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Abstract: In this article we present three instruments: (1) a social vulnerability to extreme
heat index to identify the areas of a city (and populations thereof) more vulnerable to
extreme heat due to climate change (heat islands); (2) a new overall fragility index that
incorporates social vulnerability to extreme heat as well as socioeconomic indicators; and
(3) a climate shelter index (CSI) to identify areas within a city that can provide relief from
extreme heat based on green and blue solutions. We elaborated these three indexes to
measure social vulnerability to extreme heat in the municipality of Bologna, which serves
as this article’s case study. By analyzing the connections between social vulnerability to
extreme heat and several socio-demographic variables in Bologna, we found that a decrease
in income is significantly correlated with an increase in social vulnerability to extreme
heat in urban contexts. A comparison between our new overall fragility index and the
existing index adopted by the municipality of Bologna (Indice di fragilita, Comune di
Bologna) showed that about 75% of the statistical areas observed are worse off when social
vulnerability to extreme heat is also considered. Considering social vulnerability to extreme
heat shows vulnerabilities in a city (here: Bologna) that the pre-existing index did not
consider. These findings and our new indexes can support the Bologna administration
(and other local administrations) in addressing the consequences of climate change for their
most vulnerable residents.

Keywords: climate shelters; heat islands; urban studies; inequality; climate change

1. Introduction

Elevated temperatures, especially in urban areas, impact environmental quality and
human well-being. Therefore, the need to consider the consequences of heat islands in the
context of urban social fragility has emerged: this research addresses climate shelters as
instruments to reduce and deal with social vulnerability to extreme heat [1].

This research takes Bologna as a case study. Located in one of Europe’s most air-
polluted areas (namely, Pianura Padana), Bologna has a high degree of soil consumption
in its city center and some of its most working-class neighborhoods [2]. This makes it a
significant case study for social vulnerability to extreme heat.

We calculated a social vulnerability to extreme heat indicator by considering several
factors: heat islands and cool areas, green or blue nature-based solutions, and the presence
of climate shelters. In order to evaluate green areas as possible climate shelters, the climate
shelter index (CSI) was created. Analyzing the connections between social vulnerability
to extreme heat and several socio-demographic variables, a significant link was found: a
decrease in income is significantly correlated with an increase in social vulnerability to
extreme heat.
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On this ground, we calculated a new overall fragility indicator, including economic,
social, demographic, and social vulnerability to extreme heat. This new indicator adds
the social vulnerability to extreme heat variable to the existing index adopted by the
municipality of Bologna (Indice di fragilita). A comparison between the two indexes shows
that about 75% of the statistical areas observed within Bologna are worse off when social
vulnerability to extreme heat is also considered. Therefore, taking social vulnerability to
extreme heat into consideration shows vulnerabilities in Bologna that the pre-existing index
does not consider. Furthermore, it can provide insights into how and where to intervene
with climate change adaptation measures.

Altogether, this article presents three new instruments: (1) a social vulnerability to
extreme heat index to identify the areas of a city (and populations thereof) more vulnerable
to extreme heat due to climate change (heat islands); (2) a new overall fragility index that
incorporates social vulnerability to extreme heat as well as socioeconomic indicators; and
(3) a climate shelter index (CSI) to identify areas within a city that can provide relief from
extreme heat based on green and blue solutions. These instruments were applied to the
study of social vulnerability to extreme heat and responses thereto in Bologna.

The next section presents a literature review on urban heat islands. Section 3 discusses
our methodological choices. Section 4 showcases the empirical results of this study, while
Section 5 discusses their implications. The final section draws conclusions.

2. Literature Review: Urban Heat Islands and Their Policy/Social Implications

Global warming and dramatic changes in climate patterns have impacted the entire
world in many aspects of the environment, society, and economy [3]. Previous studies
indicate that the global average temperature, both surface and atmospheric, is expected
to increase further by the end of this century, with particularly intense effects in urban
areas [4]. The Fourth National Climate Assessment, published by the U.S. Global Change
Research Program [5], affirms unequivocally that climate change has increased the fre-
quency, duration, and severity of heat waves across the globe, exposing millions of people
to heat-related health risks. Indeed, numerous studies show a significant link between
rising temperatures and the occurrence of extreme heat events [6]. Furthermore, climate
change and heat islands have an important interaction [7]: in many areas of the U.S., there
is evidence that the constantly increasing warming trend is intensifying temperatures in
heat island areas, which will worsen if there is continuous warming. Changes in land use
and land cover influence the climate and weather, contributing to the creation of urban
heat islands. The urban heat island (UHI) effect is a heat accumulation phenomenon within
urban areas due to urban construction and human activities [8], and it is defined as a
temperature difference between urban and rural areas; it is caused specifically by the excess
of heat emitted and by the solar gain trapped by the urbanized environment [9]. The UHI
effect was found to be related to the urban heat release, properties and structures of the
underlying surface, vegetation coverage, population density, and weather conditions [10].
Nowadays, the literature on the UHI effect is very rich and this phenomenon has been
studied worldwide: in Italy, there are studies available for some major cities, such as
Bologna [11], Milano [12], Firenze [13], Padova [14], and Roma [15].

The scale and intensity of the UHI effect have become increasingly severe and evident
due to ongoing urbanization [8]; this, combined with the need to enhance ecological
conservation, has led to a new fundamental goal: the realization of sustainable urban
development which takes UHIs into account as an important and serious environmental
challenge [16].

As urban heat islands and rising temperatures impact our society both socially and
economically, important research has been conducted to counterbalance the consequences
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of these phenomena, leading to the development of efficient climate change adaptation
technologies [17]. Therefore, urban planners are now increasingly adopting sustainable
solutions to alleviate the excessive thermal stress associated with UHIs [18]. Five main
strategies have been identified based on the existing literature and climate shelter def-
initions formulated by institutional environmental protection bodies such as the US’s
Environmental Protection Agency:

(1) Trees and vegetation: reducing urban heat through shading and evapotranspiration,
improving thermal comfort [19,20];

(2) Greenroofs: growing a vegetating layer on a rooftop lowers roof and air temperatures,
reducing the cooling load and improving thermal comfort [21,22];

(3) Cool roofs: absorbing and transferring less heat compared to traditional roofs, lower-
ing building interior temperatures and reducing energy consumption [23];

(4) Cool pavements: reducing surface temperatures and limiting heat radiation into the
atmosphere, mitigating heat islands [24];

(5) Smart growth: encouraging tree planting and the creation of green spaces, improving
the resilience and liveability of communities [7].

A new possible solution, which could be considered as part of the “Trees and veg-
etation” strategy, was ideated in Barcelona, Spain: the climate shelter. In order to cope
with heat waves, Barcelona City Council has decided to create a network of climate shelter
spaces [25]. Selected areas in a city, especially green areas, can be converted into climate
shelters by implementing changes to enforce specific characteristics: a climate shelter
should be easily accessible, free, public, and safe with a green surface area of at least
0.5 hectares and an NDVI (normalized difference vegetation index) of at least 0.4 as de-
fined by the Barcelona for Climate project [25]. Moreover, there should be a rest area with
benches, picnic tables, and free water for everyone, so that people can take refuge during
heat waves and find refreshment and thermal comfort [26].

This article advances knowledge on climate shelters as a strategy to mitigate the
impact of climate change in urban contexts.

3. Materials and Methods
3.1. Study Area

Our study observed an ancient city in the center of Italy: the municipality of Bologna
covers a total area of 141 km?, with a population of nearly 390,000 as of 2023. The territory
includes six districts and is divided into 18 zones and 2333 census sections defined by the
Istat (Italian National Institute of Statistics) in the general censuses. Furthermore, Bologna
is divided into 90 statistical areas: this subdivision responds to the need to define a more
fine-grained reading “grid” than the traditional subdivision of Bologna into neighborhoods
or zones and that at the same time is more concise than the subdivision into census
sections [27].

Bologna is a relevant case study to observe heat effect mitigation strategies in Europe
as it is located in one of Europe’s most air-polluted areas (that is, Pianura Padana). Fur-
thermore, Bologna has a high population density and reduced greenery in its city center
and some of its most working-class neighborhoods, being the core of one of Italy’s most
important industrial areas [2].

Cities of the Pianura Padana, also known as the River Po Valley, regularly feature
among the top 10 European cities by air pollution. Cremona, Vicenza, Padova, Venezia,
and Piacenza are five of the ten most air-polluted cities in Europe at the time of writing,
and they are all based in the Pianura Padana. Turin, Bergamo, Brescia, Treviso, and Milan
are in the top 20 [28]. The reasons for this are the geographical and climatic conditions of
the area: humid, non-windy, and shielded by the Alpine arch—a combination that creates
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the conditions for air pollutants to accumulate. Pollutants are especially produced by the
industrial powerhouses of cities such as Milan, Turin, and Bologna [29].

While faring better than other Pianura Padana cities in terms of air pollution [28],
Bologna is a good case study due to the conformation of its very urbanized city cen-
ter and industrial capacity. Furthermore, the local government provides a multitude of
systematized open data that facilitate the analysis [30].

3.2. Data

Three main data types were used in this study: socio-demographic indicators, envi-
ronmental and urban characteristics, and air temperature data.

The socio-demographic data [31] used included age (5 classes to distinguish different
age ranges); gender (male or female); citizenship (2 classes: Italian or foreign); and income
(average income per contributor). The overall fragility index, obtained from Mappa della
Fragilita (Mappa della Fragilita was a study conducted by the municipality of Bologna
to map the conditions of fragilities and marginalization of different kinds within its ad-
ministrative territory and put forward policies to address them [32]), represented further
important socio-demographic data for this research, and it was calculated using a weighted
average of indicators of potential demographic, social, and economic fragility [33].

Data about environmental and urban characteristics were collected from different
sources: in the open data portal of the municipality of Bologna (Open Data Comune
di Bologna), one could access data about parking areas reserved for vehicles serving
people with disabilities [34], data on bus stops [35], and data about management units [36].
Among the latter, only those categories representing public green spaces enjoyable for free
by people were selected, specifically “school green”, “garden”, “park”, “extensive park”,
and “sports green”, while excluding “water bodies (ponds, streams, and hillside ditches)”,
“car parks”, “green landscaping”, and “green street landscaping”. The DBSN (DataBase di
Sintesi Nazionale [37]), a geographic database of the Italian territory, represented another
important source of data about watercourses, vegetation, protected natural areas, and
agricultural cultivation. Lastly, by using OpenStreetMap, (OpenStreetMap (OSM) is a
collaborative project aimed at creating free-content maps of the world) the following data
were accessed: drinking fountains, picnic tables, and benches.

Air temperature data at 4 p.m. of June, July, and August 2022 and 2023 were used
to identify heat and cold islands. The Italian health authorities recommend people avoid
outdoor activities between 1 and 4 p.m. during summer days (this recommendation is
expanded to 11 a.m. to 18 p.m. during heat waves) [38]. Therefore, observing 4 p.m.
temperature data allowed us to observe the heat island situation at the hottest time of the
day in which people resume outdoor activities. Data were satellite-based and provided by
Meteoblue. These data covered only some statistical areas of the municipality of Bologna;
hence, a selection was made by overlaying the map of the city with the GeoTIFF temperature
files: as a consequence, the north and south areas were not included in the current research,
as can be seen in Figure 1.

This selection implies the exclusion of some areas that would be interesting to analyze,
such as Pilastro and Borgo Panigale. Pilastro was created to meet the great demand for
affordable housing following the postwar wave of immigration: low-cost social housing
was built, thus giving rise to a working-class district [39,40]. Borgo Panigale is known as
an industrial center, where important manufacturing and commercial activities are still
present today [41]. Both of these areas of Bologna have faced problems related to urban
decay, safety, and quality of life, which is why they would be an interesting study area
for this research [42]. Nevertheless, the area covered by Meteoblue data constitutes a
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representative model of cities characterized by a built-up historic center with a limited
presence of vegetation.
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Figure 1. Representation of the 90 statistical areas in the municipality of Bologna. In red are the areas
considered for this research.

An alternative instrument for this analysis could be NASA’s Ecosystem Spaceborne
Thermal Radiometer Experiment on Space Station (ECOSTRESS), which records the ground
surface temperature. This source is free, easily accessible, and collects images of the
entire world, but, on the other hand, there are some limitations: the measurements of
temperature are not made every day at the same hour; indeed, they are usually made
at different moments of the day or night and occasionally some days may be completely
skipped, thus creating a lack of data. For the purpose of this research, it would be best to
compare air temperatures measured at the same time to maintain the same environmental
conditions and limit possible bias. Another aspect that should be considered is that
the ECOSTRESS acquires data with pixel dimensions of approximately 69.997, —69.997,
whereas Meteoblue provides a better defined resolution as pixels have a size of around
1.258 x 107%, —8.982 x 107°. The spatial resolution represents a key factor in this study:
having more precise data allows heat islands to be identified more accurately, ruling out
possible wrong generalizations.

We also ran a land surface temperature (LST) investigation to further validate the air
temperature analysis. The spatial distribution and temporal trends of the LST during the
two years are depicted in Figure 2. The graph, which shows daily temperature changes,
shows a general tendency of higher temperatures in 2023 compared to 2022, especially
in late July and early August. At 4:00 p.m., these temperature peaks depict notable heat
waves or events that have affected the area, reflecting the situation of the heat island during
the day. In order to obtain the LST at 4:00 p.m. for the summer months of 2022 and 2023
in Bologna, Italy, we used Meteosat SEVIRI data, which are satellite-based and give LST
measurements with a spatial resolution of roughly 3 km. The data are accessible every
15 min.
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Figure 2. (a) LST time series at 4:00 pm for the study area in Bologna, Italy, during June, July, and
August in 2022 (blue) and 2023 (red), showing daily temperature variations. (b,c) LST spatial maps
for the same period in 2022 and 2023.

To ensure consistency across all datasets, the spatial resolution of the Meteoblue tem-
perature data was aligned with the predefined statistical areas used for socio-demographic
indicators and urban characteristics. For temporal alignment, temperature data were
extracted or averaged for the relevant study periods, ensuring coherence between the
socio-demographic indicators, which were static, and the dynamic environmental data.

3.3. Methods

This study evaluated multiple aspects of social vulnerability to extreme heat through
spatial and statistical methods. It aimed to assess the efficiency of green spaces as possible
climate shelters and subsequently identify not only the hottest areas of the city but also the
most climatically fragile. Furthermore, it explored possible relationships between social
vulnerability to extreme heat and socio-demographic factors.

First, the CSI was defined, assigning a value from 0 to 1 (where 0 indicates a bad
climate shelter and 1 a perfect climate shelter) to all green areas in a city. The CSI refers
only to outdoor climate shelters, so it considers only the following aspects of an area to
calculate the score:

1. It should be public and free, in order to ensure access for everyone;
2. It should have a green surface area > 0.5 hectares [25];
3. It should have an NDVIindex > 0.4 [25];
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4. It should be easily accessible: in particular, people should be able to reach it via
a bicycle/footpath, there should be at least one bus stop within a 5 min walking
distance, and it should be accessible for people with reduced mobility [25,26];

5. It should have at least one drinking fountain to ensure access to free water for every-
one [26];

6. It should have a rest area with benches or picnic tables [26].

The Unita Gestionali dataset of the municipality of Bologna [36] was used to identify
public green spaces and calculate the green area in square meters and hectares, guaranteeing
that accessibility was free of charge for everyone, as required in point 1. For calculating
the CSI, the NDVI is another key concept, which is derived from satellite imagery and

Iculated with the f 1
calculated wi e formula NIR — RED

NIR + RED

where NIR is the light reflected in the near-infrared spectrum and RED is the light reflected
in the red range of the spectrum (Observatory, 2000). A GeoTIFF of the NDVI in Bologna
was created (to calculate the NDVI in Python, instructions are available from Planet [43]).

NDVI =

Using this file, it was possible to calculate the average NDVI for each green area in the
municipality of Bologna and hence subsequently verify which green areas satisfied the
criterion provided by the CSL

Point 4 of the CSI states that a good climate shelter should be easily accessible. In
previous research [44], different modes of transport (walking, cycling, bus, and car) were
considered to study accessibility. Therefore, in order to assess accessibility, which is
commonly defined as the ease of reaching a destination [45], several factors were considered:
the identification of entrances to green areas, the calculation of 5 and 10 min isochrones to
understand what was nearby, the location of bus stops within a 5 and 10 min walk, and
disabled parking spaces [34] near the park entrances. After acquiring all the previously
mentioned elements, an accessibility index was developed for each green area considering
the following aspects: accessibility via pedestrian pathways; accessibility via bicycle paths;
proximity to bus stops; and the availability of disabled parking. Weights were assigned
to these aspects based on empirical and theoretical considerations to reflect their relative
importance in determining the overall accessibility. Specifically, footpaths and bicycle
lanes were given the highest weights (0.3) as a prior study [46] showed that green space
stimulates walking and cycling, as well as being an accessible way of getting around for
most people. Previous definitions of bus stops as indicators of the transport conditions and
accessibility of a region [47,48], and as point of interest data for representing the spatial
accessibility of urban green spaces [49], led us to assign a weight of 0.2 for bus stops within
a 5-minute walk, as they were closer, and 0.1 for a 10 min walk. Lastly, since guaranteeing
access to green spaces for all, including people with disabilities, is one of the objectives for
making cities inclusive, safe, resilient, and sustainable [50], disabled parking spaces were
assigned a weight of 0.1. The values of each aspect were normalized and multiplied by
their respective weights; the sum of these weighted values resulted in the total accessibility
index, which ranged from 0, poor accessibility, to 1, excellent accessibility.

The structures in a green area also play a key role in a climate shelter (see points 5
and 6 above), and therefore all fountains, benches, and picnic tables in the municipality of
Bologna were identified using OpenStreetMap.

The variables just mentioned were counted and normalized using min-max normal-
ization; that is, the minimum value was transformed into 0 while the maximum value was
transformed into 1. All the others were then transformed proportionally. The surface area
and NDVI values were normalized according to predefined thresholds, assigning a value
of 0 in the case that the area was less than 0.5 hectares or the NDVI did not exceed 0.4.
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The CSI was calculated for each green area by combining the normalized variables
and their respective weights:

CSI =S5A %012+ NDVIx0.04+ A x0.094 DF x 027 + B x 0.27+
PT x 0.21

where the weights are 0.12 for the surface area (SA), 0.04 for the NDVI, 0.09 for accessibility
(A), 0.27 for drinking fountains (DFs), 0.27 for benches (Bs), and 0.21 for picnic tables
(PTs). Principal component analysis (PCA)* was used to determine the weights of each CSI
component, as it is a statistical method that identifies the underlying components driving
variation in a dataset. The values obtained with the CSI provided a quantitative measure
of each location’s suitability as a climate shelter, considering the combination of physical
attributes and services previously studied.

To understand climate conditions in the municipality of Bologna, an indicator for
situations of potential social vulnerability to extreme heat was defined considering the
following aspects for each statistical area:

1.  The percentage of the surface occupied by heat or cold islands;

2. The percentage of the surface covered by nature-based green solutions (public and
private parks, gardens, urban greenery, etc.);

3. The percentage of the surface covered by nature-based blue solutions (rivers, ponds,
falls, etc.);

4. The average of the CSI for each statistical area considered.

Identifying heat and cold islands was possible with the Meteoblue air temperature
data from June, July, and August 2022 and 2023. For each day in this timeframe, a satellite
image was taken at 4 p.m., and they were used to find hot and cold spots. Specifically, each
GeoTIFF was read as a NumPy array (considering that the temperature is stored in the first
band of the file), and thereafter quartiles (Q1, Q2, Q3, and Q4) were calculated for non-zero
temperature values. Values belonging to Q1 were considered cold islands while values in
Q4 were heat islands; on the other hand, Q2 and Q3 were not classified as either hot spots or
cold spots. To determine whether a cell actually represented a hot zone, cell positions were
counted within each quartile: if a cell occurred more than 92 times (at least half of the total
days) in the same quartile, it could be considered a significant hot or cold spot; otherwise,
it was not significant. The result was a GeoTIFF in which each cell was marked 0 if it did
not belong to the same quartile a considerable number of times or 1, 2, 3, and 4, which
correspond to Q1, Q2, Q3, and Q4 (Figure 3). Areas labeled with the number 4 represent
hot spots in the municipality of Bologna, while those with the number 1 are cold spots. In
the end, raster data were converted into vector data: this process created polygons from
the raster data based on pixel values, aggregating pixels with the same values (PCA was
used to determine the weights of each CSI component as suggested here: % Performing
principal component analysis (PCA) to determine weights for index indicators).

Nature-based solutions can help mitigate impacts due to climate change and serve as
proactive adaptation solutions for municipalities [51]. For this reason, nature-based green
and blue solutions were identified in the studied area. Using QGIS, nature-based green so-
lutions were unified in a single layer, including all vegetation data; the same approach was
performed for blue solutions, representing all types of watercourses. This analysis made it
possible to identify green and water areas and calculate each statistical area’s percentage
coverage. With the following formula, the indicator of potential social vulnerability to
extreme heat was calculated (social vulnerability to extreme heat is indicated as HF (short
for “heat fragility”)):

HF=1-(G+B+CSI+C—-H)
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where G and B are the percentages of green and blue surfaces, the CSI is obtained by
calculating the average of the scores of the climate refugees eventually present in the
statistical area, C is the percentage of the area with a cold surface temperature, and H is
the percentage of the area that was classified as a hot spot. In this formula, two groups of
indicators can be distinguished: G, B, CSI, and C are indicators of benefit, which means that
high values of these aspects can contribute to reducing social vulnerability to extreme heat
and therefore make the area less vulnerable; on the other hand, H represents an indicator
of damage, since a high value of it will contribute to an increase in social vulnerability to
extreme heat. The index is calculated by finding the difference between the sum of the
benefit factors and the damage. This result is subtracted from 1 to invert the contribution of
the indicators, whereby high values of G, B, CSI, and C reduce the index, while high values
of H increase the index. Both the absolute index and the normalized index were calculated
for the social vulnerability to extreme heat indicator to provide an absolute and a relative
measure of the phenomenon.
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Figure 3. GeoTIFF of urban hot and cold spots in the municipality of Bologna.

In order to define the level of fragility of the statistical areas under consideration, social,
demographic, and economic aspects were taken into account while also including social
vulnerability to extreme heat. Before performing the calculations, min-max normalization
was applied to all indicators, resulting in values with a range from 0 to 1. Afterward,
the calculation of the new indicator of overall potential fragility was performed using a
weighted average of the 4 indicators, economic (EF), social (SF), demographic (DF), and
social vulnerability to extreme heat (HF):

F=EF x225+ SF x 325+ DF x 225+ HF x 2.25

As in the original study on the fragility map in Bologna [52], a higher weight was
maintained for social fragility by giving it 3.25, while the other indicators have a weight
of 2.25.

Since some studies have shown that groups with a limited adaptive capacity, including
low-income and/or non-white people, are more at risk of heat exposure [53,54] and thus



ISPRS Int. |. Geo-Inf. 2025, 14, 17

10 of 17

may be subject to climate injustice, it was interesting to investigate a possible relationship
between social vulnerability to extreme heat and certain socio-demographic factors. Income,
citizenship, age, and gender were the variables that were considered in order to comprehend
whether social vulnerability to extreme heat occurs in conjunction with specific features. A
multiple linear regression analysis was conducted to understand the relationship between
the level of social vulnerability to extreme heat, which was the dependent variable, and a
set of socio-demographic predictor variables, namely the average income, age (with many
categories: 0-14, 15-29, 3044, 45-64, and over 65), gender (male or female), and citizenship
(Italian or foreign).

4. Results

The results have been divided into three sections. This section begins by providing an
overview of the CSI and its results in the municipality of Bologna. This is followed by the
results of the statistical analysis, which identify relationships between social vulnerability
to extreme heat and specific socio-demographic groups. Finally, it identifies the influence
of social vulnerability to extreme heat on the overall fragility level.

4.1. Climate Shelter Index

The CSI constitutes an evaluation indicator for green areas, assessing their potential as
climate shelters by assigning them a value between zero and one, where zero indicates a
location that citizens can hardly use as a climate shelter, while one represents the optimal
climate shelter. In the municipality of Bologna, the area investigated had 727 public and
free green spaces, of which 181 had a green area larger than 0.5 hectares and an NDVI level
greater than 0.4, thereby meeting the climate shelter requirements. By also considering
for each green area the accessibility and the presence of drinking fountains, benches, and
picnic tables, it was found that the top five parks with a higher CSI (Table 1) were Parco
della Montagnola, with a CSI of 0.933; Giardino Centro Civico San Donato (Ex Bentivogli
E Marcinelle), with a CSI of 0.861; Parco Nicholas Green (Ex Villa Contri), with a CSI of
0.717; Parco Di Villa Angeletti, with a CSI of 0.712; and Parco Lunetta Gamberini, with a
CSI of 0.692. The first three parks had all the features necessary for a good climate shelter,
whereas in the following parks, there were some missing features, for example, picnic
tables, which are necessary to create a rest area for people, or drinking fountains, which are
essential to provide access to drinking water for everyone. All the appropriate structures
and services must be in place to ensure that a green area becomes a good climate refuge.

Table 1. The 5 green areas with the highest CSI.

Name (o Tounsime Taple DPenches NDVI R csi

Parco Della Montagnola 2.84 yes yes yes 0.72 0.63 0.93
Giardino Centro Civico San Donato 0.94 yes yes yes 0.65 0.20 0.86
Parco Nicholas Green (Ex Villa Contri) 5.05 yes yes yes 0.68 0.26 0.72
Parco di Villa Angeletti 5.95 yes no yes 0.77 0.23 0.71

Parco Lunetta Gamberini 6.43 yes no yes 0.67 0.44 0.69

4.2. Social Vulnerability to Extreme Heat

The social vulnerability to extreme heat indicator enables the understanding and quan-
tification of the fragility degree in relation to climate problems, providing a comprehensive
and detailed picture of the resilience of each statistical area when facing environmental
and climate pressures. The relative index of social vulnerability to extreme heat goes from
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zero to one, and it is classified into five different categories: 0-0.2 corresponds to low social
vulnerability to extreme heat, 0.2-0.4 is moderate, 0.4-0.6 is medium, 0.6-0.8 is high, and
0.8-1is very high (Figure 4).
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Figure 4. Visual representation of the indicator of social vulnerability to extreme heat (normalized index).

Most statistical areas had a medium or high level of social vulnerability to extreme
heat. Specifically, 28 zones out of 68 showed a high CSI score, and 24 areas had a medium
level; furthermore, among the remaining statistical areas, 8 exhibited a very high level,
5 showed a low level, and 3 had a moderate level. Observing the results, it emerged that
the presence of heat islands in a statistical area greatly influences social vulnerability to
extreme heat since it raises its value; on the other hand, an important aspect that performs
the opposite effect by reducing social vulnerability to extreme heat is the percentage of
green space.

Analyzing the output of the multiple linear regression analysis, we can observe a
meaningful relationship: the average income shows a significant negative correlation with
social vulnerability to extreme heat. In particular, the estimated value of —9.929 x 10~°
suggests that, on average, a decrease of one unit in the average income is associated with
an estimated increase of approximately 9.929 x 10~ in the social vulnerability to extreme
heat index, meaning that an increase in the income is associated with a decrease in social
vulnerability to extreme heat; moreover, this coefficient is statistically relevant because of
the small p-value (0.0000657). This result suggests that low-income people and families
are more likely to suffer from higher social vulnerability to extreme heat, as they are
more likely to live in areas with a greater presence of heat islands. This hypothesis is
supported by previous research indicating a consistent statistical association between lower
socioeconomic conditions and a greater urban heat risk [53]. The problem is documented in
the literature as thermal inequity, which is a climate gap typically defined as the disparity
in the vulnerability of racial/ethnic minorities and people with lower social and economic
status to the adverse consequences of climate change in urban areas [55]. Furthermore,
previous research in the area of Bologna showed that foreign citizens live mainly in the
working-class areas and poorer suburbs of the city [56]; hence, it is possible to assume
that non-Italian individuals, living in lower income areas, are also more affected by social
vulnerability to extreme heat. The fact that a significant part of the variance in social
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vulnerability to extreme heat can be explained by income could represent a starting point
for identifying potential predictors of vulnerabilities in statistical areas.

4.3. Overall Fragility

In the context of fragility assessment, the new overall indicator takes a comprehensive
approach, including not only social, economic, and demographic spheres but also social
vulnerability to extreme heat, which could undermine the resilience of an area. Some
observations can be made: according to the new indicator of overall fragility, with values
from 0 to 1, there was one statistical area with a low level of fragility (0, 0.2], then there were
six moderate areas (0.2, 0.4], forty-two medium areas (0.4, 0.6], nine high areas (0.6, 0.8],
and only one very high area (0.8, 1]. About 75% of the areas were thus found to be worse off
than expected under the previously existing index after the inclusion of social vulnerability
to extreme heat (Figure 5). This result raises questions about the impact that environmental
and climate problems can create in cities. The level of overall fragility decreased in only
13 statistical areas. These outcomes suggest that statistical areas are vulnerable to climate
problems; for this reason, integrating a social vulnerability to extreme heat assessment is
essential in order to have a comprehensive perspective of the situations in various areas of
the city.
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Figure 5. Comparison between the indicator of overall fragility calculated by the municipality of
Bologna, considering economic, social, and demographic fragility, and the new indicator of overall
fragility, calculated also considering social vulnerability to extreme heat. Both indices are normalized.
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5. Discussion

This study examined a series of aspects to achieving an accurate understanding of
the causes, consequences, and possible solutions for social vulnerability to extreme heat
applied to the municipality of Bologna.

First and foremost, the development of the CSI has proven to be a valuable tool for
assessing the effectiveness of green areas as climate shelters. This index is a significant
methodological contribution because, by providing the necessary data, it can be applied to
any city. It allows for an assessment of the suitability of green areas but at the same time
offers a source of inspiration for possible improvements, identifying any lack of facilities or
services in a given green space. The adoption of the CSI could be a useful resource for local
governments as well, providing both a view of the quality of possible climate shelters and
a starting point to identify intervention priorities and guide resource allocation to improve
the quality of green spaces available for the community.

This study excluded the northern and southern parts of Bologna from its analysis due
to the lack of data on air temperatures in these areas. For this reason, the results can be
considered more representative of a built-up historical center than of a municipality. How-
ever, the identification of heat islands in the considered region allowed for the visualization
of the critical spot during the hottest months. This element, combined with the dCSI and
the mapping of green and blue areas, enabled the creation of the indicator of potential
social vulnerability to extreme heat. Its contribution is another relevant aspect, as it could
help prioritize possible interventions for managing and mitigating climate vulnerabilities.
Moreover, a relationship emerged between income and social vulnerability to extreme heat
(estimated value = -9.929 x 106, p-value = 0.0000657), showing that a decrease in income
is associated with an increase in social vulnerability to extreme heat. This result supports
the hypothesis that people with a low income are more susceptible to social vulnerability
to extreme heat; hence, the need for specific interventions in economically challenged areas
arises to ensure an equitable and targeted approach in addressing social vulnerability to
extreme heat and limiting the climate gap.

The integration of social vulnerability to extreme heat into a new overall fragility index
revealed a significant impact: when observing the overall fragility of the population after
the inclusion of social vulnerability to extreme heat, it was found that about 75% of the
statistical areas showed increased fragility. This highlights the fundamental importance of
social vulnerability to extreme heat for the definition of fragility as an overall concept.

The results obtained represent a significant starting point in the attempt to analyze
the fragilities and challenges that characterize the city studied. These findings help to
map the critical issues and vulnerabilities present in the urban context, especially the
infrastructural and environmental gaps that require priority attention. Such an analysis
offers the opportunity to embark on a path that not only highlights weaknesses but also
aims to outline targeted strategies and interventions to improve the situation.

One major drawback to the analysis in this study concerns the availability of tempera-
ture data, which do not comprehensively cover all areas in the municipality; in fact, only 68
statistical areas out of 90 were studied. The absence of data on some specific areas affected
the completeness of the climate analysis conducted in this research. Another potential risk
was an autocorrelation between the variables in the multiple linear regression. Neverthe-
less, an analysis of the residuals revealed a uniform distribution around the y = 0 reference
line, showing no distinct patterns. This suggests that there was no autocorrelation between
the observations and confirms the robustness and reliability of the model in explaining the
relationship among the variables considered.

Future areas of study should focus on acquiring data encompassing the entire Bologna
municipality to obtain a more comprehensive picture and improve the understanding of
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the relationship between socio-demographic factors and social vulnerability to extreme
heat. Furthermore, future studies could consider a larger dataset with temperature data
from different times of the year or even run comparisons across cities. Concerning land
surface temperature data, new sources such as the ECOSTRESS or Copernicus could
be considered in the future. In addition, further research could examine in detail how
gender and citizenship/origin influence social vulnerability to extreme heat. Women and
foreigners, often with lower incomes, constitute a more fragile part of the population;
therefore, it would be valuable to explore this topic further to verify whether gender and
citizenship are also significant factors in increasing climate vulnerability. Finally, this study
adopted a weak definition of accessibility for people with disabilities. Future studies could
use satellite imagery to identify architectural barriers or qualitative observations to assess
climate shelters” accessibility.

Despite these limits, this study provides a useful initial understanding of the urban
climate island problem in Bologna and a re-discussion of the fragility index including
social vulnerability to extreme heat as a metric, while also providing metrics to identify
climate shelters. Information on climate shelters and heat islands should be diffused within
the city in several languages and formats (online or print) so as to help the population
during particularly hot periods. It is also recommended that government agencies make
efforts to disseminate information and improve green spaces such as climate shelters.
While the current fragility index focuses on socio-demographic and environmental factors,
it is important to note that vulnerability and resilience can be enhanced through policy
interventions and investments in urban infrastructure, such as parks, water fountains, and
improved accessibility. Although this specific study concerns Bologna, the assessment of
green areas and the development of interventions to reduce social vulnerability to extreme
heat is a good practice for all cities.

6. Conclusions

This study provides compelling evidence that social vulnerability to extreme heat
is a problem in urban centers and negatively affects an area’s overall fragility. Social
vulnerability to extreme heat is associated with a low income and the most deprived people
therefore live in more fragile situations: it is crucial that local governments recognize and
address these issues to improve living conditions in urban areas.

Climate shelters are a starting point and the first solution to social vulnerability to
extreme heat: providing the necessary services and facilities to turn the city’s green areas
into cool places can make a difference for citizens and tourists, especially during heat waves.
To be sure, this study was focused on a single city and considered one specific data source
(Meteoblue). Furthermore, data were taken for one single time (4:00 p.m.) of a summer day.
Future studies could focus on a larger dataset, run comparisons across cities, or fine-tune
the existing instruments.

Nonetheless, the present study found results that are likely transferable to middle-
sized cities with climate characteristics similar to Bologna, especially across southern
Europe. Furthermore, this study provides an important first step in mainstreaming social
vulnerability to extreme heat into general fragility-related policy discussions in urban
planning. Through the elaboration of the climate shelter index and the new overall fragility
index (which includes social vulnerability to extreme heat), this article provides urban
planners and policymakers with useful tools to address climate change effects in a city by
identifying and intervening in climate shelters.
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