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Abstract: Urbanization and climate change present increasing challenges to outdoor human
thermal comfort, particularly in university campuses where academic, social, and recre-
ational activities converge. This study assesses microclimatic risk factors along the main
avenue of the NOVA FCT campus by analyzing outdoor human thermal comfort using
the physiologically equivalent temperature (PET) and modified PET (mPET) indices. Field
measurements of air temperature, humidity, wind velocity, and radiation were conducted
at multiple Points Of Interest (POIs) to evaluate thermal stress levels and identify critical
zones of discomfort. Results indicate significant spatial and temporal variations in thermal
stress, with sun-exposed areas (G2) experiencing PET values exceeding 50 ◦C, during
peak summer hours, while shaded locations (G1) showed substantial thermal relief (PET
reductions up to 27 ◦C between G1 and G2 POIs). Wind velocity and urban morphology
played crucial roles in modulating microclimatic conditions. Wind velocity above 2.0 m/s
was associated with perceptible thermal relief (3–8 ◦C PET/mPET reduction), especially in
narrow, shaded passages. Significant spatial variability was observed, linked to differences
in urban morphology, surface materials, and vegetation coverage. This research provides
actionable insights for urban planners and campus administrators, contributing to the
development of more sustainable and thermally comfortable outdoor environments in
educational settings.

Keywords: human thermal comfort; bottom-up approach; shading; wind velocity; climate
adaptation; climate-resilient campus planning

1. Introduction
Urbanization has significantly transformed societies, offering numerous opportunities

but also intensifying challenges related to climate change and sustainable development.
The rapid expansion and densification of urban areas, driven by exponential population
growth, have intensified environmental stressors [1]. By 2050, nearly 68% of the global
population is projected to reside in urban areas, with most of this growth occurring in
developing regions [2]. In Portugal, urbanization mirrors this global trend, with 68% of the
population already living in urban areas, a figure expected to reach 75% by mid-century [3].
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Although urban areas occupy only 2% of the Earth’s surface, they are responsible for
70–90% of global greenhouse gas (GHG) emissions, making them critical drivers of climate
change [4–6]. Urban environments are particularly vulnerable to climate impacts, including
rising temperatures and extreme weather events. Among these, the urban heat island
(UHI) effect—a phenomenon where urban areas experience higher temperatures than
surrounding rural regions—exacerbates thermal discomfort and degrades environmental
and human health [7,8].

As described by Oke’s energy balance model [9], population growth, intensive urban
development, and changes in land use disturb the urban energy balance, further amplifying
these challenges. In Almada, Portugal, for instance, susceptibility to excessive heat is
projected to rise significantly, becoming a major risk factor for all parishes due to increasing
temperature-related climate parameters [10]. These conditions highlight the urgent need
for localized adaptation strategies and measures to enhance urban climatic resilience,
particularly in areas where vulnerable populations are at risk.

Thermal environments influence more than just physical health; they directly affect
comfort, productivity, cognitive performance, mental well-being and overall quality of life.
The heat stress in urban areas can contribute to psychological distress and reduce mental
resilience and well-being. While extensive research has focused on thermal comfort in
residential and office buildings [11–13], educational settings—particularly outdoor spaces—
remain less explored, despite their critical role in supporting learning, social interaction,
and recreational activities [14]. This gap is especially concerning as educational institutions
often serve as gathering points for vulnerable populations, such as students and staff,
whose thermal comfort directly impacts their cognitive and physical performance [14,15].

The main avenue of the NOVA—School of Science and Technology (FCT NOVA) uni-
versity campus serves as a compelling case to study. This central thoroughfare, connecting
key academic and social spaces, experiences high pedestrian traffic but suffers from low
aspect ratios, limited shading, and significant global radiation exposure. These conditions
contribute to thermal stress, limiting the usability of the space and adversely affecting the
well-being of the academic community. Addressing these issues requires a comprehensive
understanding of how urban morphology interacts with microclimatic variables, including
air temperature, humidity, wind velocity, and global radiation [16–19].

Recent advancements in biometeorology have demonstrated the value of human-
centric indices, such as the physiologically equivalent temperature (PET) and its modified
version (mPET), in assessing outdoor thermal comfort [20–24]. Unlike other indices, PET
and mPET account for human energy balance, offering thermo-physiological insights
critical for localized interventions [25]. Despite these advancements, studies focusing
on high-footfall spaces like university campuses—where academic, social, physical, and
mental well-being converge—remain limited, particularly in Portugal. This research is
essential to bridge this gap, offering both theoretical and practical contributions to climate-
resilient urban planning and design through an interdisciplinary approach. Moreover, it
emphasizes the importance of communicating results effectively to non-climatic experts,
ensuring broader understanding and applicability.

This study focuses on addressing these gaps by investigating the ‘in situ’ human
thermal comfort conditions along the main avenue of the FCT NOVA university campus.
In addition to singular variable assessments, using human thermo-physiological analy-
sis through the application of PET and mPET indices, this research aims to accomplish
the following:

I. Identify and assess the microclimate risk factors across key Points Of Interest on
the avenue.
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II. Propose targeted, nature-based solutions to improve thermal comfort and enhance
the resilience of the campus community during periods of climatic stress.

In contrast to most outdoor thermal comfort studies that focus exclusively on diur-
nal conditions, this research incorporates nocturnal field measurements, enabling a more
comprehensive temporal assessment of microclimatic thermal stress. This is particularly rel-
evant for evaluating heat retention and nocturnal discomfort in educational environments
with extended evening/nighttime use.

By integrating an interdisciplinary approach—applying a dual-index approach, sup-
ported by detailed Sky View Factor (SVF) analysis—and combining localized ‘in situ’ data
with records from the regional World Meteorological Organization (WMO) station, to
identify critical zones of discomfort, this study delivers original and actionable insights.

The dual data sources not only allowed for cross-calibration and enhanced the reliabil-
ity of human thermal comfort assessments but also enabled a more refined and site-specific
understanding of microclimatic conditions on the university campus—supporting urban
planners, decision-makers, and other stakeholders in developing targeted, climate-resilient
interventions. The findings will contribute to improving outdoor thermal comfort, fostering
well-being, and promoting sustainable urban development in educational contexts.

2. Materials and Methods
This study adopts a quantitative field-based methodology to evaluate outdoor human

thermal comfort along the main avenue of the NOVA FCT campus. The approach integrates
microclimatic measurements and bioclimatic index calculations to assess spatial and tempo-
ral variations in thermal stress levels. The methodology was selected to capture real-world
thermal conditions during peak summer periods, using high-resolution environmental
data collected ‘in situ’. The application of PET and mPET indices enables a physiologi-
cally relevant analysis of thermal comfort, while spatial indicators such as the Sky View
Factor (SVF) help characterize urban form and radiation exposure. This section details the
study area, data collection procedures, measurement instruments, computational tools, and
analytical methods employed.

2.1. Study Area

This study was conducted between the last days of July and the first days of August,
during the summer of 2024, on the Main Campus of NOVA FCT, specifically within the
main avenue of the campus (Figure 1).

Figure 1. Geographical setting of the FCT NOVA campus.
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The NOVA FCT campus (latitude: 38◦39′40.23′′ N; longitude: 9◦12′18.87′′ W) is located
on the south bank of the River Tagus, in the parish of Caparica, in the municipality of
Almada, which is part of the Lisbon Metropolitan Area. It is a region of climatic transition,
characterized by a Mediterranean climate with a strong Atlantic influence. The geography
and proximity of the Atlantic Ocean, the Arrábida mountain range, and the Tagus River
estuary influence the temperature. Thus, the region has a sub-humid Mediterranean
climate, with warm or mild winters (where average minimum temperatures are >6 ◦C) and
significant coastal (advection) fogs, especially during the summer, which occur mainly in
the morning and sometimes persist throughout the day [26].

The region has an average annual temperature of approximately 17 ◦C and an annual
rainfall of 585 mm, concentrated mainly between December and February, with around
90 rainy days per year. July and August are the hottest and driest months. Almada is a
generally windy area, with predominant NW winds and frequent SW, NE, and N winds.
The region also benefits from high solar exposure, averaging around 3000 h of sunlight
annually [26].

The Köppen–Geiger climate classification identifies this specific weather pattern as
belonging to the ‘Csa’ category. Therefore, it corresponds to a ‘temperate climate with hot,
dry summers’, defined by a climate with temperatures in the coldest month between 0 ◦C
and 18 ◦C and, in the hottest month, equal to or greater than 22 ◦C [27].

The ‘Csa’ type classification criteria are as follows:

• C—Temperate climate (Thot > 10 ◦C and 0 ◦C < Tcold < 18 ◦C);
• s—Dry summer (Psdry < 40 mm and Psdry < 1/3 Pwwet);
• a—Hot summer (Thot ≥ 22 ◦C).

Whereby Thot = temperature of the hottest month; Tcold = temperature of the coldest
month; Psdry = precipitation in the driest month of summer; and Pwwet = precipitation in
the wettest month of winter

The main avenue of the NOVA FCT campus was selected as the study area due to
its distinct characteristics, including a low aspect ratio and diverse urban morphology,
which influence local microclimatic conditions. This open layout increases pedestrian-level
exposure to radiation fluxes, making it an ideal location to conduct an ‘in situ’ analysis
of microclimatic parameters and thermo-physiological thresholds. The Points of Interest
(POIs) were strategically established to capture the spatial variability across the campus,
encompassing areas with varying exposure to global radiation, wind patterns, and surface
materials. This methodological approach ensures a nuanced understanding of how micro-
climatic conditions differ, including within different sub-areas of urban canyons [25,28].

2.2. Measurement Day (MD) Selection

To further ensure robust data collection, the measurement days (MD1 to MD7) were
scheduled between the last days of July and the first days of August, aligning with stable
summer weather characterized by high solar radiation and minimal precipitation. These
dates were deliberately chosen to capture conditions during the peak of summer, a period
associated with extreme heat events. Notably, 2024 has been confirmed as the warmest year
on record, with global temperatures reaching approximately 1.55 ◦C above pre-industrial
levels [29].

This period, supported by data from the Portela meteorological station (Nº 08536) ),
offered optimal conditions for consistent and reliable observations while also enabling
comparison with the variables collected ‘in situ’. This ensured that the chosen days captured
a full spectrum of climatic and microclimatic conditions, which ranged between extreme
heat stress levels (e.g., MD2 and MD3, where maximum temperatures exceeded 30.0 ◦C)
to milder conditions (e.g., MD4 to MD7, with average temperatures around 23.0 ◦C). By
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including both extreme and moderate human thermo-physiological conditions, the datasets
enable a more comprehensive assessment of outdoor human thermal comfort conditions
and inform the identification of effective heat mitigation measures.

In addition to temperature variations, wind velocity was considered a crucial factor
in the selection of measurement days, as it plays a significant role in modulating thermal
comfort [30,31]. Including days with contrasting wind conditions (e.g., MD7—higher wind
speed; MD2—lower wind speed) allows for a more detailed analysis of wind flow as a
mitigating factor in thermal stress, considering its dual role in dissipating heat through
convective cooling and enhancing evaporative cooling efficiency [32–34]. However, its
influence on PET and mPET varies depending on local microclimatic characteristics, in-
cluding shading and vertical/horizontal surface properties at each POI. This approach
provided a solid basis for identifying days with representative microclimatic variations
(typical and extreme conditions) across the POIs.

Additionally, the selection aimed to ensure temporal continuity and representativeness
by scheduling measurement days consecutively or within short intervals, preventing
isolated observations. Data collection was conducted across key times of the day—morning,
midday, afternoon, and nighttime—to capture diurnal and nocturnal variations in thermal
exposure. Furthermore, the diverse microclimatic characteristics of the POIs, including
differences in shading, surface materials, and wind exposure, were considered to enhance
the spatial specificity of the analysis during both the nocturnal and diurnal periods.

The following Table 1 provides a concise overview of the selection criteria for the
measurement days.

Table 1. Selection criteria of measurement days (MD1 to MD7).

Criteria Description

Representation of
Thermal Conditions

Selection of days covering a spectrum of thermal
scenarios: from extreme heat stress (high maximum

temperatures) to milder stress conditions.

Temporal Continuity
Days were scheduled consecutively or within short
intervals to ensure continuous and representative

data collection, avoiding isolated observations.

Diurnal and
Nocturnal Variations

Measurements captured variations at key times of
day: morning, midday, afternoon, and nighttime.

Microclimatic Specificity

Selected days accounted for the diversity of POIs,
including variations in shading, surface materials,
wind exposure, and levels of pedestrian activity

(areas with higher footfall).

Validation with
Station Data

Full analysis of July and August meteorological data
ensured that the chosen days represented typical

summer conditions for the region,
supporting representativeness.

2.3. Point of Interest (POI) Specification

The purpose of establishing the six POIs was to designate a specific analysis point
within the main avenue to assess pedestrian thermal comfort thresholds in that area. The
idea of setting up POIs was inspired by studies that examined microclimatic patterns at
specific/predefined locations within outdoor areas [7,14,34,35] (Table 2).
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Table 2. Description and justification of selected POIs.

POI Description Justification

1 Outdoor area with
constant sun exposure.

Tests the effect of prolonged global radiation on
thermal comfort in areas with limited shadow from

buildings or vegetation.

2
Outdoor area shaded by

natural elements
(tree/vegetation).

Examines the impact of vegetative shading on thermal
comfort and radiation fluxes.

3

Permanently
sun-exposed area near a
white-walled building

(Building I) and sidewalk.

Assesses the combined effects of global radiation,
building materials, and surface reflectivity on all

microclimatic variables.

4
Central passage zone

frequently used by
the community.

Analyzes the thermal comfort impact of prolonged
exposure to global radiation in a busy pedestrian area

without significant shading.

5 Shaded area near POI 4 with
tree cover.

Investigates the contrasting impact of tree shading on
thermal comfort in the same environment as POI 4,

highlighting differences in microclimatic conditions.

6
Pedestrian crossing point at
the entrance/exit of Building

VII, constantly shaded.

Explores the effects of constant shading on
microclimatic variables, focusing on radiation flux

reduction and its influence on thermal comfort.

Figure 2 shows the overall layout of the six designated POIs, which would regis-
ter (both diurnal and nocturnal) sequential microclimatic conditions. Additionally, this
strategic placement allowed for evenly distributed meteorological measurements across
the site.

Figure 2. (a) Map of the NOVA FCT campus highlighting (in red) the main avenue. (b) Establishing
specific Points of Interest (POIs) around the campus main avenue.

To facilitate a detailed analysis of thermal comfort variations, the POIs were divided
into two distinct groups based on their exposure to global radiation and shading character-
istics (Table 3):

Table 3. Group classification of POIs.

Group POIs Characteristics

G1—Shaded
Locations 2, 5, and 6 Significant shading from trees or buildings; represent

areas with reduced direct solar radiation exposure.

G2—Sun-Exposed
Locations 1, 3, and 4 Minimal shading, high solar exposure; represent areas

with maximum thermal stress potential.
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2.4. Sky View Factor (SVF) Measurement

Single-point SVF measurements were conducted at each POI to capture the variation
in radiation flux exposure within the assessed urban canyon at FCT main avenue. These
measurements employed a calibrated height of 1.1 m, representative of pedestrian-level
conditions, to provide a fisheye perspective of the sky. The SVF captures the proportion of
visible sky at a given location, serving as a proxy for radiation fluxes and shading conditions.
Often processed in software, such as RayMan Pro (Version 3.1 Beta) [36], this parameter ranged
from 0 (indicates strong obstruction by buildings or vegetation) to 1 (represents complete
sky exposure, e.g., an open field) and significantly influences short- and long-wave radiation
exchanges. It is a key input for thermal comfort indices (such as PET and mPET).

This approach aligns with methodologies exemplified in studies, such as Lin et al. [37],
which highlights the significance of SVF in analyzing microclimatic variations and human
thermal comfort. This method allowed for a detailed assessment of the prominent variations
in global radiation across the POIs, reflecting the differing shading conditions and urban
geometries within the FCT campus canyon. The images obtained using a fisheye lens
camera are included in the Results Section.

2.5. On-Site Singular Variable Collection

In this study, four different types of meteorological measurements ‘in situ’ were
taken: wind speed (v), air temperature (Ta), relative humidity (RH), and global radiation
(Grad). These variables were selected due to their importance in assessing the physiological
impact on the human biometeorological system, based on the collected environmental
conditions [38,39]. These variables give a more concrete understanding of how they relate
to human thermoregulation dynamics and interact with the human body [21].

A portable meteorological instrument—KESTREL 5400 HS with LiNK©—was used to
measure climatic variables (see Appendix A). While this heat stress tracker does have some
limitations regarding detailed radiation flux measurements [40,41], it is widely recognized
for its usefulness in ‘in situ’ and mobile monitoring of human thermo-physiological stress.
The measurements were taken at a height of 1.1 m, equivalent to the center of gravity of the
human body for standing humans [42,43].

To ensure a comprehensive assessment of microclimatic conditions, the singular mi-
croclimatic variables measurements were conducted during four distinct time intervals: at
dawn, in the morning, in the afternoon, and late at night. These intervals were chosen to cap-
ture the diurnal and nocturnal variations in climatic parameters and to assess factors such
as global radiation intensity, heat retention, and nighttime cooling effects. The following
table (Table 4) summarizes the time periods and their corresponding justifications.

Table 4. Temporal framework for microclimatic measurements and justifications.

Time Period Period Time Interval
(Hour) Justification

Nocturnal 1 At Dawn 03:00–05:00 Captures the influence of nocturnal cooling and
potential early-morning cold fronts.

Diurnal 1 Morning 10:00–12:00 Records the effects of increasing solar radiation
as the sun rises to its midday position.

Diurnal 2 Afternoon 14:00–16:00 Focuses on the hottest part of the day, with peak
solar radiation and heat accumulation.

Nocturnal 2 Late Night 22:00–00:00 Captures nighttime cooling dynamics and the
dissipation of heat stored during the day.
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The morning period (10:00–12:00) was selected instead of earlier hours (e.g.,
07:00–09:00) to better represent rising thermal stress after sunrise, as early morning tem-
peratures are often below the PET threshold for physiological discomfort. Similarly, the
afternoon interval (14:00–16:00) reflects the typical peak in thermal stress in Mediterranean
climates [39]. These periods were also aligned with typical user activity patterns on campus,
ensuring that results reflect real exposure scenarios.

Based on an analysis period of 10 min (in which measurements were recorded every
minute for 8 min, followed by 2 min to move and prepare at the subsequent location of
interest), it was possible to take measurements at six POIs, consisting of one cycle between
the POIs for every hour. This temporal resolution allowed for direct hourly comparison
with data from the Portela meteorological station, ensuring alignment and validation of
localized in situ measurements.

This evaluation of the study site was repeated 8 times (one time = one cycle) to record
the diurnal and nocturnal microclimatic oscillations on the main avenue of the campus. A
total of 10,752 measurements were recorded, evenly distributed over 7 visits during the
months of July and August.

This distribution method was based upon similar studies [14,28,34,35] and was de-
signed to (i) obtain an overall climatic assessment of the site; (ii) allow for an accept-
able sample of measurements, and (iii) allow the data collected on each field visit to be
further processed.

2.6. Adaptation of Wind Velocity (V)

For data obtained from the WMO meteorological station, the V values were adapted to
a height of 1.1 m (V1.1), which represents the average center of gravity of a standing human
body [42,43]. This adaptation was critical for accurately reflecting the wind conditions
experienced by pedestrians and their influence on thermal comfort. In contrast, ‘in situ’
measurements were already recorded at pedestrian level.

2.7. Representation and Communication

To obtain a fixed reference and validate the data collected ‘in situ’ needed for this
study, meteorological records were obtained from the World Meteorological Organization
(WMO) weather station in Portela, Lisbon, with index Nº 08536. This external dataset was
essential to identify representative days within the summer period for a comprehensive
analysis of typical seasonal conditions. By utilizing WMO data, this study aligns with
established methods in environmental climatology to ensure robust comparisons between
localized microclimatic measurements and broader regional trends [44].

Additionally, the collection of meteorological variables, including cloud cover (octas)
and mean radiant temperature (Tmrt), informed the analysis by providing a detailed un-
derstanding of radiation fluxes, which is an essential factor in ‘human-centered’ studies
on thermal comfort. In particular, ‘bottom-up’ analytical approaches have identified these
variables as key determinants of urban thermal comfort levels [35,45–49]. Cloud cover
significantly modulates solar radiation, influencing surface temperatures, heat retention,
and human thermal comfort. Tmrt accounts for the combined effects of short and longwave
radiation from surrounding surfaces and plays a crucial role in heat exchange between
the human body and the environment, significantly influencing perceived thermal stress,
particularly in sun-exposed areas. Its inclusion enhances the accuracy of thermal comfort
assessments, particularly concerning microclimatic variations across the POIs.

2.8. Climate-Tourism/Transfer-Information Scheme (CTIS)

To aid in the communication of findings, the Climate-Tourism/Transfer-Information
Scheme (CTIS) model was adapted as a primary visualization tool. The CTIS model is
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a widely recognized approach in environmental and human biometeorology, used to
represent complex thermal and climatic conditions in an accessible format [50]. This tool
integrates human biometeorological parameters, such as PET and mPET, into graphical
representations that facilitate interpretation by both climate experts and non-specialist
audiences, including urban planners, architects, engineers, and policymakers.

In this study, the CTIS model was employed to illustrate variations in thermal comfort
across diurnal and nocturnal periods, as well as differences between shaded and sun-
exposed POIs. By categorizing PET and mPET values into easily interpretable thresholds
of thermal stress, the CTIS model ensures that results are communicable to stakeholders
without extensive climatological expertise. This approach is critical for bridging the gap
between scientific research and practical applications, particularly in the context of urban
environmental planning and climate adaptation strategies [44].

The CTIS methodology has been demonstrated in previous studies to be an effective
medium for correlating climatic variability with urban design and tourism planning [34,50].
Its application here highlights not only the importance of translating scientific insights into
actionable guidelines for enhancing thermal comfort and mitigating heat stress in urban
environments but also underscores the need for effective interdisciplinary communication
to ensure that these insights are accessible and actionable across diverse sectors.

2.9. Human Thermo-Physiological Analysis

This study examined the human body’s energy balance within an urban context
to assess the thermal environment’s impact on campus users. This biometeorological
approach evaluates how the human body perceives a combination of atmospheric elements
by utilizing thermo-physiological indexes, specifically the PET and mPET.

As mentioned earlier, the PET is a thermal index based on the Munich energy-balance
model for individuals (MEMI), designed to assess the effect of the thermal environment on
the human body by examining the heat balance between them [51]. Therefore, this index
was chosen for this study due to its wide application in the field and its adaptability for
both indoor and outdoor settings [32,34,52–54]. It uses Celsius (◦C) as the measurement
unit, which simplifies collaboration and interdisciplinary understanding with other profes-
sionals, including those directly responsible for shaping the urban fabric through climate-
resilient planning and design [55,56]. Additionally, the PET index relies on readily available
data—Ta, RH, V, and Grad—which aligns with the MEMI model, making it well suited for
assessing thermal comfort in urban climate studies.

As for the mPET index, it was selected for this study because of (1) its advanced
thermoregulation model, which includes multiple body segments, along with (2) an en-
hanced clothing model that provides a more precise representation of human bio-heat
transfer [20]. Compared to PET’s simpler two-node model, mPET is more effective in
assessing heat exchange between the body’s inner and outer layers. According to some
studies [20,57], unlike PET outcomes, research shows that mPET reports fewer “extreme
heat stress” instances and indicates a higher likelihood of comfortable (or “no thermal
stress”) conditions.

Following a methodological approach similar to those used in studies by Alcoforado
et al. [58] and Nouri and Costa [35], meteorological data from field measurements were ana-
lyzed to quantify pedestrian thermal comfort by identifying PET and mPET values. Similar
to other studies [34,36,59–61], the data were processed using the RayMan Pro model [36]
to calculate the PET index [33] and the more recent mPET index [20]. The RayMan Pro
model has been widely validated in outdoor thermal comfort studies and is recognized
for its ability to simulate complex urban environments using site-specific inputs such as
SVF, radiation fluxes, and urban morphology [33,36,60]. Numerous peer-reviewed studies
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have confirmed the model’s reliability for PET calculations in both Mediterranean and
other climate zones [55,58]. One key advantage of RayMan is its relatively low data require-
ment while offering high accuracy for human-biometeorological assessments. However,
it has limitations, such as its static human profile assumptions (e.g., fixed activity level
and metabolic rate), which may not reflect all real-world behavioral adaptations. Despite
this, its strong balance between precision, transparency, and usability makes RayMan Pro
a preferred tool for fine-scale outdoor comfort assessment, particularly in academic and
urban design applications.

The RayMan model was calibrated using the default “standardized man” profile,
which represents a height of 1.75 m, a weight of 75 kg, an age of 35, clothing insulation (clo)
of 0.90, and an internal heat production of 80 watts [21,33,60].

Additionally, a comparative chart was utilized to determine the level of physiological
stress (PS). This allowed the results to be compared to various levels of human thermal
perception and PS, as presented in Figure 3.

 

Figure 3. (a) Ranges of the physiologically equivalent temperature (PET) for different grades of ther-
mal perception and physiological stress (PS) on human beings; internal heat production: 80 W, heat
transfer resistance of the clothing: 0.9 clo (source: adapted from Matzarakis et al. [55]). (b) Applied
grade extension of physiological stress (PS) on human beings to accompany increased physiologically
equivalent temperature (PET) values beyond 41 ◦C [49].

The expected increase in global temperatures and, specifically, urban heat stress
presents critical challenges for understanding and managing human thermal com-
fort. Nonetheless, recent climate projections based on Representative Concentration Path-
ways (RCPs)—notably RCP 8.5 [62], a scenario associated with severe global warming
outcomes—suggest that PET values may rise substantially, often surpassing current extreme
stress categories. Studies such as Matzarakis and Amelung [48] estimate PET increases in
Mediterranean climates of up to 15 ◦C by the century’s end, with Lisbon facing potential
PET increases between 10 ◦C and 12.5 ◦C. Consequently, the highest “Extreme Heat Stress”
(EHS) classification within the PET scale, previously capped at a PET of 41 ◦C, may no
longer accurately represent conditions in such future climates.

To accommodate the PET and mPET results, and similar to other studies [34,35,45,46],
two new categories were added beyond the original EHS grade, with each physiological
threshold increasing by approximately 5 ◦C within the existing grading system. As outlined
in Figure 3b, the PS grades were extended to include these additional categories above a
PET value of 41 ◦C.
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This extension not only aligns with anticipated temperature increases but also provides
a more nuanced understanding of human thermoregulatory responses under intensified
heat conditions. Expanding PS classes also opens new avenues for urban climate adaptation
strategies, enabling local planners and policymakers to better anticipate and mitigate future
thermal risks [49,63–65]. Such efforts will be instrumental in enhancing the accuracy of
thermal comfort indices as part of integrated measures for climate-resilient adaptation.

3. Results
The findings of this study indicated clear variations in the PET and mPET indices

depending on exposure to global radiation and the type of shading present. The data were
categorized into POIs with consistent shade (natural or artificial) and those exposed to direct
solar radiation, allowing a comparative analysis during both diurnal and nocturnal periods.

3.1. Microclimatic Parameters in POIs

The quantitative analysis of microclimatic parameters at the selected POIs on the
NOVA FCT campus provides insight into the thermal conditions experienced during the
study period. The Ta, V, Tmrt, and the derived thermal indexes, PET and mPET, were
measured and analyzed across different days in July and August to capture diverse thermal
and environmental conditions.

3.1.1. Singular Microclimatic Variables

The average and maximum Ta (=Tair) values were analyzed for July and August, as
shown in Figure 4. A significant variation is observed on the measurement days (MD1 to
MD7), with average daily values of 22.7 ◦C in July and 23.0 ◦C in August, and average
maximums of 29.5 ◦C and 30.3 ◦C, respectively.

Figure 4. The average (avg) and maximum (max) outdoor temperature (Tair) recorded for each of the
days in July and August (source: WMO—weather station in Portela, Lisbon, with index Nº 08536).

Measurement days such as MD2 and MD3 in July represented days with elevated
temperatures (exceeding 30.0 ◦C) where EHS conditions are more likely to occur. On
these measurement days, the recorded average daily temperature was 27.7 ◦C and 28.0 ◦C,
respectively. These extremes typically occur between 10:00 and 15:00, aligning with the
critical period for outdoor thermal discomfort at each POI, with thermal peaks observed
from late morning to early afternoon.

In contrast, the inclusion of days with slightly lower average temperatures (MD1,
MD4, MD5, MD6, and MD7) exhibited average temperatures closer to 23.0 ◦C, providing a
basis for comparison and a better understanding of thermal relief conditions during days
that presented lower extreme heat conditions.

Additionally, the measurement days were chosen to capture diverse wind conditions,
which directly influence heat dissipation and reflect their role in thermal comfort.
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The average adapted wind velocity (V1.1) values (Figure 5) exhibit less variability
in July, with stronger winds recorded on MD3 and MD4 (2.1 and 2.6 m/s, respectively).
In August, values are generally higher, ranging from 1.7 to 3.5 m/s during the entire
month. On measurement days MD6 and MD7, the recorded value of V1.1 was 2.8 m/s and
3.0 m/s, respectively.

 

Figure 5. The average adapted wind velocity (V1.1) recorded for each of the days in July and August
(source: WMO—weather station in Portela, Lisbon, with index Nº 08536).

Days with high wind velocity, such as MD6 and MD7, recorded V1.1 ranging between
2.1 and 3.0 m/s, which contributed to enhanced convective cooling during the hottest
hours of the day. On the other hand, days with low wind velocity, including MD1 and
MD2, were characterized by average reduced V1.1 (<2.0 m/s), intensifying thermal stress
due to limited airflow, particularly in areas with higher exposure to global radiation.

By including days with contrasting wind velocities during the summer months, this
study captures the influence of wind flow as a critical mitigating factor in thermal stress.

3.1.2. Mean Radiant Temperature (Tmrt) and Sky View Factor (SVF) Analysis Across POIs

The SVF values for each POI, analyzed alongside the sun path trajectory (Figure 6),
provide critical insights into shading duration and its impact on Tmrt. These values repre-
sent the proportion of visible sky at each POI, directly affecting exposure to global radiation
dynamics and, consequently, the observed Tmrt patterns. POIs with a high SVF experience
prolonged solar exposure, leading to elevated Tmrt (Figure 7), while those with a lower SVF
benefit from extended shading, resulting in reduced Tmrt. Table 5 below summarizes key
values across POIs.

Table 5. Summary of SVF, sun exposure, Ta, and Tmrt values per POI.

POI SVF Sun Exposure
Duration

Tmrt (◦C)—
Diurnal

Ta (◦C)—
Diurnal

Tmrt (◦C)—
Nocturnal

Ta (◦C)—
Nocturnal

1 0.965 14 h of full
exposure

50–61 ◦C
(MD1-MD7) 23–33 ◦C 11–19 ◦C 19–27 ◦C

2 0.448

4 h (10 h of shading,
especially during
critical periods:

10:00–14:00;
15:00–19:00)

40–51 ◦C 22–33 ◦C 15–23 ◦C 19–27 ◦C

3 0.556 9 h of sun exposure
(08:00–17:00)

51–62 ◦C
(MD4

highest)
23–34 ◦C 14–23 ◦C 19–28 ◦C

4 0.900 13 h of full
exposure 53–63 ◦C 24–34 ◦C 11–19 ◦C 19–28 ◦C

5 0.162 Permanent shaded
(except 10:40 h)

42–65 ◦C
(peak at
10:40 h)

23–34 ◦C 17–25 ◦C 19–28 ◦C

6 0.417 5 h (9 h of shading:
08:00–17:00) 41–50 ◦C 22–32 ◦C 15–23 ◦C 18–27 ◦C



Atmosphere 2025, 16, 677 13 of 32

 
Figure 6. Sky View Factor (SVF) of each POI and the corresponding sun’s path (indicated by the red
line), respectively.

Figure 7. Comparison of the Tmrt values recorded between POI 4 (higher SVF value) and POI 5 (lower
SVF value) over the measurement days (MD1–MD7) in both the diurnal and nocturnal periods.
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These findings demonstrate the critical role of the SVF in determining shading dura-
tion and Tmrt. The SVF directly influences the Tmrt at each POI, with higher SVF values
correlating with greater solar exposure and elevated Tmrt, and lower SVF values cor-
responding to increased shading and reduced Tmrt. Within the context of a university
campus—where outdoor spaces are used for a variety of daily activities such as walking
between classes, leisure, and physical exercise—these findings underscore the importance
of shading as a fundamental bioclimatic and urban design measure to mitigate heat stress
and enhance outdoor human thermal comfort, particularly in educational environments
with high solar exposure.

3.1.3. EBM Indices

Figure 8 represents a comparison of PET and mPET mean values for the seven mea-
surement days at different times of the day (diurnal and nocturnal times) across the six
POIs along with a fixed reference station (R, Portela meteorological station).

Figure 8. Heatmap of PET and mPET values across seven days of measurement (MD1-MD7) at
various times of the day (03:00–23:00) for the six Points of Interest (POIs 1 to 6) and the fixed reference
station (R).

Figure 9 (see Appendix B-Figure A1), which represents the variation between PET
and mPET values obtained and the reference station (R) on MD2 and MD6, serves as a
valuable complement to the previous heatmaps of average PET and mPET values (Figure 8).
Positive values suggest greater human thermal stress at the POI compared to the reference,
while negative values indicate improved comfort. By focusing on deviations from a fixed
reference, this graph highlights the influence of local microclimatic conditions—including
shading, wind exposure, and urban geometry—at each POI and allows for a more precise
spatial comparison.
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Figure 9. Variations in PET and mPET values relative to the reference station (R) across the six
POIs for the second and the sixth day of measurement (MD2 and MD6) at specific times of the
day. Positive and negative differences indicate increased or reduced thermal stress compared to the
reference conditions.

During daytime hours (10:00–15:00), G2 POIs, particularly POI 3 and POI 4, consis-
tently showed the highest PET and mPET values, resulting in critical levels of PS and
EHS. PET values in POI 3 often exceeded 41 ◦C, with deviations reaching +12 to +16 ◦C
compared to the reference station, while mPET values ranged between +10 and +13 ◦C.
POI 4 exhibited slightly lower deviations (+6 to +13 ◦C for PET and +4 to +11 ◦C for mPET),
while POI 1 showed moderate deviations (+3 to +7 ◦C for PET and +2 to +6 ◦C for mPET).
These results confirm the dominant role of direct solar radiation in driving heat stress, with
peak deviations occurring at 11:00 and 14:00, coinciding with the highest solar angles.

In contrast, POIs with extensive shading, i.e., locations with >8 h of shade (G1 POIs),
experienced significantly lower PET and mPET values, demonstrating the cooling effect of
vegetation and urban morphology. PET deviations at these locations ranged from −10 to
−15 ◦C (POI 2) and −9 to −14 ◦C (POI 6), while mPET deviations were between −6 and
−10 ◦C and −6 and −9 ◦C, respectively. These cooling effects were particularly evident
on MD1 and MD2 in the afternoon (14:00–15:00) and on MD5 at 11:00, reinforcing the
importance of shading as a mitigation strategy.

Overall, PET and mPET trends align; however, PET values exhibited more significant
oscillations (Figure 9), particularly shifting from neutral to higher thermal conditions. This
highlights its greater sensitivity to direct solar exposure and its enhanced responsiveness to
microclimatic variations—making it a valuable indicator for identifying localized thermal
stress hotspots in campus environments.

At night (03:00–04:00 and 22:00–23:00), thermal stress was significantly reduced across
all POIs due to the absence of solar radiation and the decreased air temperature. PET
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values ranged between 18 and 23 ◦C in several POIs (e.g., POI 2 and POI 3), indicating
NTS, while others (e.g., POI 5 and POI 6) showed slightly higher values (23 to 29 ◦C),
corresponding to SHS. mPET values followed a similar pattern, generally between 13 and
23 ◦C, corresponding to a PS between SCS and NTS.

However, heat retention effects were evident in POIs with a low SVF, where nocturnal
PET and mPET values were slightly elevated. In particular, POI 5 and POI 6 showed
positive deviations in PET (2 to 3 ◦C) and mPET (1 to 3 ◦C) during MD1 and MD2 at
03:00–04:00. On other nights, residual heat storage resulted in small positive deviations (1
to 5 ◦C PET and 0 to 5 ◦C mPET) across all POIs (see Appendix B).

3.2. Impact of Local Microclimate on Human Thermal Comfort

Appendix C (1 to 4) shows the results of Ta, PET, and mPET indices concerning V
(average, minimum, and maximum) at different POIs during both diurnal and nocturnal
periods. These figures provide detailed insights into the human thermal comfort conditions
influenced by global radiation, shading, and wind variability. The PET and mPET values
are accompanied by their respective stress grades, based on thresholds for cold stress (ECS,
MCS, and SCS) and heat stress (SHS, MHS, STHS, and EHS1 to EHS3). The following
observations are detailed to effectively compare the POIs based on their PET and mPET
values and the corresponding PS grades.

3.2.1. Effect of Wind Speed

Wind speed effect is clearly observed (see Figure A2), for example, in G1—POI5 on
MD3, at 10:40, for a V1.1 min value of 0.0 m/s and a Ta of 25.9 ◦C, the PET value is 48.6 ◦C,
and the mPET value is 42.1 ◦C, corresponding to a PS of EHS2 and EHS1, respectively.
Meanwhile, for a V1.1 max of 2.0 m/s and a Ta of 23.1 ◦C, the PET value is 29.8 ◦C, and the
mPET value is 29.5 ◦C, corresponding to a PS of MHS. These findings emphasize that even
a slight increase in wind speed can substantially reduce thermal stress.

A similar pattern is evident in G2 (see Figure A3). Specifically, at POI1 on MD5, at
10:00, for a V1.1 min value of 0.0 m/s and a Ta of 23.5 ◦C, the PET value is 45.2 ◦C, and the
mPET value is 39.7 ◦C, corresponding to a PS of EHS1 and STHS, respectively. Meanwhile,
for a V1.1 max of 1.8 m/s and a Ta of 21.9 ◦C, the PET value is 28.5 ◦C, and the mPET value
is 28.5 ◦C, indicating SHS for both indices.

During MD6 at 03:00 (see Figure A4), POI 6 with an Vmean of 1.6 m/s, showed PET
values of 15 ◦C and mPET of 17 ◦C, corresponding to SCS. However, POI 3, with limited
ventilation (Vmean of 0.4 m/s), exhibited slightly higher nocturnal PET values of 17 ◦C and
mPET values of 18 ◦C (PS of NTS), suggesting the persistence of residual heat stress in
areas with poor airflow.

3.2.2. Comparison Among POIs
Group G1

A daily comparative analysis of MD1 and MD2 (see Figure A2 reveals elevated PET
and mPET values due to high Ta values and a relatively low Vmean (<1.5 m/s). POI 2
showed PET averages ranging from 35 to 41 ◦C and mPET values between 32 and 38 ◦C,
indicating STHS. Similar trends were observed at POI 6, with PET values between 36 and
43 ◦C and mPET values of 32–40 ◦C, reaching EHS1 on MD2. As shown in Appendix C.1,
POI 5 exhibited the highest thermal stress, with PET values peaking at 53 ◦C (EHS3) and
mPET values at 45 ◦C, influenced by the absence of ventilation and heat retention by
built surfaces.

From MD3 to MD7, thermal stress levels decreased across all G1 POIs due to milder
weather conditions. POI 2 and POI 6 recorded PET and mPET averages indicative of MHS,
while POI 5 maintained higher stress levels (PET values: 29–38 ◦C; mPET values: 28–35 ◦C).
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These results underscore the importance of natural tree shade (POI 2) in mitigating thermal
stress, even in calm air conditions.

At night (see Figure A4 PET and mPET values across G1 POIs were significantly
lower. For example, on MD1 and MD2, PET and mPET values at POI 2 averaged 18–19 ◦C,
corresponding to NTS. By MD3 to MD7, nighttime PET values across all POIs ranged
between 15 and 18 ◦C, indicative of SCS.

Group G2

On the hottest measurement days (MD1, MD2, and MD4), POI 1 and POI 3 experienced
significant heat stress (see Appendix C.2). PET values at POI 1 ranged from 33 to 46 ◦C,
with mPET values reaching 41 ◦C, corresponding to MHS to EHS1. POI 3 recorded the
highest overall thermal stress, with PET values peaking at 56 ◦C and mPET values at 48 ◦C
during MD4 (see Figure A3), corresponding to EHS3 and EHS2, respectively. POI4 also
exhibited high values, with PET averages between 37 and 50 ◦C and mPET values between
36 and 44 ◦C, reflecting PS from STHS to varying levels of EHS.

As shown in Figure A3, on the remaining days, thermal stress declined across G2 POIs.
POI 1 ranged from MHS to STHS, with the PET averaging 29–37 ◦C and mPET 29–35 ◦C,
while POI 4 reached EHS1 levels, with the PET averaging 34–43 ◦C and mPET 32–40 ◦C.
However, POI 3 maintained elevated thermal stress levels (STHS to EHS1), attributed to its
reflective surfaces.

During the nocturnal period, thermal stress across G2 POIs diminished significantly, as
shown in Figure A5. On MD1 and MD2, PET and mPET values at POI 1 averaged 17–22 ◦C,
corresponding to NTS, while POI 3 showed slightly higher values of 22–25 ◦C, influenced
by heat retention from nearby reflective walls. From MD3 to MD7, nighttime PET values
ranged from 14 to 20 ◦C, indicative of SCS to NTS. POI 4 recorded similar trends, with PET
and mPET values consistently lower due to reduced heat retention.

3.2.3. Comparison Between G1 and G2

A comparative analysis of POIs in G1 and G2 reveals distinct thermal patterns influ-
enced by surface materials, shading, and urban morphology. The diurnal and nocturnal
thermal stress variations are summarized in Table 6.

Table 6. Diurnal and nocturnal thermal comparison between POIs.

POIs Compared Diurnal (10:00 h–15:00 h) Nocturnal (03:00 h–04:00 h; 22:00 h–23:00 h)

POI 1 vs. POI 2

POI 1 exhibited higher PET (33–46 ◦C) and mPET
(32–41 ◦C), classified as MHS to EHS1, due to

asphalt heat absorption. POI 2 benefits from tree
shade, which reduces thermal stress (STHS).

POI 1 retained some heat, with PET averaging
17–22 ◦C and mPET 18–23 ◦C (NTS to SHS).

POI 2 achieved NTS (PET and mPET:
18–19 ◦C), highlighting the cooling effect of

permeable ground.

POI 3 vs. POI 6

POI 3 recorded the highest thermal stress due to
prolonged solar exposure and reflective surfaces,
with PET 39–49 ◦C and mPET 36–44 ◦C (STHS to

EHS2). POI 6, benefiting from built shading, showed
lower PET (26–33 ◦C) and mPET (26–32 ◦C),

corresponding to SHS to MHS.

POI 3 retained more heat, with PET and mPET
values of 22–25 ◦C (SHS). POI 6 cooled more
effectively, obtaining NTS (PET 18–21 ◦C and

mPET 20–21 ◦C).

POI 4 vs. POI 5

POI 4 experienced significant thermal stress (PET:
37–50 ◦C, mPET: 36–44 ◦C, STHS to EHS2),
exacerbated by solar exposure and limited

ventilation. POI 5, benefiting from mixed shade, had
lower PET (29–38 ◦C) and mPET (28–35 ◦C),

reducing thermal stress to MHS–STHS.

POI 4 retained more heat, with PET values of
21–24 ◦C and mPET values of 22–24 ◦C (SHS).
POI 5 showed slightly lower values, with PET
averaging 21–22 ◦C and mPET around 22 ◦C

(NTS to SHS).
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4. Discussion
4.1. Quantification of Human Thermo-Physiological Risk Factors

The results highlight clear spatial variations in PET and mPET values across the studied
POIs, confirming the strong influence of urban morphology and microclimatic conditions on
pedestrian thermal comfort. During diurnal periods, the highest PET values were observed
in POIs with extensive solar exposure (e.g., POI 3 and POI 4), reaching up to 56 ◦C in extreme
cases, while shaded locations (e.g., POI 2 and POI 6) exhibited significantly lower values
(as low as 29 ◦C). This represents a 27 ◦C difference in thermal stress within the same hour,
clearly demonstrating the critical influence of local microclimatic conditions. These findings
align with previous studies in Mediterranean climates [34,55,61] that emphasize not only the
critical role of shading in mitigating heat stress but also its broader implications for human
thermal comfort, health, and daily functioning—particularly in campus environments
where outdoor and indoor activities are closely connected. The observed thermal contrasts
further highlight the need for targeted shading and vegetation measures to improve thermal
conditions and protect the well-being of campus users, especially in high-footfall areas of
the university campus.

Moreover, the differentiation between PET and mPET values highlights the impor-
tance of incorporating adaptive clothing and metabolic factors into urban thermal comfort
assessments [20].

4.2. ‘In Situ’ Effects of Urban Morphology

This study confirms the critical role of the SVF in shaping outdoor thermal environ-
ments on the university campus. As observed, POIs with a high SVF (e.g., POI 1 and POI 4)
experienced prolonged solar exposure, leading to elevated Tmrt values (>60 ◦C). Conversely,
locations with a lower SVF (e.g., POI 2 and POI 6) exhibited reduced thermal stress due
to enhanced shading. These results support findings by Lin et al. [17] and Matzarakis
and Amelung [48], who demonstrated the effectiveness of a reduced SVF in moderating
pedestrian thermal environments.

Another critical factor is the impact of surface materials on heat retention and radiation.
Detommaso et al. [66] found that cool materials, such as reflective pavements and roofs,
can lower air temperature by nearly 1 ◦C. However, they also observed that these materials
increase Tmrt near building facades due to their high surface albedo, intensifying localized
heat stress. This phenomenon may explain the elevated Tmrt values recorded at G2 POIs at
the NOVA FCT campus. The specific role of built structures in providing consistent shading
(e.g., POI 6) suggests that urban geometry plays a crucial role in modifying microclimatic
conditions, a trend also observed in the study by Ali-Toudert and Mayer [67].

4.3. ‘In Situ’ Effects of Urban Vegetation

Tree shading was found to be one of the most effective strategies for thermal stress re-
duction. POI 2, which benefits from dense tree canopies, showed an average PET reduction
of 10 ◦C compared to fully exposed areas, in line with the cooling effects of evapotranspira-
tion documented by Detommaso et al. [66], Johansson et al. [68], and Shashua-Bar et al. [24].
Thus, the shading effect of trees can significantly enhance human thermal comfort during
the diurnal hours [69]. However, the mixed-shade condition of POI 5 resulted in fluctuating
PET and mPET values, highlighting the need for strategically placed vegetation to ensure
continuous shading. This supports findings by Nouri et al. [49], emphasizing the need for
integrated urban green planning to optimize pedestrian comfort. The study by de Quadros
and Mizgier [70] highlights that less fragmented green spaces provide stronger cooling
benefits, reinforcing the importance of coherent, well-planned vegetation coverage at the
NOVA FCT campus to maximize human thermal comfort.
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4.4. Day and Night Thermal Dynamics

The results underscore significant differences between daytime overheating and night-
time cooling. Sun-exposed POIs (e.g., POI 3 and POI 4) exhibited substantial heat retention,
with nocturnal PET values remaining 3–5 ◦C higher than shaded locations (POI 2 and
POI 6). Notably, at night, residual heat retention in high-SVF POIs contributed to elevated
PET values, reinforcing previous research on urban heat storage effects [58,71].

The impact of wind speed was particularly notable, as low-wind conditions in POIs
with dense urban materials exacerbated nighttime heat retention. These findings align with
Nouri et al. [34] and Theeuwes et al. [71], who highlighted the urban heat storage effect
in built environments. The role of wind as a mitigating factor was further emphasized in
areas with moderate airflow, where convective cooling helped dissipate retained heat.

4.5. Wind Speed Key Role

Wind speed plays a crucial role in further reducing thermal stress, particularly in
shaded areas, where higher wind velocities contribute to significant decreases in both PET
and mPET values, enhancing overall thermal comfort [33]. This effect is clearly observed
(see Figure A2), for example, in G1—POI5 on MD3, at 10:40, for a V1.1 min value of 0.0 m/s
and a Ta of 25.9 ◦C, the PET value is 48.6 ◦C, and the mPET value is 42.1 ◦C, corresponding
to a PS of EHS2 and EHS1, respectively. Meanwhile, for a V1.1 max of 2.0 m/s and a Ta

of 23.1 ◦C, the PET value is 29.8 ◦C, and the mPET value is 29.5 ◦C, corresponding to a
PS of MHS. These results highlight how even a moderate increase in wind velocity can
significantly alleviate thermal stress [34].

A similar pattern is evident in G2 (see Figure A3), specifically at POI1 on MD5, at
10:00, for a V1.1 min value of 0.0 m/s and a Ta of 23.5 ◦C, the PET value is 45.2 ◦C, and the
mPET value is 39.7 ◦C, corresponding to a PS of EHS1 and STHS, respectively. Meanwhile,
for a V1.1 max of 1.8 m/s and a Ta of 21.9 ◦C, the PET value is 28.5 ◦C, and the mPET value
is 28.5 ◦C, indicating SHS for both indices.

These examples clearly demonstrate the impact of wind velocity in moderating ther-
mal stress, especially in areas where shading is present or when solar exposure intensifies
thermal discomfort [36]. The reduction in PET and mPET values with higher wind speeds
highlights the importance of airflow as a mitigating factor in outdoor environments, pro-
viding much-needed thermal relief even under challenging climatic conditions [72].

Wind speed remains a crucial factor in nocturnal human thermal comfort, influencing
heat dissipation and reducing residual thermal stress caused by heat retention in built-up
areas. During nighttime hours, lower wind velocities often lead to prolonged heat retention,
particularly in hardscape-dominated locations such as POI 5 (see Figure A4). In contrast,
areas with higher wind exposure experience a more rapid decrease in PET and mPET
values, improving overall comfort [36].

For example, during MD6 at 03:00 (see Figure A4), POI 6—a shaded location with
moderate ventilation (Vmean of 1.6 m/s)—recorded PET values of 15 ◦C and an mPET of
17 ◦C, corresponding to SCS. However, POI 3, with limited ventilation (Vmean of 0.4 m/s),
exhibited slightly higher nocturnal PET values of 17 ◦C and an mPET value of 18 ◦C (PS
of NTS), suggesting the persistence of residual heat stress in areas with poor airflow. This
supports findings by Nouri et al. [34], which emphasizes the importance of wind corridors
in mitigating urban heat stress.

Moreover, the moderating role of wind also aligns with insights from the studies
of [7,58], who identified wind as a critical factor in mitigating thermal stress in urban
settings, particularly during nocturnal periods. The results confirm that higher wind
speeds significantly reduce PET and mPET values, especially in exposed areas, enhancing
convective and evaporative cooling. Additionally, increased nocturnal ventilation can
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enhance heat dissipation and mitigate residual thermal stress, with POIs experiencing
moderate wind exposure exhibiting better cooling effects compared to enclosed spaces
with lower ventilation.

Additionally, a study by Oke [73] highlights that efficient nocturnal ventilation plays
a crucial role in reducing heat retention in urban environments by enhancing convective
cooling and dispersing accumulated heat. While Matzarakis et al. [60] primarily focus
on radiation fluxes and thermal comfort modeling, their findings also acknowledge the
influence of wind speed in modifying nocturnal cooling conditions.

4.6. Future Worsening of Thermal Stress in Urban Areas

Given the projected increase in extreme heat events under climate change scenarios
(e.g., RCP 8.5), extreme heat events are expected to become more frequent and intense.
This study’s findings suggest that PET values in exposed urban areas could exceed 60 ◦C
in the coming decades, surpassing current heat stress classifications. Matzarakis and
Amelung [48] predict that Mediterranean urban areas will experience PET increases of
up to 15 ◦C by 2100, significantly exacerbating human thermal discomfort outdoors. This
means that even currently shaded zones (e.g., POI 2 and POI 6) may experience PET values
above 40 ◦C, reinforcing the urgent need to implement adaptive design strategies—intensify
existing shading, expand green cover, and explore adaptive architectural interventions.

Notably, PET values reached up to 29 ◦C during nocturnal hours at specific POIs
(e.g., POI 5 and POI 6), a striking observation that suggests the persistence of thermal
stress even after sunset. This phenomenon reflects a reduced capacity for nocturnal heat
dissipation—particularly in areas with limited vegetation or dense built surfaces—and
aligns with the growing frequency of tropical nights in urban areas [74]. Such conditions
are emblematic of climate change trends, where nocturnal thermal discomfort is becoming
more common, compromising recovery periods, and increasing cumulative heat exposure,
especially in educational campuses where users engage in late evening activities, study,
or sport.

In response to these extreme values, this study adopted the PET stress grading system by
introducing additional thresholds to classify “Extreme Heat Stress” (EHS) into subcategories:

• EHS1 (45–50 ◦C)—Severe physiological stress, with risks of dehydration and
heat exhaustion;

• EHS2 (50–55 ◦C)—Critical heat exposure, where prolonged exposure may lead to
heat stroke;

• EHS3 (>55 ◦C)—Life-threatening conditions, with a significant risk of heat-
related mortality.

These new levels provide a more nuanced understanding of thermal stress at elevated
PET values, offering a more detailed framework for assessing human thermal perception
and physiological impacts. For example, in POI 3, PET values frequently exceeded 45 ◦C,
reaching as high as 56 ◦C, a range that, without these additional classifications, would have
been grouped under a single category, potentially underrepresenting the severity of the
thermal stress.

By refining the stress grade system, this study not only aligns with anticipated climatic
trends but also enhances the accuracy of thermal stress assessments [48]. This refinement
is critical for supporting urban climate adaptation strategies, enabling urban planners
and designers to prioritize interventions in areas identified as high-risk zones of severe
heat stress [63]. The extended stress grades also facilitate better communication of risks
to stakeholders, including urban planners and policymakers [49,56], by highlighting the
escalating severity of human thermal stress and providing a more detailed risk framework
to address the worsening impact of urban heat islands under climate change.



Atmosphere 2025, 16, 677 21 of 32

4.7. Implications for Urban Planning and Thermal Comfort Improvements at NOVA FCT Campus

The findings of this study provide crucial local and ‘in situ’ insights for enhancing
human thermal comfort conditions within the NOVA FCT campus. The integration of tree
canopies, particularly in pedestrian zones with high footfall, could significantly reduce PET
and mPET values and improve overall thermal perception. For instance, shaded POIs such
as POI 2 showed PET reductions of up to 20 ◦C compared to sun-exposed areas like POI 3
during peak diurnal periods, corresponding to physiological stress improvements of two
or more PS categories (e.g., from EHS3 to MHS). This aligns with previous findings, such
as Matzarakis et al. [75], who emphasized the importance of managing thermal stress in
public and active outdoor environments, particularly under high global radiation scenarios.
Additionally, modifying built structures to include reflective or insulated facades could
help mitigate heat retention effects observed in locations like POI 3, where Tmrt exceeded
62 ◦C and PET reached extreme values of up to 56 ◦C. Similar interventions have been
recommended in previous urban biometeorological studies [63] and are consistent with
Gündoğdu et al. [14], who reported that urban materials influence nocturnal thermal
environments. While concerns have been raised about potential adverse outcomes of
reflective surfaces (e.g., glare, increased UV exposure, or pedestrian discomfort) [76],
evidence suggests that, when thoughtfully integrated, these materials can reduce urban
heat storage and improve outdoor thermal comfort conditions [77]. Their effectiveness is
particularly notable when complemented by other public space design (PSD) measures to
reduce global radiation and enhance nocturnal cooling capacity.

However, thermal comfort on university campuses extends beyond spatial interven-
tions alone. Outdoor areas in academic settings support a wide range of activities—from
walking between classes and socializing to leisure and sport—and are closely connected
to indoor environments, particularly in naturally ventilated buildings. As highlighted
by Nouri and Matzarakis [19], peripatetic behaviors and transitions between indoor and
outdoor settings shape human exposure patterns and can intensify cumulative thermal
stress, especially during periods of elevated temperatures. Although indoor conditions
were not directly analyzed in this study, the high PET values recorded at night in areas like
POI 5 (up to 29 ◦C) suggest persistent heat loads that may extend into indoor spaces. Such
sustained exposure can disrupt sleep cycles, impair concentration, and diminish psycho-
logical well-being—phenomena increasingly observed in the context of climate change [78].
Therefore, heat mitigation on campus must adopt a holistic approach—one that accounts for
both physiological and psychological dimensions of thermal stress. In addition to physical
measures, user behavior plays a key role in mitigating heat stress exposure. Institutions
should promote behavior adaptations—encouraging the use of shaded paths or providing
access to water and cooling zones—and communication strategies—such as real-time alerts
and awareness campaigns—which are essential to inform and protect users, as emphasized
by Heidenreich and Thieken [79]. Together, these low-cost integrated actions can be de-
ployed immediately and effectively support the physical measures proposed, enhancing
resilience and promoting a healthier, more thermally adaptive campus environment.

Expanding the PS classification system in urban planning assessments would allow
for a more nuanced evaluation of human thermal stress under extreme heat conditions.
Moreover, strategic urban design solutions, such as increasing shaded walkways, opti-
mizing wind corridors, and integrating water features, should be prioritized to enhance
pedestrian thermal comfort on campus.

Among the shaded locations, natural shading and permeable surfaces, as observed at
POI 2, provide the most effective cooling. For campus development, efforts should focus on
integrating these elements to create microclimates in high-traffic zones like the FCT main
avenue, parking areas, and near academic buildings. This aligns with the bioclimatic urban
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design principles, as emphasized by authors such as Alcoforado et al. [58], Santamouris [72],
Nouri et al. [77], and Oke et al. [80] who advocate for urban greening as a key climate
adaptation strategy.

4.8. Recommendations for Urban Planning and Climate Resilience

The recommendations in this study are directly based on the heat risk identification
across the POIs, as detailed in Table 7. To enhance human outdoor thermal comfort at the
NOVA FCT campus and similar urban settings, the following (Table 8) targeted measures
are proposed:

Table 7. Summary of risk factors identified, their occurrence (POIs), their influence on human thermal
stress, and the observed impact.

Risk Factor POIs Influence Upon
Human Thermal Stress

Observed Impact
(∆PET/mPET/Tmrt)

High Ta 1, 2, 3, 4, 5, 6

Contributes to elevated PET
and mPET values, increasing

thermal stress, especially
during midday on MD1

and MD2.

PET up to 56 ◦C in
exposed POIs (e.g.,

POI 3)

Low Vmean/Vmin 3, 5
Reduces natural cooling,

exacerbating heat retention
and increasing thermal stress.

∆PET up to +6 ◦C
compared to better

ventilated POIs

Lack of
natural

ventilation
3, 5

Leads to heat retention,
causing high PET and mPET
values, particularly in areas

with built surfaces and
limited airflow.

mPET above 30 ◦C in
shaded but poorly
ventilated zones

Absence of shading or
sun-exposed areas 1, 3, 4

Direct solar exposure results
in extreme PET and mPET

values, contributing to STHS
and EHS during the daytime.

∆PET up to +27 ◦C
between

sun-exposed and
shaded POIs

Heat retention by built
surfaces

(hardscape and asphalt)
3, 4, 5

Increases nocturnal PET and
mPET values due to thermal
inertia, prolonging thermal

stress into evening and early
morning hours.

Nocturnal PET up to
29 ◦C (POI 5)

Reflective wall surfaces 3

Causes localized heat
retention and elevated PET

and mPET values,
especially during MD1

and MD2.

Tmrt up to 68 ◦C
near reflective
building walls

Lack of
permeable ground 1, 3, 4, 5

Reduces evaporative cooling,
contributing to higher
diurnal and nocturnal

thermal stress.

∆PET up to +5 ◦C
compared to
greener areas

Presence of tree shading 2

Provides natural cooling,
reducing PET, mPET, and

nocturnal Tmrt values. Helps
surfaces cool faster after

sunset, lowering heat
retention and reducing

thermal stress during the day
and night.

∆PET up to −20 ◦C
vs. sun-exposed

POIs; nocturnal Tmrt
up to −15 ◦C
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Table 8. Summary of heat-related risk factors, respective observed impacts, and campus-based
heat-resilient strategies and measures.

Risk Factor Observed Impact Heat-Resilient Strategies and
Measures

High PET and mPET
values in sun-exposed
locations (e.g., POI 3)

Extreme heat stress reaching
56 ◦C

Increase tree cover and optimize
shading infrastructure (e.g.,

pergolas); incorporate cool materials
(high-albedo or phase-change) to

reduce heat absorption

Limited wind flow Reduced convective cooling,
increasing heat retention

Design ventilation corridors and
improve airflow through spatial

reconfiguration and
open-space planning

High SVF areas retaining
excessive heat

Elevated diurnal and
nocturnal thermal stress

Introduce cool pavements and
reflective materials, increase

vegetative shading, and reduce
surface exposure

Insufficient adaptation
to future climate change

PET values projected to
exceed 60 ◦C under RCP 8.5

Implement climate-adaptive urban
planning policies, foster

interdisciplinary collaboration, and
develop a campus-specific

resilience framework

Lack of nocturnal
cooling in built
environments

Heat retention prolongs
thermal discomfort

Utilize permeable surfaces, cool
roofing, and water elements to

enhance cooling; promote nocturnal
radiative cooling

Low public awareness of
microclimatic risk

Reduced community
resilience and engagement

Develop communication campaigns
and interactive thermal comfort

maps to raise awareness and support
behavioral adaptation among

campus users

This research reinforces the importance of integrating human biometeorological assess-
ments into urban planning to mitigate climate-induced heat stress. This study’s findings
align with global efforts to develop climate-resilient cities, emphasizing the need for inter-
disciplinary collaboration between urban designers, climatologists, and policymakers. By
implementing adaptive measures based on this study’s insights, the NOVA FCT campus
can serve as a model for sustainable urban climate adaptation strategies—particularly
in higher education environments, where the typo-morphological characteristics of built
spaces heighten exposure risks and underscore the need for integrated planning, design,
and interdisciplinary communication.

4.9. Study Limitations and Future Research Directions

While this study provides valuable insights into outdoor thermal comfort conditions
across the NOVA FCT campus, certain limitations should be acknowledged—many of
which also present meaningful opportunities for future research, building directly upon
the foundations established here:

• Limited temporal coverage: Measurements were conducted over a short summer
period, focusing specifically on extreme heat exposure scenarios. This timeframe was
chosen based on meteorological stability, ensuring that the collected data accurately
reflected representative summer microclimatic patterns without interference from
transient weather anomalies. Although this was an intentional choice—given that
2024 has been marked by historically elevated global temperatures—future studies
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should consider long-term monitoring across different seasons (including winter
months) to assess year-round thermal comfort dynamics and variability.

• Fixed measurement locations: While six POIs provided a comprehensive spatial
assessment, expanding the number and distribution of measurement locations could
capture greater microclimatic variability and expand the study of the FCT campus in
other high-use campus zones and not only the main avenue.

• Absence of subjective thermal perception data (qualitative measurement): This
study relied exclusively on objective thermal indices (PET and mPET), which, while
effective, do not fully capture perceived thermal comfort. Integrate subjective thermal
perception surveys or participatory mapping methods to complement quantitative
results and offer a more holistic understanding of human comfort levels—how indi-
viduals perceive, interpret, and adapt to different microclimates across the campus.

• Temporal contextualization of extreme heat conditions: While 2024 was strategically
selected due to its exceptionally high temperature thresholds, future research could
benefit from comparative assessments across multiple years to place this study‘s
findings within a broader climatological context. This would not only help validate
the results under varying environmental conditions but also strengthen the predictive
and adaptive relevance of the proposed thermal comfort strategies and measures;

• Limited consideration of demographic variability and extrapolation potential: This
study employed PET and mPET indices based on a standardized reference individual
and did not differentiate thermal comfort responses by sex, age, or physiological
sensitivity. While this approach aligns with the methodological norms of outdoor
microclimate assessments, it does not capture potentially significant variations in
thermal perception between, for example, younger students and older staff mem-
bers. Furthermore, this study was tailored to a specific university campus context,
which may limit direct extrapolation of the results to other urban environments or
vulnerable user groups (e.g., children or the elderly). Future research should explore
adaptive modeling for different population profiles and test the scalability of proposed
interventions in diverse urban typologies.

The limitations identified here highlight key directions for future interdisciplinary
inquiry, particularly in the areas of long-term monitoring, participatory comfort assessment,
and scalable campus-wide climate resilience planning. The methodology and findings
presented in this study thus serve as both a reference point and a springboard for the
deeper exploration of microclimate-aware urban design in higher education contexts.

By addressing these areas, future research can further bridge the gap between human
thermal comfort assessment and actionable urban planning strategies, ensuring that climate-
adaptive design principles are not only conceptualized but also effectively integrated into
campus development frameworks. This is especially relevant not only in the present, as
educational institutions increasingly recognize their role in modeling sustainability, but
also in the context of accelerating climate change, where campuses must become living
laboratories for resilience and innovation.

Through the lessons learned from the NOVA FCT campus, this research offers path-
ways that can inform broader urban resilience efforts, contributing to the development of
climate-ready public spaces that support community well-being under both current and
future thermal stress conditions.

5. Concluding Remarks
This study provides a comprehensive assessment of thermo-physiological risk factors

affecting pedestrian thermal comfort at the NOVA FCT campus, using PET and mPET
indices to analyze microclimatic variability.
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The results revealed significant spatial and temporal variability in thermal stress levels,
with PET values exceeding 56 ◦C in sun-exposed areas (e.g., POI 3 and POI 4) and dropping
to as low as 29 ◦C in shaded zones (e.g., POI 2 and POI 6) with differences reaching
up to 27 ◦C. These findings highlight significant thermal stress variations influenced by
urban morphology, shading conditions, and wind conditions, underscoring the urgent
need for adaptive and evidence-based urban design to mitigate intensifying heat stress in
educational environments.

The specificity of the campus setting adds a unique layer to this analysis: different user
groups (students, professors, and researchers) navigate outdoor spaces daily, exposing them
to thermal conditions that vary across POIs. Ensuring thermally comfortable microclimates
in these spaces is not merely a matter of well-being but one of academic functionality and
spatial quality.

Rather than focusing on altering urban geometry—which poses significant design,
economic, and planning challenges—this study demonstrates that targeted interventions in
the spaces between buildings—where academic and social life unfolds—offer an effective
and practical path to mitigate heat stress and improve human thermal comfort.

The study results confirm that urban shading (both natural and built) plays a cru-
cial role in reducing heat thermal stress, with tree canopies exhibiting superior cooling
effects due to evapotranspiration. Additionally, areas with higher wind speeds improve
convective and evaporative cooling, lowering human thermal stress in these exposed areas.
Enhanced airflow zones (with average wind speeds above 2.0 m/s) contributed to a 3–8 ◦C
reduction in PET/mPET, particularly where tree shading was already present. In total,
comfort improved by an estimated 30–60% in shaded and ventilated POIs, based on the
PET/mPET scale thresholds. These reductions are significant, suggesting that combinations
of vegetation and airflow interventions are especially effective.

Climate-resilient planning and design must also ensure the incorporation of ventilation
corridors and strategic shading solutions to optimize pedestrian thermal comfort.

Based on the observed PET and mPET variations, the most effective interventions for
improving thermal comfort were classified as follows:

I. Tree canopy shading—PET reduction up to 27 ◦C between G1 and G2 POIs;
II. Architectural shading—built shading elements, PET reduction 12–15 ◦C;
III. Wind corridor enhancement—wind velocities above 2.0 m/s experienced a noticeable

3–8 ◦C PET/mPET reduction;
IV. Use of permeable or vegetated surfaces—up to 5 ◦C PET reduction;
V. Minimizing reflective façades—to avoid increased Tmrt.

Moreover, the results reinforce the importance of extending the PS classifications to
account for the growing frequency and intensity of extreme heat events, aligning with
projected climate change scenarios. The refined PS grading system introduced in this
research offers a more precise framework for assessing human thermal stress risk under
escalating urban heat challenges, providing valuable guidance for climate-responsive urban
planning and ensuring resilience, sustainability, and user well-being on the NOVA FCT
campus. Planning must be anticipatory rather than reactive, integrating flexible, modular
designs that can evolve under future stress conditions.

Finally, a crucial dimension emerging from this research is the importance of com-
municating thermal risks to campus users and stakeholders. By translating complex
thermal data into accessible insights and visual strategies, institutions can foster aware-
ness, encourage behavioral adaptation, and drive interdisciplinary collaboration toward
sustainable transformation.

Through the lessons learned from the NOVA FCT campus, this research contributes to
the broader discourse on urban climate resilience, offering scalable strategies and measures
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that can support healthier, more adaptable, and thermally inclusive public spaces in the
face of global warming.
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Appendix A

Table A1. Measuring equipment specifications—Equipment Model: KESTREL 5400 HS with LiNK©.

Equipment Model Measurement Value
Output Accuracy Resolution

KESTREL 5400 HS©

v m/s ±3% (of displayed reading) 0.1 m/s

Ta
◦C ±0.5 0.1 ◦C

RH % ±2% 0.1%

Grad
◦C ±1.4 0.1 ◦C
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Appendix B

Figure A1. Variations in PET and mPET values relative to the reference station (R) across the six POIs
for the seven days of measurement (MD1–MD7) at specific times of the day. Positive and negative
differences indicate increased or reduced thermal stress compared to the reference conditions.

Appendix C
Appendix C.1

 
Figure A2. Ambient temperature (Ta) values and PET and mPET indices, depending on the wind
speed (V) value (average, minimum, and maximum speed) on each measurement day for each POI
G1—diurnal hours.
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Appendix C.2

Figure A3. Ambient temperature (Ta) values and PET and mPET indices, depending on the wind
speed (V) value (average, minimum, and maximum speed) on each measurement day for each POI
G2—diurnal hours.

Appendix C.3

Figure A4. Ambient temperature (Ta) values and PET and mPET indices, depending on the wind
speed (V) value (average, minimum, and maximum speed) on each measurement day for each POI
G1—nocturnal hours.
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Appendix C.4

Figure A5. Ambient temperature (Ta) values and PET and mPET indices, depending on the wind
speed (V) value (average, minimum, and maximum speed) on each measurement day for each POI
G2—nocturnal hours.
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