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Abstract: Cities are places with concentrations of people and the effects of their activities, which are particularly ex-
posed to the impacts of climate change. In this respect, one of the challenges for planners and decision-makers is urban 
heat mitigation regarding the higher intensity of heat islands and heat waves. Shaping urban tissue is fundamental in 
ensuring thermal comfort for city dwellers. Particular attention should be paid to children as they are more vulnerable 
to thermal stress. Hence, the study aims to enhance climate-sensitive urban planning and policy by providing evidence 
on the impact of green infrastructure (GI) and small-scale nature-based solutions (NBSs) such as preschool gardens 
(PGs) in urban heat mitigation in Poznań, Poland. In addition to recognising the thermal conditions of PGs, we inves-
tigated their thermal impact on the surrounding areas. We also analysed preschoolers’ exposure to urban heat during 
their stay in PGs. The study employed Geographic Information System (GIS) and remote sensing data from Landsat 
8 to generate the normalised difference vegetation index (NDVI) and surface temperature rasters. The results reveal 
that the thermal impact of PGs depends on their size, NDVI and the tree canopy cover (TCC) of both PGs and their 
surroundings. PGs are valuable areas that regulate thermal conditions in the city. We recommend optimising PGs into 
more nature-oriented spaces (NDVI > 0.3) that might play the additional role of site-scale cooling shelters. The univer-
sal methodology developed and adopted in the study allows for scaling the research to other cities in the temperate 
climate zone.

Keywords: climate-sensitive planning and policy, preschool gardens, cooling effect, land surface temperature, NDVI

Corresponding author: Piotr Lupa, Department of Integrated Geography, Faculty of Human Geography and Planning, 
Adam Mickiewicz University, Poznań, ul. Krygowskiego 10, 61-680 Poznań, Poland; e-mail: piotr.lupa@amu.edu.pl

Introduction

Cities are increasingly exposed to the impacts 
of climate change through temperature increases 
(Norton et al. 2015) and frequent extreme events 
such as heatwaves and tropical nights (Tomczyk, 
Bednorz 2016, Solecki et al. 2018). Additionally, 
dynamic urban development exacerbates tem-
perature conditions, contributing to the heat 

island phenomenon (Roth et al. 1989, Lee 1993, 
Majkowska et al. 2017, Saaroni et al. 2018).

One of the solutions to tackle climate change 
effects is green infrastructure (GI), which is a 
strategically planned network of natural and 
semi-natural areas with other environmental fea-
tures designed and managed to deliver a wide 
range of ecosystem services (ESs) (EU 2013), which 
has potential to moderate the above-identified 
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climate change impacts in towns and cities (Gill et 
al. 2007). GI that contributes through regulating 
ESs to reducing risk factors resulting from urban 
heat (Kabisch et al. 2017) can be developed and 
understood as large-scale nature-based solutions 
(NBSs) (EU 2015). It can be intentionally planned, 
designed and managed to foster climate change 
adaptation as “solutions that are inspired and 
supported by nature, which are cost-effective, 
simultaneously provide environmental, social 
and economic benefits and help build resilience” 
(EU 2015). In addition to these regulating ESs, 
GI composed of diverse elements also provides 
valuable cultural benefits, offering spaces for rest 
and recreation to diverse social groups, whose 
needs and perceptions of GI may vary (Jones et 
al. 2022, Bąkowska-Waldmann, Piniarski 2023). 
To enhance such multiple benefits, interventions 
may involve enlarging the GI surface through es-
tablishing new GI elements, physical changes of 
existing GI elements that increase multifunction-
ality and/or quality and various uses of GI and 
soft actions promoting GI (Zwierzchowska et al. 
2019).

GI and generally vegetation play important 
roles in mitigating thermal conditions in urban 
areas (Gill et al. 2007, Bowler et al. 2010, Norton 
et al. 2015, Saaroni et al. 2018). This crucial func-
tion results mainly from the evapotranspiration, 
tree shading and modification of surface rough-
ness, impacting wind flow and heat exchange 
(Qiu et al. 2013, Saaroni et al. 2018). Mature trees 
with large, dense crowns have been found to be 
the most effective for cooling (Gromke et al. 2015, 
Zhou et al. 2021, Kim et al. 2024).

Many studies show the vital role of urban 
parks and forests in mitigating urban heat (Cao 
et al. 2010, Oliveira et al. 2011, Grilo et al. 2020, 
Jang et al. 2024). While all green spaces, despite 
their size, provide vital ESs (Gill et al. 2007), most 
of the urban green areas investigated in climate 
studies were relatively large-scale, and fewer 
studies focus on the cooling potential of small-
scale green spaces (Lin et al. 2017).

Despite current evidence on the thermal ben-
efits of vegetation and water bodies, further re-
search is needed to investigate how cooling capac-
ities are influenced by different types, quantities 
and spatial arrangements of GI (Bartesaghi-Koc 
et al. 2019). Recognition of the cooling abilities 
of small green spaces is especially important for 

supporting the transition of a dense urban en-
vironment, where it is not possible to introduce 
large parks or forests. In this regard, Bowler et 
al. (2010) indicated that a cooling effect beyond 
the boundary of the green area is particularly im-
portant for public health. Therefore, a key line of 
future research on green space cooling effects is 
to investigate the influences of distance and size 
on the cooling effects of green areas, allowing 
spatial arrangements of greening. In this context, 
understanding the effect of land cover changes 
on surface and air temperatures in urban mi-
cro-scale environments is crucial for supporting 
sustainable planning and policy in densely built-
up areas (Kim et al. 2016).

Currently, about 50% of the global popula-
tion lives in urban settings, and it is projected 
that the number will grow by up to 70% by 2050 
(UN 2019). Given this, the importance of urban 
thermal conditions in shaping the quality of life 
increases. Within urban populations exposed to 
unfavourable thermal conditions, children are 
recognised as particularly vulnerable to the ef-
fects of urban heat (WHO 2008). According to 
a review conducted by Antoniadis et al. (2020), 
their higher vulnerability results from physiolog-
ical factors such as: 1) higher surface area to body-
mass ratio, which causes higher heat absorption; 
2) higher metabolic rate that leads to higher heat 
production; 3) lower height of children, which ex-
poses them more to the thermal impacts of long-
wave heat fluxes of high surface temperatures; 
4) undeveloped thermoregulation; 5) different 
process of heat loss (dry convective); and 6) rapid 
heat exchange. Since excessive heat can negative-
ly affect children’s health and wellbeing (Bäcklin 
et al. 2021, Malmquist et al. 2021), they should 
be given special protection, including measures, 
such as providing shaded play areas and green 
spaces (UNICEF 2024). Despite this fact, thermal 
conditions are still rarely considered in planning 
and designing spaces devoted to children (Vanos 
2015). Urban schoolyards are often covered with 
artificial materials with high heat capacities and/
or heat conductivities, insufficient shading and 
location in densely built-up areas, which creates 
unfavourable thermal conditions. Moogk-Soulis 
(2002, 2010) showed that schoolyards can even be 
a heat island due to their higher surface temper-
ature than their surroundings. Only recently the 
issue of thermal conditions in spaces predestined 
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for children such as playgrounds (Qi et al. 2022), 
schoolyards or preschool outdoor space (Sun et 
al. 2023, van den Bogerd et al. 2023, Wallenberg 
et al. 2023, Zhao et al. 2024) is getting an increas-
ing interest. The studies cover a wide range of 
aspects, from the conceptual framework high-
lighting the potential of green schoolyards (van 
den Bogerd et al. 2023), through the development 
of models showing the impact of shade on heat 
stress in preschool yards (Wallenberg et al. 2023), 
to simulation of selected built-up and atmospher-
ic parameters at the design stage, showing that 
optimisation in this regards can reduce the over-
all thermal stress (Sun et al. 2023). In addition, 
research tests the performance of grey technical 
solutions for heat mitigation, such as sun sails 
and mist-sprays systems (Zhao et al. 2024).

Considering that outdoor activities are rec-
ommended for children as they are beneficial for 
their health and development (Rose et al. 2008, 
Wu et al. 2013, Xiong et al. 2017, Wallenberg et 
al. 2023), providing safe and comfortable thermal 
conditions in schoolyards and preschool gar-
dens (PGs) becomes a new paradigm in the plan-
ning and design of multifunctional urban green 
spaces.

Taking the above into consideration, the main 
aim of this study is to enhance urban planning 
and policy in times of changing climate through 
providing evidence of the impact of GI and 
small-scale NBSs in urban heat mitigation. The 
objectives of this study are as follows:
1.	 to recognise the potential of small-scale NBSs 

such as PGs to lower the temperature at the 
site scale [identification of PG cooling effect 
(PGCE)];

2.	 to recognise the thermal conditions of PGs;
3.	 to estimate preschoolers’ exposure to urban 

heat during their stay in PGs.
This study in PGs provides baseline data on 

the impact of such small-scale green spaces on 
shaping thermal conditions for preschoolers and 
the nearest neighbourhood. Such evidence is 
fundamental to formulate recommendations for 
an integrated approach for planning and design 
that includes, among others, climate change ad-
aptation. The proposed research methodology 
and the findings obtained may contribute to cli-
mate-sensitive planning and design initiatives in 
other cities within the temperate climate zone.

Materials and methods

Study area

Poznań has a population of approximately 
545,000 inhabitants and an area of 262 km2, and 
is one of the largest cities in Poland (Statistics 
Poland 2022). The city is located in the temper-
ate climate zone and is characterised by average 
temperature over multiple years (1991–2020) of 
9.4°C and average precipitation over multiple 
years (1991–2020) of 538  mm. However, recent 
data show an increase in the average annual tem-
perature coupled with a decline in annual precip-
itation levels (IMWM 2023).

As with many other cities, Poznań faces the 
problem of climate change, which is expressed 
through rising temperature, more frequent-
ly occurring heat waves and tropical nights 
(Półrolniczak et al. 2018), among other factors, 
and those phenomena are predicted to increase 
by 2050 (UCAP 2019).

In Poznań, there are 263 preschools attended 
by 20,297 children (Department of Education of 
Poznań City Hall 2019), of which 87% (230) have 
their own outdoor space that plays the role of a PG 
(Fig. 1). However, they vary in terms of the share 
and composition of green spaces. According to 
the national regulations, preschools operate year-
round; however, during summer holidays, they 
may operate on a limited basis. Still each child is 
guaranteed care at their home preschool during 
the summer duty period.

We analysed thermal conditions of all PGs 
(N  =  230) against the background of the city’s 
land surface temperature (LST). To provide a lo-
cal-scale perspective, we further examined three 
detailed case studies: preschools No. 42, No. 87 
and No. 115, located in one of the most densely 
built-up areas of Poznań.

Materials and methods

The first step was to identify and map pre-
schools with their own outdoor area  – a PG 
(Fig. 2). Next, maps of average LST (ALST), tree 
canopy cover (TCC) and a distribution of the nor-
malised difference vegetation index (NDVI) were 
prepared to recognise thermal conditions of PGs 
and their relationship to the existing vegetation.
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Then, based on the ALST map, the air temper-
atures (Tair) were modelled, showing the thermal 
condition of PGs for children. Finally, PGCE was 
assessed, taking into account differences in ALST 
between each PG and its closest neighbourhood 
within a 45 m ring buffer, and the thermal profiles 
were analysed. We calculated average building 
heights in ring buffers of PGs using the BDOT10k 
(2022) topographic database as a secondary fac-
tor for analysing PGCE. The methods applied 
in the following steps are presented in the next 
sections.

Land surface temperature (LST), vegetation 
index and tree canopy cover (TCC)

The thermal conditions of PGs were recog-
nised by analysing the distribution of LST ob-
tained from satellite imaging, which is a com-
mon approach in urban climate studies (Voogt, 
Oke 2003, Tomlinson et al. 2011, Zhan et al. 2013, 
Zhou et al. 2019), as well as in studies assessing 

the thermal impact of green spaces (Cao et al. 
2010, Estoque et al. 2017, Jang et al. 2024).

We utilised the Landsat Surface Temperature 
product and selected bands of Landsat 8 Ope
rational Land Imager (OLI)/Thermal Infrared 
Sensor (TIRS) scenes from Collection 2 Level 2 
Science Products (EROS 2024). The data were 
processed according to Cook et al. (2014) and 
the thematic guide (LSDS 2020). Using Earth 
Explorer, we searched for images that captured 
the city’s warmest weather conditions, ensur-
ing that cloud cover was < 3%. Our selection fo-
cused solely on images free of cloud interference 
within the study area, allowing for accurate and 
clear observations. As a result, we included the 
thermal infrared bands ST_B10 from five mul-
tispectral satellite images that met the mentioned 
criteria. They were captured on the following 
dates: 7 June 2018, 3 June 2019, 26 June 2019, 23 
September 2019 and 8 August 2020. The images 
were acquired during clear weather conditions, 

Fig. 1. Location of PGs in Poznań based on data from the Department of Education of Poznań City Hall (2019) 
and the orthophoto of Poznań (SISP 2021).

PGs – preschool gardens
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characterised by a cloud-free sky and full sun ex-
posure over the entire city, at the time of 9:44–
9:51 GMT (11:44–11:51 CET). These images depict 
sunny weather typical of late spring, summer and 
early autumn – referred to as the warm season – 
when high temperatures may negatively impact 
the thermal comfort of Poznań residents.

To calculate LST, raw values of each pixel of 
the surface temperature bands were first multi-
plied using a scale factor and then enlarged by 
including additive scale factor (ASF) [Eq. (1), 
see LSDS (2020)]. In the next step we converted 
the LST values from Kelvins to Celsius degrees 
[Eq. (2)].

	 LSTK = (DN × MSF) + ASF	 (1)

	 LSTC = LSTK − 273.15	 (2)

where:
	– LSTK – LST in Kelvins (K),
	– DN  – digital number (value of each pixel of 

surface temperature band),
	– MSF  – multiplicative scale factor equal to 

0.00341802,
	– ASF – additive scale factor equal to 149,
	– LSTC – LST in Celsius degrees (°C).

As proposed by Majkowska et al. (2017), we 
created a raster map of the ALSTC from five imag-
es using the raster calculator in ArcMap [Eq. (3)].

Calculating thermal profiles
intersecting selected PGs
and their surrounding area

ALST and NDVI maps (produced 
in earlier stage), BDOT10k, tree
canopy layer from SIP Poznań

GIS
(stack profiles)

Identifying preschools with their
own outdoor area (gardens)

Calculating area-weighted 
ALST, T , mean NDVI, and air

TCC of PGs, their buffers,
and LULC classes

Estimating thermal conditions
in PGs (ALST and T )air

Creating ALST and NDVI
maps for Poznań

GIS
(digitisation based on

orthophoto)

List of preschools
from city register,

orthophoto of Poznań

Landsat 8 data:
bands 4, 5, and 10 (TIRS)

ALST and NDVI maps (produced
in earlier stage), T model from air

literature, BDOT10k, tree canopy
layer from SIP Poznań

ALST and NDVI maps (produced 
in earlier stage), BDOT10k, tree
canopy layer from SIP Poznań

GIS
(satellite images

processing) 

GIS and statistics
(zonal and descriptive

statistics)

Statistics
(descriptive statistics)

Main steps Input dataMethods

Recognising cooling effect
of preschools’ gardens (PGCE)

ALST and NDVI maps (produced
in earlier stage), T model from air

literature, BDOT10k, tree canopy
layer from SIP Poznań

GIS and statistics
(ring buffer, zonal

statistics, stack profiles)

Fig. 2. Study framework.
ALST – average land surface temperature; NDVI – normalised difference vegetation index; TIRS – thermal infrared 

sensor; Tair – air temperature; TCC – tree canopy cover; PG – preschool garden; LULC – land use and land cover; 
SIP – spatial information system; PGCE – preschool garden cooling effect; GIS – geographic information system
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	 ALST =
∑ LSTi=1 C

n

n 	 (3)

where:
	– ALST – average LST (°C),
	– LSTC – LST in Celsius degrees (°C) for a given 

pixel,
	– n – number of scenes (pixels).

In this study, we included the greenness lev-
el by employing the NDVI, which is commonly 
used in studies related to surface temperature 
(Walawender 2009). With NDVI, we were able to 
group PGs according to the greenness levels of 
vegetation (Lo, Quattrochi 2003, Feyisa et al. 2014). 
We calculated NDVI as proposed by Lillesand et 
al. (2004) based on Landsat bands 4 [red band 
(RED)] and 5 [near infrared band (NIR)] [see Eq. 
(4)]. For each of the PGs, the mean NDVI was cal-
culated using the zonal statistics tool [Eq. (5)].

	
NDVI =

(NIR − RED)

(NIR + RED) 	
(4)

	 ANDVI =
∑ NDVIi=1

n

n 	 (5)

where:
	– NDVI – normalised difference vegetation in-

dex,
	– NIR – near infrared band, Landsat 8 band 5,
	– RED – red band, Landsat 8 band 4,
	– ANDVI – average NDVI of a given polygon,
	– n – number of NDVI pixel values intersected 

by a given polygon.
For PGs and their buffers, we calculated TCC 

as the percentage share of canopy cover (%). It 
was based on the tree canopy layer (SISP 2018), 
which provides information on the canopy cov-
erage at a 0.5  m spatial resolution in the year 
2018. We also analysed how building height in 
PG buffers (measured by the number of floors) 
affects thermal conditions in PGs. We identified 
a number of floors using the vector Topographic 
Objects Database (BDOT10k 2022).

The relationships between selected variables 
and ALST and PGCE were assessed using the 
Pearson correlation coefficient.

While analysing the thermal conditions in 
PGs, we also considered the air temperature 
distribution, estimated using the LST data and 
the non-linear regression model developed for 

Poznań by Majkowska et al. (2017) [see Eq. (6)]. 
The authors of the model used thermal data from 
TM Landsat 5 satellite images, along with mete-
orological data that represent air temperature at 
2 m above the ground in various areas of the city 
of Poznań, obtained from in situ measurements 
with HOBO sensors. The model is notable for its 
high coefficient of determination (r² = 0.84).

	 Tair = b0 × (ALSTc)
b1	 (6)

where:
	– Tair – estimated air temperature at a height of 

2 m above ground level (°C),
	– b0, b1 – model coefficients: b0  =  0.633 and 

b1 = 1.035,
	– ALSTC – average LST (°C).

We compared the estimated air temperature 
values in PGs to the number of preschoolers from 
the city register, taking into account thresholds 
from the Atlas of Poland Climate (Tomczyk, 
Bednorz 2022), in which warm days (25.1–30.0°C) 
and hot days (> 30.0°C) are distinguished.

Preschool garden cooling effect (PGCE)
The PGCE was defined as the mean LST dif-

ference between the PG and its buffer as pro-
posed by Cao et al. (2010) and Chibuike et al. 
(2018), who measured a park’s cooling island 
intensity. A similar approach is commonly used 
in studies on the intensity of surface urban heat 
islands measured as LST differences between ur-
ban and surrounding reference areas (Zhou et al. 
2019). We calculated PGCE using Eq. (7) based 
on Chibuike et al. (2018). Negative values of 
PGCE indicate a cooling effect (ALSTpg < ALSTb) 
and positive ones a warming effect of given PGs 
(ALSTpg > ALSTb).

	 PGCE = ALSTpg − ALSTb	 (7)

where:
	– ALSTb – average LST (°C) calculated for a giv-

en buffer of PG,
	– ALSTpg  – average LST (°C) calculated for a 

given PG.
We analysed PGCE within a 45 m distance, 

which results from the spatial resolution and ge-
ometric parameters of Landsat 8 TIRS that collects 
data with a 100 m spatial resolution resampled to 
30 m (USGS 2019). Storey et al. (2014) have shown 
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that the geometric accuracy varies from 7.4  m 
in the case of TIRS Band-to-Band Registration 
Accuracy (requirement value < 18 m) to 32.7 m in 
the case of TIRS Absolute Geodetic Accuracy (re-
quirement value < 76 m). Taking the above into 
account, we applied buffers, the size of which 
exceeded the spatial resolution (pixel size) and 
geometric performance values of the input data 
(Zhan et al. 2013). A similar justification was pre-
sented by Chibuike et al. (2018).

However, it is necessary to stress that there is 
no standard approach in delimitation buffer zones 
thus far. Other studies that quantified greenspace 
cooling effects applied various buffer parametri-
sations, e.g., from 30 m intervals from the edges 
of parks to a maximum distance of 420 m (Feyisa 
et al. 2014), 100 m intervals to a maximum dis-
tance of 200 m (Łowicki, Kuklińska 2025) and 100 
m around each case study greenspace (Shih 2017).

For the three selected case study preschools, 
we investigated the PGCE using the thermal 
profiles (stack profiles) showing the temper-
ature change within a distance interval (e.g. 
Walawender 2009, Majkowska et al. 2017). We 
used an ALST raster and a sampling interval of 
30 m according to the map resolution.

Results

Thermal conditions of preschool gardens

Average land surface temperature (ALST)
We identified 230 preschools with PGs (87% 

of all preschools in the city). The mean surface 
area of gardens was 1585  m2, with a minimum 
of 26  m2 and a maximum of 6893  m2. As much 
as 59% (135 objects) had surface areas lower than 
the mean value. This study has found no signifi-
cant correlation between surface area and ALSTpg 
(r = −0.0287, p = 0.665).

The distribution of NDVI was also quite di-
verse and ranged from nearly 0.1 to 0.4, with 
an area-weighted mean of 0.24 being equal to 
the median. Hence, half of the mapped PGs 
had NDVI values >  0.24, and the second half 
had lower values. The average NDVI (ANDVI) 
of PGs proved to be significantly negatively 
correlated with ALSTpg (r = −0.4608, p = 0.000), 
same as ANDVI of garden buffers with ALSTpg 
(r = −0.7547, p = 0.000).

PGs had a wide range of TCC, from 0% to 
97.5%, with an area-weighted mean of 41.3%. 
In the case of 132 PGs, TCC was lower than 
the mean. TCC of PGs was found to be signifi-
cantly negatively correlated with the ALSTpg 
(r = −0.1481, p = 0.025). Similar relationship was 
found also for the ALSTpg and the TCC of their 
buffers (r = −0.5805, p = 0.000).

The ALST values of PGs ranged between a 
maximum of > 42°C, a minimum of > 29°C and a 
mean near 37°C. The mean value was > 2°C high-
er than the mean ALST calculated for the whole 
city. Land use/land cover (LU/LC) patterns in 
Poznań could partially explain this condition 
since 88% of PGs are located in land use classes 
of the highest mean ALST levels, and this could 
have a warming impact on the thermal condi-
tions in the gardens. The analysis of preschool 
distribution has shown that 64% of gardens are 
located (have their centroids) in densely built-
up areas (continuous and discontinuous dense 
urban fabric), 24% in industrial and commercial 
units, near 5% in the discontinuous medium-den-
sity urban fabric, about 3% in green urban areas 
and > 4% in other LU/LC classes.

The mean ALSTpg was lower in the groups of 
gardens with a higher mean NDVI value (Fig. 3). 
In the case of Poznań, the difference in ALST 
between extreme groups of PGs (grouped by 
NDVI) was > 1.8°C, which emphasises the role of 
greenery in mitigating urban heat.

However, the effect of NDVI does not al-
ways explain the temperature difference. For 
this reason, we have incorporated additional 

Fig. 3. Differences in preschool garden ALST 
depending on NDVI levels based on Landsat 8 data 

(EROS 2024).
ALST – average LST; LST – land surface temperature; 
NDVI – normalised difference vegetation index; PGs – 

preschool gardens
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parameters, such as TCC (%), and building 
height (the mean number of floors) into our anal-
ysis. Table 1 shows that four groups of PGs can 
be distinguished.

The relationship between NDVI and ALST 
was visible for 160 PGs. However, there were 29 
PGs where despite their relatively high vegeta-
tion cover (ANDVI > 0.25, mean TCC = 38.4%), 
the ALST was above average. There were also 41 
PGs where, despite relatively low ANDVI and 
TCC, ALST was below average. In the cases of 
groups 2 and 4, the impact of the intensity of de-
velopment in the vicinity of PGs could have been 
significant. In group 2 of PGs, the mean height of 
buildings within PG buffers was the highest, sug-
gesting a higher warming influence from build-
ings. In group 4, the mean height of buildings 
was the lowest (Table 1), indicating less warming 

influence. It is consistent with the correlation 
found in this study between the height of build-
ings in PG buffers and the ALSTpg (r  =  0.1508, 
p = 0.022, N = 230) – as the mean height of build-
ings in PG buffers increases, the ALSTpg also 
increases.

Average air temperature
Air temperature in PGs at about noon in the 

summertime and during radiation weather con-
ditions estimated based on ALST ranged from 
almost 21°C to > 30°C. This indicates that most 
preschoolers (94.5%) spend time in gardens char-
acterised by estimated air temperatures rang-
ing from >  25°C to nearly 30°C (warm days). 
Additionally, 0.2% of preschoolers who spend 
time in PGs might be exposed to air temperatures 
> 30°C that characterise hot days (Fig. 4).

Table 1. Greenness and building characteristics of PGs and their buffers based on Landsat 8 data (EROS 2024) 
and TCC (SISP 2018).

Statistics

Group 1
PGs with high ANDVI 

(≥0.25) and below 
average ALST

(<36.83; N = 76)

Group 2
PGs with high ANDVI 

(≥0.25) and above 
average ALST

(>36.83; N = 29)

Group 3
PGs with low ANDVI 

(<0.25) and above 
average ALST

(>36.83; N = 84)

Group 4
PGs with low ANDVI 

(<0.25) and below 
average ALST

(<36.83; N = 41)
TCC (%) in PGs

Mean 42.74 38.38 32.41 30.31
Median 42.73 37.84 32.38 32.96
Min 0.00 4.91 0.00 0.00
Max 97.50 68.90 81.80 85.79

TCC (%) in PG buffers
Mean 30.71 22.42 17.44 23.17
Median 31.15 21.76 16.44 22.86
Min 4.01 7.54 3.54 7.61
Max 90.06 40.34 39.20 38.85

Greenness level (ANDVI) of PGs
Mean 0.28 0.28 0.20 0.20
Median 0.28 0.27 0.20 0.21
Min 0.25 0.25 0.08 0.12
Max 0.40 0.33 0.24 0.24

Greenness level (ANDVI) of PG buffers
Mean 0.26 0.22 0.18 0.22
Median 0.25 0.22 0.18 0.21
Min 0.17 0.16 0.08 0.15
Max 0.40 0.27 0.25 0.27

Number of floors in buildings located within buffer zones of preschools
Mean 2.31 2.80 2.47 2.15
Median 2.00 2.00 2.00 2.00
Min 0 0 0 1
Max 18 18 18 12

ALST – average LST; ANDVI – average NDVI; LST – land surface temperature; NDVI – normalised difference vege-
tation index; PGs – preschool gardens; TCC – tree canopy cover
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Preschool garden cooling effect on 
neighbourhoods

Results of buffer analysis
Based on the buffer analysis, we identified 

137 PGs that cool down the nearest surround-
ings within a distance of 45 m. Notably, 29 re-
sults were excluded due to their level of uncer-
tainty. Thus, we confirmed the cooling impact of 
117 PGs and the warming effect of 84 gardens. 
The mean cooling effect was about −0.16°C 
with a minimum of −0.03°C and a maximum of 
−0.51°C. In contrast, the mean warming impact 
was about 0.18°C with a minimum of 0.03°C and 
a maximum of 0.62°C.

PGs varied based on area, NDVI and ALST, 
among other parameters as presented in Table 2. 
The cooling PGs are characterised by nearly 0.5°C 

lower temperature on average than the ones with 
warming effect (area-weighted mean ALST in 
Table 2).

Those generating a cooling effect were usual-
ly more extensive. Their mean surface area was 
approximately 19% larger than that of gardens 
with a warming impact. However, there was no 
significant correlation between surface area and 
PGCE size in PGs (r = −0.0292, p = 0.660, N = 201).

Values of the vegetation index were also 
slightly higher for cooling gardens. This is well 
observed in groups of gardens according to the 
NDVI levels. The mean cooling effect (PGCE) 
increased from −0.11°C with NDVI <  0.2 to 
−0.20°C with NDVI ≥0.3 (Fig. 5). We have found 
a significant negative correlation between PGCE 
and ANDVI in both PGs (r = −0.2805, p = 0.000, 
N = 230) and their buffers (r = −0.2315, p = 0.000, 
N = 201).
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Table 2. Characteristics of PGs in Poznań due to the PGCE status based on the orthophoto of Poznań (SISP 
2021) and Landsat 8 data (EROS 2024). 

Characteristics ALST (°C) Area (m2) NDVI TCC (%) Average building height (No. of floors)
Preschools with cooling effect, N = 117

Minimum 29.35 48 0.09 0.00 1.07
Maximum 40.09 5300 0.40 97.50 9.25
Area-weighted mean 36.66 1767 0.26 44.97 3.02
Mean 36.47 1767 0.25 40.79 2.93
Standard deviation 1.55 1425 0.05 21.20 1.54

Preschools with warming effect, N = 84
Minimum 34.18 26 0.08 0.00 1.00
Maximum 42.39 6893 0.33 85.79 7.33
Area-weighted mean 37.14 1481 0.24 34.05 2.46
Mean 37.28 1481 0.22 31.20 2.43
Standard deviation 1.46 1435 0.05 21.61 1.25

ALST – average LST; LST – land surface temperature; NDVI – normalised difference vegetation index; PGCE – 
PG cooling effect; PGs – preschool gardens; TCC – tree canopy cover
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The impact of TCC is also evident in PGs. The 
gardens with cooling potential had a TCC ar-
ea-weighted mean > 10 percentage points higher 
than the ones with warming potential. The TCC 
in PGs (r = −0.2095, p = 0.001, N = 201) as well as 
in their buffers (r = −0.2265, p = 0.001, N = 230) 
and PGCE proved to be significantly negatively 
correlated.

Both groups of PGs differ in terms of the level 
of development in their surroundings, which is 
measured by the average height of the buildings 
nearby. The data presented in Table 2 shows that 
PGs with a cooling effect are surrounded by high-
er buildings. This suggests that these gardens are 
situated in a potentially warmer environment, as 
taller buildings tend to generate more heat due to 
their larger heat exchange surface. Hence, the dif-
ference in surface temperature between PGs and 
their buffers (PGCE) may be greater. This study 
has found a significant negative correlation be-
tween PGCE and average building height in buff-
ers (r = −0.1813, p = 0.006, N = 201).

PGs are located in various LU/LC settings. 
The cooling gardens were situated mainly in the 
discontinuous dense urban fabric (50%) and con-
tinuous urban fabric (21%). PGs with a warming 
effect were predominantly located in the classes 
mentioned above (53%) and in industrial, com-
mercial, public, military and private units (32%). 
PGs that cool down their vicinity are more often 
located in residential areas (75%) than those with 
warming impacts (59%). Hence, their positive 
cooling effect in the summer may benefit a larger 
group of inhabitants.

Thermal profiles of selected case studies
We investigated the cooling effects of three 

case study gardens, for preschools No. 42, No. 

87 and No. 115 (Table  3), by analysing thermal 
profiles to evaluate their impact on local thermal 
conditions.

The thermal profile of the garden in Preschool 
No. 42 and its vicinity (Fig. 6) showed a 2.45°C 
(PGCE) difference in ALST between a local hot-
spot (40.40°C), situated in the surrounding dense 
built-up area and the coolest part of the garden 
(37.95°C). This was observed at a distance of 100 
m if we measure it from the local hotspot to the 
garden’s border. The profile also indicates the 
change of thermal conditions within the garden. 
The difference of ALST between two spots on the 
garden’s edges intersecting the profile was about 
1°C. The first one was located within a high tree 
stand (in the coolest part of the garden), and the 
second was near the tall buildings characterised 
by higher ALST. The share of grey infrastructure 
in the garden’s 100 m buffer zone was almost 
75%.

The second profile (B) describes the thermal 
condition of the garden in Preschool No. 87 and 
its vicinity (Fig. 6). The analysed garden is small-
er than the previous one and is surrounded by 
tight buildings. The share of GI in its 100 m buffer 
zone is >  87%. The PGCE was about 1°C if we 
consider the difference between the local hotspot 
(40.72°C) and the coldest site inside the garden 
(39.73°C). The estimated temperature difference 
was lower than in the first case study, as more 
buildings isolate this green space. However, the 
distance of the thermal impact is similar.

Different thermal conditions relate to the case 
of the garden in Preschool No. 115 (Fig. 6, profile 
C). The share of grey infrastructure in its 100 m 
buffer zone was about 65%, the lowest in the ana-
lysed cases. The cooling effect of the garden could 
not be extracted from the overlapping impact 

Table 3. Characteristics of selected case studies based on Landsat 8 data (EROS 2024) and the Urban Atlas (EEA 
2020). 

Parameter
Preschool No. 42 Preschool No. 87 Preschool No. 115

PG Buffer (45 m) PG Buffer (45 m) PG Buffer (45 m)
Area (m2) 3446 18,616 2853 17,432 1029 12,595
NDVI 0.27 0.16 0.24 0.15 0.22 0.20
ALST (°C) 38.26 38.55 39.80 39.96 37.74 37.59
TCC (%) 57.09 17.97 60.47 17.13 36.63 15.23
Mean number of building floors 0 3.43 0 3.67 0 4.00
LU/LC Continuous urban fabric 

(S.L.: > 80%)
Continuous urban fabric 

(S.L.: > 80%)
Industrial, commercial, pub-
lic, military and private units

ALST – average LST; LST – land surface temperature; LU/LC – land use/land cover; NDVI – normalised difference 
vegetation index; PG – preschool garden; TCC – tree canopy cover
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Fig. 6. Thermal profiles of the case studies, gardens and its vicinity based on Landsat 8 data (EROS 2024) and 
the orthophoto of Poznań (SISP 2021).
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of larger green areas in the vicinity (Drwęskich 
Urban Park). In addition, the local cold spot was 
not inside the PG, suggesting more significant 
factors affecting the thermal conditions. The cu-
mulative cooling intensity of all green spaces was 
about 3°C.

The results show that the greenery of pre-
schools has a cooling effect on the environment, 
which is clearly visible when using the thermal 
profile method.

Discussion

Importance of thermal conditions of 
preschool gardens for children and 
neighbourhood

Climate change results in the increased num-
ber of hot days and heatwaves, making it harder 
to maintain comfort in cities. This affects also pre-
schools, where young children (ages 3–6  years) 
play outside in warm season. Yet, climate policies 
or space design often overlook children’s needs 
(Pegram, Colon 2020).

This study has shown that PGs located in a di-
verse urban context vary in terms of size, NDVI 
and TCC, which translates into different thermal 
conditions illustrated by ALSTs ranging from 
≈33°C to > 39°C.

The air temperature estimated based on ALST 
shows that 94.5% (18,073) of preschoolers can 
experience temperatures >  25°C to 30°C, while 
0.2% (44) might be exposed to air temperatures 
>  30°C that characterise hot days. According to 
Półrolniczak et al. (2018), hot days occurred in 
Poznań on average 18 times per year (within the 
period of 1966–2015), with a maximum of 37 days 
in 2006. The frequency of this phenomenon is in-
creasing (Wibig 2021).

The need to deal with high temperatures af-
fects preschools and school yards in various ge-
ographical contexts. The review conducted by 
Antoniadis et al. (2020) revealed three factors 
contributing to heat issues, namely land cover 
materials with high heat capacities and/or heat 
conductivities, like asphalt or concrete, a lack of 
shade and proximity to other hot areas.

Bäcklin et al. (2021) have revealed that an im-
portant factor that shapes local climate conditions 
is shade provided mainly by trees. Their results 

indicate that PGs with fewer trees are more ex-
posed to heat stress than those with many trees. 
Zhang et al. (2017) have also shown that planting 
trees is the most effective solution for improving 
school outdoor thermal comfort. Shading recre-
ational areas for children can also lower the risk 
of heat stress during hot weather (Vanos et al. 
2017) and reduce the risk of sunburn and skin 
cancer through reducing ultraviolet radiation ex-
posure (Gage et al. 2019). Lanza et al. (2021) have 
confirmed that more children interact with trees 
during periods of high heat index than during 
periods of moderate heat index, which highlights 
the crucial role of trees in cooling the play space 
during the hottest periods.

The green spaces in PGs can provide not only 
a better thermal environment for pupils using 
those spaces but also thermal impacts beyond the 
preschool’s borders that can contribute to living 
conditions of local communities. However, ame-
liorating the impact of climate heat on children’s 
health is not common practice in designing play 
spaces in an urban context (Vanos 2015). Not 
surprisingly, schoolyards are often ‘heat islands’ 
with higher temperatures than the surrounding 
streets (Moogk-Soulis 2002, 2010).

The results of this study have shown that PGs 
could be cooler or warmer than the surroundings. 
Similarly, there was strong variation in thermal 
conditions of PGs (Bäcklin et al. 2021). Although 
the average cooling potential of PGs in the neigh-
bourhood was rather low, the thermal profiles of 
the selected case studies illustrated that such an 
impact can be much higher, up to 2.5°C. When 
placed within the broader range of 1–7°C report-
ed for urban green spaces, this demonstrates 
a meaningful cooling potential (Soltanifard, 
Amani-Beni 2025).

The potential of GI for cooling the neighbour-
hood is related to vegetation type. As our results 
have shown, the PGs with higher TCC were char-
acterised by cooler thermal conditions. A more 
specific study conducted by Lehnert et al. (2021) 
showed that the cooling impact of trees on the 
heat stress index was detected up to 10.5°C in 
Universal Thermal Climate Index (UTCI), while 
low vegetation was able to reduce the UTCI by 
not more than 2.3°C.

The thermal conditions of preschools are also 
impacted by the surrounding urban context. As 
simulations conducted by Zhang et al. (2017) 
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indicated, the temperature of the playground 
area might increase by approximately 2.0°C at 2 
p.m. under a high-rise neighbourhood scenario.

The ability to regulate local climate conditions 
by small-scale solutions such as PGs in densely 
built-up areas can contribute to (thermal) comfort 
within PGs and in neighbouring public spaces. 
However, the strength of thermal regulation is 
highly related to local complex conditions and 
land-use management. The results of this study 
are consistent with a review showing that cooling 
intensity is shaped by vegetation type, spatial con-
figuration and urban morphology (Soltanifard, 
Amani-Beni 2025).

Implications for climate-sensitive urban 
planning and policy

Shaping comfortable thermal conditions in ur-
ban settings is among the various challenges that 
face Poznań and many other cities where climate 
change effects along with urban development can 
lead to unfavourable heat (UCAP 2019).

This study provides evidence of usefulness 
in identifying thermal ‘hotspots’ as the priority 
areas for interventions towards better thermal 
conditions. The hotspot areas are characterised 
by a high density of built-up structures and a 
high share of artificial surfaces. Such spaces have 
limited opportunities for implementing new 
large-scale green elements. Still, there is room for 
greening existing open spaces and introducing 
new small-scale NBSs. As Oke et al. (2017) em-
phasised, increasing vegetation cover and incor-
porating natural landscape features into already 
built-up areas are the best means of managing 
urban climate effects at all scales. This approach 
has recently been applied in the context of educa-
tional facilities, where transformation initiatives 
are being implemented (coolschools.eu).

This study has shown that NDVI can be an 
accessible measure for monitoring green areas 
and a supporting measure for indicating places 
for interventions towards better thermal con-
ditions. NDVI of ≥0.3 showed lower ALST and 
can be used as a threshold for planning for bet-
ter thermal conditions and delimiting the areas 
that have the potential to mitigate urban heat. 
The given NDVI threshold has been used in other 
studies to identify GI and its effect on tempera-
ture (Arellano, Roca 2022). In Barcelona, Spain 

and its metropolitan area, NDVI > 0.4 and a mini-
mum size threshold of 0.5 ha (Barcelona Regional 
2019) have been used for delimiting green are-
as that play the role of outdoor climate shelters 
(‘refugis climàtics’) (Baró et al. 2021). According 
to Barcelona Regional (2019), a climate shelter is 
considered an indoor or outdoor accessible space 
that during extreme weather episodes provides 
the population with thermal comfort, rest and 
safety. With this definition in mind, Polish cities 
can enhance their adaptation strategies by adopt-
ing the successful practices applied in Barcelona. 
This can be achieved as part of urban climate ad-
aptation plans by identifying potential climate 
shelters, particularly through an assessment of 
institutional greenery based on our research 
findings.

This study has shown that PGs that are pres-
ent in various city locations, including dense ur-
ban areas, are valuable reservoirs of open spaces. 
However, PGs, similar to schoolyards, are often 
designed in a traditional way with large asphalt 
surfaces and limited green spaces (Danks 2010). 
Planning, designing and retrofitting PGs and/or 
schoolyards can transform their space into local 
cooling spots. Such an approach was applied in 
Barcelona, where selected schoolyards are used 
as climate shelters (Baró et al. 2021). By intro-
ducing blue, green and grey technical solutions, 
schoolyards support the city’s adaptation to cli-
mate change and ameliorate the exposure of the 
school population to urban heat. The transformed 
schoolyards play the role of climate shelters for 
pupils and local residents as they stay publicly 
open (Cartalis 2020). Similarly, the project OASIS 
developed in Paris (Baró et al. 2021) focuses on 
transforming pilot school playgrounds into cool 
islands using NBSs and a co-design approach 
(Sitzoglou 2020).

Incorporating bioclimatic urban design princi-
ples into reshaping public spaces could contrib-
ute to more comfortable environments for urban 
communities; in particular, increasing focus on 
bioclimatic design can be translated across urban 
spaces (Cortesão et al. 2016).

Limitations

The use of NDVI and LST enabled the as-
sessment of vegetation and thermal conditions 
across 230 PGs in Poznań without the need 

http://coolschools.eu
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for labour-intensive in situ measurements. 
Increasingly accurate satellite imagery, such as 
Landsat 8/9, provides standardised, spatially 
explicit and fully open data that are useful for 
urban climate research. Despite some criticisms 
regarding its coarse resolution, NDVI remains 
a widely applied green space metric (Huang et 
al. 2021), including also in studies involving chil-
dren (Kabisch et al. 2017). However, the spatial 
resolution of the Landsat bands utilised (30  m) 
can be a limitation, particularly for smaller re-
search areas. In this study, the larger size of PGs 
relative to pixel size helped mitigate uncertainty. 
While direct field-based measurements (i.e. using 
microclimate sensors) and remote sensing based 
on unmanned aerial vehicles (UAVs) offer high-
er precision for site-scale studies, they are costly 
and face challenges related to spatial range (e.g. 
as using a UAV to conduct measurements simul-
taneously across many distant locations is limit-
ed). Bridging the gap between fine-scale assess-
ments and broadly available data remains crucial 
for effective climate-sensitive urban planning.

Conclusion

Thermal conditions in cities are becoming 
globally an increasingly important feature of 
healthy living. At the same time, compact de-
velopment limits the space for new large-scale 
green interventions, emphasising the need for 
using existing spaces for re-greening or imple-
menting small-scale NBSs. This study revealed 
the potential of small-scale PG impact on ther-
mal conditions within PG boundaries and in the 
neighbourhood against the background of ther-
mal conditions at the city scale.

The mean ALST differences of >  1.8°C were 
detected between PGs with higher NDVI (≥0.3) 
and those with lower NDVI (< 0.2). Assessment 
of thermal conditions using NDVI at the site 
scale is helpful, especially when more detailed 
data or site scale measurements are not availa-
ble. Similarly, the information about the share 
of TCC shows the role of vegetation in cooling 
PGs and supports the identification of PGs where 
greening interventions could be applied to im-
prove thermal conditions. As we show, during 
warm season the estimated air temperature in 

PGs ranges from 21°C to > 30°C, when providing 
thermal comfort during outdoor activities is im-
portant for human well-being and health.

The measurements of PG impacts on thermal 
conditions in the neighbourhood show twofold 
results. The average impact of PGs on thermal 
conditions within 45 m was detected at a low lev-
el (−0.16°C, +0.18°C). However, thermal profiles 
of selected case-studied PGs were more useful to 
capture PGCE from about −1°C to −2.45°C, illus-
trating a site-specific context.

The study’s findings emphasise the critical 
importance of climate-sensitive urban planning, 
advocating for transforming PGs into NBSs in 
Poznań and other cities, not only in Poland. The 
proposed strategy enhances urban resilience to 
the thermal effects of climate change, in condi-
tions of escalating competition for urban land. 
Our approach shows PGs that were previously 
perceived only or predominantly as attractive 
places for children are also tools for shaping 
thermal conditions in the city (especially cooling 
ones, which can be considered climate shelters/
refuges). It emphasises the multifunctional role 
of green spaces in the city and their conscious 
design and management towards adaptation to 
climate change.

We add to the discussion that could support 
climate-sensitive planning and decision-making 
in cities. Further work should focus on providing 
ready-to-apply indicators that can serve to meas-
ure the baseline state as well as monitor changes 
in green spaces and their impact on urban ther-
mal conditions.

Acknowledgements

The authors would like to thank the Editors 
and two anonymous reviewers for their valuable 
comments and suggestions on earlier versions of 
this article.

Authors’ contributions

PL: conceptualisation, methodology, data 
curation and processing, investigation, visualis-
ation, writing and editing and correspondence 
with editors. IZ: conceptualisation, methodolo-
gy, investigation, writing and editing.



	 NATURE-BASED PRESCHOOL GARDENS FOR THERMAL CONDITION REGULATION...	 101

References

Antoniadis D., Katsoulas N., Papanastasiou D.Κ., 2020. Ther-
mal environment of urban schoolyards: Current and fu-
ture design with respect to children’s thermal comfort. 
Atmosphere 11: 1144. DOI 10.3390/atmos11111144

Arellano B., Roca J., 2022. Assessing urban greenery using 
remote sensing. In: Earth Observing Systems XXVII. SPIE, 
San Diego, United States: 19. DOI 10.1117/12.2632674

Bäcklin O., Lindberg F., Thorsson S., Rayner D., Wallenberg 
N., 2021. Outdoor heat stress at preschools during an 
extreme summer in Gothenburg, Sweden  – Preschool 
teachers’ experiences contextualized by radiation mod-
elling. Sustainable Cities and Society 75: 103324. DOI 
10.1016/j.scs.2021.103324

Bąkowska-Waldmann E., Piniarski W., 2023. Gender-specific 
preferences regarding urban green areas. Quaestiones Ge-
ographicae 42(4): 23–41. DOI 10.14746/quageo-2023-0037

Barcelona Regional, 2019. Espais de refugi climàtic metropoli-
tans. Barcelona Regional, Agència Desenvolupament 
Urbà, Barcelona.

Baró F., Camacho D.A., Pérez Del Pulgar C., Triguero-Mas 
M., Anguelovski I., 2021. School greening: Right or 
privilege? Examining urban nature within and around 
primary schools through an equity lens. Landscape and 
Urban Planning 208: 104019. DOI 10.1016/j.landurb-
plan.2020.104019

Bartesaghi-Koc C., Osmond P., Peters A., 2019. Mapping and 
classifying green infrastructure typologies for climate-re-
lated studies based on remote sensing data. Urban For-
estry and Urban Greening 37: 154–167. DOI 10.1016/j.
ufug.2018.11.008

BDOT10k (Topographic Objects Database BDOT10k), 2022. 
Baza Danych Obiektów Topograficznych BDOT10k. Nation-
al Geodetic and Cartographic Resource (Poland), Head 
Office of Geodesy and Cartography (GUGiK). https://
www.geoportal.gov.pl/pl/dane/baza-danych-obiek-
tow-topograficznych-bdot10k/ (accessed 3 November 
2022).

Bowler D.E., Buyung-Ali L.M., Knight T.M., Pullin A.S., 2010. 
A systematic review of evidence for the added benefits to 
health of exposure to natural environments. BMC Public 
Health 10. DOI 10.1186/1471-2458-10-456

Cao X., Onishi A., Chen J., Imura H., 2010. Quantifying the 
cool island intensity of urban parks using ASTER and 
IKONOS data. Landscape and Urban Planning 96: 224–231. 
DOI 10.1016/j.landurbplan.2010.03.008

Cartalis C., 2020. Climate Shelters Journal 2: Update on Bar-
celona’s project. Urban Innovative Actions. Retrieved 
from https://www.uia-initiative.eu/en/news/cli-
mate-shelters-journal-2-update-barcelonas-project (ac-
cessed 23 October 2022)

Chibuike E.M., Ibukun A.O., Abbas A., Kunda J.J., 2018. As-
sessment of green parks cooling effect on Abuja urban 
microclimate using geospatial techniques. Remote Sens-
ing Applications: Society and Environment 11: 11–21. DOI 
10.1016/j.rsase.2018.04.006

Cook M., Schott J., Mandel J., Raqueno N., 2014. Develop-
ment of an operational calibration methodology for the 
Landsat thermal data archive and initial testing of the 
atmospheric compensation component of a land sur-
face temperature (LST) Product from the archive. Remote 
Sensing 6: 11244–11266. DOI 10.3390/rs61111244

Cortesão J., Alves F.B., Corvacho H., Rocha C., 2016. Retro-
fitting public spaces for thermal comfort and sustaina-

bility. Indoor and Built Environment 25: 1085–1095. DOI 
10.1177/1420326x16659326

Danks S.G., 2010. Asphalt to ecosystems: Design ideas for school-
yard transformation. New Village Press, China.

Department of Education of Poznan City Hall, 2019. Pre-
schools and preschoolers in Poznań in 2019. City Register 
Data (spreadsheet) (in Polish).

EEA (European Environment Agency), 2020. Urban Atlas 
LCLU 2018 (v013). European Union, Copernicus Land 
Monitoring Service, European Environment Agency, Co-
penhagen, Denmark. DOI 10.2909/fb4dffa1-6ceb-4cc0-
8372-1ed354c285e6 (accessed 24 November 2022).

EROS (Earth Resources Observation and Science Center), 
2024. Landsat 8-9 Operational Land Imager and Thermal 
Infrared Sensor Collection 2 Level-2: U.S. Geological Sur-
vey data release, Sioux Falls, South Dakota, USA. DOI 
10.5066/P9OGBGM6

Estoque R.C., Murayama Y., Myint S.W., 2017. Effects of 
landscape composition and pattern on land surface tem-
perature: An urban heat island study in the megacities 
of Southeast Asia. Science of the Total Environment 577: 
349–359. DOI 10.1016/j.scitotenv.2016.10.195

EU (European Union), 2013. Green infrastructure (GI)—En-
hancing Europe’s natural capital. Communication from 
the Commission to the European Parliament, The Coun-
cil, The European Economic and Social Committee and 
The Committee of the Regions, COM/2013/0249 final 
EU Commission  – COM Document, Brussels, Belgium 
(2013). https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX%3A52013DC0249 (accessed 14 No-
vember 2022).

EU (European Union), 2015. Towards an EU Research and In-
novation Policy Agenda for Nature-based Solutions & Re-Na-
turing Cities. Final Report of the Horizon 2020 Expert 
Group on ‘Nature-Based Solutions and Re-Naturing 
Cities’. Directorate-general for Research and Innovation 
Climate Action, Environment, Resource Efficiency and 
Raw Materials. EU, Brussels, Belgium. https://www.
ec.europa.eu/newsroom/horizon2020/document.cfm?-
doc_id=10195 (accessed 9 October 2024).

Feyisa G.L., Dons K., Meilby H., 2014. Efficiency of parks in 
mitigating urban heat island effect: An example from 
Addis Ababa. Landscape and Urban Planning 123: 87–95. 
DOI 10.1016/j.landurbplan.2013.12.008

Gage R., Wilson N., Signal L., Thomson G., 2019. Shade in 
playgrounds: Findings from a nationwide survey and 
implications for urban health policy. Journal of Public 
Health 27: 669–674. DOI 10.1007/s10389-018-0990-9

Gill S.E., Handley J.F., Ennos A.R., Pauleit S., 2007. Adapt-
ing cities for climate change: The role of the green infra-
structure. Built Environment 33: 115–133. DOI 10.2148/
benv.33.1.115

Grilo F., Pinho P., Aleixo C., Catita C., Silva P., Lopes N., Fre-
itas C., Santos-Reis M., McPhearson T., Branquinho C., 
2020. Using green to cool the grey: Modelling the cooling 
effect of green spaces with a high spatial resolution. Sci-
ence of the Total Environment 724: 138182. DOI 10.1016/j.
scitotenv.2020.138182

Gromke C., Blocken B., Janssen W., Merema B., van Hooff 
T., Timmermans H., 2015. CFD analysis of transpira-
tional cooling by vegetation: Case study for specific me-
teorological conditions during a heat wave in Arnhem, 
Netherlands. Building and Environment 83: 11–26. DOI 
10.1016/j.buildenv.2014.04.022

Huang S., Tang L., Hupy J.P., Wang Y., Shao G., 2021. A 
commentary review on the use of normalized difference 

https://doi.org/10.3390/atmos11111144
https://doi.org/10.1117/12.2632674
https://doi.org/10.1016/j.scs.2021.103324
https://doi.org/10.1016/j.scs.2021.103324
https://doi.org/10.14746/quageo-2023-0037
https://doi.org/10.1016/j.landurbplan.2020.104019
https://doi.org/10.1016/j.landurbplan.2020.104019
https://doi.org/10.1016/j.ufug.2018.11.008
https://doi.org/10.1016/j.ufug.2018.11.008
https://www.geoportal.gov.pl/pl/dane/baza-danych-﻿﻿obiektow-topograficznych-bdot10k/
https://www.geoportal.gov.pl/pl/dane/baza-danych-﻿﻿obiektow-topograficznych-bdot10k/
https://www.geoportal.gov.pl/pl/dane/baza-danych-﻿﻿obiektow-topograficznych-bdot10k/
https://doi.org/10.1186/1471-2458-10-456
https://doi.org/10.1016/j.landurbplan.2010.03.008
https://www.uia-initiative.eu/en/news/climate-shelters-jo﻿﻿urnal-2-update-barcelonas-project
https://www.uia-initiative.eu/en/news/climate-shelters-jo﻿﻿urnal-2-update-barcelonas-project
https://doi.org/10.1016/j.rsase.2018.04.006
https://doi.org/10.1016/j.rsase.2018.04.006
https://doi.org/10.3390/rs61111244
https://doi.org/10.1177/1420326x16659326
https://doi.org/10.1177/1420326x16659326
https://doi.org/10.2909/fb4dffa1-6ceb-4cc0-8372-1ed354c285e6
https://doi.org/10.2909/fb4dffa1-6ceb-4cc0-8372-1ed354c285e6
https://doi.org/10.5066/P9OGBGM6
https://doi.org/10.5066/P9OGBGM6
https://doi.org/10.1016/j.scitotenv.2016.10.195
https://eur-lex.europa.eu/legal-content﻿﻿/EN/TXT/?uri=CELEX%3A52013DC0249
https://eur-lex.europa.eu/legal-content﻿﻿/EN/TXT/?uri=CELEX%3A52013DC0249
https://www.ec.europa.eu/newsroom/hori﻿﻿zon2020/document.cfm?doc_id=10195
https://www.ec.europa.eu/newsroom/hori﻿﻿zon2020/document.cfm?doc_id=10195
https://www.ec.europa.eu/newsroom/hori﻿﻿zon2020/document.cfm?doc_id=10195
https://doi.org/10.1016/j.landurbplan.2013.12.008
https://doi.org/10.1007/s10389-018-0990-9
https://doi.org/10.2148/benv.33.1.115
https://doi.org/10.2148/benv.33.1.115
https://doi.org/10.1016/j.scitotenv.2020.138182
https://doi.org/10.1016/j.scitotenv.2020.138182
https://doi.org/10.1016/j.buildenv.2014.04.022
https://doi.org/10.1016/j.buildenv.2014.04.022


102	 Piotr Lupa, Iwona Zwierzchowska

vegetation index (NDVI) in the era of popular remote 
sensing. Journal of Forestry Research 32: 1–6. DOI 10.1007/
s11676-020-01155-1

IMWM (Institute of Meteorology and Water Management), 
2023. Rocznik Meteorologiczny 2022 (Meteorological Year-
book 2022). Instytut Meteorologii i Gospodarki Wodnej – 
Państwowy Instytut Badawczy, Warsaw (in Polish).

Jang S., Bae J., Kim Y., 2024. Street-level urban heat island 
mitigation: Assessing the cooling effect of green infra-
structure using urban IoT sensor big data. Sustainable Cit-
ies and Society 100: 105007. DOI 10.1016/j.scs.2023.105007

Jones L., Anderson S., Laessøe J., Banzhaf E., Jensen A., Bird 
D.N., Miller J., Hutchins M.G., Yang J., Garrett J., Tay-
lor T., Wheeler B.W., Lovell R., Fletcher D., Qu Y., Vieno 
M., Zandersen M., 2022. A typology for urban green 
infrastructure to guide multifunctional planning of na-
ture-based solutions. Nature-Based Solutions 2: 100041. 
DOI 10.1016/j.nbsj.2022.100041

Kabisch N., van den Bosch M., Lafortezza R., 2017. The 
health benefits of nature-based solutions to urbanization 
challenges for children and the elderly – A systematic re-
view. Environmental Research 159: 362–373. DOI 10.1016/j.
envres.2017.08.004

Kim Y., An S., Eum J.H., Woo J.H., 2016. Analysis of thermal 
environment over a small-scale landscape in a dense-
ly built-up Asian megacity. Sustainability 8: 358. DOI 
10.3390/su8040358

Kim J., Khouakhi A., Corstanje R., Johnston A.S.A., 2024. 
Greater local cooling effects of trees across globally dis-
tributed urban green spaces. Science of the Total Environ-
ment 911: 168494. DOI 10.1016/j.scitotenv.2023.168494

Lanza K., Alcazar M., Hoelscher D.M., Kohl H.W., 2021. 
Effects of trees, gardens, and nature trails on heat in-
dex and child health: Design and methods of the Green 
Schoolyards Project. BMC Public Health 21/98: 1-12. DOI 
10.1186/s12889-020-10128-2

Lee H.Y., 1993. An application of NOAA AVHRR thermal 
data to the study of urban heat islands. Atmospher-
ic Environment. Part B. Urban Atmosphere 27: 1–13. DOI 
10.1016/0957-1272(93)90041-4

Lehnert M., Tokar V., Jurek M., Geletič J., 2021. Summer 
thermal comfort in Czech cities: Measured effects of blue 
and green features in city centres. International Journal of 
Biometeorology 65: 1277–1289. DOI 10.1007/s00484-020-
02010-y

Lillesand T.M., Kiefer R.W., Chipman J.W., 2004. Remote sens-
ing and image interpretation, 5th ed. John Wiley & Sons Inc, 
New York.

Lin B.B., Gaston K.J., Fuller R.A., Wu D., Bush R., Shanahan 
D.F., 2017. How green is your garden?: Urban form and 
socio-demographic factors influence yard vegetation, 
visitation, and ecosystem service benefits. Landscape and 
Urban Planning 157: 239–246. DOI 10.1016/j.landurb-
plan.2016.07.007

Lo C.P., Quattrochi D.A., 2003. Land-use and land-cover 
change, urban heat island phenomenon, and health im-
plications. Photogrammetric Engineering and Remote Sens-
ing 69: 1053–1063. DOI 10.14358/pers.69.9.1053

Łowicki D., Kuklińska E., 2025. Potencjał chłodzący terenów 
zieleni na przykładzie parków miejskich Poznania i Wro-
cławia (Cooling potential of green areas on the example 
of urban parks in Poznań and Wrocław). Rozwój Regio-
nalny i Polityka Regionalna 73: 253–271. DOI 10.14746/
rrpr.2025.73.15

LSDS (Landsat Science Data System), 2020. Landsat 8 Collec-
tion 2 (C2) Level 2 Science Product (L2SP) Guide (LSDS-
1619 Version 2.0). U.S. Geological Survey, EROS, Sioux 
Falls, South Dakota.

Majkowska A., Kolendowicz L., Półrolniczak M., Hauke J., 
Czernecki B., 2017. The urban heat island in the city of 
Poznań as derived from Landsat 5 TM. Theoretical and 
Applied Climatology 128: 769–783. DOI 10.1007/s00704-
016-1737-6

Malmquist A., Lundgren T., Hjerpe M., Glaas E., Turner E., 
Storbjörk S., 2021. Vulnerability and adaptation to heat 
waves in preschools: Experiences, impacts and responses 
by unit heads, educators and parents. Climate Risk Man-
agement 31: 100271. DOI 10.1016/j.crm.2020.100271

Moogk-Soulis C., 2002. Schoolyard heat islands: A case 
study in Waterloo, Ontario. 5th Canadian Urban Forest 
Conference October 7–9, 2002, Region of York, Ontario 
Markham. https://www.moogk-soulis.com/wp-con-
tent/uploads/2011/05/Moogk-Soulis.pdf (accessed 12 
November 2024).

Moogk-Soulis C., 2010. Schoolyard and public space heat islands. 
A study in Windsor-Essex, Sarnia-Lambton and Chatham-
Kent, Ontario. Prepared for: Riverside Optimist Club, 
Windsor and the Public Health Units of Windsor-Essex, 
Sarnia-Lambton, and Chatham-Kent, October 5–6, Wind-
sor, Sarnia, Chatham.

Norton B.A., Coutts A.M., Livesley S.J., Harris R.J., Hunter 
A.M., Williams N.S.G., 2015. Planning for cooler cities: 
A framework to prioritise green infrastructure to miti-
gate high temperatures in urban landscapes. Landscape 
and Urban Planning 134: 127–138. DOI 10.1016/j.landur-
bplan.2014.10.018

Oke T.R., Mills G., Christen A., Voogt J.A., 2017. Urban Cli-
mates. Cambridge University Press, Cambridge, United 
Kingdom.

Oliveira S., Andrade H., Vaz T., 2011. The cooling effect of 
green spaces as a contribution to the mitigation of urban 
heat: A case study in Lisbon. Building and Environment 46: 
2186–2194. DOI 10.1016/j.buildenv.2011.04.034

Pegram J., Colon C., 2020. A guide for an action: Are climate 
change policies child-sensitive? United Nations Children’s 
Fund (UNICEF), NY, USA.

Półrolniczak M., Tomczyk A., Kolendowicz L., 2018. Thermal 
conditions in the city of Poznań (Poland) during selected 
heat waves. Atmosphere 9: 11. DOI 10.3390/atmos9010011

Qiu G., Li H., Zhang Q., Chen W., Liang X., Li X., 2013. Ef-
fects of evapotranspiration on mitigation of urban tem-
perature by vegetation and urban agriculture. Journal of 
Integrative Agriculture 12: 1307–1315. DOI 10.1016/s2095-
3119(13)60543-2

Qi J., Wang J., Zhai W., Wang J., Jin Z., 2022. Are there dif-
ferences in thermal comfort perception of children in 
comparison to their caregivers’ judgments? A study on 
the playgrounds of parks in China’s hot summer and 
cold winter region. Sustainability 14: 10926. DOI 10.3390/
su141710926

Rose K.A., Morgan I.G., Ip J., Kifley A., Huynh S., Smith W., 
Mitchell P., 2008. Outdoor activity reduces the preva-
lence of myopia in children. Ophthalmology 115: 1279–
1285. DOI 10.1016/j.ophtha.2007.12.019

Roth M., Oke T.R., Emery W.J., 1989. Satellite-derived 
urban heat islands from three coastal cities and the 
utilization of such data in urban climatology. Inter-
national Journal of Remote Sensing 10: 1699–1720. DOI 
10.1080/01431168908904002

https://doi.org/10.1007/s11676-020-01155-1
https://doi.org/10.1007/s11676-020-01155-1
https://doi.org/10.1016/j.scs.2023.105007
https://doi.org/10.1016/j.nbsj.2022.100041
https://doi.org/10.1016/j.envres.2017.08.004
https://doi.org/10.1016/j.envres.2017.08.004
https://doi.org/10.3390/su8040358
https://doi.org/10.3390/su8040358
https://doi.org/10.1016/j.scitotenv.2023.168494
https://doi.org/10.1186/s12889-020-10128-2
https://doi.org/10.1186/s12889-020-10128-2
https://doi.org/10.1016/0957-1272(93)90041-4
https://doi.org/10.1016/0957-1272(93)90041-4
https://doi.org/10.1007/s00484-020-02010-y
https://doi.org/10.1007/s00484-020-02010-y
https://doi.org/10.1016/j.landurbplan.2016.07.007
https://doi.org/10.1016/j.landurbplan.2016.07.007
https://doi.org/10.14358/pers.69.9.1053
https://doi.org/10.14746/rrpr.2025.73.15
https://doi.org/10.14746/rrpr.2025.73.15
https://doi.org/10.1007/s00704-016-1737-6
https://doi.org/10.1007/s00704-016-1737-6
https://doi.org/10.1016/j.crm.2020.100271
https://www.moogk-soulis.com/wp-content/﻿﻿uploads/2011/05/Moogk-Soulis.pdf
https://www.moogk-soulis.com/wp-content/﻿﻿uploads/2011/05/Moogk-Soulis.pdf
https://doi.org/10.1016/j.landurbplan.2014.10.018
https://doi.org/10.1016/j.landurbplan.2014.10.018
https://doi.org/10.1016/j.buildenv.2011.04.034
https://doi.org/10.3390/atmos9010011
https://doi.org/10.1016/s2095-3119(13)60543-2
https://doi.org/10.1016/s2095-3119(13)60543-2
https://doi.org/10.3390/su141710926
https://doi.org/10.3390/su141710926
https://doi.org/10.1016/j.ophtha.2007.12.019
https://doi.org/10.1080/01431168908904002
https://doi.org/10.1080/01431168908904002


	 NATURE-BASED PRESCHOOL GARDENS FOR THERMAL CONDITION REGULATION...	 103

Saaroni H., Amorim J.H., Hiemstra J.A., Pearlmutter D., 
2018. Urban green infrastructure as a tool for urban heat 
mitigation: Survey of research methodologies and find-
ings across different climatic regions. Urban Climate 24: 
94–110. DOI 10.1016/j.uclim.2018.02.001

Shih W., 2017. The cooling effect of green infrastructure on 
surrounding built environments in a sub-tropical cli-
mate: A case study in Taipei metropolis. Landscape Re-
search 42: 558–573. DOI 10.1080/01426397.2016.1235684

SISP (Spatial Information System of Poznań), 2018. Korony 
drzew (Tree canopy). Portal of the spatial information 
system of the city of Poznań, GEOPOZ Poznań, Poland, 
https://sip.poznan.pl/sip/zielen2/drz1 (accessed 9 No-
vember 2024).

SISP (Spatial Information System of Poznań), 2021. Portal of 
the spatial information system of the city of Poznań. GEO-
POZ Poznań, Poland, https://sipmapy.geopoz.poznan.
pl/sipportal/ (accessed 03 March 2023).

Sitzoglou M., 2020. The OASIS Schoolyards project Journal No 
1. Urban innovative actions – The urban lab of Europe! Re-
trieved from https://uia-initiative.eu/sites/default/
files/2020-06/Paris_OASIS_Journal.pdf (accessed 23 Oc-
tober 2022).

Solecki W., Rosenzweig C., Dhakal S., Roberts D., Barau A.S., 
Schultz S., Ürge-Vorsatz D., 2018. City transformations in 
a 1.5°C warmer world. Nature Climat Change 8: 177–181. 
DOI 10.1038/s41558-018-0101-5

Soltanifard H., Amani-Beni M., 2025. The cooling effect of 
urban green spaces as nature-based solutions for miti-
gating urban heat: Insights from a decade-long system-
atic review. Climate Risk Management 49: 100731. DOI 
10.1016/j.crm.2025.100731

Statistics Poland, 2022. Rocznik Demograficzny Polski 2022 
(Demographic Yearbook of Poland 2022). Statistical 
Publishing Establishment, Statistics Poland, Warsaw (in 
Polish). https://stat.gov.pl/download/gfx/portalinfor-
macyjny/pl/defaultaktualnosci/5515/3/15/1/rocznik_
demograficzny_2021.pdf (accessed 05 December 2022).

Storey J., Choate M., Moe D., 2014. Landsat 8 thermal infra-
red sensor geometric characterization and calibration. 
Remote Sensing 6: 11153–11181. DOI 10.3390/rs61111153

Sun R., Liu J., Lai D., Liu W., 2023. Building form and out-
door thermal comfort: Inverse design the microclimate 
of outdoor space for a kindergarten. Energy and Buildings 
284: 112824. DOI 10.1016/j.enbuild.2023.112824

Tomczyk A.M., Bednorz E., 2016. Heat waves in Central Eu-
rope and their circulation conditions. International Journal 
of Climatology 36: 770–782. DOI 10.1002/joc.4381

Tomczyk A.M., Bednorz E. (eds), 2022. Atlas Klimatu Polski 
(1991–2020) (Atlas of the Climate of Poland 1991–2020). 
Bogucki Wydawnictwo Naukowe, Poznań, Poland (in 
Polish). https://hdl.handle.net/10593/26990

Tomlinson C.J., Chapman L., Thornes J.E., Baker C., 2011. Re-
mote sensing land surface temperature for meteorology 
and climatology: A review. Meteorological Applications 18: 
296–306. DOI 10.1002/met.287

UCAP (Urban Climate Adaptation Plan), 2019. Miejski Plan 
Adaptacji do Zmian Klimatu Miasta Poznania do Roku 
2030 (Municipal Climate Adaptation Plan of the City of 
Poznań until 2030). Resolution No. X/144/VIII/2019 of 
the Poznań City council of April 16, 2019 on the adop-
tion of the municipal plan of adaptation to climate 
change for the city of Poznań (in Polish). https://bip.
poznan.pl/bip/uchwaly/uchwala-nr-x-144-viii-2019-z-
dnia-2019-04-16,78779/ (accessed 05 December 2022).

UN (United Nations), 2019. Population division. World urban-
isation prospects: The 2018 revision (ST/ESA/SER.A/420). 
United Nations, Department of Economic and Social Af-
fairs, New York.

UNICEF, 2024. Beat the heat: Child health amid heatwaves in Eu-
rope and Central Asia. Policy Brief, New York, USA.

USGS (United States Geological Survey), 2019. Landsat 8 (L8) 
data users handbook (LSDS-1574 Version 5.0). Department 
of the Interior U.S. Geological Survey, EROS, Sioux Falls, 
South Dakota.

van den Bogerd N., Hovinga D., Hiemstra J.A., Maas J., 2023. 
The potential of green schoolyards for healthy child de-
velopment: A conceptual framework. Forests 14: 660. DOI 
10.3390/f14040660

Vanos J.K., 2015. Children’s health and vulnerability in 
outdoor microclimates: A comprehensive review. En-
vironment International 76: 1–15. DOI 10.1016/j.en-
vint.2014.11.016

Vanos J.K., Herdt A.J., Lochbaum M.R., 2017. Effects of phys-
ical activity and shade on the heat bal-ance and thermal 
perceptions of children in a playground microclimate. 
Building and Environment 126: 119–131. DOI 10.1016/j.
buildenv.2017.09.026

Voogt J.A., Oke T.R., 2003. Thermal remote sensing of urban 
climates. Remote Sensing of Environment 86: 370–384. DOI 
10.1016/s0034-4257(03)00079-8

Walawender J., 2009. Wykorzystanie danych satelitarnych 
Landsat i technik GIS w badaniach warunków termicz-
nych miasta (na przykładzie aglomeracji krakowskiej) 
(Application of LANDSAT satellite data and GIS tech-
niques for estimation of thermal conditions in urban area 
(using an example of Kraków agglomeration)). Prace 
Geograficzne 122: 81–98. https://ruj.uj.edu.pl/xmlui/
handle/item/147548 (accessed 3 April 2025).

Wallenberg N., Rayner D., Lindberg F., Thorsson S., 2023. 
Present and future heat stress of preschoolers in five 
Swedish cities. Climate Risk Management 40: 100508. DOI 
10.1016/j.crm.2023.100508

WHO, 2008. Heat–health action plans. Guidance. WHO Region-
al Office for Europe, Denmark.

Wibig J., 2021. Hot days and heat waves in Poland in the pe-
riod 1951–2019 and the circulation factors favoring the 
most extreme of them. Atmosphere 12: 340. DOI 10.3390/
atmos12030340

Wu P.C., Tsai C.L., Wu H.L., Yang Y.H., Kuo H.K., 2013. Out-
door activity during class recess reduces myopia onset 
and progression in school children. Ophthalmology 120: 
1080–1085. DOI 10.1016/j.ophtha.2012.11.009

Xiong S., Sankaridurg P., Naduvilath T., Zang J., Zou H., Zhu 
J., Lv M., He X., Xu X., 2017. Time spent in outdoor activ-
ities in relation to myopia prevention and control: A me-
ta-analysis and systematic review. Acta Ophthalmologica 
95: 551–566. DOI 10.1111/aos.13403

Zhan W., Chen Y., Zhou J., Wang J., Liu W., Voogt J., Zhu X., 
Quan J., Li J., 2013. Disaggregation of remotely sensed 
land surface temperature: Literature survey, taxonomy, 
issues, and caveats. Remote Sensing of Environment 131: 
119–139. DOI 10.1016/j.rse.2012.12.014

Zhang A., Bokel R., van den Dobbelsteen A., Sun Y., Huang 
Q., Zhang Q., 2017. An integrated school and schoolyard 
design method for summer thermal comfort and energy 
efficiency in Northern China. Building and Environment 
124: 369–387. DOI 10.1016/j.buildenv.2017.08.024

Zhao Y., Zhao K., Zhang X., Zhang Y., Du Z., 2024. Assess-
ment of combined passive cooling strategies for im-

https://doi.org/10.1016/j.uclim.2018.02.001
https://doi.org/10.1080/01426397.2016.1235684
https﻿﻿://sip.poznan.pl/sip/zielen2/drz1
https://﻿﻿sipmapy.geopoz.poznan.pl/sipportal/
https://﻿﻿sipmapy.geopoz.poznan.pl/sipportal/
https://uia-initiative.eu/sites/default/file﻿﻿s/2020-06/Paris_OASIS_Journal.pdf
https://uia-initiative.eu/sites/default/file﻿﻿s/2020-06/Paris_OASIS_Journal.pdf
https://doi.org/10.1038/s41558-018-0101-5
https://doi.org/10.1016/j.crm.2025.100731
https://doi.org/10.1016/j.crm.2025.100731
https://stat.gov.pl/download/gfx/portalinformacyjny/pl/defaultaktualnosci/5515/3/15/﻿﻿1/rocznik_demograficzny_2021.pdf
https://stat.gov.pl/download/gfx/portalinformacyjny/pl/defaultaktualnosci/5515/3/15/﻿﻿1/rocznik_demograficzny_2021.pdf
https://stat.gov.pl/download/gfx/portalinformacyjny/pl/defaultaktualnosci/5515/3/15/﻿﻿1/rocznik_demograficzny_2021.pdf
https://doi.org/10.3390/rs61111153
https://doi.org/10.1016/j.enbuild.2023.112824
https://doi.org/10.1002/joc.4381
https://hdl.handle.net/10593/26990
https://doi.org/10.1002/met.287
https://bip.poznan.pl/bip/uchwaly/uchwala-nr-x-144-vi﻿﻿ii-2019-z-dnia-2019-04-16,78779/
https://bip.poznan.pl/bip/uchwaly/uchwala-nr-x-144-vi﻿﻿ii-2019-z-dnia-2019-04-16,78779/
https://bip.poznan.pl/bip/uchwaly/uchwala-nr-x-144-vi﻿﻿ii-2019-z-dnia-2019-04-16,78779/
https://doi.org/10.3390/f14040660
https://doi.org/10.3390/f14040660
https://doi.org/10.1016/j.envint.2014.11.016
https://doi.org/10.1016/j.envint.2014.11.016
https://doi.org/10.1016/j.buildenv.2017.09.026
https://doi.org/10.1016/j.buildenv.2017.09.026
https://doi.org/10.1016/s0034-4257(03)00079-8
https://doi.org/10.1016/s0034-4257(03)00079-8
https://ru﻿﻿j.uj.edu.pl/xmlui/handle/item/147548
https://ru﻿﻿j.uj.edu.pl/xmlui/handle/item/147548
https://doi.org/10.1016/j.crm.2023.100508
https://doi.org/10.1016/j.crm.2023.100508
https://doi.org/10.3390/atmos12030340
https://doi.org/10.3390/atmos12030340
https://doi.org/10.1016/j.ophtha.2012.11.009
https://doi.org/10.1111/aos.13403
https://doi.org/10.1016/j.rse.2012.12.014
https://doi.org/10.1016/j.buildenv.2017.08.024


104	 Piotr Lupa, Iwona Zwierzchowska

proving outdoor thermal comfort in a school courtyard. 
Building and Environment 252: 111247. DOI 10.1016/j.
buildenv.2024.111247

Zhou W., Huang G., Pickett S.T.A., Wang J., Cadenasso M.L., 
McPhearson T., Grove J.M., Wang J., 2021. Urban tree 
canopy has greater cooling effects in socially vulnera-
ble communities in the US. One Earth 4: 1764–1775. DOI 
10.1016/j.oneear.2021.11.010

Zhou D., Xiao J., Bonafoni S., Berger C., Deilami K., Zhou Y., 
Frolking S., Yao R., Qiao Z., Sobrino J.A., 2019. Satellite 

remote sensing of surface urban heat islands: Progress, 
challenges, and perspectives. Remote Sensing 11: 48. DOI 
10.3390/rs11010048

Zwierzchowska I., Fagiewicz K., Poniży L., Lupa P., Mizgaj-
ski A., 2019. Introducing nature-based solutions into 
urban policy  – Facts and gaps. Case study of Poznań. 
Land Use Policy 85: 161–175. DOI 10.1016/j.landuse-
pol.2019.03.025

https://doi.org/10.1016/j.buildenv.2024.111247
https://doi.org/10.1016/j.buildenv.2024.111247
https://doi.org/10.1016/j.oneear.2021.11.010
https://doi.org/10.1016/j.oneear.2021.11.010
https://doi.org/10.3390/rs11010048
https://doi.org/10.3390/rs11010048
https://doi.org/10.1016/j.landusepol.2019.03.025
https://doi.org/10.1016/j.landusepol.2019.03.025

