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HIGHLIGHTS

e In summer 2022 three extreme heatwaves hit Padua, with maximum temperatures of 35.1 °C, 36.1 °C, and 35.8 °C.

e Magnitude of urban heat islands reached 3-8 °C temperature anomaly, with an increase of 0.3 °C every 10% of soil sealing.
o The highest climate risk is found on the spatial compresence of elderly, migrants, children and households at low income.

e The GIS-based climate risk methodology provides essential insights to support inclusive and more just adaptation plannings.

ARTICLE INFO ABSTRACT
Keywords: Climate change hasled to a dramatic increase in extreme events worldwide. Predictions fora + 1.5 °C world indicate
Climate Justice that 13.8% of the global population will be exposed to heat waves (HWs), a proportion rising to 36.9% ina + 2 °C
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scenario. At present, about 9.6 M people in the EU and UK are exposed to extreme heat every year. Overheating has
various impacts on cities, including urban infrastructure failures and changes in ecological processes. However,
scarce attention is currently paid to the distribution of HWs impacts and the differential vulnerabilities of different
social groups, raising the issue of climate justice in cities. HWs directly impact the health of the most vulnerable
social groups resulting in an increase in mortality and morbidity rates. This research focuses on the city of Padua
(Italy) as a pilot study to assess the effects of urban HWs and heat islands (UHI) combined. By framing the unequal
spatial distribution of socially vulnerable groups, this study aims to i) provide a replicable spatially explicit open-
access methodology to assess the heat-related risk of UHI, ii) propose the first climate justice heat-related risk index
to be adopted in inclusive and just adaptation plans. Specifically, it aims to i) identify HWs and map critical hotspots
during summer 2022 at suburban scale; ii) assess the spatial correlations among impervious areas and UHI; iii) map
the climate risk to vulnerable social groups; and iv) propose a global climate justice risk index for all the vulnerable
groups considered. Images from Landsat 8-9 were processed, and territorial data were acquired from public da-
tabases. It was found that three extreme HWs hit Padua in summer 2022, on 2-7 June, 21-23 July, and 4-8 August,
when maximum temperatures were 35.1 °C, 36.1 °C, and 35.8 °C, respectively. The intensity and magnitude of UHIs
were considerable, with land surface temperatures of 33.8 °C on average (¢ = 1.7, min = 27.9, max = 41.4). UHI
intensity reached 5-8 °C of difference with rural contexts, mainly in strongly urbanized sectors. Ordinary least
squaresregression indicated a positive correlation with impervious surfaces, with a f§ coefficient showing an average
increase of 0.3 °C per 10% of soil sealing. Six different hotspots were identified both in industrial areas and within
the city centre. However, the integrated climate risk analyses highlight that most critical areas are in sectors where
there is a large number of the elderly, migrants, children, and low-income households. Our findings reveal the need
for urgent heat island mitigation measures and that the distributive dimension of climate justice should be respected
in adaptation planning.
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1. Introduction
1.1. Climate extremes: Heat waves and heat islands in urban areas

In spring and summer 2022, the effects of climate change made
themselves felt in the daily life of hundreds of millions of people in the
northern hemisphere as well as the global mainstream media (Andersson
& Faulkner, 2022; Fears & Eger, 2022; Gualtieri & Sundby, 2022). A
sequence of heatwaves (HWs) of unprecedented magnitude and in-
tensity hit highly densely populated areas in Asia, North America, and
Europe, giving a new picture of what the direct and indirect impacts of
climate change on these territories look like, especially in urban areas
(World Meteorological Organization (WMO, 2022a; WMO, 2022c;
WMO, 2022d)). According to the Intergovernmental Panel on Climate
Change (IPCQC), it is “virtually certain” (99-100% probability) that HWs
will increase across most land regions in frequency, magnitude, and
duration, and there is “high confidence” that they are driven by human
activities (IPCC, 2021). Therefore, due to a combination of climate
change effects and urbanization processes (e.g., expansion and densifi-
cation), HWs have become a crucial challenge for urban development.

Predictions for a world at 1.5 °C highlighted that 13.8% of the global
population will be exposed to extreme HWs, while in a 2 °C warming
scenario this estimation rises to 36.9% (Dosio et al., 2018). Due to these
increases in intensity and magnitude and the consequent impacts on
ecosystems and societies, the WMO called climate extremes the day-to-
day “face” of climate change (WMO, 2022b).

Europe, the second densely populated continent (72.5 inhabitants/
km?) after Asia (95 inhabitants/kmz), is characterized by wide urban-
ized areas, which house 72% of the total population (World Bank, 2023).
It has experienced a large increase in extreme HWs since the “deadly
summer” of 2003, which caused ~ 70,000 estimated excess deaths
(Robine et al., 2008) and was followed by severe events in Finland
(2018), Russia (2010), and Greece (2012) (Porfiriev, 2014; Paravantis
etal., 2017; Ruuhela et al., 2020). Excess mortality in Europe reached +
16% during July 2022 compared to average mortality in the same month
in the period 2016-2019, with peaks of + 25-37% in Mediterranean
countries (EUROSTAT, 2022). Furthermore, changes in atmospheric
dynamics have made Europe a crucial HW hotspot: the incidence of HWs
will accelerate three to four times faster than the rate experienced in the
northern mid-latitudes over the last 42 years (Rousi et al., 2022).

Urban areas are vulnerable to heat islands due to their typical land
use land cover (LULC), population density, infrastructure systems, as-
sets, and economic activities. The combination of such factors contrib-
utes to amplify the effects of extreme weather events, jeopardizing the
health of urban dwellers. In fact, although urban areas only cover 3% of
the Earth’s land surface, they are home to >50% of the world’s popu-
lation and contribute up to 70% of global greenhouse gases emitted
while using about 75% of world resources (Yensukho et al., 2022). As
such, cities are crucial hotspots where the challenges of climate change
will be felt and the effects of urban heat islands (UHIs) must be miti-
gated. In fact, a global-scale study of 3-day land surface temperature
(LST) analyses undertaken over an 18-year period (2003-2020)
demonstrated that urban heat increased twofold over that time, with
local urban thermal anomalies being >10 °C higher (Mentaschi et al.,
2022). Meanwhile, analyses carried out by Guerreiro et al. (2018) based
on CMIP5 models for the RCP8.5 scenarios indicated that an increase in
the number of HW days and maximum HW temperature is expected in
all 571 European cities analyzed in the study, especially in southern and
central Europe. Due to the strongly anthropized land cover, mainly
represented by impervious surfaces with low albedo as well as a low
ratio of build-up to vegetation land cover, the effects of UHI are
amplified in the urban context. Studies at urban scale on the cities of
Geneve and Paris, based on the use of Land Surface Temperature (LST)
derived from Landsat 8 satellite, confirmed significant positive corre-
lation among LST and impervious surface density (Ge et al., 2020).

Moreover, the effect of urban form and morphology is paramount. As
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reported in different studies based on computational fluid dynamics and
neural networks, such factors play a crucial role in influencing urban
micro-climate by amplifying extreme conditions (Javanroodi et al.,
2022; Mohammad and Javanroodi, 2022; Javanroodi et al., 2021).
Consequently, urban areas are generally warmer than the surrounding
rural areas as a result of a number of factors that modulate the urban
climate and, therefore, form the so-called UHI phenomenon (Oke,
1973). In fact, urbanization processes have led to changes in the physical
environment, mainly through LULC changes, which contribute to sig-
nificant alterations of the urban climate. It has been demonstrated that
HWs have positive feedback on UHI, with intensification of magnitude
during the event (Founda & Santamouris, 2017).

1.2. Climate justice in the city: Spatial injustice and unequal impacts of
heat waves on urban populations

Climate extremes such as HWs and UHIs have direct and indirect
impacts locally by affecting societies and economies as well as the
remaining anthropized urban ecosystems which still provide essential
goods and services to city dwellers. As widely documented, there is
strong evidence that HWs have direct impacts on human health,
resulting in a significant increase of mortality and morbidity (Nitschke
et al., 2011; Mitchell et al., 2016; Romanello et al., 2021). In fact, very
hot days on which the temperature exceeds 35 °C (Espirito Santo et al.,
2014) together with tropical nights (minimum daily temperature >
20 °C) increase the risk of different cardio-respiratory diseases and other
heat-related health issues to city dwellers (Singh et al., 2020). During
HWs, tropical nights and hot nights have a particularly important impact
on human health as they contribute intensely to thermal discomfort by
affecting the human thermoregulatory system and thus preventing
nocturnal rest. A recent study performed on 11 European cities found
that tropical nights and hot nights are strongly associated with cause-
specific fatalities (Royé et al., 2021).

Across the EU and UK combined about 9.6 M people are currently
exposed to extreme HWs every year. Naumann et al. (2020) estimated
that, under different global warming scenarios, this number will drasti-
cally increase, assuming no population growth, to 107.8 M for 1.5 °C
(+1121%), 176 M for 2.0 °C (+1932%), and 307 M for 3.0 °C (+3193%).
In the last of these scenarios, about half of the European population would
be at heat-related risk if no adaptation measures are taken.

As widely documented, the first direct impacts of HWs are on the
health of the most fragile segments of societies, including vulnerable
social groups such as the elderly (age > 65 years), children (age < 5
years), residents of low-income households, migrants, women, and
disadvantaged people, resulting in increased mortality and morbidity
rates (Kovats et al., 2004; Morabito et al., 2015; Otto et al., 2017; Nayak
et al., 2018). Moreover, psychological impacts on humans are reported
during HWs, resulting in an increase of mental health issues and
aggressive behavior (Obradovich et al., 2018; Palinkas & Wong, 2020;
He et al., 2022). In fact, UHI intensity (UHII) is not equally distributed
across the urban space, resulting in highly differentiated impacts on the
territory. This phenomenon might exacerbate and polarize existing so-
cial inequalities within the urban territory by increasing the gap in the
rights to health and raising the issue of justice in regard to both the
impacts and the mitigation strategies to be adopted to address climate
change (Sanchez-Guevara et al., 2019; Mitchell et al., 2021; Amado,
2022). Only recently, some pioneering research is considering the
importance of include the issue of justice and equalities related both to
climate change impacts and adaptation planning. In fact, recent scien-
tific and public debates on climate change underscore that it is impor-
tant for climate adaptation planning to include social aspects related to
rights and justice along with physical, economic, and engineering ap-
proaches (Gardiner, 2011). In this context, it is thus important that
urban planning and management consider inequality, marginalization,
and social exclusion alongside vulnerability caused by climate change in
order to pursue justice and equity. In fact, only recently the issue of
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Fig. 1. The city of Padua (93 km?): Geographic location and urban fabric: 1. Urban, 2. Rural, 3. Mixed.

climate justice was, for the first time, officially recognized both by in-
ternational climate diplomacy (UNFCCC, 2021) and the IPCC (2022) as a
crucial element in understanding how climate change can have spatially
and socially differentiated, unequal, and asymmetrical impacts on a
territory (Sultana, 2022). Urban heat poses a serious threat to many
dimensions of human society, necessitating urgent actions and policies
to develop effective adaptation strategies. Overheating might lead to
urban infrastructure failures, with loss of water and power as well im-
pacts on energy consumption. In fact, during HWs energy demand for
home cooling may cause blackouts and triggers a positive feedback loop
(Stone et al., 2021). Increased energy use leads to higher greenhouse gas
emissions, creating a trade-off between adapting to extreme heat and
mitigating climate change (Colelli et al., 2022). Moreover, HWs might
impacts on ecological processes of urban ecosystems, causing relevant
changes in carbon sequestration and, therefore, turning urban vegeta-
tion from carbon sinks to carbon sources as well as wildfire and damage
on agriculture (Ciais et al., 2005; Wang et al. 2021).

1.3. Aims of the study

Our study frames the issue of incorporating a climate justice
dimension into more inclusive climate-resilient adaptation plans by
analyzing different social vulnerabilities present in towns and cities. The
general aims of the present study are i) to provide a replicable and
scalable spatially explicit open-access methodology, performed in a GIS
environment at urban and suburban scales, to assess the heat-related risk

from HWs by taking into account the unequal distribution of social
vulnerabilities of sensitive social groups; and ii) to propose the first
climate justice heat-related risk index for the design of inclusive and just
adaptation plans. The specific aims are to i) identify the period of HWs
and map critical UHI hotspots at suburban scale; ii) map the heat-related
risk to vulnerable social groups (elderly aged > 65 years, elderly living
alone, children aged < 5 years, households with an income < 10,000
€/year, and foreign residents); and iii) propose a global climate justice
risk index for all the vulnerable categories considered.

2. Data and methodology
2.1. Study area: A geographical framework of the city of Padua

This study is focused on the urban territory of Padua, a medium-sized
city located in the Po floodplain within the Veneto Region (NE Italy)
approximately 20 km from the Venice lagoon (Fig. 1). The municipal
territory spans 92.8 km? and has a resident population of 208,702
(Comune di Padova, 2022). The city was built within the Brenta and
Bacchiglione rivers; ancient Venetian walls and canals surround the
historic urban core. From the end of the 19th century Padua expanded
beyond its historical limits due to demographic growth and economic
and industrial development. As in other European cities, the urban
development was shaped by medium-density residential districts around
the city center and sparse new buildings or complexes on the urban
fringes between the core city and the surrounding countryside. The
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Table 1
List of all spatial and weather data (including metadata) used to perform GIS modelling.
Meteorological data  Source Period Frequency of sampling Variables
ARPAV (Regional 6 February 1992 to 2 Hourly 2 m air
Environmental Protection October 2022 temperature
Agency)
Satellite images Source Landsat 9 Sensing Date Landsat Identifier Image
and Hour (UTC) Quality
USGS Earthexplorer 03/07/2022 09:58 LC09_L1TP_192028_20220703_20220703_02_T1 9 out of 9
04/08/2022 09:58 LC09_L1TP_192028_20220804_20220804_02_T1 9 out of 9

Administrative
boundaries

Land Use and Land
Cover Data

Source
Veneto Region Geoportal

Municipality of Padua’s
webgis

Edimap

Source

Copernicus - Corine Land
Cover

Layer description
Vetctor layer of Padua’s
administrative
boundaries

Raster layer of Padua’s
Urban Units

Vector layer of CAP areas
Layer description
Vector layer of land use
classification

ISPRA - National
Environmental Protection

Raster layer of
impervious surfaces

Agency
Socio-demographic Source Layer description
data Statistical report 2022 - Population statistics in
Statistical bureau of Padua’s each Urban Unit
Municipality

Variables
Total population, population density, % of foreigners; % of children under
5, % of elderly over 65, % of elderly over 65 living alone

Table 2
Identification of heatwaves, maximum air temperatures, and above-threshold
air temperatures in summer 2022 (Ground weather station in Legnaro).

Heatwave Duration Max air temperature =~ Temperature above
period (Days) for each day HW threshold (°C)
Legnaro Ground
Weather Station (°C)
02/07/2022 — 4 32.4; 34.3; 35.1; 32.8 0.4; 2.3; 3.1; 0.8
05/07/2022
21/07/2022 — 3 34.4; 36.1; 35.1 0.4;2.1; 1.1
23/07/2022
04/08/2022 — 3 34.8; 35.8; 35.4 0.1;1.2;1.4
06/08/2022
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Fig. 2. 90° percentile threshold (°C) for HW identification for each day of
the year.

urbanization processes led to a territorial fragmentation of peri-urban
natural and rural areas. The urban fabric is, therefore, at present highly
heterogeneous and fragmented, with a mix of new residential areas and
green spaces as well as commercial and industrial districts (Fig. 1).
Due to urban expansion and infrastructuring, this territory is one of
the most affected in Italy by soil sealing. In fact, the latest annual report

on soil sealing and ecosystem services, published by the National Insti-
tute for Environmental Protection (Munafo, 2022), ranked Padua as the
fifth largest city in Italy, with >100,000 inhabitants, with sealed sur-
faces and high yearly rates of soil sealing. Recent studies which adopted
GIS modelling techniques on high-resolution multispectral images to
map soil sealing estimated that about 50% of the urban surface is
currently sealed (Peroni et al., 2019; Pristeri et al. (2020); Pristeri et al.
(2021). As is widely documented, when HWs affect an urban territory
extremely affected by soil sealing, the impacts of UHIs on the area are
magnified (Phelan et al., 2015; Du et al., 2016; Kotharkar & Surawar,
2016; Yue et al., 2019; Peroni et al., 2022). Moreover, urban green areas
are spatially scattered within the municipality with the lowest values per
capita in the historic core and the northern sectors (1-10 m?/inhabitant)
(Pristeri et al., 2021).

Lastly, the urban territory of Padua is reported to be affected by HWs
and UHIs combined during the summer (Busato et al., 2014; Noro et al.,
2015). Recent estimates by Todeschi et al. (2022) indicated that land
surface anomalies within the metropolitan area of the city might reach
6.8 °C. Therefore, Padua, in terms of size, population, urban fabric, and
the UHI phenomenon, has various characteristics in common with other
cities in Europe.

2.2. Input data

All input data and software used in this research are completely open
access and open source. Statistical and spatial analysis were performed by
using RStudio (v.2022.07.2) and QGIS (v.3.22.13). All geographic data
were re-projected into the spatial reference system WGS 84/UTM zone
32N (EPSG 32632). All data used in this study are summarized in Table 1.

2.2.1. Meteorological data

Meteorological data used in this research are provided by the
Regional Environmental Agency (ARPAV, https://www.
ambienteveneto.it/datiorari/datiSensOrari.php?cd=222&an=2022).
For HWs identification we used hourly 2 m air temperature data from
the official weather station located in Legnaro (Province of Padua,
geographical coordinates: 11.95217201 W; 45.34734845 N), which is 8
linear km from the city centre of Padua, within a rural context. The
meteorological series starts 6 February 1992 and ends 2 October 2022.
We did not consider the official weather station located within the
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1) Industrial district
f 2) Trade fair and exhibition center
3) Commercial and shopping area
4) Train station
;& 5) Civil airport
6) Historical inner city
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Fig. 3. LST and UHI intensity in the municipality of Padua. UHI hotspots — defined as 90° percentile of LST distribution — are numbered in the boxes: 1) industrial
district, 2) trade fair and exhibition center, 3) commercial and shopping area, 4) train station area, 5) civil airport, and 6) historic inner city.

municipality as ARPAV changed the position in 2020 and no homoge-
neous time series are available in the municipality according to the
meteorology and climatology unit of ARPAV.

2.2.2. Satellite data

Landsat 8 and 9 satellite data from the United States Geological
Survey (USGS, https://earthexplorer.usgs.gov/) are the baseline dataset
for the spatial calculation of Land Surface Temperature (LST). Landsat 8
satellites have acquired images since 2013 with a frequency of 16 days.
From 2021, by combining acquired images from Landsat 9, a two-fold
increase in frequency was pursued, with an overall revisiting time of
8 days, always at the same time of the day (Landsat 8 and 9 together). In
this study we used band 4 (Red), band 5 (NIR) and band 10 (TIR-1) for
spatial analyses. Bands 4 and 5 present a geometric resolution of 30 m,
while TIR-1 presents 100 m pixel size. We therefore clipped satellite
scenes within the spatial domain adopted in this research, defined as a
buffer zone of 15 km radius from the centroid of the Padua municipality.
All Landsat images acquired within the HW periods in summer 2022, as
defined in section 2.2, were selected. Exact time of image acquisition,
USGS Landsat identifier and image quality are shown in Table 1.

To better understand the UHI phenomenon we searched for all
available Landsat 8 and 9 scenes in the JJA period (2022), according to
HWs meteoclimatic analysis. Hence, due to factors such as urban
morphology, meteorological conditions (e.g. wind speed and direction,
relative humidity, atmospheric pressure) and LULC, which makes UHI a
complex phenomenon characterised by high spatial and temporal vari-
ability, we averaged LST values of available satellite scenes (Liao et al.,
2021; Peng et al., 2022; Mentaschi et al., 2022).

2.2.3. Administrative boundaries and urban units

The spatial domain of the socio-demographic analysis is represented
by the official boundaries of the municipality of Padua (93 km?), rep-
resented by a vector layer retrieved from the geoportal of Veneto Region
(websource: https://idt2.regione.veneto.it). The municipal territory of
Padua is divided into 40 Urban Units (UUs), which are the smallest area
in which the statistics office collects and aggregates socio-demographic
data (see Appendix B). UUs cartographic layer was manually georefer-
enced and digitized from a pdf map downloaded from the official
webpage  (https://www.padovanet.it/sites/default/files/attachment/
02%20Territorio.pdf). To perform geographic analyses on economic
indicators (low-income residents) we also used the Postal Code (CAP,
the italian equivalent of ZIP code) as spatial units.

2.2.4. Land use and land cover data

Two typologies of Land Use and Land Cover (LULC) were used in this
study. The first LULC dataset is represented by the latest Corine Land
Cover (CLC) 2018 vector layer, acquired from the Copernicus Pro-
gramme database (European Commission, 2022, websource:
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018).
CLC data is currently the most reliable land cover database for Europe,
since it classifies land cover into 44 different classes and is updated
every 6 years. In this study we used CLC first level of classification of
LULC to identify the vegetated areas within 15 km radius from the
centroid of the municipality.

The second LULC layer is represented by the impervious surfaces at
10 m geometric resolution, annually updated in the “National report on
soil sealing and Ecosystem Services”, provided by the Italian Institute for
Environmental Protection and Research (Munafo, 2022). By using this
raster data with binary values on sealing we performed the correlation
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Fig. 5. Violin plot of LST distribution in Padua’s Urban Units.

analysis among impervious surfaces and LST values.

2.2.5. Socio-demographic data

Socio-demographic data were acquired from the statistical report
published by the statistics office of the municipality of Padua (“Annuario
Statistico” 2022, https://www.padovanet.it/informazione/padova-

cifre). From this report we calculated at UU level the following parame-
ters (see attachment 1): i) total population, ii) population density, iii)
percentage of children under 5 years, iv) percentage of elderly over 65
years, v) percentage of elderly over 65 living alone, and vi) percentage of
foreign residents. Household income data are downloaded from the Ital-
ian Ministry of Economy and Finance website (https://wwwl.finanze.
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Fig. 6. Scatterplot of UHI intensity and percentage of impervious surfaces in Padua’s Urban Units. The red line indicates the OLS regression. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. HERI in Padua’s UUs.

gov.it/finanze/analisi_stat/public/index.php?opendata = yes). Such de-
mographic and social categories represent the most vulnerable categories
to extreme heat events (Vanos 2015; Nayak et al., 2018). It is well
documented in the literature that elderly people are one of the social
categories most vulnerable to heat stress (Vandentorren et al., 2006; Conti
et al., 2007; Astrom et al., 2011); a sub-group is represented by elderly
people living alone, because in case of an emergency related to heat stress
there is no one else in the house that can provide first aid or call an
ambulance. Children under 5 years are vulnerable to HWs because heat
stress causes an increase of morbidity in the renal system and respiratory
diseases (Xuetal., 2014; Arsad et al., 2022). Low-income households have
less possibility to implement adaptation solutions to face extreme heat in
the house, like air conditioning or thermal insulation (Sakka et al., 2012;
Churchill & Smyth, 2021). Finally, foreigners are less responsive to public
health communication campaigns commonly used to inform the popu-
lation about good practices to implement during heat waves, due to lin-
guistic barriers (Matthies & Menne, 2009; Messeri et al., 2019).

2.3. Heat wave periods identification

There are different methodologies in the literature to identify HWs.
We used the statistical definition provided by Russo et al. (2015); it is
currently the most adopted methodology, and it is also used by the
Regional Environmental Protection Agency (ARPAV, 2022). The present
methodology identifies a period of HW if the daily maximum air tem-
perature of the day “d” exceeds the “Ay” threshold for at least 3
consecutive days, as defined by the following Equation (1):

Ad _ U2022 d+-15 Tin (1)

y=1992\Ji=d—15

where:

Aq = threshold, expressed in °C, that must be exceeded by the
maximum temperature of a specific day d to become a potential day of a
HW period.

y = year of the weather data time series.

T = 90th percentile.

In this study for HWs identification and UHI spatial analyses we
focused on the Summer (2022) period, commonly defined as June, July
and August (JJA).

2.4. Land surface temperature analysis

LST within a 15 km buffer radius from the centroid of the munici-
pality of Padova was calculated from Landsat thermal band (TIRS1). The
methodology follows USGS LST guidelines (Zanter, 2018). The calcu-
lation of UHII - the difference between background rural and highest
urban temperatures (Oke, 1973) — follows the methodology by RUS-
Copernicus (Serco Italia SPA, 2018). All LST calculations were per-
formed pixel-by-pixel for each Landsat scene, by using R Studio, a free
and open-source statistical software.

For a complete description of the emissivity and LST calculation by
using NDVI see Annex A.

2.5. Urban heat island intensity and relationship with land cover

Urban Heat Island Intensity (UHII) is defined as the difference be-
tween background rural and highest urban temperatures (Oke, 1973).
UHII calculation is based on the following Equation (2):

UHI = AT,_, =T,—-T, (2)
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Fig. 9. HAERI in Padua’s UUs.

where:

T, = urban temperature.

T, = rural temperature.

The adopted methodology to assess UHII is based on Serco Italia SPA
(2018) and it consists in subtracting from each pixel in the study area the
mean LST value of a set of sampling points which are representative of
non-urban areas (Pins). Each pin of the set has the following
characteristics:

1) Itis the centroid of the union of contiguous CLC polygons with level 1
classes “agricultural areas” or “forest and semi-natural areas”;

2) It is located inside an annulus centred in the centroid of the munic-
ipality of Padua, with radiuses of 10 km and 15 km respectively.

3) It is at least 350 m from CLC class “Anthropic impervious surfaces”.

As LULC represents an important contribution in UHI (Sangiorgio
et al., 2020), we also investigated the relationships between UHII and
the presence of impervious surfaces derived from ISPRA raster file
(2022), by performing a pixel-by-pixel Ordinary Least Square (OLS)
Regression. By this methodology we aim to test if there is a negative
correlation between LST and impervious surfaces, as found by Todeschi
et al. (2022). We performed the same OLS regression also between mean
UHII and percentage of impervious surfaces in sub-administrative areas
(UUs and CAPs).

2.6. Heat-related risk assessment indexes

In this subsection we present five indexes for assessing climate in-
equalities among different UUs within the municipality of Padua: Heat-
related Child Risk Index (HCRI), Heat-related Elderly Risk Index (HERI),
Heat-related Alone Elderly Risk Index (HAERI), Heat-related Foreigners

Risk Index (HFRI) and Heat-related Low-Income Risk Index (HLIRI). These
indexes aim to rank sub-administrative areas in terms of heat-related risk
for five different vulnerable social groups as described in section 2.1.5: i)
children under 5, ii) elderly over 65, iii) elderly over 65 living alone, iv)
foreigners and v) low-income households (<10.000 €/year).

The general construction of these five climate-risk indexes, each one
based on a single vulnerable group, is represented in Eq. (3). All the risk
indexes here presented are the weighted sum of the three components of
risk: Vulnerability, Exposure and Hazard (Tomlinson et al., 2011). All
three components of risk are normalized from 0 to 1 by applying a
min-max normalization method on sub-administrative areas records.

Ri; = 0.25V;; +0.25E; + 0.5H, )

where:

R;; = heat-related risk index for vulnerable category i in the sub-
administrative area j.

Vi; = normalised spatial density of vulnerable category i in the sub-
administrative area j.

E; = normalised exposure, expressed as the population density in the
sub-administrative area j.

H; = normalised hazard, expressed as the average UHII in the sub-
administrative area j.

2.7. UHI Heat-Related risk Index

The Urban Heat-Related Risk Index (UHRI) is based on the same
structure of the indexes presented in section 2.7 but simultaneously
considers multiple vulnerable groups together: children, elderly and
foreigners. UHRI for each UU is built as described in Eq. (4).

UHRI; = 0.125% " Vi;+0.125E; + 0.5H; 0)
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Fig. 10. HFRI in Padua’s UUs.

where:

GHRI; = Global Heat-Related Risk Index for UU j.

Vij = normalized spatial density in UU j of vulnerable group k.

E; = normalized Exposure, expressed as the population density in the
sub-administrative area j.

H; = normalized Hazard, expressed as the average UHII in the sub-
administrative area j.

3. Results and discussion

This section is structured into three subsections. The first subsection
presents the results of an LST analysis in the city of Padua during HWs
which aimed to identify UHI hotspots as defined in section 2.5. The
second subsection highlights the spatial distribution of those social
categories which are most vulnerable to heat stress as well as the related
UHI risk indexes. In the last subsection the Global UHI Risk Index is
presented to identify urban areas where there is an urgent need to
implement just and socially equitable adaptation measures to reduce
climate risk.

3.1. Mapping and identifying UHI hotspots at suburban scale in summer
2022

A meteo-climatic analysis undertaken to identify HW thresholds
detected three HW periods in Padua during summer 2022: the first at the
start (2-7) of June with a maximum T of 35.1 °C, the second in July
(21-23) with a maximum T of 36.1 °C, and the third in August (4-6)
with a maximum T of 35.8 °C. Details of the duration and temperature
values above the HW thresholds are shown in Table 2. It is important to
note that HW periods were based on a 30-year time series of air tem-
perature data measured at the ARPAV weather station in Legnaro. The
HW threshold for each day of the year, as described in section 2.2, is
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represented in Fig. 2.

A detailed search of satellite images within the identified HW time-
frames found two Landsat 9 scenes with no cloud cover over the study
area. These scenes were used for LST calculations and UHI identification
in summer 2022, the first from 3 July and the second from 4 August
(Table 1). Fig. 3 shows the map of LST and UHII in the municipality of
Padua. The latter is expressed as the difference between the LST value of
every single pixel and the rural pins’ mean LST value, as described in
section 2.5.

Spatial thermal analysis performed at urban and suburban scale
highlights that the highest values of LST seems to be localized mainly on
strongly sealed areas of the city, especially in the eastern (industrial
district) and northern sectors, with surface temperatures ranging from
36 to 41 °C. Other areas with high LST values are scattered within the
urban territory, which has a complex urban fabric, according to specific
local conditions such as the presence of green areas (e.g., parks and
agricultural lands) or water channels and the degree of imperviousness.
We therefore tested this hypothesis by performing a pixel-by-pixel Or-
dinary Least Squares (OLS) regression analysis as described in section
2.5. The regression coefficient p indicates that over impermeable sur-
faces the LST is, on average, 1.42 °C higher than in permeable areas. The
regression is significant (a < 0.001).

Calculation of the UHII based on the 25 pins previously identified
shows an average LST within the municipality of 33.8 °C (¢ = 1.7, min =
27.9, max = 41.4). As expected, the highest UHII values are mapped
especially in correspondence of wide continuous impervious surfaces,
with temperature anomalies ranging from 3 to 8 °C, while lower values
are found over permeable surfaces.

Spatial analysis of UHII areas in which only the upper decile was
selected highlights that values of surface temperature anomalies range
from 3.1 °C to 8.7 °C. We therefore identified six different UHI hotspots
within the study area: 1) the industrial district (namely, ZIP), 2) the
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Fig. 11. HLIRI in Padua’s CAPs.

trade fair and Exhibition Center, 3) the commercial and shopping area,
4) the train station area, 5) the civil airport, and 6) the historic inner
city. In general, it is possible to geovisualize from the map that the city
center and high-density peri-urban residential areas are most affected by
the UHI effect (Fig. 3).

3.1.1. Distribution of urban heat island intensity at suburban scale: Urban
units’ thermal analysis

To better investigate UHI effects on specific urban sectors as well as to
provide useful spatial information for future inclusive climate-resilient
adaptation planning, we performed a UHII analysis at suburban scale,
specifically on the administrative urban unit (UU) level (Fig. 4). Spatial
analysis highlights that the UUs most impacted by UHII are those in the
central, northern, and eastern sectors of the municipality; more specif-
ically, the warmest UUs are 5.1 — exhibition center, 30.1 — industrial
district, and 6 — commercial area, which have UHIIs of 3.4 °C, 2.7 °C, and
2.4 °C on average, respectively. The cooler UUs are mainly located in the
fringe running from the southwest to the northwest sectors of the mu-
nicipality, specifically 19 — Monta, 20 - Ponterotto, and 21 - Sacro Cuore,
which have UHIIs of —0.4 °C, 0 °C, and 0.2 °C, respectively.

It is worth noting that the urban fabric and land use of the UUs of
Padua are very heterogeneous (Pristeri et al., 2020). Apart from the UUs
of the historic center, which are more homogeneous and where there is a
high prevalence of old, residential, and commercial buildings, most
neighborhoods are very heterogeneous and include different types of
isolated residential areas, green spaces, canals, and agricultural parcels.
The internal UHII variability for each UU is visually represented in the
violin plot in Fig. 5. The area of each “violin” in the plot is proportional to
that of the related UU listed in the X axis. The horizontal width of each
“violin” is proportional to the area of the UU with an LST in the Y axis. As
expected, central UUs have less internal variability in terms of LST than
outlying UUs.
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Finally, to describe the spatial relationships among thermal anom-
alies and soil sealing within UUs we performed an OLS regression model
between the percentage of impervious surfaces and the mean UHIIL The
OLS analysis shows a positive correlation between the two variables
with the regression coefficient p, which indicates an average increase of
0.3 °C on every 10% of soil sealing (Fig. 6). The R? value of the OLS
regression is 0.54.

3.2. Mapping heat-related risk for vulnerable social categories for
inclusive climate-resilient planning

In this subsection we present the results of the heat risk assessment
for vulnerable social categories in Padua. The methodology shown in
section 2.7 identifies five different vulnerable categories: the elderly, the
elderly living alone, children, foreigners, and low-income residents. For
each vulnerable social category, we calculated the risk index for the
UHII from 0 (lowest risk) to 1 (highest risk).

3.2.1. Heat-related child risk index

The Heat-related Child Risk Index (HCRI) ranks the UUs on different
levels of risk to children aged less than five. We found that the HCRI is
higher in the following UUs: 5.1 — Fiera, 25.1 — Arcella, and 25.2 — San
Bellino. In fact, population density in these UUs is high, with a large
number of children under five and high UHIL In general, lower HCRI
values are distributed in the UUs on the periphery of the municipality
where — even though there is a high percentage of children — UHII and
population density are lower (Fig. 7).

3.2.2. Heat-related elderly risk index

Similarly, to the HCRI, the Heat-related Elderly Risk Index (HERI)
analysis classifies UUs in terms of risk for those aged > 65 years. Spatial
analysis of the risk to elderly people highlights that the most critical UUs
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are 1 — Piazze, 25.2 — San Bellino, and 2 - Savonarola (Fig. 8). As ex-
pected, the central UUs are most at risk of heat stress, with peaks in
residential areas where there are more elderly residents, such as 2 —
Savonarola, 3 — San Giuseppe, and 1.4 — Prato della Valle.

3.2.3. Heat-related alone elderly risk index

The spatial pattern for the Heat-related Alone Elderly Risk Index
(HAERI) in the various UUs of Padua does not substantially differ from
the HERI analysis: The historic city center and nearby UUs are most
impacted by UHII (Fig. 9). It is important to stress that HAERI is prob-
ably the most crucial index as the heat-related risk to elderly people who
live alone is particularly critical as, in the event of a health emergency,
no support is available directly from their residence.

3.2.4. Heat-related Foreigners’ risk index

The Heat-related Foreigners’ Risk Index (HFRI) spatial analysis al-
lows us to classify the UUs in terms of heat-related risk to foreign resi-
dents. The highest HRSI values are in the six UUs located in and around
the central train station, especially 25.1 — Arcella, 25.2 — San Carlo, and
5.2 —Fiera (Fig. 10). In fact, a high percentage of foreign residents live in
these UUs, and there is high population density and high UHII. Due to
different factors related to migration policies, housing prices, and cul-
tural aspects, most foreign residents are located in these UUs.

3.2.5. Heat-related low-income risk index

Spatial analysis highlights that the heat-related risk for low-income
residents (<10,000 €/year) is higher in the northeastern sector of the
municipality, where the combination of the UHII related to the high
prevalence of industrial and commercial areas as well as the central
station result in higher values (Fig. 11). In fact, according to the spatial
distribution of low-income residents and the UHII these sectors are the
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most impacted (Appendix B). One anomaly is represented in the CAP
35122, which houses the highest percentage of low-income residents
(36%) but generates the highest income from house rentals.

It is important to highlight that the Heat-related Risk for Low-income
Residents Index (HLIRI) was spatially developed using the same struc-
ture as the other heat-related risk indexes for the vulnerable categories
presented above; unfortunately, however, since no data about income
were available at UU level it is based on different spatial units which
refer to the postal code boundaries (see section 2.1.3).

3.3. Urban heat-related risk index

The Urban Heat-related Risk Index (UHIRI) indicates the level of
heat-related risk for three vulnerable categories: the elderly, children,
and foreigners. Spatial analysis of the UHIRI showed that the highest
values of UHIRI are located in UU 5.1 — Fiera, in which the main
contribution to the UHIRI is the UHII, since average values are much
higher than in the other UUs (3.4 °C). The second-ranked UU for UHIRI
is 25.1 — Arcella, in which all variables related to total population,
population density, and percentage of foreigners are very high. The third
UU in the UHIRI ranking is the urban district 6 — Stanga, which is a
commercial area with high UHII values as well as a high percentage of
foreign residents. It is worth noting that, according to the UHIRI anal-
ysis, UUs which are more exposed to heat-related risk are all charac-
terized by high UHII values, since the UHII value is weighted 50% in the
UHIRI composition. Unfortunately, due to the different data spatial units
(UUs vs postal codes), the UHIRI does not include HLIRI in the spatial
analysis; HAERI is also excluded since it is strongly correlated to HERI.

The UHIRI map is presented in Fig. 12: The color of the UUs repre-
sents the UHIRI, while the histogram quantifies the contribution of the
three vulnerabilities to the UHIRI itself.
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To better understand any single contribution in terms of UHII and
heat-related vulnerabilities to the global index map we used a radar
chart (Fig. 13) to represent the normalized density of vulnerable groups
for the 10 UUs with the highest UHIRI values. The chart allows us to
identify two groups of UUs among those with the latest UHIRI values
which differ in the composition of risk: The first group has higher
vulnerability and exposure but less hazard (UUs: San Bellino, Piazze,
Arcella, and San Carlo), while the second presents a higher hazard but
less vulnerability and exposure (Fiera, Zona Industriale, Stazione,
Stanga, and Porta Trento Sud).

3.4. Methodology limitations

This study presents a first GIS-based open-source methodology which
include the spatial dimension of some social vulnerabilities to climate
change impacts into an integrated UHI climate risk assessment at urban
scale. However, it presents some limitations which may affect both the
accuracy of UHII assessment and the methodology replicability. Firstly,
UHII assessment is based only in LST analyses derived from Landsat 9
images, not considering other meteorological variables based on field
observations (air temperature, wind intensity and directions) nor urban
features (form and morphology). Moreover, within the calculated HWs
time-period only two Landsat image were available. Such limitations do
not allow to assess urban microclimate variability at sub-urban nor
neighborhood scales. Assessment of spatial and temporal variability of
UHI is strongly dependent on the available number of Landsat 8-9
scenes. Availability of night-time Landsat scenes during HWs would also
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allow to spatially assess UHII at night, highlights possible hotspots for
effect on human health of tropical nights. Finally, availability and ac-
curacy of socio-economic spatial data play a crucial role in mapping
vulnerable social group to climate risk.

4. Towards just and inclusive climate-resilient adaptation plans

Our findings highlight that the intensity and magnitude of UHIs in
the city of Padua are considerable, with temperature anomalies in
summer 2022 that might have differed by 5-8 °C from the average
values of rural contexts. However, the thermal physical phenomenon is
spatially very heterogeneous, with different degrees of UHII distributed
over the urban. In fact, UHII is positively correlated with soil sealing in
different sectors of the city, especially in the industrial districts, within
the train station area, and in the historic city center. The different spatial
distribution of sensitive groups might also reflect the socio-cultural and
economic dynamics of housing policies in Padua. The climate risk
related to UHI is therefore re-shaped according to where these vulner-
able groups are concentrated. It is crucial to consider that in some
critical UUs the elderly, migrants, children, and low-income households
co-exist; thus, risk components can have a cumulative effect (Fig. 12).

Various cities worldwide are progressively designing and developing
adaptation plans aiming to reduce UHII and mitigate heat-related
discomfort. They are often supported by EU and national policies and
strategies, such as the 2013 and 2021 EU strategies on adaptation to
climate change. Such strategies are usually based on the incorporation
into urban planning of green and blue infrastructures, such as green
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areas and water channels, as well as nature-based solutions. More spe-
cifically, green infrastructures and nature-based solutions include the
use of trees, grass, shrubs, and roofs and walls (Balany et al., 2020). Such
urban features perform well in terms of mitigating the thermal intensity
of UHI on the urban territory. For example, urban green parks might
have significantly lower temperatures than the urbanized surrounding
area, with differences of 5 to 12 °C, and their beneficial effects spill over
onto surrounding buildings (Lobaccaro & Acero, 2015; Shashua-Bar
et al.,, 2011), while tree cover of at least one third the total surface
area might reduce the thermal environment by about 1 °C (Imran et al.,
2018). In general, adaptation plans are focused only on the physical
environment of the city with no or little regard to the unequal spatial
distribution of climate change impact measures (Swanson, 2021). As
explained by Mohtat and Khirfan (2021; 2022), mainstream climate
adaptation policies “in the absence of power balance checks and polit-
ical representation, either entrench the political-economic patterns of
privilege in allocating adaptive resources or use adaptation as a justifi-
cation for economic development.”.

One of the main aspects of climate justice in urban context is that
vulnerability to heat is not equal for all city dwellers. Risk is higher by
different degree of exposure (the spatial and temporal dimension of UHII
and magnitude), demographic susceptibility (elderly, children, and
foreigner residents), socio-economic and cultural factors. Understanding
the dimension of “where” and “who” combined is affected by heat-
related risk is therefore essential to support inclusive and more just
adaptation measures, reinforcing the importance of social inequalities in
urban planning for climate change adaptation.

Therefore, it is important to better investigate how the imple-
mentation of climate adaptation plans might directly or indirectly affect
the vulnerability of disadvantaged urban populations as strategies and
regulations might themselves exacerbate, maintain, or ignore present
and future inequalities by creating injustice and unequal interventions
(Barnett, 2006; Anguelovski et al., 2016).

Based on our findings, we stress that green and blue infrastructures
as well as nature-based solutions are currently essential to mitigate the
consequences of HWs and UHIs on urban populations, but their imple-
mentation in adaptation plans should also respect the spatial dimension
of climate justice. Finally, as our understanding of the spatial dimension
of social vulnerabilities to climate risk remains limited, the design as
well the criteria for urban adaptation plans should be data-driven so as
to first identify priorities in terms of intervention areas.

Appendix A. - LST calculation
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5. Conclusions

Our study frames the issue of climate justice related to extreme
meteorological events in urban areas, such as HWs and UHIs. Our GIS-
based methodology proposes a replicable and scalable open-access
workflow to map UHII and to perform an integrated assessment of
climate risk which can include the unequal distribution of both impacts
from extreme events and socioeconomic vulnerabilities.

Our findings indicate that, during summer 2022, three extreme HWs
hit the urban territory of Padua, increasing the climate risk for vulner-
able social groups in six critical sectors of the city. Impervious surfaces
amplify UHII by 0.3 °C for every 10% of soil sealing, on average. The
integrated heat-related risk analysis highlights that critical areas are
characterized by high numbers of the elderly, migrants, children, and
low-income households. Given the forecast increase in the magnitude
and frequency of extreme HW events in the near future, mitigation ac-
tions to protect the health of urban dwellers are urgently required.
Nature-based solutions as well as the implementation of green and blue
infrastructures are very effective in mitigating UHII; however, climate-
resilient policies and strategies should also respect the spatial dimen-
sion of climate justice and design more inclusive and just adaptation
plans.
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LST within a 15 km buffer radius from the centroid of the municipality of Padova was calculated from Landsat thermal band (TIRS1). The
methodology follows USGS LST guidelines (Zanter, 2018). The calculation of UHII - the difference between background rural and highest urban
temperatures (Oke, 1973) — follows the methodology by RUS-Copernicus (Serco Italia SPA, 2018). All LST calculations were performed pixel-by-pixel
for each Landsat scene, by using R Studio, a free and open-source statistical software.

From digital numbers to top of atmosphere reflectance and top of atmosphere brightness temperature

Landsat bands downloaded from https://earthexplorer.usgs.gov are GEOTIFF files containing Digital Numbers (DN) as raw data. Calculations for
the transformation of DN into Top of Atmosphere Reflectance (TOAR) for bands 4 and 5 (Eq. (5), and Top of Atmosphere Brightness Temperature
(TOABT) for thermal band 10 (Egs. (6) and (7) are provided by Landsat metadata.

M, iQcati +Api

Pr= sinsin(Bsg)

where:
p, = top of atmosphere reflectance.
M, ; = multiplicative factor of band.i = 4,5

Qca1; = DN of band.i = 4,5
A,; = additive factor of band.i = 4,5

Osg = sun elevation angle in the center of the scene expressed in degrees

()
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Ly =M Qca +AL (6)

where:
L, = spectral radiance.
M, = multiplicative factor of band 10.
Q.q = DN of band 10.
A = additive factor of band 10
pr=—fo %)
Inin (’Z—]‘ + 1)

where:
BT = Top of atmosphere brightness temperature.
K; = thermal conversion constant 1 given by Landsat 8 metadata.
K, = thermal conversion constant 2 given by Landsat 8 metadata.
L, = top of atmosphere spectral radiance.

Calculation of the normalized difference vegetation Index and proportion of vegetation

We calculated the widely adopted Normalized Difference Vegetation Index (NDVI) as defined in Equation (8). NDVI ranges from —1 to 1 providing,
by increasing values, different degrees of greenness (Yuan & Bauer, 2007). Moreover, the specific emissivity of the different land cover types is derived
from NDVI analysis. From NDVI it is possible to calculate an estimation of proportion of vegetation (Equation (9).

NIR — RED
NDVI = ———
v NIR + RED ®)

where:
NDVI = Net Difference Vegetation Index.
NIR = band 5 reflectance.
RED = band 4 reflectance

NDVI — NDVI,,,;,

" = NDVI,... — NDVI,,;, ©

where:
P, = Proportion of vegetation.
NDVI = Net difference vegetation index.
NDVIpe = 0.8.
NDVIpin = 0.2.

Emissivity and land surface temperature

The emissivity of the earth surface is the average emissivity of the single elements present within a pixel; it is estimated from the vegetation
proportion values defined in Equation (10) (AnandaBabu et al., 2018).

e = 0.004P, +0.986 (10$)

where:
e = emissivity.
P, = proportion of vegetation.
Finally, LST is estimated from Equation (11).
BT

ST = waT/p)inine)] an

where:
LST = land surface temperature.
BT = top of atmosphere brightness temperature.
e = emissivity.
W = average wavelength of band 10 given by Landsat metadata.
p = hc/o with ¢ Boltzmann constant, h Planck constant and ¢ the speed of light.

Appendix B - UUs data
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Appendix C - Vulnerability maps
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Fig. Al. % of children under 5 years old in UUs.
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% of elderly
over 65 years old
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Fig. A2. % of elderly over 65 years old in UUs.
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% of elderly over 65
years old living alone
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Fig. A3. % of elderly over 65 years old living alone in UUs.
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Fig. A4. % of foreigners in UUs.
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% of households with annual
income < 10,000€
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Fig. A5. % of households with annual income <10,000 in UUs.
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