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ARTICLE INFO ABSTRACT
Keywords: The expansion of residential remote work has intensified concerns about indoor environmental
Urban morphology quality in dense tropical cities, where urban morphology plays a key role in shaping indoor

Remote workplace

microclimatic conditions. This study quantitatively assesses how built density, roughness, verti-
Thermal comfort

L . cality, and Sky View Factor (SVF) influence operative temperature (Top) and non-ionizing radi-
Non-ionizing radiation . . . . . >
Sky view factor ation (NIR). exposure in 50 residential remote workplaces (RRWs) located in urban heat island
Urban heat island areas of Joao Pessoa, Brazil. Morphological indicators were integrated with indoor measurements
of Top (°C) and magnetic fields (uT) collected over multiple working days. Cluster analysis,
multivariate statistics, and random forest models were applied to capture context-dependent ef-
fects. Random forest models showed strong performance, with R? values above 0.80 for both Top
and NIR in low- and high-density clusters. SVF was the dominant predictor of operative tem-
perature across all clusters, reaching relative importance values of 42.48% in low-density areas
and 22.64% in dense urban fabrics. In contrast, NIR exhibited a heterogeneous response: SVF and
built density dominated in open morphologies (29.22% and 23.41%), while roughness was most
influential in dense contexts (26.28%). Although all NIR values remained below ICNIRP limits,
100% of RRWs exceeded the 0.4 pT benchmark commonly cited in epidemiological studies, with
pronounced peaks near internal electrical transformers. The results indicate that urban
morphology is statistically associated with non-linear and multiscalar variations in indoor ther-
mal and electromagnetic exposure. These findings position urban morphology as a relevant
explanatory layer for indoor environmental exposure in tropical remote-work settings, with im-
plications for urban climate-sensitive planning and residential design.

1. Introduction

Remote work has redefined occupational environments globally, shifting attention toward the quality of residential indoor spaces
as locations of prolonged daily exposure (Schulz et al., 2023). This transition emphasized the relevance of thermal comfort in dwellings
that now function as improvised offices for a substantial share of the workforce (Weber et al., 2021). Unlike institutional buildings,
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residential spaces are highly heterogeneous and strongly shaped by their surrounding urban fabric. This aspect is particularly critical in
tropical cities characterized by rapid urbanization and persistent urban heat islands (UHIs). In these settings, remote workers spend six
to eight consecutive hours per day under multiple co-occurring stressors, including elevated temperatures, limited ventilation, and
exposure to non-ionizing radiation, whose combined effects remain insufficiently studied (Manu et al., 2024).

Research on thermal comfort has long demonstrated the influence of environmental variables on well-being and performance
(Fanger, 1970; Givoni, 1998; Larriva and Higueras, 2020), however, most evidence draws from controlled office settings (Jaiswal and
Prabhakaran, 2024). Residential environments, in contrast, present greater variability due to differences in building age, construction
typology, geographic location, and local urban density (Evans and Kantrowitz, 2022; Simovic et al., 2024; Jansen and Louw, 2024;
Lanza and Sassi, 2022).

Parallel advances in urban climatology indicate that morphological indicators, such as roughness, verticality, and sky view factor
(SVF), modulate urban microclimates by altering radiation exchange, shading, and wind flow (Emmanuel, 2005; Grimmond, 2007).
These effects are non-linear and contingent on urban form heterogeneity, including variations in height and building layout (Du et al.,
2020; Zoure and Genovese, 2023). For instance, Local Climate Zones LCZ-based analyses in Beijing demonstrated that SVF may
correlate positively with air temperature under specific urban configurations, but its influence depends on concurrent mechanisms
such as ventilation and diffuse radiation (Wang et al., 2023; Ouyang et al., 2024).

Empirical evidence suggests that reduced Sky View Factor (SVF) limits longwave radiation loss, thereby increasing nocturnal heat
retention. In parallel, higher urban roughness and verticality condition airflow patterns and solar exposure. Caswell et al. (Caswell
et al., 2025) reinforce that urban geometry affects residential comfort, with implications for thermal and visual conditions and human
health. Despite these insights, most research has prioritized office buildings or outdoor microclimates, leaving residential workspaces
underrepresented.

Simultaneously, non-ionizing radiation (NIR) has emerged as a relevant yet underexplored dimension of residential environmental
quality. Magnetic fields generated by household appliances, electrical infrastructure, and digital devices represent a form of chronic,
low-level exposure with potential health implications, although empirical evidence on long-term effects remains limited and often
inconclusive (Nakata et al., 2021; Clegg et al., 2020; Lopez et al., 2021; Elkabany, 2023; Traini et al., 2023; Kiziloglu et al., 2023;
Meenu et al., 2025). Indoor levels depend not only on internal sources but also on external conditions that influence electromagnetic
propagation (Frank, 2021). Apartments adjacent to transformer stations, for example, exhibit substantially higher magnetic-field
levels than units located on higher floors (Hareuveny et al., 2011). Similarly, recent measurements in northeastern Brazil revealed
peak exposures up to 17 times higher than baseline urban assessments, reaching 59-82% of ICNIRP reference levels for FM and mobile-
telephony bands (Silva et al., 2025).

Prior studies have examined residential electromagnetic sources. However, the indirect influence of urban morphology on NIR
exposure remains largely unexplored. Dense and vertically developed urban fabrics may increase local energy demand, while reduced
Sky View Factor (SVF) and constrained ventilation can elevate indoor heat loads; together, these conditions may jointly shape thermal
and electromagnetic exposure patterns (Andersen et al., 2018).

Despite extensive research on urban morphology and outdoor microclimates, alongside a growing body of literature on indoor
thermal comfort and residential electromagnetic exposure, these domains have largely evolved in isolation. Existing studies rarely
investigate how neighborhood-scale urban conditions simultaneously condition indoor thermal environments and non-ionizing ra-
diation exposure, particularly within residential spaces increasingly occupied for prolonged work activities.

This gap is especially pronounced in tropical cities, where urban heat islands, high solar loads, and dense vertical development
intensify indoor exposure profiles. Moreover, empirical evidence integrating operative temperature and magnetic-field measurements
within real residential remote workplaces remains scarce. Addressing this gap, the present study quantitatively investigates how built
density, roughness, verticality, and sky view factor jointly shaped indoor thermal conditions and non-ionizing radiation exposure in
residential remote workplaces located in tropical urban heat island contexts. The research is guided by two central questions:

(i) How do morphological indicators interact to influence indoor operative temperature and NIR levels?

(ii) To what extent do these indoor conditions exceed recommended comfort and exposure benchmarks?

2. Background
2.1. Urban morphology and microclimate in tropical cities

Urban morphology encompasses the physical configuration of cities, including roughness, verticality, building density, and sky
view factor (SVF), which collectively modulate urban microclimates by shaping radiation exchange, airflow, and shading patterns. In
tropical cities, rapid densification and reduced open-space availability intensify spatial heterogeneity, leading to distinct microclimatic
regimes that directly affect indoor thermal conditions (Emmanuel, 2005; Wei et al., 2023). Reduced SVF limits longwave radiation loss
and contributes to nighttime heat retention, while increased roughness and verticality alter wind flow and solar exposure, with
measurable implications for indoor environments (Wei et al., 2023).

Morphological indicators such as building coverage, built-up area, and volumetric density are positively associated with higher
urban temperatures, whereas vegetation and higher SVF provide cooling effects. Fan et al. (Fan et al., 2025) reports that morphological
variables can account for up to 51.2% of the spatial variability in air temperature. High-density and highly impervious areas typically
exhibit elevated temperatures, while tall buildings may partially mitigate heat through shading (Zhang et al., 2024). These three-
dimensional urban characteristics strongly influence occupant thermal sensation and comfort (Yang et al., 2021a) and remain cen-
tral to UHI mitigation strategies in tropical regions (Deilami et al., 2018; Roth, 2013).
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2.2. Indoor thermal comfort and its determinants

Thermal comfort refers to the degree of satisfaction individuals experience in their thermal environment and depends on variables
such as air temperature, humidity, air movement, and mean radiant temperature. In tropical residential contexts, often without active
HVAC systems, occupants are especially vulnerable to microclimate variations. Operative temperature (Top), which integrates air and
radiant temperatures, is therefore a key metric for assessing indoor thermal conditions (Fanger, 1970; Givoni, 1998).

Inadequate thermal environments can compromise productivity, cognitive function, and overall health (da Silva et al., 2024).
Residential comfort ranges often differ from those of office environments due to distinct expectations and behavioral adaptations (Dear
and Kim, 2018). Moreover, domestic spaces exhibit wide variability in building age, location, and urban density (Evans and Kant-
rowitz, 2022; Jansen and Louw, 2024; Lanza and Sassi, 2022). Prolonged exposure to thermal discomfort may also influence the
autonomic nervous system, increase cardiovascular risks, and impair cognitive performance (Shin and Lee, 2024).

Beyond individual factors, recent literature has highlighted the influence of urban morphology on microclimates and thermal
comfort in dense urban areas. Zhang et al. (Zhang et al., 2022) demonstrated that morphological configurations significantly affect
daytime thermal conditions, producing spatial heterogeneity. Similarly, Zhang et al. (Zhang et al., 2024) observed that urban verti-
cality can enhance thermal comfort by providing effective shading. The sky view factor (SVF) has also emerged as an important
determinant of thermal dissipation: higher SVF values promote cooling and reduce mean radiant temperature in urban parks (Zhang
et al., 2019), while evidence from built-up areas shows correlations between SVF, shading ratio, and air temperature (Chen et al.,
2023).

Despite these advances, most studies focus on outdoor environments, leaving a gap in understanding how urban morphological
indicators influence indoor conditions, particularly in residences increasingly used as telework spaces.

2.3. Non-ionizing radiation in residential environments

The growing verticalization of Brazilian cities, including in the Northeast, intensifies electricity demand and expands potential
sources of non-ionizing radiation (NIR). The World Health Organization (WHO) (World Health Organization, 2022) and the Inter-
national Commission on Non-Ionizing Radiation Protection (ICNIRP) (International Commission on Non-Ionizing Radiation Protec-
tion, 2020) highlight the risks and exposure limits, while recent studies summarize the health effects of low-frequency fields, including
sleep disorders and stress (da Silva et al., 2024; Jalilian et al., 2019; Ramirez-Vazquez et al., 2024).

The public exposure limit for NIR in the 50-300 Hz frequency range is 100 pT, according to the International Commission on Non-
Ionizing Radiation Protection (ICNIRP). However, this limit is 250 times higher than 0.4 pT, a reference level frequently used in
epidemiological studies that report associations between extremely low - frequency electromagnetic field (ELF -EM) exposure and
potential biological effects, particularly childhood leukemia (da Silva et al., 2024; I[lonen et al., 2008; Thuroczy et al., 2008; Calvente
et al., 2010; Roosli et al., 2011; Sage and Carpenter, 2012; Huss et al., 2013; Kandel et al., 2013; Zaryabova et al., 2013; Grellier et al.,
2014; Struchen, 2016; Elwood, 2017). Combined analyses have indicated a consistent, albeit moderate, increase in the risk of
childhood leukemia for populations exposed to these levels of non-ionizing radiation (NIR), when compared to exposures below this
threshold (Ahlbom et al., 2000; Greenland et al., 2000), underscoring the need for further scientific advances in this field.

The WHO and the International Agency for Research on Cancer (IARC) have classified ELF magnetic fields as “possibly carcinogenic
to humans” (Group 2B), recognizing the robustness of the epidemiological evidence, although the absence of a clearly established
biological mechanism prevents definitive causal conclusions (International Agency for Research on Cancer, 2002). In terms of resi-
dential and work environments, chronic exposures above 0.4 pT, although uncommon, can occur in situations of proximity to
transmission lines, transformers, or inadequate electrical installations, thus representing a relevant risk factor to be considered in the
context of comfort and health in indoor environments.

NIR encompasses low-frequency electromagnetic fields emitted by electrical infrastructure, household appliances, and digital
devices. In residential environments, the proliferation of Wi-Fi and Bluetooth technologies increases chronic exposure, often in spaces
occupied by long telecommuting shifts. Urban morphology can modulate these levels: greater density and verticality increase electrical
demand, while low SVF and limited ventilation increase indoor thermal loads, potentially altering the distribution of electromagnetic
fields. However, studies integrating urban morphology, thermal comfort, and NIR exposure remain scarce (Nakata et al., 2021).

Therefore, in addition to experimental measurements, simulations are needed to understand the propagation of fields in indoor
spaces, enabling more effective mitigation strategies.

2.4. Urban heat islands and their impact on residential workspaces

Global warming, combined with rapid urbanization, has intensified urban thermal stress. The replacement of natural surfaces with
artificial materials such as asphalt and concrete increases daytime heat storage and reduces nighttime cooling, contributing to the
formation of urban heat islands (UHIs) (Kotharkar et al., 2018). These effects are especially pronounced in tropical cities characterized
by high solar radiation, limited vegetation, and low sky view factor (SVF).

UHIs exacerbate indoor heat accumulation, particularly in areas with high roughness and building density, where longwave ra-
diation dissipation and ventilation are strongly constrained. In residential workspaces, these conditions can elevate operative tem-
peratures and strain thermal comfort, especially in homes without active cooling systems. Although evidence directly linking UHIs to
non-ionizing radiation (NIR) exposure is limited, indirect interactions may occur.

Elevated urban temperatures often increase the use of fans, air conditioners, and electronic devices, contributing to higher
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electricity demand and potentially modifying residential exposure patterns. Several studies have associated these combined stressors
with environmental burdens and adverse health outcomes (Han et al., 2022; He et al., 2022; Tang et al., 2025). Understanding the
interplay among UHIs, urban morphology, and indoor environmental quality is therefore essential for designing thermally resilient
cities and fostering healthier residential work environments (Zou et al., 2024; Yuan et al., 2025).

3. Methods
3.1. Study area

The study was conducted in Joao Pessoa, a coastal city in northeastern Brazil characterized by a humid tropical climate. Neigh-
borhoods with documented heat island effects were selected (de Souza e Silva et al., 2022; Medeiros et al., 2025), encompassing areas
of high building density and vertical development.

3.2. Sampling

Fifty residential remote workplaces (RRWs) were selected (Fig. 1), all located on the first three floors of residential buildings. These
levels coincide with the average height of street-level transformers and are typically associated with lower natural ventilation, reduced
daylighting, and greater influence from surrounding urban morphology (Haddad et al., 2024; Santamouris and Vasilakopoulou, 202.3;
Tregenza and Wilson, 2011). Each RRW corresponded to the primary location used for daily teleworking activities.

Restricting the sample to the first three floors introduces an expected selection bias. Both operative temperature and magnetic-field
exposure may vary with elevation. However, this choice was intentional. In the typologies examined, these levels lie above the im-
mediate thermal boundary layer at ground level while remaining sufficiently close to building surfaces, electrical components, and
external infrastructures that modulate internal heat loads and magnetic-field intensities. Focusing on this potentially more exposed
subset of dwellings aligns with the study's objective of examining combined thermal and electromagnetic risks within dense tropical
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morphologies.

Rather than aiming for vertical representativeness, the sampling strategy intentionally focused on lower-floor dwellings as a
potentially more exposed subset, allowing the investigation of combined thermal and electromagnetic stress under conservative
exposure conditions.

3.3. Data collection
Data collection followed the methodological procedures described below.

3.3.1. Internal conditions of residential remote workplaces

The operative temperature (°C) and the magnetic- field intensity - NIR (pT) were collected for three consecutive business days
between 2023 and 2025, for 6 to 8 h per day, in each RRW. The operative temperature was calculated using the air temperature and the
mean radiant temperature, variables measured by the TGD 400 equipment, which meets the requirements of ISO 7726 (ISO 7726,
2002) and was properly calibrated. The air velocity was considered constant, v = 0.1 m/s, an estimate for indoor environments
(Coutinho, 2005; Ashrae — American Society of Heating, Refrigeration and Air Conditioning Engineers, INC, 2017). The equipment was
installed in the center of the environment where remote work was performed, at approximately 0.6 m above the floor (seated occupant
level).

The external climatic conditions during the data collection period were obtained from the information available on the website of
the National Institute of Meteorology (Website of National Institute of Meteorology (INMET), 2025), using data from the existing
automatic weather stations.

The indicators of non-ionizing radiation (NIR) levels were categorized into mean, standard deviation, and maximum value. We also
highlighted measurements above 0.4 puT. This value is not a regulatory or safety threshold, but a precautionary reference recurrently
adopted in epidemiological studies investigating long-term exposure patterns (da Silva et al., 2024; llonen et al., 2008; Thuréczy et al.,
2008; Calvente et al., 2010; Roosli et al., 2011; Sage and Carpenter, 2012; Huss et al., 2013; Kandel et al., 2013; Zaryabova et al., 2013;
Grellier et al., 2014; Struchen, 2016; Elwood, 2017). In this study, it is used solely as a comparative benchmark to contextualize
exposure levels, without implying causal or clinical risk.

The NIR data were obtained using a calibrated Aaronia USA Spectrum Analyzer, model SPECTRAN NF-5035. This equipment
consists of a device capable of displaying the measured field values in real time, for the selected frequency range. The device can be
connected to analysis software for real-time visualization, enabling simultaneous numerical and graphical monitoring of magnetic-
field variation. The SPECTRAN NF-5035 operated within the 1-120 Hz range, and measurements focused on the 60 Hz frequency
(cycles per second), which corresponds to the electrical grid frequency in Brazil, as defined by Law No. 4454,/1964, Article 1 (Website of
the Federal Government's Planalto, 2025).

Measurements were standardized at desk height (~1.1 m above floor level), with sensors positioned at least 1.0 m away from major
electrical appliances and wiring whenever possible. Measurements were conducted under typical remote-working conditions, with
occupants present and standard electronic equipment in operation. This approach was adopted to reflect real exposure scenarios rather
than controlled laboratory conditions.

For the residential remote workplaces that exhibited mean magnetic field values substantially higher than the rest of the sample,
the distance to the nearest electrical transformer was calculated. This variable was not included for all residences because these spatial
data were not available for the entire sample due to limited coverage and the absence of complete public databases. However, it was
used as a complementary check to assess whether proximity to external power infrastructure could explain the anomalous peak.

3.3.2. Urban morphology

Urban vector data in shapefile format, including blocks, streets, and parcels, were obtained from the Joao Pessoa City Hall website
(Website Prefecture of Joao Pessoa, 2025). These data were processed using Geographic Information System software QGIS 2.18.2,
through which maps of the study areas were generated considering a 250 m radius around each residential remote workplace.

The choice of this radius for the morphological analysis aligns with the spatial scales defined by the Local Climate Zones (LCZ)
framework proposed by Stewart and Oke (Stewart and Oke, 2012). According to this classification, the characteristics of urban form
and surface properties that influence local thermal behavior are best represented within approximately 200 to 500 m, a range in which
urban morphology affects radiative exchange, ventilation patterns, shading, and heat storage (Mirzaei et al., 2015; Cardoso and
Amorim, 2018).

These maps served as the basis for analyzing the built form, including buildings, streets, lots, vegetation, and other elements.
Accordingly, the built density (dimensionless), roughness (m), verticality (m), and Sky View Factor (SVF, 0-1) indicators were derived
from the urban morphological surveys and calculated using the following formulas—according to the methodology of Martins
(Martins, 2020):

Built Density (Dy,) - corresponds to the ratio between the sum of the useful built areas and the total area of the grid, according to
Eq. (1).

ZAtoti
Dy = 1

(€Y

Where Ay is the totally useful constructed area of building i, and A is the total area of the studied grid.
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Absolute roughness (R,) is the average height of the urban canopy. It is given by the product of the height of buildings and their
area, divided by the total area (built and unbuilt) and calculated according to Eq. (2):

Zl (Asoili X hedlfl)

built
Ri=e=7——+—— (2)
ZAsoil; + Z Aunbuilt
built unbuilt

Where Ay, is the built-up area on the ground floor of the building i; h.qy, is the height of the building and Ay is the non-built area
within the grid.

Verticality is defined by the built height weighted by the built area. This indicator can have a significant—and often inverse—effect
on the availability of natural light on building facades (Salat, 2011).

It is calculated using the formula below (Eq. (3)):

Ve > i(hedfi x Aor,)

Asoil tot ®

Where heg; is the height of the building i; Ay, is the built-up area on the ground floor of the building i; Assiltot is total built area on
the ground of the grid.

To calculate the Sky View Factor (SVF), the public-domain software RayMan 3.1 (http://www.mif.unifreiburg.de/RayMan),
developed by Andreas Matzarakis, was used (Matzarakis et al., 2010; Minella, 2009). The program allows the graphical representation
of a given location through the insertion of fisheye images.

Hemispherical images were obtained using a low-cost fisheye lens with a 180° aperture angle, attached to an iPhone 11 Pro Max
equipped with a 12-megapixel camera. During image capture, a tripod was used to standardize the height of 1.40 m, and a flat surface
was used. The photos were taken on the sidewalk of the building/house under study, near the curb. For each remote work environment,
at least three images were captured from different points.

The photos were processed in GIMP 2.10.36. The finalized images were inserted into RayMan software, and using the Monochrome
tool, which renders obstructed areas black, it was possible to obtain estimated SVF values based on black-and-white contrast.
Buildings, street furniture, and vegetation were considered obstructed areas. This methodology was supported by the authors
(Matzarakis et al., 2010; Minella, 2009; Hoppe et al., 2022; De Miranda et al., 2018).

In addition to the point-based calculation of morphological indicators, spatial patterns were explored using kernel density heat-
maps. Heatmaps were generated for built density, roughness, verticality, and Sky View Factor (SVF) based on the geographic co-
ordinates of the residential remote workplaces, using each indicator as a weighting field. A consistent bandwidth of approximately 600
m and a raster resolution of 30-50 m, with data reprojected to the SIRGAS 2000/UTM Zone 25S system, were adopted to emphasize
neighborhood-scale morphological gradients and hotspot formation. These maps were used as exploratory spatial tools to visualize
neighborhood-scale gradients and hotspot tendencies, without implying spatial causality or point-level correspondence.

3.4. Analytical approach
The results of the internal measurements were compared with:

(i) Thermal comfort standards (Ashrae — American Society of Heating, Refrigeration and Air Conditioning Engineers, INC, 2017;
ISO 7730:2005, 2005) and
(ii) NIR levels above 0.4 uT, a commonly used epidemiological threshold in studies investigating potential biological effects.

To investigate the relationship between indoor environmental conditions and urban morphological indicators, a multi-step sta-
tistical analysis was conducted. First, the 50 residential remote workplaces (RRWs) were grouped according to the characteristics of
their surrounding urban morphology. This classification was performed using agglomerative hierarchical clustering, with Euclidean
distance as the dissimilarity metric, resulting in three clusters that represent distinct morphological contexts.

After defining the clusters, it was assessed whether the four morphological metrics, built density, roughness, verticality, and Sky
View Factor (SVF), differed significantly among the groups. This evaluation was carried out using Multivariate Analysis of Variance
(MANOVA), applying the four conventional test statistics (Wilks' Lambda, Pillai's Trace, Hotelling-Lawley Trace, and Roy's Largest
Root). In all cases, the null hypothesis of equality between at least two of the three clusters was rejected, indicating significant dif-
ferences in urban morphology. Subsequently, one-way ANOVA was applied to each morphological variable, followed by Tukey's post-
hoc test, which identified the specific contrasts between clusters.

Once the clusters were established, predictive modeling was performed using random forest models fitted separately for each
group. The objective was to evaluate the extent to which morphological indicators could explain the indoor environmental variables:
operative temperature (Top) and mean non-ionizing radiation (NIR). All models were validated using 10-fold cross-validation. Model
performance was assessed through the coefficient of determination (Rz), root mean square error (RMSE), and mean bias error (MBE),
allowing evaluation of both accuracy and robustness under different morphological conditions.

Finally, the relative importance of each morphological predictor was computed for all models. This analysis identified the
contribution of built density, roughness, verticality, and SVF to the prediction of the environmental variables and enabled comparison
of how morphological influence varied among clusters and among different metrics of thermal and electromagnetic exposure. This
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multi-scale approach provided a detailed understanding of the structural influence of urban form on indoor conditions in residential
remote-working environments.

4. Results

The supplementary material (table S1) summarizes all collected variables—both indoor and urban morphological—disaggregated
by day and by residential remote workplace (RRW), along with the corresponding meteorological conditions for each measurement
day. It also provides a detailed morphological characterization of the surroundings of each RRW (Table S2).

Before examining indoor thermal and electromagnetic conditions, the spatial distribution of urban morphological indicators was
analyzed to contextualize the urban fabric surrounding the residential remote workplaces. Figs. 2-5 present kernel density heatmaps of
roughness, Sky View Factor (SVF), verticality, and built density, highlighting neighborhood-scale morphological gradients and hotspot
areas across the study area. Point-based maps showing the individual values of each morphological indicator at the residential remote
workplaces are provided in the Supplementary Material (Figs. S1-S4) for transparency and detailed reference.

Roughness, verticality, and SVF modulate both heat accumulation and the persistence of urban electromagnetic fields, although
their effects are not uniform across all environments. Higher roughness and increased building height can obstruct wind flow, reduce
ventilation, and hinder heat dissipation, leading to higher surface and indoor temperatures (Wang et al., 2025). Similarly, areas with
reduced SVF influence surface heat balance, air microcirculation, pollution dispersion, and overall microclimatic dynamics, thereby
promoting heat accumulation (Miao et al., 2020).

These patterns are evident in the roughness and SVF heatmaps (Figs. 2 and 3), which reveal higher spatial intensities in central and
coastal sectors, areas that also concentrate higher Top and NIR values at the neighborhood scale. Nevertheless, Table S1 (supple-
mentary material) highlights marked heterogeneity among RRWs, reinforcing the need for integrated and context-sensitive analyses.

The verticality heatmap (Fig. 4) reveals clear spatial gradients, with higher concentrations of vertical development in central and
coastal sectors. Areas with greater verticality, particularly in central and coastal sectors, correspond to neighborhoods previously
classified as urban heat islands and tend to exhibit a higher frequency of elevated Top and NIR values. In contrast, less vertical and
more dispersed areas generally show lower exposure levels, although exceptions are documented in Table S1 (Supplementary Ma-
terial). These findings capture broad tendencies across the sample rather than implying a one-to-one correspondence at each mea-
surement point.

Additionally, the built density heatmap (Fig. 5) indicates spatial concentrations of compact urban form. These locations are
associated with higher Top and NIR values, suggesting that roughness, verticality, and SVF act as contextual modifiers of indoor
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Fig. 3. Kernel density heatmap of Sky View Factor (SVF).

environmental conditions. However, Table S1 indicates heterogeneity among RRWs, with some environments exhibiting high NIR
levels outside these areas, reinforcing the need to interpret these patterns as general trends rather than universal correspondences.

Spatial analysis of the maps (Figs. 2-5) reveals a consistent spatial association: areas with greater roughness and verticality,
typically located in central or coastal sectors, tend to exhibit higher levels of exposure to Top and NIR. Conversely, sectors with lower
roughness and higher SVF show lower exposure values. These patterns indicate that urban morphology functions as an indirect
modulator of indoor environmental conditions. This factor is of growing relevance given the intensification of remote work and the
consequent increase in residential exposure to urban electromagnetic fields.

It is important to highlight that exposure to non-ionizing radiation (NIR) in remote work environments located up to the third floor
of buildings in neighborhoods classified as heat islands in Joao Pessoa, Northeast Brazil, can be influenced by both morphological
attributes and broader urban characteristics. This exposure may also be affected by the evolution of mobile communication networks
(3G, 4G and 5G), whose expansion entails a greater number of antennas and transmission structures. The interaction between urban
form, surrounding built density, and telecommunications infrastructure underscores the importance of continuous monitoring and
detailed assessment of NIR levels, particularly during periods of intense solar radiation typical of the summer season.

Thus, the results not only provide evidence for practical application in architectural projects and urban policies but also represent a
significant scientific contribution by establishing a broader understanding of the relationship between urban morphology and expo-
sure to non-ionizing radiation in residential environments, opening new avenues for future research.

4.1. Indoor conditions

4.1.1. Operative temperature in residential remote workplaces

According to Table S1 (Supplementary Material) and Graph 1, all residential remote workplaces exhibited operative temperature
(Top) values above the comfort ranges recommended by international standards such as ASHRAE 55 (Ashrae — American Society of
Heating, Refrigeration and Air Conditioning Engineers, INC, 2017) and ISO 7730 (ISO 7730:2005, 2005), which specify acceptable
limits between 23 °C and 26 °C. These findings indicate that, overall, the indoor conditions of the evaluated environments do not meet
international thermal comfort parameters. This result highlights the need for critical interpretation in light of specialized literature.

It is important to note that the comfort thresholds defined by ASHRAE 55 and ISO 7730 are employed herein as comparative
benchmarks to contextualize observed indoor thermal conditions. Their application does not imply strict normative suitability for
tropical residential environments; instead, they provide a standardized framework for the interpretative comparison of environmental
performance across diverse settings.
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Fig. 4. Kernel density heatmap of verticality.

4.1.2. Non-ionizing radiation exposure in residential remote workplaces

All evaluated environments exhibited non-ionizing radiation (NIR) levels above the 0.4 uT reference commonly cited in epide-
miological studies. Average values ranged from 1.15 pT to 8.8 pT, with 100% of the measurements exceeding this reference. Resi-
dential remote workplace (RRW) 18, located in the Bessa neighborhood, recorded the highest daily maximum values (18.79 pT; 22.18
pT; and 35.93 pT), whereas RRW 13, in the Cabo Branco neighborhood, presented the lowest (1.13 pT; 1.27 pT; and 0.60 puT). Notably,
on the third day of measurement, RRW 18 reached an average of 8.8 pT and a peak of 35.93 uT (Graph 2), values substantially higher
than the epidemiological reference of 0.4 uT reported in international literature as indicative of elevated exposure.

RRW 18 is located 4.33 m from an internal power transformer positioned on the second floor of the building (Fig. 6). The proximity
to this electrical infrastructure likely contributes to the elevated NIR levels observed in this environment, as well as to the greater
temporal variability of the measurements. Such patterns are consistent with evidence that magnetic field intensity decreases rapidly
with distance from the source and may exhibit fluctuations associated with load variation in distribution equipment.

The study by Hareuveny (Hareuveny et al., 2011) shows that apartments adjacent to power transformers, especially on the first and
second floors, are exposed to substantially higher magnetic- field levels than units on upper floors, classifying them as highly exposed.
Indoor transformers can subject both residents and workers to elevated extremely low-frequency electromagnetic fields (ELF-EMFs),
which have been associated with acute and severe health effects (Rathebe et al., 2024).

Analysis of the investigated RRWs shows that the relationship between urban morphology, thermal conditions, and non-ionizing
radiation (NIR) levels is not uniform, but rather varies according to the specific characteristics of each environment.

4.2. Urban roughness and sky view factor (SVF) in the surroundings of residential remote workplaces

To facilitate comparative analyses between RRWs, a classification inspired by the studies of Salat (Salat, 2011), Oke (Oke, 1987)
and Adolphe (Adolphe et al., 2002) was developed, organized based on the roughness values and the sky view factor of the present
study (Table 1). This systematization aims to make the observations clearer and more comparable.

High roughness + low SVF (RRW 15): In environments located in areas of high roughness associated with low sky view factor
(SVF), such as in RRW 15 (roughness of 8.52 m; verticality of 24.16 m; SVF 0.389), a significant increase in operative temperature
(~30 °C) and the occurrence of NIR above 0.4 pT were observed. In addition, the high built density (2.84) compromised natural
ventilation, favoring heat retention.

Moderate roughness + medium SVF (RRW 2, 6, 28): In cases of intermediate roughness and medium SVF, such as in RRW 2
(roughness 4.72 m; SVF 0.577; verticality 19.49 m), RRW 6 (roughness 2.71, SVF 0.649, verticality 9.88) and in RRW 28 (roughness
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Table 1

Roughness and sky view factor classification.
Roughness (meters) Sky View Factor (SVF)
HIGH >7m HIGH >0.7
MODERATE 1.8 < roughness<7 MODERATE 0.4 < SVF < 0.7
LOW <1.8m LOW <0.4

5.91 m; SVF 0.645; verticality 12.91 m), the thermal conditions were a little more moderate (operative temperature ~ 28 °C), although
it was still found that NIR levels were higher than 0.4 pT. The presence of heterogeneous shadows and partial ventilation suggests that,
even in intermediate scenarios, there is a combination of factors that can aggravate or alleviate discomfort.

Low roughness + high SVF (RRW 37, 44, 50): Environments with low roughness and high SVF (where better indoor conditions
are expected), such as RRW 37 (roughness of only 0.89 m and SVF 0.942), RRW 44 (roughness 0.98 m; SVF 0.987), and RRW 50
(roughness 1.81 m; SVF 0.959), recorded high indoor temperatures, and the entry of direct solar radiation resulted in equally high NIR
levels. In these situations, low verticality (3-5 m) limited urban shading, increasing the direct incidence of solar radiation on indoor
environments. Low verticality reduced shading, intensifying solar gains.

4.3. Relationship between morphological indicators and internal environmental conditions

The analysis of the descriptive measures presented in Table 2 reveals distinct patterns of urban morphology across the three
identified clusters. Cluster 1 represents the least dense and most open urban context in the sample. This group shows the lowest mean
values of built density, roughness, and verticality, combined with the highest mean Sky View Factor. In morphological terms, this
result indicates areas with shorter, more widely spaced buildings and little height variation, characteristics that, as discussed in the
literature, promote greater sky exposure, higher thermal dissipation, and reduced obstruction to natural ventilation (Yang et al.,
2021b; Brandao and Barbosa, 2024). However, the results also indicate that these areas may experience greater direct incidence of
solar radiation and, in some cases, greater variability in NIR associated with lower physical barriers between indoor environments and
external sources (Fernandez-Ahumada et al., 2019; Alfouly et al., 2025).

Cluster 2, in turn, concentrates the most critical urban conditions. The higher mean values of built density, roughness, and
verticality, combined with the lowest SVF, characterize a dense, compact, and highly verticalized environment, with strong variation
in building heights and limited sky openness. This pattern is consistent with the literature, which shows that denser areas tend to
accumulate heat, reduce natural ventilation, and exhibit greater interference from electrical equipment and urban infrastructure
(Elkhazindar et al., 2022a; Liu et al., 2022). The reduced sky view factor acts as additional modulator (Wang et al., 2023), limiting the
dissipation of longwave radiation and intensifying heat retention in indoor environments.

Cluster 3 presents intermediate values for all metrics, representing a transitional morphological scenario between the two ex-
tremes. It is characterized neither by the spatial openness of Cluster 1 nor by the strong verticalization of Cluster 2, but rather by a
mixed configuration, with moderate levels of density, roughness, and SVF. This condition reinforces that morphological variables do
not operate in a linear manner (Wang et al., 2024), allowing intermediate environments to exhibit specific combinations of thermal
and electromagnetic effects.

These results reinforce that the relationship between urban morphology, thermal comfort, and electromagnetic exposure is non-
linear and multiscalar. While the internal variables (Top and NIR) tend to show a certain degree of homogeneity up to the third
floor, the morphological indicators exhibit greater variability and clearly distinguish different urban scenarios (Emmanuel, 2005;
Stewart and Oke, 2012). This means that even when internal conditions appear similar, the ‘risk potential’ of environments is deeply
shaped by characteristics of the surrounding context.

Furthermore, the identification of elevated NIR levels in all investigated environments, with pronounced peaks in dwellings located
near internal transformers, suggests the need for deeper discussion of the electrical infrastructure of multifamily buildings, especially

Table 2
Descriptive measures, MANOVA, and one-way ANOVA for urban metrics by clusters.
Results Variables
Built density Sky view fator Roughness Verticality
Cluster 1 X =0.60 (s = 0.18) x =081 X =1.80 (s = 0.54) X =5.10 (s = 1,11)
Descriptives e e (s = 0.10) o e e o
measures Cluster 2 X =1.62 (s = 0.52) x =0.64 (s = 0.10) X =4.87 (s = 1.57) X =18.05 (s = 2,34)
Cluster 3 x =1.02 (s = 0.42) X =0.68 (s = 0.07) X =3.01 (s =1.31) x =11.21 (s = 2.00)
Lambda de Wilks Lambda = 0.10 (p-value <0.001)
Pillai's Trace Trace = 0.99 (p-value = 0.001)
MANOVA Hotteling - Lawleys's Trace — 8.52 (p-value <0.001)
Trace
Roy's Root Root = 8.41 (p-value <0.001)
One Factor ANOVA F = 1440.25 (p-value F = 603.96 (p-value F = 1384.26 (p-value F = 9837.35 (p-value

<0.001) <0.001)

<0.001)

<0.001)
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considering the expansion of remote work and the prolonged occupancy of these spaces. The literature has warned that chronic ex-
posures above 0.4 T (a recurrent reference in epidemiological studies) may be associated with potential biological effects, particularly
risks related to childhood leukemia (Ilonen et al., 2008; Thuroczy et al., 2008; Calvente et al., 2010; Roosli et al., 2011; Sage and
Carpenter, 2012; Huss et al., 2013; Kandel et al., 2013; Zaryabova et al., 2013; Grellier et al., 2014; Struchen, 2016; Elwood, 2017).
Although this is not a causal threshold, the finding that 100% of the sample presented values above this reference highlights the
relevance of preventive policies and continuous monitoring.

After defining the clusters based on urban morphology indicators, random forest models were fitted separately for each group.
Table 3 presents the performance metrics of the random forest models fitted for each cluster, using 10-fold cross-validation. The results
indicate that the models achieved good overall performance, especially in Clusters 1 and 2, which exhibited R? values above 0.80 for
both operative temperature (Top) and mean non-ionizing radiation (NIR). The model for Cluster 3 showed a slightly lower R? for Top
(0.7130), but still within a range considered acceptable for environmental analyses in heterogeneous urban scenarios.

The consistent model performance across clusters indicates that the selected morphological indicators capture structurally
meaningful patterns rather than spurious correlations, supporting their interpretability in urban climate assessments. The RMSE values
further reinforce the quality of the model fit. For operative temperature, RMSE ranged from 0.4166 °C to 0.7388 °C, which are
relatively low when compared to the range of the observed records, exceeding 29 °C.

For NIR, RMSE varied between 0.0468 puT (Cluster 2) and 0.4468 puT (Cluster 1), remaining similarly low in relation to the empirical
variability of the variable. The MBE was close to zero across all models, indicating no systematic bias in the estimates. These results
demonstrate that the random forest models were able to adequately capture the relationship between indoor environmental variables
(Top and NIR) and urban morphology indicators in each surrounding context.

Based on the performance results presented in Table 3, the analysis then proceeded to the assessment of the relative importance of
morphological metrics for each group, allowing the identification of how built density, roughness, verticality, and SVF influence
operative temperature and non-ionizing radiation levels in residential remote-work environments.

The results show, as presented in Table 4, that no single indicator acts in isolation, with a distinct composition of influences
observed according to the urban context represented by the clusters. For operative temperature (Table 4 and Fig. 7), it is observed that
the Sky View Factor (SVF) exhibited high relative importance in all clusters, especially in Cluster 1 (42.48%) and Cluster 2 (22.64%).
This finding is consistent with the role of SVF in modulating heat dissipation (Middel et al., 2018).

In the case of non-ionizing radiation, the distribution of importance was again distinct across clusters (Table 4 and Fig. 8), indi-
cating variations in how the urban surroundings modulate indoor electromagnetic fields. In Cluster 1, SVF and built density were the
most influential indicators (29.22% and 23.41%, respectively), suggesting that areas with greater sky openness and lower density may
favor higher variability in the propagation of external electromagnetic fields.

For Cluster 2, roughness emerged as the most influential indicator (26.28%), reflecting the influence of more complex built forms,
typical of dense and highly verticalized areas, which may affect the reflection, absorption, and attenuation of electromagnetic fields. In
Cluster 3, the importance of the indicators showed a more homogeneous distribution, with values close to one another, indicating a
morphologically less contrasted environment in which NIR is modulated by multiple factors simultaneously.

In this way, the results reinforce that the effects of urban morphology on indoor environmental conditions are contextual, varying
according to the spatial pattern of the surrounding environment in which each RRW is embedded. The interaction among SVF, density,
roughness, and verticality is fundamental; however, the relative weight of each metric changes across clusters, suggesting that
different urban configurations generate distinct mechanisms of thermal accumulation and modulation of electromagnetic fields.

4.4. General standards

The observed homogeneity in internal thermal conditions and non-ionizing radiation (NIR) up to the 3rd floor should not be viewed
as a limitation but as a relevant methodological finding. Previous studies indicate that, beyond a certain height, microclimatic vari-
ables tend to stabilize due to reduced influence from ground-level and adjacent surfaces (Emmanuel, 2005; Stewart and Oke, 2012;
Oke, 1987; Roth, 2007), and that electromagnetic fields decrease with distance from their sources (/CNIRP, 2020; Kljajic et al., 2025).
The results empirically reinforce this evidence and validate the decision to limit measurements to the first three floors.

The contrast between the local homogeneity of thermal and NIR values and the heterogeneity of morphological indicators high-
lights differences in spatial and temporal scales: while environmental measurements capture short-term stabilized conditions,
morphological indicators reflect long-lasting structural characteristics of the urban fabric. This distinction deepens the understanding
of how built form influences comfort in remote residential workplaces and suggests that morphological variables, due to their greater
variability, may serve as predictors for scenarios beyond the current measurement framework (e.g., other floors or urban typologies).

Comparisons across the 50 RRWs also indicate that morphological indicators do not operate independently but act through
combined and overlapping mechanisms. Areas with high roughness and low SVF showed amplified heat stress and elevated NIR levels,
whereas high-SVF locations, despite improving ventilation and reducing heat accumulation, exhibited greater direct solar exposure
due to reduced shading.

5. Discussion
5.1. Comparison with international evidence
Building on the cluster-based results and the relative importance analysis presented in Section 4, the discussion highlights the
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Table 3
Model performance metrics obtained using 10-fold cross-validation.
Variables Metric Cluster 1 Cluster 2 Cluster 3
R? 0.8130 0.8792 0.7130
Operative temperature RMSE 0.5109 0.4166 0.7388
MBE 0.0002 —0.0038 —0.0008
R? 0.9113 0.9022 0.9329
Non-ionizing radiation RMSE 0.4468 0.0468 0.1165
MBE —0.0003 —0.0004 —0.0002
Table 4
Degree of importance of urban morphology metrics.
Response Variable Predictors Importance level
Cluster 1 Cluster 2 Cluster 3
Built density 38.02 20.13 26.78
Operative temperature Sky view factor 42.48 22.64 24.18
P P Roughness 34.17 19.90 21.49
Verticality 39.48 18.72 26.65
Built density 23.41 24.33 25.19
Non-ionizing radiation Sky view factor 29.22 23.28 28.96
i Roughness 23.01 26.28 25.23
Verticality 22.43 19.83 24.62
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complex interaction between urban morphology and indoor environmental conditions in residential remote workplaces (RRWs).

RRWs located in areas of high roughness and low SVF, representative of Cluster 2, consistently exhibited operative temperatures
above 29 °C and NIR levels above 0.4 pT. This combination of high urban density and limited ventilation simultaneously intensifies
thermal and electromagnetic stress. These findings corroborate previous studies that associate reduced SVF and increased urban
density with higher thermal stress (Emmanuel, 2005; Grimmond, 2007). These values are consistent with findings from tropical high-
density cities such as the United Arab Emirates (Elkhazindar et al., 2022b), where reduced SVF and compact urban canyons intensify
indoor overheating and constrain daytime ventilation. The magnitude of indoor overheating observed in dense clusters (>29 °C) is
comparable to values reported for compact tropical cities such as Singapore, Bangkok, and Gulf-region urban districts, reinforcing the
external relevance of the findings.

Data analysis also reveals that the location of the environment within the urban fabric directly and indirectly influences thermal
comfort and NIR levels. Near urban electrical sources, such as transformers, distribution networks, or high-power equipment, RRWs
recorded NIR values significantly higher than 0.4 pT, as observed in RRW 18, which showed peaks of up to 35.93 puT, indicating that
urban morphology is not neutral and that urban electrical infrastructure can generate risks associated with prolonged exposure
(Hareuveny et al., 2011).

In intermediate scenarios (RRWs 2, 6, and 28), thermal conditions were more moderate (~28 °C), but NIR levels remained high
throughout the collection period. The combination of partial ventilation and heterogeneous shading highlights the combined effect of
roughness, verticality, and SVF on the indoor environment.

On the other hand, RRWs located in areas of low roughness and high SVF (RRWs 44 and 50) showed greater thermal dissipation due
to more efficient ventilation, but direct solar exposure increased thermal and NIR levels above 0.4 pT. This observation is consistent
with the relative importance analysis, which showed that although SVF plays a key role in modulating operative temperature, its
effects are mediated by density, roughness, and verticality, particularly in Cluster 3. These results are in line with (Nakata et al., 2021;
Havenith, 2019; Yu et al., 2020; Shankar and Sundaram, 2025), emphasize integrated approaches to optimize thermal comfort while
reducing electromagnetic exposure (Chiaramello et al., 2019).

The comparison across morphological contexts confirms that urban form conditions indoor thermal and electromagnetic exposure
through multiple interacting pathways. In low-SVF areas, ventilation deficits restrict heat dissipation and increase reliance on internal
loads, amplifying operative temperatures. Simultaneously, electrical infrastructure embedded within dense urban fabrics—particu-
larly transformers and distribution networks—can elevate NIR levels, as observed in RRW 18 (peak 35.93 uT).

In high-SVF areas, increased sky exposure enhances radiative exchange but also increases direct solar incidence and potential EMF
transmission from nearby telecommunications and power equipment. The contrast between RRW 15 (SVF = 0.389) and RRW 44 (SVF
= 0.987) reinforces that neither extreme ensures comfort; rather, thermal and electromagnetic responses reflect nonlinear interactions
between roughness, verticality, and SVF.

5.2. Implications for exposure limits and urban health

Consistent with the results presented in Section 4, which showed that all investigated RRWs exceeded the 0.4 uT reference level, the
discussion highlights that exposure concerns emerge even when ICNIRP limits are not surpassed. Several RRWs exceeded levels above
0.4 uT, considered exposure levels that warrant precautionary consideration in the context of prolonged residential occupancy as well
as exceeded comparative precautionary benchmarks proposed by EUROPAEM (2016) and the Building Biology Standard (SBM-2015),
which recommend thresholds an order of magnitude lower for chronic exposure in residential settings. This indicates that even when
regulatory limits are not exceeded, remote workers in compact tropical morphologies may experience exposure profiles that warrant
further scientific investigation. The findings underscore the need for integrating EMF considerations into microclimate-driven building
and planning strategies, especially in rapidly densifying tropical cities.

5.3. Synergistic thermal—electromagnetic stress and occupational health implications for remote workers

Remote work amplifies the importance of indoor environmental quality by extending daily exposure windows to 6-8 h in a single
location. In dense tropical morphologies, thermal stress and electromagnetic exposure do not operate independently. Limited venti-
lation, high humidity, and intense radiant loads can reduce the capacity for physiological heat dissipation, while co-occurring exposure
to elevated magnetic fields may interact with thermal fatigue, discomfort, and cognitive strain. Although synergistic effects are not
fully understood, the overlap of these stressors suggests potential compound risks for remote workers. These risks are particularly
relevant in dwellings located near electrical infrastructure or within dense, low-SVF urban blocks.

It is important to note that, in this study, the term “synergistic effects” refers to the concurrent and reinforcing presence of multiple
urban morphological factors that collectively influence indoor thermal environments and non-ionizing radiation exposure. This
conceptual framework emphasizes the convergence of environmental pressures within residential remote work settings, rather than
the formal modeling of statistical interaction terms.

Taken together, the three morphological clusters represent distinct but interconnected exposure regimes, in which thermal and
electromagnetic stressors overlap in different intensities, reinforcing the need for integrated urban and building-scale mitigation
strategies. These findings reinforce the need for ergonomic and urban policy frameworks that incorporate both thermal and elec-
tromagnetic dimensions, guiding building retrofits, zoning decisions, and workplace recommendations for the rapidly expanding
population of remote workers in tropical cities.
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6. Conclusions

This study investigated how urban morphology modulates indoor thermal conditions and non-ionizing radiation (NIR) exposure in
residential remote workplaces (RRWs) within a tropical context. By integrating cluster analysis, multivariate statistics, and machine
learning models, the results provide robust quantitative evidence that indoor environmental conditions are strongly shaped by the
surrounding urban fabric rather than by indoor characteristics alone. The main conclusions are as follows:

Urban morphology exerts a statistically significant and measurable influence on both operative temperature (Top) and NIR.
Random forest models achieved R? values above 0.80 for most clusters, demonstrating that built density, roughness, verticality, and
Sky View Factor (SVF) explain a substantial share of indoor environmental variability, even when internal conditions appear
similar.

SVF emerged as the most influential predictor of operative temperature across all clusters, reaching 42.48% of relative importance
in low-density contexts and 22.64% in dense urban fabrics. However, high SVF did not uniformly improve thermal comfort, as
increased sky exposure also intensified direct solar gains. This confirms that SVF operates as a key but non-sufficient parameter,
whose effects depend on its interaction with density, roughness, and verticality.

Clusters characterized by high built density, roughness, and verticality combined with low SVF consistently exhibited the most
critical indoor conditions, with operative temperatures frequently exceeding 29 °C and elevated NIR levels. These environments
also showed the strongest influence of roughness on NIR (up to 26.28% relative importance), indicating that compact urban forms
amplify thermal accumulation and electromagnetic exposure through overlapping mechanisms.

Intermediate morphological contexts showed no dominance of a single indicator, with Top and NIR shaped by the simultaneous
interaction of multiple metrics. This balanced distribution of variable importance confirms the non-linear and multiscalar nature of
morphology-indoor environment relationships and supports the use of machine learning approaches to capture such complexity.
Although all measured NIR values remained below ICNIRP reference limits, 100% of the RRWs exceeded the 0.4 pT benchmark
commonly cited in epidemiological literature. The 0.4 pT value referenced in this study is intended as an epidemiological
benchmark for contextualizing exposure levels, rather than a regulatory or deterministic threshold for health risks. Its inclusion
serves to facilitate the analysis of observed data while acknowledging the ongoing scientific debate and the inherent uncertainties
regarding the long-term biological implications of non-ionizing radiation exposure. Pronounced NIR peaks, reaching up to 35.93
uT, were observed in dwellings near internal electrical transformers, highlighting the role of building-scale electrical infrastructure
in shaping exposure profiles, particularly under extended remote work durations.

The findings demonstrate that improving indoor environmental quality in tropical cities requires morphology-aware strategies
beyond the building scale. From an urban climate perspective, the results support morphology-aware planning strategies that
integrate ventilation potential, controlled sky exposure, and careful placement of electrical infrastructure to mitigate combined
indoor heat and electromagnetic exposure in tropical cities.
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