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Abstract: Climate change is contributing to raising disaster risk, with variable impacts depending on
the local level of vulnerability. This paper describes a method for the definition of local vulnerability
domains to climate change. The application of the methodology is aimed at building local vulnerability
maps. The set of indicators of climate exposure, sensitivity and adaptive capacity, theoretically
identified and practically tested on two case studies in southern Italy, contributes to support the
territories in identifying the main local vulnerabilities, as well as define, subsequently, a systematic
framework for identifying the most suitable mitigation and adaptation measures to climate change
according to the specificities of the contexts of interest. In this regard, we consider the framework of
risks and related impacts due to climate change on urban infrastructure proposed by the European
Commission in order to face common challenges in the EU territories. Specifically, reference is made to
three thematic focuses, which are “transport infrastructures”, “energy infrastructures” and “buildings
and construction sector”. Although still at an early stage, the results of the research contribute to
identifying useful elements of interrelation with the urban context for guiding resilient planning
choices and reducing risks.

Keywords: vulnerability domains; climate change; disaster risk; mitigation; adaptation; local
vulnerability mapping

1. Introduction

Climate change is a systemic phenomenon on a global scale [1,2] attributable to anthropogenic and
natural causes [3,4]. It covers changes in the average climatic conditions and climate variability and
changes in the magnitude and frequency of extreme events. The result is an increase in weather-related
disasters. The risks associated with this change are highly uncertain and variable according to the
levels of vulnerability that characterize cities and communities [5]. In particular, the urban landscape
structure and the characteristics of the urban land surfaces, which contribute to the urban heat island [6],
can alter the microclimate aggravating local impacts [7]. In light of the expected evolutions in terms of
frequency, timing and intensity of extreme weather events [8], it is necessary to promote the assessment
of local vulnerability levels as well as the mitigation and adaptation capacity of places in accordance
with sustainable development goals.

In particular, climate change is contributing to raising disaster risk [9,10]. Although this link is
widely recognized in the literature [11–13], historically, the work of disaster risk specialists and climate
change specialists has too often been isolated and autonomous [14]. The difficulties in integration
and collaboration between these two research areas are due to different backgrounds, organizational

Sustainability 2020, 12, 9454; doi:10.3390/su12229454 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-0943-8936
https://orcid.org/0000-0001-5283-0469
https://orcid.org/0000-0003-2879-0174
https://orcid.org/0000-0003-4012-8052
http://dx.doi.org/10.3390/su12229454
http://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/12/22/9454?type=check_update&version=2


Sustainability 2020, 12, 9454 2 of 26

frameworks, divergent concerns, and sometimes competing agendas [15] characterizing the two
approaches. The first ones focus mainly on the local scale on vulnerability levels and risks in specific
areas. The second ones tend to have a long-term vision that starts from the awareness that the current
urban model, including a series of secondary effects on natural environments, economies and societies,
will be outdated due to climate evolution [16]. However, the integration between these two research
approaches is essential to program adequate risk reduction policies, as well as to make more efficient
use of scarce resources and avoid overlapping efforts [14].

In order to fill this gap, the research presented intends to integrate the themes of disaster risk
reduction (DRR), climate change mitigation (CCM) and climate change adaptation (CCA) from an
urban planning viewpoint. DDR refers to the concept and practice of reducing disaster risks through
systematic efforts to analyze and manage the causal factors of disasters, including through reduced
exposure to hazards, lessened vulnerability of people and property, wise management of land and
the environment, and improved preparedness for adverse events [17]. CCM is a human intervention
to reduce the sources or enhance the sinks of greenhouse gases [18]. CCA is in human systems the
process of adjustment to actual or expected climate and its effects, in order to moderate harm or exploit
beneficial opportunities and in natural systems the process of adjustment to actual climate and its
effects; human intervention may facilitate adjustment to expected climate [18].

Therefore, the need to prepare local systems—cities and communities—is argued for what happens
and what will happen in relation to climate change within the ordinariness of planning tools and
practices. Urban planning is, in fact, a privileged perspective. The planning tools are offered to
stakeholders as the only means of regulating the use and management of resources in the different
scales of the territorial government to cope with the vulnerabilities and risks they are subjected to.

In light of the global phenomena illustrated and recognizing the need to adapt existing urban
planning tools in order to manage the effects of climate change, the paper is organized as explained below.

Section 2 summarizes the main related works obtained from a literature review. In particular,
reference is made to the identification of risks related to climate change, to the possible consequences
induced on urban elements, to the terminology and containment measures on climate change proposed
at the international level with reference to what is proposed by the European Commission in order
to face common challenges in the EU territories [19] and to studies on local vulnerabilities. Section 3
describes the method proposed by the authors aimed at the quantitative definition of the local
vulnerability domains to climate change and related mapping. The method proposed by the authors is
built on the basis of vulnerability definition as a function of the type, magnitude and rate of climate
change to which a system is exposed, its sensitivity and its ability to adapt. It is generally accepted that
a single definition of vulnerability satisfying all assessment contexts does not exist, especially in the
area of climate change [20–22]. According to the Intergovernmental Panel on Climate Change [23],
vulnerability to climate change is defined as the degree to which a system is susceptible or unable
to cope with the negative effects of climate change, including climate variability and extreme events.
Section 4 reports the results obtained from the application of the method in two different contexts
located in the province of Cosenza (southern Italy) in order to mapping local vulnerability and start a
comparative analysis between the levels of vulnerability obtained in urban and rural areas. Section 5
discusses the results obtained, and Section 6 concludes.

2. Related Works

This section summarizes the main related works to the proposed topic of research in order to
place it in the broader context of current studies.

The most significant results of a literature review are reported, which highlight why the topic
and the methodology proposed are important. In particular, having identified the risks associated
with climate change and the potential effects on urban infrastructures, also as a function of land use,
the need to define mitigation and adaptation measures to climate change based on studies on local
vulnerability emerges. Therefore, national and international studies on climatic vulnerability were
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reviewed and briefly summarized in support of the definition of the method proposed by the authors
in this paper.

2.1. Risks and Related Measure on Climate Change

Climate change is widely acknowledged as responsible for increasing the scale and intensity
of disasters. According to the World Meteorological Organization, climate change can be described
through the Global Climate Indicators [24]. They include global mean surface temperature,
atmospheric greenhouse gas concentrations, ocean heat content, global sea level, ocean acidification,
sea-ice extent and the mass balance of glaciers and ice sheets. Literature shows that extreme weather
events [25–30], induced by the increase in temperature and the reduction of precipitation, increase the
probability of the occurrence of disaster risks as hurricanes [31–34], typhoons [35], storms [36–38],
floods [26,39,40], drought [41–43], landslides [44–46], fires [47,48], heat waves [49–51]. Climate change
alters the level of danger, that is, the probability that a phenomenon occurs in a certain place with a
certain intensity and in a certain time period. Looking at the Italian case, the Italian National Institute
for Environmental Protection and Research [52] observed how the increase in the average temperature
recorded in the last thirty years has almost always been higher than the global average on the mainland,
with numerous repercussions on territory and cities.

Urban infrastructures that define the urban system and are crucial for supporting the needs of
society [24] can be subject to risks of various kinds due to a wide range of extreme events related
to climate change. Climate change determines the spatial and temporal distribution of ecosystem
services, while land use [53,54] changes impact the ecosystem structure and function [55,56]. For these
reasons, ecosystem services provide considerable development opportunities, including incorporating
land use planning and enhancing climate change resilience [57]. From the literature, a series of
parameters characterizing land use were deduced that could alter the effects of climate change on
urban infrastructures. In particular, reference is made to two main macro-domains, which are the
environmental and the socioeconomic ones. These macro-domains can determine the significant
effects of the microclimate by inducing morphological and functional changes in the urban fabric.
For example, the themes of the urban water system [58–68], the energy system [69–72], the green
infrastructure system [73–76] under the first domain, while the demographic dimension [77–80] and
the system of productive activities [81–83] and transport [84–87] are part of the second one. All these
aspects must then be included in the local vulnerability studies.

Land use can, therefore, amplify the effects of climate change as it induces effects on the
microclimate with variable outcomes since the characteristics of the local natural and human system
vary. Consequent mitigation and adaptation measures to climate change have rapidly become an urgent
issue [88]. The mitigation interventions [89–94] act on the causes of climate change, including strategies
to reduce anthropogenic emissions, while the adaptation measures [95–100] are aimed at reducing
the vulnerability of natural and socioeconomic systems and, therefore, reduce the negative impacts of
climate change and increase the resilience of places. Consequently, mitigation can work by estimates,
while adaptation requires a deepening of the cognitive framework on the territorial context and
downscaling operations on climate knowledge. The internationally defined measures to cope with
climate change, which refer to the families of mitigation and adaptation strategies, converge on the
need to develop knowledge of climatic and socioeconomic scenarios, to consolidate observation, to
take into consideration local specificities.

In order to address the common challenges in the EU territories, the European Commission has
proposed a framework of the risks and impacts related to climate change on urban infrastructures [19]
that is useful for reviewing possible examples of mitigation and adaptation measures on urban
infrastructure. In particular, the European Commission distinguishes three thematic focuses in
relation to risks, which are “transport infrastructures”, “energy infrastructures” and the “building and
construction sector” (As regards transport infrastructures, the same and the related impacts in terms of
stability and management are distinguished by the type of transport, such as rail (railways), road (roads
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and motorways in general and specific cases of coastal and mountain roads), navigation (inland and
maritime navigation, ports) and aviation (airports). Energy infrastructures are affected by climate
change with variable effects in relation to the operations of transmission, distribution, generation
and energy demand with substantial differences depending on the different types of energy supply
(for example, hydro, wind offshore, biomass, geothermal). Finally, buildings and infrastructures can
be vulnerable to climate change depending on their design and location). While climate impacts
vary from sector to sector as these first distinctions emerge, mitigation and adaptation measures
can include many common challenges. This characteristic suggests the need to build systemic and
integrated frameworks of measures necessary to ensure sustainable and resilient development of
infrastructures and, in general, of the territory. Below we will refer, by way of example, only to
transport infrastructures.

The main effects of climate change that can cause damage to transport infrastructures are
temperature increases, variation in the precipitation regime and the increase in sea level. Climate change
can therefore have physical effects on infrastructures with variable impacts on the stability, as well as
consequent influence on the management and safety of transport systems. It is, therefore, necessary to
plan mitigation measures in order to reduce anthropogenic pressures on the environment and adaptation,
in order to decrease the vulnerability of natural and socioeconomic systems. These measures can be
associated with structural or nonstructural actions. The former is intended as physical and technological
solutions to improve infrastructure, the latter as regulatory and management solutions to be adopted
for more sustainable planning of the territory. In relation to transport infrastructures, a systematic
framework of mitigation and adaptation measures is reported in Table 1, accompanied by some examples
of actions. In particular, the mitigation measures are attributable to the European avoid-shift-improve
(ASI) approach [101], while the adaptation measures summarize the risk framework proposed by the
European Commission [19].

Table 1. Systematic framework of climate change mitigation and adaptation measures for
transport infrastructures.

Mitigation (M) and Adaption (A) Measures Examples of Structural (S) and Nonstructural (NS) Actions

Avoid the demand for private motorized mobility (M)

Promote integrated transport planning (NS)
Support the implementation of urban plans for sustainable

mobility (NS)
Encourage the construction and the development of infrastructure

for cycle and pedestrian mobility (S)

Shift mobility quotas towards more sustainable forms (M)

Promote intermodality through the improvement of services (NS)
Improve the attractiveness of local public transport (NS)

Promote modal interchange (NS)
Redevelop railway stations and their accessibility (S)

Improve the environmental performance of vehicles (M)

Promote incentives to reduce the cost/performance ratio on electric
vehicles (NS)

Renewal of the public vehicle fleet and support for the renewal of
the private vehicle fleet in circulation (S)

Development of a widespread network of electric charging points
and distribution of biofuels (S)

Contain damage to infrastructure (A) Redevelopment and maintenance of roads, the railway network
and stations (S)

Reduce the impact on mobility management (A)

Promote integrated planning and effective management of
mobility and transport data (NS)

Support the implementation of urban plans for sustainable
mobility (NS)

Development of ICT technologies to support infomobility (S)

Reduce negative security impacts (A)
Enhance the synergies between sustainable mobility and road

safety objectives (NS)
Promote environmentally sustainable behaviors (NS)

The actions reported in Table 1 have been proposed at a theoretical and regulatory level for the
planning of some Italian regions, including Emilia Romagna and Veneto [102–104]. These could be
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shared in other contexts in order to increase resilience, after a more detailed study on the specificities
of local vulnerability, which guides choice towards the most appropriate action or set of actions.

2.2. The Need for Local Climate Vulnerability Studies

As stated above, understanding vulnerability is crucial to support local and regional planning in
defining mitigation and adaptation measures. However, despite increased awareness and assessments
of the processes that produce vulnerability, disaster risks prevail. This raises questions on the
effectiveness of vulnerability assessments and their applications for hazard mitigation and adaptation.
The international literature includes a range of vulnerability assessment methods, wherein frequently
the selection of any particular method is governed by the research objectives [105]. The estimation
approach climate vulnerability based on the aggregation of specific indicators relating to the various
components appears to be appropriate and widely spread [106]. Vulnerability assessments are
increasingly becoming interdisciplinary, considering more contextualized variables and management
alternatives. Given the complex nature of climate change vulnerability, efforts to quantify vulnerability
to specific climatic events often use multi-variate statistical analysis to estimate the contribution of
sociodemographic and built environment characteristics to a population’s sensitivity to and capacity
to recover from exposure to that event [107,108]. As an example, the component of climate change
exposure can be measured by a variety of climate change metrics [109–112]. Climate change metrics
are either calculated for a single locality, that is at the local level or for a set of localities, that is at the
regional level [113].

Among the different national and international studies and methodologies [114–122] used for
the assessment of local climate vulnerability, some of them have constituted a useful reference for the
methodological approach presented in this paper.

The first was proposed by the European Spatial Planning Observation Network (ESPON) [114].
It suggests a combination of potential regional impacts of climate change with the regional capacity
to adapt to climate change to produce the vulnerability map. In particular, the aggregate potential
impact of climate change is determined by exposure and sensitivity and the overall capacity to adapt
to climate change by calculating a weighted combination of economic capacity, infrastructural capacity,
technological capacity, knowledge and awareness and institutional capacity, with the weights being
based on a Delphi survey of the ESPON monitoring committee.

Another methodological reference is constituted by the European Environment Agency (EEA) [115]
that defines the potential vulnerability to climate change as the result of the combination of aggregate
impacts and adaptive capacity. The adaptive capacity was defined by indicators on knowledge and
awareness, economic resources as well as technological, infrastructural and institutional capacity to
adapt to climate change. The aggregate impacts include:

- Potential physical impacts related to physical structures such as settlements, roads, railways,
airports, harbors, thermal power plants and refineries;

- Potential social impacts of climate change, related to Europe’s population, which is also mainly
sensitive to extreme events that are driven by climate change: coastal storm surges exacerbated
by sea-level rise, increases in river flood heights, increasing flash floods, but also increasing heat
events. Sensitivity to these changes is a matter of location, age group distribution, but also the
density and size of urban areas that create urban heat island (UHI) effects;

- Potential cultural impacts of climate change, focused on tangible cultural assets because intangibles
like norms and attitudes were considered part of the adaptive capacity of a region;

- Potential economic impacts of climate change were analyzed in regard to especially
climate-sensitive economic sectors, namely agriculture and forestry, energy production and
consumption as well as summer and winter tourism;

- Potential environmental impacts analyzed relate to protected natural areas, soil organic carbon
content and the propensity of soil erosion and forest fires.
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The Report on the state of scientific knowledge on impacts, vulnerability and adaptation to climate
change in Italy [116] was also analyzed, although not based on a system of indicators, which constitutes
the knowledge base of the National Strategy for Adaptation to Climate Change [123].

The analysis of these studies has brought out two reflections—the first concerns the observation
scale of the phenomena, the second the available data. Considering the large-scale vulnerability
assessment [122] can only provide an understanding of impact. These research results cannot be
transformed into local policies or measures because they do not understand specific socioeconomic or
natural conditions of cities. Then a local observation scale [117] is needed. Overall, these indicators
quantitatively summarize the combined effect of territorial variables connected to subsets of climatic
factors, elaborating them on the basis of various models consolidated. However, a critical aspect of the
local vulnerability assessment concerns the availability of adequate starting data in terms of space–time
scales and themes. In Italy, a database aimed at these specific needs is not yet operational although,
thanks to an effort of homogenization and standardization by the regional and central administrations
today, there are databases and geoportals containing a significant number of environmental and
territorial data spatialized with the possibility of advanced services to support various processing that
may employ thematic and numerical cartography technologies, GIS, and or that can be combined with
analysis of aerospace remote sensing, an indispensable prerequisite for the construction of specific
indicators at the urban scale.

3. Methods

The 2030 Agenda addressed the issue of climate change also in the context of the Sustainable
Development Goals 2015–2030 (SDGs) and in particular with objective 13, which mentions “take urgent
actions to combat climate change and its impacts” [124] to which national governments and locals
are called upon to contribute. The EU, recognizing the complex problems related to climate change
affecting all the areas of competence, has long since begun to set ambitious measures and goals to be
achieved within predefined time thresholds. In December 2019, the European Commission presented
the European Green Deal [125] as a chance to transform the challenges related to climate change into
opportunities for a sustainable future. The proposed research, incorporating these guidelines, is aimed
at providing a new expeditious method for the definition of local vulnerability domains to climate
change and the related mapping. The general objective is to support the territories in identifying the
main local vulnerabilities, as well as subsequently define the most suitable mitigation and adaptation
measures to climate change according to the specificities of the contexts of interest.

3.1. Climate Change Vulnerability Domain

The methodology considers climate exposure, sensitivity and adaptive capacity as defining
components of the domain of vulnerability to climate change [23]. The authors propose to evaluate
each component on the basis of a system of indicators, appropriately chosen at the urban scale and
transformed through normalization operations, in order to construct summary indicators capable of
quantifying the relative variations with reference to sub-municipal territorial units. In particular, for the
choice of indicators, the authors reworked and referred to the themes proposed by different literature
studies and sector documents [126–128] in addition to those already provided in the previous section.
In particular, the studies by the Expert Team on Climate Change Detection and Indices and by the
Italian National Institute for Environmental Protection and Research [129] were the reference for the
choice of indicators characterizing the climate exposure component, while the provisions of the Italian
National Strategy for Adaptation to Climate Change [123] and the Life Master Adapt Project [126] for
the choice of indicators relating to the components of sensitivity and adaptive capacity.

As anticipated, the procedure is rapid and is capable of providing useful results powered only by
the information available on a local scale, but which has been built to be updated and improved over
time. The procedure is also characterized by being replicable as it is based on information available for
the entire territory and consequently can be used in different urban contexts.
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3.1.1. Climate Exposure Component

Climate exposure, representing a vulnerability component, summarizes the information necessary
for the construction of the climatic profile of the context of interest. The knowledge of the climate
allows the identification of impacts induced by climate change and is based on the monitoring of
meteorological variables. For the construction of the local climatic profile, the methodology refers to
indicators attributable to temperature and precipitation values. In particular, the time series of the
climatic data considered are elaborated through statistical methods and models in order to consider
representative indicators of the extreme values. These represent, in fact, the most frequent cause of
negative impacts on the environment and, in general, on the territory.

The Expert Team on Climate Change Detection and Indices (ETCCDI) of the CCL/CLIVAR Working
Group on Climate Change Detection has defined a set of 27 indicators [130], suitable for describing
extremes of temperature and precipitation in terms of frequency, intensity and duration. These indicators
are divided into categories. Some indicators are defined by a fixed threshold value; others are absolute
indicators; others are based on percentiles; still, others express duration. Compared to the total of
indicators identified by ETCCDI, the methodology considers 18 indicators (Table 2) defined among the
most representative of the Italian climate by the Italian National Institute for Environmental Protection
and Research [126] and divided into three categories, that are cold extremes indicators (FD0, TR20,
TNx, TNn, TN10p, TN90p), indicators of the extremes of heat (SU25, TXx, TXn, TX10p, TX90p, WSDI)
and indicators of the extremes of precipitation (RX1day, Rx5day, R10, R20, R95p, SDII).

Table 2. Climate exposure indicators.

Code Name Definition

FD0 Frost days Annual count when TN (daily minimum) < 0 ◦C

TR20 Tropical nights Annual count when TN (daily minimum) > 20 ◦C

TNx Max Tmin Annual maximum value of daily minimum temperature

TNn Min Tmin Annual minimum value of daily minimum temperature

TN10p Cold nights Percentage of days when TN < 10th percentile

TN90p Warm nights Percentage of days when TN > 90th percentile

SU25 Summer days Annual count when TX (daily maximum) > 25 ◦C

TXx Max Tmax Annual maximum value of daily maximum temperature

TXn Min Tmax Annual minimum value of daily maximum temperature

TX10p Cold days Percentage of days when TX < 10th percentile

TX90p Warm days Percentage of days when TX > 90th percentile

WSDI Warm spell duration indicator Annual count of days with at list 6 consecutive days when
TX > 90th percentile

RX1day Max 1-day precipitation amount Annual maximum 1-day precipitation

RX5day Max 5-day precipitation amount Annual maximum consecutive 5-day precipitation

R10 Number of heavy precipitation days Annual count of days when PRCP ≥ 10 mm

R20 Number of very heavy precipitation days Annual count of days when PRCP ≥ 20 mm

R95p Very wet days Annual total PRCP when RR > 95th percentile

SDII Simple daily intensity index Annual total precipitation divided by the number of wet
days (defined as PRCP ≥ 1 mm) in the year

In particular, the annual temperature indicators FD0, TR20 and SU25 and the precipitation
indicators R10 and R20 are defined by a fixed threshold value with respect to which their variation can
have a significant impact on both society and the natural environment. The TNx, TNn, TXx and TXn
temperature indicators and the RX1day and RX5day precipitation indicators represent the highest or
lowest recorded over the course of a month or year; they are therefore absolute indicators. The TN10p,
TN90p, TX10p, TX90p and R95p indicators are percentile-based indicators. They allow evaluation of
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the evolution of moderate climate systems by counting the excesses with respect to threshold values
defined in terms of frequency on the distribution of events in the reference climatological period.
The WSDI indicator is a duration indicator aimed at quantifying prolonged and intense periods of
heat. The SDII indicator does not fall within the aforementioned categories, but by measuring the
intensity of rainfall, it allows for a complete picture of the evolution of the precipitation extremes to be
obtained. For application purposes, the historical series considered to evaluate the indicators refer to
the data collected by monitoring stations equipped with a thermometer and a rain gauge and are the
following in the time period from 2010 to 2019: the series of minimum daily temperatures, the series of
maximum daily temperatures and the series of accumulated daily rainfall.

3.1.2. Sensitivity Component

Sensitivity is a component of vulnerability to climate change, understood as the degree to which
a system or species is affected, both adversely and beneficially, by climate variability or climate
change [23]. Looking at the urban system, the impacts generated by climate change vary according to a
complex set of contextual elements that the proposed methodology distinguishes (Table 3) into elements
characterizing the environmental capital (EnvC-1, EnvC-2, EnvC-3, EnvC-4, EnvC-5, EnvC-6), the share
capital (SocC-1 and SocC-2) and the economic capital (EcoC-1, EcoC-2, EcoC-3, EcoC-4, EcoC-5).

Table 3. Sensitivity indicators.

Code Name Definition

EnvC-1 Areas submitted to landscape bound
Military architecture and Byzantine monuments, waterways,

buildings and areas of public interest, alpine and Apennine territories,
territories bordering lakes, coastal territories, architectural constraints

EnvC-2 Wetlands Wetlands (Level 1), inland and maritime wetlands (Level 2) (CORINE
Land Cover)

EnvC-3 Urbanized areas of residential type Artificial surfaces (Level 1), urban fabric (Level 2), continuous and
discontinuous urban fabric (Level 3) (CORINE Land Cover)

EnvC-4 Wooded territories and
semi-natural environments

Forest and semi-natural areas (Level 1), forest, scrub and/or
herbaceous vegetation associations, open spaces with little or no

vegetation (Level 2) (CORINE Land Cover)

EnvC-5 Areas under environmental protection Site of community interest (SCI), national interest site (NIS), regional
Interest Site (RIS), special protection area (SPA)

EnvC-6 Landslide and hydraulic risk area Areas at high and very high risk from landslides or flooding
(Hydrogeological Plan)

SocC-1 Elderly population Percentage of the population over 65 years of age
(Italian National Statistics Institute)

SocC-2 Young population Percentage of the population under the age of 24
(Italian National Statistics Institute)

EcoC-3 Utilized agricultural areas
Agricultural areas (Level 1), arable land, permanent crops, pastures,

heterogeneous areas (Level 2)
(CORINE Land Cover)

EcoC-4 Unemployment rate Ratio of the unemployed to the corresponding labor force (Italian
National Statistics Institute)

EcoC-5 Impact of households with potential
economic distress

Percentage ratio of the number of households with children to the
reference person aged up to 64 in which no person is employed or

retired from work and total households
(Italian National Statistics Institute)

The selected indicators contribute to assessing the sensitivity of the context to certain impacts.
Sensitivity is identified according to the categories that refer to specific properties of the reference
system. The impacts generated by climate change may impact both natural resources and buildings
and infrastructures, as well as the population settled in social and economic terms. The category
of environmental capital refers to natural factors through the EnvC-1, EnvC-2, EnvC-4, EnvC-5,
EnvC-6 indicators, and to urban-morphological factors through the EnvC-1 and EnvC-3 indicators.
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The category of social capital summarizes the characteristics of the population above all from a
demographic point of view as the physiological state of the population can make it more or less
susceptible to climate change. Specifically, the SocC-1 indicator influences sensitivity in a negative
way; on the contrary, the SocC-2 indicator in a positive way. This difference will influence, as explained
below, the assessment of the direction of the indicator values in the normalization process. The category
of economic capital refers to aspects related to agricultural economic activity, as well as to the economic
condition of families, respectively, through the EcoC-3, EcoC-4 and EcoC-5 indicators.

3.1.3. Adaptive Capacity Component

Adaptive capacity refers to the “ability of a system to adapt to climate change—including
climate variability and extremes—to moderate potential damage, exploit opportunities or cope with
consequences.” [131] Each urban settlement expresses a capacity response called adaptive capacity that
can favor the containment of some impacts. This is a concept that includes the intrinsic characteristics of
the system, including the ability to analyze and implement adaptation strategies, as well as to manage
any events. In this sense, for evaluation purposes, the degree of awareness of citizens, the ability to
govern and the resources available to local administrations are also influential. The indicators selected
(Table 4), therefore, refer to the categories of knowledge (KnoC-1, KnoC-2, KnoC-3) and resources
(ResC-1, ResC-2, ResC-3).

Table 4. Adaptive capacity indicators.

Code Name Definition

KnoC-1 Level of education and literacy rate The share of the population aged 25–64 with at least one higher
secondary education qualification and reading and writing skills

KnoC-2 Internet connection Optical fiber and ADSL coverage

KnoC-3 Planning of climate actions Level of awareness, cooperation, communication and dissemination of
information on climate change adaptation and mitigation actions

ResC-1 Peripherality level from services Distance measured in journey times from essential health, education
and mobility services

ResC-2 State of conservation of residential buildings Presence of buildings for residential use in good or excellent condition

ResC-3 Green areas in urban centers Identification of green areas included in urban centers obtained from
the comparison of the municipal urban and satellite images

In particular, the KnoC-1 and KnoC-2 indicators refer to knowledge that can facilitate access to and
interpretation of information. The KnoC-3 indicator considers attention paid in the context of municipal
planning instruments to the expected impacts due to climate change with reference to the Italian
Strategic Environmental Assessment [132]. The ResC-1 indicator refers to the level of the municipal
periphery of the supply and service centers measured in travel times. In particular, the classification
adopted by the Italian National Strategy for Inner Areas [52] considers three main services, which are
health, education and mobility. The ResC-2 and ResC-3 indicators quantify, respectively, the presence
of residential buildings in a good state of conservation and the green areas as elements capable of
reducing urban vulnerability.

3.2. Synthesis and Elaboration of Vulnerability Map

Vulnerability is defined as a function of exposure to climate stimuli, sensitivity and adaptive
capacity of the system to adapt to climate change. The local vulnerability assessment proposed by
the authors is based on quantitative analysis. The vulnerability values are associated with a scale of
values between zero and one. The higher values correspond to a higher level of climatic vulnerability;
the lower values correspond to a lower level of climatic vulnerability. In order to summarize the
collected data, assess the vulnerability and then elaborate the local vulnerability maps, the following
procedure is planned:

1. Assessment of the indicators of climate exposure, sensitivity and adaptive capacity;
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2. Association of the indicator information to minimum territorial units by geographic information
system (GIS);

3. Normalization of data;
4. Calculation of the three synthetic indicators (Iexp, Isens, Iad cap);

5. Estimation of the local vulnerability level.

As regards the first phase, the indicators were chosen to be available on the municipal scale through
the territorial information systems and local statistical databases. These data must subsequently be
associated in a GIS environment with minimum territorial units or the smallest area to which the
data can be associated. For example, the census sections (In Italy, the census sections constitute the
minimum unit of data collection by the municipality. Starting from the census sections, the higher
level geographical and administrative entities such as inhabited localities, sub-municipal areas,
electoral districts and others can be reconstructed) represent the minimum survey unit associated with
sociodemographic data.

The next step is to normalize the indicators. Normalization is required before any data aggregation
as the measures in the dataset are frequently associated with different measurement units. There are
numerous methods of normalization [133–135]. Min–max method normalizes the measures to have an
identical range (from 0 to 1) by subtracting the minimum value and dividing it by the range of the
measured values.

xi,1 =
xi − xmin

xmax − xmin
(1)

In formula (1) xi represents the individual data point to be transformed, xmin the lowest value for
that indicator, xmax the highest value for that indicator and xi,1 the normalized value within the range
of 0 to 1.

The normalization process is very delicate. In fact, lower values should reflect positive conditions
in terms of vulnerability and higher values, more negative conditions. It is, therefore, important to
pay attention to the direction of the indicator values. If the direction of the indicator’s value range is
negative, the vulnerability increases as the indicator value decreases and vice versa. Hence, in this
case, the range of values of the indicator should be inverted so that the lowest value is represented
by the standardized value 1 and the highest by the standardized value 0. To achieve this, we simply
subtract the value from 1 to determine the final standardized value. In particular, this procedure is
indispensable for some sensitivity indicators as well as for indicators relating to the ability to adapt.

After normalizing the data, it is necessary to calculate the synthetic indicator for each component
by aggregating the results of the individual indicators.

IC =
w1 · x1,1 + w2 · x2,1 + . . . + wn · xn,1∑n

1 w
(2)

Formula (2) allows estimation of the synthetic indicator of the IC component by combining the
normalized values of the indicators xi,1 previously weighted by associating the relative weights wi.
By applying a uniform weighting, the indicators are simply summed and divided by the number
of indicators.

The last step involves estimating local vulnerability to climate change (V), such as:

V =
wexp · Iexp + wsens · Isens + wad cap · Iad cap

wexp + wsens + wad cap
(3)

In Formula (3) Iexp, Isens and Iad cap represent the synthetic indicators for the components climate
exposure, sensitivity and adaptive capacity, wexp, wsens and wad cap represent the relative weights.

Implementation in a GIS environment allows data to be processed and returned in graphic form
through vulnerability maps. These are tools known to the literature [136], which make it possible to
classify and identify the most vulnerable territorial elements in the specific case with respect to the
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risks induced by climate change. The possibility of quantifying and locating the main critical issues in
a territory is offered as a necessary condition for planning adequate strategies and interventions for the
implementation of targeted mitigation and adaptation measures [137,138] as well as for playing an
educational role for social learning of the mechanisms through which climate change can interact with
anthropogenic and natural systems [139].

4. Results

The methodology described was tested in two contexts located in the province of Cosenza in
southern Italy. The contexts analyzed are an intermediate rural area (PSR 2014–2020), the municipality
of Torano Castello and an urban area, the municipality of Cosenza.

Figures 1 and 2 show the main settlement and morphological characteristics of the two
Municipalities. In particular, the differences between the two municipalities are evident in terms of
population density, diffusion and location of hydrogeological phenomena, as well as the different
altimetry. The two municipalities are approximately 25 km apart as the crow flies and are associated
with a similar climatological profile. According to OBC Transeuropa [140], the difference between the
average temperature recorded in the period 1961–1970 and 2009–2018 is equal to 2.63 ◦C for Torano
Castello and 2.41 ◦C for Cosenza.
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and exposure (f).

The choice of applying the same model to two areas that are characterized by a similar climatological
situation, consistent settlement and morphological differences is aimed at investigating and emphasizing
the influence of settlement development and land management models on vulnerability to climate
change. In this regard, it is necessary to remember that the general objective proposed by the authors
is to address the issue of climate change from an urban point of view, focusing subsequently on urban
infrastructures in order to integrate the ordinary planning tools of mitigation and adaptation measures.
In this sense, then, the comparison between the results obtained for the two study areas is interesting.

4.1. Vulnerability Domains

Below are the specific results obtained from the application of the proposed methodology to the
two case studies for the assessment of the components of climate exposure, sensitivity and adaptive
capacity, as well as for the development of the related local vulnerability maps.

4.1.1. Local Climate Profiles Assessment

The evaluation of the local climate profiles in accordance with the provisions of the proposed
methodology allows identification of the factors of exposure to local climate change. The period
2010–2019 was chosen as the reference climatological period. Both Municipalities host measurement
stations belonging to the Regional Environmental Protection Agency (region of Calabria) equipped
with a thermometer and rain gauge. Figures 3 and 4 show the results obtained by processing the
minimum and maximum daily temperature series and the cumulative daily precipitation series for the
two case studies and normalizing the data with respect to the reference climatological period.
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From the comparison between the calculations obtained in the two case studies, on average,
no differences are evident. In particular, the indicators of the heat and precipitation extremes show
how the municipality of Torano Castello is characterized by a slightly warmer climate and a lower
intense rainfall regime. The values of the synthetic index relating to climate exposure are equal to 0.48
for the municipality of Cosenza and 0.51 for the municipality of Torano Castello.
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4.1.2. Local Sensitivity Profiles Assessment

The profiles of local sensitivity depend, in accordance with the proposed methodology, on elements
that characterize the environmental capital, the social capital and the economic capital. In particular,
the main sources of data retrieval are the representation of the Corine Land Cover [141] land use,
which allows the definition of the occupation of the territories by artificial and natural surfaces, the local
urban planning tools, the Hydrogeological Plan [141] and socioeconomic data, financial statements
provided by the Italian National Statistics Institute [142]. Figures 5 and 6 show the results obtained for
the two municipalities.
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Figure 6. Municipality of Cosenza’s sensitivity assessment.

Specifically, the municipality of Torano Castello is characterized from an environmental point of
view by the minimal presence of artificial surfaces, which are essentially represented by residential
areas. Much of the territory is occupied by wooded areas and semi-natural environments as well as
by agroforestry and agricultural surfaces (arable land, annual and permanent crops). The territory
is widely affected by flood risk areas near the stream and landslide risk areas, also near residential
areas. The social and economic capital is characterized by a predominantly elderly population, an
unemployment rate equal to 20.5% and values of the incidence of families with potential economic
hardship growing from 1991 to 2011 with a value at the last census of 5.6 compared to the national
value equal to 2.7.

From an environmental point of view, the municipality of Cosenza is characterized by the presence
of areas subject to landscape constraints, in particular architectural constraints and buildings of public
interest in the historic center of the city, due to the presence of a large residential area located to the
north and of an area mainly occupied by wooded territories and semi-natural environments as well as
by agroforestry and agricultural surfaces in the south landslides. The social and economic capital is
characterized by an unemployment rate of 19.3% and values of the incidence of families with potential
economic hardship that has been growing since 2001 with a value at the last census of 4.6 compared to
the national value of 2.7.

4.1.3. Local Adaptive Capacities Assessment

In order to evaluate the elements that influence the adaptive capacity of the territories, reference was
made to the data provided by the Italian National Statistics Institute, municipal bodies, municipal
planning tools and satellite images. Figures 7 and 8 show the results obtained.
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Figure 8. Municipality of Cosenza’s adaptive capacity assessment.

The municipality of Cosenza shows an overall better adaptive capacity than the municipality
of Torano Castello. All the selected indicators, with the exception of the presence of green areas in
the urban area, support this result on average. In fact, although there are numerous and widespread
examples of urban green areas in the urban area, these are included in the inhabited center with albeit
positive effects but limited in terms of environmental and ecological parameters compared to the
municipality of Torano Castello, which is characterized by a rural vocation.
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4.1.4. Vulnerability Maps Elaboration

In order to elaborate the vulnerability maps useful for identifying the priority intervention areas,
in accordance with the methodology proposed for simplicity, the three components of climate exposure,
sensitivity and adaptive capacity have not been weighted. Therefore, that reported in formula (4)
was assumed.

wexp = wsens = wad cap (4)

This simplification is justified by the desire not to alter the consistency of one component with
respect to the others. By the will of the authors, the procedure is characterized by being quick.
The weight calculation should include further applications of statistic weighting methods such as
conjoint analysis and scaling techniques.

The results obtained are shown in Figures 9 and 10. A more intense and widespread climatic
vulnerability condition is evident with large areas of high and medium-high vulnerability in the case
of the urban area of Cosenza, compared to the case of the rural area of Torano Castello.
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5. Discussion

The proposed research, starting from the definition of the three vulnerability domains—climate
exposure, sensitivity and adaptive capacity—evolves in the elaboration of vulnerability maps by
starting a comparative analysis between different territorial contexts, in particular urban and rural
ones. The mapping represents the reference for identifying urban infrastructures affected by conditions
of greater vulnerability requiring the adoption of adequate mitigation and adaptation measures.

The development of vulnerability maps is a rather complex process for which it is necessary to
discuss the working hypotheses proposed by the authors in relation to the vulnerability domains,
especially in order to guide possible future research developments.

The climate exposure domain suggests, first of all, a reflection on the construction of the local
climate profile. Important information could be deduced considering a climatological period longer
than the 10 years considered and based on the forecasts provided by mathematical climate models to
consider future climatic variability (climate projection) and not only on the recorded climatic variability.
The aspects relating to exposure also highlight the significant problem of downscaling climate models
that are currently set up for large territories, which in the case studies presented coincide with the
municipal dimension. In fact, we were able to consider only one measurement station for each
municipality. The support of specialized scientific expertise could provide local administrations with
more specific and useful information at the sub-urban scale as well as on the reliability of the data.

Regarding the other two domains, sensitivity and adaptive capacity, general indicators were
considered in this phase that could be satisfied by the information already present in the municipal
cognitive frameworks, avoiding choosing indicators that are difficult to manage and compile.
This concept inevitably refers to the need to update and increase the available data. For example,
in assessing sensitivity, a more detailed survey could provide for the choice of specific indicators that
give an indication of the types of areas and populations that could be most affected by a specific impact.
Just as, as far as adaptive capacity is concerned, current adaptive capacity was considered to assess
current vulnerability, considering future adaptive capacity, combined with future climate exposure,
would allow the assessment of future vulnerability, thus orienting urban practices and policies in a
more resilient way both in the construction phase of new infrastructures and in the transformation of
existing ones.

6. Conclusions

This study addresses the issue of risks related to climate change, placing itself within the framework
of the urban planning discipline. The authors support the integration of the mitigation and adaptation
measures based on the assessment of local vulnerabilities that the effects of climate change suggest
within the ordinariness of the tools and planning practices. Starting from this general assumption,
the paper includes:

- An examination of the scientific literature analyzed through a systematic literature review process
useful for contextualizing the research topic addressed (Section 2);

- The quantitative definition of the three vulnerability domains—climate exposure, sensitivity and
adaptive capacity—as well as the process of synthesis and mapping of local vulnerability on the
territory (Section 3);

- The application of the proposed method on two case studies (Section 4).

The results presented show how urban planning, among the so-called relevant planning areas,
represents a privileged field for understanding the level of local vulnerability, the expected impacts and,
therefore, the priorities for action. The reconnaissance effort to integrate the three components of climate
exposure, sensitivity and adaptive analysis recalls the centrality of governance. Urban settlements
are the typical context in which the involvement of actors and resources is essential to jointly tackle
similar issues. Therefore, the need to activate collaborations and coordination also emerges between



Sustainability 2020, 12, 9454 19 of 26

competing competences and between institutional subjects in order to define systematic frameworks
of mitigation and adaptation measures.

Similar approaches, both in terms of elaborating vulnerability maps and defining systematic
frameworks of measures, are particularly useful for those territories that have not yet bridged the
existing gap with more advanced regions that have long been measured with the issue of climate
change from a strategic and regulatory point of view. For example, with reference to the national case,
in Italy, there is no legislation on adaptation to climate change and, therefore, there are no specific
objectives set or obligations for the regions to adopt a planning tool on this issue. Although the National
Strategy for Adaptation to Climate Change was approved in 2015, which aims to outline a national
vision and provide a framework for adaptation, the implementation translation of the strategy is
slow in coming. The preparation of the National Plan for Adaptation to Climate Change has been
undertaken but is still being approved. What we know is that the strategy encourages more effective
cooperation between institutional actors at all levels (state, regions, municipalities) and promotes the
identification of territorial and sectoral priorities. The proposed research is grounded in this context
as the first step in addressing the need to integrate, pending sector regulations, the ordinary urban
planning tools by looking positively at the issue of climate change as an opportunity for resilient
development of territories, starting from the assessment of local climate vulnerability.
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