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ARTICLE INFO ABSTRACT
Keywords: Rapid urbanisation in tropical megacities intensifies critical environmental stressors, including urban over-
Urban Heat heating, particulate air pollution (PMys and black carbon (BC)), and noise. Green-Blue-Grey Infrastructure

Green Infrastructure
Air Quality

Noise

Tropical Cities
Ecosystem services

(GBGI) offers a promising nature-based solution, yet major knowledge gaps exist regarding its empirical,
multifunctional performance and diurnal dynamics in complex tropical settings. This study quantifies how
vegetation in a large urban park (Ibirapuera Park, Sao Paulo) moderates microclimate, improves air quality, and
attenuates noise, while assessing the influence of canopy structure and spatial location on these benefits.

A comprehensive mixed-method approach was employed during a 15-day intensive field campaign. High-
resolution spatiotemporal data on PMjs5, BC, carbon dioxide (CO3), noise, and meteorological parameters
were collected through a combination of stationary monitoring at nine ecologically distinct sites and mobile
transect monitoring across an urban-park gradient. These observations were complemented by thermal imagery
and sky view factor (SVF) analysis.

The park delivered substantial and dynamic environmental benefits. Dense vegetation reduced PM3 5 and BC
by up to 40%, with mobile gradients of 0.07 and 0.03 pg m= per 100 m toward the park core, respectively.
Cooling averaged 1-2 °C, strengthening to 0.2 °C per 100 m outward in afternoons. A distinct temporal duality
emerged: peak cooling occurred in the afternoon, while the strongest air quality improvements occurred in the
morning before dense canopy began retaining pollutants. Noise attenuation was modest (~6 dB), with reductions
of 0.29 dB and 0.25 dB per 100 m in morning and afternoon transects.

Overall, the park functions as a multifunctional environmental regulator, with benefits shaped by vegetation
density, spatial configuration, and time of day. Effective GBGI planning in tropical megacities should prioritise
deep vegetative cores (>250-300 m from major roads), multi-tiered buffers along traffic corridors, and dense
canopy structures (SVF < 0.4). Integrating SVF into zoning and expanding networked green corridors can extend
these co-benefits, strengthening climate resilience, public health, and urban liveability.

1. Introduction [5-7]. These issues are pronounced in tropical regions due to high solar
radiation, anthropogenic emissions, and the properties of built surfaces

Rapid urbanisation worldwide has intensified environmental chal- [8]. The compounded effects lead to exacerbated heat stress and
lenges, notably urban overheating[1-4]and deteriorating air quality increased morbidity, especially among vulnerable populations[9,10].
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Air pollutants, including particulate matter with aerodynamic di-
ameters < 2.5 um (PMj3 5), nitrogen oxides (NOy), ozone (O3), and black
carbon (BC), primarily originate from vehicular emissions, industrial
activities, and biomass burning[11,12]. These pollutants interact with
urban meteorological processes, forming secondary pollutants that alter
radiative forcing and atmospheric stability[13,14], thereby worsening
urban living conditions[15,16]. Furthermore, pervasive noise pollution
presents an additional environmental stressor[17]. The combined
burden of these factors urgently requires multifunctional interventions
[18l.

Green-Blue-Grey Infrastructure (GBGI) has emerged as a critical
nature-based solution. It can enhance urban resilience, improve micro-
climate, mitigate overheating, improve air quality, reduce noise pollu-
tion, and sequester carbon dioxide[2,19,20]. Green infrastructure (e.g.,
trees, shrubs, green roofs) cools via shade and evapotranspiration
[21,22], filters pollutants through deposition and uptake[23-25], and
attenuates noise with dense canopies[26,27]. Blue infrastructure (e.g.,
lakes) complements these effects through evaporative cooling[28,29].
Hybrid grey infrastructure elements, such as permeable pavements and
bioswales, enable the ecological performance of green and blue systems.
The magnitude of these benefits depends on the type and spatial
configuration of GBGI[30,31]. Recent research in Brazil, as summarised
in Table 1, has made significant strides in quantifying these benefits. For
instance, studies have confirmed that parks can lower particle pollution
[32], that canopy cover reduces the Urban Heat Island (UHI) effect[33],
and that forest fragments act as barriers for heavy metal deposition[34].

However, a critical synthesis of the literature reveals persistent
knowledge gaps, particularly concerning the fine-scale, diurnal dy-
namics of multiple environmental benefits acting together and their
cumulative effects beyond GBGI[4]. Recent global analyses[38] show
that tree cooling efficiency varies nonlinearly across climate zones,
underscoring the need to examine drivers at multiple scales. As Table 1

Table 1

City and Environment Interactions 30 (2026) 100360

illustrates, existing approaches often rely on paired stationary sensors,
remote sensing, or single-timeframe sampling. While these methods
establish the presence of benefits, they can obscure the continuous
spatiotemporal gradients within and away from the urban-park inter-
face. Key unresolved questions include: How do the co-benefits of
cooling, air purification, and noise attenuation co-vary spatiotempo-
rally, and to what extent do they exhibit synergistic interactions or
trade-offs along gradients from a built-up area to a park core? How do
these relationships shift diurnally in response to changing emission
patterns, meteorological conditions, and plant physiology? Further-
more, there remains a need to move beyond broad land-cover classifi-
cations (e.g., park vs. urban) to understand how vegetation structure (e.
g., 3-D canopy analysis through LAI and SVF) and urban morphology
drives environmental performance within areas of greenspace [39].

Addressing these gaps requires moving beyond isolated, single-
—stressor measurements toward integrated, high-resolution monitoring
capable of tracking dynamic environmental interactions across contin-
uous spatial gradients. Such an approach is essential to link observed
environmental patterns to underlying biophysical drivers and to
generate design guidance that extends past generalised park-city con-
trasts. Building on these identified gaps, this study directly implements
an integrated, high-resolution monitoring campaign across the urban-
park interface in Sao Paulo, a tropical megacity. Our methodology
simultaneously captures the diurnal cycles of microclimate, air quality,
and acoustics along a continuous transect, enabling explicit examination
of how multiple benefits co-evolve in space and time in relation to
vegetation structure and urban form. This integrated framework allows
us to systematically disentangle the drivers of multifunctional environ-
mental services and to quantify the spatial reach and temporal dynamics
of these benefits beyond park boundaries.

Our research is guided by two questions: (1) How do structural
features of vegetation influence the simultaneous regulation of

Summary of recent studies on the co-benefits of urban GBGI in tropical environments, emphasising methodological approaches and identifying gaps in high-resolution
spatiotemporal analyses of air quality and thermal comfort to contextualise regional research and inform future directions.

Aim Study location Monitoring description Major findings Reference
(Duration)

Compare air quality (PM;, PMy 5, CIENTEC Park (470 ha large Park vs. roadside paired stationary low-cost Parks had lower daytime particle levels; Connerton

PM;) and microclimate forest) and FSP Park (3 ha sensor units (PurpleAir Flex); Lidar for FSP showed sharper short-term drops, et al. [32]

(temperature, RH, pressure)
between vegetated and roadside
areas of two urban parks

Analyse the role of vegetation in
UHI and air pollution mitigation
in two Brazilian cities

Evaluate the role of forest
fragments as barriers against air
pollution (heavy metals—Cd, Cu,
Pb)

Assess tree species tolerance and
performance under urban air
pollution

Investigate how climate and air
pollution (PM;, and airborne
metals-Al, Ba, Zn, P), affect
Tipuana tipu tree growth

Assess thermal comfort and
establish comfort thresholds
based on microclimate variables
and user perception

small park), Sao Paulo, Brazil

Urban parks, forest
remnants, conservation areas
in Sao Paulo and Curitiba,
Brazil.

Trianon Parque, Alfredo
Volpi Park, Fontes do
Ipiranga State Park (PEFI),
Carmo Park, Sao Paulo,
Brazil.

4 biomonitoring zones
(MANT, UNNV, PJIC, LAYE),
Medellin, Colombia

Sidewalks and parks,
Capuava industrial area,
Metropolitan Area, Sao
Paulo, Brazil.

Zoobotanico Arruda Camara
Park, Joao Pessoa, Brazil

vegetation barrier characterisation
(Jun 2023 - Apr 2024)

Remote sensing (Landsat 8 imagery, LST,
NDVI and UTFVI indices) + ecosystem
service modelling for air pollutant removal (i-
Tree Canopy)

(Satellite images from 2019)

Stationary litterfall sampling (edge, middle,
core) + Graphite Furnace Atomic Absorption
Spectrophotometry

(Dry season Jul 2017)

Field sampling of 54 trees (6 species) +
biochemical analysis (ascorbic acid,
chlorophyll, pH, RWC) + air quality (PM; s,
PM;, NO2, O3) monitoring

(2014-2019)

Dendrochronology (tree cores) + bark
chemical analysis + satellite LST + PM;o and
O3 data (CETESB)

(tree-ring chronology, 1975-2015; field
sampling in 2016)

Microclimate monitoring (RH, wind speed,
solar radiation, temperature: air, globe, mean
radiant; portable station Davis Vantage Pro2
+ globe thermometer) + 900 structured
thermal sensation questionnaires

(22 days: 12 dry + 10 wet in 2015)

while CIENTEC sustained low pollution
and high humidity. Mitigation varied with
vegetation density, barrier porosity, and
wind.

Higher canopy cover reduced UHI and
improved air quality, especially in
Curitiba with denser vegetation.

Higher metal deposition near edges and
roads, showing the role of forests as
pollution barriers.

Ribeiro et al.

[33]

Ramon et al.
[34]

Mangifera indica was most tolerant, while Correa-
other species ranged from moderate to Ochoa et al.
sensitive, serving also as bioindicators. [35]

Air pollution reduced growth more Locosselli
strongly than climate, highlighting the et al. [36]
vulnerability of urban trees.

Visitors reported comfort at higher Lima et al.
temperatures, with air temperature, [371

radiation, and wind as key drivers,
reflecting acclimatisation in hot-humid
climates.
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temperature, pollutant concentrations, and noise levels? (2) At what
spatial and temporal scales, do these multifunctional benefits extend
into the surrounding urban landscape? The overall objective is to
quantify the diurnal spatiotemporal patterns and drivers of multiple
environmental benefits provided by GBGI across the urban-park inter-
face in the megacity of Sao Paulo. This objective is achieved through the
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following specific aims: 1. To quantify the magnitude and spatial extent
of environmental gradients for air quality (PMy 5, BC, CO32), microcli-
mate (temperature, humidity), acoustics (noise), and thermal comfort
(Physiologically Equivalent Temperature (PET) and Universal Thermal
Climate Index (UTCI) indices) along a transect from built-up areas into
the core of Ibirapuera Park. 2. To evaluate the role of vegetation
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Fig. 1. Study site: Ibirapuera Park, Sao Paulo, Brazil. This figure illustrates the geographical context and monitoring setup for the study: (a) Location of Brazil in
South America. (b) Sao Paulo State highlighted in red within Brazil. (¢) Sao Paulo City outlined in a red box within Sao Paulo State (shown in orange). (d) Ibirapuera
Park situated within Sao Paulo City. (e) Detailed layout of Ibirapuera Park showing stationary monitoring locations (L1-9) and mobile monitoring transect (brown
line and red dot with white outline) used to assess microclimate, air quality, and noise across and within the park. The transect includes 102 analysis points, spaced at
25-meter intervals on the environmental monitoring transect, covering both park and adjacent urban areas. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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structure and urban morphology, specifically Leaf Area Index (LAI), Sky the strategic design and management of GBGI in tropical megacities that
View Factor (SVF), and proximity to emission sources, in driving the optimise multifunctional benefits for climate resilience and public
observed patterns of cooling, pollution filtration, and noise attenuation. health.

3. To assess the diurnal variability and temporal dynamics of these
ecosystem services, identifying the key periods of maximum benefit and
potential trade-offs (e.g., between cooling and pollutant dispersion)
throughout the day. 4. To derive evidence-based recommendations for

Table 2
Characteristics of nine tree clusters used for stationary monitoring. Each cluster is defined by its location number (L1-9), dominant tree species, representative image,
average species height (m), sky view factor (SVF), canopy structure ', and nearby park features. Tree phenology is indicated as evergreen or deciduous.

Location Cluster tree species Image Species height Canopy Nearby features in park Phenology
number (m) structure
(SVF)
L1 Libidibia ferrea (Mart. ex Tul.) L.P. 12-17 Round Lake; Planetarium Brevi-
Queiroz (0.79) deciduous
L2 Tipuana tipu (Benth.) Kuntze 7-11 Spreading Lake; Neighbourhood houses; Street Deciduous
(0.55)
L3 Caesalpinia pluviosa DC. 7-9 Spreading Street; Coffee shop Deciduous
(0.43)
L4 Eucalyptus grandis W. Mill ex 10-17 Vase Street; Coffee shop; Lawn Evergreen
Maiden (0.41)
L5 Pinus elliottii Engelm. 6-11 Open City Seedling Nursery; Tennis court; Lawn; Evergreen
(0.49) Playground
L6 Centrolobium tomentosum Guill. ex 7-12 Irregular City Seedling Nursery; Tennis court; Lawn; Deciduous
Benth. (0.36) Playground
L7 Tipuana tipu (Benth.) Kuntze 8-17 Spreading Playground; Coffee shops Deciduous
(0.46)
L8 Tibouchina granulosa (Desr.) Cogn. 8-10 Vase Skatepark; Tennis court; Playground; Brevi-
(0.85) Pickleball court deciduous
L9 Araucaria angustifolia (Bertol.) 10-16 Irregular Lake; Art museum; Afro culture museum; Evergreen
Kuntze (0.37) Park

* Source: North SydneyCouncil [42].



J. Sahani et al.
2. Methodology
2.1. Site description

Sao Paulo, the largest megacity in the Southern Hemisphere, presents
a unique context for investigating urban overheating and GBGI perfor-
mance. Supplementary Information, SI Table S1 presents the summary
of Sao Paulo’s weather parameters. Ibirapuera Park, the primary study
site (Fig. la-e), is a large central 158-hectare park featuring diverse
native and non-native tree species, layered vegetation (canopy, sub-
canopy, understory, ground cover), aquatic elements, and built infra-
structure. Opened in 1954, it is Sao Paulo’s most iconic and visited
urban park, offering a mix of recreational, cultural, and ecological
functions. Bordered by three major traffic-heavy avenues and sur-
rounded by densely built urban areas with limited green connectivity,
the site offers an ideal 'living laboratory' for investigating local cooling,
air quality, and noise reduction in a tropical city environment[6,40,41].

2.2. Study design

This study employed a mixed-method monitoring approach to assess
spatiotemporal variation in environmental parameters across a gradient
from the core of Ibirapuera Park to surrounding urban areas. Two
complementary strategies were implemented: (1) high-temporal-
resolution stationary monitoring at fixed sites to evaluate vegetation-
induced environmental variations, and (2) high-spatial-resolution mo-
bile transects extending from the park’s core to its edges and outward
into urban zones, capturing fine-scale spatial and temporal variability
across urban-natural gradients.

2.2.1. Stationary monitoring

Stationary monitoring was conducted at nine ecologically represen-
tative tree clusters (L1-9, Fig. 1le and Table 2), selected via stratified
sampling to achieve variation in canopy architecture, species type (de-
ciduous vs. evergreen), and vegetative density (e.g., LAI). The ecological
representativeness of these clusters was first identified using a
pre—existing vegetation survey of Ibirapuera Park, which provided
spatial information on dominant species group and canopy structures.
Final site selection was confirmed through field reconnaissance to
ensure that the mapped clusters corresponded accurately to current
on-ground conditions. Each site was selected to represent distinct
environmental settings, ranging from park interiors to park peripheries
adjacent to urban infrastructure. Instruments were placed centrally
within shaded tree clusters to reduce solar interference. Observations
were repeated across three diurnal windows, morning (07:00-10:00 h),
midday (11:00-14:00 h), and afternoon (15:00-18:00 h), to capture
fluctuations related to solar zenith, boundary-layer dynamics, and
human activity patterns (Section 2.4 and SI Table S2). Each site was
monitored for five minutes per session, with measurements taken every
10 s. All sensors were operated synchronously to ensure temporally
aligned data collection. To complement stationary monitoring, thermal
images were captured at each site using an infrared thermographic
camera. Eight images were taken per location, oriented in cardinal and
intercardinal directions (N, NE, E, SE, S, SW, W, NW).

2.2.2. Mobile monitoring

Mobile monitoring was performed along a 3 km east-west transect
between the Museum of Contemporary Art-University of Sao Paulo
(MAC-USP) pedestrian bridge (east) and Rua Bastos Pereira street (west)
(brown path with white outlined red dots in Fig. 1e). This continuous
transect (consisting of 102 evenly spaced points at 25 m intervals for
analysis consideration) traversed areas of varying vegetative cover,
urban infrastructure, and proximity to pollution sources, such as roads
and car parks, enabling a detailed comparison between built-up and
vegetated environments. The route was walked at a consistent pace of
4.5 km h™! to simulate typical pedestrian exposure conditions while
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ensuring sensor stability. The environmental parameters were recorded
every 10 s, the same as in stationary monitoring, across the three diurnal
windows on different days (Section 2.4). GPS data was used to geore-
ference each data point for subsequent spatial analysis and heatmap
generation.

2.3. Instrumentation

A suite of research-grade portable instruments (SI Table S3) was
deployed to monitor meteorological (air temperature (T,), relative hu-
midity (RH), wind speed (v), and black globe temperature (Ty)), air
quality (COg, PMj 5, and BC), and acoustic parameters. Instrument se-
lection was based on validated accuracy, field robustness, and proven
performance in peer-reviewed studies[43-45].

Meteorological and CO, monitoring were conducted using the Testo
400 multifunctional environmental meter (Testo SE and Co. KGaA,
Germany), equipped with interchangeable probes: NTC (T,, 0-50 °C),
Type K thermocouple (Tg, 0-120 °C), humidity probe (RH, 5-95%), hot
ball probe (@ 3 mm v, 0-10 m s™1), and a wireless CO5 probe (0-10,000
ppm). Air quality monitoring included PMy 5 measured with the TSI
PDR-1500 photometric aerosol monitor (TSI Inc., USA), operating at 1.7
L min! with a blue cyclone inlet for sampling and daily calibration
using a black inlet. As a photometric instrument, the PDR-1500 esti-
mates particle mass concentrations based on light scattering and may
therefore exhibit sensitivity to particle composition, refractive index,
and size distribution. The use of a size-selective cyclone inlet and routine
field calibration helped ensure consistency of measurements under the
prevailing urban aerosol conditions. BC was recorded using the Micro-
Aeth MA200 (AethLabs, USA), an optical aethalometer employing filter-
based optical attenuation at 880 nm wavelength with a 0.1 L min~! flow
rate and a 17-spot filter cartridge. Filter-based BC measurements can be
affected by short-term signal noise and loading artefacts associated with
changes in filter attenuation. To minimise these effects, data were pro-
cessed using the AethLabs Dashboard and the Optimised Noise-
reduction Averaging (ONA) algorithm [46], which reduces measure-
ment noise and improves temporal stability of BC estimates under
low-concentration ambient conditions. Acoustic conditions were moni-
tored using the RS PRO 1151 sound level meter (RS Pro, UK), configured
for A-weighted frequency (dB(A)), fast (“F”) response, and active log-
ging mode (“M”) within a range of 30 to 110 dB and a resolution of 0.1
dB. Calibration was performed before each session using a 114 dB tone.
Geolocation data were recorded using GARMIN ETREX 32X GPS units
and the Strava mobile app, providing redundancy and enabling post-hoc
spatial analysis [47]. Thermal imaging was conducted using a tablet
computer (iPad model A2429, Apple Inc.) with an attachable infrared
camera (Flir One Pro, Teledyne FLIR) and a thermal imaging app (FLIR
One, version 4.2.0, Teledyne FLIR). All instruments were
factory-calibrated and verified in situ prior to deployment. Field pro-
tocols ensured consistent operation, including gentle handling, regular
functionality checks, and standardised transport procedures.

2.4. Data collection

Environmental data were collected using a backpack-mounted
sensor system (SI Fig. S1) over a 15-day period (13-27 April 2025) (SI
Table S2). This window coincided with the transition from late summer
to early autumn in Sao Paulo. The period is marked by favourable at-
mospheric dispersion (unlike winter inversions), peak vegetation folia-
tion after the rainy season, and the absence of dry—season water stress.
These conditions enabled robust evaluation of canopy-driven cooling,
air filtration, and noise attenuation under representative tropical
meteorology. The monitoring period featured substantial variability in
solar radiation, convective activity, and wind regimes—conditions
suitable for assessing thermal, air quality, and acoustic dynamics in
urban parks[19,48,49]. Mean air temperature was 21.3 °C with 70.1%
RH, mostly clear skies (<1% cloud cover), minimal rainfall (0.1 mm
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day‘l), and moderate winds (1.9 m s-1) (SI Table S1). These stable yet
dynamic conditions provided a suitable baseline for isolating the effects
of GBGI structure on diurnal environmental patterns.

Sensor probes were positioned 1.4-1.7 m above ground. To minimise
body-induced shading, temperature and radiation sensors were moun-
ted on a rigid 40 cm extension arm, and the backpack was kept partially
open for sufficient airflow. The sensor system remained consistently
configured throughout the campaign and was positioned behind the
operator’s direct breathing zone to reduce measurement bias. Self-
contamination from resuspended particles was minimised by main-
taining a slow, steady walking pace. Repeated passes across the three
daily monitoring windows, followed by data averaging, helped reduce
short-term disturbances from vehicles, pedestrians, and local particle
resuspension. In total, mobile transects were conducted 15 times in the
morning and mid-day each, and 16 times in the afternoon, while sta-
tionary monitoring occurred 6 times in the morning, 4 times at mid-day,
and 5 times in the afternoon. Raw data from all devices were down-
loaded daily and processed using manufacturer-specific software (e.g.,
TrakPro™, microAeth® Manager). Across the full campaign, over
180,000 data points were collected, covering Tg, Ta, RH, v, PMa 5, COo,
BC, and ambient sound levels. Missing data constituted less than 2.3% of
the total dataset, primarily due to occasional GPS signal loss, battery
depletion, and sudden rainfall. These gaps were documented and
excluded from subsequent analyses to maintain data integrity.

2.5. Data analysis

After acquisition, the dataset was structured to support both
exploratory and inferential analyses aligned with the study objectives.
Spatial and statistical processing enabled interpolation and mapping of
environmental parameters across transect and stationary locations. For
spatial analysis, the 3 km transect was represented by 102 evenly spaced
points at 25 m intervals, extending from the urban edge into the park
interior (Fig. 1e). Raw mobile observations were collected every 10 s
and georeferenced using GPS, and each observation was assigned to the
nearest reference point along the transect for the monitored environ-
mental variables. The data from stationary and mobile monitoring were
analysed using python and R.

2.5.1. Mobile data

To quantify the spatial gradients from the park core outward, first-
order linear regression models were fitted to the georeferenced mobile
data assigned to the 102 reference points along the transect for each
environmental parameter. The slope of each regression was used to
calculate the mean change per 100-meter distance, with 95% confidence
intervals computed to evaluate the statistical robustness of the observed
trends. Where repeated mobile observations were linked to the same
reference point, these were aggregated prior to regression analysis. To
link in-situ observations with landscape features, mobile data were
spatially integrated with vegetation structure metrics. The Normalized
Difference Vegetation Index (NDVI) was derived from Sentinel-2 satel-
lite imagery using its near-infrared (Band 8) and red (Band 4) reflectance
bands.

2.5.2. Stationary data

The analysis of stationary data focused on characterising intra-park
variability and diurnal patterns. The analytical treatment included: (i)
Site-wise and diurnal averaging: Parameters were averaged by site and
by diurnal period (morning, midday, afternoon) to characterise edge-to-
core gradients and temporal shifts. (ii) Probability Distribution Function
(PDF) analysis: PDFs were employed to evaluate diurnal shifts and
identify episodic pollution behaviour beyond what is captured by mean
values. (iii) Quantification of vegetation and source Effects: The influ-
ence of local environment was quantified by relating measured param-
eters to canopy structure metrics, specifically SVF and LA, as well as
proximity to emission sources. (iv) Pollution Rose Analysis: Pollution
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rose diagrams were generated for PM, 5 and BC to identify predominant
wind directions associated with high pollutant concentrations, thereby
assessing the contribution of wind-driven transport from local sources.

2.5.3. Sky view factor (SVF)

SVF is defined as the fraction of the sky hemisphere visible from a
point on the ground, with values ranging from 0 (completely obstructed)
to 1 (fully open) [50]. It is derived by integrating visible sky angles
across the hemisphere, often using fisheye photography[51]. The SVF
was derived using a Python script (SI Code S1) to process fisheye images,
serving as a key input for thermal comfort evaluation.

2.5.4. Thermal comfort

Thermal comfort was assessed using two indices: the UTCI and the
PET, both calculated using Python scripts. PET estimates the equivalent
indoor air temperature at which an individual would experience the
same thermal sensation as under actual outdoor conditions, assuming
identical sweat rate and skin temperature[52]. Its calculation is based on
numerical models such as the Munich Energy-balance Model for In-
dividuals and involves simulating the human energy balance and heat
exchange processes in outdoor settings. The result is expressed in de-
grees Celsius (°C); temperatures below 18 °C are considered ‘slightly cool’
to ‘cold’, 18-23 °C falls within the thermally comfortable range,
23-29 °C is classified as ‘slightly warm’, and values above 29 °C indicate
increasing thermal discomfort. The UTCI combines air temperature,
wind speed, RH and radiation to calculate an indicator of thermal stress
experienced by individuals in outdoor settings. Expressed in °C, it is
determined through a multi-stage computational process:

UTCI = f*((Ta, T, Vo, RH, M) M

where T, denotes air temperature (°C), T, represents mean radiant
temperature (°C), v, corresponds to wind speed at 10 m (m s’l), RH
indicates relative humidity (%), and M stands for metabolic rate (W
m~2). The UTCI categorises thermal stress into ten categories, ranging
from extreme heat stress (above + 46 °C) to extreme cold stress (below
—40 °C). The categories in between are very strong heat stress (+38 °C
to + 46 °C), strong heat stress (+32 °C to + 38 °C), moderate heat stress
(+26 °C to + 32 °C), no thermal stress (+9 °C to + 26 °C), slight cold
stress (+9 °C) to 0 °C), moderate cold stress (0 °C to —13 °C), strong cold
stress (—13 °C to —27 °C), and very strong cold stress (—27 °C to —40 °C)
[53]. In this study, both indices were employed since PET provides an
integrated measure of overall thermal perception, while UTCI is more
sensitive to short-term variations in meteorological conditions, enabling
a comprehensive assessment of thermal stress at the study site[54].

2.5.5. Thermal images processing

Thermal images were analysed to assess surface temperatures of
various specimens in the park, particularly the cooling role of GBGI.
Dunn’s post-hoc test was used for surface temperatures' pairwise sta-
tistical comparisons. This method is suitable for identifying significant
differences between groups while controlling for multiple comparisons
following a non-parametric test.

A custom Python-based model was developed to process thermal
images captured during the study period. The aim was to detect and
classify visible specimens and estimate the average surface temperature
associated with each specimen class (GBGI, Objects, Vehicles, Humans,
and Miscellaneous). The images included a visible thermal scale and
metadata indicating location, the tree cluster species, and the time of the
day. Specimen detection was performed using the YOLOv8 architecture
[55,56] through two approaches: (i) a pre-trained model using YOLOv8x
weights from the Openlmages dataset, and (ii) a custom-trained model
adapted for green and blue infrastructure elements. The latter was
trained using 50 manually annotated images via the Roboflow platform,
targeting key specimen categories, such as tree, grass, water, and ob-
jects. This hybrid strategy enabled the identification of additional
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specimen features including humans, vehicles, and structures. The
temperature values were derived from the visible thermal scale using
Optical Character Recognition (OCR). The region containing the mini-
mum and maximum temperature values was cropped and pre-processed
using contrast-limited adaptive histogram equalisation (CLAHE), fol-
lowed by binarisation and morphological dilation. The cleaned image
region was then parsed using pytesseract, a Python tool for OCR, to
extract numerical temperature values in °C. A conversion function
mapped the grayscale intensity of the detected specimen to the esti-
mated surface temperatures. For each specimen class, the average pixel
intensity was computed and translated into a corresponding tempera-
ture value, resulting in a structured output linking specimen category
and estimated mean temperature. For each processed image, the
following were recorded: imageld, capture date and time, location,

(a) Morning

Midday
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geographic coordinates, tree cluster species, specimen presence/
absence, min/max temperatures from the scale, and the average tem-
perature per detected category.

Statistical analyses were performed in Python using the pandas,
NumPy, SciPy, sckiti-posthocs, and statsmodels libraries to assess tem-
perature variability across specimen categories, accounting for factors
such as tree species and time of day. The Kruskal-Wallis[57]) test was
applied using the kruskal function from scipy.stats package to determine
significant differences in temperature distributions among specimen
types. For significant results, post-hoc comparisons were conducted
using Dunn’s test with Bonferroni correction via the scikit-posthocs
package[58]. Repeated images were identified through their unique
imagelID; when duplicates were detected, only one instance was retained
for analysis. Finally, to account for the hierarchical data structure and

Afternoon

600 COz (ppm)

75  Noise (dB)

Fig. 2. Diurnal spatial patterns of environmental indicators monitored through mobile monitoring, including: (a) PM, s, (b) BC, (c) CO,, (d) air temperature, (e¢) RH,
and (f) ambient noise, along the urban-park transect during morning, midday, and afternoon sessions.
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potential interspecific variability, a mixed-effects linear model was
fitted using the MixedLM class from the statsmodels library, treating tree
species as a random intercept. This model estimated temperature as a
function of specimen category and time of day, identifying whether
diurnal cycles or specific land-use categories had stronger effects. Esti-
mates and confidence intervals were plotted to assess significance.

3. Results
3.1. Mobile monitoring

3.1.1. Spatio-temporal patterns

Transect-based mobile monitoring captured fine-scale spatiotem-
poral environmental gradients (air quality, microclimate, acoustic, and
thermal comfort) across the urban—park interface. This high-resolution
layout allows for direct comparison between vegetated and non-
vegetated zones. Pollutant and microclimate dynamics exhibited
strong diurnal cycles. Fig. 2 illustrates spatiotemporal patterns of six
environmental parameters along the urban—park transect, highlighting
the regulatory influence of vegetation across the eastern roadside, park
core, and urban fringe zones. To improve clarity, the results are first
described in terms of their general diurnal behaviour across the transect,
followed by their spatial gradients from the park core towards the sur-
rounding built-up areas. PMj 5 concentrations are typically higher in the
morning due to the shallow planetary boundary layer height [59], CO2
reaches its maximum during midday when photosynthetic uptake lags
behind anthropogenic emissions [60], air temperature peaks in the af-
ternoon following maximum solar heating[61], and noise levels inten-
sify during high population activity periods.

The peak magnitudes of environmental parameters occurred at
different times of day (Fig. 2a-c). For air pollutants, the clearest diurnal
contrast was observed in PM; 5 and BC, both of which generally showed
higher concentrations in the morning and more mixed patterns later in
the day. PM, 5 peaked at 20.7 ug m~° in the low-NDVI (SI Fig. $2) urban
area west of the park during the morning, dropped to 18.7 pg m™°>
within the park, and further declined to 12.8 pg m~> at the greener
eastern roadside. The greatest reduction occurred in the high NDVI areas
from dense canopy cover. By afternoon, PMj 5 concentrations across all
zones fell and became more uniform due to dilution at the mixing
boundary layer, ranging between 14.8 and 15.2 pg m™°. In the after-
noon, levels inside the park slightly exceeded, by approximately 0.4 ng
m>. This slight difference may be related to reduced air mixing under
dense canopy, localised resuspension associated with increased human
activity, or hygroscopic particle growth under more humid conditions
within the vegetated zone, although these mechanisms were not directly
tested in the present study. This indicates that the air-quality benefit of
the park was strongest in the morning, whereas later in the day the park
interior could become comparable to, or slightly exceed, the urban edges
under specific local conditions. Similarly, Abhijith et al. [23] emphas-
ised the pollutant-filtering role of dense tree canopies, supporting the
observed reductions in high-NDVI park segments. BC followed a similar
spatial gradient in the morning, 3.25, 2.83, and 2.04 pg m™> from west
to east but peaked within the park at midday (3.21 pg m~), likely due
to increased vehicle traffic near the park perimeter during midday,
resulting in pollutant advection into the park and limited dispersion
under dense canopy cover. BC concentrations are consistent with values
found in other locations in Sao Paulo[62]. By the afternoon, the average
BC concentrations within the park declined to 2.97 pg m™>, dropping
below the approximately 3.16 pg m~° observed in adjacent urban areas,
indicating a delayed yet effective buffering response. Average CO;
showed subtler variation; concentrations in the park remained stable,
rising slightly from 539 ppm in the morning to 549 ppm in the after-
noon, likely due to cumulative emissions from visitor respiration,
increased soil respiration, and the advection of traffic-related emissions
from the park perimeter. In contrast, the western urban zone exceeded
556 ppm at midday due to denser impervious built-up surfaces and
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limited vegetation. The eastern roadside showed a midday peak fol-
lowed by an afternoon decline, suggesting localised airflow and street
canyon effects.

The urban microclimate varied distinctly across the transect, driven
by land cover and vegetation structure (Fig. 2d). The park consistently
moderated microclimatic conditions, offering a cooler and more humid
environment compared to surrounding urban areas. This cooling effect
is closely linked to elevated RH within the park, as denser vegetation
enhances both shading and evapotranspiration, which together suppress
air temperature while increasing local moisture levels[38,63]. In terms
of diurnal behaviour, the strongest thermal contrast emerged during
midday and afternoon, when the park retained cooler and moister
conditions than the surrounding built-up areas. At midday, air temper-
atures within the park were 1 to 2 °C lower than in adjacent zones, with
a recorded minimum of 22.4 °C attributed to dense canopy shading and
evapotranspiration. In the morning, the air temperature peaked in the
western urban zone at 24.8 °C, dropped slightly within the park
(24.2 °C), and reached the lowest value (22.7 °C) at the exposed eastern
roadside. These patterns support earlier findings by Bowler et al. [21]
and Gago et al. [22], who demonstrated the cooling effects of urban
green infrastructure through shading and evapotranspiration. By after-
noon, heat accumulated in the urban western zone (25.8 °C), whereas
the park remained cooler at 23.9 °C. RH showed complementary pat-
terns (Fig. 2e). Morning RH ranged from 66.1% (west) to 70.4% (east),
rising at midday to 73.1% in the park, driven by transpiration. Although
the eastern roadside peaked at 76.3%, it dropped sharply to 63.3% by
afternoon, unlike the park, which sustained 68.4%. These inverse gra-
dients in temperature and RH suggest strong vegetation-driven regula-
tion, where cooler, moist conditions reinforcing each other within the
park core. This underscores the park’s buffering role, particularly during
periods of peak solar radiation, consistent with Gunawardena et al. [28],
who reported higher humidity in vegetated areas due to active tran-
spiration and microclimate regulation.

Fig. 2f shows that the noise levels increased from a morning range of
54.5-55.7 dB to midday peaks, with the urban western area reaching
58.1 dB, the park reaching 57.3 dB, and the eastern edge reaching 55.4
dB. In the afternoon, noise level reached up to 58.7 dB near Av. Pedro
Alvares Cabra highway, however, some of the highest noise peaks
appeared within the park itself, possibly reflecting localised activities or
internal sources. The co-location of high NDVI and lower midday noise
levels highlights vegetation’s potential role in acoustic buffering,
consistent with findings by Grote et al. [27] and Stuhlmacher et al. [64],
who noted that dense canopies can mitigate urban noise via sound ab-
sorption and deflection.

Having outlined the general diurnal behaviour of the main variables,
Fig. 3 further quantifies how these environmental conditions changed
spatially from the park core (high NDVI Point 34, Fig. 1e) towards the
surrounding built-up areas. A first-order polynomial fit (Fig. 3) was
applied to quantify spatial gradients in environmental variables across
the transect. This approach captures dominant monotonic trends while
maintaining comparability and minimising overfitting, with 95% con-
fidence intervals reflecting temporal variability. SI Table S4 summarises
the corresponding correlation coefficients (r) and p-values, and gradi-
ents that were not statistically significant were interpreted cautiously as
indicative spatial tendencies rather than robust statistical relationships.
Accordingly, the discussion below focuses on statistically supported
gradients, while non-significant patterns are described in more tentative
terms where relevant [65,66]. For air quality, PM; 5 levels gradually
rose away from the park, particularly in the morning, with an increase of
approximately 0.07 ug m~> per 100 m away from the park boundary
and into the surrounding urban area. These concentrations remained
lowest near Point 34, where dense canopy likely enhanced pollutant
filtration. BC followed a similar trend in the morning and afternoon,
rising by up to 0.04 pg m~> per 100 m across the gradient. Interestingly,
midday BC levels showed a slight decrease toward built-up areas,
possibly due to temporary trapping under dense foliage, supporting
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Fig. 3. Spatial gradients of environmental parameters along the measurement transect from the park core (Point 34), across the park boundary (~750 m), and into
the adjacent built-up environment. Each point represents a mobile observation, where the marker size qualitatively reflects local NDVI and the colour denotes the
time of day following the legend scheme (morning, midday, afternoon). Regression lines shown in each panel are first-order (linear) polynomial fits, and the shaded
envelopes represent 95% confidence intervals of the modelled trend. Significant regression trends are annotated with in-panel coloured p-value labels, where the text
colour directly corresponds to the same time-of-day colour scheme used in the legend. Panels present spatial variation of: (a) PM,. s, (b) black carbon (BC), (c) CO,,

(d) air temperature (°C), (e) relative humidity (RH %), and (f) noise level (dB).

observations of localised canopy effects [25]. CO, demonstrated the
strongest spatial variation among all variables: during midday, it
increased by nearly 2 ppm per 100 m outward from the park. This was
followed by a sharp afternoon decline, as levels dropped by more than
1.6 ppm per 100 m, likely aided by vegetation-driven uptake and
improved vertical air mixing. Microclimate gradients showed a similarly
coherent pattern. Morning temperatures rose slightly from the park
outward (0.05 °C per 100 m), and this gradient steepened in the af-
ternoon, reaching almost 0.2 °C per 100 m. RH displayed an inverse
relationship, decreasing progressively toward low-NDVI zones, with the
most significant drop occurring in the afternoon (about 0.53% per 100
m), an effect also noted in Zolch et al. [29]. Noise levels exhibited a
modest spatial gradient across the transect. In the morning, values
decreased by approximately 0.29 dB per 100 m from the built-up zone
to the park core, suggesting attenuation effects from vegetation. This
pattern reversed in the afternoon, with noise rising by 0.25 dB per 100
m toward the highway, indicating shifting noise sources and reduced
buffering at the urban edge.

3.1.2. Thermal comfort along the transect

In addition to individual parameter analysis, the data also support
thermal comfort evaluation, offering a comprehensive understanding of
how urban green spaces buffer environmental stressors and enhance
outdoor comfort. Thermal comfort along the mobile transect exhibited
pronounced diurnal and spatial variability, with both PET and UTCI
indices indicating variable thermal comfort patterns between the park
and built-up area, with improvements evident mainly in the afternoon

(Fig. 4a-b, SI Table S5). In the morning, thermal stress levels were
relatively mild across both environments, with mean PET values of
19.5 °C in the built-up area and 19.3 °C in the park, and UTCI values of
22.2 °C and 22.0 °C, respectively. By midday, thermal stress notably
intensified in both environments, with slightly lower mean PET
(24.3°C) and UTCI (26.6 °C) values in the park compared to the built-up
area (PET: 24.8 °C; UTCI: 27.0 °C). However, median values suggest the
opposite trend, with the park showing marginally higher thermal stress
(PET: 24.5 °C vs 23.0 °C; UTCI: 27.1 °C vs 25.0 °C). This midday pattern
reflects the influence of higher relative humidity in the park, which can
offset its air temperature advantage and increase heat stress. Although
comfort improved in the afternoon, built-up areas remained warmer
(PET: 22.0 °C; UTCL: 24.4 °C) than the park area (PET: 20.7 °C; UTCL:
23.3 °C). The built-up area also showed broader variability and higher
maximum values, reflecting greater heat retention and slower cooling.
These observations are broadly consistent with recent findings high-
lighting how integrated urban greenery can effectively reduce thermal
stress across urban contexts[67-69]but suggest that the effects vary with
time of day.

Both PET and UTCI showed a clear spatial gradient, with the highest
values at the eastern end near the highway and car park, reflecting the
warming effect of impervious surfaces and traffic, as reported in urban
heat island (UHI) studies[70]. Values declined steadily into the park’s
vegetated core, highlighting the cooling influence of trees and greenery
[38,711, though a local increase occurred in an open grassland area
lacking tree cover. In the western built-up area, thermal comfort values
were comparable to within parts of the park, due to buildings shading,
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Fig. 4. Thermal comfort analysis along the mobile monitoring transect using the PET and UTCI indices. (a) Boxplots of PET values in the built-up area and park
during morning, midday, and afternoon. (b) Boxplots of UTCI values in the built-up area and park during morning, midday, and afternoon. (c) Spatial distribution of
PET along the transect from built-up area to park during afternoon on a representative day (16th April 2025). (d) Spatial distribution of UTCI along the transect from
built-up area to park on a representative day (16th April 2025). (e) PET values plotted against SVF for morning, midday, and afternoon. (f) UTCI values plotted
against SVF for morning, midday, and afternoon. PET and UTCI thermal comfort categories are shown as background colour bands.

reduced solar exposure, and urban geometry, despite relatively low tree
density, consistent with research showing that shading can reduce
thermal stress [72]. The maps in Fig. 4c-d show a representative
monitoring day afternoon values, with PET ranging from 21.2 to 24.5 °C
and UTCI from 23.9 to 27 °C, capturing the spatial contrasts between
built-up and park area.

The relationship between SVF and thermal comfort conditions
revealed consistent patterns across the day, with higher sky exposure
generally associated with increased thermal stress (Fig. 4e-f). Linear
regression confirmed that PET increased with SVF throughout the day,
with morning and midday relationships significant (p < 0.05; slopes =
5.14 and 4.06, respectively) and the afternoon relationship highly sig-
nificant (p < 0.001; slope = 10.6). For UTCI, the relationship was sig-
nificant in the morning (p < 0.05; slope = 6.06) and afternoon (p < 0.01;
slope = 8.77), but not significant at midday (p > 0.05). These results
suggest that canopy cover (low SVF) plays a key role in improving
thermal comfort in the afternoon, whereas its effect is minimal in the
morning. The weaker midday relationship likely reflects the saturation
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of thermal stress under peak solar radiation, where SVF alone becomes a
less dominant factor, consistent with previous studies showing that
during daytime other climatic variables and urban features modulate
thermal comfort conditions (e.g., southern Brazil; [73]). Interaction
models further indicated that the effect of SVF on both PET and UTCI
was significantly stronger in the afternoon than in the morning. Fig. 4e-f
illustrate that areas with higher sky exposure experienced higher ther-
mal stress, particularly during midday and afternoon periods, whereas
shaded or lower-SVF areas corresponded to comparatively cooler con-
ditions, highlighting the mitigating role of urban shading and vegetation
on thermal comfort. These results are in line with previous studies
showing that higher SVF increases thermal stress [74], while shading
and vegetation mitigate heat and improve thermal comfort conditions
[75], although the magnitude of this effect may vary temporally and
across different locations[76,77].
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3.2. Stationary monitoring

3.2.1. Canopy structure influence on edge-to-core gradients

Boxplots analysis (Fig. 5) and summary statistics of environmental
parameters (SI Table S6) showed clear differences among the stationary
sites, influenced by both traffic proximity and canopy structure. PMj 5
and BC were highest at road-proximal edges L1 and L2 (~23.3 and ~
2.7 ug m~> respectively) and ~ 31-40% lower in the vegetated core
(L5-L6), consistent with distance-decay from sources [78,79]and
enhanced deposition/dispersion within denser canopies[80,81]. Wider
distributions at peripheral sites (e.g., L1-L3, L9) indicate episodic
pollution from traffic, while tighter interquartile ranges in the interior
reflect stable conditions.

These patterns align with general canopy architecture differences
between the park's edge and core. The interior areas are characterised by
high stand density and multi-layered, irregular crowns that increase
aerodynamic roughness and filtration potential[82]. In contrast, edge
sites often feature more open or vase-shaped canopies, providing less
structural resistance to pollutant influx. It is important to note that this
analysis identifies associations between observed canopy structure and
environmental benefits; it does not isolate the effects of species from
confounding factors such as stand density, tree height, and local
microclimate, which were not independently quantified. CO, varied
little among sites but was ~ 5-7% lower at interior locations, consistent
with enhanced photosynthetic uptake and reduced anthropogenic
emissions. Microclimate responses were concordant: edge sites were ~
2.5 °C warmer, while RH was 4-6% higher in the cooler shaded in-
teriors. Noise levels declined from entrances (~58.5 dB) to the core
(~52 dB), indicating acoustic shielding by vegetation [83,84].

3.2.2. Diurnal variability
PDFs were analysed for morning (07:00-10:00 h), midday
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(11:00-14:00 h), and afternoon (15:00-18:00 h) periods (Fig. 6). PMas 5
distributions were narrowest in the morning, broadened and shifted
upward at midday with a long tail to 40-45 pg m=, and contracted
slightly in the afternoon. This pattern likely reflects the combined in-
fluence of advected traffic-related plumes and enhanced photochemical
activity that can promote secondary aerosol formation during periods of
stronger solar radiation and atmospheric mixing. This is consistent with
a combination of plume advection from traffic, potential secondary
formation[85,86]. Particle resuspension may represent an additional
contributing mechanism; however, in the absence of direct corrobo-
rating indicators such as coarse particle fractions or wind-speed re-
lationships, this interpretation is treated here as a plausible hypothesis
rather than a confirmed process. This hypothesis is supported by two
contextual observations. First, the highest concentrations and longest
distribution tails occurred at open-canopy edge sites (e.g., L1, L2, L9),
which are directly exposed to roadway emissions and mechanical tur-
bulence generated by vehicle movements and pedestrian activity on
paved surfaces, both known drivers of resuspension [23]. Second, the
peak in distribution breadth coincided with midday period, when
convective turbulence and human activity within the park are typically
enhanced, creating ideal conditions for lifting settled particles back into
the near-surface atmosphere. Although direct supporting indicators (e.
g., PM;( fractions or wind-speed correlations) were not examined in this
study, the spatial exposure gradient and diurnal timing observed here
are consistent with resuspension-related processes reported in urban
environments. BC PDFs were right-skewed across all periods, with the
heaviest tails at edge locations, consistent with traffic emissions [79,87].
Denser interior canopies effectively dampened these extremes, reflect-
ing the buffering influence of vegetation on pollutant dispersion and
mixing. CO, PDFs exhibited weak bimodality. Morning levels were
higher due to respiration, narrowing and shifting downward by midday
due to photosynthetic drawdown and ventilation [60,88]. An afternoon
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secondary mode likely reflects advective inputs. Temperature distribu-
tions tracked solar radiation, shifting rightward and broadening at
midday. RH showed an inverse, complementary pattern. Vegetation
moderated extremes through shading and transpiration[89]. Noise PDFs
showed a clear diurnal progression, with levels rising from morning to
afternoon due to increased recreational activity. Interior zones main-
tained lower, more stable noise levels due to acoustic shielding[83,84].

3.2.3. Integrated analysis: Source proximity, wind, and vegetation as
governing factors

Pollution rose diagrams for PM; 5 (Fig. 7) covering only the period of
monitoring, showed the highest concentrations were associated with
NW and W winds. Sites closest to source vectors (e.g., L3: 84 m to road)
experienced frequent high-concentration episodes. In contrast, interior
sites farther from roads and closer to footpaths (e.g., L5) showed reduced
pollutant inflow. Integrating spatial and temporal signals demonstrates
that environmental quality is collectively shaped by proximity to
emission sources, vegetation structure, and wind direction[23,80].
Directional rose plots of BC (ug m™>) across nine stationary sites (L1-L9)
reveal wind-driven transport patterns and spatial variability in pollution
exposure. In Fig. 8, the BC rose plots for sites L1-L9 show that edge
locations generally exhibited stronger directional BC signatures than
interior locations. This pattern indicates a more direct influence of
traffic-derived combustion plumes at roadside sites, whereas the weaker
and less distinct directional signals at interior sites are consistent with
attenuation during transport through the vegetated park interior. The
largest benefits in cooling, pollutant removal, and noise attenuation
were consistently observed at mid-park sites (L4-L6), underscoring the
value of interior zones with high vegetation density and structural
complexity [82].

3.2.4. Spatial and diurnal variability in thermal comfort

Thermal comfort, quantified by UTCI and PET indices, showed
marked spatial and diurnal variability (Fig. 9.a-b). Midday periods
consistently induced the highest thermal stress (e.g., UTCI: 24.35 °C at
L4 to0 29.32 °C at L2). A clear association was found with SVFs, locations
with high SVF (e.g., L8: 0.85) reported higher UTCI and PET values,
while those with low SVF (e.g., L6: 0.36) maintained lower, more
comfortable values throughout the day. This pattern is strongly linked to
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the degree of canopy closure and surrounding site conditions (Table 2).
Stations with low SVF, typically associated with dense, multi-layered
vegetation, buffered radiant heat gain and reduced thermal exposure
even at midday. In contrast, locations with higher SVF, characterised by
more open or vase-shaped canopy structures, allowed greater solar
penetration, leading to higher UTCI/PET. Local context further rein-
forced these trends: clusters adjacent to paved or recreational surfaces
(skatepark, tennis courts at L8) exhibited stronger heat stress, while
lakeside locations (L1, L9) benefited from moderated conditions.
Together, these results highlight how canopy coverage (as measured by
SVF) is a primary driver of microclimatic comfort in urban parks, with
local land use providing additional modulation.

3.3. Surface temperature variation across specimen categories and tree
species

Surface temperatures from thermal imagery collected during the
campaign from each of the nine stationary tree cluster locations were
extracted, averaged, and reclassified into specimen categories and tree
species. SI Table S7 presents average minimum and maximum surface
temperatures (°C) by tree species. Table 3 compares daily mean surface
temperatures across five categories (GBGI, Objects, Vehicles, Humans,
Miscellaneous) using thermal imagery collected on seven monitoring
dates in April 2025. Day 4 recorded the highest average temperature,
while Day 6 and 7 were the coolest. GBGI consistently exhibited the
lowest mean temperature (17.25 °C), confirming its cooling effect. Ob-
jects and Humans showed higher averages (~18-19 °C), while Vehicles
had intermediate values with greater day-to-day variability. To deter-
mine whether surface temperatures differed significantly between spe-
cific specimen categories, pairwise statistical comparisons were
performed for all category combinations, and adjusted p-values were
reported (SI Table S8). Dunn’s post-hoc test with Bonferroni correction
was used, following a Kruskal-Wallis test due to non-normal data dis-
tribution. GBGI had significantly lower temperatures than Humans (p <
0.001) and Vehicles (p = 0.001), reinforcing its thermal moderation
role. Humans also differed from Miscellaneous (p < 0.05). No other
comparisons were significant.

Fig. 10a illustrates the distribution of surface temperatures across
categories during morning, midday, and afternoon periods. The density
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Fig. 7. Pollution rose diagrams of PM,.5 at the nine stationary locations (L1-L9) in Ibirapuera Park, showing concentration frequency by wind direction. Elevated
PM,.5 levels are linked to north-westerly (NW) and westerly (W) winds near major roads (e.g., L1, L3, L9), while interior sites (e.g., L5, L6) show lower, less

directional concentrations, indicating effective vegetative buffering.

curves reveal a consistent diurnal pattern across most categories:
morning distributions were shifted toward higher values, while after-
noon distributions clustered toward lower values. Kernel density curves
for all image categories (Fig. 10b) further delineate the thermal per-
formance of each group. GBGI exhibited a notably narrower and cooler
distribution, peaking around 17 °C, which reinforces its primary role in
thermal mitigation. In contrast, 'Objects' and 'Vehicles' exhibited
broader ranges and higher average temperatures, indicating greater heat
absorption and variability, a pattern consistent with findings of elevated
thermal loads in built-up areas[32]. The 'Humans' category displayed a
right-shifted distribution with values above 19 °C. Overall, these find-
ings align with the established understanding that vegetated surfaces
maintain lower temperatures than built materials[33], while also
capturing the distinct diurnal warming and cooling cycles of different
surface types.

Fig. 10c and SI Table S9 show model coefficients with 95% confi-
dence intervals, comparing categories to GBGI and time of day to the
afternoon baseline. GBGI during the afternoon was used as the reference
category, as it represents the most moderated condition against which
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other effects were compared. The intercept (17.21 °C) therefore corre-
sponds to the average temperature of GBGI in the afternoon. Morning
temperatures were significantly higher than afternoon values (f = 1.36,
p < 0.001), while midday temperatures showed no significant difference
(Fig. 10c). Vehicles exhibited a non-significant trend toward higher
temperatures relative to GBGI (f = 1.01, p = 0.089). These patterns
reflect diurnal microclimatic shifts, where morning heat accumulation is
greater in exposed areas. The violin (Fig. 10a) plots confirmed these
model outcomes (SI Table S9).

Fig. 11 shows the average minimum and maximum surface temper-
ature values for each monitored tree cluster location to highlight
species-specific thermal performance. Pinus elliotti and Centrolobium
tomentosum had the lowest maximum temperatures (12.2-20.6 °C),
reinforcing their cooling efficiency, while Araucaria angustifolia exhibi-
ted the higher values (22.1 °C), and Libidibia ferrea (C. Ferrea) exhibited
the highest minimum (14.9 °C), pointing to reduced cooling efficiency.
This species-specific performance is likely linked to canopy architecture
and physiology, where dense canopies enhance shading and reduce
radiant heat. The thermal imagery confirms that vegetation structure
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Fig. 8. Pollution rose diagrams of BC at the nine stationary locations (L1-L9) in Ibirapuera Park, showing concentration frequency by wind direction.

and species selection are primary drivers of surface temperature regu-
lation. Shaded areas beneath specific tree species exhibited markedly
lower temperatures than unshaded areas. The cooling effects extended
beyond park boundaries, particularly during peak afternoon hours,
indicating GBGI's significant potential to alleviate surrounding urban
heat. Collectively, these results reinforce the critical role of green
infrastructure in shaping urban microclimates across spatial and tem-
poral scales, with strong implications for climate adaptation and public
health.

4. Discussion
4.1. Air pollution dynamics

The spatiotemporal patterns of PMj, 5 and BC across the urban-park
transect reveal a complex relationship between vegetation and air

quality that extends beyond simple filtration. While the observed
morning reduction in PMy 5 within high-NDVI areas aligns with estab-
lished understanding of vegetation as a pollution filter, the afternoon
elevation of PMy 5 within the park relative to urban edges highlights a
more nuanced interaction. This phenomenon can potentially be under-
stood through the dual role that dense vegetation plays in both removing
pollutants and modifying local microclimate in ways that may elevate
concentrations.

The consistent morning reduction in both PM; 5 and BC within the
park core demonstrates the well-documented filtration capacity of dense
canopy cover [28]. As previous research has indicated, vegetation
functions as a natural air filter, with tree canopies intercepting partic-
ulate matter through surface deposition[90]. However, the afternoon
elevation of PMy 5 within the park, coupled with the midday BC peak,
suggests that the same vegetation that filters pollutants may also inhibit
their dispersion. The dense canopy cover that facilitates filtration during
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Fig. 9. Boxplots of thermal comfort indices across nine stationary monitoring locations during morning, midday, and afternoon periods. (a) PET distribution, and (b)
UTCI distribution. Shaded background bands represent standard thermal stress categories. Non-linear trendlines connect the mean values across locations for each

time of day, highlighting diurnal variations in thermal comfort.

Table 3

Average surface temperature with + standard deviations (°C) by specimen category (GBGI, Objects, Vehicles, Humans, Miscellaneous) across seven monitoring days in
April 2025, followed by an overall mean. Missing data are indicated with a dash (-). Ambient temperature values represent daily mean + standard deviation obtained
from the Brazilian National Institute Meteorological (INMET) station in Sao Paulo.

Date GBGI Objects Vehicles Humans Miscellaneous Ambient Temperature
Day 1 18.2 + 4.1 26.2 +£8.7 19.0 +£2.2 19.8 + 4.0 18.6 + 2.9 21.9 £33
Day 2 16.6 + 3.1 15.8 + 3.8 - 19.5+ 4.8 148 + 3.4 20.2+15
Day 3 17.2+ 3.2 17.7 £ 0.7 17.6 £ 1.0 17.8 £ 0.8 17.4 + 4.4 20.0 £ 3.2
Day 4 21.0 £ 6.2 21.4 £ 6.4 21.7 £7.2 20.7 + 4.2 21.7 £8.1 21.9 +2.8
Day 5 16.2+ 0.8 16.7 £ 0.7 16.7 £1.2 17.0 £ 0.6 16.6 + 1.1 19.0 + 1.6
Day 6 15.7 £ 3.7 16.1 + 3.7 13.8 £5.2 175 +6.1 15.6 + 4.2 19.4 + 2.7
Day 7 159 + 1.7 16.6 + 1.7 17.3 £ 0.6 17.4 £ 0.7 16.4 +1.8 20.7 £ 2.8
Mean 17.3 +3.3 18.6 + 3.7 17.7 £ 2.9 18.5 + 3.0 17.3 +3.7 20.5+25

morning hours appears to create a stagnant air environment during
periods of reduced atmospheric mixing, effectively trapping pollutants
generated within or advected into the park [28]. This is particularly
relevant for BC, which showed a pronounced midday peak likely asso-
ciated with increased vehicular traffic along the park perimeter during
lunch hours, followed by limited dispersion under dense canopy cover.

The influence of humidity on particulate matter dynamics within the
vegetated zones warrants particular attention. A slight afternoon in-
crease in PMy 5 within the park (~0.4 pg m=>) coincided with elevated
relative humidity under dense canopy cover, consistent with hygro-
scopic particle growth. Under high humidity, aerosols absorb water,
increasing optical detectability and altering deposition dynamics, with
significant growth reported above 50% RH and up to a five-fold rise in
deposition velocity at > 95% RH[91]. Similar behaviour has been
documented in tropical coastal settings; for example, biomass-burning
aerosols in Singapore exhibit a 2.6-fold increase in light scattering at
90-95% RH due to their high sulfate and water-soluble organic carbon
content [92]. Although particle size distributions were not measured
directly, the concurrent rise in PMy 5 and humidity aligns with hygro-
scopic growth processes observed in comparable tropical environments.

The magnitude of BC reductions along our transect aligns with
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expectations for diffuse urban—park interfaces. Roadside studies in
Singapore report 20-60% BC reductions behind dense vegetative bar-
riers, depending on configuration[93], values higher than ours due to
their focus on immediate roadside-barrier contrasts rather than gradual
transitions across heterogeneous canopy structures. These studies also
highlight vegetation as an effective deposition surface for particles of
diverse morphology[93]. Work from tropical Indian megacities further
shows strong meteorological modulation of BC, with coastal wind re-
gimes and shifting fossil-fuel versus biomass-burning sources influ-
encing depletion rates[94]. Together, these findings indicate that
vegetation-mediated BC reduction in tropical settings is highly depen-
dent on site configuration, local meteorology, and emission
characteristics.

These findings reinforce the concept that urban vegetation serves as
a dynamic component of the urban airshed rather than a passive filter
[28]. The effectiveness of pollution mitigation depends not only on
vegetation density but also on canopy structure, park geometry, and the
interplay with local emission patterns and atmospheric conditions. This
complexity underscores the need for strategic vegetation management
that optimises both filtration capacity and air mixing, particularly in
areas prone to traffic-related pollutant influx.
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Fig. 10. (a) Violin plots of surface temperatures by image category (GBGI,
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and afternoon), illustrating differences in central tendency and spread. Wider
sections indicate higher data density. (b) Kernel density curves of surface
temperatures by category. GBGI peaked narrowly around 17 °C, while Objects
showed the widest dispersion. (¢) Coefficient estimates from the linear mixed-
effects model assessing the influence of category and time of day on surface
temperatures. Points represent model estimates; horizontal bars show 95%
confidence intervals (dashed line = null effect). Full statistical outputs are
provided in SI Table S9.
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4.2. Microclimate regulation

The documented temperature and humidity gradients across the
urban-park interface exemplify the powerful regulatory capacity of
vegetated spaces in moderating urban microclimates. The park's
consistent cooling effect, with temperatures 1-2 °C lower than adjacent
urban areas during peak heating hours, demonstrates the combined ef-
ficacy of shading and evapotranspiration processes that have been
widely documented in urban climate literature[95]. This cooling effect
was most pronounced during midday and afternoon periods when solar
radiation intensity was greatest, highlighting the temporal variability of
vegetation's moderating influence. This consistent with Yu et al. [38]
showing stronger daytime cooling in humid zones and enhanced
nocturnal cooling in arid climates.

The complementary relationship between temperature and RH
observed along the transect reveals the fundamental role of plant
physiology in microclimate regulation. The elevated RH within the park
core (reaching 73.1% at midday) directly results from transpirational
cooling, a process where vegetation releases moisture into the atmo-
sphere while converting sensible heat to latent heat[90]. This physio-
logical process explains the inverse correlation between temperature
and humidity gradients and underscores how vegetation simultaneously
addresses both thermal and moisture aspects of human comfort. The
sustained higher humidity in the park during the afternoon (68.4%)
compared to the sharp decline at the exposed eastern roadside (63.3%)
demonstrates vegetation's capacity to maintain more stable microcli-
matic conditions throughout diurnal cycles.

The connection between vegetation-driven humidity and carbon
dioxide patterns provides insight into the intertwined biogeochemical
processes governing urban atmospheres. The stable CO4 concentrations
within the park, with only a slight increase from 539 ppm in the morning
to 549 ppm in the afternoon, contrast with the elevated CO, levels in
western urban zones (exceeding 556 ppm at midday). This pattern re-
flects the competing influences of anthropogenic emissions and photo-
synthetic activity [28].

The observed thermal comfort patterns, particularly the disconnect
between air temperature reduction and thermal comfort during midday
hours, highlight the complex interplay between physical parameters and
human sensation. While the park provided measurable cooling, the
elevated humidity partially offset the temperature reduction in terms of
human thermal comfort, as reflected in the PET and UTCI indices
[95,96]. This illustrates the importance of considering integrated com-
fort indices rather than individual parameters when evaluating the
microclimatic benefits of urban greenery, particularly in warm-humid
climates where humidity plays a crucial role in human heat balance.

The midday divergence between reduced air temperature and
limited thermal comfort, driven by elevated humidity within the park
core, highlights a key design challenge for GBGI in warm-humid cli-
mates. Although dense vegetation enhances cooling via evapotranspi-
ration, the accompanying moisture can diminish perceived comfort
when airflow is restricted, underscoring the need to balance vegetation
density with ventilation [97,98]. Recent work on vegeta-
tion-building-meteorology interactions suggests how such balance can
be achieved. Studies of vegetated facades show that high-LAI vegetation
enhances cooling in well-ventilated areas, whereas in low-ventilation
settings, thinner vegetation maintains more stable microclimates by
preserving airflow[97]. Applied to parks, this implies that heteroge-
neous canopy configurations—providing shade while maintaining
ventilation corridors, may optimise comfort. Established tropical design
guidance similarly emphasises arranging vegetation to provide shading
crowns without obstructing wind at pedestrian level [99]. Vegetation
cooling efficacy may also vary with plant physiological responses. In
tropical savanna climates, canopy cooling declines during peak heat due
to reduced evapotranspiration under high vapour-pressure-deficit con-
ditions[100], indicating that species choice and irrigation regimes are
important alongside spatial design. Collectively, these insights point
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Fig. 11. Average minimum and maximum surface temperatures (°C) by tree species. Bars represent values across monitoring points dominated by each species,
highlighting differences in cooling capacity related to canopy structure and physiology.

toward park layouts that maximise airflow while retaining shade. Rec-
ommended strategies include using tall, high-crown trees that allow
ventilation beneath the canopy [98], maintaining wind-aligned venti-
lation corridors, selectively thinning understory vegetation in high-use
areas, and favouring species with open rather than dense ground-to--
canopy foliage. Such approaches align with long-standing principles for
warm-humid climates, where vegetation should moderate solar loads
without impeding prevailing winds[99]. The strong correlation between
SVF and thermal comfort indices, particularly the highly significant af-
ternoon relationship (p < 0.001; slope = 10.6 for PET), consistent with
Zhou et al. [39] findings showing ~ 3.7 °C UTCI cooling in vegetated
areas and optimal performance when 3D canopy per tree remains below
22 m3. Together, these studies underscore the joint importance of
horizontal cover and vertical foliage structure for urban cooling[96].
The significantly stronger effect of SVF on thermal comfort in the af-
ternoon compared to morning periods illustrates how vegetation's
shading function becomes increasingly valuable as heat accumulates
throughout the day. This temporal pattern of vegetation's benefit aligns
with the concept of cooling efficiency being highest when thermal stress
is most severe.

4.3. Noise attenuation

The acoustic environment along the urban-park transect demon-
strated more complex patterns than the steady attenuation often
assumed for vegetated areas. While the general trend of decreasing noise
levels from urban edges to the park core was observed, particularly
during morning hours (approximately 0.29 dB reduction per 100 m), the
appearance of noise peaks within the park itself highlights the multi-
faceted nature of sound propagation in urban green spaces[101].

The modest but consistent reduction in noise levels from built-up
zones to the park core, especially evident during morning measure-
ments, supports the established understanding that vegetation can
function as an acoustic buffer through sound absorption and deflection
[101]. While a 6 dB reduction may appear modest in absolute terms, it
represents a clearly noticeable change in human perception, approxi-
mately a halving of perceived loudness [102], and constitutes a mean-
ingful improvement in acoustic comfort for park users. The denser
canopies in the park interior likely contributed to this attenuation
through a combination of surface absorption and scattering of sound
waves. However, the reversal of this gradient in the afternoon, with
noise increasing toward the highway, suggests that vegetation's acoustic
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benefits have limitations against highly dominant noise sources and that
diurnal patterns of human activity significantly influence soundscapes.

The presence of localised noise peaks within the park, particularly
during midday hours, suggests that internal sound sources (such as
recreational activities, pedestrian traffic, or park maintenance) can
outweigh the buffering capacity of vegetation, particularly in busy parks
with lots of human activity. This observation aligns with research sug-
gesting that while vegetation can moderate continuous background
noise, it may be less effective at attenuating discrete, nearby sound
sources[101]. The co-location of high NDVI values and lower midday
noise levels at the eastern roadside suggests that strategic vegetation
placement can enhance acoustic comfort even in predominantly urban
zones, though the effect size remains modest compared to source dis-
tance and activity patterns.

The observed inverse relationship between NDVI and noise levels
during midday hours, while demonstrating a measurable physical
attenuation, also aligns with a characteristic of effective vegetative noise
barriers. Denser vegetation (high NDVI) not only contributes to sound
absorption but also often creates a visual screen that can block the line-
of-sight to noise sources. While this study did not measure perceptual
responses, the physical association between denser greenery and lower
noise levels suggests that the park's vegetation provides acoustic buff-
ering that is both quantifiable and likely to contribute to a more subdued
acoustic environment. This underscores that the acoustic benefit of
urban parks encompasses a tangible reduction in sound levels, as
measured in this study.

4.4. Limitations and future research

This study provides valuable insights into the environmental gradi-
ents across an urban-park interface, yet several limitations warrant
consideration. The transect-based mobile monitoring approach, while
capturing fine-scale spatial variations, represents a snapshot under
specific meteorological conditions. Future research would benefit from
extended monitoring across multiple seasons to capture the effects of
phenological changes in vegetation, particularly in deciduous species
where leaf area index variations significantly alter shading, transpira-
tion, and filtration capacities[90]. Additionally, while the study docu-
mented clear spatial patterns, the mechanistic relationships between
specific vegetation structural traits and environmental parameters merit
deeper investigation.

The methodological approach of using a first-order polynomial fit to
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quantify spatial gradients proved effective for identifying dominant
monotonic trends, though not all relationships reached statistical sig-
nificance. This approach focused on physical interpretation of gradients
rather than strict statistical significance, but future studies with larger
sample sizes could employ more complex modelling approaches to
capture potential non-linear relationships, particularly at the ecotone
between urban and vegetated zones.

The temporal patterns observed in environmental parameters reveal
important considerations for aligning human activity with environ-
mental benefits. The pronounced afternoon cooling effect (0.2 °C per
100 m gradient), coinciding with the steepest reduction in PET values
and the strongest SVF-comfort relationship, suggests that the park's
thermal benefits are most substantial during late afternoon hours. This
temporal alignment carries significant implications for park manage-
ment and urban design. Research on park usage patterns demonstrates
that thermal comfort is a primary motivator for park visitation on warm
days, with visitors actively seeking shaded areas to mitigate heat stress
[103]. Studies using smartphone location data have shown that park
attendance patterns are strongly influenced by time of day, with visitors
adjusting their behaviour in response to thermal conditions[104]. If
recreational use peaks during late afternoon hours, as is common in
many urban parks following the workday, the maximum environmental
benefit would align with maximum human occupancy, potentially
enhancing park utilisation and physical activity during periods that
were previously limited by thermal discomfort[95,96]. Furthermore,
evidence from tropical and subtropical cities indicates that visitors
consciously select park locations based on thermal conditions, prefer-
ring waterside and densely vegetated areas during peak heat periods
[105]. This behavioural adaptation underscores the importance of
designing parks that provide targeted cooling where and when people
need it most.

Conversely, the complex air quality patterns, including the midday
BC peak and occasional PM; 5 elevation within the park, suggest that
certain park areas might be best utilised during morning hours when air
quality improvements are most consistent. This temporal misalignment
of benefits (thermal comfort peaking in afternoon, air quality often best
in morning) presents both a challenge and opportunity for park man-
agement and programming. Staggering activities based on sensitivity to
different environmental parameters could optimise the recreational
experience while minimising exposure to less favourable conditions. The
implications for urban planning and design are substantial. The
demonstrated environmental gradients support the value of distributed
green infrastructure throughout urban areas, reducing the distance
residents must travel to access these benefits [90]. The species-specific
performance variations in surface temperature regulation highlight the
importance of strategic species selection based on desired ecosystem
services, with dense, irregular canopies like Pinus elliottii and Cen-
trolobium tomentosum showing superior cooling performance compared
to more open canopies [90].

Future research should focus on quantifying the exact spatial extent
of park influence into surrounding urban areas, particularly for cooling
effects which appear to extend beyond park boundaries during after-
noon hours. Integrating these environmental measurements with
simultaneous social science methodologies capturing human activity
patterns and perceptions would provide a more complete understanding
of how environmental modifications translate into improved human
experiences and health outcomes. Such integrated approaches could
optimise green infrastructure investments to maximise multiple
ecosystem services aligned with human use patterns, creating more
resilient and livable urban environments.

Future research should include multi-seasonal monitoring to assess
the year-round GBGI performance, and should integrate biometric data
(e.g., heart rate or stress levels) to directly measure how these envi-
ronmental benefits translate into improved human health. Our moni-
toring campaign focused on particulate matter (PMy 5, BC) and CO,, but
did not measure gaseous pollutants such as Oz and nitrogen dioxide
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(NOy), which exhibit complex and sometimes counterintuitive in-
teractions with vegetation. Recent modelling studies in European cities
have demonstrated that vegetation can both reduce and increase O3
concentrations depending on context: while dry deposition removes O3
from the atmosphere, biogenic volatile organic compounds (BVOCs)
emitted by vegetation can participate in photochemical reactions that
form Os, leading to highly spatially variable effects within urban areas
[106]. Similarly, NO5 concentrations may increase locally under dense
canopies due to reduced ventilation, despite vegetation's capacity for
NO; uptake through stomatal deposition[107]. The net effect of urban
vegetation on these pollutants depends on complex interactions among
meteorology, background chemistry, and vegetation characteristics that
our study design could not capture. Future research should incorporate
O3 and NOy monitoring alongside particulate measurements to provide a
more complete assessment of the multifunctional air quality benefits,
and potential trade-offs, of urban green infrastructure in tropical
megacities. Advanced remote sensing like LiDAR should be used to
quantify vegetation structure more precisely, and the replicable meth-
odology should be applied across diverse urban morphologies to develop
tailored, transferable design principles.

5. Summary and conclusions

This study provides a high-resolution, spatio-temporal quantification
of the environmental benefits generated by Ibirapuera Park, a critical
GBGI within the tropical megacity of Sao Paulo. By integrating mobile
transects, stationary monitoring, and thermal imagery, our findings
demonstrate that the park functions as a significant environmental
regulator, though the efficacy of this regulation is complex, contingent
on diurnal timing, vegetation structure, and proximity to anthropogenic
sources. The key conclusions drawn are:

e Stationary monitoring showed a distinct edge-to-core gradient, with
PM, 5 and BC concentrations 31-40% lower in the densely vegetated
park interior compared to road-proximal edges. Mobile monitoring
corroborated this buffering effect: morning PMs 5 and BC declined by
0.07 and 0.03 pg m= per 100 m toward the park core, whereas
midday CO; increased by 1.93 ppm per 100 m into built-up areas.
Filtration efficiency varied by species, with dense, multi-layered
canopies most effective at intercepting particles, particularly dur-
ing midday when pollution plumes advected inward. The park’s role
in air quality regulation reflects a dual nature of vegetation. While
dense canopy cover consistently filtered pollutants, reducing PMj 5
and BC by up to 40%, it also restricted dispersion, causing localised
midday peaks within the park. This highlights vegetation as a dy-
namic component of the urban airshed; its filtration benefits can be
partly offset by microclimatic influences on air mixing.

e The park’s vegetation produced a strong cooling effect, with core air
temperatures consistently 1-2 °C lower than adjacent built-up areas
and up to ~ 2.5 °C cooler than the periphery. Mobile monitoring
showed an afternoon warming gradient of 0.2 °C per 100 m outward
from the core, accompanied by a 0.53% per 100 m decline in relative
humidity (RH). Cooling was coupled with higher and more stable
RH, driven by shading and evapotranspiration. Areas with low sky
view factor (SVF) under dense canopy maintained comfortable
conditions (UTCI ~21.7 °C), while exposed zones reached moderate
heat stress (UTCI up to 29.3 °C). The influence of SVF on thermal
stress intensified through the day, underscoring the critical role of
shade during peak solar radiation. Microclimatic regulation emerged
as the park’s most consistent ecosystem service: a 1-2 °C cooling
effect, strengthening to a 0.2 °C per 100 m gradient in the afternoon,
paired with elevated and stabilised RH. However, thermal comfort
analysis revealed that physical cooling did not always translate lin-
early to improved thermal comfort, as higher humidity could
partially offset temperature benefits at midday. The growing corre-
lation between SVF and thermal stress indices highlights the
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importance of dense canopy shading during periods of peak heat
accumulation.

Acoustic monitoring highlighted the park’s role as a noise buffer.
Multi-layered vegetation provided measurable attenuation, with
interior noise levels averaging ~ 52 dB compared to > 58 dB at
entrances and pathways. Mobile data showed that morning noise
decreased by 0.29 dB per 100 m toward the core, and afternoon
levels dropped by 0.25 dB per 100 m from the urban fringe. While
vegetation offered acoustic shielding, its effectiveness was modest
and varied diurnally and spatially; it was most pronounced against
morning background noise and less effective against dominant af-
ternoon sources such as adjacent highways. Overall, noise reduction
was influenced more by distance from sources than by vegetation
alone, and was often compromised by internal park activities.

The study revealed that park benefits are dynamic and spatio-
temporally variable. Cooling and pollution dilution peaked at
midday but were moderated by wind patterns, with pollution roses
identifying inflow vectors from major roads. The effectiveness of
GBGI is therefore conditional, requiring strategic design: dense,
multi-strata native vegetation, wide buffer zones from emission
sources, and continuous canopy cover to extend benefits into the
urban matrix. These patterns have direct implications for planning
and management. Afternoon cooling aligns with peak thermal stress
and recreational use, maximizing comfort, while air quality benefits
vary more complexly, suggesting activity scheduling could be opti-
mised to match periods of greatest mitigation. Species selection is
critical; dense canopies such as Pinus elliottii and Centrolobium
tomentosum delivered superior cooling. Overall, the findings validate
well-designed GBGI as multifunctional infrastructure essential for
climate resilience, public health, and livability in tropical megacities.

6. Recommendations

This study provides the following recommendations for urban
greening strategies in tropical megacities, focusing on structural and
design principles:

Prioritise the creation of deep vegetative cores through struc-
tural density: Planning policies should mandate and protect
extensive interior park zones with a minimum width of 250-300 m
from major roadways. Our findings show that sites L5 and L6, located
at this distance exhibited the most significant reductions in PMj s,
BC, temperature, and noise. These benefits are driven primarily by
structural complexity and multi-layered vegetation architecture.
Larger, contiguous green spaces provide enhanced microclimatic
regulation compared to fragmented vegetation[4,28], with optimal
cooling efficiency influenced by climatic context. Conservation and
expansion efforts should therefore focus on maintaining dense,
structurally diverse stands that create a continuous canopy, as this
vegetation structure proved most effective for multi-stressor
mitigation.

Implement multi-tiered vegetative buffers along traffic corri-
dors: To mitigate the pronounced edge effects observed near road-
ways at sites like L1 and L3, wide vegetative buffers should be
installed between high-traffic roads and park perimeters. These
buffers should consist of dense, evergreen or densely foliated vege-
tation with multi-layered canopies that create high aerodynamic
roughness, enhancing particle deposition and disrupting pollution
plumes.

Optimise vegetation architecture for multifunctional perfor-
mance: Municipal planting programmes should prioritise vegetation
structural traits with proven performance metrics rather than
focusing solely on ornamental species. This study demonstrates that
canopy architecture, including density, layering, and coverage is the
primary determinant of ecosystem service provision. Planting stra-
tegies should favour combinations of trees and understory vegetation
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that create low sky view factor (SVF < 0.4) conditions, as these
structures consistently delivered superior cooling, pollution filtra-
tion, and noise attenuation. A performance-based approach to green
infrastructure design should guide public procurement and planting
decisions.

Integrate SVF analysis into zoning and design regulations:
Planners should use SVF mapping, as validated by this study's strong
SVF-thermal comfort correlation, to identify thermal vulnerability
hotspots (e.g., large paved squares, wide streets with low canopy
cover). Regulations should require mandatory shading through
canopy cover or built structures in areas with SVF > 0.7, particularly
in zones of high pedestrian activity. Furthermore, open areas within
parks identified as localised heat spots should be enhanced with
strategic tree planting to create continuous canopy cover and uni-
formly extend thermal benefits.

Extend park benefits through networked green corridors: The
mobile transect data clearly shows the dramatic environmental
transition at the park boundary. Urban design should focus on
extending this relief by creating networked green corridors along key
pedestrian and cycling routes. These corridors, featuring continuous
canopy cover and structural complexity similar to park interiors,
would effectively lengthen the 'park experience', protecting residents
during daily transit and reducing cumulative exposure to urban
stressors.

Align park design and programming with diurnal benefit pat-
terns to maximise human well-being: The temporal coincidence
between peak afternoon cooling benefits and potential post-work
recreational hours suggests that park planning should consider not
only spatial configuration but also temporal access. Design strategies
should prioritise shading in areas likely to be used during late af-
ternoon periods (e.g., pathways connecting residential areas to park
entrances, seating areas oriented to capture afternoon breezes). Park
programming, such as outdoor exercise classes, community events,
or children's activities, should be scheduled during periods when the
park's microclimatic benefits are maximised (late afternoon) rather
than midday when thermal stress remains elevated despite cooling.
This alignment of human activity with environmental benefit periods
can enhance park utilisation, support physical activity, and improve
public health outcomes in tropical cities[103,104].
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