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Abstract: Heat waves are increasingly frequent in Europe, especially in South European countries
during the summer season. The intensity and frequency of these heat waves have increased sig-
nificantly in recent years. Spain, as one of the southern European countries most affected by these
recurring heat waves, particularly experiences this phenomenon in touristic cities such as Cordoba.
The aim of this study was to perform an experimental assessment of outdoor thermal comfort in a
typical three-hour tourist walkable path of the historical center of Cordoba. The experimental study
was carried out in the three-hour period of higher temperatures from 16:30 to 19:30 h CEST (UTC+2)
on a normal summer day (6 July 2023), a day with a heat wave (28 June 2023) and a day with a higher
heat intensity, called a super heat wave (10 August 2023). Environmental conditions such as a radiant
temperature, ambient temperature, wet bulb temperature, air velocity and relative humidity were
measured at three different heights corresponding to 0.1 (ankles), 0.7 (abdomen) and 1.7 (head) m.
The results show extremely high levels of heat stress in all bioclimatic indices throughout the route.
Cumulative heat stress ranged from “very hot” conditions at the beginning of the route to becoming
“highly sweltering” at the end of the route. The average temperature excess over the thermal comfort
threshold was very high and increased with the heat intensity. In addition, a correlation analysis was
carried out between the bioclimatic indices studied, with the UTCI index standing out for its strong
correlation with other thermal comfort indices. The findings emphasize the need for interventions
to improve the urban environment and promote better outdoor thermal comfort for city dwellers
through measures such as green infrastructure, UHI mitigation and increasing public awareness.

Keywords: outdoor thermal comfort; heat stress; urban microclimate; sustainable cities; health and
well-being

1. Introduction

Due to global warming, summer heat waves have intensified in urban areas, where
they used to be common, and have started to appear in areas where they have not occurred
before. This warming is amplified by population growth [1,2] and the well-known urban
heat island effect (UHI). This is an atmospheric phenomenon that usually affects big
cities. Its main symptom is a high temperature relative to the temperature in surrounding
areas [3]. Ren [4] carried out a review where the impacts of UHI that exacerbate this effect
are analyzed. One problem to be considered in the UHI is anthropological heat. This heat
source is the heat emitted by cars, buildings or people. When this happens in summer, the
UHI effect is increased by air conditioning [5-7]. Wang simulated different cases to evaluate
the effect of some UHI mitigation techniques (cold pavement, cold roof and the addition of
urban vegetation) in three locations in Toronto. It showed that urban shading significantly
reduced the effect of UHI [8]. In this context of the increasing environmental threat, the
need to understand the effects of thermal stress on the population becomes crucial.

A person should maintain a body temperature of 37 &= 1 °C. Therefore, if a person
(whether a worker, tourist, athlete, etc.) is exposed to high temperatures in an area where
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there is a heat island effect, they start to suffer from thermal stress, as the ability to evaporate
the heat received through sweat is reduced. High thermal stress at one point in time
can lead to a variety of health problems, such as fatigue, muscle cramps, syncope and
heat stroke [9]. The accumulation of this thermal stress is associated with cardiovascular
disease [10-12]. If this accumulation becomes extreme, the impact can be significant,
even leading to death [13-15]. According to the Mortality Attributable to Heat in Spain
(MAHS) [16], during the summer season of 2023, 13,320 heat-attributable deaths were
recorded in Spain, of which 6137 were attributed to moderate heat, 5028 to extreme heat
and 2155 to excessive heat.

Considering the significant health risks associated with UHI, several authors con-
ducted research on thermal comfort in outdoor environments. Lai carried out a literature
review on thermal comfort in outdoor environments [17]. Abaas simulated thermal comfort
in different parts of Baghdad with the reduction of the UHI effect through urban inter-
ventions, vegetation and high albedo building materials [18]. This model improved the
local climate and promoted human activities in hot and arid environments. Subsequently,
a thermal comfort reduction prototype was evaluated in different locations in the city of
Baghdad. It concluded that this model could reduce the temperature and thus achieve
an acceptable level of thermal comfort [19]. Also, Lopez-Cabeza [20] analyzed the use
of building materials with albedo in a building courtyard in Seville. He concluded that
albedo has a lot of influence on the surface temperature and, consequently, on external
thermal comfort. Zhang [21] investigated the influence of building configurations at Anhui
Jianzhu University on thermal comfort. He concluded that semi-enclosed rooms had high
thermal comfort. He also indicated that there is a high correlation between the radiant
temperature and thermal comfort. In [22], Wallenberg investigated the thermal comfort
of five-year-old children in a pre-school playground. Wallenberg concluded that on days
of high solar incidence, children avoid going out in the playground for activities, and on
days when they do go out, they avoid sunny areas. Therefore, the need to mitigate these
effects with shaded areas is reaffirmed. According to several researchers, thermal comfort
is influenced by the socio-cultural, physiological, psychological and thermophysical factors
of individuals [23-29]. In addition, the type of activity a person is performing outdoors
should be considered in the thermal comfort assessment [30,31].

A common method used by researchers to assess thermal comfort is by analyzing
the indices of thermal stress experienced by people. In [4], Ren indicated that of the
100 manuscripts reviewed, the most commonly used thermal comfort indices were PET
(43), UTCI (14), WBGT (12) and SET (7). Mayer [32] was one of the first researchers to
use the PET index to assess thermal comfort in outdoor environments. He concluded
that it is an accurate index, as it adapts to the characteristics of each person. Abaas [18],
through a simulation, concluded that urban renewal in different areas of Baghdad would
reduce the PET from 64.2 °C to 32.2 °C. In a similar study, Abaas [19] implemented a
sustainable prototype in different locations in Baghdad, obtaining a reduction of PET at the
most optimal location of up to 18.44 °C. In completely enclosed places, such as courtyards
surrounded by buildings, the thermal comfort measured by PET is quite high as there is
no airflow. However, if improvements are made to mitigate this effect, such as planting
trees or shelters, the PET value decreases considerably [21]. Narimani [33] found PET
values between 24.5 °C and 29.8 °C in the hot and dry climate of Isfahan in Iran. He found
that the PET value could be decreased by up to 1.8 °C by planting trees with tall trunks
and wide canopies. Btazejczyk [34] assessed the thermal stress experienced by workers in
different workplaces using the WBGT index. He found values of 23 °C in canyon streets.
However, this value decreased in rural areas, to 17 °C. In these same scenarios, but at
night, values of 17 °C and 10 °C were achieved, respectively. Cheuvront evaluated the
thermal stress suffered by an athlete in the 2021 Boston Marathon [35]. It was measured in
three zones of the marathon and WBGT values between 17 °C and 20 °C were obtained.
This resulted in a yellow flag warning athletes to exercise caution. A similar study was
carried out in [36]. Inoue analyzed the thermal stress experienced by participants of the
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Tokyo 2020 Olympic and Paralympic Games. For 74% of the time during the Olympic
Games, there was a temperature above 30 °C (sweltering), according to the WBGT index.
In contrast, at the Paralympic Games, only 31% of the time the temperature exceeded
30 °C. Gao [37] evaluated the thermal comfort of a pedestrian moving from a high solar
incidence area to a semi-open shelter with a spraying system using the SET index. The SET
improved by 8.8 °C when the walker entered the semi-open shelter. However, it concluded
that one should not stay for a long time in this space, as prolonged spraying can decrease
thermal comfort. In [38], Yuan studied the application of retroreflective materials to the
exterior walls of buildings to mitigate the UHI effect and thus mitigate thermal comfort
in the summer season. The SET decreased by 0.5 °C due to these materials. Recently, the
Universal Thermal Climate Index, UTCI, [39] was introduced. Several researchers have
conducted experimental studies in outdoor environments and compared this new index
with the indices used so far. Blazejczyk [40], Zare [41] and Asghari [42] concluded that
UTClI is very sensitive to changes in ambient temperature, radiant temperature, relative
humidity and wind speed. In addition, they indicated that it correlates to a high percentage
with indices derived from human heat balance models. However, it does not correlate with
single equation indices. Li considered a thermal comfort analysis by correlating different
thermal comfort indices with Thermal Sensation Votes (TSV) [43]. UTCI obtained the
highest correlation (29.8%), followed by SET (24.4%) and PET (16.5%). These results show
that the detailed examination of thermal stress indices is required in addressing heat-related
issues in outdoor city environments.

Other outdoor thermal studies were carried out in arid and dry climate cities [18] and
in a slightly hot summer [22]. According to Peel [44], the city of Cordoba (Spain) is repre-
sentative of many climatic zones in southern Europe, as in [20] and similar in [21,23,25,26].
It is classified as a Mediterranean climate (Csa). This indicates that the summer is hot and
dry and the winter is cool and humid. In the year 2022, Spain was the third country in
Europe with the highest Cooling Degrees Day, CDD, (384), with Cordoba being one of the
cities with the highest CDD [45]. The Global Warming Index (GWI) shows the evolution of
climate change. A recent report [46] of the Ministry of Sustainability, Environment and Blue
Economy of the Andalusian Regional Government, Spain, shows that the GWI temperature
in Cordoba increased to 23.5 °C in 2022, with the average temperature in Andalusia being
11.8 °C. At the national level, a study [47] on thermal stress has been elaborated analyzing
the UTCI index in all cities in Spain. Cordoba had a UTCI of 38 °C in 2010 and is predicted
to increase to 43.6 °C in 2090, with the average for Spain being 36.4. This indicates that
Cordoba is one of the cities in Spain with the worst prognosis in terms of climate change.
The data obtained from the AEMET database [47] show that heat waves are frequent from
June to September, with temperature peaks of over 40 °C. In addition, the environment
tends to be dry due to low relative humidity (31-48%) and low rainfall (0-3 days of rain).

Cordoba holds four inscriptions in the World Heritage List granted by the UNESCO:
the Mosque—Cathedral, the historical quarter surrounding it, the Festival of the Patios
(Courtyards) and Medina Azahara [48]. As a result, more than two million tourists visit
Cordoba every year [49]. However, tourists visiting the city of Cordoba in summer could
experience severe thermal stress. For all the above reasons, the city of Cordoba was chosen
for the assessment of Outdoor Thermal Comfort.

Previous outdoor thermal comfort studies were carried out using a simulation through
Envi-Met software [18] or using meteorological data measured by a stationary weather
station [20-23,25,26] located far away from the city center. In contrast, in this experimental
study, data were measured in situ on a tourist route using a mobile measurement pole to
register a complete set of climatic variables, as in [23]. In [20,21,25,26], measurements were
carried out in different seasons. In this study, experimental measurements were carried
out on different days in the summer season in order to obtain the heat stress indices [4]
such as UTCI [18,19,21,34,39-43], PET and mPET [32,33,40-43], SET [37,38,40,41,43] and
WBGT [34-36,41] for the assessment of temporal and cumulative outdoor thermal comfort.
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Furthermore, the heat stress exposure (HSE) metric [50] was also evaluated using UTCI, as
in [50], and using the other indices as well.

This paper aimed to conduct a comprehensive assessment of human heat stress,
comparing various thermal stress indices under both normal summer days and heat
wave conditions defined by meteorological parameters. Also, the objective involved
evaluating the thermal comfort conditions of outdoor spaces and identifying the most
suitable bioclimatic indices, deriving city comfort indices to represent thermal comfort in
Cordoba as a case study for a medium-sized touristic city in Southern Europe. To assess
outdoor thermal comfort along a typical three-hour walkable path in the city center, a
heat stress metric that considers both the duration and intensity of urban heat exposure
was employed, utilizing a multi-node numerical model of human thermal physiology. In
situ monitoring was conducted using a measurement pole simulating a tourist, measuring
different climatic values on a typical touristic route in the center of Cordoba during the three
hours of higher temperatures (16:30-19:30) CEST (UTC+2) [51] on a normal summer day on
6 July 2023, a heat-wave day on 28 June 2023 and a super-heat-wave day on 10 August 2023.

2. Materials and Methods
2.1. Study Area

The experimental study was carried out in Cérdoba, Spain. Cordoba is located at
longitude 4° 46 min and latitude 37° 53 min with an elevation of 106 m above sea level.
Cordoba is located in climate zone B4 according to the Technical Building Code (CTE) [52].

This study was conducted in one of the most important tourist areas of the city of
Cordoba. Touristic route carried out was Fray Albino Avenue—Calahorra Tower—Roman
Bridge—Mosque Cathedral—Alcazar de los Reyes Cristianos—Paseo de la Ribera—Roman
Bridge—Calahorra Tower—Fray Albino Avenue, see Figure 1. This touristic route has a
total length of 1850 m.

Om

Fray Albino Avenue

150 m
Calahorra Tower

200 m
Roman Bridge

550 m
Mosque Cathedral

1150 m
Alcazar de los Reyes Cristianos

1250 m
Paseo de la Ribera

1400 m
Roman Bridge

1700 m
Calahorra Tower

1850 m
Fray Albino Avenue

Figure 1. Touristic route conducted in the experimental study with a total length of 1850 m.

The measurements were carried out in this touristic route during the summer season
of 2023. According to AEMET [53], the Spanish State Meteorological Agency, a heat wave
is considered to be an episode of at least three consecutive days in which at least 10% of the
weather stations considered record maximum temperatures above the 95% percentile of
their daily maximum temperature series for the months of July and August in the period
1971-2000. AEMET declared up to five heat waves in Spain in 2023, with Cordoba being one
of the worst affected cities. In the first heat wave declared by AEMET, a first experimental
test was carried out on 6 July 2023, which was called heat-wave day (HD). During the
period when the heat wave warning was not activated, a second experimental test was
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carried out on 28 June 2023, and was therefore called normal summer day (NSD). Finally,
the AEMET issued a warning of a wave with greater intensity in the month of August.
Here, the third experimental test was carried out on 10 August 2023 and it was called
super-heat-wave day (SHD) due to its greater intensity [51].

To check that the environmental conditions obtained on three summer days in this
study are representative of the summer season, the values of variables such as temperature,
velocity and relative humidity obtained from the Cordoba-Airport weather station, WS2,
from the year 2000 to the year 2023 have been analyzed, see Table 1. WS2 is the reference
station in Cordoba, established by AEMET [51].

Table 1. Temperature, air velocity and relative humidity obtained from the Cérdoba-Airport weather
station, WS2.

Temperature (°C) Air Velocity (m/s) Relative Humidity
Year June July August June July August June July August
2000 25.6 27.6 27.9 2.8 2.8 2.8 43% 41% 39%
2001 25.6 26.2 28.0 2.5 3.1 2.5 43% 45% 47%
2002 247 27.3 26.5 3.1 2.8 3.1 50% 46% 48%
2003 26.9 279 29.6 3.1 2.5 2.5 48% 41% 41%
2004 26.7 28.3 28.0 2.2 2.5 2.8 47% 43% 45%
2005 27.0 28.4 28.5 2.8 3.1 2.5 45% 45% 39%
2006 25.8 29.5 28.7 2.8 2.8 2.5 49% 39% 47%
2007 23.8 28.4 27.5 3.1 2.8 2.8 44% 29% 35%
2008 25.2 27.6 28.1 2.5 2.8 2.8 35% 30% 30%
2009 26.1 28.4 29.2 3.3 3.1 2.2 39% 27% 29%
2010 23.9 29.3 29.4 3.3 2.5 2.2 46% 31% 35%
2011 25.4 27.5 28.2 2.2 3.3 3.1 36% 34% 37%
2012 26.9 28.2 29.5 3.1 3.3 2.8 31% 28% 28%
2013 24.0 28.0 28.5 2.5 2.8 2.2 37% 35% 34%
2014 24.5 27.0 27.5 3.1 3.3 2.5 41% 37% 33%
2015 26.1 30.5 28.4 3.1 3.1 2.8 35% 28% 40%
2017 284 289 29.4 2.8 2.8 1.9 32% 32% 32%
2018 24.6 26.6 30.0 3.1 31 2.5 44% 37% 33%
2019 244 28.1 28.8 3.6 3.6 2.5 35% 39% 33%
2020 24.7 30.8 28.4 3.9 2.8 2.8 39% 31% 36%
2021 249 28.7 289 3.3 3.3 3.1 40% 30% 34%
2022 259 30.4 29.0 3.3 2.8 3.1 35% 27% 37%
2000-2022 25.5 28.3 28.5 3.0 2.9 2.6 41% 35% 37%
Average 27.5 2.8 38%
2023 26.4 29.7 29.9 2.8 3.3 2.8 43% 28% 25%
Average 28.7 3.0 32%

As shown in Table 1, average data for temperature, air velocity and relative humidity
from year 2000 to year 2022 (27.5 °C, 2.8 m/s and 38%) are similar to those measured in year
2023 (28.7 °C, 3.0 m/s and 32%, respectively) for the summer period. Positive deviation of
1.2 °C is obtained for the average data of temperature, mainly due to several heat wave
periods during the summer months of 2023. These trends for summer Cordoba’s outdoor
conditions could be considered to be representative of similar outdoor summer conditions
in other Southern Europe cities.

Analysis of registered temperatures from the WS2 [51] was carried out over several
weeks during the summer season in order to select different days for the experimental
tests. Three days were selected, 6 July 2023, 28 June 2023 and 10 August 2023, representing
normal, heat-wave and super-heat-wave days. For each selected day, the period of three
consecutive hours with the higher temperatures was identified between 16:30 and 19:30,
see Figure 2.
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Figure 2. Days and time-period selected according to ambient temperature measured by WS2.

2.2. Measurements Device

A measurement pole to simulate a tourist male, 32 years old, of 1.70 m height and
70 kg weight with walking shorts and a short-sleeve shirt, 0.36 clo. For walking speed
of a tourist, 4 km/h was considered. This speed corresponded to a metabolic activity of
165 W [54].

Measurement pole was divided into three heights: ankles, 0.10 m, abdomen, 1.10 m,
and head, 1.70 m. A hot wire sensor (06351570, Testo, Barcelona, Spain) and a black sphere
of 150 mm diameter (SFT-SCB-10-6-100, KIMO, Lesquin, France), at the center of which
was the temperature probe. A type-K thermocouple (06020645, Testo, Barcelona, Spain)
was located at each height, see Figure 3, to measure the globe temperature, Ty Hot wire
sensor measured ambient temperature, T, (with an accuracy of £0.5 °C in the range of
—20 to 70 °C), relative humidity (with an accuracy of +3%RH in the range of 5 to 95%), air
velocity (with an accuracy of £0.03 m/s + 4% del v.m. in the range of 0 to 50 m/s) and wet
bulb temperature, Ty, (with an accuracy of 0.5 °C in the range of —20 C to 70 °C). Type-K
thermocouple measured radiant temperature (with an accuracy of class 2 (—40 °C to 1200
°C) in the range —50 to 400 °C). These variables were registered on a portable analyzer
(05604401, Testo, Barcelona, Spain). The measurement registered by the sensors in the pole
was referenced as a local experimental weather station, WS1.

Ta Th Vv RH Height
Head v v v v 170m |
k Abdomen
S v v v v 110m |
Ankles v v v v 0.10 m ‘

Figure 3. Tourist simulated by a measurement pole.
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2.3. Experimental Indices

The assessment of thermal stress carried out in this study has been conducted through
different experimental thermal indices. The thermal comfort indices evaluated in this
study were the UTCI index, simple bioclimatic index and indexes derivative of heat
budget models.

2.3.1. Universal Thermal Climate Index (UTCI)

Indices that consider air temperature and/or relative humidity have been considered
by different authors for decades for the assessment of outdoor thermal comfort [14]. There-
fore, Commission 6 of the International Society for Biometeorology (ISB) decided to develop
a global index called Universal Thermal Climate Index (UTCI) of the latest generation.
UTCl is derived from the multi-nodal model of human thermal equilibrium [55].

UTCI has been developed by ISB together with Cooperation in Science and Technology
(COST Action 730) since 2005. The Universal Thermal Climate Index is a comprehensive
biometeorological index which analyzes the four main physiologically significant and inter-
acting environmental parameters of mean radiant temperature, air temperature, humidity
and wind speed, combined with two personal parameters describing the subject (metabolic
rate and clothing insulation) to realistically predict human thermal physiological stress [56].

The UTCI has certain limitations that must be considered when using it. Its com-
plex mathematical equation complicates its interpretation for those unfamiliar with its
parameters and its sensitivity to meteorological variables can impact the accuracy of the
results. Also, the reliance on multiple meteorological variables implies a higher cost in the
measurement equipment and an increase in the time required to process the data. Despite
this, the UTCI is recognized by several authors as an integral index in the assessment of
thermal comfort [40,50,57-60]. Due to its complexity, the calculation of UTCI has been
carried out through Bioklima [61].

The thermal stress assessment based on UTCI is shown in Table 2.

Table 2. Thermal sensation and different groups of UTCIL.

Range UTCI (°C) Stress Category
>46 Very hot (Extreme heat stress/Danger)
38-46 (Very strong heat stress)
32-38 Hot (Strong heat stress/Extreme caution)
26-32 Warm (Moderate heat stress/No danger)
9-26 Comfortable (No thermal stress/No danger)
0-9 Slightly cool (Slight cold stress)

2.3.2. Simple Bioclimatic Indices (WBGT)

This group includes indices that consider the collective impact of various meteorologi-
cal factors on the human body, including air temperature, wind speed or relative humidity.
The Wet Bulb Globe Temperature, WBGT, is considered the most accurate index for assess-
ing thermal stress in both indoor and outdoor workers. It has been considered in this study,
although the simulated person would not be carrying out any work. According to [62],
WBGT is calculated through Equation (1):

WBGT = 0.7-T;, + 02T, 4 0.1 T, (1)

where Ty, is the wet bulb temperature, T is the globe temperature and T, is the ambient
temperature.
The thermal stress assessment based on WBGT is shown in Table 3.
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Table 3. Temperature thresholds (°C) of particular thermal sensations used in WBGT.

Range WBGT (°C) Stress Category
>30 Sweltering (Extreme danger)
28-30 Very hot (Danger)
24-28 Hot (Extreme caution)
18-24 Warm (Caution)
<18 Comfortable (No danger)

2.3.3. Heat Budget Models (SET, PT, PET and mPET)

Standard Effective Temperature, SET, is a rational and the most comprehensive comfort
temperature index. SET is defined as the dry bulb temperature of a hypothetical isothermal
environment at 50% RH in which a human subject, while wearing clothing standardized
for activity concerned, would have the same skin wittedness and heat exchange at skin
surface as he would have in the actual test environment. Previous studies have used the
SET index to assess thermal stress [63,64].

The thermal stress assessment based on SET is shown in Table 4.

Table 4. Temperature thresholds (°C) of particular thermal sensations used in SET.

Range SET (°C) Stress Category
>37 Very hot (Danger)
34-37 Hot (Extreme caution)
30-34 Warm (Caution)
17-30 Comfortable (No danger)
<17 Cool (Moderate hazard)

The Perceived Temperature (PT) is an equivalent temperature based on a complete
heat budget model of the human body. PT [65] is designed for staying outdoors and is
defined as the equivalent temperature of an isothermal reference environment with a wind
reduced to light air and a relative humidity of 50%, where the same perception of warm or
cold assessed by Predicted Mean Vote (PMV) would occur as under the actual environment.

The thermal stress assessment based on PT is shown in Table 5.

Table 5. Temperature thresholds (°C) of particular thermal sensations used in PT.

Range PT (°C) Stress Category
>38 Very hot (Extreme heat stress)
32-38 Hot (Strong heat stress)
26-32 Warm (Moderate heat stress)
20-26 Slightly warm (Slight heat stress)
0-20 Comfortable (No thermal stress)
—13-0 Slightly cool (Slight cold stress)
—26——13 Cool (Moderate cold stress)
—39-—-26 Cold (Great cold stress)
<-39 Very cold (Extreme cold stress)

Physiological Equivalent Temperature, PET, is one of the most commonly used indices
for measuring heat stress in outdoor spaces. PET [58,66] is defined as the physiological
equivalent temperature at any given place (outdoors or indoors) and is equivalent to the
air temperature at which, in a typical indoor setting, the heat balance of the human body
is maintained with core and skin temperatures equal to those under the conditions being
assessed. PET is an index derived from the Munich Energy-balance Model for individuals
(MEMI). PET is affected by mean radiant temperature, dry temperature, relative humidity
and wind speed.

The thermal stress assessment based on PET is shown in Table 6.
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Table 6. Temperature thresholds (°C) of particular thermal sensations used in PET.

Range PET (°C) Stress Category

>41 Very hot (Extreme heat stress)
3541 Hot (Strong heat stress)
29-35 Warm (Moderate heat stress)
23-29 Slightly warm (Slight heat stress)
18-23 Comfortable (No thermal stress)
13-18 Slightly cool (Slight cold stress)
8-13 Cool (Moderate cold stress)

4-8 Cold (Strong cold stress)

<4 Very cold (Extreme cold stress)

PET is an index that does not consider the vapor pressure in warm and humid regions,
it minimally considers the influence of clothing. Furthermore, it is derived from an obsolete
model. This led to the development of the modified Physiological Equivalent Temperature,
mPET, which is more sensitive to vapor pressure and clothing insulation and has been
proven to be more suitable for humid and hot climate regions. Calculating mPET [67]
value requires six parameters: ambient temperature, humidity relative, wind speed, solar
radiation, clothing and metabolic rate. The thermal stress assessment based on mPET is the
same as in PET, Table 5.

The software Rayman Pro version 2.1 [68] was used to calculate SET, PT, PET and mPET.

2.3.4. Urban Heat Island Effect

The urban heat island effect (UHIE) in the city of Cordoba was analyzed comparing
ambient conditions registered, at the same time, by two different weather stations, WS1
and WS2. WS1 is located on the city center, see Figure 3. WS2 is located at Cordoba-Airport,
9 km away from the city center. W52 is surrounded by green areas on the outskirts of
the city.

The urban heat island effect was defined using Equation (2):

UHIE = Twsl - TwsZ (2)

where Ty51 and T correspond to the dry air temperature registered at the same time by
the weather station WS1 and the weather station WS2.

2.3.5. Correlation Coefficient

Equation (3) of Pearson correlation coefficient (r) was considered to carry out a
correlation [69-72] of the WBGT, SET, PT, PET and mPET indices with the UTCI index:

,— Zf\i] (xify»(yi*y) *1§'Y§1 (3)

\/(le'\h(xi - y)2) : (Zfiﬂyi - y)2)

where x; and y; correspond to the independent and dependent variables, respectively; X
and y are the average of the independent and dependent variables, respectively.

2.3.6. Cumulative Thermal Stress

Heat stress accumulates in the human body when a person is exposed to a thermal
condition for a long time. Considering this fact, the cumulative thermal stress (CTS) is
defined to quantify the strength of heat stress. CTS represents the heat stress accumulated
in a time-period calculated. As in UNE-EN ISO 7243:2017 [62], a time-weighted function is
defined to calculate the cumulative thermal stress (4):

m TSt

CTS = &=L
i—1ti

(4)
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where TS; represents the thermal stress index measured at a location and at the time ¢;.

2.3.7. Heat Stress Exposure

Sadeghi [50] introduced an innovative bioclimatic metric based on the Universal Tem-
perature Climatic Index (UTCI) for the purpose of measuring the thermal stress experienced
by a human being, called the Heat Stress Exposure (HSE) Metric. The HSE incorporates
both the duration and intensity of heat exposure. To quantify thermal stress, Sadeghi
proposed to set the threshold of thermal comfort in UTCI at 26 °C, as shown in Table 2. In
this study, the HSE was applied for the rest of the bioclimatic indices studied too. First, a
threshold value of 23 °C for PET and mPET, 30 °C for SET, 20 °C for PT and 18 °C WBGT
was set, see comfortable category from Tables 3-6. Therefore, for all bioclimatic indices
used in this study, Equation (5) was considered:

h
Blge = 721:1 abl ®)
h

where Bl,, represents the average temperature excess above the thermal comfort threshold
based on the employed bioclimatic index, E?:l ABI signifies the cumulative temperature
excess beyond the thermal comfort threshold according to the utilized bioclimatic index
and / denotes the total hours of temperature surpassing the threshold of the thermal
comfort zone.

3. Results
3.1. Heat Island Effect in City Center of Cordoba

The ambient conditions were measured using two different weather stations, WS. Local
ambient conditions in the city center of Cordoba (Spain), WS1, were measured in different
locations of the route between 16:30 and 19:30 CEST (UTC+2). A comparison between the
ambient conditions registered in the reference meteorological station in Cordoba, WS2, and
the local ambient conditions in the city center of Cordoba (Spain), WS1, was performed in
the same period. Figure 4 shows the ambient dry temperature registered at WS1 and WS2
for a normal summer day, NSD, a heat-wave day, HD, and a super-heat-wave day, SHD.

-+ WS1 WS2
50
45 \/\/\
= 40
I
=
35
30
N o S S N N N N S
oS N S NN S oS S
N NI TN T
NSD HD SHD

Figure 4. Ambient dry temperature at WS1 and WS2.

As shown in Figure 4, the temperature measured by WS1 is higher than the one
measured by W52 independently of the day on which the measurements were carried out.
Average values of 40.3 °C and 36.1 °C were measured by WS1 and WS2, respectively, for
the NSD. For the HD, the average values increased to 42.3 °C and 39 °C at WS1 and WS2,
respectively. The average values increased even more for the SHD, to 45.6 °C and 42.4 °C
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for WS1 and WS2, respectively. This indicates that the temperatures registered in the center
of the city of Cérdoba are 3.2 to 4.3 °C higher than the temperatures registered in W52
in the same period of time. This difference corresponds to the UHIE between WS1 and
WS2. Therefore, the temperature showed by WS2 is not representative of the temperature
of the city, as W52 is 9 km from the city, and it is surrounded by green areas. According to
Imhoff [73], typical temperature difference values between an urban area and the outskirts
area of a city are usually in the range of between 0.8 and 8 °C. Therefore, the temperature
difference between WS1 and WS2 obtained in this study fits within the range proposed
by Imhoff.

3.2. Temporal and Spatial Variation of Heat Stress Indices

Figure 5 shows the temporal register of UTCI, heat budget models, SET, PT, PET and
mPET, and a simple bioclimatic index, WBGT, for an NSD, HD and SHD between 16:30
and 19:30 h in different locations of the city center of Cordoba (Spain). For each day, three
periods were differentiated: a first stage (16:30-17:30) CEST (UTC+2), with no shadows;
a second stage (17:30-18:30) CEST (UTC+2), with shadows; and a third stage, with no
shadows (18:30-19:30) CEST (UTC+2).

~PET SET UTCI —-+PT —mPET ---WBGT -=-T®amb -=-T®rad
80
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Figure 5. Temporal register of temperature indices for NSD, HD and SHD.

In the Figure 5, it is shown that the spatio-temporal register of all indices increases
slightly as the ambient temperature and radiant temperature increase. Variables such as
relative humidity (17%) or wind speed (0.9 m/s) have remained stable during the days of
measurement, so there are no major changes in the indices.

As shown in Figure 5, it can be seen how the radiant temperature was similar on all
three days (NSD, HH and SHD) in the first measurement stage, where the temperature
was at its maximum due to the time zone and the fact that there was no shade on this
area of the route. However, the differences are visible in the shaded area. In this zone, the
radiant temperature was higher in HD and SHD, although only slightly in SHD. Then,
the radiant temperature increased again in the third stage due to the absence of shade,
although slightly, as the temperature was not so strong due to the time zone. These three
stages together with the spatio-temporal register of the radiant temperature can help to
understand the results achieved in the assessment indices.

Figure 5 shows that indices such as the mPET index are very similar to the UTCI,
independently of the day of measurement. This confirms the high correlation found in
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Table 6. Now, indices such as PET and SET are similar to UTCI, although they are slightly
above and below, respectively. The PT index is significantly further away from UTCI. This
demonstrates the low correlation found in Table 6. The WBGT index is well below the
UTCI index, which shows that they are not comparable.

These results suggest that indices such as UTCI, SET, PT, PET and mPET are dependent
on radiant and ambient temperature. However, this is not the case for WBGT, where no
relationship can be observed.

3.3. Correlation Analysis

Table 7 shows the correlation coefficient, r, between UTCI and other thermal indices
(PET, SET, PT and mPET) and simple indices with hot conditions (WBGT) for an NSD, HD
and SHD.

Table 7. Correlation between UTCI and other heat stress indices.

Heat Stress Index NSD HD SHD
PET 95.9% 98.9% 99.4%

SET 97.0% 98.4% 99.0%

PT 93.1% 96.8% 95.8%

mPET 96.5% 99.2% 99.7%
WBGT 89.3% 92.8% 93.4%

In Table 7, the correlation between UTCI and a simple index with hot conditions as
the WBGT was less than 95% independently of the day on which the measurements were
carried out. The r coefficients 89.3%, 92.8% and 93.4% were achieved for the NSD, HD and
SHD, respectively.

As can be seen in Table 7, a higher correlation was found with indices that consider
UTCI variables such as PET, mPET and SET. vy coefficients higher than 95% were found for
the NSD. r coefficients increased until they reached values close to 99% for the HD and
above to 99% for the SHD. However, the r coefficient of PT was less than 95% for the NSD,
although it exceeded this value for an HD and SHD.

These results indicate that indices such as PET, mPET, SET and PT that consider
variables similar to UTCI can be used in the same way to calculate the heat stress suffered
by a person. On the other hand, indices such as WBGT that partially consider these
variables are not advised to be used.

3.4. Comparison of Scale Classes between UTCI and Other Indices

The frequency distribution of the scale classes for different temperature indices are
represented in a bar chart for the NSD, HD and SHD in Figure 6.

As shown in the Figure 6, which pertains to the NSD, the PET and mPET indices
predominantly fall within the “very hot” category. A similar pattern emerges in the
SET index, where a significant portion of the data fall under the “very hot” scale. As
for the PT index, the values vary across the “very hot”, “hot”, and “sweltering” scales,
with the majority leaning toward “very hot”. Likewise, the UTCI index portrays its
values with different classifications, where the majority was found to be “very hot”. The
WBGT index displays an almost symmetrical distribution between the “sweltering” and
“very hot” scales.

For the HD, Figure 6 shows that in the SET indeXx, nearly all values now fell within
the “very hot” range. Meanwhile, both the PET and mPET indices placed all values firmly
within the “very hot” category. As for the PT and UTCI indices, they distributed their
values across “very hot” and “sweltering”, with the majority leaning towards “very hot”.
However, the WBGT index presented a more diverse pattern, spanning “hot”, “very hot”,
and “sweltering”, with the majority positioned in the “hot” category.



Atmosphere 2024, 15, 214

13 of 19

B Frosty @ Very cold OCold OCool OComfortable @Warm EHot B Very hot B Sweltering
100%
75%
‘6\
5 50%
=
S
o
[+
25%
0(,0
S Dy AT AN Oy
&< Q@ O & Q SOf
$ S
NSD HD SHD

Figure 6. Frequency of assessment classes of temperature indices.

As can be seen in Figure 6, for one SHD, the values found in the PET and mPET
indices were again classified on the “very hot” scale. In addition, the SET index values
were classified on the same scale. Now, the values obtained in the PT, UTCI and WBGT
indices were distributed between “very hot” and “sweltering”, where most of them were
classified on the “sweltering” scale.

3.5. Comparison of Cumulative Indices for the Route

A color map of the cumulative stress in the temperature indices during the run for the
NSD, HD and SHD is depicted in Figure 7. The colors represent very hot stress and a wide
range of sweltering stress.

Figure 7 shows how a person classifies heat stress as very hot from the first measure-
ment point, irrespective of the index and the day of measurement. Furthermore, it can be
seen how the PET index reaches very extreme stifling stress earlier than the other indices,
regardless of the day of measurement.

For the NSD, see Figure 7a, according to the PET index, a tourist achieved extreme
sweltering stress at about 18:15 h. Furthermore, at 19:30, the cumulative stress achieved
a very extreme sweltering value. Now, indices such as UTCI, WBGT, SET and PT follow
a similar behavior and found an extreme sweltering stress between 18:25 and 18:30. On
the other hand, according to the mPET index, extreme sweltering stress was reached
around 19:00 h.

In Figure 7b, for the HD, extreme sweltering stress conditions were achieved earlier in
all indices. Around 18:00 h, this level of stress was evident in indices such as UTCI, PET,
and SET. Subsequently, very extreme sweltering stress was found between 18:50 and 19:00
in the UTCI and PET indices, and approximately at 19:15 in the SET index. Conversely,
the WBGT and PT indices indicated extreme sweltering stress at around 18:15. Notably,
according to the WBGT index, very extreme sweltering stress conditions were achieved
toward the end of the period. In contrast, the mPET index reflects that extreme sweltering
stress was not achieved until around 18:40 h.

In the SHD, as shown in Figure 7c, extreme sweltering stress was achieved before
reaching the midpoint of the route in all indices. Furthermore, levels of very extreme
sweltering stress were observed in all indices at the midpoint of the route, except for the
mPET index, where they were found at the end of the route. In the UTCI, WBGT, PET, SET
and PT indices, extreme sweltering stress was achieved between 17:30 and 17:40 h. In these
indices, very extreme sweltering stress was found between 18:20 and 18:40 h.
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Figure 7. Color map of cumulative stress for: (a) NSD; (b) HD; (c) SHD.

These results suggest that the proportion of time experiencing sweltering heat increases
notably as outdoor conditions move from a normal day to an extreme heat-wave day.

3.6. Heat Stress Exposure

Figure 8 shows the average excess of temperature obtained for UTCI, PET, mPET, SET,
PT and WBGT for the NSD, HD and SHD.

ENSD mHD mSHD

40
30
9
<20
m
) ' .
0
UTCI PET mPET SET PT WBGT
NSD 17 25 22 10 15 10
HD 19 28 24 11 16 10
SHD 22 30 26 14 19 13

Figure 8. Heat stress exposure indices for different days.

The highest average excess of temperature was found for PET, 30 °C, in the SHD.
However, the lowest value was achieved for SET and WBGT, 10 °C, for the NSD.
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In Figure 8, it can be seen how for the NSD, a higher average excess temperature
was achieved for PET and mPET, 25 °C and 22 °C, respectively. Slightly lower excess
temperature values of 17 °C and 15 °C were obtained for UTCI and PT. The lowest values
of excess temperature were found for SET and WBGT, 10 °C.

In the HD, the average excess temperature increased in all indices except in WBGT,
where 10 °C was maintained, see Figure 8. In PET, the average excess temperature increased
by 3 °C to 28 °C. The increase was slightly lower in UTCI and mPET, 2 °C, until it achieved
19 °C and 24 °C, respectively. Even smaller was the increase in SET and PT, 1 °C, until it
found 11 °C and 16 °C, respectively.

When the heat intensity is higher, SHD, the average excess temperature increased
by 3 °C in UTCI, SET, PT and WBGT until it achieved 22 °C, 14 °C, 19 °C and 13 °C,
respectively. However, the increase was slightly lower, 2 °C, in PET and mPET, 30 °C and
26 °C, respectively, as can be seen in Figure 8.

These results indicate that the thermal comfort threshold was exceeded for the total
duration of the experimental tests, 3 h, independently of the bioclimatic index. This implies
that the average excess temperature is quite high in all experimental tests, especially on a
day with the highest heat intensity, SHD.

On the route analyzed, there were shaded sections, see Figure 5, provided by nearby
buildings. Even so, the thermal comfort threshold was significantly exceeded because these
buildings emitted the heat previously absorbed at times when they received direct solar
radiation. Therefore, the shading provided by these buildings did not sufficiently reduce
the thermal stress.

4. Conclusions

A comprehensive assessment of human heat stress was carried out in Cordoba (Spain)
as a representative of other Mediterranean climatic zones in Southern Europe. A mobile
measurement pole was used to register a complete set of climatic variables in situ along a
three-hour typical walkable touristic path in the city center of Cordoba during the three-
hour period of higher temperatures from 16:30 to 19:30 CEST (UTC+2). Temporal and
cumulative bioclimatic indices, UTCI, WBGT, SET, PT, PET and mPET, were obtained under
both normal summer days and heat wave condition days.

Furthermore, a heat stress metric that considers both the duration and intensity of
urban heat exposure was used to predict the duration and intensity of Heat Stress Exposure
(HSE) across a typical touristic route in the city center of Cordoba.

The main findings of this study are:

e  The thermal stress suffered by a tourist was very severe on a normal summer day.
However, this thermal stress became very extreme on a heat-wave day and super-heat-
wave day. In shaded areas, the thermal stress was significant reduced.

e Theindices derived from heat budget models, such as SET, PT, PET and mPET, show
a high correlation with UTCI, independently of the day of measurement. However,
a simple index such as WBGT has a low correlation with UTCI. Pearson correlation
coefficient values increased for all indices as the outdoor conditions were more severe,
from a normal summer day to a summer super-wave day.

e  The cumulative thermal stress obtained for each index was classified as “very hot”
and mostly “sweltering”. The percentage of time under these conditions increased
significantly as the outdoor conditions changed from a normal day to a super-heat-
wave day.

e  The HSE reported that the average excess temperature was significantly high for all
bioclimatic indices studied, especially on a day of maximum heat intensity, SHD.

Temporal, cumulative thermal stress and HSE analysis emphasize the need for inter-
ventions to improve the urban environment and promote better outdoor thermal comfort
for city dwellers and tourists through measures such as green infrastructure, UHI mitigation
and increasing public awareness.
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