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Abstract

This study aims at analyzing analogies and differences between the spatial relations regarding land surface
temperature (LST) and land covers in May and August 2019. Land cover data are drawn from the most
updated spatial datasets available from Copernicus, while LST is retrieved from Landsat 8 satellite images
made available by the U.S. Geological Survey. The methodology couples GIS spatial analysis and regression
analysis; the latter is used to implement spatial inferential analysis as regards LST. Moreover, on the basis
of a “what if” assessment, the impact of future afforestation, as regards rural areas, is detected with respect
to decrease in LST, building on the outcomes of the model which relates LST to land cover types. The
Sardinian region is taken as case study because its climate homogeneity and its self-containment allow for
a pretty straightforward identification of the regional boundaries. The correlation between the spatial
distribution of LST and land cover reveals, in the two time periods, that urbanization and the spatial
dynamics of heating phenomena are closely connected. The methodology can be easily implemented in
other regional contexts, and comparison of analogies and differences are quite effective and useful in
identifying stylized facts and policy implications.
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1. Introduction

In the last decades, land cover transformations and transitions have been characterized by significant changes
(Chadchan & Shankar, 2009; Nguyen et al., 2019) related to fast urbanization and progressive anthropization.
Natural and semi-natural areas, such as forests and woodlands and shrubs, have changed into anthropized
areas, which include not only urban areas, but also agricultural areas (Kim & Baik, 2005; Cui & Shi, 2012).
According to the 2020 report on land take issued by the System for environmental protection of the Italian
government, from 2018 to 2019 artificial areas increased by 57.5 square kilometers, which corresponds to a
16 hectares per day increasing trend (Munafd, 2020). Land-taking processes in coastal areas, plains and valley
floors, and agricultural areas adjacent to urban zones show the most outstanding figures (Munafo, 2020).
Moreover, the report highlights the tendency to convert natural zones into artificial areas within urban
settlements (Munafo, 2020). The main problems connected to land-taking processes are identified by
landscape fragmentation, urban heat island (UHT) and loss of ecosystem services. In terms of fragmentation,
in 2019 around 35% of the Italian territory is classified as highly or very highly fragmented, whereas in relation
to temperatures the difference between urban and suburban areas and rural zones is about 3.1°C in the
Metropolitan City of Cagliari and 6.3°C in the Metropolitan City of Turin (Munafo, 2020). Moreover, according
to the same source (Munafo, 2020), from 2012 to 2019 the national gross domestic product decreased by
69,956,781 Euros due to land-taking processes concerning agricultural land, which determined a huge loss in
agricultural production, or, in the supply of an important provisioning ecosystem service (Millennium Ecosystem
Assessment, 2003).

According to a number of studies (Weng et al., 2004; Feizizadeh et al., 2013; Pal & Ziaul, 2017) land cover
changes influence the surface temperature due to the different heat capacity of soils associated to a given
amount of solar radiation (Fonseka et al., 2019). From this perspective, the variation in land surface
temperature (LST) represents a key variable to analyze the effects of land covers on local temperatures
(Akinyemi et al., 2019; Zhang & Sun, 2019; Al Kafy et al., 2020).

According to Hulley et al. (2019), Land Surface Temperature (LST) is a fundamental aspect of climate and
biology, affecting organisms and ecosystems from local to global scales. LST measures the emission of thermal
radiance from the land surface where the incoming solar energy interacts with and heats the ground, or the
surface of the canopy in vegetated areas. Moreover, according to the NASA Earth Observatory, LST is Aow hot
the ‘surface’ of the Earth would feel to the touch in a particular location. From a satellite’s point of view, the
“surface” is whatever it sees when it looks through the atmosphere to the ground. It could be snow and ice,
the grass on a lawn, the roof of a building, or the leaves in the canopy of a forest. Thus, land surface
temperature Is not the same as the air temperature **. From this point of view, the interaction between the
spatial distribution of LST and land cover changes is an important parameter to assess the effects of land-
taking processes on climate change (Alfraihat et al., 2016; Li et al., 2016). Al Kafy et al. (2020) analyze land
cover changes and their influence on LST in relation to three years, 1999, 2009, and 2019, by means of
Landsat TM/OLI satellite images in the area of Rajshahi City Corporation, Bangladesh. Gohain et al. (2020)
investigate the relation between LST variation and land cover changes between 1990 and 2019 through remote
sensing and GIS techniques in Pune city, India. Tran et al. (2017) study the impacts of land cover types on
LST variation in the urban area of Hanoi through a methodology based on three phases: in the first phase,
the authors investigate the relations between LST and vegetation, human induced features and agricultural
areas by calculating normalized vegetation and built-up indices for each land cover class; next, the relations
between land cover changes and urban heat islands are investigated by implementing hot spot analysis and
urban landscape analysis; finally, a non-metric regression model is used to assess future urban climate
scenarios. Akinyemi et al. (2019) focus on the relations between LST and vegetation changes between 2000

! This definition is available on the NASA Earth Observatory’s website: https://earthobservatory.nasa.gov/global-
maps/MOD_LSTAD_M (accessed on 31 August 2020).
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and 2018 in the semi-arid areas of Caborone, Botswana’s Capital city, through MODIS daytime and night-time
LST, and Normalized Difference Vegetation Index (NDVI).

The impacts of land cover changes on LST were analyzed in some studies focusing on Italian cases, mostly
focusing on urban areas. In particular, Zullo at al. (2019) analyze the impacts of urbanized areas on LST in
relation to the Po Valley with reference to the 2001-2011 time period. Guha et al. (2018) focus on Florence
and Naples by investigating the relations between LST, NDVI, and normalized difference built-up index (NDBI).
Scarano & Sobrino (2015) assess the impacts of landscape composition and urban morphology on LST in Bari.
Moreover, Stroppiana et al. (2014) study the relations between LST, land cover changes, topography and solar
radiation in four Italian contexts related to the Basilicata, Campania, Molise, and Apulia regions.

Moreover, it has to be highlighted that the Sardinian Regional Administration has recently approved the
Regional Strategy for the adaptation to climate changes, which assumes heat islands and waves among the
most relevant impacts generated by high temperatures. Adaptation and mitigation policies should address
heat islands and waves in order to enhance the liveability of natural and urbanized environments, and
eventually local societies’ quality of life (Regione Autonoma della Sardegna, 2019a). The Regional Strategy
identifies several categories of extreme events as direct or indirect impacts of climate changes, such as sudden
and disrupting floods, extended fires, droughts, heavy rains and, indeed, heat waves and heat islands in urban
environments (Regione Autonoma della Sardegna, 2019b). From this standpoint, a clear-cut research gap in
the Regional Strategy is represented by the lack of identified relations between the impacts of climate changes
and spatial, social and economic covariates.

This study aims at filling a part of the gap by analyzing the connections between LST spatial distribution and
land cover types and changes, and by doing so, at identifying narratives to explain heat waves and islands
(Echevarria Icaza et al., 2016). The literature identifies two outstanding aspects to be further analyzed as
regards the relations between LST and land cover changes. First, the regional dimension is under-researched
and needs to be appropriately addressed (Ding & Shi, 2013). Secondly, spatial strategies grounded upon
empirical evidence should be identified and recommended so as to be included in regional and local planning
policies in order to decrease LST (Shirgir et al., 2019).

Under this perspective, the methodological approach proposed in this study aims at investigating the impacts
of land cover changes on LST by combining GIS-based analysis with regression analysis, and at suggesting
strategies and policies in order to decrease LST. The methodology is implemented in the regional context of
Sardinia, Italy. In particular, this study investigates if, and to what extent, land cover transitions influence LST,
on the basis of data related to the spring and summer periods.

The study is structured into five sections as follows. The second section provides a description of the study
area, defines data and discusses the methodological approach used to assess the impacts of land cover
changes on LST. The third section reports the results derived from the implementation of the methodological
approach as regards the Sardinian region. The fourth section discusses the implications of the outcomes by
comparison with analogous studies. Finally, the fifth section discusses the implications of the study in terms
of strategies and policies to decrease LST and directions for future research.

2. Materials and Methods

2.1 Study area

Located in the western Mediterranean area (Fig.1), Sardinia is an Italian autonomous region with a size of
around 24,000 km? and a population of 1,639,591 inhabitants?.

2 2018 data, retrieved from SardegnaStatistiche—Popolazione e Famiglie—Popolazione (2007-2019). Available online:

http://www.sardegnastatistiche.it/documenti/12_103_20191028124604.0ds (accessed on 31 August 2020).
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Sardinia was chosen as case study for this research because of its being an island, which makes it easier to
explore environmental issues at the regional scale. Moreover, as far as the climate is concerned, the island
shows great homogeneity: it has Mediterranean hot and dry summers, while in winter the temperature is mild
and moderate rain occur (Canu et al., 2015). Sardinian landscapes are mostly hilly and wild; the island hosts
only a few plains (the bigger of which is the Campidano plain, the light grey diagonal clearly visible in Fig.1,
which stretches from the central-western part of the island to the south) that are significant for their
agricultural uses; a number of small coastal valleys are also present, and their primary production potential is
undermined by the pressure of coastal urbanization. Only some major groups of mountains, always lower than
2,000 m, mark the rugged landscape of the island (Pungetti et al., 2008).

As for land covers, the most significant traits of the island are its herbaceous vegetation associations, many
of which endemic, and its scrubs: Mediterranean maquis and garrigue (Cardil et al., 2014). Agriculture and
pastures, also comprising wooded grassland similar to Spanish dehesas (Seddaiu et al., 2013), i.e.
multifunctional agro-sylvo-pastoral systems consisting of pastures with oaks and cork oaks, are also significant
(Canu et al., 2015), while urbanized areas make up less than 3.8% of the region, which is a very low figure,
if compared to the Italian average, recently assessed at 7.6% (Munafo, 2019).

500 1,000 1500 2,000 2,

Kiometers o

b

3

0 10 20 30 40 50 0 200 400 600 800 1,000

L L '
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Fig.1 Topographic map of Sardinia and its location within Europe (A) and Italy (B)

2.2 Data

A number of satellite data are currently freely available; the most prominent are those distributed by the
European Union's Earth Copernicus Observation Program® and by the USGS's Earth Resources Observation
and Science®. The latter distributes, among many, Landsat 8 TIRS (Thermal Infrared Sensor) and OLI
(Operational Land Imager) images, which were used in this study. Two searches were performed; the first
concerns the mid-summer season (15 July - 30 August 2019), in which temperature peak in Sardinia, while
the second concerns the mid-spring season (15 April - 31 May 2019), in which vegetation growth is at its
highest, before the dry season and the annual crop harvesting. For each time period, five images were

3 Copernicus. Europe’s Eyes on Earth. Available online: https://www.copernicus.eu/en (accessed on 31 August 2020).
4 USGS. Science for a Changing World—EarthExplorer. Available online: https://earthexplorer.usgs.gov/ accessed on
31 August 2020).
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retrieved, two belonging to Landsat scene 192 (on May 16 for the spring search and August 20 for the summer
search) and three to Landsat scene 193 (on May 23 for the spring search and August 11 for the summer
search). Details for each image are provided in Tab.1, while Fig.2 provides the spatial layout of scenes 192
and 193, shown as dotted rectangles, and the images’ footprints, shown as colorful squares inside the scenes.
Land cover data in Europe are usually classed in a hierarchical structure, in accordance with the European
program CORINE (COoRdination of INformation on the Environment) (Kosztra et al., 2019). The Land
Monitoring Service of the European Union’s Copernicus Earth Observation Program (CLC, 2018) makes freely
available both raster and vector land cover datasets obtained through satellite image interpretation; such
datasets have a minimum mapping unit (MMU) of 25 hectares and describe land covers at the third-level of
the CORINE hierarchical taxonomy. As for temporal resolution, datasets are available for the years 1990, 2000,
2006, 2012, and 2018; for this study, the latter, and most recent, dataset was used.

The third input data for this study is a regional Digital Terrain Model (DTM) produced by the Regional
Administration of Sardinia in 2011, freely available from its geoportal®, and having a spatial resolution of 10

meters.

Image code Scene Cell size Date Season
LCO8_L1TP_192032_20190516_20190521_01_T2 192 30m May 16, 2019
LCO8_L1TP_192033_20190516_20190521_01_T1 192 30m May 16, 2019
LCO8_L1TP_193031_20190523_20190604_01_T2 193 30m May 23, 2019 Spring
LCO8_L1TP_193032_20190523_20190604_01_T1 193 30m May 23, 2019
LCO8_L1TP_193033_20190523_20190604_01_T1 193 30 m May 23, 2019
LCO8_L1TP_193031_20190811_20190820_01_T1 193 30 m August 11, 2019
LCO8_L1TP_193032_20190811_20190820_01_T1 193 30m August 11, 2019
LCO8_L1TP_193033_20190811_20190820_01_T1 193 30 m August 11, 2019 Summer
LCO8_L1TP_192032_20190820_20190903_01_T1 192 30m August 20, 2019
LCO8_L1TP_192033_20190820_20190903_01_T1 192 30 m August 20, 2019

Tab.1 Selected Landsat 8 images

Search Criteria Summary (show)

% "
S LHauta

Laz\oc\s Abru

Vatican CitylwRome \
~ A

Scene 193 (West)
May 23,2019
August 11,2019

Scene 192 (East)
May 16, 2019
August 20, 2019

Palermo

Leaflet | Tiles © Esri — Source: Esri, i-cubed, US

Fig.2 Spatial layout of the ten Landsat 8 OLI-TIRS images selected for this study

5 DTM passo 10 metri [DTM Sampling Rate 10]. Available online:
http://webgis2.regione.sardegna.it/catalogodati/card.jsp?uuid=R_SARDEG:JDCBN (accessed on 31 August 2020).
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2.3 Methodological framework

The methodology implemented in this study is based on two steps, as follows. The LST spatial taxonomy is
derived through the procedure described in subsection LST Extraction and Spatial Layout; data related to
elevation and land covers are next processed (subsection Land Cover Types and Elevation) in order to set up
a spatial database that integrates the three items (subsubsection Land Cover Types and Elevation). Finally, a
linear regression model is implemented to identify the relations between LST and land cover types (subsection
Linear regression model), on the basis of the spatial database described in subsection Land Cover Types and
Elevation. A graphical summary of the methodology adopted in this study is provided in Fig.3. The outcomes
of the regression model implemented with reference to summer 2019 are then compared with the results of
an analogous model concerning spring time 2019, in order to identify seasonal analogies and differences
related to the impacts of different land covers on LST.

Landsat8 Brightness
/ Band 10 Radlance temperature

Land surface 5LST rasters LST

Landsat8 (30m) clipped (30m) (300m)
Band 4 Landsurf
and surface
_)| NOVI emissivity
Landsat8
Band 5

Vector layer
(polygons: 300-m grid)

cLC LEAC groups Vector attribute table
LEGEND DATATYPES cLe reclassified rasterized (LST, latitude, altitude, LC group)
LEAC groups) (300m)

Regression coefficients

Raster
DT™M DTM
i (10m) (300m)
Intermediate Vector Z ;
steps

Fig.3 Overview of the methodology

LST Extraction and Spatial Layout

The ten images listed in Tab. 1 were separately processed through Ndossi and Avdan’s QGIS plugin (Ndossi &
Avdan, 2016), which has been used in a number of studies (for instance, Alves, 2016; Barbierato et al., 2019;
Dhar et al., 2019; Lai et al., 2020) to retrieve LST from Landsat satellite images. This retrieval process
comprises five steps, of which the first is the calculation of the top-of-atmosphere spectral radiance (ToA) for
each pixel, based on pixel values of Landsat 8 band 10 as per equation (1):

ToA=(M - Q)+ A 1)

where® M and A are two rescaling factors (respectively, multiplicative and additive) provided in the image’s
metadata, and Q is band 10 pixel value quantized and calibrated.
Next, the top-of-atmosphere brightness temperature (BT, measured in Kelvin) is calculated through equation

(2):

G

In (72 + 1) )

BT =

where® C1 and C2 are two thermal conversion constants that can be retrieved from the image’s metadata.
Subsequently, the plugin calculates the normalized difference vegetation index (NDVI) based on Landsat 8’s
bands 4 and 5 pixel values following equation (3) (Townshend et al., 1985):

6 Using the USGS Landsat Level-l1 Data Product. Available online: https://www.usgs.gov/land-
resources/nli/landsat/using-usgs-landsat-level-1-data-product (accessed on 31 August 2020).
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npvi =N —R 3
N+R 3)

where N is the near-infrared band and R is the visible red band, i.e., for Landsat 8 images, band 5 and band
4 respectively.

In the final two steps, where Land Surface Emissivity (LSE) and LST are calculated, the user can choose among
various available algorithms. In this study, for LSE the algorithm by Zhang et al.’s (2006), which assesses LSE
based on NDVI values, was chosen since it has been considered as the most reliable one (Ndossi & Avdan,
2016), while for LST the Planck function was used, because it does not require atmospheric variables and is
therefore regarded as easier to use (Ndossi & Avdan, 2016). The Plank function is provided in equation (4):

BT

LST =
1+ (2 B1) incuse) Q)

where A is the wavelength of the emitted radiance (equaling 1.0895°10-5 m for Landsat 8 TIRS (Zhao et al.,
2018), and a = h'c/o (where h is Planck’s constant; c is the velocity of light; o is Boltzmann’s constant),
equaling 1.438:10-2 mK (Avdan & Jovanovska, 2016). LST and BT are both measured in Kelvin.

By implementing the steps in the plugin, ten LST raster maps were retrieved. Each of these maps, having cell
size 30 meters, corresponds to one Landsat image listed in Tab. 1. The five spring images were next merged,
as well as the five summer images; in this way, two LST regional maps were obtained, one for the time period
16-23 May, 2019 and one for the time period 11-20 August, 2019. Since in both cases the images pertaining
to scene 192 overlap the ones pertaining to scene 193 (as shown in Fig.2), and since in both cases the
maximum values always correspond to pixels belonging to scene 193, for overlapping pixels the value
associated to images in scene 193 was consistently retained. Finally, the two regional LST maps were
resampled, and the final resolution was set at 300m, so as to lower computational time and efforts in the
following steps.

Land Cover Types and Elevation

The 2018 CORINE Land Cover (CLC) vector dataset was retrieved from the Copernicus program website and
processed so as to extract only polygons concerning Sardinia. These were subsequently reclassified, meaning
that land covers were grouped on the basis of the Land and Ecosystem Accounting (LEAC) taxonomy
established by the European Environment Agency (EEA, 2006, p. 98) for environmental accounting purposes.
As shown in Tab.2, the 44 third-level classes of the CLC nomenclature are grouped into seven LEAC groups.

Land and Ecosystem Accounting (LEAC) groups CORINE Land Cover Classes
ART Artificial surfaces 1.*
INTAG Intensive agriculture (permanent crops and arable land) 2.1.% 2.2.*% 2.4.1
EXTAG Extensive agriculture (pastures and mosaic farmland) 2.3.% 2.4.2 2.4.3 2.4.4
FWS Forests, woodlands, and shrubs 3.1.* 3.2.4
SHNG Sclerophyllous vegetation, heathland, and natural grasslands 3.2.1 3.2.2 3.2.3
OPEN Open spaces with little or no vegetation 3.3.%
WATER Water bodies and wetlands 4.* 5.*% (except 523-sea)

The asterisk (*) marks any sub-classes of a given class, or any sub-sub-classes of a given sub-class. (CORINE:
Coordination of Information on the Environment).

Tab.2 CORINE land cover classes and LEAC groups

From the CLC vector dataset, a second vector layer providing the spatial distribution of the LEAC groups for
the study area was thus obtained and next converted into a raster map having the same grid as the resampled
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LST and, therefore, a spatial resolution of 300 meters. Values for each cell in this raster map corresponded to
the prevailing LEAC group in that cell.

As regards altitude, the DTM retrieved from the regional geoportal was resampled so as to obtain a new raster
file matching both the LST and LEAC group raster maps as far as both the grid and the spatial resolution (300
meters) are concerned. Linear interpolation was performed to resample the DTM because this technique is
deemed to best suit continuous data’, as elevation.

Land Cover Types and Elevation

To begin with, a vector layer was created, whose polygons coincide with pixels in the three raster maps (LST,
LEAC groups, elevation) derived as per the previous subsubsections. This vector layer is therefore, from a
spatial perspective, a squared grid where every polygon is a 300m by 300m square in the projected reference
system WGS 84 / UTM zone 32N (code EPSG 326328), the same as that of the three above mentioned raster
maps.

A “spring” vector dataset was then created by assigning to each polygon (square) the values of the three
raster maps as attributes. Hence, the attribute table of the vector datasets brings together, for each polygon,
the May LST value, the prevailing land cover group, and the altitude. To these, two further attributes were
added: first, the latitude of the polygon’s centroid, because the temperature is likely to depend upon the
latitude; second, a field taking the value 1 or 0 depending on whether the polygon is contained in scene 193
(that is, the western one in Fig.2), or in scene 192 (that is, the eastern one in Fig.2). Polygons comprised in
both scenes were considered as belonging to scene 193, which is consistent with the fact that the maximum
LST value, which always corresponded to images in scene 193, was retained when building the regional LST
map.

A“summer” vector dataset was also created, which only differs from the spring one as regards the LST values,
which were retrieved from the August Landsat images.

Linear regression model

The polygons described in the previous subsection are identified as the spatial units to estimate a multiple
linear regression which takes the following form:

LST = a0 + a1 ART + a2 INTAG + a3 EXTAG + as FWS + as SHNG + a6 OPEN + a7 HEIGH
+ ag LATIT + a9 WEST

(5)
where:

— independent variables from ART through OPEN identify the LEAC groups of land covers; these variables
are Boolean, each of them taking either value 1 or value 0, depending on the prevailing size of the area
of a LEAC group in a cell compared to the other LEAC groups sizes; consequently, if the area of the ART
group is the largest in a cell, the variable ART is equal to 1, if not, it is equal to 0; if the area of the
INTAG group is the largest in a cell, the variable INTAG is equal to 1, if not, it is equal to 0, etc.; each
estimated coefficient of regression model (5), aj, i = 1, ..., 6, shows the LST variation of a cell whose
largest area corresponds to the covariate identified by a; (namely, ART, INTAG, and so on) compared to

the reference condition represented by the largest area of the cell being identified by the covariate
WATER (Wetlands and water bodies);

7 ArcGis Help. Resample. Available online: https://pro.arcgis.com/en/pro-app/tool-reference/data-
management/resample.htm (accessed on 31 August 2020).
8 EPSG 32632. Available online: https://epsg.io/32632 (accessed on 31 August 2020).

336 - TeMA Journal of Land Use Mobility and Environment 3 (2020)



Lai S., Leone F., Zoppi C. - Land Surface Temperature and land cover dynamics. A study related to Sardinia, Italy

— “HEIGH” is the elevation, in meters, associated to the polygon, computed as shown in subsubsection
Land Cover Types and Elevation;

—  “LATIT"is the latitude, in meters, associated to the centroid of the polygon, as described in subsubsection
Land Cover Types and Elevation;

— “WEST" is a Boolean covariate, which equals either 0 or 1 as per subsection Land Cover Types and
Elevation.

The estimated coefficients of regression model (5), aj, i = 1, ..., 6, class the zone types on the basis of the

marginal effects on LST identified by the values of a;.

This study compares the outcomes of regression model (5) implemented as regards two times of the year
2019. Namely, the values of LST were detected in May and in August, in order to assess analogies and
differences between the spatial relations regarding LST and land covers. Moreover, on the basis of a “what if”
assessment, the impact of future afforestation, as regards rural areas, is detected with respect to decrease in
LST, building on the outcomes of the model which relates LST to land cover types.

The covariates HEIGH and LATIT are included in the model to control the effects of a cell’s elevation and
latitude on LST; therefore, if the estimated coefficients a7 and ag were significant in terms of their p-values,
this would imply that the elevation and latitude have impacts on LST, which are expected to be negative, since
a higher elevation and a greater latitude are expected to be related to a lower LST, ceteris paribus. Lastly, the
covariate WEST controls the effect of the timing of the Landsat 8 images, which are likely to exhibit a
systematic difference with reference to the two May’s and August’s days the Landsat 8 images were taken. In
both cases, May and August, the images related to Western Sardinia (Scene 193 of the Landsat 8 images)
were taken on sunny and clear days, whereas the other cells, located more to the Eastern side of Sardinia,
were taken in partly cloudy days. That being so, the cells belonging to Scene 193 should exhibit higher LSTs,
ceteris paribus, and the expected sign of WEST is positive.

3. Findings

The findings coming from the implementation of the methodology described in the previous section are shown
as follows. First, the spatial distribution of LST is presented, on the basis of steps (1) through (4). Secondly,
model (5) is operationalized with reference to August 2019 and the impacts of LEAC groups on LST are
described, which define a taxonomy of the LEAC groups, from water bodies and wetlands (lowest level) up to
intensive and extensive agricultural land (upper levels). Moreover, differences and analogies between the
spatial relations regarding LST and land covers as regards May and August 2019 are presented as well. Finally,
the effects of changes in selected LEAC groups, namely afforestation, as regards rural areas are described on
the basis of a “what if” assessment.

3.1 The LST Spatial Layout

Fig. 4 provides all of the maps obtained from the Landsat satellite images concerning the spring season by
following the procedure explained in subsection LST Extraction and Spatial Layout. As clearly visible in Fig.4,
spring images are affected by the presence of clouds, which in turns locally affected both NDVI and LST values.
For this reason, cloudy pixels (amounting to approximately 25,000, less than 9.4% of the total number of
cells, equaling 266,818) were removed for the spring images only, since this issue does not affect summer
images. Fig. 5 provides a full picture of the spatial dataset that were used to build the attribute table next
used as input data for the regression: LST (minus the cloudy cells for the spring dataset only), LEAC groups,
and finally elevation.
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Fig.4 From Landsat images to LST: all of the maps extracted as per Subsection LST Extraction and Spatial Layout

3.2 The Implementation of the Regression Model

The estimated coefficients of the regression model show the impacts of the six LEAC groups of land covers on
LST. The estimates of the dichotomous covariates identify the differential impact of each covariate with respect
to the LEAC group “Water bodies and wetlands,” whose impact on LST is the least relevant.

Tab. 3 reports the regression estimates and statistics for the summer dataset.

Moreover, Tab.4 shows the differences between the estimates of the coefficients reported in Tab.3, concerning
two days of August 2019 (August 11 and August 20), and the estimated coefficients of regression model
(equation 5) applied to the LST spatial distribution related to two days of May 2019 (May 23 and May 16).
These represent the differential impacts of the LEAC groups on LST as regards the selected summer and spring
periods. If the difference is negative, the summer impact is lower than the spring impact and the other way
around.

LST [K] spring LST [K] summer LEAC groups Elevation [m]
oy 318.764 oy 326.724 . AR 1820
- 505 461 TG 4
280 202.46 . e
I Fws
Cle 1l
loudy cells B s
Iy 0 15 30 60 90 120 150 OPEN
{ Kilometers I WaTER

Fig.5 Spatial distribution of LST in May and August 2019, of LEAC groups, and of elevation
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In%ig;"ﬂ:“ Coefficient g?vr;:ta:;i t-statistic p-value Mean of :Ih;ilar;ﬂ:pendent

ART 8.297 0.0685 121.039 0.000 0.0295

INTAG 11.576 0.0595 194.578 0.000 0.247

EXTAG 10.491 0.0601 174.673 0.000 0.218

FWS 4.584 0.0611 74.955 0.000 0.175

SHNG 7.365 0.0598 123.113 0.000 0.302

OPEN 7.312 0.0756 96.792 0.000 0.0178

HEIGH —-0.000117 0.0000260 -4.481 0.000 339.347

LATIT —0.000000643 0.0000000991 —-6.484 0.000 4437093.555

WEST 5.004 0.0249 201.055 0.000 0.926

Dependent variable: LST: 313.751 K; Standard deviation: 4.453; Adjusted R-squared: 0.476.
Tab.3 Regression results for the summer dataset (August 11 and 20, 2019)

The estimated coefficients of latitude and height show significant p-values and the expected signs. That being
so, consistently with expectations, higher altitudes and larger latitudes correspond to lower LST. As regards
altitude, an increase of 100 meters will entail a decrease of 0.0117 K in LST, while a 10 km increase in LATIT
will imply a 0.0006 K decrease in LST. The estimated coefficient of variable WEST is significant and shows the
expected sign as well. This entails that, on average, a cell whose LST was identified by the satellite images on
August 11 shows an LST 5 K higher than a cell whose LST was taken on August 20, everything else being
equal.

I"?;ggﬁ:“ Difference
ART -0.62
INTAG 3.06
EXTAG 3.08
FWS -0.20
SHNG 1.09
OPEN -0.04
HEIGH 0.0063
LATIT 0.000015
WEST 0.69

Tab.4 Differences in the estimated coefficients between summer and spring days (K)

Moreover, as reported in Tab.4, the differences between the regression models implemented with reference
to the summer and to the spring periods are negligible, so the results related to latitude and height can be
considered quite robust across year 2019. That being so, the estimated coefficients of the three control
variables are consistent with expectations and statistically significant, which makes pretty consequential and
reliable the identification of the impacts on LST related to the six LEAC groups associated to the Boolean
variables from ART to OPEN.

The estimates of the coefficients of the six covariates are significant with reference to a standard p-values test
and imply the following outcomes, under the condition that everything else remains the same.

Intensive and extensive agriculture show the highest impacts on LST. The estimates of the coefficients entail
that the cells characterized either by arable land and permanent crops or by mosaic farmland and pastures
show a temperature higher by: 11.6 or 10.5 K than cells belonging to the water bodies and wetland LEAC
group; 3.2 or 2.1 K than cells belonging to the ART LEAC group; 4.2 or 3.1 K higher than cells belonging to
the SHNG and OPEN LEAC group; 7.0 or 5.9 K higher than cells belonging to the FWS LEAC group.

Secondly, intensive and extensive agriculture have much higher impacts on LST in the summer period than in
spring, as shown in Tab.4. The summer differential impacts of INTAG and EXTAG are more than 3 K higher
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than in the spring period, which makes intensive and extensive agriculture effects on LST even higher than
the impact of urbanized land LEAC group, which shows the highest effect as regards the spring period.
Another relevant finding is that land covers characterized either by sparse or rare vegetation (OPEN) or by
grassland and heathland (SHNG) have lower effects on LST, even though the latter LEAC group shows a higher
impact than in the spring period, that is more than a 1 K increase, as reported in Tab.4.

Finally, the FWS LEAC macroclass, that is forests, woodlands and shrubs, shows the most relevant impact on
temperature mitigation, with almost complete consistency between the summer and spring periods, as
reported in Tab.4.

3.3 The Impact of the Covariates Change on LST Based on a “What If” Assessment

The outcomes of the regression analysis shown in Tab.3 make it possible to develop “what if” scenarios and
spatially represent them.

A possible scenario is one in which afforestation measures are implemented in rural areas to mitigate LST.
Such measures would be unlikely to target INTAG, because these represent the most profitable agricultural
areas and harsh conflicts would inevitably arise; rather, they would target EXTAG, where conflicts would be
milder because some farming activities, such as sheep or goat grazing, quite significant in the island, could
still take place, and might even be mitigated through incentives that can be allocated to land-owners under
the current European financial schemes concerning agriculture and rural development. The “what if”
assessment is therefore based on the hypothesis that all of the EXTAG cells in rural areas are targeted by
afforestation measures and, therefore, are turned into FWS. This is, of course, only a hypothetical and extreme
scenario, which could further be refined by assuming that only a certain percentage of the cells that meet
some predefined selection criteria (for instance based on elevation, slope, distances from already afforested
areas) can effectively be turned into FWS.

Under this working hypothesis, cells having EXTAG as LEAC type were selected; this returned 58,220 cells out
of the 266,818 total cells comprising both the summer and the spring datasets. Out of the 58,220 EXTAG cells,
3,211 are included within either the “inhabited centers” or the “inhabited nucleuses” as defined by the National
Institute of Statistics®, while the remaining are located within rural areas. The latter 55,009 cells can therefore
be targeted by afforestation policies, taking for instance the form of incentives under the European Agriculture
Fund for rural Development.

As regards the summer seasons, if an EXTAG cell were turned into an FWS cell, then its LST would decrease
by 5.904 K, which equals the difference between the corresponding coefficients in Tab. 4. Some visual
examples of how this change in the LEAC types would affect the spatial distribution of the LST at the local
level are shown in Fig. 6: panels Al, B1, and C1 provide details of the LST map retrieved from the Landsat
images (i.e., of the map shown at the bottom in Fig.5), while panels A2, B2, and C2, relating to the same
areas as Al, B1, and C1 respectively, show how the LST would change as a result of afforestation policies
targeting rural EXTAG areas only.

As for the spring seasons, if an EXTAG cell were turned into an FWS cell, then its LST would decrease by 2.627
K, which equals the difference between the corresponding coefficients from the regression analysis concerning
the spring dataset (i.e., 7.413 and 4.786, respectively, for EXTAG and FWS (Lai et al., 2020)). Some visual
examples of how this change in the LEAC types would affect the spatial distribution of the LST at the local
level are shown in Fig.7: panels A1, B1, and C1 provide local details of the LST map retrieved from the Landsat
images (i.e., of the map shown in Fig.5), while panels A2, B2, and C2, relating to the same areas as Al, B1,
and C1 respectively, show how the LST would change as a result of afforestation policies targeting rural EXTAG

o Basi territoriali e variabili censuarie [Territorial units and census variables]. Available online:
https://www.istat.it/it/archivio/104317 (accessed on 31 August 2020).
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areas only. Spring cells, quite diffuse in panels B1 and B2, were removed from the map, since the LST retrieval

process is deeply affected by the presence of clouds.
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Fig.7 “"What if” assessment: actual (A1, B1, C1) and simulated (A2, B2, C2) LST spring maps
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4. Discussion

The regression model presented in section 3.2., which investigates the impacts on LST of land cover changes,
classified according to the LEAC groups, provides findings consistent with the literature. With reference to the
model estimates related to the summer period, arable land and permanent crops (INTAG), and mosaic
farmland and pastures (EXTAG) show the most relevant impacts on LST increase, that is around 11.6 and 10.5
K higher than cells belonging to the water bodies and wetland LEAC group (WATER). This result differs from
the outcomes related to the spring period, where artificial areas (ART) show the most relevant impact on LST
increase (8.9 K) and the effect of intensive farming (INTAG) is slightly lower than that of artificial areas (8.5
K) (ART) (Lai et al., 2020). Both these findings are consistent to the results of analogous studies. As for the
spring outcomes, the higher values related to the ART LEAC group are connected with sealed soils that either
prevent or reduce air circulation, and with downwind cooling (Oke, 1988). Indeed, on the one hand,
vegetation, which positively influences the thermal comfort in urban areas, is absent or scarce (Skelhorn et
al., 2014; Zucaro & Morosini, 2018; Geneletti et al., 2019), and, on the other hand, artificial surfaces prevent
evapotranspiration (Demuzere et al., 2014) and generate high radiant temperature (Ding & Shi, 2013).
Moreover, according to Fonseka et al. (2019), an increase in LST may be correlated to the higher heat
discharge generated by human activities entailed by the growing population that characterizes urbanized
areas. All these factors cause higher LST in urban contexts than in non-artificial areas. From this perspective,
increasing vegetated areas through green roofs, rooftop gardens, and urban forestry is likely to mitigate heat-
island phenomena in urban areas (Fischer & Schar, 2010).

INTAG and ART LEAC groups are characterized by similar conditions in terms of downwind cooling, air
circulation, thermal comfort, and evapotranspiration. Indeed, intensive farming areas are characterized by
dense low-growing vegetation with little or no trees (Irmak, 2012; Launeau et al., 2018). The situation is made
even worse by transitions from natural areas to arable and permanent crops due to the change of climate-
related variables, such as soil moisture, surface roughness of vegetation and leaf conductance. In addition,
the continuous supply of water needed by intensive farming increases physical evaporation and
evapotranspiration; however, it also entails a decrease in sensible heat flux that cools the land surface. As a
consequence, rainfalls are affected by the latent heat produced by the moisture flux in the atmosphere (Ge,
2010). Higher LST values in rural areas correlated to higher values of the ART LEAC group are reported in
other studies as well (Munafo, 2020). The already-quoted Italian report on land take (Munafo, 2020) presents
the results of a study on the difference in average daytime LST between urban and rural areas in relation to
fourteen Italian metropolitan cities during the 2018 and 2019 summer periods. The findings show negative
differences, which implies higher LST values in rural areas, within the metropolitan cities of Bari and Palermo,
both located in Southern Italy. This outcome is related to the particular climate conditions of Southern Italy,
where large agricultural areas with poor vegetation cover generate an increase in LST during summer (Munafo,
2020). The same results are reported in a study by Gohain et al. (2020), according to which the measured
difference between LST in the city center and in a 5 kilometer-buffer rural zone around the consolidated urban
tissue was -1.4 Celsius degree, as a consequence of the formation of an urban cool island. According to
Mendonca (2009), some soil features, such as mineral composition, compactness and color, affect thermal
variation; in particular, naked and dry soils show low albedo. These conditions, combined with direct sun flow,
entail lower values of thermal inertia in agricultural areas with respect to green urban areas. As a consequence,
rural areas may show a higher LST than urban areas. The urban cool island phenomenon is common across
urban contexts characterized by semi-arid climate (Mohammad et al., 2019; Peng et al., 2012; Rasul et al.,
2015; Rasul et al., 2016).

Furthermore, according to the results of a study by Walawender et al. (2014), in relation to the city of Krakow,
Poland, the INTAG and EXTAG LEAC groups change their behaviors in terms of LST during the year. In the
early vegetative period (i.e., in Poland, April and May), the higher values of LST in intensively farmed areas
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are related to the absence of vegetation, which entails that such agricultural areas show the same thermal
properties as bare soils. As regards extensively farmed areas, at the beginning of the vegetative period the
thermal property is different to that of arable land. In addition, rainfalls affect the capacity of regenerating
living biomass by preventing continuous forage production during the vegetative period (Feldhake et al., 1996).
Moreover, the decrease in LST within rural areas implies important advantages in terms of water shortage
mitigation, and economic and social issues (Mokhtari et al., 2011). Indeed, the negative correlation between
vegetation density and LST reported in a study by Sruthi & Aslam (2015) is relevant during drought periods,
when scarce rainfalls and soil humidity entail a decline in productivity, which is likely to generate economic
and social unrest (Dodo, 2014; Kaniewski et al., 2020). This outcome is particularly significant in relation to
regional contexts characterized by the massive presence of rural areas, such as Sardinia, where agricultural
areas cover around 50% (11,500 km?) of the regional territory and 7.5% (41,000 people) of the work force
employed in the agricultural sector (Centro Studi di Confagricoltura, 2015).

Heathland, natural grasslands and sclerophylous vegetation (SHNG) and Open spaces with sparse or absent
vegetation (OPEN) show lower values of LST than the other LEAC groups with the exception of Forests, shrubs
and woodlands (FWS), during both the summer and the spring periods. The presence of vegetation delivers
evapotranspiration that reduces the heat stored in soils (Youneszadeh et al., 2015). Moreover, the vegetation
shade generates air movement and heat exchange, by preventing or decreasing the solar radiation absorbed
by the land surface (Geneletti et al., 2019). However, seasons affect the influence of vegetation on LST.
Indeed, findings from a study by Zhou et al. (2014) show that the tree canopy is responsible for about 69%
of LST decrease during the spring period, whereas, during the summer period, the evapotranspiration is limited
due to leaf fall, and the positive effect of the tree canopy is almost totally prevented. This study shows that in
the spring and summer periods, Forests, shrubs and woodlands (FSW) show positive effects on LST mitigation.
This result is consistent with Walawender et al.’s work (2014), implemented as regards the city of Krakow,
Poland. Moreover, the study focuses on the seasonality that characterizes different land covers in terms of
LST mitigation. In fact, in March, before the flowering period, LST of waters is significantly lower than forests’
figures. During the beginning of the vegetative period (May, in Poland), the difference between the LST of the
two LEAC groups (WATER and FSW) becomes negligible. At the end of the vegetative period (between June
and August, in Poland), the difference becomes close to zero. The main factor that affects the behavior of the
two LEAC groups during the year, according to the research concerning Krakow, is evapotranspiration, that
peaks during the vegetative period.

The findings of this study entail a number of policy implications.

As regards the consolidated urban tissues of small villages, towns and cities, where heat island and wave
phenomena are likely to take place as a consequence of high LSTs, the implementation of micro-scale
measures, such as planting new green areas or enlarging existing ones, or plantation of trees, can be very
effective (Geneletti et al., 2019; Ustaoglu & Aydinoglu, 2019).

Important urban micro-scale policies are based on green wall and facades and blue and green grids as well.
A relevant example of these measures is the London Green Grid (Mayor of London, 2006). This study tackles
a 3 K temperature increase in the metropolitan area of London, which will cause important negative effects
on the local living quality, community health, production of water, vermin and insect outbreak, drought, public
parks and green areas. The London Green Grid conceptual framework was implemented through the East
London Green Grid, which implies a fabric of blue and green infrastructures which implements an urban
landscape which integrates the built environment, featured by people living and working there and
characterized by sealed soils, commuting centers, and the Green Belt that envelopes the Thames and London
(Potz et al., 2016).

The increase in the provision of ecosystem services aimed at regulating LST implies relevant positive impacts
on the urban living quality (Gomez-Baggethun & Barton, 2013). These policies integrate different types of
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planning measures which are likely to encourage best practice-oriented behaviors by the local societies,
residents’ organizations, building firms, and public bodies (Mazzeo et al., 2019). A relevant question is related
to the strict connection between urban land prices and the allowed building volume, be it for housing or for
services. As a consequence, newly-planted vegetated areas or the extension of existing green ones, which
entails a relevant decrease in the value of these areas due to the loss in permitted building cubage, should
imply the adoption of integrated planning policies which should take account of landowners’ interests and of
urban sustainability-oriented goals. First, sound building regulations should establish that new developments,
and existing settlements as well, should have an adequate endowment of green areas, which may possibly
consist of green facades and roofs or of the implementation of green or blue grids into part of the newly-
developed land, as it has occurred in the case of East London (Mathey et al., 2011; Jenning et al., 2016).
Secondly, since financial support is important as well, a framework of incentives should be implemented in
order to develop vegetated roofs and facades, and blue and green grids in newly-planned and existing
settlements, so as to make them attractive to investors (Webster, 2005; Bramley & Watkins, 2014). Financial
support can be based on impact fee decrease, property tax and VAT reductions, incentives granted to
developers to improve the landscape quality through greening operations, etc. (Buijs et al., 2019; Slatmo et
al., 2019). Finally, greening operations, based on grids, infrastructure and so on, is a matter of visibility
concerning the public administration’s commitment towards the implementation of planning measures and
policies, which can be made explicit through public purchase offers regarding areas where new green and blue
grids are planned (Fors et al., 2015; Pérez-Urrestarazu et al., 2015).

The other side of the coin is represented by the impacts on LST generated by the non-artificial LEAC groups.
The most effective LEAC land cover group in reducing LST is FWS (forests, woodlands and shrubs), while the
impacts generated by OPEN (open space with sparse or rare vegetation) and SHNG (sclerophyllous vegetation,
grassland and heathland) are similar to the negative effects of urbanized land (ART). Even more negative are
the impacts coming from the intensive and extensive agriculture LEAC groups (INTAG and EXTAG), which are
likely to occur for the reasons discussed in Section 4. This outcome implies that the LEAC FWS macroclass
should be identified as a point of reference to target land cover transitions with the aim of reducing LST and
mitigating the related phenomena, such as heat islands and waves.

That being so, afforestation is the most relevant reference for planning policies designed to decrease LST as
regards non-urbanized areas, such as rural zones'®. A thorough analysis of the issue of land cover change
from croplands to forests is developed in an article concerning economic and social determinants of
afforestation coming from agricultural land, which gives particular attention to public decision-making
processes thereof (Ryan & O'Donoghue, 2016). Under this perspective, perceived non-market benefits from
agricultural activities are relevant hurdles related to the implementation of afforestation (Howley et al., 2015).
These points in favor of farming are mainly connected to the flexibility of agricultural practices (Duesberg et
al., 2014), and to the reluctance on behalf of farmers to lose their abiding traditional know-how, which is often
much more relevant than the predicted income increase generated by afforestation (Ryan & O’Donoghue,
2016). Furthermore, afforestation from intensive agriculture-related land cover (INTAG) and from extensive
agriculture-related land cover (EXTAG) are quite different from each other (Kumm & Hessle, 2020). In the first
case, a land cover change is quite difficult, while it is much more viable in the second case, since, on average,
the expected rent from forests is higher than the rent generated by extensive agriculture, whereas intensive
agriculture, which takes place in arable land through permanent crops, provides comparatively higher rents
than forest farming (Kumm & Hessle, 2020). Furthermore, the regional land cover shares of the regional land
of INTAG and EXTAG are close to each other (about 25% and 22%, respectively), as shown in the sixth column

10 Small-scale forestry conference proceedings. Small-scale forestry and rural development - The intersection of
ecosystems, economics and society - Proceedings of IUFRO 3.08 Conference hosted by Galway-Mayo Institute of
Technology, Galway, Ireland, 3-6 July 2006. Available online: http://www.coford.ie/publications/reports/small-
scaleforestryconferenceproceedings/ (accessed on 31 August 2020).
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of Tab.4, and their spatial distribution is fairly homogeneous with respect to the whole Sardinian region.
Planning policies aimed at decreasing LST should target both, INTAG and EXTAG, on the basis of the following
approach. Afforestation should be promoted by means of incentives granted to farmers who earn low rents
from agriculture, in order to become forest farmers. The incentives are likely to be very effective as regards
rural areas whose land cover is classified as pastures and mosaic croplands according to the LEAC taxonomy
(labeled EXTAG in this study), while it is not probable that farmers of arable land and permanent crops (INTAG
land cover) be tempted by these incentive schemes (Hyytiainen et al., 2008). On the other hand, the
afforestation expansion across rural areas characterized by high-rent agriculture should be a matter of careful
evaluation on behalf of public planning bodies, since the financial resources needed to make the incentives
attractive would probably be unaffordable, and the resulting weakening of the traditional agricultural structure
may generate an unwanted decay of the social, economic and environmental situation of rural areas (Behan
et al., 2006). From this point of view, the different levels of the public administration, local, regional, national,
have an important task since they have to optimize the degree of afforestation with the size of the affordable
investment needed to support the land-cover changes, mainly from extensive agriculture (Zavalloni et al.,
2019).

The perception, on behalf of the local societies, of a sound commitment by the involved public administrations
is a fundamental factor for a successful implementation of policies aimed at decreasing LST based on
afforestation. Measures such as public purchase of low-rent agricultural land, pastures or open space
characterized by rare or sparse vegetation are very effective in building community awareness and consensus
(Brouwer et al., 2015).

5. Conclusions

This study proposes and develops a methodology to estimate, in quantitative terms, the effects of planning
measures aimed at decreasing LST effects in Sardinian urban and rural areas. The findings not only imply that
planning measures should be based on endowing new and existing buildings and urbanized land with green
roofs and facades and urban areas with green and blue grids, or on implementing land cover transitions
towards forests in rural areas, but also provide estimates of the quantitative size of the effects on LST caused
by such measures. This knowledge is relevant to set up public investment aimed at addressing the LST
decrease question taking account of the budget constraints which feature the public administrations’ policy-
making processes. Furthermore, the methodological approach implemented in this study is easy to export
since the LST spatial layout can be straightforwardly identified through images from satellite, and the LEAC
classification, based on CORINE land cover, is freely accessible for all the countries of the European Union.
Moreover, the implementation of the methodological approach into the Sardinian regional spatial context helps
explaining the correlations between one of the most outstanding negative impacts of climate changes identified
by the Regional Strategy, that is heat waves and islands (Regione Autonoma della Sardegna, 2019a), and the
spatial distribution of land cover types and transformations.

This study shows two main limitations concerning results validation and the complete implementation of policy
recommendation proposed in this work. First, validation should be pursued through direct observations of LST
values by following, for example, the methodology proposed by Nguyen et al. (2019). Secondly, Sardinian
local administrations, such as both the regional administration and local municipalities, do not take into account
measures for mitigating LST values, and, by doing so, public commitment and financial investments are
lacking. In this situation, implementing this kind of measure into planning practice in the short run seems a
utopia.

With reference to the results of this study, two recommendations for further research concerning the
identification of planning measures and policies should be highlighted. First, a local network of data points to
detect LST on-site would be very important to validate the spatial distribution of LST, which would make
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possible to implement experiments based on policy measures used to decrease LST. The only way to develop
experiments aimed at measuring the impacts on LST generated by green roofs and facades, green and blue
grids, and so on, is to set up a data point network that can provide LST observations before and after the
implementation of these policies, on the basis of an impact analysis approach (Gutiérrez Rodriguez et al.,
2015; Gutiérrez Rodriguez et al., 2016). Secondly, testing the implementation of afforestation and blue and
green urban grids policies would entail thorough participation of the local administrations and communities of
urban and rural areas. Researchers and practitioners involved in action-research experiments aimed at
implementing policies to decrease LST, and local urban and rural administrations and communities, should
work together in order to attract public and private investments from national and international agencies and
bodies to develop experimental projects to mitigate the negative impacts of heat islands and waves on the
local communities’ quality of life.
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