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Abstract

Outdoor thermal comfort in Mediterranean school playgrounds is increasingly compromised
by climate change, 20th-century morphological legacies, and inadequate vegetation plan-
ning. This study quantifies outdoor thermal conditions at José Falcdo Secondary School
(Coimbra, Portugal) using the SOLWEIG (SOlar and LongWave Environmental Irradi-
ance Geometry) microclimatic model within the UMEP framework. High-resolution LiDAR-
derived morphology (0.3 m) and in-situ meteorological forcing for 9 May 2024 supported
hourly simulations of mean radiant temperature (Tmrt), Universal Thermal Climate Index
(UTCI), and ground surface temperature (Ts) across nine Points of Interest. Results re-
veal a daily-averaged Tm« range of nearly 25°C between dense canopies (= 31°C beneath
Eriobotrya japonica and Tilia spp.) and the asphalt sports field (= 51°C). The pooled
regression UTCl = 15.43 + 0.349 - T (R2 = 0.94) demonstrates that, under clear-
sky conditions, Tme statistically accounts for 94% of intra-site UTCI variability. Asphalt
sports areas exceed the 55 °C cutaneous burn-risk threshold for three consecutive hours and
accumulate up to 11 hours of strong-to-very-strong heat stress. Hence, a clear accessibil-
ity paradox emerges: the most thermally favourable spaces remain off-limits to students
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during school hours, who are concentrated in the most exposed areas. Findings support a
hybrid green—grey adaptation strategy combining the opening of existing thermal refugia,
asphalt-to-canopy conversion with broadleaved deciduous species, cool-pavement coatings,
and vegetated shade structures.

Keywords: Exterior thermal stress. UTCl. SOLWEIG. Mediterranean climate. School play-
ground microclimate.

Resumo

O conforto térmico exterior em patios escolares mediterranicos tem vindo a ser progres-
sivamente comprometido pela conjugacdo das alteracdes climaticas, das caracteristicas
construtivas do século XX e da insuficiente integracdo da componente vegetal no dese-
nho dos espacos. O presente estudo procura quantificar as condicdes térmicas exteriores
na Escola Secundéria José Falcdo (Coimbra, Portugal), mediante a aplicagdo do modelo
microclimatico SOLWEIG, integrado na plataforma UMEP. A reconstituicido morfolégica do
sitio, suportada em dados LiDAR de elevada resolucdo (0,3 m), bem como o forcamento
meteorolégico observado in situ a 9 de maio de 2024, permitiram a simulacdo horaria da
temperatura radiante média (Tmr), do Universal Thermal Climate Index (UTCI) e da tem-
peratura da superficie do solo (T®) em nove Pontos de Interesse. Os resultados obtidos
mostram uma amplitude média didria de Ty da ordem dos 25 °C, contrastando as copas
densas (= 31°C sob Eriobotrya japonica e Tilia spp.) com o campo desportivo asfaltado
(= 51°C). A regressdo UTCl = 15,43 + 0,349 - Tmn (R®> = 0,94) demonstra que, sob
condicdes de céu limpo, a T explica, em termos estatisticos, 94% da variincia espacial do
UTCI. As superficies asfaltadas do campo desportivo excedem o limiar de risco de queima-
dura cutdnea de 55 °C durante trés horas consecutivas, acumulando até onze horas de stress
térmico forte a muito forte. Contudo, este caso manifesta um paradoxo de acessibilidade:
0s espacos termicamente mais confortaveis encontram-se vedados ao uso dos alunos du-
rante o periodo letivo, pelo que estes se concentram nas dreas mais expostas. Sustenta-se,
com base nestes resultados, uma estratégia hibrida verde-cinzenta, articulando a abertura
dos refiigios térmicos existentes, a convers3o de areas asfaltadas em zonas arborizadas com
espécies caducifélias, a aplicacdo de revestimentos de elevado albedo e a implementacio
de estruturas de sombreamento vegetadas.

Palavras-chave: Stress térmico exterior. UTCI. SOLWEIG. Clima mediterranico. Microclima
no patio escolar.

Introduction

School playgrounds are among the most intensively occupied open-air environ-
ments in the urban fabric. Children and adolescents typically spend between one
quarter and one third of their school day outdoors, often during the central hours of
the day when solar forcing is strongest and thermoregulatory capacity is most chal-
lenged (Antoniadis et al., 2020; Vanos, 2015). From a bioclimatic standpoint, school
playgrounds behave as semi-confined urban canyons in which radiative exchange, sur-
face materiality, and vegetation structure interact to produce highly heterogeneous
thermal fields at pedestrian scale (Lai et al., 2020). In Mediterranean climates, these
dynamics are intensified by a pronounced seasonal concentration of clear-sky condi-
tions, high solar altitude angles, and increasingly frequent summer heatwaves, which
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together generate frequent exceedances of outdoor thermal comfort thresholds during
regular school activities (Nouri et al., 2024; Silva et al., 2024).

Recent climatological assessments confirm a systematic intensification of heat-
related stress across Southern Europe. The IPCC Sixth Assessment Report (IPCC,
2023) attributes the observed increase in heatwave frequency since the mid-20th
century to anthropogenic forcing with very high confidence, and projects further
amplification under all emission scenarios, with the Mediterranean basin identified
as a climate-change hotspot (Cos et al., 2024; Jézéquel et al., 2025; MedECC,
2020). Iberian-scale projections converge on a near-continuous warming and drying
signal: heatwave intensity, duration, and spatial extent are all expected to increase by
mid-century under both moderate and high-emission pathways (Bento et al., 2025;
Lima et al., 2023; Sanchez-Benitez et al., 2025). Within urban areas, these regional
signals are further modulated by the urban heat island, whose nocturnal intensity
in European cities frequently ranges between 2 and 7°C and reaches even stronger
pedestrian-level radiative contrasts under direct solar exposure (Aroso et al., 2026;
Cordeiro, 2023; Yang et al., 2021).

A central insight of recent biometeorological research is that air temperature
alone is a poor proxy for outdoor thermal stress. On clear, calm summer days, the
radiative environment — captured by mean radiant temperature (Tmt) — explains a
substantially greater share of perceived discomfort than near-surface air temperature,
which tends to be spatially homogeneous within the canyon-scale (Héppe, 1999;
Kéantor & Unger, 2011; Lai et al., 2020). Field and modelling studies consistently
report that T ¢ can exceed 60 °C in sun-exposed paved environments during summer,
while shaded vegetated areas may reduce radiative loads by more than 20-30°C,
depending on canopy density, sky view factor (SVF), and leaf area index (Antoniadis
et al.,, 2020; Konarska et al., 2024; Speak et al., 2020). Translating this radiative
environment into physiologically meaningful categories has been advanced through
the Universal Thermal Climate Index (UTCI), now widely adopted as a standardised
metric of outdoor thermal stress (Bréde et al., 2012; Di Napoli et al., 2024).

Resolving these processes at the spatial scale of a schoolyard requires physically
based microclimatic modelling. The SOlar and LongWave Environmental Irradiance
Geometry (SOLWEIG) model, developed within the Urban Multi-scale Environmen-
tal Predictor (UMEP) framework (Lindberg et al., 2018), provides a state-of-the-
art, computationally efficient solution for simulating three-dimensional radiative ex-
change in complex urban geometries. SOLWEIG decomposes the radiative environ-
ment around a standing person into six directional components: upward, downward,
and four cardinal horizontal orientations; also integrates shortwave and longwave
fluxes attenuated by buildings, ground, and vegetation derived from high-resolution
digital surface models (Lindberg & Grimmond, 2011; Lindberg et al., 2008). Com-
pared with computationally heavier CFD-based platforms such as ENVI-met, SOL-
WEIG offers a favourable trade-off between physical realism and the spatial extent
that can be simulated at sub-metric resolution, making it particularly well suited
to high-density urban settings where LiDAR-derived terrain and canopy data are
available (Gholami et al., 2024; UMEP-dev, 2025). Its primary outputs: Ty and,
when coupled with meteorological forcing, UTCI, are widely accepted as biophysical
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determinants of outdoor thermal comfort. The 2025 implementation of the model
further refines vegetation parameterisation through improved canopy transmissivity
schemes and a more realistic representation of three-dimensional tree structure, al-
lowing for finer simulation of radiative attenuation in heterogeneous environments
(UMEP-dev, 2025).

An equally important conceptual distinction concerns the complementarity be-
tween modelled radiative variables and in-situ measurements of air temperature and
humidity. Air-temperature data, typically obtained from fixed weather stations or
short-duration field campaigns with thermo-hygrometric sensors, characterise the
boundary atmospheric forcing but smooth out the radiative heterogeneities that de-
termine pedestrian-level heat exposure (Aroso et al., 2026; Silva et al., 2024). Con-
versely, model-derived T, maps reveal these spatial gradients with metric precision
but depend on adequate meteorological forcing for their physiological translation into
UTCI (Lindberg et al., 2018; Walikewitz et al., 2015). The coupling of both layers,
observed T, (air temperature) and RH (relative humidity) as boundary conditions,
modelled T+ and UTCI as outcome variables, therefore provides a more complete
picture of thermal comfort than either approach in isolation (Pioppi et al., 2024).

Vegetation has consistently been identified as the most effective nature-based
strategy for mitigating outdoor thermal stress in cities (Wong et al., 2021; Li et
al., 2024). Global syntheses indicate that urban tree canopy cover can reduce near-
surface air temperature by 1-5°C and pedestrian-level UTCI by up to 6-12°C, pre-
dominantly through interception of shortwave radiation rather than direct evapora-
tive cooling (Li et al., 2024; Lai et al., 2020; Speak et al., 2020). Cooling efficacy,
however, is highly dependent on structural and physiological traits: leaf area density,
canopy porosity, transpiration rate, and spatial configuration and on the background
climate. In Mediterranean settings, deciduous broadleaved species offer optimal sea-
sonal performance, providing dense summer shade while allowing winter solar gain
after defoliation (Massetti et al., 2019; Rahman et al., 2017). Conversely, evergreens
may produce persistent but radiatively less efficient shade if canopy density and ven-
tilation are insufficient, occasionally generating “dry shade” conditions with limited
transpirational benefit (Francini et al., 2023; Rotzer et al., 2024).

Despite this consolidated scientific background, a large share of school infrastruc-
tures developed during the 20th-century urban expansion of Southern Europe were
not designed according to climatic performance principles. In Portugal, this legacy
has produced school playgrounds characterised by extensive impermeable surfaces,
fragmented vegetation, and limited integration of shading structures (Coelho et al.,
2022; Cordeiro et al., 2025). Although contemporary renovation initiatives, notably
the Parque Escolar' programme, have improved indoor energy performance, outdoor
environments frequently remain thermally inefficient, particularly during late spring,
when student exposure coincides with peak radiative forcing (Cordeiro et al., 2023;

Parque Escolar, is the Portuguese state-owned entity created in 2007 to plan, manage and finance
the modernisation and refurbishment of the national public secondary-school building stock. Its in-
terventions have centred mainly on the functional rehabilitation of buildings and on improving indoor
conditions and energy efficiency, with comparatively limited attention to the climatic performance
of outdoor spaces (Presidéncia do Conselho de Ministros, 2007).
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Riaz et al., 2025). Recent international evidence aligns with this diagnosis: school-
yard ground surfaces in unshaded conditions routinely exceed contact-burn thresholds
(~55°C) during summer afternoons, while greened or shaded areas remain within
tolerable ranges (Pfautsch & Wujeska-Klause, 2022; Sanz-Mas et al., 2025; Vanos
et al., 2024).

This building-centred focus reflects a broader tendency in Portuguese facility plan-
ning to address collective equipment at the scale of the individual building rather than
through an integrated reading of the territory in which it is embedded. Methodologies
developed for the territorial planning of networks of collective services and facilities
have long argued that such interventions should rest on an integrated geographic
and environmental diagnosis (encompassing physical constraints, accessibility, and
demographic dynamics), rather than on administrative or building-by-building logics
that rarely coincide with the functional and natural boundaries of the territory. Ex-
tending this rationale to the school estate implies that the climatic performance of
outdoor spaces should be incorporated as an explicit criterion in the diagnosis and
programming of school-facility renewal, alongside the indoor and energy-efficiency
dimensions that have hitherto prevailed.

Recent research has increasingly addressed this issue through nature-based solu-
tions and participatory design frameworks. Sanz-Mas et al. (2025), evaluating eleven
primary schools in Barcelona, demonstrated that combined green-blue-grey inter-
ventions (vegetation, water elements, and shade structures), significantly improved
heat perception and schoolyard appreciation among children and teachers. The study
by Cordeiro et al. (2025), conducted in two secondary schools in Coimbra (Escola
Secundéria José Falcdo, (ESJF), and Escola Secundéria D. Dinis, (ESDD), pro-
vided a directly relevant local antecedent: combining school-community surveys with
thermo-hygrometric measurements, the authors identified a clear correspondence
between perceived discomfort and elevated air temperatures over unshaded asphalt
surfaces, with up to 5°C of cooling under tree canopies, and proposed a portfolio
of co-designed greening interventions. However, that previous assessment remained
primarily perception- and Ta-based, with limited capacity to resolve the radiative
processes that dominate pedestrian-level discomfort under clear-sky Mediterranean
conditions (Antoniadis et al., 2020; Lai et al., 2020).

The present study extends this research direction by introducing a SOLWEIG-
based microclimatic modelling framework to explicitly quantify outdoor thermal con-
ditions in the ESJF schoolyard. Unlike the previous approach, it integrates spatially
explicit, hourly simulations of Ty, UTCI, and ground surface temperature (Ts) at
0.3 m resolution, enabling a mechanistic assessment of thermal exposure patterns
driven by urban morphology and surface composition. This allows for the identi-
fication of radiative hotspots, the quantification of vegetation-induced cooling ef-
fects, and the evaluation of land-cover performance and cutaneous burn risk under
representative late-spring conditions. Three guiding research questions structure the
analysis: (i) how is the radiative environment spatially distributed across a Mediter-
ranean schoolyard with strong morphological asymmetry? (ii) to what extent does
T, rather than air temperature, drive UTCI variability under clear-sky forcing?
and (iii) which morphological and vegetation configurations are most effective at



Fialho, Lameiras, Coelho e Cordeiro Cadernos de Geografia | n.2 53 — 2026

reducing radiative exposure and cutaneous burn risk in the spaces most intensively
used by students?

By coupling high-resolution SOLWEIG outputs with detailed urban morphology
and meteorological data, this study contributes to a more physically grounded under-
standing of schoolyard microclimates and to evidence-based strategies for climate-
adaptive educational environments. It also bridges two methodological traditions —
perception and air-temperature-based assessments on one side (Cordeiro et al., 2025;
Sanz-Mas et al., 2025), and physically based radiative modelling on the other (Gho-
lami et al., 2024; Lai et al., 2020), by demonstrating how their integration can
support the climate-resilient retrofitting of consolidated 20th-century school infras-
tructures in Mediterranean cities.

Geographical Context and Study Site

The city of Coimbra is located in Portugal’s central coastal region, occupying a
transitional position between the Atlantic coastal lowlands and the elevated inland
topography (Figure 1a, b). The prevailing climate exhibits Mediterranean characteris-
tics tempered by Atlantic influences (Ferreira, 2005), manifesting in warm, arid sum-
mer months contrasted with mild, precipitation-rich winter periods. Episodic thermal
extremes, including both heatwave episodes and cold-air intrusions, occur through-
out the year and generate substantial seasonal physiological stress. Urban morphol-
ogy significantly modulates local thermal patterns: high-density built environments
demonstrate elevated nocturnal temperatures consistent with heat-island formation,
whereas vegetated corridors and parkland provide ameliorated microclimatic refugia
(Cordeiro et al., 2023).
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Figure 1. Geographical context of the study area. (a) Location of Coimbra at the European
scale; (b) Aerial image of José Falcdo Secondary School; (c) Location of José Falcdo
Secondary School within the city of Coimbra.
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José Falcdo Secondary School (ESJF) constitutes the primary focus of this inves-
tigation. Situated along the eastern hillslope of a compact urban valley in Coimbra’s
historic core, the institution stands adjacent to the Jardim da Sereia (Figure 1c).
The architectural ensemble, completed in 1936 under the direction of Carlos Ramos,
Jorge Segurado, and Adelino Nunes, embodies the modernist educational design prin-
ciples articulated in the “Plano dos Liceus” during Portugal's Estado Novo regime
(Moniz, 2007; Névoa, 2003). The schoolyard organisation follows the natural to-
pographic gradient through a series of terraced platforms, with the principal spatial
element comprising a quadrangular, vegetated central courtyard bounded by learning
facilities.

The school’s exterior configuration presents a paradox of green-space availability
versus accessibility. Despite the presence of multiple vegetated zones — mixed vege-
tation areas to the northwest and south, a lawn within the main building’s central
courtyard, and deciduous trees adjacent to the sports field — institutional policies
and functional designations render these spaces largely inaccessible to students dur-
ing regular school hours. The southern vegetated entrance zone is restricted to fac-
ulty and extracurricular gymnasium users, whereas the northwestern wooded area
serves exclusively as a service zone for cafeteria operations. The central courtyard
remains institutionally off-limits. Consequently, student occupation concentrates in
the extensive asphalt-surfaced recreation area on the upper terrace and in the cov-
ered walkways, both characterised by minimal shade provision and significant solar
exposure. The only broadly accessible green amenity comprises a modest stand of
linden trees ( Tilia spp.) bordering the sports court (Figure 1b).

The selection of ESJF as the study location responds to its representative con-
dition within Coimbra's consolidated urban tissue. Embedded within dense 20th-
century terrace development and constrained by functionally restricted green infras-
tructure, the school exemplifies the spatial and environmental challenges confronting
heritage educational facilities in established urban centres. This context renders ESJF
particularly valuable for examining outdoor thermal comfort dynamics and for evalu-
ating climate adaptation interventions applicable to Portuguese secondary education.

Methodology

Input Data

Urban morphology was reconstructed from airborne LiDAR point clouds (nom-
inal density 10 pts/m?2) acquired in 2024 by the Directorate General for Territory
(DGT) and distributed through the National System for Geographic Information
(SNIG). All rasters were resampled to 0.3 m ground resolution and projected in
ETRS89/PT-TMO06 (EPSG:3763). Three elevation surfaces were derived: the Digi-
tal Terrain Model (DTM), representing the bare-earth ground elevation; the Digital
Surface Model (DSM), representing the elevation of the topmost surfaces, including
buildings and tree crowns; and the Canopy Digital Surface Model (CDSM), rep-
resenting vegetation height above ground and computed as DSM minus DTM for
vegetated pixels. The Trunk Zone Surface Model (TDSM) was not generated as an
independent raster; instead, a fixed proportion of 25% of the CDSM height was pre-
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scribed, following Lindberg and Grimmond (2011), in accordance with the model's
standard parameterisation (Figure 3).
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Figure 2. Land-use classification and LiDAR-derived elevation models (DSM, DTM, and
CDSM) at 0.3 m.

From these primary surfaces, three additional datasets required by the radiation
scheme were computed using the UMEP preprocessing tools: SVF, wall heights, and
wall aspect grids. Land cover was manually digitised from 30 cm aerial orthopho-
tography (DGT, 2023), validated against field observations, and reclassified into
four surface categories adapted from Lindberg et al. (2018); limestone pavement
parameters were adapted from Santamouris et al. (2011) (Table 1). It should be
noted that tree canopy is not encoded as a ground land-cover class but volumetri-
cally, through the CDSM and its associated trunk-zone height, in accordance with
the SOLWEIG vegetation scheme (Lindberg et al., 2018). The ground beneath each
canopy therefore retains its own surface class (e.g., limestone beneath the Loquat
stand), while the radiative attenuation of the foliage is resolved separately via the
canopy-transmissivity parameterisation; this is why the land-use legend in Figure 3
distinguishes only paved, built and grass surfaces, with the tree layer displayed in the
accompanying CDSM panel.

Table 1. Surface radiative properties assigned per land-cover class.

Surface Type Albedo  Emissivity
Asphalt 0.18 0.95
Bare Soil 0.25 0.94
Buildings 0.20 0.90
Grass 0.16 0.94

Limestone 0.40 0.95
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Hourly meteorological data for 9 May 2024 were compiled from multiple sources.
Hourly atmospheric pressure was obtained from the Geophysical and Astronomical
Observatory of the University of Coimbra (OGAUC), Dias-da-Silva station (n.° 549),
located approximately 200 m from the study site. Hourly global horizontal irradiance
(Kdn), direct horizontal irradiance (Kdir), and diffuse horizontal irradiance (Kd-
iff) were retrieved from the Photovoltaic Geographical Information System (PVGIS
v5.3), based on the ERA5 reanalysis dataset at the coordinates of the ESJF (Huld
et al., 2012). T,, RH, and wind speed were measured in situ at ESJF following the
methodology described in Cordeiro et al. (2025). Briefly, air temperature and rel-
ative humidity were recorded with a portable thermo-hygrometric sensor and wind
speed with a portable anemometer — LUTRON AM-4214SD-, positioned at pedes-
trian height (1.5 m) at the study site over the field-campaign period; these in-situ
records supplied the boundary atmospheric forcing for the SOLWEIG simulations.
During the simulation period, T, ranged from 21.8°C (08:00) to 33.7°C (14:00),
RH varied between 21% and 41.9%, and peak global irradiance reached 910.5 W/m?,
corresponding to an anticyclonic regime over the Iberian Peninsula characterised by
persistent clear-sky conditions and high global irradiance, both conducive to out-
door thermal stress (Lau et al., 2015). This date was selected as a representative
late-spring, clear-sky day under anticyclonic forcing, coincident with the in-situ field
campaign and with a period of effective outdoor occupation by students, in order to
capture upper-bound radiative contrasts. A late-spring day was deliberately preferred
over a peak-summer one because the Portuguese school calendar runs only until
mid-June: the hottest months (July and August) fall outside the period of student
occupation. A clear-sky early-May day therefore reflects the most adverse radiative
conditions actually experienced by students during the school year and provides an
upper-bound estimate of in-use thermal exposure, rather than the absolute annual
maximum, which would occur when the schoolyard is unoccupied.

Computation of mean radiant temperature

In SOLWEIG, Tt is computed by resolving the radiative environment around a
standing person into six directional components (upward, downward, and four hori-
zontal orientations). This enables a physically consistent representation of radiative
exchange in urban environments with complex geometry (Lindberg & Grimmond,
2011; Lindberg et al., 2008).

Shortwave radiation is decomposed into direct, diffuse, and surface-reflected com-
ponents, modulated by the SVF and shadowing effects. Anisotropic features of diffuse
sky radiation, including circumsolar enhancement and horizon brightening, are ex-
plicitly considered. Longwave radiation includes atmospheric emission and terrestrial
emission from surrounding urban surfaces, with surface temperatures estimated from
a transient heat-balance formulation based on material thermal properties (Janicke
et al., 2024).
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The total absorbed radiant flux density (Set) is then converted into Ty« through
the Stefan-Boltzmann inversion:

sut 1/4
Tt = <”> —273.15 (l)

EpO

where ¢ is the Stefan-Boltzmann constant and ¢, is the emissivity of the human
body. The subtraction of 273.15 represents the unit conversion from Kelvin to degrees
Celsius, since the radiative computation is performed on the absolute-temperature
scale. All computations are conducted at 1.1 m above ground level, representing
pedestrian-level exposure conditions (Lindberg et al., 2008).

Points of Interest and Thermal Stress Assessment

Nine Points of Interest (POI) were selected across the schoolyard to capture the
full spectrum of morphological configurations and surface-cover conditions experi-
enced by students throughout the school day, ranging from fully exposed impervious
areas to densely shaded vegetated environments. The selected locations and their
defining characteristics are described below (Figure 3):

Sports Field — a large open area on the upper terrace, surfaced in asphalt and de-
void of vegetation, with no vertical obstructions in its immediate surroundings except
the school wall on the east side; Sports Court — a hard-surfaced recreational area,
also paved in asphalt, more spatially confined than the Sports Field and bordered by
low built elements; Garden — an inner courtyard composed of grass and low vegeta-
tion, enclosed by the school's building mass, with predominantly permeable surfaces;
South Garden — vegetated area near the southern entrance, combining grass and
scattered trees, with a more open configuration than the central courtyard; Cafe-
teria — outdoor area directly adjacent to the cafeteria building, with asphalt-paved
surfaces and proximity to vertical facades; Shed — location defined by a small built
structure with surrounding impermeable ground cover and immediate adjacency to
constructed elements; Orangery — limestone-paved area adjacent to a row of orange
trees with no canopy overlap or direct shading at pedestrian level; Loquat — zone
dominated by mature Eriobotrya japonica, characterised by dense tree cover and
limestone pavement; Linden — located along the linear arrangement of Tilia spp. on
the south-east edge of the sports court.
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Figure 3. Location of the POl across the José Falcio Secondary School schoolyard, with
land-cover context.

Outdoor thermal stress was assessed using the UTCI, computed in SOLWEIG
from T,, T, wind speed, and humidity, following the standard UTCI formula-
tion (Brode et al., 2012). UTCI values were categorised according to the standard
thermal-stress scale: no stress (9-26 °C), moderate heat stress (26-32°C), strong
heat stress (32-38 °C), very strong heat stress (38-46°C), and extreme heat stress
(>46°C) (Brode et al., 2012; Di Napoli et al., 2024).

To quantify the relative thermal benefit provided by each POI, daily mean T,
and UTCI were compared against those of the Sports Field, an open-field site with-
out shading or morphological obstruction that served as the unobstructed reference
condition. Negative differences (AT, AUTCI) indicate a cooling effect relative to
fully exposed conditions.
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Additionally, ground surface temperature (Ts) was estimated from the SOLWEIG
upwelling longwave flux via the Stefan-Boltzmann equation, assuming a ground emis-
sivity of 0.95. T values were evaluated against the 55 °C burn-risk threshold for brief
cutaneous contact defined by ASTM C1055-20 (ASTM International, 2020), a crite-
rion of particular relevance for schoolyard environments where adolescent activities
frequently involve barefoot contact or direct sitting on ground surfaces (Pfautsch &
Woujeska-Klause, 2022).

Statistical Analysis

All SOLWEIG outputs were extracted at the nine POI, producing a structured
dataset of 108 observations (9 POl x 12 hourly time steps). Prior to analysis, data
integrity was verified to ensure temporal completeness and internal consistency, with
no missing values recorded.

Thermal variables (T, UTCI, Ts) were analysed through descriptive statistics
(mean, standard deviation, range) to characterise spatial and temporal variability.
Differential thermal indicators (AT e, AUTCI) were computed relative to the Sports
Field as the fully exposed reference condition.

A high-resolution sub-daily analysis was performed for the critical period of max-
imum radiative forcing. The interval between 13:15 and 14:30 was re-simulated at
10-minute temporal resolution for T, in order to capture peak conditions of di-
rect solar incidence and maximum thermal stress, following the methodological ap-
proach adopted in previous work (Cordeiro et al., 2025). The resulting high-frequency
dataset was used to compute intra-period variability and to quantify cooling perfor-
mance under peak exposure conditions.

Associations between T, and UTCI were evaluated using Pearson’s correlation
coefficient and ordinary least-squares linear regression. The model was applied to the
pooled dataset to assess the sensitivity of thermal stress to radiative forcing under
clear-sky conditions. Statistical significance was considered at a confidence level of
95% (« = 0.05). Model assumptions — linearity, homoscedasticity, and normality
of residuals — were assessed through visual diagnostics. Given the repeated-measures
structure of the dataset (multiple POl under identical meteorological forcing), results
are interpreted as spatially comparative microclimatic patterns rather than statisti-
cally independent samples; mixed-effects or hierarchical modelling was not applied,
since the objective is the characterisation of intra-site thermal variability rather than
population-level inference.

All statistical processing was conducted using SPSS Statistics v29.0. Spatial data
handling and SOLWEIG simulations were performed in QGIS 3.34 LTR with the
UMEP plugin (Lindberg et al., 2018); graphical outputs were generated using SPSS
Statistics v29.0 (statistical charts and regression plots).
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Results

Spatial patterns of mean radiant temperature

The spatial distribution of daily-averaged T, across the ESJF schoolyard (Fig-
ure 4) reveals a radiative range of nearly 25°C between the coolest and warmest
pixels (27.4-52.3°C), with a schoolyard-wide mean of 41.5°C. The northern patches
corresponding to small bush gardens were excluded from the analysis due to their
limited functional relevance.

Non-analysed Area y
27 BR
o P N ETRS 1989 Portugal TMO6 Sources: ESRI, OSM.

Figure 4. Average T from 08:00 to 19:00 on 9 May 2024 at José Falcio Secondary
School.

The most prominent feature is the extensive red-orange zone occupying the east-
ern sector of the schoolyard, corresponding to the open asphalt recreation field. This
area, the only broadly accessible outdoor space for students during break periods, sus-
tains daily mean T, values of 49-51°C at the POl locations (Sports Field: 49.4°C;
Sports Court: 50.7°C) (Figure 5). The absence of trees, combined with the high
solar absorptivity of the asphalt surface, produces persistent radiative exposure from
mid-morning through late afternoon, visible as an unbroken warm-toned mass on the
map.
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In sharp contrast, the north-western vegetated zone — occupied by mature Eri-
obotrya japonica (Loquat), together with the south-eastern stand of Tilia spp. —
appear as distinctly cooler green patches, with daily mean T, of 31.0-31.4°C at
the canopy-shaded POI. This represents a reduction of approximately 18 °C relative
to the open field, consistent with over 95% interception of incoming shortwave radi-
ation by the dense deciduous canopy (7 = 0.05). However, this thermally favourable
zone is functionally designated as a service area for cafeteria operations and is not
accessible to students during the school day.

Between these two extremes, a range of intermediate conditions is visible across
the terraced platforms of the schoolyard. The central courtyard, enclosed by the
quadrangular building perimeter, exhibits moderate Ty« values (Garden: 37.0°C),
substantially cooler than the open field, reflecting the combined effect of partial
vegetation cover and intermittent building shadows. Yet this space, too, remains in-
stitutionally off-limits. The transitional zones adjacent to building structures (Cafe-
teria: 40.3°C; Shed: 39.8 °C) display the patchy yellow-orange pattern characteristic
of spaces where shade coverage is intermittent and dependent on the solar azimuth
at each hour.

Linear strips of reduced Tt are discernible along the northern and western edges
of building footprints, corresponding to the cast-shadow corridors generated by the
school’s multi-storey blocks. These narrow cool bands extend a few metres from the
facades and migrate throughout the day with the sun path, offering transient — but
not sustained — thermal relief.

The spatial structure of T, thus exposes a clear thermal dichotomy within the
ESJF schoolyard: the areas of greatest thermal comfort (dense canopy in the north-
west, enclosed courtyard) are precisely those to which students have no access, while
the only broadly available recreation space (asphalt field) concentrates the highest
radiative exposure. The linden trees bordering the small sports field (Linden: 31.4°C)
represent the sole accessible green amenity offering meaningful thermal benefit, but
their limited canopy extent is insufficient to serve the wider school community.

mean Tmrt Hourly Average Tmrt per POI

T T T T T T T
08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00
Hours (24h format)

Cafeteria 40,3

Garden 37

Linden 31,4
Loquat 31
Orangery 42,6 40 °C

Shed 39,8

South Garden 41,1

Sports Court 50,7

Sports Field 49,4

(Do) MWL

Figure 5. Hourly average T for each Point of Interest (9 POl x 12 h). The maximum
value (64.9°C) was recorded at 14:00 at the Shed location, while the minimum (19.4°C)
occurred at 08:00 in the Garden.
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Diurnal evolution of thermal stress

The hourly evolution of UTCI across the schoolyard (Figure 6) reveals a marked
spatial differentiation that emerges with solar elevation. During early morning hours,
thermal conditions remain relatively homogeneous, with an inter-site UTCI range of
only 4.0°C at 08:00. As solar radiation intensifies, this range expands rapidly, reach-
ing 7.5°C by 11:00 and remaining above 7.0 °C until mid-afternoon. By 19:00, the
range collapses to 1.7 °C as solar input diminishes. This behaviour confirms that the
observed 5.1 °C difference in mean daily UTCI between the coolest (Loquat, 27.2°C)
and warmest (Sports Field, 32.3 °C) locations is largely explained by differences in the
radiative environment, while air temperature remains spatially homogeneous across
the campus.

Dense canopy sites remain below or near the strong heat-stress threshold (32 °C)
for most of the day, whereas open-field locations and the Shed exceed 38 °C during
peak hours (13:00-14:00). Two distinct windows of thermally acceptable conditions
emerge, early morning (08:00-10:00) and late afternoon (after 17:00), during which
all locations remain below the strong-stress threshold.

48 Very strong heat stress

35

9(_), 30
O
5 \
25 =g
No thermal
stress

8 9 10 " 12 13 14 15 16 17 18 19
Hours (24h format)

Asphalt Grass
+— Sports Field =+---- Shed —@— Cafeteria * Loquat —O— Garden
0= Sports Court —o— Linden ©— Orangery South Garden

Figure 6. Hourly evolution of UTCI with thermal-stress thresholds at 26, 32, and 38°C.

Cumulative thermal stress exposure

The dataset evidences a clear stratification of cumulative thermal-stress expo-
sure across all POI, strongly mediated by canopy cover and spatial configuration.
Vegetated sites — particularly Loquat and Linden — demonstrate the most favourable
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thermal performance, with a complete absence of strong and very strong heat stress
and a concentration of exposure within moderate stress (8-9 hours).

In contrast, open and semi-exposed environments such as the Sports Field, Sports
Court, and South Garden exhibit substantially higher cumulative thermal stress.
These locations register the highest total exposure (11 hours in the sports areas),
including 2 hours of very strong heat stress, alongside extended periods of strong
stress.

Anomalous behaviour is observed at the Shed, which, despite a comparatively
low SVF (0.42), accumulates 2 hours of very strong stress. This performance is unex-
pectedly poorer than that of the Garden (SVF = 0.68), which records no very strong
stress. This suggests that SVF alone is insufficient to fully explain thermal outcomes;
additional factors — such as material thermal properties, ventilation constraints, or
surrounding radiative feedback — likely contribute to localised heat accumulation.

12
[
o 8)10
L0 8
S g
285
5g
5?2
0
Cafeteria Garden Linden Loquat Shed South Orangery Sports Sports
Garden Field Court
No Thermal Stress (9 - 26°C UTCI) Moderate Heat Stress (26-32°C UTCI)
Strong Heat Stress (32-38°C UTCI) Very Strong Heat Stress (>38°C UTCI)

Figure 7. Number of hours per UTCI thermal-stress category at each POI.

Cooling potential relative to the Sports Field

The cooling potential, expressed as AUTCI and AT, quantifies the thermal
offset of each POI relative to the Sports Field reference during the period of max-
imum radiative forcing (13:15-14:30 UTC), corresponding to peak incoming global
irradiance and the highest sustained thermal stress recorded across the simulation
day (Figure 8).

The Loquat and Linden canopies register the largest cooling, with AUTCI of
-6.51°C and -6.28°C and AT, of -25.92°C and -25.01°C, consistent with their
shared SVFbv of 0.02 and shadow fraction of 0.03, which attenuate over 93% of
incoming shortwave radiation and shift thermal stress from “very strong” to “mod-
erate”. The South Garden and Garden present intermediate reductions (AUTCI of
-1.78°C and -1.73 °C; AT of -7.09°C and -6.90 °C), attributable to lower surface
temperatures over vegetated ground under full sun exposure, while the Cafeteria
(-0.23°C) and Orangery (-0.03°C) are effectively indistinguishable from the refer-
ence — the latter case confirmed by the identity of SVFbv and SVFb (both 0.54),
indicating no additional sky obstruction from the existing tree canopy.

The Sports Court and Shed are the only POl where conditions exceed the
open-field reference. The Sports Court records a marginal warming (+0.16 °C UTCI;
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+0.62°C Tt), whereas the Shed presents the highest thermal load in the dataset
(+0.38°C UTCI; +1.50°C Tp) accompanied by the maximum Ldown across all
sites (517 W/m?) — its overhead structure reduces SVFb to 0.42 but fails to cast
effective shade during the study period, instead trapping and re-emitting longwave
radiation downward beyond open-sky levels.

ATmrt (°C) AUTCI (°C)
Shed 15 0,38
Sports Cort 0,62 0,16
Orangery -0.1 -0,03
Cafeteria -0,94 -0.23
Garden 6,9 1,73
South Garden -7,09 -1,78
Loquat 5.2 < I
30 22 14 6 2 8 6 4 2 o] 2
(°C) (C)

Figure 8. Cooling potential of each POI relative to the Sports Field: AUTCI (left) and
AT (right). Negative values indicate thermal benefit.

Mean radiant temperature as the main driver of UTCI

The relationship between hourly T+ and UTCI for the pooled dataset (n =
108) reveals a strong and highly significant linear association. The regression model,
expressed as UTCl = 15.43 + 0.349 - T« (R> = 0.94, p < 0.001), indicates that
each 1°Cincrease in T, corresponds to an approximate rise of 0.35°C in UTCI. The
high correlation coefficient (r = 0.97) demonstrates that, under clear-sky conditions,
the radiative environment is the primary driver of outdoor thermal stress, whereas
air temperature remains spatially homogeneous across all POI at each timestep and
thus exerts a comparatively minor influence (Figure 9).

The dispersion of data points along the regression line exhibits a clear spatial
structuring. Locations characterised by dense tree canopy, such as the Loquat and
Linden sites, form a compact cluster in the lower-left portion of the distribution.
These points span a relatively narrow T interval of 14°C (24-38°C) and remain
below UTCI values of 32°C. This constrained variability reflects the strong radiative
attenuation provided by vegetation, where the interception of more than 95% of
incoming shortwave radiation effectively dampens fluctuations in radiant heat load
at ground level.

In contrast, exposed areas such as the Sports Field and Sports Court display a
much broader distribution, extending across the full range of the regression. These
locations experience a T+ span of approximately 45 °C (20-65 °C), with correspond-
ing UTCI values reaching up to 39°C. Intermediate environments (Garden, South
Garden, Cafeteria, Shed, and Orangery), occupy transitional positions, showing con-
vergence in the early morning and late afternoon, followed by pronounced divergence
during periods of peak solar forcing.
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UTCI=15.43+0.3494 T _,
R?=0.9379 n=108
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Figure 9. Linear regression between hourly T and UTCI across the nine POl (n = 108).
Each series represents a single POI. Fitted equation: UTCl = 15.43 + 0.349 - T (R* =
0.9379).

Ground surface temperature and contact-burn risk

Across the nine POI, Figure 10 depicts the temporal evolution of estimated
ground surface temperature (Ts), obtained from the SOLWEIG-simulated upwelling
longwave radiation under a ground emissivity of 0.95. The two open-field sites —
Sports Field and Sports Court — exceed the 55°C cutaneous burn-risk threshold
defined by ASTM C1055-20 for three consecutive hours between 12:00 and 14:00,
peaking at 58.3°C and 58.4 °C respectively around 14:00. These surfaces correspond
to the asphalt-paved recreation areas where student occupation is concentrated dur-
ing morning and afternoon break periods.

Among the remaining POI, the Shed approaches but does not exceed the thresh-
old (peak T, = 52.6°C), followed by the Orangery (49.8°C) and the Cafeteria
(48.7°C). Garden and South Garden remain below 40°C, while dense canopy sur-
faces (Loquat: 36.2°C; Linden: 35.3°C) stay below 37 °C throughout the day, with
surface temperatures closely tracking the ambient air temperature. The contrast be-
tween extremes is pronounced: at 14:00, the ground beneath the Loquat canopy is
22 °C cooler than the asphalt at the Sports Court, a direct consequence of near-total
shortwave interception.

The exceedance of the burn-risk threshold in the most heavily used outdoor areas
introduces a safety concern that extends beyond thermal comfort. At the recorded
surface temperatures, brief barefoot contact or direct sitting on the ground may
produce first-degree burns within seconds of exposure (Pfautsch & Wujeska-Klause,
2022). This risk is compounded by the behavioural patterns typical of the school
population: adolescents frequently sit directly on ground surfaces during breaks and
may engage in physical activities with exposed skin in contact with the pavement.



Fialho, Lameiras, Coelho e Cordeiro Cadernos de Geografia | n.2 53 — 2026

The spatial coincidence between the highest Ts values and the primary student recre-
ation zone reinforces the case for targeted shading interventions in this sector of the
schoolyard.

08h 0%h 10h 11h 12h 13h 14h 15h 16h 17h 18h 19h
Hours (24h format)

+— Sports Field + Shed —@— Cafeteria 4 Loquat —o— Garden

—o— Sports Court —e— Linden —o— QOrangery South Garden

Figure 10. Hourly estimated ground surface temperature across the nine POI. The dashed
horizontal line indicates the 55°C burn-risk threshold for brief cutaneous contact (ASTM
C1055-20). Sports Field and Sports Court exceed this threshold for three hours (12:00-
14:00).

Discussion

Radiation, not air temperature, drives schoolyard heat stress

The strongest and most consistent finding across the ESJF dataset is the dom-
inance of the radiative environment over air temperature as a driver of pedestrian-
level heat stress. The pooled regression UTCl = 15.43 + 0.349 - Tt (R2 = 0.94;
r = 0.97) indicates that more than nine tenths of the inter-site variability in UTCl is
explained by T, alone, while Ta and RH, quasi-uniform across the campus at each
timestep, account for the remaining baseline. This empirical decomposition aligns
with the broader biometeorological consensus that, under clear, calm summer days,
Tmr is the leading meteorological driver of human thermal stress (Héppe, 1999;
Kéantor & Unger, 2011; Lai et al., 2020) and confirms that Ta is an inadequate
substitute for T in the assessment of outdoor comfort (Walikewitz et al., 2015).

This result has direct methodological implications for the previous Coimbra
schoolyard study (Cordeiro et al., 2025), which reported a maximum spatial dif-
ference of approximately 5°C in air temperature between unshaded asphalt and
tree-shaded zones at ESJF. The present SOLWEIG-based assessment shows that
this Ta range, while informative as a boundary condition, captures only a fraction
of the actual radiative load to which students are exposed: at 13:15-14:30, the ra-
diative offset (ATmyt) between the Loquat canopy and the Sports Field reaches
-25.9°C, which translates into a UTCI offset of -6.5°C — well above the magnitude
that air-temperature measurements alone would suggest. The two methodologies are
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therefore not redundant but complementary: in-situ Ta and RH measurements char-
acterise the boundary atmospheric forcing, while modelled T, resolves the spatial
heterogeneity that ultimately governs perceived comfort. This dual-layer approach
reinforces and physically grounds the perception-based diagnosis previously reported
by the school community (Cordeiro et al., 2025), in which students consistently de-
scribed the asphalt yard as “unbearable” during midday, despite Ta differences of
only a few degrees Celsius.

The paradox of accessibility: where comfort exists and where
students are

The spatial structure of T, across ESJF reveals a striking and educationally
consequential paradox. The schoolyard contains three thermally favourable environ-
ments: the Loquat canopy (daily mean T, &2 31.0 °C); the Linden grove (~ 31.4°C);
and the central Garden (= 37.0°C); yet two of the three are functionally inaccessible
to students during ordinary school hours. The only broadly accessible outdoor space,
the asphalt sports field, simultaneously concentrates the highest radiative loads (49-
51°C daily mean T,) and the highest cumulative duration of strong-to-very-strong
heat stress (11 hours, including 2 hours above the 38 °C UTCI threshold). The Lin-
den stand, the only accessible green amenity, offers genuine thermal benefit but is
too small in canopy extent to serve the entire school population during recess.

This pattern was already qualitatively identified in the school-community survey
reported by Cordeiro et al. (2025), in which respondents described problem zones
(cafeteria, both sports fields and the shed area) as “too hot in summer” and ex-
plicitly flagged the locked or restricted green areas (Garden and South Garden) as
“missed opportunities to improve both comfort and aesthetics”. The present SOL-
WEIG simulations physically confirm and quantify this perception: the institutional
decision to restrict access to the most thermally comfortable areas effectively forces
students into the most radiatively hostile sector of the campus during the hottest
hours of the day. The mismatch between green-space availability and green-space
accessibility emerges, therefore, as a key shortcoming in the spatial organisation of
the ESJF outdoor environment: a finding that resonates with the “gap between ap-
preciation in theory and actual usage in practice” reported in Mediterranean school
playgrounds more broadly (Sanz-Mas et al., 2025) and with the access-equity dimen-
sion increasingly emphasised in green-schoolyard scholarship (Wolf et al., 2024).

Vegetation performance: canopy density, species, and the limits
of evergreens

The cooling hierarchy retrieved by the model is consistent with the morpho-
logical and physiological traits of the dominant species. The two best-performing
POI - Loquat and Linden — combine high canopy density (shadow fraction = 0.97)
with deciduous broadleaved foliage, which offers near-total shortwave interception in
summer and seasonal reversibility in winter. Both Eriobotrya japonica and Tilia spp.
are well documented as effective Mediterranean shade species: the former combines
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moderate transpiration with very dense, persistent foliage during the warm season
(Rana et al., 2019), while the latter is among the most extensively validated urban-
shade taxa, with demonstrated reductions in pedestrian-level air temperature of up
to 0.85°C and surface-temperature reductions of up to 20 °C under full canopy in
Mediterranean and Central-European cities (Massetti et al., 2019; Rahman et al.,
2017; Stratépoulos et al., 2024).

By contrast, the Orangery POI, a limestone-paved area positioned next to (rather
than beneath) a row of young orange trees, registers a near-zero AUTCI (-0.03°C)
and a daily mean T, virtually identical to the open Sports Field. The identity of
SVFb and SVFbv (both 0.54) confirms that, at the assessed point, no canopy element
interposes itself between the pedestrian plane and the sky: the orange trees are still
young, with small crowns whose lateral extent does not yet reach the sampling
location, and the resulting radiative environment is therefore effectively that of an
open paved surface. This finding does not concern the cooling potential of mature
orange trees per se, well documented in Mediterranean orchard and garden settings
(Rana et al., 2019), but rather the temporal mismatch between newly established
plantings and the radiative service they are intended to provide. Comparative reviews
emphasise that pedestrian-level cooling efficacy is governed by structural traits such
as canopy diameter, leaf area density, and the lateral offset between the trunk and
the area to be shaded, rather than by species presence alone (Francini et al., 2023;
Rétzer et al., 2024; Stratépoulos et al., 2024).

For Mediterranean school playgrounds, this implies that vegetation audits must
explicitly evaluate current canopy geometry at pedestrian scale and incorporate the
time horizon required for plantings to deliver effective shade, a delay of 5-15 years
for most broadleaved species (Li et al., 2024). In the specific case of ESJF, the
Orangery POI thus signals a planting that is functionally promising but operationally
premature: the trees will, in time, contribute to the radiative budget, but at present
they do not modify pedestrian-level exposure and cannot be counted as an active
mitigation element in the schoolyard.

Ground surface temperatures and the cutaneous burn risk

The simulated Ts profiles add a public-health dimension that is absent from
purely T,- or UTCl-based analyses. The Sports Field and Sports Court, the two
surfaces over which student recreation is effectively concentrated, exceed the 55°C
ASTM C1055-20 cutaneous burn-risk threshold for three consecutive hours (12:00-
14:00). At these temperatures, contact-burn injuries can occur within seconds of
brief barefoot contact or direct sitting on the ground (Pfautsch & Wujeska-Klause,
2022). The fact that the threshold is breached on a representative warm spring day
strongly suggests that the threshold is exceeded across a substantial fraction of the
school year, particularly given the documented intensification and lengthening of
Iberian heatwaves (Bento et al., 2025; EUMETSAT, 2026; Sanchez-Benitez et al.,
2025).

On the other hand, surfaces beneath the Loquat and Linden canopies remain be-
low 37 °C throughout the day, tracking ambient T, closely. The 22 °C Ty differential
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at 14:00 between the Sports Court and the Loquat canopy quantifies, in absolute
physical terms, the protective value of dense deciduous shade. This finding directly
extends the Cordeiro et al. (2025) recommendation to expand tree cover in “high-
exposure areas” by attaching to it a measurable safety justification: the question is no
longer only one of comfort but of avoiding preventable, behaviourally plausible burn
injuries among adolescents. Independent measurements in Parisian, Barcelonian, and
North-American school playgrounds have reported analogous threshold exceedances,
motivating large-scale asphalt-removal programmes in Los Angeles, Philadelphia,
and the Trust for Public Land partner districts (Sanz-Mas et al., 2025; Vanos et al.,
2024).

Beyond the simple SVF metric: morphology and longwave traps

An important methodological insight emerges from the anomalous behaviour of
the Shed. Despite a comparatively low SVF (0.42) — which would intuitively sug-
gest substantial sky obstruction and thus radiative protection — the location accu-
mulates 2 hours of very strong heat stress and registers the highest Lyown in the
entire dataset (517 W/m?). The overhead structure is not a vegetated canopy but
an opaque, heat-storing built element that, while reducing SVF, simultaneously be-
comes a strong longwave emitter that radiates downward onto the underlying paved
surface. This produces a localised longwave “trap” in which the absorbed shortwave
is partially re-emitted as longwave radiation incident on pedestrians at close range.

This result echoes the cautionary evidence accumulating in the urban-
microclimate literature that SVF, while a useful first-order morphological proxy, is
insufficient on its own to predict thermal outcomes (Ge et al., 2026; Lai et al., 2020).
Material properties (albedo, emissivity, thermal admittance), ventilation regime, and
the horizontal /vertical balance of obstructing elements jointly determine the radiative
balance experienced at human level. From a practical standpoint, this implies that
the addition of opaque shade structures to school playgrounds must be carefully de-
signed — preferably with reflective upper surfaces, high-albedo materials, ventilation
gaps, or vegetated covers (e.g., pergolas with climbing plants) — to avoid replac-
ing one thermal problem with another. Only a hybrid green-grey strategy avoids the
longwave-trapping pitfall illustrated here by the Shed.

Implications for climate-resilient retrofitting of Mediterranean
school playgrounds

Bringing the present results together with the perception- and air-temperature-
based diagnosis of Cordeiro et al. (2025) yields a coherent, evidence-based portfolio
of interventions for ESJF and, by extension, for comparable 20th-century Portuguese
secondary schools.

= Open the existing thermal refugia. One of the most cost-effective immediate mea-
sures at this site is administrative rather than physical: re-evaluating the access
restrictions to the central Garden and the Loquat zone could deliver thermally
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tolerable recreational space (UTCI < 32°C) to the entire student body without
any physical retrofit.

= Targeted asphalt-to-canopy conversion in the eastern recreation sector. Strategi-
cally planted clusters of broadleaved deciduous trees (e.g., Tilia cordata, Celtis
australis, Platanus hispanica) along the eastern edge of the Sports Field and
around the Sports Court would directly address the burn-risk hotspots. Recent
scenario simulations indicate that converting impervious to canopy cover yields
among the highest aggregated UTCI reductions of any urban greening strategy
(Li et al., 2024; Yi et al., 2025).

= Cool-pavement and unsealing measures as transitional actions. While newly
planted trees take 5-15 years to provide effective shade, immediate relief can
be obtained through high-albedo pavement coatings or, where structurally fea-
sible, full unsealing and replacement with permeable, biosourced surfaces. Re-
cent monitored interventions in the OASIS Paris programme report T reductions
of 10-15°C and meaningful improvements in pedestrian heat stress under such
strategies (Bouyer et al., 2024).

= Hybrid shade structures, not opaque sheds. Following the longwave-trap evidence
at the Shed POI, any built-shade addition should preferentially take the form
of vegetated pergolas, light-permeable canopies, or tensile sails with high upper
albedo, ventilated above to dissipate stored longwave radiation.

= Connection with the broader urban green network. As noted in Cordeiro et al.
(2025), ESJF lies within a few hundred metres of the Jardim da Sereia, the “Liceu”
garden, also designed by Carlos Ramos along with ESJF, and the Botanical Garden
of the University of Coimbra. Aligning species selection and planting strategy with
these adjacent green elements would extend cooling beyond the campus, support
pollinator and bird connectivity, and contribute to citywide UHI mitigation in line
with European Green Deal targets.

= Co-design and maintenance. Technical interventions deliver durable benefits only
when paired with stewardship. Consistent with the participatory framework of
Cordeiro et al. (2025) and Sanz-Mas et al. (2025), the integration of student-led
“green brigades”, garden-based curriculum modules, and routine pruning protocols
would protect the radiative performance of canopies over time and convert the
schoolyard into a living laboratory for climate adaptation.

Limitations and future research

Several limitations should be acknowledged. First, the simulations are based on a
single representative clear-sky day (9 May 2024), selected to maximise radiative con-
trast under anticyclonic conditions; the results should therefore be read as indicative
of upper-bound spatial gradients rather than annual averages. Multi-day or seasonal
simulations would refine the estimation of cumulative exposure. Second, SOLWEIG,
despite its physical rigour, simplifies the representation of canopy transmissivity and
does not explicitly resolve transpirational latent-heat fluxes from individual trees,
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which can lead to conservative cooling estimates relative to coupled canopy-energy-
balance models (Gholami et al., 2024). Third, T values were derived from upwelling
longwave under a fixed emissivity assumption; field validation with infrared ther-
mography would strengthen the burn-risk diagnosis. Fourth, although the regression
UTCIl = 15.43 + 0.349 - T, is robust across the present dataset, its slope and
intercept depend on the prevailing Ta-RH-wind regime and should not be transposed
mechanically to other Mediterranean sites.

Future work should pursue three complementary directions. First, longitudinal
multi-day SOLWEIG runs forced by ERA5 or Copernicus C3S reanalysis would quan-
tify the annual fraction of school hours spent above each UTCI threshold under
current and projected climates, building on the recent CMIP6/EURO-CORDEX pro-
jections for the Iberian Peninsula (Bento et al., 2025; Sanchez-Benitez et al., 2025).
Second, scenario simulations of the proposed interventions (canopy expansion, as-
phalt unsealing, pergolas with climbers) would allow ex-ante evaluation of their cool-
ing potential and inform prioritisation, in line with the “before-after” modelling logic
now standard in the field (Yi et al., 2025). Third, coupling these radiative outputs
with student physiological measurements and behavioural mapping would close the
loop between modelled thermal exposure, perceived comfort, and observed activity
patterns: research agenda explicitly called for in recent reviews of children-specific
outdoor thermal comfort (Vanos, 2015; Zheng et al., 2024).

Theoretical contribution: towards a geographical reading of the
urban microclimate

Despite the empirical robustness of the results, this study advances a set of
theoretical contributions relevant to urban physical geography and to climatology
applied to spatial planning, moving beyond the mere quantification of microclimatic
patterns.

First, the findings consolidate the notion that the radiative environment is the
primary driver of thermal stress in outdoor urban spaces, particularly under clear-sky
Mediterranean conditions. Demonstrating this relationship at a micro-spatial scale
(0.3 m), within a specific functional context such as a schoolyard, enables a scalar
reinterpretation of the Urban Heat Island (UHI). Traditionally analysed at the urban
or mesoscale, the UHI is here expressed as a hyper-local and functional phenomenon,
with substantial thermal gradients occurring within a single institutional setting.

This leads to the formulation of the concept of a functional micro-urban heat
island; understood as a localized thermal system whose intensity depends not only
on urban morphology but also on the spatial organization of uses and accessibility
regimes. In the case examined, the concentration of users in the most exposed areas
amplifies the effective thermal load experienced, highlighting that thermal comfort
is shaped not only by biophysical factors but also by institutional and behavioural
dynamics.

Within this framework, the study introduces the concept of a thermal accessibil-
ity paradox, defined as the mismatch between the physical availability of thermally
favourable spaces and their actual use. This paradox suggests that the effectiveness
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of nature-based solutions does not depend solely on their physical presence, but also
on their integration into patterns of use and spatial governance.

A third contribution emerges from the analysis of urban vegetation. The results
show that the mere presence of trees does not guarantee thermal benefits; rather,
what is decisive is the effective canopy geometry at pedestrian level. This supports
a distinction between the structural presence and the radiative functionality of veg-
etation, emphasizing the importance of canopy maturity, density, and spatial con-
figuration in delivering ecosystem services. This perspective introduces a temporal
dimension that is often overlooked in green infrastructure planning.

Furthermore, the thermal behaviour of built structures highlights the limitations
of the SVF as a standalone indicator of thermal comfort. While useful as a morpho-
logical metric, SVF does not adequately capture the effects of longwave radiation
re-emission from built surfaces. A more comprehensive approach is therefore required,
integrating urban geometry, material properties, and energy balance.

Finally, the study contributes to the consolidation of what may be termed an
operational urban climatology, in which microclimatic modelling evolves from a di-
agnostic tool into a direct support instrument for spatial planning. By translating
complex physical variables (T, UTCI, Ts) into metrics relevant to well-being and
safety (such as burn risk and thermal stress thresholds), the study reinforces the link
between scientific knowledge and territorial decision-making.

Conclusions

This study applied the SOLWEIG microclimatic modelling framework to evaluate
outdoor thermal comfort and radiative stress at a Mediterranean secondary school-
yard (Escola Secundéria José Falcdo, Coimbra) on a representative spring day, in-
tegrating high-resolution LiDAR-derived morphology, in-situ meteorological forcing,
and physically based simulations of T,,,t, UTCI, and ground surface temperature.

Three principal findings emerge. (i) Under clear-sky conditions, the radiative en-
vironment — captured by T« — explains 94% of the spatial variability in UTCI
across the schoolyard, whereas air temperature is quasi-uniform; in-situ T, mea-
surements are therefore necessary as boundary forcing but insufficient to charac-
terise pedestrian-level heat exposure. (ii) The schoolyard exhibits a strong thermal
dichotomy: the most thermally favourable areas (dense Loquat and Linden canopies,
central Garden) are precisely those that institutional policy renders inaccessible to
students, who are thereby concentrated in the most radiatively hostile sector of the
campus; the asphalt Sports Field and Sports Court accumulate up to 11 hours of
strong-to-very-strong heat stress and exceed the 55°C ASTM C1055-20 cutaneous
burn-risk threshold for three consecutive hours around midday. (iii) Cooling efficacy
is governed by mature canopy size and pedestrian-level shadow fraction, not by tree
presence alone; the Orangery POI, where young orange trees have not yet developed
crowns large enough to shade the adjacent paved area, illustrates the temporal gap
between planting and effective radiative service, while the Shed shows how opaque
built-shade structures can paradoxically increase downward longwave loading.
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Methodologically, the study demonstrates the added value of coupling perception-
and air-temperature-based assessments — such as those reported in Cordeiro et al.
(2025) for the same school — with physically based radiative modelling. The two layers
are not redundant but complementary: surveys and T, measurements diagnose the
boundary conditions and the user experience, while SOLWEIG resolves the underlying
radiative mechanisms with metric-scale spatial precision. Together, they provide a
robust, mechanistically grounded basis for designing climate-adaptive retrofits.

Practically, the results support a hybrid green-grey adaptation strategy combin-
ing (a) the immediate opening of existing thermal refugia, (b) targeted asphalt-
to-canopy conversion in the eastern recreation sector with broadleaved deciduous
species, (c) cool-pavement coatings as transitional measures, (d) vegetated shade
structures designed to avoid longwave traps, and (e) integration with Coimbra's
broader green-infrastructure network. Implemented through participatory co-design
and supported by stewardship programmes, such interventions can simultaneously
address comfort, safety, well-being, and educational mission — reinforcing the role of
school playgrounds as nodes of urban climate resilience and as living laboratories for
sustainability in line with SDG 3, 4, 11, and 13 and the European Green Deal.
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