kt = Kglob/
(−0.0015 × h3 + 0.1796 × h2 + 9.6375 × h − 11.9

)
(15)

The Kt values are applied also to assess ground surface temperature (T gr).

Tgr = Ta − for Kt <= 0.8 (16)

Tgr = 1.25 × Ta − for Kt > 0.8 and Ta > 0 ◦C (17)

Tgr = 0.9 × Ta − for Kt > 0.8 and Ta < 0 ◦C (18)

In the analysis of the spatial variability of UTCI at local scale not only absolute
index values but also deviations from reference conditions can be taken into account.
Table 4 shows examples of UTCI deviations from reference conditions (i.e. observed
at a location typical for setting up a standard meteorological station, i.e. flat, elevated
grass area with free air flow) in different types of landscape during extreme weather
scenarios.

During cold, cloudy and windy days, UTCI at reference conditions may drop to
−21.6 °C. Over water bodies, UTCI deviates from reference conditions by −1.4 °C.
In parks and urban areas, UTCI is 3.5–7.6 °C higher than at the reference area. In
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Table 4 DeviationofUTCI from reference conditions at different types of landscapeduring selected
weather scenarios of warm season in Poland

Type of landscape Weather scenarios

Cloudy
Cold
Windy

Sunny
Cold
Calm

Cloudy
Hot
Windy

Sunny
Hot
Calm

Reference conditions (flat, elevated
grass field)

UTCI at reference area (°C)

−21.6 2.3 24.6 35.4

Deviations of UTCI from reference area (K)

Bottoms of valleys 0.9 −1.1 −0.5 −1.3

Coniferous/mixed forests 17.5 −2.6 −6.1 −7.7

Decideous forests 12.2 −3.2 −3.7 −3.7

Fresh meadows −0.1 −0.1 −1.0 −1.8

Parks 7.1 −4.1 −3.3 −3.7

Rural settlements 3.5 1.6 2.6 4.4

No-dense urban settlements 7.6 2.7 1.2 1.9

Water bodies −1.4 −0.4 −2.7 −4.5

Note negative UTCI deviations are marked in grey

densely vegetated areas, UTCI is by 12.2–17.5 °C higher. During cold, sunny and
calm weather, UTCI in reference conditions can reach 2.3 °C. The greatest negative
UTCI deviations are observed inside forests and parks (from−1.1 to−4.1 °C). Only
in urban areas UTCI is higher than in reference conditions, by 1.6–2.7 °C. During
hot cloudy and windy days, UTCI at reference conditions reaches 24.6 °C. In urban
areas UTCI is higher by 1.2–2.6 °C. However, in forests, parks and over water bodies
thermal stress is reduced by 2.7–6.1 °C. A similar spatial pattern of UTCI deviations
is noticed during hot, sunny and calm days (Table 4).

The aforedescribed research dealt with recommendations for health resorts from
the point of viewof its bioclimatic potential, to be considered in therapeutic and health
prophylactic purposes. Spatial images of UTCI deviations under various weather
scenarios indicated parts of the resort where patients can experience softening or
hardening of thermal stress (in relation to reference conditions). The maps (Fig. 8)
show that a given area can reduce or intensify cold or heat stress. For example, during
cold, cloudy and windy weather, positive UTCI deviations (softening of cold stress
occurring in open, flat areas) are experienced inside forests, parks and urbanized
areas. However, in hot, sunny and calm weather, urbanized areas intensify heat stress
whereas forests and parks can significantly reduce it. Detailed analysis of UTCI
distribution in various weather scenarios can be a base for planning therapeutic and
recreational activities in particular parts of resorts. Depending on actual weather
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Fig. 8 Deviations of UTCI from reference conditions (marked in white) over Przerzeczyn health
resort during two weather scenarios

conditions, particular forms of climate therapy1 can be organized in various types of
landscape (Table 5).

5 Conclusions

This chapter presented an overview of mapping approaches of the UTCI developed
for different spatial scales, from global to local. In global and regional mapping,
relevant advances were achieved thanks to open global databases of meteorological
variables (ECMWF). Both, global and regional mapping of UTCI provide a great
opportunity to analyze spatial patterns and peculiarities of thermal stress variability.
The overview showed recent studies with great potential for identifying regions
with specific UTCI characteristics which can be applied for many practical purposes
such as human health and tourism. They are also applied in the analysis of regional
differences in climate change scenarios.

It should be stressed that the mapping of UTCI at a local scale does not follow
a single, specific methodology. The most complex approaches were done for urban
areas as well as for landscapes of mid-latitude geographical regions. In the present
chapter, we presented a method for UTCI mapping at a local scale based on topocli-
matic field research carried out in themid-latitude climate belt. In research carried out
in climates of high and low latitudes, it is necessary to validate the modification coef-
ficients used in the presented method in order to make them globally applicable. The
first attempts of UTCI mapping at a local scale show possible applications in urban
climate analyses, local planning as well as for health resort treatment, recreational
and health prophylactic purposes.

1According to the “Encyclopedia of balneology, physicalmedicine, bioclimatology and health resort
geology” (Ponikowska 2015) there are three principal forms of climate therapy: heliotherapy (using
in treatment the exposure to direct solar radiation during sun bathing), aerotherapy (exposure to
complexweather stimuli during air bathing) and terrain kinesitherapy (exposure to complexweather
stimuli during outdoor physical activity, e.g. walking, jogging, biking etc.).
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Table 5 Recommendations for different forms of climate therapy in various types of landscape in
Przerzeczyn health resort

Weather scenario Recommendations

Preferences Limitations

Sunny/cold/calm Terrain kinesitherapy (TK) in any
type of landscape

Heliotherapy (HT) not
recommended
Aerotherapy (AT) only in parks
and forests

Sunny/cold/wind TK in parks and forests HT and AT impossible in any type
of landscape

Cloudy/cold/calm TK in any type of landscape HT impossible, AT only in parks
and forests

Cloudy/cold/windy TK in parks and forests HT impossible, AT not
recommended

Sunny/cool/calm TK and AT in any type of landscape Limited HT in parks

Sunny/cool/wind TK and AT in parks and forests HT not recommended anywhere

Cloudy/cool/calm TK in any type of landscape HT impossible, limited AT

Cloudy/cool/windy TK in parks and forests HT impossible, AT not
recommended

Sunny/warm/calm TK and AT in any type of landscape HT only in open areas (fields,
meadows)

Sunny/warm/wind TK in any type of landscape,AT in
parks and forests

Limited HT

Cloudy/warm/calm TK and AT in any type of landscape HT impossible

Cloudy/warm/windy TK in any type of landscape,AT in
parks, forests s and rural settlements

HT impossible

Sunny/hot/calm HT in open areas (fields, meadows)
AT in any type of landscape

TK very limited (overheating risk)
especially in bottoms of valleys,
decideuous forests and urban area

Sunny/hot/wind HT and AT in bottom of valleys and
rural settlements

TK limited to parks and
coniferous/mixed forests

Cloudy/hot/calm AT in any type of landscape TK very limited (overheating risk)
especially in bottoms of valleys,
decideuous forests and urban area
HT impossible

Cloudy/hot/windy AT in any type of landscape TK limited to parks and
coniferous/mixed forests
HT impossible
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Chapter 9
Application of the UTCI
in High-Resolution Urban Climate
Modeling Techniques

Jan Geletič, Michal Lehnert, Jaroslav Resler, and Pavel Krč

Abstract Urban population is affected by many processes typical for urban land-
scapes. Spatial patterns of physical, social, behavioral and environmental elements
of urban environments and their interactions with human beings have been therefore
gaining interest of scholars as well as politicians and local actors for decades. The
combination of climate change, growing urban population and increasing computing
capabilities opens up space for new areas of spatial analyses in urban environments—
among them analyses of human thermal comfort. Consequently, modeling of thermal
exposure as a cardinal factor of thermal comfort in real outdoor urban environments
represents a pending and challenging task for urban climate research.

Keywords PALM · Urban climate modeling · Spatiotemporal variability of the
UTCI · Heat stress

1 Introduction

Two of the most important processes, characteristically modeled in urban environ-
ments, are radiative and heat exchange processes. These processes are crucial for
the energy budget of the surfaces, which strongly affect boundary-layer dynamics,
as well as spatiotemporal distribution of (bio)meteorological variables—in other
words, human thermal exposure. Demand for spatially more detailed and complex
information about climate in very specific urban areas has led to development of
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numerical models capable of simulating such processes at fine scale (micro and local
scales).

Fine-scale modeling of processes in the urban canopy layer is a challenging task
where the uncertainty is an intrinsic part of the modeling process. Nevertheless,
substantial progress made in last decades led to the development of computational
fluid dynamics (CFD) models, e.g. MITRAS (Schlünzen et al. 2003), ENVI-met
(Bruse 2004), MUKLIMO_3 (Sievers 2012, 2016), UrbClim (de Ridder et al. 2015)
or most recently PALM (Maronga et al. 2020). The progress and development of
fine-scale models, however, brings many new problems, such as the level of detail of
input data (and their accuracy, collection and/ormapping), the effect of neighborhood
on microclimate and the complex model validation.

Difficulties and uncertainties are connected particularly to the heterogeneity of
surface characteristics (e.g., albedo, emissivity, heat capacity, plant canopy, rough-
ness etc.), their accuracy and level of detail (e.g., parameterized trees or detail infor-
mation about each trunk, branch and crown) and diverse human activities (e.g.,
anthropogenic heat, air pollution). This results in a high variability of related quan-
tities of urban atmosphere (primarily air temperature (Ta), relative humidity (RH),
mean radiant temperature (Tmrt) and wind components). Characteristic length scales
of surface heterogeneities in urban areas are 1–100 m, thus models with input grid
sizes far below the kilometer scale are needed to resolve the characteristic atmo-
spheric features triggered by a specific urban environment. In this regard, atmospheric
modeling of urban areas usually considers a limited number of relevant processes; in
many cases, it is performed with coarser resolution which cannot properly describe
the conditions inside street canyons (Resler et al. 2017). One of the most challenging
questions is the approach to the turbulence simulation; is it sufficient to use a param-
eterized model of turbulence (e.g., Reynolds-averaged Navier-Stokes; RANS) or is it
more efficient to utilize a large-eddy simulation (LES)model with explicitly resolved
turbulence (Fröhlich and von Terzi 2008).

LES models solve the three-dimensional prognostic equations for momentum,
temperature, humidity, and other scalar quantities (such as chemical species). The
PALM modeling system with its PALM-4U components for detailed modeling
of urban-canopy-related processes which is used in the following case study is
the first open-source meteorological model based on the LES principles with the
implementation of most urban-canopy-related processes.

1.1 Modeling of Thermal Exposure in Urban Environments
with the PALM-4U Tool

For a calculation of thermal exposure in urban environment, several variables are
needed: air temperature (Ta), relative humidity (RH), wind speed (va; more precisely
air velocity) and radiation (r; frequently summarized in the integrating variable of
mean radiant temperature—Tmrt) (Höppe 1999; Geletič et al. 2018). However, the
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thermal environment is particularly diverse, which leads to an enormous variability
and complex mutual interactions between those variables. For instance, heat and
moisture exchanges, aerodynamic, and radiation conditions are markedly different
inside the street canyon and on the city-scale level. Enhanced heat storage in urban
areas results from intensive absorption of shortwave (SW ) and longwave (LW ) radi-
ation and its multiple reflections due to the prevalence of horizontally and vertically
oriented impervious urban surfaces (Voogt and Oke 2003). In addition, the enclosed
spaces between the buildings in the city lead to the absorption of emitted longwave
radiation, which can also be referred to as the reduction of total heat losses by radi-
ation. Human activities in urban environments produce another extra source of heat.
The combination and interactions of these factors result in a complex spatiotemporal
pattern of Ta, RH, va and Tmrt indicating that fine-scale modeling of the climate in
street-level needs to be analyzed as a complex system, which can be provided by
PALM-4U (Belda et al. 2020; Gehrke et al. 2020; Resler et al. 2017, 2020a).

PALM-4Uenables us to utilize several sophisticatedmodules embedded inPALM,
namely the land surfacemodel (LSM;Gehrke et al. 2020), the building surfacemodel
(BSM, formerlyUSM; seeResler et al. 2017), the plant canopymodel (PCM), and the
radiative transfermodel (RTM;Krč et al. 2021), which uses external radiation forcing
from the Weather Research and Forecasting (WRF) model in our setting. Further-
more, the following components are applied in PALM-4U: the Cartesian topog-
raphy, the human biometeorology module (BIO; Fröhlich and Matzarakis 2020),
online chemistry modules (Khan et al. 2020), and online and offline domain nesting
features (Hellsten et al. 2020; Kadasch et al. 2020).

1.2 The Mean Radiant Temperature

Of particular importance for the thermal assessment of a given thermal environment
is the mean radiant temperature (Tmrt). Tmrt at an arbitrary point in space is defined
as the temperature of an imaginary object, at which that object would be in radiative
equilibrium with its surroundings, i.e. the absorbed irradiance would be equal to the
emitted radiance. An overview and limitations of in situ measurements approaches
for assessing the Tmrt are described by Kántor and Unger (2011).

For Tmrt modeling, three models are typically used: RayMan (Pro), SOLWEIG
and ENVI-met. RayMan is developed on the basis of the Association of German
Engineers’ environmentalmeteorology standards (VereinDeutscher Ingenieure)VDI
3787 and 3789 (Verein Deutscher Ingenieure (VDI) 1994, 1998, 2001). RayMan
was validated by many authors, most thorough studies were published by Krüger
et al. (2014) and Lee and Mayer (2016). RayMan is a closed source model, where
relevant information regarding radiation is missing. Without detailed knowledge
of input variables and parameters it is very hard to truthfully describe all small
discrepancies of Tmrt in the urban environment. SOLWEIGmodel’s treatment of SW
and LW radiation fluxes is extensively documented by Lindberg et al. (2008, 2016)
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and validated in many papers (e.g., Lindberg et al. 2016; Kántor et al. 2018). ENVI-
met is the only CFD model used for spatial analysis of outdoor microclimate (based
on RANS principle, more specifically). ENVI-met follows the same VDI standard as
RayMan, but no up-to-date description of the model is available. There exists only
one source with a description of Tmrt calculation (Huttner 2012). Currently, ENVI-
met is probably the most used model for a spatiotemporal calculation of Tmrt (same
as the following calculation of biometeorological indices, e.g. UTCI and PET). The
most comprehensive review of available ENVI-met validation studies is given by
Tsoka et al. (2018). ENVI-met model is also closed source, as RayMan. Practically,
this means that a lack of transparency is similar as in the case of RayMan. All three
models were analyzed in detail in a comparative numerical simulation and validation
study by Gál and Kántor (2020).

One of the most recent possibilities of Tmrt calculation is the PALM model. Tmrt ,
together with radiation fluxes, are obtained with the RTM model (Krč et al. 2021),
which provides SW and LW radiation for the BIO module (Fröhlich and Matzarakis
2020). The importance of radiative transfer processes in the PALM model system
6.0 is described in detail by Salim et al. (2020). A new approach for the calculations
of Tmrt in RTM allows the BIO module to perform more precise calculations of
derived biometeorological indices; this brings a new perspective for the spatiotem-
poral differentiation of physical level of thermal comfort at pedestrian level with the
use of validated model results (Resler et al. 2020a).

1.3 Application of the Universal Thermal Climate Index
(UTCI)

The calculation of the UTCI is based on the Fiala-UTCI multi-node dynamic of
human heat transfer and regulation model (Fiala et al. 2012) and includes a clothing
model that reflects behavioral adaptation of clothing insulation by the general urban
population in response to momentary outdoor air temperature (Havenith et al. 2012).
The UTCI is then defined as the isothermal air temperature of the reference condition
that would elicit the same dynamic response of the physiological model for any
combinations of Ta, RH, va and r (Jendritzky et al. 2012). In the case study described
in this chapter, the PALM model SVN revision 4508 was employed (Resler et al.
2020b). More specifically, for Tmrt calculations, the ellipsoidal parameterization set
in RTMwas used for calculations using the BIO module implemented in the PALM-
4U. The analyzed output represents 10-min averages of the calculated UTCI. In the
model, these values are calculated at a given time step, which can vary in range from
0.1 to 1.0 s, depending on current meteorological conditions.
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2 Case Study Prague-Dejvice

Dejvice, a characteristic neighborhood of a Central European city located in the
Czech capital Prague,was chosen for testingPALM.This areawas indicated as a “hot-
spot” and vulnerable areawith elevated temperatures during heat waves (Geletič et al.
2020). The area is located in Köppen’s climate type Cfb (temperate oceanic climate).
The average annual temperature recorded in a nearby meteorological station, at
Praha-Klementinum (WMO 11514) is 10.8 °C (climate normal for 1980–2010); the
mean temperature in July is 20.8 °C. Statistical data for Prague (CZE_Prague, WMO
11518, obtained from EnergyPlusWeather Converter v. 7.1.0.010; EPW, 2021) show
that the hottest month is August, with a daily average of 17.6 °C and a temperature
range of 10.9 K, with maxima reaching 32 °C. For a baseline of 23.3 °C, August has
320 cold degree-hours (CDH) and July has a somewhat higher value of 360 CDH. In
this study, we consider days around summer solstice, hence days in late July, which
represents the peak monthly global solar radiation in this location (4,880 W m−2).

The domain includes a complex terrain; the mean elevation of the domain is
225 m a.s.l. and elevation spread is±15 m. Substantial parts of the domain represent
typical historical residential areaswith a combination of old and newbuildings (Local
Climate Zone ‘LCZ’ 5—‘open midrise’, according to the classification scheme of
urban areas aimed at the standardization of methods of observation and documenta-
tion in urban heat island studies, as proposed by Stewart and Ok 2012) and a variety
of other urban components (such as gardens, parks or parking lots). However, the
south-west and north-east parts of the domain are mostly sparsely built-up (Fig. 1).
The building heights alongside the streets range approximately from 20 to 30 m,
the highest building in the domain is 60 m high. Both main boulevards are approxi-
mately 40 m wide, with the boulevards (with a few exceptions) not exhibiting much
greenery. The majority of trees are located in the intra-blocks and parks.

A typical summer period, from 18 to 21 July, was simulated. Daily maximum
temperature exceeded 30 °C only on the last day simulated (30.1 °C); the previous
days’ maxima were 27.6 °C and 28.1 °C, respectively. The period between the after-
noon of 19 July and the late afternoon of 21 July was mostly clear, with some high-
altitude cirrus. The late afternoon and evening of 21 July was cloudy, mostly with
low-level cumulus. The highest values of relative humidity occurred at night (93%),
dropping to 27% during the day. The wind above roof level was north-westerly, light,
mostly below 3.2 m s−1, and often as low as 1.6 m s−1 (for more details see Resler
et al. 2020a).
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Fig. 1 Aerial image of study domain with selected locations in Prague-Dejvice, Czech Republic
(data source Czech Office for Surveying, Mapping and Cadastre)

3 Results

3.1 Spatiotemporal Pattern of UTCI in a Hot Sunny Day

Results of the spatiotemporal pattern of the UTCI in the pilot domain Prague-Dejvice
enable us to illustrate and comprehensively assess the spatiotemporal pattern of
thermal exposure in a case study for the chosen urban area. Six characteristic spatial
patterns of the UTCI related to the time of day can be drawn from model results
(Geletič et al. 2021). Following a similar procedure to the one presented by Vanos
et al. (2020), we present averages for different periods, termed ‘phases’, in order to
express spatial patterns of the UTCI/thermal exposure with respect to UTCI-related
heat stress categories (Bröde et al. 2012).

In the “late-night phase” (00:00–03:00 UTC), during the late-night hours before
sunrise highest values of the UTCI are typically close to the walls of buildings, due
to sensible heat fluxes and LW radiation emitted from façades. Thermal radiation
emitted from façades is most intense in narrow alleys and in small courtyards with
dense tree canopies resulting in higher UTCI values (Fig. 2a). Conversely, open
spaces with few trees or bare soil (e.g., parking lots, lawns) show characteristically
lower UTCI values during the late-night phase.
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Fig. 2 Spatial variability of the average UTCI in Prague-Dejvice on 20 July 2018: late-night phase
(a; 00:00–03:00 UTC), sunrise transitional phase (b; 04:00–08:00 UTC), morning phase (c; 09:00–
12:00 UTC), afternoon phase (d; 13:00–16:00 UTC), evening transition phase (e; 17:00–20:00
UTC) and early night phase (f; 21:00–00:00 UTC)

Following the “sunrise transitional phase” (04:00–08:00 UTC; Fig. 2b), the
morning pattern of thermal exposure (“morning phase”) is formed (09:00–12:00
UTC; Fig. 2c). During this phase, the highest UTCI values are seen in the vicinity of
the sunlit south and east sides of existing buildings. In addition, closed courtyards
with low vegetation coverage start to heat up rapidly, leading to a steep rise in UTCI
values. In contrast, lower UTCI values are noticed in the shade of trees and buildings.
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The comparatively lower values of the UTCI due to shade are even more
pronounced during the “afternoon phase” (13:00–16:00 UTC, Fig. 2c), when the
overall highest daytime values of the UTCI are reached. The maximumUTCI values
shift from south-facing to south-west-facing façades in sunlit areas (Fig. 2d). Never-
theless, a developed turbulent flow results in generally increased spatiotemporal
variability of UTCI patterns.

After the “evening transition phase” (17:00–20:00UTC; Fig. 2e), the “early-night
phase” (21:00–00:00; Fig. 2f) is formed with its unique spatial thermal exposure
pattern. During this phase, higher UTCI values are clearly observed in narrow streets,
and especially in courtyards with a high proportion of impervious surfaces, typically
asphalt or concrete. In contrast, Tmrt values in open spaces covered by lawn/grass
surfaces and a few trees become substantially lower; UTCI values in these spaces
resemble those expected for parks and gardens at any given time. The spatial UTCI
distribution pattern during the early night phase moves towards the characteristic
pattern of the late-night phase, as described, and the daily cycle of thermal exposure
repeats itself (in the case of stable weather conditions).

3.2 Microscale Diurnal Course of the UTCI in an Urban
Area

The daily course of the UTCI for the same period (19–21 of July) is in micro-scale
largely dictated by street orientation and by locational features of the analyzed point.
The key drivers are in the closest vicinity of each point of interest for analysis, as
well as its properties. Daily maxima of the UTCI were observed in the east-to-west
(or west-to-east) oriented streets without vegetation, typically on the north side of
the street, close to south-facing walls (cf. green continuous line for the E3 point in
Fig. 3). These locations are usually sunlit during most of the day with the maxima
reaching up to 40 °C. TheUTCI also increases in streets providedwith buildings with
a large windows fraction, and/or where high surface albedo predominates on both
sides of the street (at both sunlit and shaded façades). It can be hypothesized that this
effect is attributed to the strong reflection of short-wave radiation (already discussed
in Belda et al. 2020 andGeletič et al. 2021). This effect would then be followed by the
absorption of reflected radiation by pavement surfaces, which usually have a lower
albedo and higher roughness (Lobaccaro et al. 2019), though these findings are still
theoretical assumptions, which need to be verified by specially-targeted validation
campaigns (Geletič et al. 2021). In contrast, areas located on the shaded side of such
streets present the lowest maxima of the UTCI (around 33 °C), as south-facing walls
are typically irradiated only in the early morning or in the late afternoon (cf. orange
continuous line for the E4 point on Fig. 3).

A north-to-south street is characterized by a single daily maximum UTCI value.
In the morning to noon phase, UTCI maxima for the west side of streets (near east-
facing walls; cf. red continuous line for the N1 point in Fig. 3) appear before noon
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Fig. 3 Moving averages (n = 5) of the UTCI index with heat stress intensity (right x-axis) in
selected street-canyon locations (points N1, N2, located in a north-to-south street, points E3, E4
located in streets running east-to-west, cf. Fig. 1)

and can reach 36–38 °C. The maxima for the east side of the streets (adjacent to
west-facing walls; cf. blue continuous line for the N2 point in Fig. 3) shifts to the
afternoon and can be slightly higher as in east-west oriented streets; they can reach
41 °C. Finally, both sides of the streets show similar UTCI values at noon (Fig. 3).
However, the results herein suggest that UTCI maxima on the east side of streets
(adjacent to west-facing walls) reach values of up to 5 °C higher than those on the
west side of streets (adjacent to east-facing walls); thus the effect of the momentary
solar gain by the walls is the same as that of the already-heated surfaces (warmed by
short-wave reflection and long-wave emission during morning hours).

The ability of trees in moderating heat stress in street canyons is demonstrated
here and in previous studies. Model simulations estimate the cooling effect of trees
within a range from 4 to 9 °C UTCI during the day and only minor UTCI increases
are estimated for the night time period. Such increase is the effect of tree crowns,
limiting radiative cooling of the heated surfaces. Preliminary results show increases
within the range 0.6–1.0 K for coniferous trees and 0.2–0.5 for broad-leaved trees
(in summer period, with considerable soil moisture).

A decrease of the UTCI is mainly determined by the parameters of the street
canyon; street width, building height, trees placement and their properties (tree crown
canopy and leaf area density, primarily). Densely planted streets with small distances
between trees (cf. Fig. 4a and related UTCI in Fig. 4b), forming a “green tunnel”
effect, yield lower values of the UTCI during daytime than streets with scattered
trees (Resler et al. 2017). Leaf area density represents the second important factor
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Fig. 4 Orthophoto map (a) and examples of spatial variability of 10-min UTCI averages in street
canyons and courtyards in the densely built-up quarter of Prague-Dejvice on 20 July 2018 at 06:00
UTC (b), 11:00 UTC (c) and 15:00 UTC (d)

for changes in the UTCI; trees without or with scattered leaves will provide less
shading than densely-leaved crowns, with diminished possibilities to reduce heat
stress. On the other hand, leaves and branches reduce the radiative cooling effect of
the sky during night-time. Similar findings on the effect of vegetation on heat stress
mitigation were obtained from measurements by Middel and Krayenhoff (2019)
using the MaRTy device, modeled using ENVI-met and measured by Gatto et al.
(2020), and measured by Park et al. (2012). A review of the cooling effect of urban
green spaces is presented by Aram et al. (2019).

The results for daytime show that UTCI values in the closed courtyards with trees
were about 5–10 °C lower than those in the courtyards with impervious surfaces
(Fig. 4c). Trees are able to mitigate spells of moderate heat stress substantially, thus
avoiding the occurrence of strong heat stress. Maximum UTCI values occurred in
the afternoon, but this pattern might change due to level of shading in the courtyard.
Interestingly, during the first part of the night, UTCI values remained slightly higher
in paved courtyards (1–2 °C), a response to higher surface temperatures arising from
heat storage in the urban fabric (Fig. 4d).Higher levels of long-wave radiation emitted
by the tree crowns in comparison with the radiation from the sky contribute to higher
Tmrt and consequently to higher UTCI values in the course of the night, in a similar
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fashion to the situation in street canyons. During the second part of the night, UTCI
differences between paved courtyards and green courtyards with trees tend to vanish.
Still, in all cases, UTCI values during the night remain substantially below the level
of thermal stress.

The presence of grass rather than paved surfaces in open public places or court-
yards leads to less pronounced cooling effects than the effect of trees, in a range
between 2 and 5 °C UTCI. These numbers probably are somewhat overestimated
when comparisons are made with empirical studies performed in this region (e.g.,
Müller et al. 2014; Lehnert et al. 2020). The cooling effect of the grass in the urban
environment depends heavily on soil moisture and other conditions (e.g. the structure
of the soil layers and the leaf area density, LAD). A decrease in soil moisture, in
particular, leads to an increase in surface temperature. This effect has been observed
(Lehnert 2013) and also modeled (Resler et al. 2020a). Furthermore, on hot days,
grass on high-quality soil and subsoil layers typically exhibits higher soil moisture
than surfaces with only a shallow soil layer separated from the subsurface (e.g.
non-irrigated green tram-lines) (Resler et al. 2020a).

3.3 Potential Application in Urban Planning

Concerning urban adaptation and mitigation strategies, an adequate management
of vegetation coverage in urban areas is relevant for mitigating heat stress and the
impact of heat waves in cities. Results for summer time are in this case representative,
since during that season the urban population is more strongly affected by heat-
wave events (Geletič et al. 2018). UTCI output as well as Tmrt can thus provide
reliable information, since both variables are affected by tree-shading effects and
radiative fluxes (especially direct short-wave radiation), as recently observed by
several authors reporting the heat-mitigating effect of plants (e.g., Morakinyo et al.
2017; Resler et al. 2017; Rui et al. 2018; Gatto et al. 2020). However, several authors
point out that due to the complexity of urban environments, an inconsequent planting
of trees in streets with heavy traffic can have adverse effects, decreasing thermal
discomfort, but at the same time increasing air pollution. Those effectswere described
byResler et al. (2017, 2020a) in realistic domains during a validation campaign in two
locations in Prague, including sensitivity testing of adaptation measures on synthetic
(multiple copies of realistic) domain (Belda et al. 2020).

Moreover, potentialmunicipality stakeholdersmayhave unique ideas and requests
regarding the presentation of relevant findings. The format of results shown to stake-
holders represent an important point for discussion; for a basic analysis, maps or
animations can be used, for a detailed analysis of selected locations, linear graphs
can be more useful. In that case, PALM brings new complexity to the microscale
urban climate research. At any rate, findings must be presented clearly, showing
advantages or disadvantages of evaluated strategies, in a comprehensible form to
urban planners and for the layman in modeling research.
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4 Summary and Further Perspectives

The spatiotemporal thermal exposure patterns based on innovative modeling
approach followwell previous research results. It was illustrated that PALMand other
LESmodels enable spatially and temporally exhaustive, exact, and reputable tools for
thermal exposure analyses which are crucial for further applications. Utilization of
PALM in thermal comfort research brings several new opportunities and perspectives
for practical applications of this research. First, components of blue-green infrastruc-
ture (Lehnert et al. 2020) in urban areas andvarious versions of their placementsmight
be assessed in real urban environments not only from the point of view of thermal
exposure, as illustrated in this chapter. Further calculations, for instance the assess-
ment of thermal exposure of a pedestrian walking on a selected route in time (Middel
andKrayenhoff 2019),might also be substantially improved.Undoubtedly, themodel
itself has some limitations so far and these limitations need to be emphasized and
further minimized (Belda et al. 2020; Resler et al. 2020a, b). It should be stressed
that the PALM model was not validated against measurements focused primarily
on thermal comfort; the current validations concentrated primarily on urban meteo-
rology (Resler et al. 2020a), wind dynamics (Gronemeier et al. 2020) and effects of
land-surface interactions (Gehrke et al. 2020). Apart from that, it cannot be forgotten
that thermal comfort should be considered as complex phenomena reflecting not only
physical, but also social/behavioral and psycho-physiological factors. However, we
trust that further developments in thermal exposure modeling, which we aimed to
illustrate in this chapter, will subsequently accelerate investigation in other areas of
thermal comfort research.

Acknowledgements The terrain-mapping campaign of building properties was co-financed by the
Strategy AV21 project “Energy interactions of buildings and the outdoor urban environment” and
by the Czech Academy of Sciences. We would like to thank Prof. Jiří Cajthaml and the students of
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Chapter 10
The Universal Thermal Climate Index
as an Operational Forecasting Tool
of Human Biometeorological Conditions
in Europe

Claudia Di Napoli, Alessandro Messeri, Martin Novák, João Rio,
Joanna Wieczorek, Marco Morabito, Pedro Silva, Alfonso Crisci,
and Florian Pappenberger

Abstract In operational weather forecasting standard environmental parameters,
such as air temperature and humidity, are traditionally used to predict thermal condi-
tions in the future. These parameters, however, are not enough to describe the thermal
stress induced by the outdoor environment to the human body as they neglect
the human heat budget and personal characteristics (e.g. clothing). The Universal
Thermal Climate Index (UTCI) overcomes these limitations by using an advanced
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thermo-physiological model coupled with a state-of-the-art clothing model. Several
systems have been recently developed to operationally forecast human biometeoro-
logical conditions via the UTCI, i.e. by computing UTCI from the forecasts of air
temperature, humidity, wind speed and radiation as provided by numerical weather
prediction models. Here we describe the UTCI-based forecasting systems developed
in Czech Republic, Italy, Poland, Portugal and at the pan-European scale. Their char-
acteristics are illustrated and their potential as warning systems for thermal hazards
discussed.

Keywords Thermal health hazards · Heat stress · Cold stress · Forecasting ·
Universal Thermal Climate Index · Biometeorology · Preparedness

1 Introduction

Air temperature is the core figure of any weather forecast. It seldom is, however,
the only atmospheric parameter affecting the well-being of an individual. Wind may
cool down the human body by taking away its heat. Sunlight and humidity maywarm
it up instead by radiation exposure and by limiting sweating, respectively. Knowing
how the outdoor environment influences the heat exchange between the human
body and its surroundings is mandatory to make the forecasts of air temperature,
wind, radiation and humidity meaningful from a physiological point of view. Being
based on an advanced heat budget model, the UTCI is able to provide this knowl-
edge as a one-dimensional biometeorological-soundmeasure quantifying the thermal
comfort/discomfort perceived by the human body when exposed to outdoors condi-
tions. As the World Meteorological Organisation underlines the need for national
meteorological services to incorporate biometeorological forecasts into their suite of
products and services offered to the public (WMO2004), the production and dissemi-
nation ofUTCI forecasts in operationalmode, i.e. as a 24/7 automated process, would
represent a significant advancement in this sense.

The UTCI has been extensively applied in climatological studies to investigate
heat- and cold-related hazards and their negative impacts on human health, also
within vulnerable groups (Nastos and Matzarakis 2012; Morabito et al. 2014; Urban
and Kyselý 2014; Krzyżewska et al. 2017; Romaszko et al. 2017; Błażejczyk et al.
2018; Di Napoli et al. 2018; Skutecki et al. 2019; Urban et al. 2021 for a more
detailed review, refer to Chap. 2 of this book). Less research has however focused on
assessing the UTCI as a predictor tool of thermal health hazards for public weather
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services (Novák 2013). Computational power and data accessibility as well as the
skill of numerical weather prediction (NWP) models have for years favoured the
use of simpler standard parameters, such as air temperature and humidity, in the
forecast of environmental conditions detrimental to human health. Recently, though,
UTCI forecasts computed from a state-of-the-art NWP model have been shown to
successfully predict thermal health hazards at different spatial and temporal scales
across the globe thus demonstrating that technical capabilities are nowmature for the
implementation and use of the UTCI for operational purposes (Pappenberger et al.
2015).

To date, five operational forecasting systems based on the UTCI exist in Europe.
They have been developed by the Czech Hydrometeorological Institute (CHMI), the
Polish Institute of Meteorology and Water Management – National Research Insti-
tute (IMGW-PIB), the Portuguese Institute of the Sea and the Atmosphere (IPMA),
the European Centre for Medium-Range Forecasts (ECMWF) and an Italian multi-
institute consortium composed of the Italian National Research Council - Institute
of BioEconomy (IBE-CNR), the University of Florence - Centre of Bioclimatology
(CIBIC) and theLaboratory ofMonitoring andEnvironmentalModelling for Sustain-
able Development (LaMMA). Each system is based on the offline coupling between
a NWPmodel and the UTCImodel, i.e. forecast outputs of air temperature, humidity,
wind speed and radiation from a NWP model are passed to the UTCI model for the
computation of UTCI forecasts. UTCI forecasts are either location specific (point
forecasts) or mapped (gridded forecasts) and extend into the future at distinct time
steps (lead time). These steps are embedded within a fully automated procedure,
called operational chain, that develops over three main stages. First, the forecasts
generated by a NWP model for air temperature, humidity, wind speed and radiation
are retrieved. Second, these forecasts are input as forcings into the UTCI model
(mostly used in its operational form, Bröde et al. 2012) which produces UTCI fore-
casts as outputs. Third, UTCI forecasts are disseminated to end-users. This chapter
describes for the first time the five UTCI-based forecasting systems that, to the
authors’ knowledge, are currently operational in Europe. Their characteristics are
illustrated and their role as thermal hazards warning systems discussed.

2 UTCI Forecasting Systems in Europe

The UTCI-based forecasting systems currently operational in Czech Republic, Italy,
Poland, Portugal and at the pan-European scale are here presented and described.
Their main characteristics are summarised in Table 1.
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Table 1 Summary table of UTCI forecasting systems currently operational in Europe

Czech
Republic

Italy Poland Portugal Europe

NWP model ALADIN GFS GFS ECMWF ECMWF

Spatial resolution 2.3 km 12 km City City 9–18 km

Temporal
resolution

1 h 1 h 6 h 1–3 h 6 h

Outputs Maps, charts Maps Maps Maps, charts Maps

Maximum lead
time

3 days 5 days 2 days 6 days 10 days

End-users National
weather
service

General
public

General
public,
National
weather
service

General public,
Civil protection
agencies, Public
health
authorities

Civil
protection
agencies

Communication
and dissemination
channel

Internal
(GRIB outputs
and web)

Web
platform

Web
platform

Web platform Web
platform
(internal)

2.1 Czech Republic

CHMI, the national weather service for the Czech Republic, has been publishing
biometeorological forecasts for the whole area of Czechia since 1994. In recent
years a need had arised to build a new biometeorological forecasting system where
the latest advancements in weather prediction and human biometeorology could
be integrated. One of these advancements was the definition of the UTCI in 2009.
Comparative studies performed against different thermal indices demonstrated the
ability of the UTCI to better describe biometeorological conditions across different
seasons and locations in the country (Novák 2011a, b, 2013). Following this, the
UTCI was considered as the main reference parameter for the new Czech biome-
teorological forecasting system. The implementation of the UTCI as a forecasting
tool required its operational computation from ALADIN, the NWP model currently
in use at CHMI (Termonia et al. 2018). This was achieved in two phases. The first
phase consisted in setting up an automated procedure for the computation of themean
radiant temperature (Tmrt). The Tmrt is a critical physical quantity for the calculation
of the UTCI and represents how human beings experience radiation, specifically its
solar (i.e. shortwave) and thermal (i.e. longwave) components. ALADIN provides
forecasts of both shortwave and longwave radiation fluxes. Since 2018, those forecast
fluxes have been used to routinely calculate Tmrt as model output via the method-
ology described by Fanger (1970). The second phase consisted in including also the
operational computation of the UTCI into the model. This was achieved in 2019
alongside other upgrades of ALADIN, such as a higher spatial resolution (from 4.7
to 2.3 km) and a more accurate orography representation. UTCI forecasts are calcu-
lated via the operational procedure by Bröde et al. (2012). Their lead time is 54 h
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Fig. 1 Overview of UTCI forecast outputs generated by the Czech Hydrometeorological Institute.
Left: fields of maximum (red lines) and minimum (blue lines) UTCI values at 6 h interval, UTCI
mapped distribution over the Czech Republic (bottom). Right: meteogram of UTCI and Tmrt at
Teplice (50.51° N, 13.84° E, 236 m asl, top), table of UTCI values predicted at different Czech
locations (72-h lead time, bottom). Outputs are visualised via IBL Visual Weather

(18UTC release) or 72 h (00, 06, 12UTC release). Different types of UTCI outputs
are produced, from meteograms to charts and maps (Fig. 1). These are currently
available to meteorologists at central and regional CHMI forecasting offices (via SW
Visual Weather directly from GRIB outputs or via internal web presentation).

2.2 Italy

In Italy, national-level forecasts of biometeorology conditions have been limited.
Since 2007, however, the Italian National Research Council - Institute of BioE-
conomy (IBE-CNR), the University of Florence - Centre of Bioclimatology (CIBIC)
and the Laboratory of Monitoring and Environmental Modelling for Sustainable
Development (LaMMA) have been joining forces to realise an operational chain
for the automated production of UTCI forecasts. The chain uses air temperature,
humidity, wind speed and radiation data from the Global Forecast System (GFS)
refined by a Limited Area Model (LAM). The LAM downscales the four variables
to a higher horizontal resolution grid (12 km) than GFS (28 km) via an improved
parametrization scheme of soil and surface exchanges. The R package HeatStress
has been included in the chain to calculate water vapour pressure and globe temper-
ature (Casanueva 2019). From the latter, Tmrt can be computed using the method-
ology described in Thorsson et al. (2007). In order to reduce computational time,
specific additional procedures have been embedded. Location-specific information,
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for instance, is extracted from available stations and used to calibrate outputs by
using a set of Model Output Statistics (MOS) methodologies. From January 2017,
hourly UTCI forecast maps of thermal comfort/discomfort for Italy are provided
with a 5-day lead time. The maps are available to the general public on a web plat-
form (http://www.lamma.rete.toscana.it/meteo/comfort-termico, Fig. 2) and show
predicted UTCI values in full sunlight or shade as well as associated frostbite risk.

Fig. 2 Hourly UTCI forecast maps as issued for Italy by a multi-institute consortium composed
of the Laboratory of Monitoring and Environmental Modelling for Sustainable Development
(LaMMA), the University of Florence Centre of Bioclimatology (CIBIC) and the Italian National
Research Council Institute of BioEconomy (IBE-CNR). Maps are made available to the general
population via a public web platform (http://www.lamma.rete.toscana.it/meteo/comfort-termico)

http://www.lamma.rete.toscana.it/meteo/comfort-termico
http://www.lamma.rete.toscana.it/meteo/comfort-termico


10 The Universal Thermal Climate Index as an Operational … 199

2.3 Poland

The implementation of the UTCI as a NWS product by the Polish meteorological
service began in 2010. The UTCI is computed via application of the operational
procedure described by Bröde et al. (2012) with the input parameter Tmrt calcu-
lated using the procedure provided by the association of German engineers (VDI
3789 1994). Both calculations use as inputsmeteorological parameters automatically
derived from the GFS 0.25° model. Calculations based on data from the Consortium
for Small-scale Modeling (COSMO-7) are also available but are not published to the
public.

The first UTCI forecast issued for the general public appeared in June during the
2012UEFAEuropean Football Championship. Since February 2015, UTCI forecasts
are provided daily and made publicly available as the “Heat load in the human body
according to the UTCI)” on the web platform of the Polish official biometeorological
service (https://biometeo.imgw.pl/%3Fpage%3DUTCI). The service is overseen by
the Polish Institute of Meteorology and Water Management – National Research
Institute (IMGW-PIB). UTCI forecasts are issued for 21 major cities in Poland with
a 48-h lead time (“today” and “tomorrow”) and a time resolution of 6 h (Fig. 3).
They are initialised each morning and expressed in terms of UTCI categories (−5
to +4). A table describes each thermal stress category, the physiological responses
correspondingly induced in the human body and possible protective measures. The
choice of using UTCI categories instead of the single numerical values was made in
order to avoid potential misunderstandings by end-users, such as interpreting UTCI
values as an apparent (feels like) temperature.

The occurrence of strong heat stress conditions (32 °C < UTCI ≤ 38 °C) is also
provided as an additional information to the Polishmeteorological service. It has been
observed in recent years that heatwaves start to affect Poland earlier and earlier in the
spring/summer season. This poses a serious threat to local populations as they are
not yet adapted to hot conditions just after winter. Specifically, the risk of mortality
in the Polish population has been observed to increase more than 25% (mainly as a
result of cardiovascular dysfunctions) when the UTCI is above 32 °C, making this a
useful threshold for the surveillance of heat stress-related health impacts (KLIMADA
2013).

2.4 Portugal

The Portuguese Institute for Sea and Atmosphere (IPMA) has been using the UTCI
as a biometeorological tool since 2010, when the first UTCI datasets started being
computed from surface observations. Climatological studies were also performed to
investigate the applicability of the index in mainland Portugal (Cunha et al. 2011). In
recent years, the UTCI has been operationally computed using observations, with a

https://biometeo.imgw.pl/%3Fpage%3DUTCI
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Fig. 3 City-specific UTCI forecasts as issued for Poland by the Polish Institute of Meteorology
and Water Management – National Research Institute (IMGW-PIB). Forecasts are available to the
general population on a public web platform (https://biometeo.imgw.pl/%3Fpage%3DUTCI)where
protective measures are suggested for predicted UTCI categories

3-h frequency and publicly shown asmaps on the IPMAofficial website formainland
Portugal (http://www.ipma.pt/pt/oclima/biometeo/utci/; Fig. 4a).

Currently only point UTCI forecasts are computed for around 400 locations using
statistically post-processed values of 2 m air temperature, relative humidity and 10m
wind speed (Rio et al. 2018). Radiation fluxes and surface temperature are from the
ECMWF high resolution forecasting model. Specifically, radiation fluxes are direct
model outputs whereas surface temperature is corrected to account for differences
between real and model altitudes. Location-specific UTCI forecasts are provided
hourly up to 72 h and 3-hourly from day 4 to 6. Whereas UTCI observational maps
are available to the public, location-specific UTCI forecasts are exclusively intended
for civil protection agencies and public health authorities. To these specific end-users,

https://biometeo.imgw.pl/%3Fpage%3DUTCI
http://www.ipma.pt/pt/oclima/biometeo/utci/
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Fig. 4 Examples of UTCI forecast outputs generated by the Portuguese national meteorological
centre (IPMA). Panel a Nation-wide map of the UTCI as computed from surface observations
for the current day and publicly available on the IPMA website (http://www.ipma.pt/pt/oclima/bio
meteo/utci/). Panel b Time series of forecast UTCI values and thermal stress categories as provided
to civil protection agencies and public health authorities

the biometeorological information carried by local UTCI forecasts is presented as
a time series of forecast values with color-coded intervals overlapped to allow a
fast assessment of the type and duration of thermal stress periods (Fig. 4b). This
information is one of the tools used by local authorities in Lisbon for the activation
of emergency plans to safeguard vulnerable communities, such as the homeless.

2.5 Europe

Since 2016, an operational chain has been set up to deliver gridded maps of UTCI
forecasts at the pan-European scale. The chain first takes as input the forecast fields
of air temperature, humidity, wind and radiation as computed by the latest releases
of ECMWF high resolution and ensemble models (00UTC and 12UTC). It then
computes Tmrt forecasts from solar and thermal radiation fields, and finally UTCI
forecasts via the operational procedure (Bröde et al. 2012; Di Napoli et al. 2020a).
UTCI forecasts are issued at 6-hourly steps with a 10-day lead time. The spatial
resolution is 9 or 18 km according to whether input parameters are from ECMWF
high resolution and ensemble model, respectively. Ensemble UTCI forecasts are the
mean of the 50 UTCI forecasts that are correspondingly generated using as many
ECMWF ensemble forecasts.

Pan-European UTCI forecasts are currently part of a decision-support platform
that aims to enhance self-preparedness to single and multiple weather-induced
hazard (Horizon2020 ANYWHERE project, EnhANcing emergencY management
and response to extremeWeatHERand climateEvents,Grant agreement ID: 700099).

http://www.ipma.pt/pt/oclima/biometeo/utci/
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Fig. 5 Pan-European UTCI forecasts predicting the extreme thermal stress conditions achieved
during the heatwave that affected the continent in June 2019

The platform is intended for civil protection agencies and local authorities only.
Figure 5 shows the UTCI forecasts issued on 27 June 2019 and made available
to first responders through the platform. Widespread conditions of very high and
extreme heat stress were predicted in Western Europe in agreement with the intense
heatwave episode affecting the area in the same period.

3 Discussion and Perspectives

The implementation and usage of UTCI forecasts across different European coun-
tries answer the call to integrate human thermal models with weather forecasts
(Petersson et al. 2019). UTCI forecasts hence represent an opportunity to inves-
tigate the capabilities of this index to predict human thermal stress in an operational
setting.

As predictors of future biometeorological conditions, the quality of UTCI fore-
casts needs to be assessed. This can be achieved by comparing the forecasts against
observations of what actually occurred. Preliminary verification studies were carried
out on UTCI forecasts issued in Poland and Czech Republic. For instance, between
May and September 2018 the occurrence of strong heat stress conditions as forecast
at 12 UTC in a selection of Polish cities was higher than what was correspondingly
observed near IMGW-PIB stations. During a heatwave that occurred between 28
July and 10 August 2018, the difference between UTCI forecast values and UTCI
observed values was up to 2 classes (Fig. 6a). In ameteorological station in the Czech
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Fig. 6 Preliminary validation results for UTCI forecasts issued in Poland and Czech Republic.
Panel a UTCI values at 12UTC as forecast (dashed lines) and observed1 (solid lines) at indicated
Polish cities between 28 July and 10 August 2018. Panel b Time series of UTCI forecasts (dashed
lines) and objective analysis (black dots) at Teplice, Czech Republic during February 2019

1‘Observed UTCI’ calculations were based on historical data from telemetry and actinometrical
stations of the IMGW-PIB network that are nearest to the city location. If longwave upwelling
radiation and longwave downwelling radiation data (necessary to be included in the VDI procedure)
were missing, the MRT values were calculated from the simplified formula of prof. Blażejczyk,
which is based on measured global solar radiation data.
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Republic, UTCI forecast values during February 2019 were instead lower than their
observed counterparts (Fig. 6b). Reanalysis data, such as ERA5-HEAT, may also be
used as a proxy for observations when assessing the quality of UTCI forecasts (Di
Napoli et al. 2020b).

The discrepancy between forecasts and observations can be justified by the accu-
racy of NWP models, namely their ability to predict atmospheric processes such as
cloud formations. Cloud cover and occurrence has been shown to be underestimated
at low and middle altitudes (Hogan et al. 2009). This may influence the amount of
radiation reaching and leaving the surface, with a potential overestimation of radia-
tion fluxes (Weihs et al. 2012; Di Napoli 2020b). This can be observed, for instance,
in the summer season when the formation of convective clouds is characterised by
great time and spatial variability. Future model developments are expected to reduce
these radiation-related uncertainties.Another factor influencing the accuracy ofNWP
models is their spatial resolution. NWP outputs are a collection of cell-averaged
values whereas station observations are collected from single point locations. One
way to improve a model’s ability to forecast air temperature, humidity, wind and
radiation, and as a consequence Tmrt and UTCI is to increase its spatial resolution.
The Italian UTCI forecasting system, for example, is planned to refine from 12 to
3 km their grid cell size. Another way is to relate NWP outputs to observational or
additional model data via statistical methods. This technique, called post-processing,
is already included in the operational UTCI forecasting chain of Italy and Portugal
suggesting its applicability to other countries and at the pan-European level.

Being able to communicate effectively a forecast is as important as monitoring
and assessing its uncertainty. This is particularly true for UTCI forecasts. As a biome-
teorological tool predicting human discomfort to future environmental conditions,
their ultimate purpose is to provide guidance for the safeguard of populations’ well-
being.Misinterpretation is therefore to be avoided. In Portugal, for instance, location-
specific UTCI forecasts are not available to the public. This choice has been made
following the index’s high sensitivity to wind speed which can lead to very negative
UTCI values (e.g.,−15 °C in Lisbon) and large differences from 2m air temperature
that might not be correctly interpreted by the general public. Other thermal indices
are therefore disseminated on official IPMA forecasts.

In Poland, potential misunderstandings in the interpretation of UTCI forecasts
have been avoided by showing a dimensionless number that corresponds to the
predicted UTCI category rather than the specific UTCI numerical value expressed
in °C. This representation, reinforced by the use of a blue–white–red scale, draws
the attention directly on the type of thermal (cold or heat) load local populations
will be exposed to. It also recommends via a self-explanatory table which protective
measures should be taken against predicted thermal loads. This has the advantage
to underline the nature of UTCI forecasts as a biometeorology advisory service. On
the other hand, however, this representation relies on category thresholds. Slight
differences in the forecasts might be responsible for having UTCI numerical values
assigned to one category instead of another. Using post-processing to integratemodel
forecasts with observations might help reduce the uncertainty in the category assign-
ment. This might become of great importance particularly when UTCI thresholds are
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deployed as triggers for preparatory actions (Di Napoli et al. 2019; Shartova et al.
2019; Urban et al. 2021).

Another aspect worth noting is the communication platforms used to disseminate
UTCI forecasts. These are shown on websites by four out of five operational fore-
casting systems here described. The widespread distribution of technology, however,
suggests that other tools may also represent an effective means for communicating
forecasts and associated prevention information, especially to the general public.
A smartphone app, for instance, has been recently developed in the Netherlands to
display in a user-friendly way city-specific UTCI forecast (Heusinkveld et al. 2017).
The Italian and Polish UTCI forecasting systems will disseminate its outputs via an
app as well as a web platform in their next implementation.

Using the biometeorological information carried by UTCI forecasts as a decision
making tool for thermal environments detrimental to human health has been a poten-
tial field of application for the UTCI since its definition. As supported by bioclimate
impact research on thermal extremes (see e.g. Basarin et al. 2020), UTCI forecasts
would be useful to both the general population and target groups, i.e. outdoor workers
and sportsmen as well as the vulnerable groups (e.g. the elderly). They would also
help optimise emergency response to thermal extremes when these occur at the same
time as other meteorological health hazards, such as wildfires (Vitolo et al. 2019).

Some of the assumptions currently at the basis of the UTCI model—fixed
moderate activity level, exposure time of 2 h, typical clothing for urban popula-
tion—have however prevented the application of the UTCI in specific fields such
as occupational health (NIOSH 2016). Improving the index so that it can account
for the characteristics of each worker and each working activity would help make
it a suitable, applicable tool for the assessment of thermal risk in the workplace
too. Differently from the indices currently used in occupational heat health warning
systems (e.g. wet bulb globe temperature; Morabito et al. 2019), the UTCI would
be able to provide comfort/discomfort information for both heat and cold environ-
ments and on the basis of a thermo-physiological model. Given the importance of
the topic, research is currently ongoing to extend the application of the UTCI to
different activity levels and exposure duration (Bröde et al. 2016). This and further
implementations, i.e. the effect of protective clothing in hot environments, will open
the path to the UTCI as an application tool also in the occupational field (Gao et al.
2018).

4 Conclusions

Since its creation in 2009, the UTCI has been defined to help public weather and
health services in the precautionary planning for thermal health hazards, such as heat-
waves and cold spells. In recent years, the implementation ofUTCI-based forecasting
systems inEuropemade this a reality. To date, five operational systems produceUTCI
forecasts for the prediction of human comfort/discomfort conditions in the Czech
Republic, Italy, Poland, Portugal and at the pan-European scale. UTCI forecasts are
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disseminated to and used by a wide range of end-users, from the general public
to civil protection agencies and public health authorities. The application of UTCI
forecasts by national weather services suggests that post-processing techniques can
help improve the quality of the forecast and biometeorological information has to be
communicated in a misinterpretation-free way.

References
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Chapter 11
Proposed Framework for Establishing
a Global Database for Outdoor Thermal
Comfort Research

Kevin Ka-Lun Lau and Eduardo L. Krüger

Abstract In the last two decades, studies of subjective thermal comfort have been
widely conducted in the urban environment, covering different cultures and climatic
regions. However, shortcomings can be observed mainly with respect to protocols
used in terms of assessment scales of thermal perception, calculated thermal indices
and instrumental setup used for micrometeorological measurements. Such data may
vary considerably across studies due to constraints at field sites and the availability of
instruments, making it difficult for inter-comparisons between studies and climatic
regions, calibrations of thermal indices and a true understanding of people’s thermal
perception in outdoor settings. There is a need for standardisation of methodology
and guidance for conducting field surveys in outdoor spaces with implications on
climate-sensitive urban design, public health measures and adaptation of humans
to a changing climate. The objective of this proposed framework is to develop a
standard methodology for outdoor thermal comfort surveys towards the creation of
a worldwide outdoor comfort database.

Keywords Data repository · Thermal comfort surveys · Thermal monitoring ·
Outdoor comfort · UTCI

1 Introduction

In the last few decades, climatic effects on the comfort of building occupants have
been widely studied in terms of mechanisms and most predominant influencing
factors, informing building and urban designers for better design for the comfort
and health of building occupants (Olgyay 1963; Givoni 1976; Nicol and Raja 1996).
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Such advances proved to be important to the health andwell-being, as well as produc-
tivity and living quality of building occupants (Givoni 1998). The constituents of the
physical environment act directly upon human body which tends to achieve biolog-
ical equilibrium through physical and psychological reactions (Olgyay 1963). As
such, the research area dealing with human thermal comfort is focused at the energy
exchanges between human body and the climatic environment of the surroundings,
and aims to achieve the “comfort” conditions as defined by integrating climatic
variables such as temperature, humidity, air movement and radiation.

The shorter time people spent (e.g. in the range ofminutes) in the outdoor environ-
ment than the indoors also influences the thermal exposure. Höppe (2002) suggested
that the steady-state assumption of indoor thermal comfort does not provide real-
istic assessments for outdoor settings. His previous study based on the Instationary
Munich Energy-Balance Model (Höppe 1989) showed that thermo-physiological
parameters such as skin and core temperatures take at least one hour in outdoors to
achieve the steady-state level. The complex outdoor environment also creates large
variations in thermal conditions that the outdoor space users are exposed to. Lau
et al. (2019a) showed that subjective thermal sensation changes considerably when
pedestrians travel outdoors and suggested that the environmental conditions exposed
have a lag effect on thermal perception of pedestrians. Therefore, the assessment of
human thermal comfort in outdoor environment requires a different methodological
framework and analytical approach in order to address the distinctive relationship
between subjective thermal sensation and environmental conditions experienced by
outdoor space users. Such short-term acclimatization effects on reported thermal
sensation in the context of UTCI applications are discussed in a previous chapter of
this book (Chap. 5: Long and short-term acclimatization effects on outdoor thermal
perception versus UTCI).

1.1 Subjective Assessment of the Thermal Environment

Conventionally, questionnaire surveys are used to study human thermal comfort to
obtain a subjective assessment of the thermal conditions that the respondents are
exposed to. There are a wide range of subjective assessment scales for the thermal
environment, including perceptual or affective, global or localised, instantaneous
or covering certain period of time (ISO 10551 2019). Subjective judgement also
varies from the surrounding environment to the person of assessment, from general
thermal conditions to specific components such as temperature and air movement,
from permanent to temporary situation. The ISO 10,551 provides five subjective
judgement scales to describe the thermal state of a person, including thermal percep-
tion, thermal comfort, thermal preference, personal acceptability and personal toler-
ance. The ASHRAE Standard 55 (2017) also provides a scale for thermal perception
(commonly known as the ASHRAE 7-point scale) and thermal acceptability (Table
1). However, these standards were not designated for outdoor conditions and their
applications in previous studies vary considerably across local contexts.
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Table 1 Protocols for subjective perception of thermal environment (Johansson et al. 2014)

Parameter Standard Interview question and measurement scale

Thermal sensation or perception ISO10551
ASHRAE

‘How are you feeling now?’
7 Point scale: cold (−3), cool (−2), slightly
cool (−1), neutral (0), slightly warm (+1),
warm (+2) and hot (+3)
9-point scale: above plus ‘Very cold’ (−4)
and ‘Very hot’ (+4) (mainly for use in
extreme environments)
‘What is your general thermal sensation?’
7-Point symmetrical thermal perception scale
(equal in wording to the ISO 10,551)

Thermal comfort
(affective evaluation)

ISO10551 ‘Do you find this environment…?’
4-Point: comfortable (0) as the point of origin
followed by slightly uncomfortable (1),
uncomfortable (2), very uncomfortable (3)

Thermal preference ISO10551 ‘Please state how you would prefer it to be
now’
7-Point: much cooler (−3), cooler (−2),
slightly cooler (−1), neither warmer nor
cooler (0), a little warmer (+1), warmer (+2)
and much warmer (+3)

Personal acceptability ISO10551 ‘On a personal level, this environment is for
me…’
Two-category statement: acceptable rather
than unacceptable (0) and unacceptable rather
than acceptable (1)
Continuous scale: clearly acceptable, just
acceptable, just unacceptable and clearly
unacceptable

Personal tolerance ISO10551 ‘Is it…?’
5-Point: perfectly tolerable (0), slightly
difficult to tolerate (1), fairly difficult to
tolerate (2), very difficult to tolerate (3) and
intolerable (4)

There is a lack of standard guidelines or procedures for subjective assessment of
the outdoor thermal environmentwhile there are considerable discrepancies in the use
of questions and assessment scales. The ASHRAE 7-point scale was commonly used
(Krüger andRossi 2011; Lau et al. 2019b)while 5-point (Nikolopoulou andLykoudis
2006;Metje et al. 2008) and 9-point scales (Kántor et al. 2012)were also used in some
studies for specific purposes. There is usually a middle point in the assessment scale,
but the terms used to describe this middle point include “neutral”, “comfortable”,
“neither cool nor warm” and “acceptable”. The assessment of other meteorological
components, such as solar radiation, air movement and humidity, was also used in
some studies (Stathopoulos et al. 2004; Villadiego and Velay-Dabat 2014; Lau et al.
2019b). Moreover, the personal state of thermal comfort (affective evaluation) and
thermal preference were sometimes included in the thermal assessment (Oliveira and
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Andrade 2007; Ng and Cheng 2012). The inconsistencies in subjective scales and
semantics used lead to possible errors in comparisons between results from different
studies.

Personal factors such as biological sex, body weight, and skin colour were also
found to be associated with the subjective assessment of the thermal environment
(Krüger and Drach 2017). It is suggested that variations in thermo-physiological
promote changes in adaptation to the thermal environment. Previous studies also
suggested that human behaviour is another determinant of thermal perception (Knez
and Thorsson 2006), while reasons for visit and cultural background were widely
regarded as psychological mechanisms of thermal adaptation in outdoor environ-
ments (Nikolopoulou et al. 2001). However, these factors were not addressed by
several studies and the methods of assessment need to be standardised to produce
more accurate and reliable results.

1.2 Thermal Comfort Indices for the Outdoor Environment

There have been more than 100 different thermal indices developed to describe the
heat exchange between the human body and its surrounding environment (Błażejczyk
et al. 2012). Energy balance models of human body were developed and widely used
in the 1970s–1980s, with a number of biometeorological indices developed for the
assessment of thermal stress and strain (Höppe 1997). One of the commonly used
indices is the Predicted Mean Vote (PMV) which provides a practical and easily
programmable heat balance model of human body (Fanger 1970). It has since been
a widely adopted biometeorological index to describe the predicted mean thermal
perception under indoor conditions. Pickup and de Dear (2000) developed a physio-
logically valid outdoor comfort index (OUT_SET*) by adapting the indoor comfort
index SET* to outdoor settings. This involves an estimation of the amount of short-
wave and longwave radiation absorbed by the human body and hence determines an
outdoor mean radiant temperature.

The Munich Energy-balance Model for Individuals (MEMI) was later developed
to incorporate individual heat fluxes, body temperatures, sweating rates and skin
wettedness into the assessment of the thermal conditions of the human body in a
physiologically relevant way (Höppe 1984). It also forms the basis of the Physio-
logical Equivalent Temperature (PET) which is defined as “the air temperature at
which, in a typical indoor setting (without wind and solar radiation), the heat budget
of the human body is balanced with the same core and skin temperature as under
the complex outdoor conditions to be assessed” (Höppe 1999, p. 71). PET has been
used in studies of outdoor thermal comfort in different climates and urban settings
(Lin 2009; Ng and Cheng 2012; Krüger 2017).
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Another commonly used thermal index which has been widely employed in the
last decade is the Universal Thermal Climate Index (UTCI), whose applications are
highlighted in this book. The UTCI is defined as “the air temperature which would
produce under reference conditions the same thermal strain as in the actual thermal
environment” (Błażejczyk et al. 2010). It is therefore a one-dimensional quantity
which represents the human physiological reaction to the actual thermal conditions
defined by multiple dimensions. It was developed based on the UTCI-Fiala model,
which was adapted to predict human responses to outdoor climate conditions. The
model also considers behavioural adjustments of the clothing insulation according
to outdoor air temperature as well as the effect of air movement, walking speed and
clothing’s thermal and evaporative resistances (Havenith et al. 2012). The UTCI has
been widely used in the assessment of outdoor thermal environments (Bröde et al.
2012; Krüger et al. 2017; Oh et al. 2019—for a more detailed description of such
application, refer to Chap. 2 of this book: Literature Review).

1.3 Micrometeorological Measurements

The measurement of micrometeorological conditions is an integral part of outdoor
thermal comfort studies since it provides background data for comparisons to subjec-
tive thermal perception. Oke (2006) presents a set of guidelines for meteorological
observations in urban areas while ISO 7726 (1998) and ASHRAE Handbook of
Fundamentals (ASHRAE 2017) also provide a description of instruments that suit
thermal comfort measurements for indoors. However, additional considerations are
necessary for the adequate exposure of instruments, the measurement of wind speed,
and the estimation of the mean radiant temperature Tmrt (Johansson et al. 2014).

Temperature and humidity sensors may be affected by radiation sources like solar
radiation and heated urban surfaces, leading to overestimation of the air temperature.
As such, shielding and ventilation of sensors are required to minimise the radiative
exchange between the instrument and its surroundings and avoid the accumulation
of warm air around the probe. Cheng et al. (2012) argued that the radiation shield
may not be sufficient to prevent overestimation of air temperature so correction to the
results may be required. Wind speed is also an important variable in the assessment
of thermal comfort and the type of sensors may affect the accuracy of measurements.
Two-dimensional anemometers are commonly used but the turbulence outdoors may
result in an underestimation of actual wind speed.
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Tmrt is a critical variable in the assessment of thermal comfort, particularly during
warm and sunny weather conditions (Mayer and Höppe 1987) since it represents the
aggregated short- and long-wave radiation fluxes in the surroundings that a human
body is exposed to (Johansson et al. 2014). It can be determined by two common
approaches, namely integral radiation measurements with the inclusion of angular
factors and global thermometer combined with measurements of air temperature and
wind speed (Thorsson et al. 2007). The large variations in the use of instruments
cause inconsistencies and issues in comparisons between studies.

1.4 Objectives of the Study

The present study aims to: (1) prioritise the elements of outdoor thermal comfort
studies such as subjective thermal sensation, affective evaluation of thermal comfort,
thermal preference for better understanding of human thermal comfort at interna-
tional level; (2) develop an internationally recognised standard methodology for
conducting field studies of outdoor thermal comfort; and (3) establish a database of
outdoor thermal comfort surveys by collating existing data from studies conducted in
different climates. The methodological framework of the research is described, and
the potential applications are discussed. This forms the basis for the broader objec-
tives of the development of the global database of outdoor thermal comfort studies. In
connection with the aims of this book, advantages of the proposed repository toward
an extensive usage of UTCI are also introduced in this chapter.

2 Data Acquisition

2.1 Identification and Acquisition of Relevant Data Sources

Figure 1 shows the methodological framework of the proposed study. At the prelim-
inary stage, a desktop study was conducted to identify relevant data sources for the
inclusion in the database. Articles indexed in journal databases such as PubMed,
Web of Science, Scopus and SpringerLink were retrieved and shortlisted for rele-
vance, using relevant keywords including (but not limited to) “outdoor thermal
comfort”, “human thermal comfort”, “thermal perception”, “thermal assessment”,
“outdoor environment” and “questionnaire survey”. The authors of relevant studies
were contacted for their interest in contributing to the database. At the same time,
a call for contributions to a pilot study was made in the newsletter of the Interna-
tional Association for Urban Climate in mid-2019 (http://www.urban-climate.org/
wp-content/uploads/IAUC072.pdf). In the pilot study, there were 20 responses from
researchers worldwide covering a range of climatic regions (Fig. 2).

http://www.urban-climate.org/wp-content/uploads/IAUC072.pdf
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Fig. 1 Methodological framework of the development of the data repository

Fig. 2 Locations of the field data from different countries included in the pilot study
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Data obtained from shortlisted studies have to fulfil the following criteria in
order to be included in the database. A template, consisting of unit of measure-
ments, code names, and coding conventions, was provided for data contributors.
Recommendations were as follows:

• Data should be collected from field surveys and experiments conducted in semi-
outdoor or outdoor environments;

• Metadata of the study are required, including (but not limited to) dates of question-
naire survey and relevantmicrometeorologicalmeasurements, number of samples,
climate zone and background climatic information, and types of urban settings
(with pictures of study site, when available);

• Both subjective (questionnaire survey) and instrumental (micrometeorological
measurements) data are required and they should be simultaneously collected to
represent the right-here-right-now response from the respondents;

• The questionnaire survey should consist of subjective assessment of the thermal
environment, estimated metabolic rate and clothing level of the respondents,
immediate thermal history (if any), biometric information, and age and sex of
the respondents (when available);

• The micrometeorological measurements should include four fundamental param-
eters for calculating thermal comfort indices, namely air temperature, humidity, air
movement, globe temperature (or three-dimensional measurements of radiation
fluxes for calculating mean radiant temperature, Tmrt). Technical specifications of
instruments/sensors and detailed instrumental settings will also be required;

• Raw data are required, i.e. not from processed or published data. However, data
must have been published in peer-reviewed journals or conference papers. There-
fore, publication metadata should be provided. Coding of the data should also be
clearly defined by data contributors.

2.2 Data Harmonisation

Subjective thermal perception is often compared to objective micrometeorological
measurements in order to understand the subjective–objective relationship of thermal
assessment. As different assessment scales (e.g. number of points on the scales)
were adopted by previous studies, there is a need to harmonise the datasets obtained
from different studies. Table 2 shows the different assessment scales adopted by
questionnaire surveys of previous studies. In this study, the ASHRAE 7-point scale
will be used as the standard assessment scale for thermal sensation such that studies
using 5-point or 9-point scale will be converted to the ASHRAE 7-point scale. The
rescaled data were evaluated against the original data based on the mean, variance,
kurtosis and skewness values. To further assess whether the rescaled data retain the
original structure, data of selected studies were compared to other studies in similar
climatic regions.
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Table 2 Different assessment scales adopted by thermal comfort studies

Kántor et al. (2012)—9-point scale

Very cold
(−4)

Cold
(−3)

Cool
(−2)

Slightly
cool
(−1)

Neutral
(0)

Slightly
warm
(+1)

Warm
(+2)

Hot
(+3)

Very
hot
(+4)

Lau et al. (2019b)—7-point scale

Cold
(−3)

Cool
(−2)

Slightly
cool
(−1)

Neutral
(0)

Slightly
warm
(+1)

Warm
(+2)

Hot
(+3)

Aljawabra and Nikolopoulou (2018)—5-point scale

Cold
(−2)

Cool
(−1)

Neutral
(0)

Warm
(+1)

Hot
(+2)

2.3 Applicability of UTCI in Regional Comparisons

Thermal comfort indices are important to provide an objective assessment of the
thermal environment. As pointed out by de Dear (1998), there are potential sources
of “noise” in the thermal comfort indices since different versions of computer algo-
rithms may have been used to calculate such indices. In order to avoid these incon-
sistencies, the UTCI is selected and calculated from the raw data of micrometeoro-
logical measurements acquired from data contributors. The UTCI has the advantage
to represent the assessment of the thermophysiological effects of the atmospheric
environment, which is one of the key issues in human biometeorology. The software
BioKlima (Błażejczyk 2011) was used to calculate the thermal comfort indices. It
provides easy calculations of more than 60 various biometeorological and thermo-
physiological indices. The mandatory inputs of meteorological variables include air
temperature, relative humidity, mean radiant temperature, wind speed, metabolic
rate and clothing level (thermal insulation). The resulting UTCI data can then be
integrated into the datasets for subsequent data analysis.

As several thermal indices have been used in outdoor studies for quantifying the
thermal conditions experienced by individuals, the data repository used the UTCI
as the principal thermal index in order to reduce the inconsistencies across different
studies. The UTCI was found to be well correlated with other thermal indices, espe-
cially those based on human heat balance, e.g. Standard Effective Temperature for
outdoor conditions (SET*), Perceived Temperature (PT) and Physiological Equiv-
alent Temperature (PET) (Błażejczyk et al. 2012). This indicates that the UTCI
is capable of representing the thermal conditions exposed to human body and the
physiological responses to such thermal conditions. The universal assessment scale
of the UTCI also allows comparison across different climatic regions and local
contexts. This is particularly important for thermal comfort studies as individual
adaptations to the thermal conditions vary considerably across local contexts (see
Chap. 5: Regional adaptation of the UTCI: comparisons between different datasets
in Brazil). By including data acquired from different climatic regions worldwide, the
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data repository facilitates further studies of how individuals are acclimatised, and
their adaptation mechanisms, in terms of physiological, psychological, and cultural
perspectives. At a later stage, improvements in UTCI predictions for various climates
can be useful for urban designers to provide thermally favourable outdoor spaces in
those locations.

One of the potential UTCI applications is inweather forecasting based on synoptic
data. Błażejczyk et al. (2012) suggested that the UTCI shows good correlations
with synoptic weather variables, by comparing long-term records of air temperature,
wind speed, and Tmrt acquired from meteorological stations in Freiburg, Germany. It
implies the applicability of human-heat-balance-based indices inweather forecasting
and provides information of human thermo-physiological conditions for general
public and health practitioners to better prepare for extreme weather (hot or cold)
conditions. Such application is presented in more detail in Chap. 9: The Universal
Thermal Climate Index as an operational forecasting tool of human biometeorolog-
ical conditions in Europe). As shown in Chap. 2 of this book (Literature review),
the applicability of the UTCI was also studied at micro-scale climate by examining
field data measured in cold, hot and dry, and hot and humid climates. It was found
that the UTCI is generally consistent with most of the thermal indices and it is able
to capture the variation of wind speed in cold climate while other thermal indices
fail to show such variations (Błażejczyk et al. 2012). Cities and urban built-up areas
have specific climatic conditions due to the complex urban geometry (e.g. orientation
and disposition of building blocks). Important features of urban climate such as the
urban heat island phenomenon, reductions in ventilation, complex spatial variations
of exposure to solar radiation at pedestrian level can be well-represented by field
measurements and numerical simulation and mapping of the UTCI (cf. Chap. 7:
Application of UTCI in high-resolution urban climate modeling techniques). There
is thus a great potential of the data repository in terms of facilitating such analyses
and feeding them with field measurements carried out in different climatic regions,
thereby estimating outdoor thermal conditions based on the UTCI.

3 Analytical Procedures

The following subsections outline the necessary steps that shall be taken for
establishing the global database for outdoor thermal comfort research.

3.1 Identification of Key Elements in Outdoor Thermal
Comfort Surveys

Subjective assessment of the thermal environment includes thermal perception,
thermal comfort (affective evaluation), thermal preference, personal acceptability
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and tolerance (ISO 10551 2019). Data before and after harmonisation must be
tested among subjective assessment and objective measurements for the sensitivity
in thermal assessment. The non-parametric Spearman’s rank correlation coefficient
will be used to determine the correlations among subjective assessment and objective
measurements, which indicates the significant elements in thermal assessment with
respect to micrometeorological conditions that the respondents were exposed to.

Linear regression analysis will be then conducted to investigate the relationship
between both original (raw data) and binned values of meteorological variables
against diverse thermal comfort indices including the UTCI. At that stage, linear
models will be developed to examine how well subjective thermal assessment can
be predicted by selected indices from observed meteorological measurements.

The models will be validated using two approaches. Firstly, studies from similar
climatic regions or similar urban settings will be divided into training and validation
datasets. This ensures the applicability of the models in relatively consistent climatic
and environmental conditions. Secondly, the entire datasets will be randomly divided
into training (80%) and validation (20%) datasets in order to evaluate the overall
predictability of the linear models. The parameters identified will be included in the
draft standard methodology which will be further tested by selected research teams
in different climatic regions.

3.2 Testing of the Draft Standard Methodology

The key elements identified in data harmonisation will be included in the draft stan-
dard methodology which will consist of subjective thermal assessment and microm-
eteorological measurements. The testing of the draft standard methodology will be
conducted in selected countries by corresponding research teams in order to test its
feasibility and identify issues or difficulties found by the research teams.

The questionnaire surveys will include the assessment scales and elements deter-
mined by the linear models to form the subjective part of data collection. At the
same time, the instrumental settings will also be provided for testing the draft stan-
dard methodology. The testing will be conducted in different seasons in order to
examine the applicability of the draft methodology in both extreme and transitional
conditions. The target sample size is 100 responses in each of the four seasons (or
relatively different climatic conditions) in order to maintain sufficient samples to
compare between different studies and refine the methodology if necessary.

3.3 Establishment of the Online Database

Based on the findings obtained in previous stages, the key elements of human thermal
comfort in outdoor environments will be identified and used for establishing the
online database. Browser-based applications will be used for readily available and
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easy-to-use visualisation and user interface. Open-source JavaScript libraries will
be used to visualise the data based on the data analysis previously conducted. The
primary focus of the database is to provide useful information about the condi-
tions that are perceived as comfortable so that the users such as urban planners and
designers can take into account these conditions in their practices.

Four types of informationwill be included in the database. First, subjective assess-
ment of thermal comfort will be provided to indicate how people perceive their
thermal comfort under specific conditions. Second, the corresponding meteorolog-
ical conditions and derived comfort index results will be provided in order to allow
users to understandwhat conditions are required to achieve thermal comfort.Drawing
such relationships will be facilitated not only for a given meteorological variable,
which can be analysed individually, but for post-processed comfort indices such as
the UTCI, which integrate diverse variables. Third, age and sex of the respondents
will be included for any specific use or design of outdoor spaces. Finally, the urban
settings where the data were collected will be specified.

During the process of development, a website with online forum will be estab-
lished to provide an online platform for communication between researchers and
contributors. The questions or issues encountered during the process will be shared
and data contributors can answer or raise any questions of their own concern. The
online platform can also engage potential users during the development process in
order tomaximise the applicability of the online database.A communication platform
will be provided in order to facilitate users’ feedback.

4 Way Forward

The primary objective of developing this global database for outdoor thermal comfort
survey is to provide the empirical basis for establishing outdoor thermal comfort
models by understanding the influential elements of human thermal comfort in the
outdoor environment. However, the content of the database has a large potential
beyond this due to the large amount of high-quality field data that can be used to
explore the issues regarding human thermal comfort in the outdoor environment. The
followings are some examples of potential applications of this global database.

The database provides numerous possibilities for developing empirical relation-
ships between different assessment scales of subjective thermal perception. Human
thermal comfort research has been using awide range of subjective assessment scales,
for example, the seven-point ASHRAE thermal sensation scale, thermal acceptability
and preference assessment. The database therefore provides a platform for evalu-
ating the assumptions behind different assessments and their applicability in outdoor
settings. By adopting the UTCI as one of the principal thermal indices, regional
comparisons may contribute to a better understanding of the contextual effects on
subjective thermal perception and the corresponding thermal conditions exposed by
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individuals in the outdoor environment. It also accommodates the need for under-
standing the effect of individual characteristics such as biometric parameters and
human behaviours on thermal perception.

The contextual effects were studied in some previous work but there have been
no comprehensive understandings of how these effects influence subjective thermal
perception in different climates. Therefore, there are opportunities for researchers to
investigate the characteristics of the outdoor environment and their relationship with
human thermal comfort of pedestrians and users of outdoor spaces. Urban planning
and design professionals can be informed thereby improving the design of outdoor
spaces in order to encourage their usage, which in turn has implications on human
health and well-being, as well as energy consumption of buildings.

Since the data provided by researchers have been previously published in peer-
reviewed academic journals and undergone the process of quality, they are reliable
and ready to use for scientific and design work. The database also allows profes-
sional practitioners to extract relevant information for their design. For example,
design professionals can acquire the understanding of thermal comfort requirements
for specific urban contexts and climatic regions without conducting the field work
themselves.

The long-term goal of the database is to establish a standard methodology for
conducting outdoor thermal comfort research. The draft version of the standard
methodology provided in the later stages of the development of the database allows
robust testing of the methodology. It also facilitates comparison of results between
different climatic regions and urban settings in order to enhance the understanding of
outdoor thermal comfort. This potentially contributes to the discussion of the differ-
ence between indoor and outdoor studies, which has been widely discussed in the
last two decades.
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Afterword

The Biometeorology Series initiated by Prof. Glenn McGregor in 2009 had as one
of its aims “to demonstrate how a biometeorological approach can provide insights
to the understanding and possible solution of cross-cutting environmental issues”.
This book attempted to fulfill this goal with a modest contribution to these issues,
presenting an overview of current applications of the UTCI, ranging from outdoor
thermal comfort (OTC) studies to mapping techniques at different levels.

Important initiatives are shown here, aiming at a wider range of UTCI application
such as Claudia Di Napoli’s work with UTCI-based forecasting systems involving
a multi-team effort from diverse research institutions, and Kevin Lau’s ambitious
purpose of setting up a worldwide repository of OTC data.

Parting from an introductory part describing the background behind the develop-
ment of this book and of the UTCI (Chap. 1), we present the current ways to deploy
the index in Chap. 2 and devote the literature review (Chap. 3) to applications of the
UTCI. That chapter showed that papers on the UTCI cover different topics, but with
a prevalence of OTC research and studies related to microclimate and urban plan-
ning. Applications in other essential areas such as meteorology, climate change and
tourism or health are still less explored with the UTCI. These areas will potentially
gain in importance in the years to come with the progress of global warming and
weather extremes and in the aftermath of the pandemic. In this book, coincidentally,
some chapters have focused onOTC and others dealt with bioclimatic spatiotemporal
analyses at different levels.

In Chap. 4, the accuracy ofUTCI predictions of outdoor thermal comfort was eval-
uated from gathered thermal perception data in two Brazilian urban areas. Overall,
a good accuracy was found for the UTCI and the evaluated personal and urban
morphology aspects hardly affected UTCI’s predictive power.

Chapter 5 used data from a longitudinal study and from a cross-sectional study
to analyze long- and short-term acclimatization effects on reported thermal comfort
perception using dissimilar approaches. In both studies, the UTCI and the associated
DynamicThermal Sensation (DTS) indexwere relevant parameters for the performed
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E. L. Krüger (ed.), Applications of the Universal Thermal Climate Index
UTCI in Biometeorology, Biometeorology 4,
https://doi.org/10.1007/978-3-030-76716-7

225

https://doi.org/10.1007/978-3-030-76716-7


226 Afterword

analyses. In the longitudinal study, long-term or seasonal acclimatization was found
to have a relevant influence on subjective thermal assessment, whereas in the short-
term negligible and statistically irrelevant relationships have been identified. In the
cross-sectional study, part of the sample (Melbourne) did not reveal clear patterns of
relationship regarding long-term acclimatization, but effects of short-term thermal
history were observed. Moreover, field data from mainland China pointed to observ-
able impacts of long-term acclimatization and short-term thermal history on subjec-
tive thermal perception. In the longitudinal study, remarkable relationships between
precedent visual comfort and reported thermal sensation were additionally observed,
reinforcing the need for further investigation on such interactions. FutureOTCstudies
could further benefit from the consideration of such multisensory interactions.

From the various field datasets presented and analyzed in Chap. 6, it is suggested
that obtained neutral temperatures, expressed as UTCI units, were well aligned with
the mean UTCI value for the monitoring campaigns and that thermal sensitivity
was inversely correlated with the range of conditions surveyed. A regional adapta-
tion effect was verified, which closely corresponds to measured climatic data during
the surveys, despite not necessarily resembling prevailing or most commonly found
climatic conditions at those locations. Such results stress the importance of the repos-
itory of OTC data presented in Chap. 11. The primary objective of developing such
worldwide database is to provide a platform for establishing and testing outdoor
thermal comfort models such as the UTCI, including regional adaptation studies
and also allowing further analyses on the effect of individual characteristics such as
biometric and site-related parameters, such as discussed in Chap. 4.

Chapter 7 looked at health implications in summer pointing to the potential of
the UTCI to become a credible risk indicator for heat-related health effects towards
its usage in guidelines for the health sector. Using field datasets, it suggested that
the manifestation of mild heat-related symptoms in pedestrians in Athens, Greece,
was associated with UTCI and that the category of moderate heat stress could be
considered a threshold for experiencing these symptoms . The study presented in
that chapter is part of a larger research initiative, the UBiPlan project (Urban BIome-
teorology and PLANning), aimed at improving design guidelines towards optimized
thermal conditions in outdoor urban spaces with reduced health risks.

Chapter 8 presented an overview of mapping approaches of the UTCI developed
for different spatial scales, from global to local. Both, global and regional mapping
of the UTCI provide a great opportunity to analyze spatial patterns and peculiarities
of thermal stress variability. Parting from this overview, the subsequent chapters
presented maps at different scales, modeling at city-scale and at a regional scale in
the pan-European realm.

In Chap. 9, we presented a feasible fine-scale modeling approach for spatiotem-
poral analyses of the UTCI in urban planning. The modeling domain was built for
the city of Prague, Czech Republic. The study was focused on the analysis of the
spatiotemporal variability of the UTCI. Results representation in the form of maps
with a spatial UTCI distribution represents an advantage for the necessary dialogue
between urban climate experts and municipality stakeholders, making existing rela-
tionships between morphology and site-specific attributes comprehensible to urban
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planners and to the layman in modeling research. Moreover, the level of detail of the
model allowed us to test adaptation andmitigation strategies, such as urban greenery,
type of vegetation and surface albedo.

Chapter 10 presented a relevant and useful way of representing UTCI spatiotem-
poral distribution over different parts of Europe as an aid to precautionary planning
for thermal health hazards. The forecasting tool presented in the chapter for predic-
tions of human comfort/discomfort conditions in terms of UTCI data can be used by
a wide range of end-users, from the general public to civil protection agencies and
public health authorities.

Concluding Remarks

Could this book entail other areas of application of the UTCI? Most certainly! The
literature review showed us a wide spectrum of areas of application covered by
the index, which could have also been part of this account. Yet, this would surpass
the desired length of the book and I am convinced that the most prominent areas of
application up to now have been duly addressed. Further developments are, however,
expected in the near future. Newly, the UTCI is going to be considered as a feasible
index for evaluating human biometeorology in one of the guidelines of the Associa-
tion of German Engineers (Verein Deutscher Ingenieure ‘VDI’). VDI 3787 (Blatt 2)
is aimed at providing “evaluationmethods of human biometeorology as a standard for
taking into account climate and air quality (bioclimate) in relation to man in overall
physical planning”. The UTCI is included as the major index (with mentions of other
indices like PET, PT and SET* as well) in the draft document for a revised version
of that guideline, which was scheduled for publication in 2020. Unfortunately, the
procedure is delayed up to now due to the COVID-19 pandemic, which prohibits
regular committee meetings. With the inclusion of the UTCI, it might be expected
that applications in planning will increase.

Currently, the City of London applies the UTCI in their recently published
Thermal Comfort Guidelines (https://www.cityoflondon.gov.uk/assets/Services-
Environment/thermal-comfort-guidelines-for-developments-in-the-city-of-london.
pdf). The proposed planning guidelines, part of the British planning system, take
into consideration microclimatic requirements in order to “assess the impact of new
developments on the microclimate of the City’s streets, parks, public roof gardens
and terraces and other public spaces”. Their guidelines place OTC as the most
important factor in the quality of a public space and apply the UTCI as the metric
to be used for assessing OTC conditions in the City.

https://www.cityoflondon.gov.uk/assets/Services-Environment/thermal-comfort-guidelines-for-developments-in-the-city-of-london.pdf
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Other areas of application will naturally arise with the need for a permanent
monitoring and reliable predictions of human thermal stress, mostly heat stress,
resulting from global warming. In short, there is a bright future in sight for the UTCI
that greatly justifies the efforts made during its elaboration.

Editor
Eduardo Krüger
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