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ARTICLE INFO ABSTRACT
Keywords: This study investigates the Surface Urban Heat Island (SUHI) phenomenon in the twenty Italian
Surface temperature regional capitals for the 2013-2023 period by analyzing summer surface temperatures and urban

Surface Urban Heat Island
Land take
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Urban features

features. Using open data from remote sensing products (such as Landsat-8 and 9 and Sentinel-1
and 2) as well as the Italian Revenue Agency database, this research examines surface temper-
ature differences between central and peripheral urban areas. Two methodological approaches
were employed: 1) the Real Estate Market Observatory classification provided by the Italian
Revenue Agency (OMI approach) and 2) urbanization levels as defined by the Italian Institute for
Environmental Protection and Research (urbanization level approach). High SUHI values were
observed in cities with different geographical characteristics, including mountainous areas, with
the highest values in L’Aquila, as well as both coastal and inland cities across plain and hilly
altitudes. The highest SUHI intensities ranged from 5 °C to nearly 8 °C, with the urbanization
level approach highlighting the most pronounced differences. Additionally, central urban areas in
most regional capitals were characterized by over 60 % impervious surface coverage and minimal
vegetation. Differences in tree cover percentages between urban belts showed significant positive
relationships with SUHI intensity in both plain and hilly/mountainous cities. In particular, a
highly significant (p < 0.001) positive linear relationship was found in plain cities: for every 10 %
increase in tree cover differences between outer and central belts, SUHI intensity increased by
about 1.0 °C. These findings provide valuable insights for public administrations planning urban
development and reforestation aimed at mitigating extreme thermal conditions.

1. Introduction

The research produced by the international scientific community confirms the epoch-making scale of climate change and the in-
crease in the intensity and frequency of extreme weather events (IPCC, 2022). These phenomena have evident impacts on biodiversity,
ecosystems, and especially in urban areas due to the presence of multiple elements of vulnerability (Hjort et al., 2022; Seneviratne
etal., 2021; Stolte et al., 2024). These include building and infrastructure characteristics, urban form, impervious surfaces, inadequate
green infrastructure, and high population density. Recently, several regions in Europe have experienced a significant increase in the
frequency and intensity of heatwaves (WHO, 2021), with the effects being particularly pronounced in the capitals of eastern and

* Corresponding author.
E-mail addresses: gennaro.albini@ibe.cnr.it (G. Albini), giulia.guerri@ibe.cnr.it (G. Guerri), michele.munafo@isprambiente.it (M. Munafo),
marco.morabito@cnr.it (M. Morabito).

https://doi.org/10.1016/j.rsase.2025.101567

Received 13 December 2024; Received in revised form 11 April 2025; Accepted 18 April 2025

Available online 19 April 2025

2352-9385/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


mailto:gennaro.albini@ibe.cnr.it
mailto:giulia.guerri@ibe.cnr.it
mailto:michele.munafo@isprambiente.it
mailto:marco.morabito@cnr.it
www.sciencedirect.com/science/journal/23529385
https://www.elsevier.com/locate/rsase
https://doi.org/10.1016/j.rsase.2025.101567
https://doi.org/10.1016/j.rsase.2025.101567
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rsase.2025.101567&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G. Albini et al. Remote Sensing Applications: Society and Environment 38 (2025) 101567

Abbreviations

Abio = Artificial abiotic surfaces
Tc = Tree cover

Gec = Grass cover

Nabio = Natural abiotic surfaces
Wb = Water bodies

LULC = Land Use and Land Cover
ST = Surface Temperature

SUHI = Surface Urban Heat Island;

OMI = Real Estate Market Observatory

PAs = Public Administrations

a.s.l. = above sea level

CNR- IBE = National Research Council, Institute of Bioeconomy
ISPRA = Institute for Environmental Protection and Research

southern EU countries (Morabito et al., 2018). Within urban areas, this thermal effect is further exacerbated by the anthropogenic
phenomenon known as the Urban Heat Island (UHI), which induces a rise in local surface and air temperatures in densely populated
cities compared to temperatures observed in rural regions (Akbari and Kolokotsa, 2016; Battaglia et al., 2017; Mirzaei et al., 2020). In
this context, it is imperative to focus on urban settlement complexity regarding urban climate to mitigate the UHI and the Surface
Urban Heat Island (SUHI).

Previous studies have employed various methodologies to estimate the SUHI phenomenon. For instance, data from MODIS Aqua,
Sentinel-3, and Landsat 8 were used to compare day/night climatic conditions in Teheran and its suburbs to estimate the SUHI in-
tensity (Zargari et al., 2024). In Granada (Spain) (Hidalgo-Garcia and Arco-Diaz, 2022), Landsat 5, 7 and 8 data were used to retrieve
the surface temperature (ST) using the open-source software Qgis, estimating SUHI based on the temperature difference between urban
and rural areas. Another study (Stewart et al., 2021) combined microscale and mesoscale urban climate models to analyze the diurnal
SUHI cycle and spatiotemporal patterns, using satellite imagery datasets such as MODIS and Landsat. Moreover, a global long-term
high-resolution dataset of daytime SUHI was developed using MODIS Aqua product and Sentinel-2, calculating SUHI as the temper-
ature difference between built-up and surrounding rural areas (Mentaschi et al., 2022). The latest MODIS Collection-5 ST data was
used to evaluate the geographic variations of the diurnal and seasonal SUHI phenomenon in China’s 32 major cities (Zhou et al., 2014).
In summary, remote sensing has advanced SUHI and UHI research by enabling spatiotemporal analysis while also addressing meth-
odological challenges and knowledge gaps, as demonstrated by Phan et al. (2024). Despite these methodological advancements,
accurately estimating SUHI still requires a strong focus on identifying urban centers within municipalities. In Italy, more than 70 % of
the population lives in urban areas (The World Bank, 2024), where a significant increase in land take is amplifying the effects of the
SUHI (Morabito et al., 2021). The net land take rate reached 19.4 ha per day in 2022, the highest recorded since 2012, marking a 10.2
% increase compared to 2021 and moving further away from the zero net land take targets (Munafo, 2023). This process is not slowing
down but rather accelerating, often leading to the loss of natural and agricultural areas (Munafo, 2023).

As previously mentioned, several approaches exist for analyzing the SUHI phenomenon at the urban level. One method involves
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Fig. 1. Map showing the municipal areas of the twenty Italian regional capitals studied. City names and their administrative boundaries are color-
coded according to the topography of their central areas.
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assessing spatial and temporal variations in surface temperature (ST), which highlights temperature differences between the urban
center and surrounding municipal areas, extending progressively towards the periphery (Dewan et al., 2021; Siswanto et al., 2023).
This approach estimates SUHI intensity by measuring how much “warmer” the urban center is compared to peripheral areas. Another
method involves evaluating SUHI based on land cover and urban land use (Yang et al., 2020; Zhao et al., 2017), emphasizing the role of
impervious surfaces in urban surface thermal trends rather than classifying urban areas by their geographical distribution within the
city.

Incorporating both methodologies, this study aims to analyze the presence and intensity of the summer SUHI phenomenon within
the municipal territories of Italian regional capitals. Using high-resolution remote sensing data from Landsat-8 and 9 and Sentinel-2,
the study examines variations in summer ST among different municipal areas, particularly between the urban center and outer areas.
Additionally, it considers how varying urbanization density influences summer ST, accounting for various urban features such as
impervious surfaces, tree cover, grasslands, and water bodies.

2. Materials and methods
2.1. Study-area

This study was carried out in Italy, focusing on the twenty Italian regional capitals (Fig. 1) over a period of about 10 years
(2013-2023) during the summer season (June, July and August).

Italy spans the central Mediterranean, extending from approximately 36°N to 47°N latitude and covering an area of 301,340 km?2.
This broad latitudinal range, combined with the influence of the surrounding Mediterranean Sea and the country’s complex orography
(dominated by the Alps and the Apennines) results in highly variable climatic and environmental conditions (Fratianni et al., 2017).
Italy is particularly vulnerable to natural hazards, and climate change is expected to exacerbate this vulnerability in the coming de-
cades (Fioravanti et al., 2022b; Giorgi and Lionello, 2008; Nicholls and Hoozemans, 1996). Current climate observations already
confirm an increase in average temperatures, along with an increasing trend in extreme temperature events (Fioravanti et al., 2022a;
Pisano et al., 2020). According to Koppen Climate Classification (Fratianni et al., 2017; Rubel and Kottek, 2010), the entire Italian
peninsula falls within the Mediterranean climate zone, characterized by humid subtropical and temperate subtropical highland cli-
mates in the northern regions and hot-summer Mediterranean climates mainly in the central and southern regions.

2.2. Study framework and methodological approach
This study employed open-source data and software to investigate the SUHI phenomenon across the Italian regional capitals. Qgis
(QGIS Development Team, 2023) and R environment (RStudio Team, 2020) were used for spatial and statistical analyses.
The study framework (Fig. 2) is organized into four main components.
2.2.1. Data sources
- Remote Sensing data from Landsat-8 and 9, and MODIS of the NASA missions, and Sentinel-1 and 2 of the Copernicus Programme.

- OpenStreetMap databases from the Real Estate Market Observatory (OMI) of the Italian Revenue Agency.
- Land Monitoring database from ISPRA.
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Fig. 2. Study framework and methodological approach.
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2.2.2. Geospatial layers

- Daytime summer ST from Landsat-8 and 9, and MODIS imagery for the summer period from 2013 to 2023, with a spatial resolution
of 60 m.

- OMI belts classification (central, semicentral, peripheral, suburban and extraurban).

- Urbanization level classification (urban, suburban, and rural).

- Land use and land cover (LULC) (tree cover, grasslands, impervious surfaces, water bodies) from ISPRA (De Fioravante et al., 2021),
with a spatial resolution of 10 m.

2.2.3. Data processing and SUHI investigation

- SUHI analysis based on ST variations across different OMI belts, measuring ST differences between central and outer belts.

- SUHI analysis based on ST variations across different urbanization density levels, measuring ST differences between urban and
other areas.

- Urban feature investigation across OMI belts and Urbanization level.

2.2.4. Results
- Figures, tables and maps that characterize and illustrate the SUHI phenomenon.
2.3. Surface temperature dataset

ST is a fundamental geophysical parameter for analyzing thermal behaviour and is widely used in SUHI studies (Grigoras and
Uritescu, 2018; Guha et al., 2018; Guerri et al., 2021; Morabito et al., 2021).

In this study, the summer season was chosen due to the peak intensity of the SUHI phenomenon, primarily driven by daytime solar
radiation, which results in significant temperature differences between urban centers and rural areas (Morabito et al., 2021; Esposito
et al., 2024; Barbieri et al., 2018; Bonafoni et al., 2015). The survey period (2013-2023) was selected to ensure a robust dataset with
consistent data acquisition across all cities.

Summer ST layers for the 2013-2023 period were selected from Landsat-8 and Landsat-9, and MODIS imagery, ensuring cloud
cover remained below 60 %. Satellite images for summer ST analysis were processed using the Google Earth Engine platform (GEE).
Specifically, ST was derived from the thermal infrared band 10 (TIRS) of the Collection 2 Level 1 Sensor, incorporating:

e Top Of Atmosphere (TOA) reflectance data and brightness temperature data;

e Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Emissivity Dataset (GED) and Normalized
Difference Vegetation Index (NDVI) data;

e Atmospheric reanalysis data, including geopotential height, specific humidity, and air temperature.

For each band within the municipalities under scrutiny, the average ST was computed. ST values for water bodies were excluded to
evaluate the SUHI phenomenon focusing on ground ST. The main water bodies were identified by using seasonal land cover mapping
provided by ISPRA and referring to summer surface water bodies, following the methodology described in De Fioravante et al. (2021)
and made by Sentinel-2 data from the Copernicus Programme.

2.4. Real Estate Market Observatory (OMI) approach

This study utilized the classification system of the Italian Real Estate Market of the Italian Revenue Agency, that is the Real Estate
Observatory (in Italian: Osservatorio del Mercato Immobiliare, OMI).

The OMI categorizes areas primarily into urban zones, which are contiguous sections of the municipal territory exhibiting ho-
mogeneity in positional, urban, historical-environmental, and socio-economic characteristics. These include factors such as the
presence and accessibility of facilities and services, urban and suburban transport services, morphological-environmental conditions,
and local population density (Festa et al., 2017).

Furthermore, homogeneous and contiguous zones can be aggregated into “belts”, representing OMI zones with a specific
geographical location. The entire municipal territory can thus be divided into Central, Semicentral, Peripheral, Suburban and Extraurban
belts. The central belt corresponds to the municipal area comprising the urban center, characterized by a distinguishable perimeter of
built structures exerting attraction toward larger settlements. The semicentral belt lies between the central and peripheral belts,
directly connected to the urban center by services, transport, and infrastructure. The peripheral belt is bordered by the semi-central
belt and is limited by the outer margin of the main urban agglomeration by undeveloped areas or natural/artificial barriers.

Each city’s municipal area was mapped using vector data freely available from the Italian Revenue Agency. Summer ST differences
between urban and peripheral areas were analyzed, providing a quantification of the SUHI phenomenon.

Data collection and geospatial analysis were conducted using the Qgis software. Additionally, topographical classification was
performed using a 20 m Digital Elevation Model (DEM) from ISPRA, categorizing cities into plains (<300 m a.s.l.), hills (300-600 m a.
s.l.), and mountains (>600 m a.s.l.), according to the Italian National Institute for Statistics (ISTAT - Italian National Institute of
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Statistics, 2024).

Among the twenty cities investigated, fourteen are situated in plains, three are in hilly areas and three are in mountainous regions
(Fig. 1). Additionally, nine cities are classified as coastal cities because their central or outer belts lie within 2 km of the coastline; these
include: Ancona, Bari, Cagliari, Catanzaro, Genoa, Naples, Palermo, Trieste, and Venice. The remaining eleven cities are considered
inland cities; these include: Aosta, L’Aquila, Bologna, Campobasso, Florence, Milan, Perugia, Potenza, Turin, Trento, and Rome (the
latter considered a hybrid city since its municipality extends from the sea to over 20 km inland).

For cities like Catanzaro and Perugia, which include both plains and hilly areas in their urban centers (i.e. central belts), altitude-
specific analyses were conducted. In all other cases where the OMI methodology was applied, the altitude of the central belt was
adopted as the primary reference, with the altitudes of adjacent and peripheral areas subsequently considered.

2.5. Urbanization level approach

This study also employed a geospatial approach by analyzing the territories of municipalities based on their urbanization level. This
method relied on 2021 raster data of artificialization levels, derived from land cover classifications, and provided by ISPRA at 10 m
spatial resolution.

ISPRA’s methodology for representing urban areas is based on delineating different types of urban fabric by considering only the
spatial distribution of land use and land cover, with a focus on the average density of artificial surfaces. Urbanization levels were
determined by reclassifying focal statistics derived from historical land take datasets. Specifically, three artificial surface density
thresholds were established to distinguish between (Munafo, 2023):

- Urban areas (>50 %).
- Suburban areas (10-50 %).
- Rural areas (<10 %).

Each municipal area within the regional capitals was spatially classified into urban, suburban and rural zones, using raster data
available for download from the National Environmental Information System (SINA) website. This classification was performed using
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Fig. 3. The average summer Surface Temperature (ST) for the period 2013-2023 across the national territory of Italy. The study areas, corre-
sponding to the regional capitals, were highlighted in black on the map.
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the open-source software Qgis. The SUHI phenomenon was analyzed by extracting summer ST values for each urbanization level to
assess thermal pattern differences between urban and suburban, and rural areas. This approach compares average ST values between
highly anthropized areas, where land consumption density is very high, and other areas, without classifying them based on their
specific spatial distribution within the urban context. This methodology enables a detailed investigation of the role that impervious
surfaces play in driving thermal variations across different city zones (Saha et al., 2021).

2.6. Land use and land cover classification

The Italian regional capitals were further analyzed by characterizing both OMI belts and urbanization levels using land cover and
use data. The land cover layer used in this study is based on ISPRA’s national-scale land cover dataset. This classification system was
obtained through the classification of Copernicus Sentinel-1 and Sentinel-2 satellite data, applying a specific methodology recently
developed by De Fioravante et al. (2021, 2022).

The study used the following land cover layers at a 10-m spatial resolution:

- Artificial abiotic surfaces (hereafter named Abio);
- Natural abiotic surfaces (Nabio);

- Tree cover (Tc);

- Grass cover (Gc);

- Water bodies (Wb).

Urban characterization within each municipality was performed by using R and QGIS software.
3. Results
3.1. ST products

The national average summer ST values for the study-period 2013-2023 are shown in Fig. 3.

In areas where Landsat data were unavailable, MODIS data were used. However, for the study areas considered (i.e., the regional capital
municipalities), the Landsat data provided almost complete coverage, with MODIS data accounting for less than 1 % of the total area. This gap
affected only one municipality (L’Aquila). The final spatial resolution (60 m) represented a reliable balance between the 30 m resolution of
Landsat-8 and Landsat-9 data (provided by NASA) and the 1 km resolution of MODIS data.

3.1.1. ST analysis of OMI urban belts

Fig. 4 displays the SUHI intensity across all twenty Italian regional capitals, as derived using the OMI belt approach. For Catanzaro
and Perugia, only the SUHI intensity of the plan area is shown, given that these areas constitute over 50 % of the respective municipal
territories and are therefore the most representative spatial units.

Among the cities with the highest mean ST values in the central belt were Florence (44.1 °C), Bologna (44.0 °C), and Aosta (43.7 °C)
(Supplementary Materials, Table S1). In contrast, the cities with the lowest values in the central belt were Ancona (37.5 °C) and the
plain of Catanzaro (37.5°) (Supplementary Materials, Table S1).

The SUHI intensity, defined as the ST difference between the central belt and the outer belts (semicentral, peripheral, suburban and
extraurban), was found to be positive in most Italian regional capitals, except for Bari, the plain area of Catanzaro, Cagliari, and Rome
(Figs. 4 and 5).

° M
SUHI intensity (°C) based on OMI belts

Fig. 4. SUHI intensity (°C) based on the OMI belt approach across Italian regional capitals.
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Fig. 5. The SUHI intensity calculated for the Italian cities studied through the “OMI belt” approach. Altitudinal indications are also provided in
square brackets: [P] for plain, [H] for hilly, [M] for mountainous.

Among coastal cities, the SUHI phenomenon was particularly intense (SUHI intensity above 2 °C) in the plain areas of Genoa
(5.2°C) and Trieste (4.8 °C) (Figs. 4 and 5), as well as in the hilly area of Catanzaro (4.6 °C) (Fig. 5). Conversely, an inverse pattern was
observed in the plain areas of Cagliari (—0.6 °C) and, notably, in Catanzaro (—2.1 °C) and Bari (—2.1 °C), where the central belt
exhibited lower ST values than the outer belts (Figs. 4 and 5). In Bari, the suburban and extraurban belts revealed the highest ST values
(43.0 °C and 44.9 °C) surpassing all other municipalities (Supplementary materials, Table S1).

Among inland cities, SUHI intensity was particularly high (above 2 °C) in L’Aquila (5.6 °C), Bologna (4.3 °C), Trento (3.9 °C), the
hilly area of Perugia (3.7 °C), and Florence (2.9 °C).

Furthermore, when the cities were grouped into center-north and southern categories, SUHI intensity was more pronounced in
center-north cities (above 2 °C) than in those located in the south (Fig. 5 and Supplementary Materials, Table S1).

When considering only the outermost belts (suburban and extraurban), the highest mean summer ST differences relative to the
central belts were observed in Genoa (8.7 °C), Turin (8.1 °C), and Trieste (8.1 °C) (Supplementary Materials, Table S1). Similarly,
pronounced differences were also noted in Milan (4.3 °C), Bologna (3.9 °C), Trento (3.7 °C), Palermo (2.2 °C), and Venice (1.9 °C)
(Supplementary Materials, Table S1).

3.1.2. ST analysis by urbanization level
Fig. 6 displays the SUHI intensity across all twenty Italian regional capitals, as derived using the urbanization level approach. Also
in this case, for Catanzaro and Perugia, only the SUHI intensity of the plain area is shown.

B3

SUHI intensity (°C) based on Urbanization Level

°

Fig. 6. SUHI intensity (°C) based on the Urbanization level approach across Italian regional capitals.
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In general, regional capitals exhibited higher average ST in urban areas compared to their surrounding suburban and rural areas
(Supplementary Materials, Table S2). The highest mean ST values were observed in Florence (44.0 °C), followed by Rome and Aosta
(43.6 °C), while the lowest values were observed in Potenza and Trieste (39.4 °C), as well as in the hilly areas of Catanzaro (39.3 °C)
and Perugia (39.4 °C) (Supplementary Materials, Table S2).

Regarding SUHI intensity, most cities revealed values around or above 3 °C (Figs. 6 and 7). However, Bari, exhibited an inverse
trend (Figs. 6 and 7), with its urban area showing lower mean ST (—1.6 °C) compared to its suburban and rural areas.

The SUHI phenomenon was particularly intense (SUHI intensity above 5 °C) in L’Aquila (7.8 °C), Turin (6.5 °C), Genoa (6.3 °C),
Trieste (6.3 °C), Trento (6.1 °C), Aosta (5.9 °C), and the hilly area of Catanzaro (5.1 °C) (Fig. 7). SUHI intensity was generally more
pronounced in inland cities than in coastal ones (Fig. 7 and Supplementary Materials, Table S2).

Additionally, greater differences emerged when comparing ST values between urban and rural ones, regardless of geographical
location (Supplementary Materials, Table S2). When cities were stratified by geographical location (north, center, and south), the
center-north group exhibited the highest ST differences between urban and rural areas. Notably, Aosta (13.5 °C), Turin (8.4 °C), Trento
(8.2 °C), Trieste (8.2 °C), Genoa (8.1 °C), Milan (6.9 °C), Florence (6.2 °C), and Bologna (5.9 °C) displayed the most important dif-
ferences (Supplementary Materials, Table S2).

Between the two approaches, the classification based on the urbanization level showed the highest ST differences and SUHI in-
tensity for the cities analyzed.

3.2. Urban feature investigation

Figs. 8 and 9 display the land cover percentages for each municipality, according to both the OMI and the Urbanization level
approaches. The analysis focused primarily on Abio, Tc, and Gc, as these are key factors influencing the SUHI phenomenon. The central
areas and, where available, the outermost ones, were considered.

The central belts exhibited a very high percentage of Abio (Fig. 8), nearly covering the entire land surface. This was particularly
evident in Bologna (98.5 %), Genoa (94.5 %), Turin (94.3 %), Palermo (93.6 %) and Trieste (90 %). Almost all these cities also showed
the highest SUHI intensity. The lowest Abio percentages were in Ancona, Catanzaro and Perugia (Fig. 8), although they still exceeded
50 % of total land coverage. For most of the cities, the percentage of Abio significantly decreased from the central belts to the outermost
belts (suburban and extraurban), while the percentages of green coverage (Gc and Tc) increased. This trend was particularly evident in
Genoa and Trieste (Fig. 8) where Tc increased from approximately 2 % in the central belt to 80 % in the suburban and extraurban belts.
These cities also exhibited intense SUHI effects.

Similar patterns were observed in both coastal and inland cities (Fig. 9) when comparing the percentages of Abio, Tc, and Gc in
urban areas versus suburban and rural areas.

Fig. 10 shows the relationship between SUHI intensity (°C) and Tc percentage differences between central and outer belts for cities
located in plains with a positive SUHI intensity, based on the OMI belt approach.

Despite variations in size, morphology, and other urban characteristics, these cities were specifically selected to evaluate the
relationship between SUHI intensity and tree cover, considering topographical factors.

The linear regression for plain cities in Fig. 10 showed that approximately 70 % of the variation in SUHI intensity can be explained
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Fig. 7. The SUHI intensity calculated for the Italian cities studied by the “Urbanization Level” approach. Altitudinal indications are also provided in
square brackets: [P] for plain, [H] for hilly, [M] for mountainous.
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Fig. 8. Description of the percentages of artificial abiotic surfaces (Abio, red), tree cover (Tc, green), grass cover (Gc, yellow), and water bodies plus
natural abiotic surfaces (Other, grey) for the central (C) and outer (S, suburban; E, extraurban) OMI belts of coastal and inland municipal capitals.

by differences in Tc percentages between outer and central belts (R? = 0.70). This indicates a highly significant (p < 0.001) positive
linear correlation: for every 10 % increase in Tc differences between outer and central belts, SUHI intensity rises by about 1.0 °C.
Fig. 11 shows the same relationship for hilly and mountainous cities, where a significant positive correlation was also observed (p
< 0.05), confirming the influence of tree cover on SUHI intensity in these areas according to the OMI approach.
Additional analyses assessed the relationship between SUHI intensity and Tc differences for both plain and hilly/mountainous
cities, using the urbanization level approach. These relationships showed lower significance (p < 0.05) for plain cities, and a negligible
linear relationship for hilly and mountainous cities (Supplementary Materials, Figs. 1 and 2), compared to the OMI approach.

4. Discussion

Both methodologies employed proved valuable in investigating the SUHI phenomenon at the regional capital level. Their appli-
cation enabled the estimation of the SUHI phenomenon both in the classical sense, by determining how much warmer the urban center
is compared to the surrounding areas (Oke, 1987), and by assessing the thermal impact of urbanization within the studied cities.
Specifically, it was observed that areas with higher land consumption density exhibited higher temperatures than less urbanized areas,
regardless of their location within the municipality.

The OMI methodology highlighted that the SUHI phenomenon is evident in almost all regional capitals.

Although varying in intensity, the most pronounced SUHI values were found in the central and northern municipalities, such as
L’Aquila, Genoa, Trieste, and Turin. The results also revealed that for some southern coastal municipalities, and in particular for Bari
(confirmed by both approaches to investigate SUHI), the SUHI phenomenon was reversed.

This finding aligns with a recent study (De Razza et al., 2024) that observed a similar reverse effect in Salento, Puglia, near the Bari
municipality. Our study suggests that the low percentage of tree cover in outer areas (generally not exceeding 20 %), much lower than
the 40 % or more observed in cities exhibiting high SUHI effects, contributes to this reverse effect. Additionally, the reflective
properties of building material, such as a local limestone found in historical sectors of Salento’s cities, likely play a role, as reported by
De Razza et al. (2024). The positive linear relationships observed in our analysis suggest that larger differences in tree cover between
outer and central areas are linked to higher SUHI intensity.

Moreover, given that all these cities are coastal, this phenomenon could be explained by the proximity of central belt to the sea
(Firozjaei et al., 2023; Morabito et al., 2021). Additionally, nearshore areas may be affected by surface moisture, which is considered a
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Fig. 10. Relationships between the Surface Urban Heat Island (SUHI) intensity calculated through the OMI belt approach and tree cover (Tc)
percentage differences (between outer and central belts) for plain cities. Statistical significance (p-value <0.001) refers to the linear relationship.

potential factor influencing ST variation (Roberts et al., 2012). The cooling effect of proximity to the sea varies across cities and their
morphological characteristics, but previous studies have also demonstrated a relationship between increasing ST and distance from the
coastline(Guo et al., 2023). This is especially true for Bari, where suburban and extraurban belts are approximately 11 km from the
coast.

These considerations change for most of the aforementioned cities when using the urbanization level to assess intra-urban ST
differences. In this case, almost all the urban areas were found to have higher ST than other areas, confirming that high land con-
sumption density impacts the SUHI phenomenon.

The characterization of land cover using both the OMI and the urbanization level approaches has also been valuable for quantifying
the percentage of impervious surfaces (Abio) and green cover (Tc and Gc), both of which play key roles in the SUHI phenomenon.
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relationship.

Particularly, Tc contributes significantly to improving the urban microclimate and mitigating SUHI (Adeyeri et al., 2017; Marando
et al., 2022; Ribeiro et al., 2023; Tan et al., 2016). Our findings indicate that Tc is strongly associated with SUHI intensity in cities
where this effect is most pronounced. The percentage of Tc in outer belts was highest in cities such as Genoa, Trieste, and Trento where
SUHI intensity was around and above 4 °C. Even in the suburban and rural areas, Tc percentage was higher in cities with more
pronounced SUHI intensity.

Previous studies have established that increased vegetation (mainly Tc) in rural areas significantly contributes to increased daytime
SUHI intensity (Yao et al., 2019). This correlation suggests that reducing greening, such as Tc, in rural areas or outer belts could
mitigate SUHI by reducing its intensity between rural/outer belts and urban/central belts. However, this approach would not lower
urban ST but would instead warm rural areas, equalizing temperatures across the municipality without cooling urban areas.

Moreover, urban reforestation interventions in central belts are challenging due to urban planning constraints, including space
limitations and morphological factors, which generally make such interventions nearly impossible. This is particularly true for Italian
cities, where historical and cultural preservation further limits such changes.

Conversely, increasing greening (such as Tc) in outer belts or rural areas is more feasible. Increased Tc in these areas can reduce ST
and bring positive impacts in mitigating SUHI. Rural land cover surrounding a city can act as a natural absorber of urban heat,
providing significant potential for mitigating the UHI effect on a citywide scale (Yang et al., 2024). Other factors, such as city structure,
municipal area morphology, city center dimensions, and building heights, also influence UHI and heat distribution across the city.

In the dynamic heat exchange process between urban and rural environments, rural land cover, such as Tc, offers a unique op-
portunity to address UHI by utilizing neighboring rural areas to help reduce urban temperatures (Yang et al., 2024). Moreover, another
study (Zou et al., 2021) found that UHI intensity increased during heat waves in highly urbanized areas, while less urbanized areas
experienced improved cooling effects. These cooling effects are attributed to increased latent heat consumption by vegetation, such as
Tc, during heat waves (Zou et al., 2021).

5. Conclusion

This study conducted a comprehensive analysis of summer SUHI phenomenon across Italian regional capitals using remote sensing
data. The two methodologies adopted revealed the presence of SUHI in the Italian regional capitals, showing different intensities.
Notably, the urbanization level approach exhibited higher SUHI intensity values. Moreover, the percentage of Tc in outer areas or belts
proved useful in assessing a positive correlation between Tc and SUHI intensity, particularly in plain cities, according to the OMI
approach.

This research is part of the MIRIFICUS project, which aims to enhance the understanding of the SUHI phenomenon across Italy
through remote sensing data and to provide and share such information for public utility.

The results of this study will be used to assist Public Administrations that have expressed interest in the MIRIFICUS Project
(including the National Association of Italian Municipalities, the Municipality of Rome Capital, and Florence) in urban planning and
reforestation strategies.

Further investigations could expand the study period to include seasonal variations and nighttime assessments, as well as analyzing
surface thermal anomalies in regional capitals where the SUHI phenomenon is most intense. Expanding the scope in this manner would
contribute to a more comprehensive understanding of the SUHI phenomenon in Italy.
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