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A B S T R A C T

Urban parks play a key role in cooling cities and influencing local air quality by providing areas of reduced 
exposure to pollution sources, alongside local pollution deposition and dispersion effects. However, contempo
rary practices in designing and managing parks do not specifically plan for these benefits. The present work 
examines the role of urban parks in providing cooling, human thermal comfort, and reducing air and noise 
pollution. Using high-frequency mobile monitoring of meteorological variables, air pollutants, and noise levels 
during summer, measurements were conducted three times per day (morning, afternoon, and evening) to 
compare a park with the adjacent built environment. Measurements were supplemented by three stationary 
monitoring points to compare the effect of grassland and tree shade on human thermal comfort. We found that 
air temperatures cooled by 0.2 ◦C for every 100 m distance from the edge toward the centre of the park and more 
than 0.5 ◦C warming for every 100 m distance from the edge of the park into the adjacent built-up area, with 
these trends observed up to 300 m. In the evening, PM10 (1.63 μg/m3), PM2.5 (0.17 μg/m3), and PM1 (0.2 μg/m3) 
concentrations increased per 100 m distance from the park edge into the built-up area. Noise levels declined 
consistently by 3.4 dB per 100 m from the park edge toward the built-up area. Linear mixed-effects models 
confirmed that parks consistently reduced air temperature and CO2 levels compared to built-up areas, with the 
strongest temporal effects in the afternoon, whereas location effects on PM levels were not statistically signifi
cant, though distance-based analyses indicated localised and time dependent gradients. Thermal comfort analysis 
showed greater reductions in Physiological Equivalent Temperature (PET) and Universal Thermal Climate Index 
(UTCI) under tree-shaded areas than in grassland, with paired t-tests indicating significant differences compared 
to the built-up area, particularly in the afternoon. Presenting the environmental benefits per unit of distance 
makes the results presented here relevant for professionals who are interested in developing effective heat-, 
noise- and pollution-responsive urban landscape design, while indicating spatial variability in air quality re
sponses. Such an evidence-based approach can lead to greater community benefits and thus improved resilience 
of cities.

1. Introduction

Urbanisation and climate change have created an urgent need for 
sustainable urban planning strategies that prioritise environmental 
resilience and the well-being of urban residents [1]. In this context, 
green infrastructure emerges as a pivotal component of climate-smart 
urban planning and design [2,3]. Green infrastructure provides 

ecosystem services that enhance environmental, social, and economic 
values [4–6]. These services include mitigation of urban overheating, 
localised carbon dioxide (CO2) uptake by vegetation, improvements in 
air and water quality, flood risk reduction, and the provision of recre
ational and restorative spaces that support public health and well-being 
[7–9].

Urban parks, as a key component of urban green infrastructure, play 
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a vital role in regulating the urban microclimate. Through shading and 
evapotranspiration, parks provide cooling benefits and enhance thermal 
comfort for users, particularly during the summer season [10–12]. 
Beyond thermal regulation, urban parks can also influence local air 
quality by facilitating the dispersion and deposition of pollutants, 
thereby reducing human exposure to harmful particulates. Furthermore, 
urban parks serve as critical acoustic buffers; the presence of vegetation, 
uneven terrain, and soft ground surfaces can significantly attenuate 
urban noise compared to the reflective surfaces found in densely built 
environments [13].

A substantial body of previous studies has employed diverse moni
toring methodologies to assess the park's environmental benefits in 
terms of heat mitigation [14–17], air quality improvement [18,19], 
thermal comfort enhancement [20–23], and noise attenuation [24–26] 
across various urban contexts and park characteristics (Table 1). Pre
vious research confirms that air and surface temperatures within parks 
are typically lower than in surrounding built-up areas [27,28], with 
cooling distances reported to range from tens to several hundreds of 
metres depending on park size, perimeter complexity, and vegetation 
cover type, age and quality of plant species and irrigation [29–31]. For 
instance, satellite-based studies have reported cooling benefits ranging 
from 100 m to over 150 m for various park sizes [10,28] while field- 
based studies suggest the cooling effect may extend further, particu
larly at night [16]. However, this evidence mainly remains centred on 
cooling benefits, often relying on short-term datasets or spatially coarse 
indicators such as land surface temperature. As a result, fine-scale 
spatial gradients that propagate from parks into the adjacent built-up 
areas have been less discussed.

Beyond the cooling effect, studies assessing the improvement of air 
pollution and noise reduction by urban parks are comparatively limited 
and frequently conducted in isolation. As summarised in Table 1, air 
quality studies mostly focus on pollutant removal efficiency or near-road 
gradients over short distances [19,35]. Similarly, noise mitigation 
studies often report average attenuation levels without examining 
spatial gradient patterns across park-urban interfaces [34,36].

Collectively, these studies highlight the capacity of urban parks to 
deliver multiple environmental benefits, but they have mainly focused 
on evaluating single benefits [37,38]. Furthermore, the synergy between 
cooling benefit and air quality improvement is not static throughout the 
diurnal cycle, as atmospheric stability and traffic patterns shift 
throughout a day. Failure to account for these temporal dynamics and 
potential trade-offs risks oversimplifying the role of urban park in
terventions. Consequently, a comprehensive integration of multiple 
benefits using real-time, high-resolution evaluation that simultaneously 
quantifies how multiple benefits vary with distance from parks remains 
underexplored. Integrating these measurements can provide insights 
into spatial gradients and the co-provision of multiple ecosystem ser
vices within and around urban parks, thereby supporting the develop
ment of planning-relevant guidance for climate-resilient urban design. 
Furthermore, although mobile monitoring approaches enable a deeper 
understanding of park benefits extending beyond park boundaries 
[39,40], their limited application continues to constrain understanding 
of fine-scale spatial gradients and multi-benefit interactions.

To address this gap, this study employs high-resolution mobile 
monitoring to quantify the spatial and temporal gradients of multiple 
environmental benefits provided by an urban park and its surrounding 
built-up areas. Simultaneous measurements of air temperature, partic
ulate matter (PM10, PM2.5, PM1), carbon dioxide (CO2), thermal comfort 
indicators, and noise levels were collected to capture real-time pedes
trian-scale exposure under periods of elevated pollution and thermal 
stress. By integrating microclimate, air quality, thermal comfort, and 
noise conditions within a single analytical framework, this study pro
vides a comprehensive evaluation of parks' multi-benefits. This 
approach enables assessment of both the magnitude and spatial extent of 
park benefits, offering practical insights into how urban parks can 
simultaneously improve multiple environmental benefits.

The specific objectives of this study are to: (i) compare air quality, 
microclimate conditions, thermal comfort, and noise conditions be
tween the park and adjacent built-up areas; (ii) quantify distance-based 
gradients and rates of change in cooling, air pollution, and noise 
attenuation across the park and built-up area interface, and (iii) how 
thermal comfort differs between a built-up area and two locations in the 
park that feature different types of green infrastructures: grassland 
versus tree-shaded area. In addition, this study explores potential syn
ergies and trade-offs among these environmental benefits by analysing 
their concurrent spatial patterns. Together, these analyses provide 
planning-related evidence on the magnitude, spatial gradient, and 
integration of park-related environmental benefits, supporting climate- 
resilient urban design and decision-making.

2. Methodology

This study employs a real-time data collection approach to assess the 
benefits of an urban park during summer in terms of air quality, cooling 
effects, thermal comfort, and noise levels. The primary environmental 
variables examined include air temperature, air pollutants (PM10, PM2.5 
and PM1), CO2, thermal comfort indices, specifically Universal Thermal 
Climate Index (UTCI) and Physiologically Equivalent Temperature 
(PET), which quantify human thermal stress under outdoor conditions. 
Sound levels were measured using the A-weighted equivalent contin
uous sound pressure level (LAeq), calculated as the logarithmic average 
of all A-weighted sound readings over 30-s intervals (detailed procedure 
in Section 2.3).

2.1. Study design

This study was designed to evaluate the benefits of a typical urban 
park, with a particular focus on its role in providing cooling, improving 
air quality, enhancing thermal comfort, and mitigating noise compared 
to the surrounding built-up area. A mobile monitoring approach was 
adopted to capture real-time, high-resolution data across the park and 
surrounding built-up area, allowing direct comparison between these 
urban settings.

Measurements were collected over multiple days during morning, 
afternoon, and evening periods to capture diurnal variation. Data 
collection was conducted during summer, when heat stress is most 
pronounced and park use is most frequent, providing a representative 
context for evaluating park benefits under peak conditions. A fixed route 
was followed for each monitoring session, covering representative sec
tions of both the urban park and adjacent built-up areas, with five 
replicate transects running to/from the park to the adjacent urban res
idential area. The data collection strategy was designed to minimise 
variability due to external factors and enable consistent spatial and 
temporal comparison across sites. Further details on the site, instru
mentation, data collection protocols, and analytical methods are pro
vided below.

2.2. Site description

The study was conducted through a field campaign in Guildford, UK 
(Fig. 1). Guildford is located in Surrey County, southeast of the UK 
(51.215◦ latitude and − 0.631◦ longitude) and features a humid 
temperate oceanic climate (Köppen climate classification: Cfb [41]). The 
population of Guildford was 151,359 in 2024, with a 6.3% growth over 
the previous five years [42]. Ambient air temperatures are highest 
during summer, with July typically the warmest month based on 
long-term averages, and lowest in January. Mean summer air tempera
tures are approximately 17.3 ◦C, while winter averages are around 
4.7 ◦C [43]. During summer 2024, peak hot conditions in south-east 
England occurred in mid-August, with daily maximum temperatures 
reaching 35 ◦C, recorded at the London Heathrow Met Office station, the 
nearest long-term reference station to Guildford [44]. Fig. 1h presents 
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Table 1 
Past monitoring studies on the assessment of the co-benefits provided by parks.

Benefit Method Characteristics Duration Location/ 
climate type

Key Finding Reference

Heat mitigation Remote sensing 0.5 to 23.3 ha Three years Hangzhou, 
China- Cfa

Assessed the cooling benefits of twenty 
newly constructed parks using three 
years of satellite data. The results 
revealed that the newly built parks 
reduced LST by 0.31◦C inside the park 
and 0.64◦C in the adjacent built-up area, 
reaching to 0.84◦C and 1.09 ◦C as parks 
mature, with cooling distance rising from 
104.4 m to 147.5 m.

Wu et al. [28]

Remote sensing 1 to 100 ha September Hangzhou, 
China- Cfa

Assessed cooling performance of 220 
parks, finding that 84% exhibited cooling 
effects with average, maximum, and 
cumulative cooling intensities of 0.35 ◦C, 
2.35 ◦C, and 0.05 ◦C, respectively. 
Identified significant neighbourhood 
disparities, with 57% exposed to less than 
0.06% cooling. The estimated total 
carbon savings at approximately 1.13 ×
10⁴ t, and the highlighted park perimeter 
is a key factor influencing cooling 
outcomes.

Guo et al. [31]

Remote sensing Average area 112.57 ha June to September Yreb, China- 
Cwa/Cfa

Reported cumulative cooling intensity 
and gradient values providing valuable 
insights into the quantitative aspects of 
park cooling. The results showed that 
parks average cooldown LST by 2.34 ±
0.07◦C, 151.43 ± 4.39 m.

Shi et al. [10]

Fixed and mobile 
monitoring

52 ha Whole year Guildford, 
UK- Cfb

Evaluated the cooling benefit of various 
GI types, including parks, during a year. 
The results showed that the daytime air 
temperature was lower in the park by up 
to 3◦C, and up to 1.5◦C at nighttime.

Sahani et al. [8]

Remote sensing Area varies from 1.1 to 
281.6 ha, with an 
average of 24.3 ha

One day 
(September)

Liuzhou, 
China- 
Cfa/Cwa

Explored park cooling performance based 
on LST, highlighting that the urban park 
exhibited an average cooling distance of 
166.17 ± 11.69 m and a cooling intensity 
of 2.85 ± 0.28 ◦C, covering about five 
times the park area.

Shi et al. [11]

Fixed and mobile 
monitoring

Area varies from 15.21 to 
285.25 ha

July and August Beijing, 
China - Dwa

Investigated the impact of large urban 
parks on the local climate in Beijing. The 
results showed that during summer 
nights, parks reduced night-time air 
temperatures, with their cooling effect 
extending over 1 km, with more effective 
cooling effects within approximately one 
park width.

Li et al. [16]

Fixed and mobile 
monitoring

Covered with an open 
lawn (30%) and forest 
canopy (60%).

Seven days of 
mobile and two 
months of fixed 
monitoring

Tokyo, 
Japan- Cfa

Contributed insights into the vertical 
profiles of air temperature in park and 
town areas, measuring a cold air pool in 
the park's first 50 m from the ground, as 
opposed to neutral stratification in the 
town area.

Sugawara et al. 
[17]

Thermal comfort Field 
measurement and 
questionnaire 
survey

Park area: 125 ha Over six summer 
days at two-week 
intervals

Madrid, 
Spain- Csa

Revealed that the park's cooling effect 
extended up to 600 m outward from the 
park boundary, lowering maximum air 
temperature by 2.4–2.8 ◦C and reducing 
the PET by approximately 3.9 ◦C.

Aram et al.[32]

Air pollution 
improvement

Field 
measurement

Park area varied from 
0.65 to 3.96 ha

During spring Hong Kong- 
Cwa

Demonstrated a swift decline in pollutant 
concentrations downwind from the 
roadside, stabilising within tens of 
metres, while an even more pronounced 
gradient was observed upwind, with a 
rapid increase detected within 2 m of the 
road edge.

Xing and 
Brimblecombe 
[19]

Field 
measurement

Over 80% of the area is 
covered by vegetation

Four months 
(January, April, 
July, and October)

Shanghai, 
China- Cfa

Indicated that park vegetation removed 
9.1% of total suspended particulates, 
5.3% of SO2, and 2.6% of NO2. In 
addition, the crown volume coverage and 
pollution diffusion distance were pivotal 
predictors influencing the rate of 
pollutant removal.

Yin et al. [33]

Co-benefits in terms of 
air pollution 

Field 
measurement

Park area: 2.8 ha, 
containing mature trees, 

Eight days (four 
days in summer 

Tel-Aviv, 
Israel- Csa

Urban parks were found to lower NOx, 
CO, and PM10 levels while increasing O3 

Cohen et al. [34]

(continued on next page)
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the monthly minimum/ mean/ maximum air temperature in Guildford, 
UK.

The site chosen for monitoring was Stoke Park, the largest and most 
popular park in the centre of Guildford, with 50 ha of grasslands, gar
dens, and trees, and the surrounding built-up area (Fig. 1a–f). Yellow 

lines in Fig. 1a depict the mobile monitoring path across the park and the 
surrounding built-up area. This study route was designed to evaluate 
potential spatial variation in air temperature, thermal comfort condi
tions, air quality, and noise levels between the park and the adjacent 
built-up residential area. The built-up area adjacent to the park consists 

Table 1 (continued )

Benefit Method Characteristics Duration Location/ 
climate type 

Key Finding Reference

improvement and 
noise mitigation

bushes, and lawn, with 
85% tree coverage.

and four days in 
winter)

concentrations, with a more substantial 
mitigation effect observed at higher 
levels of NOx and PM10. Additionally, 
parks can reduce noise by 
~approximately 5 dB(A).

Fig. 1. (a) Location and the path for mobile monitoring of meteorological parameters, showing the five replicate transects. The ‘x’ marks start and end points of the 
walking route and white-crossed circles show the stops in (1) the tree-shaded area, (2) the grassland, and (3) the built-up area. Panels (b) to (f) show the surrounding 
streets and the built-up area. Panel (g) illustrates the mobile sensor backpack and researcher. Panel (h) depicts average monthly minimum, mean, and maximum air 
temperatures in Guildford (Source: [45]), ranging between 5 ◦C and 18 ◦C. Fisheye lens images (i) show the sky view at each of the three stationary monitoring points 
and adjacent streets.
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primarily of residential streets with an average width of 9 m, lined with 
buildings typically one to two stories high, and a surface composition 
that includes asphalt, paving, and some vegetation. The park itself in
cludes a combination of open grassland and tree-shaded areas. The in
ternal transects within the park extended up to 240 m from the park 
edge toward the centre, while the transect into the built-up area reached 
distances of up to 300 m from the park boundary. This extent was 
selected to capture the transition zone where the most pronounced 
changes in microclimatic conditions are expected, consistent with pre
vious studies reporting sharp gradients in temperature and air quality 
within a few hundred metres of park boundaries [46–48].

These distances define the spatial extent used to assess rates of 
change in environmental parameters. Sky view factor (SVF) is defined as 
the fraction of the sky hemisphere visible from a point on the ground, 
ranging from 0 (completely obstructed) to 1 (fully open) [49]. It is 
calculated by integrating visible sky angles over the hemisphere, typi
cally using fisheye photography [50]. In this study, SVF values ranged 
from 0.46 to 0.69 in the built-up area and from 0.20 to 1 in the park, 
with values approaching 1 measured in large open grassland areas 
where trees or buildings at the park perimeter did not obstruct the local 
sky view.

The topography of the study area is relatively flat with an elevation 
change of approximately 6.5 m between the centre of the park and the 
end point of the transect in the residential neighbourhood. The three 
stationary monitoring points represented distinct microenvironments 
(Fig. 1a): Stop 1 was positioned in a tree-shaded area with a SVF of 0.20 
and located 217 m from the built-up area; Stop 2 was placed in open 
grassland with minimal shade or impervious surface influence (SVF, 1); 
and Stop 3 was in a built-up street canyon, surrounded by hard surfaces 
and limited vegetation cover (SVF, 0.61). Thermal comfort was assessed 
at the three stationary monitoring points, selected to represent the 
principal microenvironments within the study area: grassland, tree- 
shaded, and built-up settings. These points capture the range of ther
mal conditions typically experienced by park users and provide a basis 
for comparing landscape types.

Five mobile transects were conducted across different sections of the 
park and adjacent built-up residential areas to ensure spatial represen
tativeness. Detailed descriptions of transect routes and sequences are 
provided in the Supplementary Materials (Text S1).

2.3. Instrumentation

A bespoke integrated monitoring system was prepared to house 
various instruments in a backpack (Fig. 1g) to measure air temperature 
(Ta), relative humidity (RH), wind speed (v), black globe temperature 
(Tg), CO2, PM10, PM2.5, PM1, and sound levels alongside a GPS device to 
map the exact location and time of each observation. The same set of 
instruments was used at the three stationary monitoring points to ensure 
data comparability across locations.

Meteorological parameters and CO2 levels were recorded using the 
Testo 400 multifunctional environmental meter. The Testo 400 is widely 
used in outdoor studies for its accuracy and portability [51–53]. PM 
concentrations (PM10, PM2.5, and PM1) were measured using the 
GRIMM 11D aerosol spectrometer (GRIMM Aerosol Technik GmbH & Co 
KG, Ainring, Germany). Detailed probe specifications and measurement 
ranges are provided in the Supplementary Materials (Text S2). PM data 
were recorded every 6 s, offering detailed insights into temporal varia
tions in particulate levels. Ambient sound levels were monitored using a 
calibrated sound level meter (RS PRO 1151), which recorded A- 
weighted sound pressure levels (dB) every second, within a range of 30 
to 110 dB and with a resolution of 0.1 dB. A GPS device (GARMIN 
ETREX 32×) was used to capture geospatial coordinates and synchronise 
time across datasets. The average A-weighted equivalent sound pressure 
level for over 30 s (LAeq30sec) is calculated using Eq. (1) [54], where Li 
represents each sound pressure level reading in dB and n is the total 
number of measurements. Similar short-term time averages have been 

used in previous studies [55–57]. 

LAeq = 10log
1
n
∑n

i=1
10Li/10 (1) 

2.4. Data collection

The data for this study were collected while walking along several 
defined transects (Fig. 1a). Each of ten data collection campaigns (15 
August 2023–5 September 2023) consisted of three-time intervals 
(morning: 8:00–9:00, afternoon: 12:30–13:30, evening: 17:00–18:00). 
These periods were chosen to capture peak traffic and to sample tem
peratures approaching the daily maximum, which typically occurs early 
to mid-afternoon. During the monitoring period, daily maximum air 
temperatures ranged approximately between 20 ◦C and 30 ◦C, with peak 
values exceeding 30 ◦C following the mid-August heatwave; conditions 
were predominantly clear to partly cloudy, rainfall was intermittent (<5 
mm day− 1), and mean wind speeds were generally below 5 m/s. The 
prevailing wind direction during the monitoring sessions was from the 
west [58]. The 4-km route was walked at a normal pace while carrying a 
backpack-mounted sensor system (Fig. 1g), with probes positioned at 
1.4–1.7 m height (approximating head level for a 1.6–1.8 m tall person). 
The main sensors extended to ear height (~1.5 m), while the black globe 
thermometer was placed 10 cm lower (~1.4 m) to avoid backpack frame 
interference. Temperature and radiation probes were mounted on rigid 
40 cm extension arms to prevent body shading, and the backpack design 
incorporated mesh panels to ensure adequate ventilation around all 
sensors (Fig. 1g). A summary of the mobile monitoring sessions, 
including the route direction, average duration, and the number of data 
points collected for each parameter on different dates and times of day, 
is provided in Table S1.

2.5. Data analysis

Data analysis was done using RStudio (V4.2.2), Microsoft Excel, 
QGIS (V4.0.0), and RaymanPro to evaluate spatio-temporal variations in 
microclimatic, air quality, and noise level parameters, and to assess 
thermal comfort conditions. To evaluate the effect of location type (park 
versus built-up area) and time of day (morning, afternoon, evening), 
Linear Mixed Effects Models (LMM) were used. Linear regression models 
were used to describe the continuous relationship between environ
mental variables and distance along the measurement path, providing a 
quantitative assessment of spatial gradients. Statistical significance was 
evaluated using p-values with a threshold of p < 0.05 considered 
significant.

For distance-based analysis, a moving-average smoothing method 
was applied to reduce short-term variability and highlight spatial trends 
along the transects. Temporal variability during mobile monitoring was 
addressed by (i) conducting measurements within relatively short time 
windows (≤60 min), (ii) repeating transects across multiple days and 
times of day, and (iii) applying moving-average smoothing in the 
distance-based analysis to reduce short-term temporal noise and 
emphasise spatial patterns. Under the relatively stable meteorological 
conditions observed during the monitoring period (predominantly clear 
to partly cloudy conditions and moderate winds), temporal changes in 
background conditions are expected to be gradual compared to the 
spatial contrasts captured along the transects. The window size—the 
number of consecutive data points averaged—was selected to provide 
a consistent smoothing duration of approximately 12 s (12 points for 1-s 
data; 2 points for 6-s data), balancing noise reduction with preservation 
of spatial resolution, in line with previous mobile monitoring studies 
using similar moving average intervals to reduce short-term variability 
while maintaining spatial fidelity [59,60].

QGIS was used to generate spatial maps and visualise gradients in 
microclimatic parameters and pollutant concentrations along the mobile 
monitoring transects. It was also used to map each value's location type 
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(park or built-up area) using GPS coordinates. The spatial gradients 
enabled comparison between the park and the built-up area. To visualise 
the spatial gradient of variables, raw point data from the validated 
monitoring days were integrated using a Spatial Join (Summary) tech
nique in QGIS 4.0.0. The study area was divided into a 20-m hexagonal 
grid (tessellation). This 20 m resolution was chosen to balance GPS ac
curacy. For each hexagonal cell, the arithmetic mean of all contained 
data points across the multi-day period was calculated. To minimise the 
influence of transient conditions, days where the diurnal median of a 
variable exceeded two standard deviations from the study period mean 
were excluded. Additionally, hexagonal cells containing fewer than 
three data points were removed. This spatial binning approach mini
mises the impact of GPS drift and transient pollutant pulses, highlighting 
persistent hotspots where concentrations were consistently elevated 
across the monitoring period.

Environmental gradients derived from the distance-based analysis 
were synthesised to quantify synergies and trade-offs among cooling and 
air-quality benefits. To ensure comparability across parameters recor
ded at different temporal resolutions and to avoid bias arising from 
bidirectional walking transects, all measurements were aggregated into 
fixed 10 m distance bins prior to analysis. Synergies and trade-offs were 
quantified using an Exposure-Adjusted Synergy Index (EASI), with air 
temperature used as the reference service: 

EASIT,X = sign
(
β*

T
)
.sign

(
β*

X
)
.min

(
|βX|

|βT |
, 1

)

(2) 

where βT and βX represent the spatial rates of change of air temperature 
and variable X (e.g., relative humidity, CO2, PM10, PM2.5, PM1) with 
distance from the park. Positive EASI values indicate synergistic re
sponses, where changes in X align with the thermal gradient, while 
negative values indicate trade-offs, where changes in X oppose the 
thermal gradient. Analyses were conducted separately for park and 
built-up areas and stratified by time of day (details are provided in SI 
Text S3).

The SVF was calculated using a custom Python script implemented 
via Google Drive to process fisheye images, providing essential input for 
subsequent thermal comfort assessment. Thermal comfort was assessed 
using the PET and UTCI indices, calculated with RaymanPro, which 
integrates air temperature, humidity, wind speed, and radiation to 
quantify human thermal comfort conditions. Both indices were applied 
to provide a robust characterisation of outdoor thermal conditions and 
were selected due to their extensive validation under outdoor conditions 
and suitability for comparative analysis [61–63].

The PET is a widely used thermal comfort index that estimates the 
equivalent temperature at which a person would feel the same thermal 
sensation in a standard indoor environment. The human energy budget 
for the assumed condition is balanced by the same sweat rate and skin 
temperature as under the actual outdoor conditions to be assessed [64]. 
The calculation of PET relies on advanced numerical models, such as the 
Munich Energy-balance Model for Individuals and software like Ray
man. These tools simulate human energy balance and the heat exchange 
processes occurring in outdoor environments, ultimately providing a 
temperature equivalent expressed in degrees Celsius (◦C) to assess 
thermal comfort. The PET categorises thermal comfort conditions as 
follows: below 18 ◦C indicates “slightly cool” to “cold” conditions; be
tween 18 and 23 ◦C is considered as thermally comfortable; between 
23 ◦C and 29 ◦C reflects “slightly warm”; and values exceeding 29 ◦C 
suggest increasing levels of discomfort. This classification is consistent 
with regional evidence: a study in Cambridge, UK, reported a summer 
neutral PET of approximately 21 ◦C [65], supporting the selection of 
18–23 ◦C as an appropriate comfort range for interpreting thermal 
perceptions in Guildford.

The UTCI integrates air temperature, wind speed, humidity, and 
radiation to provide a comprehensive measure of thermal stress expe
rienced by individuals in outdoor environments. It is expressed in ◦C and 

is widely used to assess the impact of heat on human health and comfort. 
The UTCI is calculated through a multi-step process, using Eq. (3): 

UTCI = f − 1[(Ta,Tm, va,RH,M)] (3) 

In Eq. (2), Ta represents the air temperature in ◦C, and Tm refers to 
the mean radiant temperature in ◦C. The variable va is the wind speed at 
a height of 10 m, expressed in metres per second (m/s), RH represents 
the relative humidity (%), and M is the metabolic rate in watts per 
square meter (W/m2), which accounts for the level of physical activity of 
the individuals. Higher levels of physical activity increase metabolic 
heat production, which can elevate thermal stress and reduce perceived 
thermal comfort [66]. UTCI categorises thermal comfort conditions as 
follows: below 9 ◦C indicates cold stress, between 9 ◦C and 26 ◦C rep
resents “no thermal stress”, and values above 26 ◦C reflect moderate to 
strong heat stress. These indices were used to quantify and compare 
thermal comfort conditions across different urban settings.

3. Results

The result section begins with a detailed overview of air quality and 
microclimate parameters, including their distribution patterns. This is 
followed by statistical testing using LMM to examine the effects of 
location and time of day on these variables. Next, temporal variations 
are explored through daily and location-based trends to understand 
changes over time. Spatial gradients are then analysed to assess how 
environmental conditions differ between the park and the surrounding 
built-up area. A distance-based analysis quantifies the rate at which air 
temperature and pollutant levels change moving away from the park 
boundary. Finally, the study investigates additional benefits of the park, 
focusing on its role in enhancing thermal comfort and mitigating urban 
noise.

3.1. Overview of air quality and microclimate parameters

Fig. 2 presents the variation in air temperature, relative humidity, 
CO2, PM10, PM2.5, and PM1 concentrations comparing the park with 
surrounding built-up areas during morning, afternoon, and evening 
measurement periods, with complete descriptive statistics available in 
Table S2. The analysis indicates a consistent difference between the park 
and built-up areas.

The average air temperature in the park was 18.5 ◦C in the morning 
and 25.7 ◦C in the afternoon, compared with 19.8 ◦C and 27.0 ◦C, 
respectively, in the built-up area. This corresponds to a 1.3 ◦C reduction 
in morning and afternoon temperatures within the park. In the evening, 
the park was slightly cooler than the built-up area, with temperatures of 
23.0 ◦C compared with 24.0 ◦C, corresponding to a 1 ◦C reduction. The 
LMM analysis (Section 3.1.2) confirmed that location (park vs. built-up 
area) significantly influenced air temperature.

Relative humidity was generally higher in the park, especially in the 
afternoon and evening. However, the LMM analysis indicated that the 
effect of location was not statistically significant (p = 0.71; Section 
3.1.2). Although overall spatial differences were limited, clear tempo
ral variations were evident across the measurement periods.

CO2 concentrations were consistently lower in the park compared to 
the surrounding built-up areas. The LMM analysis confirmed that this 
difference by location was statistically significant (Section 3.1.2). CO2 
reductions of 2.3–3.3% were observed in the park during morning and 
afternoon periods. In contrast, while PM10, PM2.5, and PM1 concentra
tions were generally lower in the park across all time periods, these 
variations did not reach statistical significance according to the LMM 
results (Section 3.1.2). Despite the lack of statistical significance, the 
descriptive data showed that the largest mean reductions occurred in the 
morning, at 11.6%, 10.9%, and 4.2% for PM10, PM2.5, and PM1, 
respectively, while afternoon and evening mean decreases ranged from 
0.9% to 4.8%.
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3.1.1. Density distributions of air quality and microclimate parameters
While the previous section highlighted average reductions in tem

perature and pollution in the park, the density plots (Fig. 3) offer deeper 
insight into the distribution and variability of these parameters. The 
built-up area generally shows distributions shifted toward higher values 
for air temperature, particularly in the afternoon, indicating higher and 
more variable conditions. The park, by contrast, maintains lower- 
temperature distributions, reflecting cooler and more stable microcli
mates. Relative humidity is consistently higher in the park, especially in 
the morning and evening.

CO2 and PM levels also tend to be shifted toward higher concentra
tions in the built-up area, suggesting greater emissions and variability, 
while pollutant distributions in the park are lower and more concen
trated, indicating reduced pollution levels. These patterns show that the 
park not only reduces average levels but also helps maintain a more 
consistent environment across the day and overall stability of the park 
environment.

3.1.2. Linear mixed effects models on microclimate and pollutants variables
To investigate how environmental conditions vary across locations 

and time, LMMs were applied to each microclimatic and air quality 
parameter. While the previous section presented descriptive distribution 
patterns, the statistical significance of these differences between park 
and built-up areas is evaluated in this section using the LMM method. 
This analysis assessed the effects of location (park vs. built-up area), 
time of day (morning, afternoon, evening), and their interaction, while 
accounting for repeated measurements and random variability across 
sampling days. The models provided insight into the relative 

contributions of spatial and temporal factors to observed patterns in air 
temperature, relative humidity, CO2, and PM concentrations, with re
sults summarised in Table 2.

Air Temperature exhibited significant differences between locations, 
with the park location consistently cooler than the built-up area (esti
mate = − 1.89, p < 0.001). Time of day strongly affected temperature, 
increasing in the afternoon (estimate = 7.58, p < 0.001) and evening 
(estimate = 4.92, p < 0.001) relative to morning. Interaction effects 
between location and time were not statistically significant (Park: Af
ternoon, p = 0.16, Park: Evening, p = 0.05), indicating consistent 
diurnal temperature patterns across environments. These findings 
confirm that parks have a thermal regulation effect, maintaining cooler 
air temperatures relative to built-up areas throughout the day, with an 
absolute temperature difference of approximately 1.89 ◦C. Relative 
Humidity was primarily influenced by time of day, declining markedly 
in the afternoon (estimate = − 24.46, p < 0.001) and evening (estimate 
= − 15.84, p < 0.001). No significant differences were observed between 
locations (p = 0.710), nor were interaction effects significant (Park: 
Afternoon, p = 0.12, Park: Evening, p = 0.52), suggesting similar tem
poral humidity dynamics in both settings. CO2 concentrations varied 
significantly by location (p < 0.001) and time of day, with concentra
tions decreasing through the afternoon and evening (p < 0.001). The 
average CO2 concentration was higher in the built-up area compared to 
the park.

For PM levels, temporal effects were observed, with significantly 
lower concentrations observed in the afternoon and evening compared 
to morning (all p < 0.001). Location effects were not statistically sig
nificant for PM1 (p = 0.35), PM2.5 (p = 0.07), or PM10 (p = 0.20), 

Fig. 2. (a) Air temperature, (b) relative humidity, (c) CO2, (d) PM1, (e) PM2.5, and (f) PM10 data boxplots depiction featuring the median (thick horizontal black line), 
mean (cross) measured during morning, afternoon, and evening runs at the built-up area and the park. Statistical significance was determined via Linear Mixed Model 
analysis; brackets with asterisks (***, p < 0.001) denote significant differences between the built-up area and the park locations, while the absence of brackets 
indicates no statistically significant difference (p > 0.05).
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indicating no clear difference in PM concentrations between park and 
built-up areas, and no significant interaction terms were detected.

Overall, these findings demonstrate that while microclimatic vari
ables and CO2 exhibit significant spatial and temporal variability, PM 
concentrations are predominantly modulated by time of day. The 
absence of significant interaction effects across PM concentrations im
plies consistent diurnal patterns in both park and built-up areas. In 
summary, the findings reveal that both location and time of day 
significantly influence microclimatic and air pollutant levels, while 
interaction effects between location and time of day were not statisti
cally significant.

3.2. Temporal variation of air quality and microclimate parameters

To assess temporal variability in environmental conditions, daily 
mean values of air temperature, relative humidity, CO2, PM10, PM2.5, 
and PM1 were summarised separately for the park and the built-up area. 
Across all measurement days, mean air temperature in the park ranged 
from 17.9 ◦C to 25.2 ◦C, relative humidity from 49.8% to 61.5%, and 
CO2 concentrations from 429 to486 ppm. Mean concentrations of PM1, 
PM2.5, and PM10 in the park ranged from 0.96 to 5.54 μg/m3, 1.85 to 
7.39 μg/m3, and 6.42 to 15.6 μg/m3, respectively. Across the same 

period, mean air temperature in the built-up area ranged from 19.3 to 
28.8 ◦C, relative humidity from 49.4 to 58.3%, and CO2 concentrations 
from 443 to 511 ppm. PM1, PM2.5, and PM10 concentrations in the built- 
up area ranged from 1.25 to 6.01 μg/m3, 2.33 to 7.21 μg/m3, and 7.36 to 
17.0 μg/m3, respectively. Fig. S1 presents the daily mean values for each 
parameter, with paired data points for the park and built-up area con
nected by lines to illustrate temporal variation across the monitoring 
period.

Time series plots were used to examine changes in microclimate and 
air quality within each 60-min monitoring session, separately for the 
park and the built-up area, during morning, afternoon, and evening 
periods. These plots display the progression of air temperature, relative 
humidity, CO2, and PM levels along the traversed path (Fig. 4).

Minute-by-minute trends reveal intra-period variation, showing that 
the built-up area consistently experienced higher temperatures and 
pollutant concentrations. Temperature differences peaked in the after
noon, whereas pollutant contrasts were greatest during the morning 
traffic period.

Fig. 3. Density plots of (a) Air Temperature, (b) Relative Humidity, (c) CO2, (d) PM1, (e) PM2.5, and (f) PM10 measured in park and built-up areas across different 
times of day (Morning, Afternoon, Evening). Each plot shows the distribution of values by location, with dashed vertical lines indicating mean values.
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3.3. Spatial gradients of heat and air pollution across park and built-up 
area

The spatial gradients of air temperature and relative humidity, CO2 
levels and PM concentrations, derived from spatial aggregation are 
shown in Fig. 5a–f. By utilising a 20-m hexagonal tessellation and a 
minimum data density filter (> 3 observations per cell), these maps 
represent the persistent environmental signatures of the study site. The 
figure highlights how the park environment contributes to reductions in 
air temperature, CO2, and PM concentrations compared to the sur
rounding built-up areas. These spatial patterns reveal a clear decrease in 
these environmental parameters with increasing distance from the built- 
up area into the park, underscoring the crucial role of the park in 
mitigating heat and influencing local air quality.

The spatial distribution of air temperature, relative humidity, CO2, 
PM1, PM2.5, and PM10 across the study area (Fig. 5a–f) reveals a distinct 
gradient associated with proximity to the park's centre. The PM con
centrations and air temperatures were consistently lower toward the 
central zone of the park, reaching their minimum values along the 
middle axis. These relationships were observed over a distance of up to 
240 m from the park's centre. Conversely, as the distance from the park 
increased - by transecting into the built-up area - these values showed a 
gradual rise, while relative humidity declined, with this pattern evident 
up to 300 m beyond the park edge. This pattern indicates clear spatial 
cooling and suggests localised improvements in air quality conditions. 
These results underscore the significance of analysing spatial variation 
in urban heating and air pollution levels with increasing distance from 

the park, highlighting the relevance of distance-based approaches as 
discussed in Section 3.4.

3.4. Distance-based analysis of air temperature and air pollution

Regression analyses were used to examine how various microclimate 
and air pollution parameters change with distance from the park during 
morning, afternoon, and evening periods (Fig. 6). Linear regression 
models were fitted to quantify trends, with slope estimates, confidence 
intervals, and significance levels summarised in Table S3.

In the built-up area, air temperature showed a statistically significant 
positive association with distance from the edge of the park during the 
morning (rate = 0.0053 ◦C/m, p < 0.001) and afternoon (rate =
0.0052 ◦C/m, p < 0.001), indicating increasing air temperature with 
distance, a trend observed up to 300 m from the park edge. Within the 
Park, significant temperature increases with distance from the centre to 
the edge of the park were limited to the morning (rate = 0.0215 ◦C/m, p 
= 0.022), while afternoon and evening trends were not statistically 
significant (Table S3).

Relative humidity decreased significantly with distance from edge of 
the park into the built-up area during the morning (rate = − 0.0197%/m, 
p < 0.001) and afternoon (rate = − 0.014%/m, p < 0.001), consistent 
with lower moisture availability in more exposed locations [67,68]. The 
absence of a significant trend in the evening may be attributed to the 
stabilisation of humidity levels due to reduced solar radiation [69,70]. 
Conversely, in the park, relative humidity increased significantly with 
distance from the centre of the park in the morning (rate = 0.015%/m, p 

Table 2 
Results of Linear Mixed Effect Model testing the effects of location (park versus built-up area) and time of day (morning, afternoon, evening) on microclimate variables 
(air temperature, relative humidity, CO2) and PM concentrations (PM1, PM2.5, PM10). The table summarises degrees of freedom (df), t values, p-values, and the 
significance of main effects and interactions.

Parameter Term Estimatea Std. Error dfb t value p-value Significance

Air temperature (◦C) Intercept 19.44 0.92 11.14 21.24 <0.001 ✓
Location (Park) − 1.89 0.44 263.15 − 4.28 <0.001 ✓
Time (Afternoon) 7.58 0.43 263.34 17.46 <0.001 ✓
Time (Evening) 4.92 0.44 263.30 11.27 <0.001 ✓
Location: Time (Park: Afternoon) 0.86 0.61 263.07 1.42 0.157 –
Location: Time (Park: Evening) 1.21 0.62 263.10 1.96 0.051 –

Relative humidity (%) Intercept 67.93 1.45 28.12 46.75 <0.001 ✓
Location (Park) − 0.53 1.41 263.15 − 0.37 0.710 –
Time (Afternoon) − 24.46 1.38 264.32 − 17.68 <0.001 ✓
Time (Evening) − 15.84 1.39 264.35 − 11.39 <0.001 ✓
Location: Time (Park: Afternoon) 3.08 1.93 263.06 1.59 0.12 –
Location: Time (Park: Evening) 1.26 1.97 263.43 0.64 0.522 –

CO2 (ppm) Intercept 493.25 8.07 18.46 61.15 <0.001 ✓
Location (Park) − 22.15 6.03 263.15 − 3.67 <0.001 ✓
Time (Afternoon) − 28.73 5.92 263.73 − 4.86 <0.001 ✓
Time (Evening) − 34.76 5.95 263.74 − 5.85 <0.001 ✓
Location: Time (Park: Afternoon) 0.86 8.27 263.10 0.10 0.917 –
Location: Time (Park: Evening) 10.89 8.41 263.28 1.30 0.197 –

PM1 (μg/m3) Intercept 4.04 0.57 11.79 7.09 <0.001 ✓
Location (Park) − 0.29 0.31 226.00 − 0.94 0.347 –
Time (Afternoon) − 1.06 0.30 226.89 − 3.59 <0.001 ✓
Time (Evening) − 0.99 0.33 226.84 − 3.05 <0.001 ✓
Location: Time (Park: Afternoon) 0.29 0.41 226.00 0.70 0.486 –
Location: Time (Park: Evening) − 0.31 0.47 226.13 − 0.65 0.515 –

PM2.5 (μg/m3) Intercept 5.65 0.57 11.995 9.85 <0.001 ✓
Location (Park) − 0.57 0.31 226.02 − 1.80 0.072 –
Time (Afternoon) − 1.78 0.30 226.94 − 5.85 <0.001 ✓
Time (Evening) − 1.66 0.33 226.89 − 4.97 <0.001 ✓
Location: Time (Park: Afternoon) 0.56 0.42 226.02 1.33 0.184 –
Location: Time (Park: Evening) − 0.05 0.48 226.15 − 0.11 0.913 –

PM10 (μg/m3) Intercept 14.24 1.28 11.28 11.12 <0.001 ✓
Location (Park) − 0.81 0.63 226.02 − 1.28 0.202 –
Time (Afternoon) − 5.29 0.61 226.75 − 8.68 <0.001 ✓
Time (Evening) − 4.92 0.67 226.71 − 7.35 <0.001 ✓
Location: Time (Park: Afternoon) 0.27 0.85 226.02 0.32 0.749 –
Location: Time (Park: Evening) 0.39 0.97 226.12 0.41 0.686 –

a Estimate = Model coefficient indicating effect size.
b df = Degrees of Freedom, representing the effective sample size used to estimate the parameter and test statistic in the mixed model.
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Fig. 4. Temporal variation of environmental parameters across three time periods (Morning, Afternoon, Evening) for two locations (Park and Built-up area) on a 
representative day (17th August for air temperature, relative humidity, and CO2, and 25th August for PM levels). Each plot displays minute-by-minute values over a 
60-min interval for (a) Air Temperature (◦C), (b) Relative Humidity (%), (c) CO2 (ppm), (d) PM1 (μg/m3), (e) PM2.5 (μg/m3), and (f) PM10 (μg/m3). Data points are 
colour-coded by location, with shaded backgrounds indicating measurement zones (Park: green; Built-up area: orange). 
(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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< 0.001). No significant changes were detected in the afternoon or 
evening.

CO2 concentrations in the built-up area decreased significantly with 
distance from the edge of the park (roadside) at all times of day (rates 
between − 0.097 and − 0.169 ppm/m, p < 0.001). In contrast, the park 
exhibited significant positive trends for CO2 at all times (slopes between 
0.165 and 0.189 ppm/m, p < 0.001), likely reflecting enhanced bio
logical respiration or localised CO2 accumulation influenced by canopy 
structure [71,72].

PM showed more variable spatial patterns. PM1 decreased signifi
cantly only during the evening by distance from the edge of the park into 
the built-up area (rate = − 0.002 μg/m3 per metre, p = 0.009). PM2.5 
showed a similar pattern with a significant evening decrease (p = 0.04), 
whereas no significant trends were observed during morning and af
ternoon periods. PM10 concentration decreased significantly with dis
tance from the edge of the park (roadside) into the built-up area only in 
the evening (rate = − 0.006 μg/m3 per metre, p = 0.008), while trends in 
the park showed increasing pollutants level but there were not signifi
cant, likely due to the complex interplay of vegetation filtering, resus
pension, and the proximity of the road near the park boundary acting as 
an intermittent emission source [73].

Overall, within the studied range up to 300 m from the park edge, a 
cooling effect of approximately 0.5 ◦C was estimated to occur within 

100 m in the built-up area during morning hours, alongside a 1% in
crease in relative humidity within about 50 m. Evening PM concentra
tions decreased over 100 m, with PM1, PM2.5, and PM10 reduced by 
approximately 0.2 μg/m3, 0.2 μg/m3, and 0.6 μg/m3, respectively. These 
results demonstrate clear spatial gradients in microclimate and air 
pollution parameters that vary by location and time of day, with the 
built-up area showing more pronounced increases in air temperature 
and decreases in relative humidity with distance from the park edge.

3.5. Synergies and trade-offs among microclimatic and air quality 
services

The exposure-adjusted analysis reveals pronounced spatial and 
temporal variation in how environmental services co-vary with distance 
from the park (Table S4). In the built-up area, strong and consistent 
synergies were identified between air temperature, relative humidity, 
and CO2 across all times of day (EASI = +1.00). This indicates that 
distance-related cooling away from the park edge coincided with 
increased atmospheric moisture and reduced CO2 concentrations, 
forming a bundle of microclimatic and gaseous benefits in the sur
rounding built-up area during morning and afternoon.

In contrast, PM levels exhibited systematic trade-offs with cooling 
benefit. In the morning, cooling showed strong opposition to PM10 

Fig. 5. The extent of park co-benefits in terms of heat mitigation and air pollution reduction. Maps represent the spatially aggregated mean values. Data are pre
sented in a 20-m hexagonal tessellation for: (a) air temperature (◦C), (b) relative humidity (%), (c) CO2 (ppm), (d) PM1 (μg/m3), (e) PM2.5 (μg/m3), and (f) PM10 (μg/ 
m3). The maps illustrate spatial gradients in environmental conditions between the park and the surrounding built-up area.
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Fig. 6. Variation of (a) air temperature (◦C), (b) relative humidity (%), (c) CO2 concentration (ppm), (d) PM1 (μg/m3), (e) PM2.5 (μg/m3), and (f) PM10 (μg/m3) with 
distance along measurement routes in built-up and park locations. Data points indicate individual measurements in Park (circles) and Built-up (triangles) locations. 
Lines represent moving averages, with shaded areas indicating 95% confidence intervals for linear trend lines across the morning, afternoon, and evening periods.
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(EASI = − 1.00) and moderate to strong trade-offs with PM2.5 and PM1, 
demonstrating that reductions in thermal exposure did not coincide with 
particulate matter mitigation. During the afternoon, PM levels weak
ened substantially (|EASI| < 0.4), indicating partial decoupling under 
peak thermal stress. In the evening, synergies re-emerged for PM10 
(EASI = +1.00), while finer particles continued to display weaker or 
opposing responses, highlighting pollutant-size-dependent interactions.

Within the park interior, service interactions were more variable and 
strongly time dependent. Morning conditions exhibited moderate syn
ergy between cooling and humidity (EASI = +0.36), while strong trade- 
offs were observed between cooling and both CO2 and PM levels. During 
the afternoon, thermal–humidity synergy strengthened (EASI = +1.00), 
whereas trade-offs with all PM levels intensified, reflecting differing 
spatial gradients of cooling and PM levels within the park. Evening 
conditions showed a reconfiguration of interactions, with cooling 
aligning positively with CO2 and PM10 but remaining opposed to PM2.5, 
underscoring the temporal instability of multi-benefits coupling.

Overall, the results demonstrate that cooling represents the most 
spatially robust service, while air-quality benefits are edge-dominated, 
pollutant-specific, and temporally constrained. The quantified synergy 
and trade-off structure confirms that urban parks do not deliver uniform 
bundles of ecosystem services; instead, they generate context-dependent 

combinations whose effectiveness varies with location, time of day, and 
pollutant size.

3.6. Thermal comfort

The results based on the PET index revealed varied thermal per
ceptions across the different areas in the afternoon. In the built-up area, 
the thermal perception was categorised as ‘warm’ while the tree-shaded 
area fell into the ‘comfortable’ category, and the grassland was classified 
as ‘slightly warm’. Comparing the PET values in these locations high
lighted the effectiveness of the tree-shaded area and the grassland in 
reducing PET values by 8.5 ◦C and 4.5 ◦C, respectively, compared with 
the built-up area during the afternoon. This thermal variation is strongly 
linked to SVF values measured in each location: the tree-shaded area had 
a low SVF of 0.20, indicating dense canopy cover, while the grassland 
and built-up area had higher SVF values of 0.73 and 0.61, respectively. 
The relationship between SVF and temperature reduction is primarily 
influenced by radiative cooling, wind flow, and vegetation interactions 
[74,75].

Regression analyses revealed significant positive relationships be
tween SVF and thermal comfort indices. For PET, slopes ranged from 
4.06 to 10.6 across morning to afternoon (p < 0.04) indicating that a 0.1- 

Fig. 7. (a) Boxplots of PET index and (b) UTCI index showing median (thick black line) and mean (cross), and scatter plots with linear regression lines of (c) PET 
against SVF, (d) UTCI against SVF, (e) air temperature against SVF, and (f) relative humidity against SVF. All measurements were taken during morning, afternoon, 
and evening at built-up areas, tree-shaded areas, and grassland locations.
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unit increase in SVF corresponds to an increase in PET of approximately 
0.41 to 1.06 ◦C, with the strongest effect in the afternoon. Similarly, the 
UTCI showed significant positive associations in the morning and af
ternoon (slopes 6.06 and 8.77, p < 0.01) with UTCI increasing by about 
0.61 and 0.88 ◦C per 0.1-unit increase in SVF, respectively, while the 
evening relationship was not significant. Air temperature similarly 
exhibited a positive association with SVF throughout the day, with the 
strongest effect in the afternoon — a 0.1-unit increase in SVF corre
sponded to a 0.56 ◦C rise in temperature, indicating that greater sky 
exposure intensifies heat. Conversely, relative humidity was negatively 
associated with SVF, with a 0.1-unit increase linked to a 1.44% decrease 
during the afternoon (Fig. 7c–f). These results underscore the important 
role of urban geometry in shaping microclimatic and thermal comfort 
conditions, especially during peak thermal periods.

In the morning, PET values indicated that both the built environment 
and grassland were in the ‘comfortable’ category, while the tree-shaded 
area had a PET value of 4.09 ◦C lower than the built environment, falling 
into the ‘slightly cool’ category. By the evening, PET values for all three 
areas were nearly in the ‘comfortable’ category.

The results based on UTCI thermal stress categorisation across 
different areas reveal that all three areas -built environment, tree-shaded 
area, and grassland- fell within the ‘no thermal stress’ category during 
morning and evening. However, in the afternoon, the average UTCI in 
the built environment rose to the ‘moderate heat stress’ category, while 
the tree-shaded area and grassland remained in the ‘no thermal stress’ 
category. Comparing the efficacy of trees and grassland in improving 
thermal comfort conditions indicates that trees were more effective than 
grass. The average UTCI in the shade of trees was 4.2 ◦C lower compared 
to the grassland in the morning, 2.9 ◦C in the afternoon, and 1.5 ◦C in the 
evening. This indicates that tree-shaded areas consistently provide 
significantly better thermal comfort conditions throughout the day, 
which is in line with the finding that tree shade is necessary to reduce 
heat stress during the hot season, as solar radiation has a strong negative 
impact on thermal comfort [23,76].

Overall, PET and UTCI index values across all measurements 
collected during morning, afternoon, and evening show that trees and 
grassland have the most significant impact on improving thermal com
fort conditions during the afternoon when air temperatures peak. Re
sults indicate that PET and UTCI were reduced by up to 28.8% and 
15.4%, respectively, in the tree-shaded area, and up to 23.6% and 
13.8%, respectively, in the grassland compared to the built-up area.

Paired t-tests were conducted for both PET and UTCI indices across 
morning, afternoon, and evening periods to evaluate differences in 
thermal comfort conditions between the built-up area and park 

locations. Results revealed statistically significant reductions in thermal 
comfort conditions in the park locations during the afternoon and eve
ning. In particular, both PET and UTCI values were significantly lower in 
the tree-shaded area and grassland compared to built-up areas during 
these times (p < 0.01), with the greatest differences observed in the 
afternoon (e.g., PET: mean difference = − 8.18 ◦C, p < 0.001 for grass
land vs built-up area). Morning differences were less consistent, with 
only UTCI in the grassland showing a statistically significant reduction 
compared to the built-up area (Table S5). These findings highlight the 
role of parks in improving thermal comfort conditions, especially during 
the afternoon.

However, as discussed in Section 3.1, humidity levels in the park 
were 3.2% higher in the afternoon. While the humidifying effects of 
vegetation can increase thermal discomfort, the reduction in air tem
perature due to evapotranspiration, combined with lower solar radiation 
exposure (reflected in reduced SVF), can offset this negative effect and 
lead to an overall improvement in thermal comfort [77].

3.7. Noise mitigation

Fig. 8a presents a comparison of mean noise levels across park and 
built-up areas during the morning, afternoon, and evening, with 95% 
confidence intervals as LAeq-30s. The built-up area consistently exhibited 
higher average noise levels than the park. The difference was most 
pronounced in the evening, where the built-up area recorded a mean of 
69.5 dB (95% CI: 66.9–72.1), compared to 45.6 dB in the park (95% CI: 
32.7–58.5). These observations align with previous studies showing that 
urban built-up areas typically experience higher noise levels compared 
to parks, especially during peak traffic hours [78,79]. During the 
morning, mean levels were 63.7 dB (95% CI: 62.9–64.4) in the built-up 
area and 59.4 dB (95% CI: 58.0–60.8) in the park. This pattern corre
sponds with findings that noise pollution peaks during morning and 
evening commutes, posing potential health risks [80]. Afternoon values 
were generally lower, with means of 62.0 dB (95% CI: 60.1–63.9) and 
58.3 dB (95% CI: 57.5–59.1) in the built-up area and park, respectively. 
Statistical analysis confirmed these differences, with a Welch Two 
Sample t-test indicating that noise levels were significantly higher in the 
built-up area compared to the park (t = 9.36, df = 525.43, p < 0.001), 
with mean noise values of 63.7 dB and 58.6 dB, respectively.

In order to evaluate the noise levels by distance from the main road, 
Fig. 8b illustrates the distribution of noise levels by location and distance 
from the main road, overlaid with linear trendlines and 95% confidence 
intervals. Across all distances (<50 m, 50 to 100 m, and 100-200 m), 
noise levels were consistently lower in the park compared to the built-up 

Fig. 8. (a) Bar plot showing mean LAeq30sec (dB) by time of day and location -error bars show 95% confidence intervals. (b) Violin plot illustrates the distribution and 
density of noise levels by distance and location. The violin plots are overlaid with boxplots to show median and interquartile ranges, and mean values are marked by 
points with 95% confidence intervals as error bars. Dashed trendlines represent linear trends in mean noise levels across distance from the road for each location.
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area. The violin plots demonstrate that while both environments exhibit 
some variability, the central tendency in the park shifts more signifi
cantly downward with increasing distance from the road. This is also 
supported by the linear trend analysis. The fitted linear models indicate 
a steeper decline in noise levels with increasing distance from the road in 
the park (estimate = − 5.41 dB/100 m, p < 0.001) compared to the built- 
up area (estimate = − 3.40 dB/100 m, p < 0.001). Together, the tem
poral and spatial analyses underscore the crucial role of parks in miti
gating road traffic noise.

Nevertheless, it should be noted that LAeq30sec represents overall 
sound exposure, integrating traffic and other environmental sources. 
Therefore, while the observed attenuation in the park is consistent with 
vegetation and terrain effects, some variability may also arise from 
fluctuations in traffic or non-traffic noise.

4. Discussion

4.1. Microclimate regulation

The observed morning and afternoon air temperature reduction of 
1.3 ◦C within the park confirms the primary hypothesis that parks 
function as a thermal buffer against urban overheating. This thermo
dynamic divergence is driven by the interception of shortwave solar 
radiation by the vegetative canopy and the simultaneous partitioning of 
sensible heat into latent heat through amplified transpiration fluxes 
[81].

The high statistical significance of the location type within the LMM 
(p < 0.001) confirms that the park acts as the primary driver of this 
thermal discrepancy. This pattern is supported by the meta-analysis 
done by Bowler et al. [46] and the microclimatic evaluations done by 
Santamouris [82], which established that urban parks reduce ambient 
air temperatures by 0.5 ◦C to 1.5 ◦C in temperate climate zones. These 
localised temperature differences strongly underscore the real-world 
efficacy of parks in mitigating urban atmospheric overheating, an 
environmental regulation phenomenon widely conceptualised as the 
“park cool island” effect [83,84]. The 1.3 ◦C cooling magnitude recorded 
in this study aligns closely with the broader literature consensus, which 
establishes that urban parks can reduce ambient air temperatures by 
0.6 ◦C to 7 ◦C compared to built-up area at various diurnal intervals 
depending on background macroclimatic baselines and local tree can
opy structure [6,29,85–88]. Conversely, the non-significant effect of 
location on relative humidity (p = 0.7), contrasted with its high tem
poral significance (p < 0.001), supports the empirical assertions of 
Sahani et al. [89] that macroclimatic diurnal variations and regional air 
mass properties exert a stronger control over absolute atmospheric 
moisture capacity than localised vegetative inputs. However, the sig
nificant morning increase in relative humidity with distance from the 
centre of the park (0.015%/m, p < 0.001) captures a localised exception. 
The morning gradient is driven by the park's open centre, which allows 
rapid solar exposure and dew evaporation, whereas the denser, shaded 
park edges shelter the micro-environment and trap moisture under a 
stable morning boundary layer [46,90]. As solar irradiance intensifies in 
the afternoon, robust vertical convective mixing homogenises the water 
vapour across the park-urban interface, neutralising this spatial gradient 
[90].

The thermal comfort differences recorded between internal park 
locations—open grassland versus tree-shaded configurations—highlight 
the importance of landscape type. While open grasslands support rapid 
nocturnal radiative cooling due to their unobstructed exposure to the 
skyward dome, their elevated SVF permits substantial downwelling 
shortwave radiation during peak daylight hours.

In contrast, the tree-shaded area achieved a 2.9 ◦C lower afternoon 
UTCI compared to open grassland. This variance confirms the baseline 
thermal comfort hypothesis, demonstrating that blocking direct and 
scattered shortwave radiation via canopy structures provides superior 
pedestrian relief than an unshaded grass lawn. This outcome aligns with 

the findings of Morakinyo et al. [91] and Abdallah et al. [92], which 
demonstrated that optimising tree canopy density and minimising the 
SVF are the primary design interventions for lowering outdoor heat 
stress. This relationship is further supported by the strong positive cor
relation established between SVF and the outdoor thermal stress metrics 
(r > 0.78, p < 0.01), confirming that urban canopy openness drives 
microscale pedestrian heat strain under high solar loads [93]. SVF's role 
in urban climate adaptation using trees is a key strategy to mitigate 
urban heat, as the higher canopy density associated with lower SVF 
promotes air temperature reduction through enhanced ventilation and 
radiative cooling [94].

4.2. Temperature and air pollution spatial gradient

The spatial gradient analysis indicates clear spatial cooling and 
suggests localised improvements in air quality conditions. These varia
tions are strongly influenced by local land cover characteristics and the 
surrounding urban configuration. Previous studies have shown that air 
temperature is closely linked to surface characteristics, with increased 
vegetation cover leading to lower temperatures and higher proportions 
of impervious surfaces correlating with elevated temperatures [88]. The 
structure and land use of the surrounding urban environment signifi
cantly shape both the cooling intensity and spatial extent of a park's 
influence [88,95]). Anthropogenic heat sources and dense urban 
morphology can further constrain airflow and limit the distribution of 
cool air into adjacent areas [86,96]. Materials such as concrete and 
asphalt, common in built-up areas, can further amplify thermal exposure 
by storing and re-emitting heat throughout the day [97].

Furthermore, wind speed and direction, as well as the traffic expo
sure of the roads, play a critical role in modulating pollutants' spatial 
patterns. Norouzi et al. [98] highlighted the importance of considering 
wind as a site-related factor that can enhance or suppress the perfor
mance of urban parks. In this context, the observed spatial gradients 
reflect not only the park's inherent ecological functions but also its dy
namic interactions with surrounding green infrastructure and urban 
settings [95,99,100].

The distance-based analysis shows a significant temperature increase 
exceeding 0.5 ◦C per 100 m (0.005 ◦C/m) as measurements move away 
from the park edge into the built-up area during morning and afternoon. 
These findings align with previous studies reporting a cooling effect of 
urban parks, where ambient air temperature gradually increases with 
distance from the park border, highlighting the park's moderating in
fluence on adjacent urban environments [88,101].

The distance-based analysis indicates that the park's cooling influ
ence extends up to 300 m into the surrounding built-up area. This spatial 
extension supports the empirical models of Doick et al. [102] for London 
parks and Qiu et al. [47] for East Asian urban settings, which concluded 
that the thermal mitigation footprint of a macroscale park regularly 
projects between 200 and 400 m into adjacent high-density built envi
ronmnet. Furthermore, this dynamic matches the trends observed by 
Pfautsch et al. [27] in temperate and semi-arid urban interfaces, where 
sharp horizontal microclimatic gradients settle within a 300-m 
threshold before encountering complete absorption by surrounding 
low-albedo building envelopes. The evening period showed a non- 
significant slight decrease in temperature, which may result from 
nocturnal cooling effects and stable atmospheric conditions diminishing 
spatial gradients [70].

Collectively, the magnitude and rate of changes in distance-based 
analysis for all the recorded parameters are influenced by a complex 
interplay of factors including climate conditions, park characteristics, 
land cover composition, adjacent urban structures, prevailing wind 
patterns, traffic emissions, and canopy density [103–105], underscoring 
the need for context-sensitive assessments when evaluating how urban 
parks mitigate environmental stressors. While these findings suggest 
that parks can provide improvements in microclimate regulation and 
local air pollution exposure, the extent to which park geometry and 
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placement influence the reach of these benefits beyond 300 m from park 
boundaries remains a subject for further investigation to optimise user 
exposure to such mitigation gradients.

4.3. Air pollution dynamics

Air pollutants showed different spatial behaviours across the park 
boundary, indicating distinct dispersion mechanisms for gases and 
particulate matter. The significant reduction of gaseous CO2 inside the 
park (2.3% to 3.3%, p < 0.001) reflects variations in anthropogenic 
activity and carbon uptake by plants [106,107]. CO2 reductions 
observed in the park during the evening, when photosynthetic activity is 
minimal, are attributed to lower local emissions and increased atmo
spheric dispersion within vegetated areas. This pattern aligns with the 
spatial observations reported by Sahani et al. [89], which showed that 
central park zones consistently experience lower concentrations of 
traffic related pollutants due to their increased distance from adjacent 
road networks.

Conversely, the lack of a statistically significant main location effect 
for PM10, PM2.5, and PM1 within the LMM indicates that daytime par
ticulate concentrations are primarily governed by regional background 
levels and mesoscale atmospheric mixing. This pattern is supported by 
the findings of Xing and Brimblecombe [19], who noted that daytime 
boundary layer instability and convective mixing often override the 
localised filtration benefits of urban vegetation. This lack of a uniform 
daytime location effect is tied to pronounced diurnal fluctuations in 
boundary layer dynamics influenced by environmental context and 
traffic emission intensity [108]. Additionally, anthropogenic influences, 
particularly traffic-related emissions from the road separating the park 
and built-up area, not only contribute to the complexity of PM disper
sion but also constitute a major source of PM [109]. The higher partic
ulate reductions observed during the morning intervals are likely driven 
by the concentrated surge of mobile combustion emissions near pe
ripheral road networks during early periods of lower atmospheric 
dispersion; because the park core is physically set back from these pri
mary sources, it remains relatively cleaner, yielding a sharp horizontal 
gradient across the boundary. As the day progresses, higher wind speeds 
and stronger convective mixing likely promote vertical and horizontal 
dispersion, thereby reducing near-surface PM gradients [110,111]. Oc
casional peaks within the park for PM1 indicate localised resuspension 
or micro-scale variability. Collectively, while these patterns suggest a 
potential role for urban vegetation in particulate sequestration, the lack 
of statistical significance highlights that these effects are secondary to 
the complex interactions between local emission sources, pollutant dy
namics, and the modulating effects of wind and mixing conditions 
[110,112,113].

However, the emergence of a significant distance-dependent PM 
gradient during evening hours (p < 0.05) reveals a clear temporal shift in 
transport dynamics. As the ground cools and the atmospheric boundary 
layer stabilises, convective mixing decreases, allowing the dense vege
tation of the park to serve as an effective dry deposition filter and a 
physical barrier to dispersion. This stable nocturnal condition restricts 
the penetration of fine particulates (PM1) into the park core at a pre
dictable spatial rate of − 0.002 μg/m3 per metre, creating a protected 
microscale zone for pedestrians. This dual-regime interaction aligns 
with both the macroscale boundary layer observations of Janhäll [114] 
and the near-road microscale barrier models of Abhijith et al. [115].

4.4. Noise attenuation

The substantial acoustic buffering effect observed within the park, 
where evening sound pressure levels were 23.9 dB lower than those 
recorded within the adjacent built-up area, reflects the combined in
fluence of surface characteristics and differences in anthropogenic ac
tivity between the two environments. The hard, non-porous surfaces of 
the built-up area retain and reflect sound energy [116]. In contrast, the 

park environment exhibited an attenuation rate of − 5.41 dB per 100 m 
(p < 0.001).

The greater slope in the park reflects stronger attenuation, likely due 
to the presence of vegetation, uneven terrain, and softer ground sur
faces, which enhance acoustic absorption and diffusion—contrasting 
with the reflective surfaces common in built-up areas [117–119]. In 
the built-up area, the observed gradient is driven primarily by increasing 
distance from the main road—a dominant source of traffic noise—as 
well as by variations in building density, street geometry, and surface 
materials, which influence sound attenuation [120,121]. The observed 
attenuation gradient is consistent with the findings of Cohen et al. [34] 
and Margaritis and Kang [122], who reported sound pressure level re
ductions ranging from 4.0 to 6.0 dB per 100 m within vegetated urban 
environments. The results also support the acoustic shielding framework 
proposed by Van Renterghem et al. [123], which demonstrated that soft 
ground surfaces contribute substantially to low-frequency noise atten
uation through ground impedance transitions, while tree belts enhance 
the scattering of higher-frequency traffic noise.

The temporal variability of these multi-benefits was further reflected 
in the EASI. The persistent morning trade-off (EASI = − 1.00) near the 
park perimeter suggests that cooling benefits may coincide with 
elevated pollutant exposure along major traffic corridors bordering the 
park. The decoupling of these parameters during the afternoon, followed 
by the re-emergence of synergistic conditions in the evening (EASI =
+1.00), demonstrates that multi-benefit provision is highly dynamic and 
governed by diurnal changes in atmospheric stability and localised 
emission patterns. These findings reinforce the multi-benefit optimisa
tion frameworks proposed by Demuzere et al. [124] and Kumar et al. 
[125].

4.5. Limitations and future research

This study contributes to advancing the understanding of environ
mental gradients across the park–urban interface by integrating high- 
resolution, pedestrian-level mobile monitoring with a multi-parameter 
exposure framework. In contrast to conventional approaches based on 
stationary monitoring stations or remotely sensed data, this framework 
enables the simultaneous quantification of microclimatic conditions, air 
quality, and acoustic variability along continuous spatial transects, 
thereby capturing environmental exposure as experienced in situ [126]. 
This methodological advancement supports a more process based and 
human-centred characterisation of urban ecosystem services and 
strengthens the empirical basis for evaluating park performance in 
complex urban settings.

Despite these contributions, several limitations should be considered 
when interpreting the results. The transect-based mobile monitoring 
approach successfully resolved fine-scale spatial heterogeneity; howev
er, measurements were confined to a single seasonal window. Data 
collection was conducted during the summer period (August–Sep
tember), capturing conditions associated with peak thermal stress but 
not representing winter microclimates or interseasonal variability in 
park function. Seasonal dynamics in vegetation structure, particularly 
changes in leaf area index and deciduous phenology, are expected to 
substantially influence shading, evapotranspiration, pollutant deposi
tion, and acoustic attenuation [127]. Moreover, Measurements were 
conducted during the summer school vacation period to capture high- 
temperature conditions, which may also coincide with reduced traffic- 
related emissions; greater contrasts in pollutant concentrations may 
therefore be expected during non-vacation periods. As a result, the 
observed gradients should be interpreted as season-specific rather than 
universally representative. Future studies incorporating multi-seasonal 
and multi-annual monitoring would be essential to establish the tem
poral robustness and climatic sensitivity of the identified patterns.

Temporal coverage also represents a defined analytical scope. The 
monitoring design focused on morning, afternoon, and evening periods, 
providing a robust representation of daytime diurnal variability, but 

S. Khalili et al.                                                                                                                                                                                                                                  City and Environment Interactions 31 (2026) 100407 

16 



excluding nocturnal and early dawn conditions. These periods are 
characterised by stable boundary layer development and atmospheric 
inversions, which can influence pollutant accumulation, surface energy 
exchange, and near-surface turbulence structure [128]. Inclusion of 
these transition periods in future studies would further refine the un
derstanding of full diurnal system dynamics.

From an analytical perspective, the use of first-order polynomial and 
linear regression modelling provided a transparent and physically 
interpretable basis for identifying dominant spatial gradients. While 
effective for characterising monotonic trends, some relationships likely 
reflect more complex, non-linear interactions at the vegetated–built 
interface. Such behavior is expected given the coupled nature of radia
tive forcing, turbulence structure, and vegetation heterogeneity [129]. 
Future research incorporating non-linear modelling approaches and 
larger multi-site datasets would enable more detailed resolution of 
threshold effects and interaction driven dynamics.

In addition, the absence of vertical profiling limits the interpretation 
of how near-surface exposure gradients interact with canopy layer and 
boundary layer processes. Coupling mobile ground measurements with 
LiDAR-derived structural data and unmanned aerial vehicle-based ob
servations would enable fully three-dimensional characterisation of 
urban environmental regulation and improve mechanistic understand
ing of vegetation mediated modifications.

Finally, the results highlight important opportunities for aligning 
ecosystem service provision with human activity patterns. The observed 
temporal structuring of benefits, with stronger thermal comfort in the 
late afternoon and more consistent air quality improvements in the 
morning, suggests that different environmental functions peak at 
different times of day. This temporal differentiation has direct implica
tions for urban design and park management strategies. Future research 
integrating environmental exposure data with behavioural observations 
and health relevant indicators, including mobility patterns and physio
logical responses, would enable a more comprehensive understanding of 
how spatial environmental gradients translate into lived experience and 
public health outcomes.

5. Summary and conclusions

This research employed mobile environmental monitoring tech
niques to quantify the capacity of public urban green spaces to reduce 
summer heat and thereby improve human thermal comfort, influence 
local air quality conditions, and mitigate noise pollution. These benefits 
were calculated using distance-based analyses and contrasting mea
surements from green space with those collected in nearby built envi
ronments. While similar findings to this work, including the significant 
effect of the park to cool the air, reduce urban heat island effects or 
reduce ambient noise, have been reported in other studies, the unique 
and highly valuable contribution of this work is in quantifying these 
benefits per unit of distance at high granularity. Estimating the magni
tude of the benefits for distances that become relevant to landscape 
architects, city planners, and public health professionals means that data 
presented here can now inform heat-, noise- and pollution-responsive 
urban landscape design. Such an evidence-based approach to the 
design and construction of urban parks and adjacent residential zones 
leads to greater community benefits and thus improved resilience.

Linear Mixed Models indicated that air temperature was consistently 
lower in the park than in the built-up area (− 1.89 ◦C). Time of day 
strongly affected temperature, relative humidity, and CO2, with after
noon values reflecting peak thermal stress, while interaction effects 
were generally non-significant for temperature and humidity, indicating 
consistent diurnal patterns across locations. In contrast, location effects 
on PM concentrations were not statistically significant, suggesting that 
particulate matter mitigation by the park was not uniform across all 
conditions. The observed distance-based gradients indicate that max
imising the park interior relative to its boundary can help maintain the 
temperature and noise reductions identified in this study. In constrained 

urban spaces, these results suggest that walking routes in parks can be 
designed with increased length or looped configurations. Such layouts 
can maximise the time a user spends within beneficial 
microclimates—such as tree-shaded zones—without requiring an in
crease in the total land area of the park.

Based on distance-based analysis, knowing that air temperature will 
rise 0.5 ◦C for every 100 m of distance from the park can be used to 
support stronger regulations and incentives to include more green 
infrastructure in the built environment. The analysis also revealed 
localised evening reductions in PM levels (up to 0.6 μg/m3). While 
overall location effects on PM concentrations did not reach statistical 
significance, distance-based analyses revealed persistent spatial gradi
ents across different periods, most notably in the evening. These patterns 
suggest that the park's influence on air quality is characterised by spatial 
heterogeneity rather than a uniform reduction. Such gradients imply 
that the level of pollution exposure for park users is highly dependent on 
their proximity to the park core, where more distinct signatures of PM 
mitigation provide localised micro-environments of reduced PM expo
sure. Additionally, the park reduced noise levels by more than 3 dB per 
100 m away from roads, which is physically significant as a 3 dB 
decrease corresponds to a halving (factor of 2) of sound intensity, 
although it represents a smaller change in sound pressure level and the 
perceived loudness for the human ear. These findings can inform the 
layout of roads, street blocks and green spaces in new suburbs. 
Furthermore, analysis of cooling–air pollution relationships demon
strated that cooling benefits did not consistently coincide with PM re
ductions, highlighting context-dependent synergies and trade-offs 
between environmental services that vary with distance, time of day, 
and pollutant type.

In a warming world, and in addition to their value for recreation, 
public parks can now be designed as retreats from increasing noise 
pollution and heat stress. Recognising that environmental benefits are 
not uniformly co-delivered but instead exhibit spatially and temporally 
variable interactions is essential for effective planning. Specifically, park 
tracks and internal pathways can be strategically routed through cooling 
corridors, such as tree-shaded areas that this study found to reduce PET 
by up to 28.8%, ensuring that the primary transit routes used by pe
destrians provide maximum thermal relief. Furthermore, aligning these 
tracks away from park edges can further leverage the observed 0.5 ◦C 
temperature increase and 3.4 dB noise decline found for every 100 m of 
distance from the built-up boundary. Including these functions delib
erately in tender and design processes is a logical response to contem
porary climate change and associated rising summer air temperatures. 
Future research should assist in further optimising the effectiveness of 
public parks in delivering the aforementioned benefits. This work should 
include investigating the interplay between park size and shape, vege
tation composition and site management on air temperature, PM con
centration and thermal comfort under local summer weather conditions. 
As demonstrated here, mobile monitoring equipment that records 
environmental data at high frequency will be an important tool in these 
investigations to capture short-term fluctuations and fine-scale spatial 
variability in microclimatic and air quality parameters, enabling reliable 
smoothing and interpretation of environmental gradients, supporting 
evidence-based planning and design of resilient urban landscapes.

CRediT authorship contribution statement

Soheila Khalili: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Methodology, Formal analysis, Data curation, 
Conceptualization. Laurence Jones: Writing – review & editing, Su
pervision, Methodology, Investigation. Sebastian Pfautsch: Writing – 
review & editing, Methodology, Investigation, Conceptualization. Pra
shant Kumar: Writing – review & editing, Supervision, Project 
administration, Methodology, Investigation, Funding acquisition, 
Conceptualization.

S. Khalili et al.                                                                                                                                                                                                                                  City and Environment Interactions 31 (2026) 100407 

17 



Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

The authors acknowledge the support received from the SCENARIO 
DTP funding and the team from the University of Surrey's Global Centre 
for Clean Air Research (GCARE) to undertake Soheila Khalili's PhD 
programme. PK and LJ acknowledge the support received through the 
UKRI (NERC, EPSRC, AHRC) funded RECLAIM Network Plus (EP/ 
W034034/1; EP/W033984/1), GreenCities (NE/X002799/1; NE/ 
X002772/1), GP4Streets (UKRI1281) and GREENIN Micro Network Plus 
(UKRI1239) and UGPN-funded (GREENICON and UGPN-NBS) projects.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cacint.2026.100407.

Data availability

Data will be made available on request.

References

[1] World Health Organization. (2025). Urban planning. WHO. Retrieved February 3, 
2025, available online at: https://www.who.int/teams/environment-climate- 
change-and-health/healthy-urban-environments/urban-planning.

[2] Klemm W, Lenzholzer S, van den Brink A. Developing green infrastructure design 
guidelines for urban climate adaptation. J Landsc Archit 2017;12:60–71.

[3] Oijstaeijen W, Van Passel S, Cools J. Urban green infrastructure: a review on 
valuation toolkits from an urban planning perspective. J Environ Manag 2020; 
267:110603.

[4] Bowler DE, Callaghan CT, Felappi JF, Mason BM, Hutchinson R, Kumar P, et al. 
Evidence-base for urban green-blue infrastructure to support insect diversity. 
Urban Ecosyst 2024;28:1–14.

[5] Hansen R, Pauleit S. From multifunctionality to multiple ecosystem services? A 
conceptual framework for multifunctionality in green infrastructure planning for 
urban areas. Ambio 2014;43:516–29.

[6] Kumar P, Corada K, Debele S, Emygdio APM, Abhijith KV, Broomandi P, et al. Air 
pollution abatement from green-blue-grey infrastructure. Innov Geosci 2024;2 
(4):100100.

[7] Aghamohammadi N, Santamouris M, editors. Mitigation and adaptation of urban 
overheating - the impact of warmer cities on climate, energy, health, 
environmental quality, economy, and quality of life. Amsterdam: Elsevier; 2024. 
p. 380.

[8] Sahani J, Kumar P, Debele SE. Efficacy assessment of green-blue nature-based 
solutions against environmental heat mitigation. Environ Int 2023;179:108187.

[9] Zölch T, Maderspacher J, Wamsler C, Pauleit S. Using green infrastructure for 
urban climate-proofing: an evaluation of heat mitigation measures at the micro- 
scale. Urban For Urban Green 2016;20:305–16.

[10] Shi M, Chen M, Jia W, Du C, Wang Y. Cooling effect and cooling accessibility of 
urban parks during hot summers in China's largest sustainability experiment. 
Sustain Cities Soc 2023;93:104519.

[11] Shi M, Wang Y, Lv H, Jia W. Climate gentrification along with parks’ cooling 
performance in one of China’s tropical industrial cities. Sci Total Environ 2023; 
892:164603.
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