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A B S T R A C T

Urban areas are increasingly affected by severe heat waves due to climate change, threatening people’s health, 
and posing enormous challenges to human society. Nature-based solutions (NbS) are an effective way to mitigate 
heat, but the influence of urban green spaces (UGS) characteristics remains insufficiently understood. This study 
aims to evaluate the UGS potential across European urban areas by (1) quantifying UGS characteristics (per
centage, size, canopy cover) and population proximity to UGS, (2) assessing the relative influence of UGS 
characteristics on urban heat mitigation under 27 scenarios and across four biogeographical regions by simu
lating cooling effects in a virtual setting, and (3) identifying groups of urban areas with differing potential of 
enhancing UGS for improving heat mitigation. Our results reveal spatial heterogeneity of UGS characteristics 
(median percentage 10.3%, median size 10,657 m², median canopy cover 9.4%) and contrasting patterns of 
population proximity to UGS across Europe, emphasizing the need to expand UGS and to address environmental 
justice issues. Simulations show that increasing UGS percentage from 6.2% to 17.2% and enlarging canopy cover 
within UGS from 1.7% to 44.6% in the virtual city significantly reduced the average city-wide temperature, 
ranging from -0.44 ◦C in the Mediterranean region to -0.16 ◦C in the Boreal region. Our findings suggest that 
people living in southern and eastern European urban areas, where UGS are scarcer, will mostly benefit from an 
expansion of UGS and more even UGS distribution, thereby improving accessibility. In northern regions, there is 
potential to increase cooling effects by increasing canopy cover. However, these findings require validation 
against empirical temperature data before being applied to specific urban areas.

Introduction

Climate change massively alters environmental conditions with huge 
impacts on ecosystems and people. One major issue associated with 
rising temperatures is the increase in the frequency and intensity of heat 
waves, affecting a growing share of the global population [1]. Heat 
waves lead to increased mortality, as temperatures above the optimal 
range are associated with higher death rates [2–4], especially of people 
belonging to vulnerable groups such as elderly and chronically ill people 
[3,5,6]. Moreover, urbanization processes lead to a higher number of 
people being affected by heat waves, as people living in urban areas are 
particularly exposed to heat and heat waves due to the urban heat island 
(UHI) effect [7,8]. The UHI is a meteorological phenomenon resulting 
from an artificialization of the surface, i.e., sealing of formerly vegetated 
surfaces [9,10], leading to increased air temperatures, for example, 

between 0.57 and 2.54 C across 100 European cities [11]. In addition, 
anthropogenic heat sources, originating, for example, from trans
portation, heating, cooling, lighting, and people’s metabolism 
contribute to higher temperatures [12]. Under future climate condi
tions, the impacts on human health from heat stress are expected to 
aggravate, as heat wave frequency and intensity is predicted to increase 
in the future [13–16]. Recent model simulations predict that heat wave 
days in European urban areas occur on average between 6.5 days per 
year at the 0.5 C global warming level and 33.3 days at 2.0 C by 2100, 
which is sixfold in Mediterranean regions and around fourfold in 
northern countries [15].

Mitigation measures in urban areas are urgently needed to mitigate 
adverse effects of climate change on people’s health [2,3,17,14]. There 
are various strategies to limit heat gain and enable the release of stored 
heat, for example, by using different building materials, modifying 
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urban spatial design to facilitate ventilation, reducing anthropogenic 
heat sources, and increasing blue and green spaces [18]. However, the 
costs and benefits of such strategies need to be carefully evaluated [19], 
and sometimes, they cannot be implemented in already existing urban 
areas, as it is impossible to entirely change the urban layout [20]. There 
is an increasing focus on nature-based solutions (NbS) as a cost-effective 
strategy to mitigate the impacts of heat and heat waves [21,17,22], 
providing biodiversity co-benefits and other related societal benefits 
such spaces for recreation [23,24]. NbS can comprise green infrastruc
ture (i.e., vegetation-based such as parks, gardens, and trees), blue 
infrastructure (i.e., water-based such as ponds, lakes, rivers), and grey 
infrastructure (i.e., engineered greening such as green walls, green fa
cades, and roofs), contributing to cooler temperatures, as surfaces 
covered by vegetation have a higher evapotranspiration compared to 
sealed surfaces, decreasing the sensible heat flux [9,25]. In this study, 
we focus on urban green spaces (UGS), which, for example, have been 
found to reduce the air temperature by approximately 1.1 ◦C on average 
[26,27].

The effectiveness of UGS can vary depending on several design 
characteristics. The amount of shading vegetation is one key charac
teristic, as tree canopy provides not only shade to people but has also 
positive effects on the air temperature in the surroundings of UGS [28,
29]. Particularly, complex vegetation structures comprising trees and 
shrubs of different heights have higher cooling effects than a homoge
nous vegetation layer without trees [30–32]. In addition, cooling 
effectiveness increases with surfaces covered by vegetation [33,34] due 
to reduced heat storage and increased evapotranspiration [9,35]. Simi
larly, several studies also indicate that larger-sized UGS contribute more 
to urban cooling than small UGS [36,33,34,37]. Another important 
characteristic influencing UGS effectiveness is their spatial distribution, 
which should benefit most of the population. Since cooling effects of 
UGS decline with increasing distance from UGS [37], the number of UGS 
and their spatial arrangement within the urban area influence spatial 
patterns of heat mitigation [38]. Consequently, residents living in areas 
that are distant from UGS may not have access to the benefits [39–41].

Although there is the need for expanding UGS to address adverse 
effects of climate change, UGS are being reduced in many places due to 
the high demand for living and working space, leading to the densifi
cation of urban areas [42,43]. Against this trend, the recent EU Nature 
Restoration Law requires EU Member States to preserve UGS area and 
tree cover until 2030, and to increase their total area from 2031 onwards 
(EU regulation 2024/1991). Thus, decision-makers need more infor
mation on how UGS should be designed to be most effective in terms of 
cooling capacity while also ensuring fair distribution of benefits to the 
residing population [44,45]. However, despite the increasing number of 
studies focusing on the role of UGS for heat mitigation, comprehensive 
knowledge on how to design UGS in European cities is still insufficient. 
Many studies focused on only one or few cities [46,47,34], while other 
studies, which included a higher number of cities, often addressed 
specific UGS characteristics. For example, studies assessed almost 300 
cities across Europe, focusing on the availability of UGS [48] and eval
uating the role of canopy cover on heat mitigation [49]. While Marando 
et al. [27] simulated the temperature difference between a baseline and 
a no-vegetation scenario in 601 European cities, insights into specific 
UGS characteristics and justice issues remain underexplored.

Addressing such knowledge gaps in the design of UGS for mitigating 
heat waves in European cities, this study aims to evaluate the potential 
of enhancing UGS across European urban areas, hypothesizing that 
European urban areas differ in vulnerability to summer heat waves due 
to varying characteristics of UGS, and that some urban areas are less 
“prepared” than others to future heat waves. The specific objectives 
were (1) to characterize UGS of European urban areas in terms of per
centage, size, and canopy cover, and the population's spatial distribution 
in respect to UGS, (2) to assess the relative influence of percentage, size, 
and canopy cover of UGS on urban heat mitigation under 27 scenarios in 
a virtual setting, and (3) to identify groups of urban areas and the related 

potential of enhancing UGS for improving heat mitigation. For this 
purpose, we combine an analysis of the current real-world situation in 
terms of UGS characteristics across Europe with the simulation of heat 
mitigation under scenarios in a virtual city, accounting for climatic 
variations across distinct biogeographical regions [50]. Using a virtual 
city instead of the real setting of individual cities allows for controlling 
the individual UGS characteristics and evaluating their respective in
fluence on cooling effects. Based on the characteristics of UGS in urban 
areas and the simulation results, we discuss the potential of enhancing 
UGS in European urban areas to support the future design of UGS, ac
counting for issues related to environmental efficiency and justice.

Materials and methods

Preparing the database

Copernicus urban atlas 2018
For the analysis of UGS characteristics across European urban areas 

and the definition of scenarios, we used the Copernicus Urban Atlas 
2018 (https://land.copernicus.eu/local/urban-atlas). It provides spatial 
land cover data for 788 functional urban areas with >50,000 inhabitants 
in the 38 countries that are either members or cooperating countries of 
the European Environment Agency (EEA38) as well as the United 
Kingdom (Fig. 1). The vector data contains 17 urban classes with a 
minimum mapping unit of 0.25 ha and integrated population estimates 
for each land cover type. In addition, a street tree layer is available, 
including contiguous rows or patches of urban trees that cover at least 
500 m2 and have a minimum width of 10 m. In this study, we focused on 
UGS located in the core urban area, which is generally delineated ac
cording to political boundaries, and which represents the most densely 
populated areas within functional urban areas (Dijkstra et al. 2019). In 
most European countries, the core urban area corresponds to the second 
level of Local Administrative Units (LAU2), commonly referring to 
municipalities or communes. Thus, after removing the less densely 
populated commuting zones of the functional urban areas based on the 
boundaries provided by the Urban Atlas, we obtained 737 core urban 
areas. Consistent with our focus on characterizing the structural prop
erties of UGS rather than city‑wide cooling potential, we quantified 
percentage and size of UGS, as well as canopy cover within UGS 
(Table 1) for each urban core area. All data were prepared using ArcGIS 
Pro 3.2 (ESRI, Redlands, CA, USA).

Designing a virtual city and scenarios
We used a virtual city to assess the relative importance of UGS 

characteristics on cooling effects. A virtual setting provides a laboratory- 
like environment under controlled, repeatable conditions [52,53]. In 
this environment, one UGS characteristic (e.g., percentage) can be 
adjusted while all other characteristics (i.e., size, canopy cover) remain 
constant, allowing to isolate the effect of specific UGS characteristics 
under consistent testing conditions. This ensures that results are com
parable across regions, which is nearly impossible in real cities where 
multiple factors interact simultaneously. Moreover, it allows simulation 
of hypothetical scenarios, which may not yet exist in real cities, but help 
planners anticipate outcomes and design effective strategies [52]. Such 
preliminary technical analyses help identify the most effective options 
for participatory planning, ensuring stakeholder discussions are groun
ded in evidence-based strategies that anticipate cooling effects and po
tential drawbacks before committing resources [54]. By distilling 
complex European urban diversity into a single virtual city, broad pat
terns and mechanisms can be identified, enabling generalizable insights 
and fair comparisons [53]. We designed the virtual city representing 
average structural characteristics of European urban areas (Fig. 2), 
enabling a standardized benchmark across Europea, while also ac
counting for differences in climate, vegetation, and geology across 
Europe. Real cities can then be compared to this benchmark to assess 
how they deviate from the European average and to identify gaps, 
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opportunities, and tailored strategies for heat mitigation.
Based on the urban areas included in the Copernicus Urban Atlas 

2018 (https://land.copernicus.eu/local/urban-atlas), we constructed 
the basic spatial dataset for the virtual city, as well as 27 scenarios 
representing different arrangements of UGS characteristics. This process 
involved the following steps: 

1) The entire spatial extent of the entire virtual city was determined 
by summing up the area of all land cover types that represented 
urban fabric in each urban area (i.e., 11,100 - continuous urban 
fabric (S.L. > 80 %), 11,210 - discontinuous dense urban fabric (S.L. 
50 - 80 %), 11,220 - discontinuous medium density urban fabric (S.L. 
30 – 50 %), 11,230 - discontinuous low density urban fabric (S.L. 10 – 
30 %), 11,240 - discontinuous very low-density urban fabric (S.L. <
10 %)). We then used the median area of urban fabric across all 
European urban areas for the virtual city, resulting in an area of 
17.49 km². This virtual city is comparable in size to several small and 
medium‑sized European cities, such as Constanța (Romania), Fun
chal (Portugal), Groningen (Netherlands), Luzern (Switzerland), 
Middlesbrough (United Kingdom), Regensburg (Germany), and 
Treviso(Italy). For the size of all cities, see Table S1.
2) To account for common gradients in European urban morphology, 
we separated the urban fabric into two categories according to the 
proportion of sealed surface layer (S.L.), a measure of impervious
ness used in the Urban Atlas. Using a 50 % threshold, we identified 
(1) a core zone with dense urban fabric (50.6 %, 8.85 km²), and (2) 
an outer ring of medium to low density urban fabric (49.4 %, 8.64 
km²). These two classes were implemented as parametric inputs in 
the virtual city, assigning each grid cell the typical surface properties 
associated with its class (e.g., crop coefficient, albedo), rather than 
using explicit GIS‑based building footprints or heights.
3) Using the quartile breaks, i.e., Q1 (25th percentile), Q2 (median), 
and Q3 (75th percentile), of percentage, size, and canopy cover 

Fig. 1. Location of functional urban areas in European countries included in the Copernicus Urban Atlas 2018 (https://land.copernicus.eu/local/urban-atlas) and 
distribution of major biogeographical regions [51]. Please note that only larger countries are labeled.

Table 1 
Extraction of the characteristics of urban green spaces (UGS) for each urban area 
based on the Copernicus Urban Atlas 2018 (https://land.copernicus.eu/local/ur 
ban-atlas).

UGS 
characteristic

Description Unit Database

Percentage Percentage of UGS area 
in relation to the total 
area of urban fabric

% - Polygons representing UGS 
(14,100 - green urban areas) 
- Polygons representing 
urban fabric, i.e., 11,100 - 
continuous urban fabric (S.L. 
> 80 %), 11,210 - 
discontinuous dense urban 
fabric (S.L. 50 - 80 %), 
11,220 - discontinuous 
medium density urban fabric 
(S.L. 30 – 50 %), 11,230 - 
discontinuous low density 
urban fabric (S.L. 10 – 30 %), 
11,240 - discontinuous very 
low-density urban fabric (S.L. 
< 10 %)

Size Median UGS size across 
all UGS

m² - Polygons representing UGS 
(14,100 - green urban areas)

Canopy cover Median canopy cover 
within UGS

% - Polygons representing UGS 
(14,100 - green urban areas) 
- Urban tree data overlaid 
with the UGS polygons to 
derive the share of canopy 
cover within each UGS
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across all UGS (n = 121,503) in Europe (Table S2), we defined 27 
scenarios (Fig. 2, Table S3). For the nine different combinations of 
percentage and size, we created individual maps: We first deter
mined the number of UGS to be placed within the virtual city 
(Table S4) and then randomly distributed them across the virtual city 
by creating random points as implemented in ArcGIS Pro 3.2 (ESRI, 
Redlands, CA, USA). To each point, we applied a specific buffer 
radius (Table S4) to create a polygon representing each UGS, cor
responding to the quartile classes of UGS size. To make sure that the 
UGS did not overlap, we applied a minimum distance of at least 1 m 
greater than the respective diameter of the UGS.

Finally, we converted all scenario maps into raster data with a spatial 
resolution of 5 m to serve as input for the InVEST Urban Cooling Model 
(Integrated Valuation of Ecosystem Services and Tradeoffs, https://nat 
uralcapitalproject.stanford.edu/software/invest, see section 2.2.2). For 
the scenarios that differed only in canopy cover, no additional maps 
were generated because changes in canopy cover were already included 
in the input parameters of the simulation model.

Analyzing the data

Characterizing European urban areas
To characterize European urban areas, we used the UGS percentage, 

size, and canopy cover of each urban area derived from the Copernicus 
Urban Atlas 2018 (see section 4.1.1). In addition, we quantified the 
number of people living in proximity to UGS in each urban area to assess 
patterns of benefits from UGS. In the Urban Atlas, population estimates 
are provided for individual urban fabric areas, which have been attrib
uted to each polygon by downscaling or disaggregating census 

population counts [55]. We calculated a buffer zone of 250 m around 
each UGS polygon where UGS can be easily reached and cooling effects 
of UGS still may be perceived depending on their characteristics [33,34]. 
We overlaid the surrounding buffer zone with the urban fabric areas and 
derived the number of people residing within this area.

Across all urban areas, we calculated the quartiles of UGS charac
teristics, dividing the ranked dataset into four equal groups (each con
taining 25 % of the data) and mapped all characteristics to identify 
spatial patterns across Europe. We assessed differences in UGS charac
teristics across biogeographical regions [51] by assigning each urban 
area its respective biogeographical region and deriving mean values of 
UGS characteristics for each region. The original dataset contained nine 
terrestrial biogeographical regions, which we summarized into four 
major regions (i.e., Mediterranean, Continental, Atlantic, and Boreal; 
see Fig. 1), as only a few urban areas were located e.g., in Steppic or 
Arctic regions.

We assessed spatial autocorrelation by calculating the Moran’s I 
index [56] using inverse Euclidean distance to evaluate whether the 
distribution of UGS characteristics was random or exhibited clustered 
spatial patterns that were influenced by similar characteristics in prox
imity. Since all UGS characteristics were spatially clustered (Table S5), 
we applied the multivariate clustering tool of ArcGIS Pro 3.2 (ESRI, 
Redlands, CA, USA) using the K-means algorithm to group urban areas 
with similar UGS characteristics. Based on the Calinski-Harabasz pseudo 
F-statistics, reflecting within-group similarity and between-group dif
ference coefficient, we decided using the three-cluster solution, which 
divides the urban areas into three major groups.

Simulating heat mitigation
We applied the open-source model InVEST Urban Cooling Model 

Fig. 2. Conceptual scheme to assess the influence of urban green spaces (UGS) on heat mitigation under 27 scenarios across four biogeographical regions using a 
virtual city. Scenarios are derived from the quartile breaks (Q1, Q2, Q3) of UGS percentage (P), size (S), and canopy cover (C) across European urban areas. Quartiles 
of canopy cover are not depicted in the spatial scenarios below. Cooling benefits are also evaluated by quantifying the share of population experiencing different 
levels of cooling. The virtual city comprises dense urban fabric (depicted in dark grey) and medium to low density urban fabric (depicted in light grey). Simulation of 
heat mitigation accounts for variations in input parameters across four major biogeographical regions.
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(version 3.17.2) to estimate urban heat mitigation. The model quantifies 
how shade, evapotranspiration, and surface albedo, together with the 
spatial arrangement of vegetated and built areas, influence local air 
temperatures. Using land‑cover data and biophysical coefficients for 
these three cooling mechanisms, the model calculates a spatially explicit 
Heat Mitigation Index (HMI) that represents the relative potential of 
each pixel to reduce air temperatures. Air temperature is then estimated 
by interpolating between a rural reference temperature and a user‑de
fined UHI intensity. Because the model employs an index‑based 
approach rather than a mechanistic energy‑balance framework, its 
outputs represent relative cooling mitigation rather than physically 
explicit microclimatic temperature predictions. The InVEST Urban 
Cooling Model is a widely used tool to analyze the cooling effects of 
green infrastructure [57,46,58,41]. It has been validated with observa
tional data in different contexts indicating generally good model per
formance [59,57,60,61]), though performing better for nighttime air 
temperatures but less during daytime [60]. The model is particularly 
suitable to assess relative differences across scenarios [60], which sup
ports our aim to generally evaluate the influence of individual UGS 
characteristics on heat mitigation.

To assess variations in heat mitigation across the virtual city under 
27 scenarios (Fig. 2), we calculated the HMI, which is estimated based 
on a combination of shade, evapotranspiration, and albedo. Evapo
transpiration is represented through a normalized Evapotranspiration 
Index (ETI), calculated from land cover-specific crop coefficients and a 
reference evapotranspiration raster. The ETI expresses the relative 
evaporative cooling potential of each pixel and is combined with shade 
and albedo to estimate cooling capacity. Because the model operates on 
static land‑cover inputs and does not simulate diurnal or seasonal dy
namics, this output represents a single point in time per model run and 
depends entirely on the timestamp of the input land cover data and 
reference temperature values, while the spatial resolution corresponds 
directly to that of the input datasets. In this study, our focus was on 
daytime conditions during summer heat waves. We therefore set the air 
temperature predictor method to “factors”, i.e., shade, albedo, and 
evapotranspiration are used as temperature predictors for daytime 
temperatures. Accordingly, we prepared the following input data for the 
InVEST Urban Cooling model: 

• Reference evapotranspiration values. We generated raster data 
for the virtual city based on average values for settlement areas 
derived from the CHELSA (Climatologies at high resolution for the 
earth’s land surface areas) repository, which provides global down
scaled climate variables at a spatial resolution of about 1 km [62,63]. 
We distinguished reference evapotranspiration values across 
biogeographical regions and between dense versus medium‑ to 
low‑density urban fabric to reflect major climatic and morphological 
differences (Table S6).

• Crop coefficient Kc. To derive the ETI, reference evapotranspiration 
values are combined with land‑cover specific crop coefficients. We 
compiled mean Kc values for each land cover type and biogeo
graphical region (Table S7). These values were based on the FAO‑56 
Irrigation and Drainage guidelines (Allen et al. [64], which provide 
standardized mid‑season Kc values for representative vegetation 
categories and describe how climate modifies Kc through its influ
ence on reference evapotranspiration and canopy resistance. 
Accordingly, higher Kc values were assigned to hot, dry Mediterra
nean climates, while lower values were assigned to Boreal regions.

• Albedo. The albedo factor represents the proportion of incoming 
solar radiation that is reflected by a given land cover type. Although 
albedo values of urban fabric tend to show limited variability [65], 
we assigned distinct average albedo values across biogeographical 
regions and land cover classes (Table S8) to account for regional 
differences in surface materials, urban geometry, and vegetation 
characteristics. These values were derived by combining findings 
from the literature (e.g., [49,66]).

• Shade. The shade factor represents the proportion of tree canopy 
(≥2 m in height) associated with each land cover type. In urban 
fabric, this factor was set to 0, because these areas generally lack 
substantial, spatially continuous canopy cover, and street‑tree pres
ence is highly variable across European cities, making it unsuitable 
to apply consistent shading values. In contrast, within UGS, the 
shade factor corresponds to the quartile breaks of canopy cover 
within UGS (see Tables 1, S1, and S2) as used in the scenarios, 
capturing their contribution to shading and daytime cooling.

• Reference air temperature. A heatwave is typically defined as a 
period of abnormally high temperatures relative to the local climate, 
usually based on temperature percentiles rather than fixed thresh
olds, e.g., at least three consecutive days exceeding the local 90th or 
95th percentile of daily temperatures [15]. In the InVEST Urban 
Cooling Model, however, the reference air temperature does not in
fluence the HMI itself, as it is calculated solely from biophysical 
factors (shade, albedo, and evapotranspiration) and is independent 
of temperature inputs. The reference air temperature affects only the 
final air temperature output, i.e., it shifts absolute temperatures but 
does not alter spatial patterns of cooling potential. For this reason, 
we used the same reference air temperature of the surrounding rural 
area of 30 ◦C across Europe, which aligns with the definition of a hot 
day [67].

• Maximum UHI magnitude. This parameter represents the temper
ature difference between the rural reference temperature and the 
maximum temperature observed in the urban area. For the daytime 
summer period (June to August), we estimated an average UHI in
tensity ranging between 2 ◦C and 5 ◦C across biogeographical regions 
(Table S9), based on an European-wide map representing simula
tions for 100 European cities (https://www.eea.europa.eu/en/ana 
lysis/maps-and-charts/the-average-summer-season-intensity).

• Maximum cooling distance and air blending distance. These two 
parameters influence how cooling effects propagate across the urban 
landscape, with the maximum cooling distance shaping the spatial 
reach of vegetation-driven mitigation and the air‑blending distance 
determining the degree of atmospheric mixing incorporated into the 
final temperature estimates. According to the recommendations from 
the InVEST user guide [68], the maximum cooling distance and air 
blending distance were set to 450 and 500 m, respectively.

• Average relative humidity. Mean summer relative humidity ( %) 
for each biogeographical region (Table S9) was extracted from the 
CHELSA repository [62,63], which provides monthly time series of 
spatially enhanced relative humidity for Europe at 1 km resolution.

We simulated cooling effects using the InVEST Urban Cooling Model 
within the virtual city. We calculated 27 scenarios across four biogeo
graphical regions, resulting in a total of 108 simulations. Please note 
that model validation and calibration of the model parameters were not 
performed due to the virtual setting. The model generated several out
puts used for subsequent analyses, including the HMI and air tempera
ture, provided both as spatially explicit maps and as average values for 
the entire virtual city.

We estimated the number of people potentially benefiting from the 
heat mitigation effects of UGS by deriving the average population den
sity of dense as well as for medium to low density urban fabric from the 
population estimates of the Urban Atlas data. We created a regular grid 
of buildings with a size of 20×20 m across the virtual city and assigned 
the average number of people to each grid cell, distinguishing between 
dense and medium to low density urban fabric (Table S10). The InVEST 
urban cooling model provided the average temperature for each build
ing, which we used to quantify the number of people benefitting from a 
temperature decrease of < − 0.5 ◦C, − 0.5 to < − 1 ◦C, and ≥ − 1 ◦C, 
respectively.
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Results

Characteristics of urban green spaces in European urban areas

UGS characteristics greatly differed across the 737 urban areas with 
distinct spatial patterns (Fig. 3; Table S1 for individual urban areas). 
While urban areas with an above-average percentage of UGS were 
mostly located in northern and western Europe, those located in 
southeastern Europe had more often a below-average percentage of 
UGS, e.g., in Romania, Slovenia, and Turkey. Larger UGS were mostly 
located in central and northern Europe, while small UGS were found 
mostly around the Mediterranean, especially in Turkey, Greece, Italy, 
and Spain. The canopy cover within UGS showed less distinct spatial 
patterns across Europe. UGS in eastern and northern regions of Europe 
were generally characterized by low canopy cover compared to those 
located in central and southern Europe. Contrasting trends were also 
found for the population in proximity to UGS between northwestern and 
southeastern Europe, indicating an unequal distribution of benefits by 
UGS particularly in Turkey, Romania, Balkan countries, southern Italy, 
and Portugal.

Comparing European biogeographical regions, UGS characteristics 
significantly differed mostly for size and percentage (Fig. 4). Urban 
areas located in the Boreal performed on average best in size (15,529 
m²) and percentage (21.2 %), followed by the Continental (size: 11,976; 
percentage: 9.1 %) and Atlantic (size: 11,583; percentage: 11.1 %). In 
contrast, urban areas located in the Mediterranean were characterized 
by the smallest size (8304 m²) and least percentage (9.7 %). Canopy 
cover within UGS was highest in the Mediterranean (13.9 %) and lowest 
in the Boreal (6.3 %). The share of population residing in proximity to 
UGS was highest in the Boreal (52.7 %) but lowest in the Mediterranean 

(47.1 %). For individual urban areas, see Table S1.

Heat mitigation effects of scenarios in a virtual city

Across all biogeographical regions, the simulation results of the 27 
scenarios in the virtual city indicate clear and consistent patterns of 
cooling effects in relationship with increasing percentage, size, and 
canopy cover of UGS at the city-wide level (Fig. 5, Figure S1). The HMI 
significantly increased as canopy cover increased and, to a slightly lesser 
extent, as the percentage of UGS increased. The strongest effects 
occurred when both the percentage of UGS and the canopy cover within 
UGS increased simultaneously. On average, an increase from P1-C1 to 
P3-C3 led on average to an increase in the HMI of 37.3 % (p < 0.001) and 
a decrease of − 0.5 ◦C, regardless of changes in size. Relative increases in 
HMI values between the P1-S1-C1 and P3-S3-C3 scenario were highest 
in the Boreal (+42.3 %), followed by the Atlantic (+37.4 %) and the 
continental (+35.6), and lowest in the Mediterranean (+33.9 %). 
However, the absolute temperature decrease was highest in the Medi
terranean (Figures S1 and S2), where all classes and scenarios exhibited 
pronounced cooling, ranging between − 0.54 and − 0.98 ◦C. The Atlantic 
region showed similarly strong but slightly less pronounced effects, with 
average temperature decreases around − 0.39 to − 0.73 ◦C. In contrast, 
cooling effects in the Continental region were markedly weaker, with 
values around − 0.31 to − 0.56 ◦C. The smallest cooling effects occurred 
in the Boreal region overall, ranging from − 0.18 to − 0.33 ◦C across all 
scenarios.

The maps further revealed local variability in cooling effects in 
relation to the concentration and distribution of UGS, indicating that 
cooling effects exceeded UGS in zones of high UGS concentrations for 
scenarios with a high percentage of UGS and high canopy cover within 

Fig. 3. Distribution of UGS characteristics (a, b, c) and share of the population living at <250 m to UGS (d) across European urban areas. Map class breaks reflect 
quartile breaks across European urban areas. For country locations, see Fig. 1. Data have been derived from Copernicus Urban Atlas 2018 (https://land.copernicus. 
eu/local/urban-atlas).
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UGS (P3-C3; Figure S3). Such patterns were also evident in relation to 
the number of people potentially benefiting from different levels of local 

temperature decrease in regions with higher cooling effects (Fig. 6). 
While in regions with low cooling effects (i.e., Boreal and Continental 

Fig. 4. Violin plots of UGS characteristics (a, b, c) and share of the population living at <250 m to UGS (d) across European urban areas distinguished by 
biogeographical region (see Fig. 1). Data have been derived from Copernicus Urban Atlas 2018 (https://land.copernicus.eu/local/urban-atlas).

Fig. 5. Average heat mitigation index (HMI) under 27 scenarios (see Fig. 2 and Table S3) based on UGS percentage (P), size (S), and canopy cover (C) for four major 
biogeographical regions (see Fig. 1), reflecting quartile breaks (Q1, Q2, and Q3) across European urban areas. The HMI reflects the relative potential of each pixel to 
reduce air temperature given that scenario’s spatial configuration of UGS.
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regions), close to 100 % of the population typically experienced only 
temperature decreases of up to − 0.5 ◦C. In the Atlantic and Mediterra
nean regions, a higher share of the population benefited from a higher 
temperature decrease, ranging between − 0.5 to − 1 ◦C. Particularly, the 
increase in canopy cover within UGS was consistently related to a higher 
share of people benefitting from stronger cooling effects.

Potential of enhancing UGS in European urban areas

To identify general patterns in UGS characteristics across Europe, we 
grouped the urban areas based on percentage, size, canopy cover, and 
population in proximity to UGS, resulting in three major groups of urban 
areas with distinct patterns (Fig. 7). Group 1 (n = 280) was character
ized by the highest percentage of UGS (95.4 % of the urban areas in this 
group were above average) and highest share of population living in 
proximity to UGS (97.1 %). Urban areas belonging to Group 2 (n = 365) 
had the lowest percentage (81.2 % below average) and the smallest size 

(63.5 % below average), while 57.9 % of the urban areas had above- 
average canopy cover. Group 3 (n = 110) performed best in terms of 
size (63.5 % above average) but worst in canopy cover (38.8 % below 
average) and share of population (31.5 % below average). Also, 67.3 % 
of the urban areas of this group were below average regarding the 
percentage of UGS. Group 2 consistently comprised most urban areas of 
the Mediterranean and Continental regions, while Group 1 was more 
important in the Continental and Atlantic regions (Figure S4). Group 3 
had only a moderate share in the Continental region but were less 
important in the other regions.

Accounting for the simulation results in the virtual city, the highest 
potential for increasing cooling effects through UGS occurs for urban 
areas belonging to groups 2 and 3 (Figure 7; Table 2). Here, an increase 
in the percentage of UGS together with increasing canopy cover could 
significantly reduce city-wide average air temperatures up to − 0.44 ◦C 
in the Mediterranean urban areas and up to − 0.34 ◦C in the Atlantic 
urban areas (Figure S1). Urban areas of group 3 also have considerable 

Fig. 6. Share of population benefiting from different levels of cooling effects under 27 scenarios based on UGS percentage (P), size (S), and canopy cover (C) for four 
biogeographical regions (see Fig. 1), reflecting quartile breaks (Q1, Q2, and Q3) across European urban areas (see Fig. 2 and Table S3). T1 represents a temperature 
decrease of < − 0.5 ◦C, T2 a decrease from − 0.5 to < − 1 ◦C, and T3 a decrease of ≥ − 1 ◦C.

Fig. 7. Groups of urban areas identified through cluster analysis based on UGS percentage, size, canopy cover, and the share of population in proximity to UGS (left); 
differences in UGS characteristics across these groups distinguished by biogeographical region (right).

U. Schirpke et al.                                                                                                                                                                                                                               Nature-Based Solutions 9 (2026) 100321 

8 



potential in improving heat mitigation by increasing both the percent
age and canopy cover of UGS, however, a more equal spatial distribution 
of UGS across the urban area is needed to also increase the share of 
population that could benefit from cooling effects. For group 1, cooling 
effects may still be improved by increasing the canopy cover within 
UGS.

Discussion

Improving the effectiveness of urban green spaces in urban areas across 
Europe

Given the current and anticipated impacts of heat waves, together 
with the new EU nature restoration law, scientists, decision makers, and 
planners increasingly seek information on how to maximize the effec
tiveness of NbS [2,3,17]. By characterizing European urban areas and 
evaluating the cooling influence of three UGS characteristics by simu
lating heat mitigation under different scenarios in a virtual city, we 
found consistent patterns across all biogeographical regions. Although 
relative differences in HMI values were more pronounced in the Atlantic 

and Boreal urban areas due to enhanced cooling capabilities of UGS, the 
decrease of city-wide temperatures was noticeably stronger in the 
Mediterranean and Continental urban areas, where canopy cover 
through shading seems to have greater cooling effects than evapo
transpiration [50].

Overall, our findings indicate that the percentage of canopy cover 
within UGS is the most influential factor in mitigating urban heat among 
the three characteristics tested. This is in line with previous studies 
demonstrating that high canopy cover provides both shade and higher 
cooling effects [28,69,70,32], while sparsely vegetated UGS may dry up 
more quickly. Especially under intense and long-lasting heat waves, UGS 
without or with little canopy cover may lose their cooling capacity and 
hence contribute to further temperature increase [9,71]. Our analysis of 
European urban areas revealed that UGS canopy cover reached only 9.4 
% in half of the urban areas, while studies recommend having at least 16 
% UGS canopy cover to reduce the temperature by about 1 ◦C [27]. 
Higher cooling effects can be achieved by further increasing canopy 
cover towards urban forests [72,33,37]. The first heat mitigation mea
sure is, therefore, increasing canopy cover within UGS. Although we 
found minor differences across Europe, urban areas located in the 

Table 2 
Percentage of urban areas in each quartile comprised in the groups identified through cluster analysis, distinguished by biogeographical region relative to all European 
urban areas (n = 737).

UGS characteristic Group Quartile Mediterranean Continental Atlantic Boreal Total

Percentage 1 1 - - - - -
​ ​ 2 0.9 0.1 0.7 - 1.8
​ ​ 3 2.3 5.7 3.9 0.4 12.3
​ ​ 4 2.6 10.9 8.1 2.3 23.9
​ 2 1 10.4 7.9 3.3 - 21.6
​ ​ 2 5.6 8.0 3.7 0.4 17.6
​ ​ 3 3.4 3.3 2.2 - 8.8
​ ​ 4 - 0.3 - - 0.3
​ 3 1 1.1 1.5 0.8 - 3.4
​ ​ 2 0.3 3.9 1.1 0.5 5.8
​ ​ 3 - 2.4 0.8 0.4 3.7
​ ​ 4 - 0.7 0.1 - 0.8
Size 1 1 0.9 0.1 0.3 - 1.4
​ ​ 2 8.1 14.9 10.9 0.8 34.7
​ ​ 3 2.4 27.3 21.2 6.9 57.8
​ ​ 4 - - - - -
​ 2 1 4.2 0.3 0.1 - 4.6
​ ​ 2 25.0 18.5 8.1 0.5 52.1
​ ​ 3 8.1 29.7 14.7 0.4 52.9
​ ​ 4 - - - - -
​ 3 1 - - - - -
​ ​ 2 - - - - -
​ ​ 3 3.3 21.2 6.9 2.8 34.2
​ ​ 4 1.1 6.0 2.2 - 9.2
Canopy cover 1 1 0.4 0.3 0.1 0.4 1.2
​ ​ 2 1.5 6.2 4.2 1.1 13.0
​ ​ 3 3.5 7.9 5.8 0.8 18.0
​ ​ 4 0.3 1.6 1.6 0.1 3.7
​ 2 1 0.4 0.9 0.1 - 1.5
​ ​ 2 5.0 8.5 3.4 0.3 17.2
​ ​ 3 11.4 8.7 3.3 0.1 23.5
​ ​ 4 1.9 1.1 1.5 - 4.5
​ 3 1 - 1.1 - 0.1 1.2
​ ​ 2 1.1 5.0 1.6 0.5 8.3
​ ​ 3 0.3 2.0 0.7 0.1 3.1
​ ​ 4 - - 0.3 0.1 0.4
Population 1 1 4.9 10.7 10.3 2.4 28.4
​ ​ 2 0.8 5.2 2.4 0.1 8.5
​ ​ 3 0.1 0.8 - 0.1 1.1
​ ​ 4 - - - - -
​ 2 1 1.2 0.1 0.3 - 1.6
​ ​ 2 4.7 6.4 2.0 0.4 13.6
​ ​ 3 6.4 6.9 4.3 - 17.6
​ ​ 4 7.1 6.0 2.4 - 15.5
​ 3 1 - - - 0.1 0.1
​ ​ 2 - 1.5 0.5 0.4 2.4
​ ​ 3 0.3 3.3 1.4 0.3 5.2
​ ​ 4 1.1 3.8 0.9 0.1 6.0
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northern parts of Europe (Boreal region) or belonging to group 3 had on 
average low canopy cover, and thus, still have the potential to increase 
cooling effects by increasing the canopy cover. Consequently, urban 
planners and managers should prioritize the integration of trees into 
UGS design, accounting for vegetation structures and crown quality to 
improve cooling effects [31,73].

Our findings indicate that the increase in percentage of UGS is the 
second most influential factor on heat mitigation. These findings align 
with previous studies [33,34] and suggest that urban areas could adapt 
more effectively to the projected increase in heat waves by converting 
sealed surfaces into unsealed UGS [69]. Our analysis of European urban 
areas revealed distinct spatial patterns consistent with other studies [74,
48,75], indicating that urban areas in southeastern Europe (group 2) had 
less than half of the percentage of UGS compared to those in northern 
regions. While such differences can be attributed to specific cultural, 
historical, social, and environmental contexts [76], they have important 
implications for urban planning in southern and eastern European urban 
areas (groups 2 and 3). In these areas, the UGS percentage should be 
considerably increased, possibly to >17.2 %, to achieve cooling effects 
from UGS. However, it should be noted that the implementation of new 
UGS often competes with other lucrative land uses, and available space 
may be limited [43]. Moreover, UGS must be carefully planned, as 
cooling effects in warmer and dryer urban areas, e.g., located around the 
Mediterranean, depend on vegetation characteristics and water avail
ability [77].

Studies agree that the cooling of air temperatures is limited to rela
tively narrow zones around UGS, though larger UGS generate greater 
cooling effects that can extend several hundreds of meters beyond the 
park limits dependent on further factors such as relief and corridors for 
cold air flows [36,33,34,37]. However, there is less evidence that small 
UGS contribute to heat mitigation [31]. Our findings suggest a positive 
influence of small UGS on heat mitigation, depending on the spatial 
concentration and overall percentage of UGS, while UGS size had no 
significant influence on urban heat mitigation at the city-wide level. An 
explanation may be that the size in the scenarios was very small for S1 
(0.56 hectares) and S2 (1.07 hectares), representing three-quarters of 
UGS across European urban areas. Only for S3, it reached 2.4 hectares. 
In the InVEST model, 2 hectares are considered a threshold between 
small and large parks, and the model attributes only to large parks an 
additional cooling effect that goes beyond the UGS limits [37]. More
over, our analysis targeted city‑wide heat mitigation under controlled, 
virtual conditions, aggregating outcomes across the entire urban extent. 
In contrast, many studies emphasizing park size effects examine local 
cooling intensity and decay with distance from an individual park.

Considering justice in nature-based solutions

Despite increasing consideration of environmental justice, the 
implementation of NbS still insufficiently accounts for potential in
equities in the spatial distribution of beneficiaries and their specific 
needs for heat mitigation [78,44]. Accordingly, our maps (Figure S3) 
revealed great local differences in heat mitigation, which was also re
flected in the share of people benefiting to a different extent from cooler 
temperatures. Across Europe, we found greatest disparities in benefits in 
urban areas belonging to groups 2 and 3, where more than two-thirds of 
the population live at distances greater than 250 m away from UGS. 
These findings emphasize the need to address issues related to justice 
when implementing NbS [39,44,40]. Moreover, socially vulnerable 
people often live in neighborhoods with limited access to UGS, where 
creating or improving green infrastructure for heat mitigation is highly 
needed [5,45].

There are other characteristics of UGS that also relate to social jus
tice. UGS are multifunctional areas providing many environmental, so
cial, health, and economic co-benefits [79–81]. For example, UGS can 
contribute to several provisioning and regulating services including air 
quality improvement, noise mediation, flood mitigation, carbon 

sequestration, as well as provide various cultural ecosystem services 
such as opportunities for recreation, aesthetic experiences, education, 
and inspiration [82–84]. People also particularly value non-material 
benefits such as the improvement of physical and mental health, social 
relationships, and sense of place [85]. Thus, UGS should account for 
people’s needs and preferences living in the surrounding neighbor
hoods, which, however, often differ among social groups [86,85,87]. For 
example, elderly people may prefer quieter UGS and appreciate ame
nities such as sufficient seating places and barrier-free access, whereas 
young people may value higher opportunities for social interaction as 
well as sports facilities. To integrate differing demands and interests, 
decision-makers and planners should include all residents into the UGS 
planning and decision process through participatory approaches that 
acknowledge values and preferences of different socio-cultural groups 
and help anticipating potential conflicts [88–90].

Challenges and limitations related to the implementation of nature-based 
solutions in urban areas

Our findings suggest that extending the percentage of UGS in urban 
areas, combined with increasing canopy cover within UGS, is an effec
tive strategy for mitigating future heat waves. However, there are also 
various constraints related to the implementation of new UGS. These 
include, for example, limited availability of space, insufficient financial 
resources, unequal distribution of ownership, and competing interests 
[91]. Increasing the canopy cover may therefore be the first option in 
many places. While several cities in southern Europe have on average 
extremely high canopy cover, for example, Nice in France (85.6 %), 
Massa in Italy (78.7 %), and Zonguldak in Turkey (67.8 %), there are 
also many cities that have <9.4 % (C2) of canopy cover. In northern 
countries, many urban areas have the potential to increase canopy 
cover, in particular Vilnius in Lithuania, Daugavpils in Latvia, as well as 
Helsinki in Finland which have all <1.7 % (C1) of canopy cover.

However, cooling effects not only depend on the amount of canopy 
cover but also on the crown quality and shape measured, for example, by 
leaf area density and vitality [73]. Moreover, measures for increasing 
urban greenery need to be carefully evaluated for not creating or 
aggravating conflicts among uses of resources or disbenefits to people 
related to plant species or blue-green infrastructure. In northern regions, 
for example, a higher canopy cover may lead to higher risks under heavy 
storms or snowfall due to the risk of branches breaking [92], while 
considering water needs for irrigation in water-scarce regions such as in 
Mediterranean and Continental cities is key, particularly in the light of 
climate change and precipitation unpredictability. To avoid trade-offs 
that undermine water security or housing needs, this requires the 
implementation of strategies to reduce water consumption, e.g., by 
using efficient irrigation systems such as sensor-based watering, grey
water reuse, and rainwater harvesting, by adopting flexible irrigation 
plans in dependence on the season and weather situation, and by 
selecting local and drought tolerant species that can better scope with 
water stress or treated wastewater [93]. Furthermore, integrating green, 
blue, and grey infrastructure to capture and reuse stormwater can create 
reserves for sustaining vegetation during dry periods. However, it also 
needs to be considered that an increase in urban greening may facilitate 
the emergence and spread of mosquitoes and vector-borne diseases, 
requiring adequate water management [94].

Cooling effects of UGS are also influenced by further factors 
including, for example, vegetation composition and structure within 
UGS [30–32], as well as urban morphology, land cover, and local 
climate zone, affecting shading, air movement, and urban microclimate 
[69,47,70,50,95]. Climate conditions also influence the cooling capacity 
of vegetation during heat waves depending on irrigation practices [96] 
as well as on the intensity, duration, and frequency of heat waves, 
potentially impacting the vegetation and their recovery after extreme 
events [97,98]. Therefore, it is particularly important to select vegeta
tion types and plant species that are adapted to the local climate and that 
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can cope with future climate conditions.
Since space for creating new UGS is often limited, designing UGS that 

coexist with housing and infrastructure can create multifunctional 
spaces. For example, green infrastructure such green roofs, facades, 
walls, schoolyards, and courtyards that fit into dense urban fabrics 
[99–101], or street tree coverage [102,103], may be easier to implement 
in city centers and does not compete with living spaces. Another solution 
is integrating UGS into redevelopment projects transforming underused 
or obsolete urban spaces into multifunctional green areas rather than 
expanding UGS into areas needed for housing. Suitable sites withing and 
around urban areas that can be redesigned into eco-districts with inte
grated parks, gardens, and green corridors, mitigating climate change 
impacts, include, for example, old industrial or underused sites, 
brownfield sites, and road and rail infrastructure [104,105].

Methodological limitations

Our results highlight differences across European urban areas as well 
as the potential effects and interactions of UGS characteristics on urban 
heat mitigation, but there are also several limitations. Regarding the 
quantification of the benefiting population across the European urban 
areas, only based on proximity to UGS, disregards differences in 
vulnerability to heat of socio-demographic groups [3,5,6]. Therefore, 
the integration of social vulnerability indices or demographic informa
tion would provide deeper insights, which should be addressed by future 
studies. Most limitations, however, are related to the scenarios. First, the 
InVEST urban cooling model comes along with a series of constraints 
and simplified assumptions, such as uncertainty in the weighting of 
shade, albedo, and evapotranspiration, generalized assumptions on 
cooling effects beyond park boundaries, linear relationship between 
canopy cover and cooling effects, and disregarding shading by buildings 
[54,60,37]. Many of these issues (e.g., weighting of parameters) are less 
relevant for our study, because keeping all parameters constant across 
the scenarios except for one parameter allows for comparing relative 
values. However, the extent of change between the individual scenarios 
may not be underestimated or overestimated, for example, due to the 
differentiation between small and large UGS and related assumptions 
regarding the distances of cooling effects beyond UGS boundaries. 
Although we addressed bioclimatic differences by integrating biogeo
graphical regions, the absolute temperature changes reported in our 
results need to be interpreted with caution, as they represent average 
values. These values will likely differ in real urban areas with more 
specific climatic and morphological characteristics, as local cooling ef
fect greatly depend on vegetation properties, local climate, and wind 
patterns, as well as the structure and morphology of adjacent buildings 
and terrain [106,37]. For real-world assessments, the model parameters 
(shade, evapotranspiration, and albedo) should be validated with 
empirical data and calibrated with local conditions to best fit measured 
temperatures [57,60].

Similarly, our findings regarding the population living in proximity 
to UGS differ in real-world cities with distinct urban morphologies and 
socio-demographic inequities. While we assumed an equal distribution 
across the virtual city of buildings and residents, in real cities not only 
the population density varies across urban districts, but also groups with 
higher vulnerability to heat are often concentrated in disadvantaged 
neighborhoods [107]. Here, the assessment of distance‑related gradients 
of cooling effects from UGS would provide more specific insights (e.g., 
[37]). Nevertheless, our results emphasize the importance of assessing 
cooling effects at different spatial levels across cities to address issues of 
justice. Another constraint is the focus on UGS in our study, while urban 
heat mitigation can be achieved through further elements of green, blue, 
and grey infrastructure such as street trees, green roofs, and walls, or 
rivers, lakes, and ponds [99,101,25,102,22,108]. For example, calcu
lating canopy cover relative to the total urban area could provide in
sights into broader city‑wide cooling potential, particularly in cities 
where tree canopy outside UGS, such as along streets or within built‑up 

courtyards, contributes substantially to shading and evapotranspiration 
[49]. This was beyond the scope of our study, and further research is 
necessary to assess interactions among different types of such infra
structure as well as diurnal variations to evaluate the potential of UGS 
and improve their effectiveness in urban heat mitigation [109].

Our findings provide insights into large-scale patterns and general
ized trends across Europe, which serve as a benchmark across European 
urban areas by comparing the deviation of individual urban areas 
(Table S1) to the average values across Europe. However, there are 
limitations in transferring our simulation results to specific contexts. 
First, focusing on the quartiles of UGS characteristics across all urban 
areas does not depict the complete spectrum of possible configurations. 
Future studies should therefore derive extreme scenarios based on 
minimum and maximum values of UGS characteristics. Moreover, it was 
not possible to fully account for relationships between geographical 
locations, size of urban areas, number and characteristics of UGS [27]. In 
future studies, such simulation exercise could be refined by dis
tinguishing distinct typologies of cities, for example, based on size, 
building density and height, topography, and surrounding land cover. 
This could be achieved through a clustering approach that integrates 
urban morphology, climate types, and UHI profiles, followed by the 
design of a representative virtual city for each cluster. Such an approach 
would greatly enhance the generalizability of the results. More specific 
scenarios results could also be obtained by adapting the model param
eters (i.e., shade, evapotranspiration, and albedo) based on species traits 
reflecting, for example, crown quality [73]. In addition, it is necessary to 
assess differences of cooling effects between daytime and nighttime 
[109], as well as to account for variations in UHI effects across cities to 
indicate the specific cooling potential by UGS [11]. Since European 
countries have different climates, regional variations in UGS can be 
captured by characterizing urban areas within distinct climate zones (e. 
g., Mediterranean, continental, oceanic). This approach could also 
enable transferring the findings to cities outside Europe. Nevertheless, to 
provide reliable guides for real urban planning and heat mitigation 
strategies, scenarios need to be tested within the specific urban context 
due to the complex interactions of multiple factors influencing cooling 
effects of UGS [27].

Conclusion

To support decision-making and planning in addressing the future 
increase in heat waves, this study combined an analysis of UGS char
acteristics across 737 urban areas in Europe with heat mitigation 
simulation of 27 scenarios using a virtual city. Our analysis revealed 
consistent, large-scale patterns and generalized trends across major 
European biogeographical regions, providing a benchmark for European 
urban areas by comparing individual cities’ deviations from average 
UGS characteristics. Overall, our findings highlight the need to imple
ment new or improve existing UGS across European urban areas, while 
indicating potential adaptation measures based on the simulations. For 
example, people living in southern and eastern European urban areas 
will mostly benefit from expanding UGS and achieving a more even 
distribution of UGS across the urban area. While northern regions 
generally have a greater percentage of UGS, there is still some potential 
to increase cooling effects by increasing the canopy cover. Nevertheless, 
simulation results should be validated against empirical temperature 
data. Additional scenarios must also be tested in specific urban contexts 
to account for the complex interactions among multiple factors influ
encing UGS cooling effects. This will ensure reliable guidance for urban 
planning and heat mitigation strategies in real-world cities.

Impacts and implications

• Environmental concerns: The study addresses the potential of heat 
mitigation caused by climate change in European urban areas 
through nature-based solutions, contributing to an enhanced 
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understanding of the influence of the characteristics of urban green 
spaces in terms of percentage, size, and canopy cover on cooling 
effects.

• Economic concerns: Mitigating urban heat through nature-based 
solutions contributes to energy savings. The study focuses on the 
heat mitigation index, but energy savings are strongly correlated. 
Therefore, our findings provide a basis for the quantification of 
economic savings.

• Social concerns: We assess issues of environmental justice by 
quantifying the share of population residing in proximity to urban 
green spaces across European urban areas, as well as by analysing the 
share of population benefitting from different levels of cooling effects 
under nature-based solution scenarios.
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[21] A. González-García, I. Palomo, A. Codemo, M. Rodeghiero, T. Dubo, A. Vallet, 
S. Lavorel, Co-benefits of nature-based solutions exceed the costs of 
implementation, Cell Reports Sustain. 2 (3) (2025) 100336, https://doi.org/ 
10.1016/j.crsus.2025.100336.

[22] J. Sahani, P. Kumar, S.E. Debele, Efficacy assessment of green-blue nature-based 
solutions against environmental heat mitigation, Environ. Int. 179 (2023) 
108187, https://doi.org/10.1016/j.envint.2023.108187.

[23] L.V. Pinto, M. Inácio, C.S.S. Ferreira, A.D. Ferreira, P. Pereira, Ecosystem services 
and well-being dimensions related to urban green spaces – A systematic review, 
Sustain. Cities. Soc. 85 (2022) 104072, https://doi.org/10.1016/j. 
scs.2022.104072.
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between various urban green spaces and local climate zones, Sci. Rep. 13 (2023) 
9799, https://doi.org/10.1038/s41598-023-36850-6.

[48] N. Kabisch, M. Strohbach, D. Haase, J. Kronenberg, Urban green space 
availability in European cities, Ecol. Indic. 70 (2016) 586–596, https://doi.org/ 
10.1016/j.ecolind.2016.02.029.

[49] J. Schwaab, R. Meier, G. Mussetti, S. Seneviratne, C. Bürgi, E.L. Davin, The role of 
urban trees in reducing land surface temperatures in European cities, Nat. 
Commun. 12 (2021) 6763, https://doi.org/10.1038/s41467-021-26768-w.

[50] P. Rao, D. Torreggiani, P. Tassinari, T. Rötzer, S. Pauleit, M.A. Rahman, Do urban 
green spaces cool cities differently across latitudes? Spatial variability and 
climatic drivers of vegetation-induced cooling, Sustain. Cities. Soc. (2025) 
106513, https://doi.org/10.1016/j.scs.2025.106513.

[51] EEA, Biogeographical regions. Europe 2016 (v1), European Environment Agency, 
Copenhagen, 2016.

[52] M. Gholami, D. Torreggiani, A. Barbaresi, P. Tassinari, Smart green planning for 
urban environments: the City digital twin of Imola, in: F. Belaïd, A. Arora (Eds.), 
Smart Cities: Social and Environmental Challenges and Opportunities for Local 
Authorities, Springer International Publishing, 2024, pp. 133–150, https://doi. 
org/10.1007/978-3-031-35664-3_10.
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H. Locke, G.D. Jenerette, J. Östberg, J. Vogt, Beyond ‘trees are good’: disservices, 

management costs, and tradeoffs in urban forestry, Ambio 50 (2021) 615–630, 
https://doi.org/10.1007/s13280-020-01396-8.

[93] L. Gasser, F. Le Gall, M. Abily, Water efficiency in smart cities: optimising 
irrigation for public green spaces, LHB 110 (2024) 2294076, https://doi.org/ 
10.1080/27678490.2023.2294076.

[94] F. Fournet, F. Simard, D. Fontenille, Green cities and vector-borne diseases: 
emerging concerns and opportunities, Eurosurveillance 29 (2024), https://doi. 
org/10.2807/1560-7917.ES.2024.29.10.2300548.

[95] I.D. Stewart, T.R. Oke, Local climate zones for urban temperature studies, Bull. 
Am. Meteorol. Soc. 93 (2012) 1879–1900, https://doi.org/10.1175/BAMS-D-11- 
00019.1.

[96] J. Zhao, N. Meili, X. Zhao, S. Fatichi, Urban vegetation cooling potential during 
heatwaves depends on background climate, Environ. Res. Lett. 18 (2023) 14035, 
https://doi.org/10.1088/1748-9326/acaf0f.

[97] D.D. Breshears, J.B. Fontaine, K.X. Ruthrof, J.P. Field, X. Feng, J.R. Burger, D. 
J. Law, J. Kala, G.E.S.J. Hardy, Underappreciated plant vulnerabilities to heat 
waves, New Phytol. 231 (2021) 32–39, https://doi.org/10.1111/nph.17348.

[98] R. Teskey, T. Wertin, I. Bauweraerts, M. Ameye, M.A. McGuire, K. Steppe, 
Responses of tree species to heat waves and extreme heat events, Plant Cell 
Environ. 38 (2015) 1699–1712, https://doi.org/10.1111/pce.12417.

[99] H. Alsaad, M. Hartmann, R. Hilbel, C. Voelker, The potential of facade greening in 
mitigating the effects of heatwaves in Central European cities, Build. Environ. 216 
(2022) 109021, https://doi.org/10.1016/j.buildenv.2022.109021.

[100] E. Jamei, H.W. Chau, M. Seyedmahmoudian, A. Stojcevski, Review on the cooling 
potential of green roofs in different climates, Sci. Total Environ. 791 (2021) 
148407, https://doi.org/10.1016/j.scitotenv.2021.148407.

[101] K. Koch, T. Ysebaert, S. Denys, R. Samson, Urban heat stress mitigation potential 
of green walls: a review, Urban. For. Urban. Green. 55 (2020) 126843, https:// 
doi.org/10.1016/j.ufug.2020.126843.

[102] M.A. Rahman, L.M.F. Stratopoulos, A. Moser-Reischl, T. Zölch, K.H. Häberle, 
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