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Climate services are emerging worldwide as an essential tool to bridge the advancement in
climate science andmeteo/earth observations with a variety of operational fields in the domains
of Disaster Risk Reduction (DRR) and Climate Change Adaptation (CCA). It is multidisciplinary
study area with promising applications in the field of urbanmicroclimate simulations, supporting
climate-resilient redevelopment actions at both the city and neighborhood levels. The CLARITY
CSIS (Climate Services Information System, available at https://csis.myclimateservice.eu/),
developed within the H2020 CLARITY project, is an innovative hazard/impact modeling tool
that takes into account short- to long-term climate change scenarios and urban microclimate
variability. Disaster risks associated with climate change, such as heat waves and floods, are
concentrated in limited periods of the year and therefore not adequately represented by
annually averaged values. To this aim, newdatasets have been extracted fromRegional Climate
Models to estimate the frequency of extreme temperatures and precipitation events until 2100,
and a novel modeling methodology has been developed to capture the effect on the urban
microclimate due to specific built environment features. The wide amount of data generated by
satellite earth observations and made available at pan-European level through the Copernicus
datasets (e.g., Urban Atlas, European Settlement Map, etc.) has been processed through
specific algorithms and GIS spatial analysis tools to extract detailed information related to key
parameters linked to urbanmorphology and surface types. In addition to the “screening service”
available at the pan-European level through the CLARITY CSIS, an “expert service” workflow
allows increasing the resolution of hazard and impact simulations at 250m, by exploiting
detailed land use datasets provided by local end-users and assessing the DRR/CCA potential
of city-wide adaptation plans, as well as of specific district redevelopment projects. This paper
will present the features of CLARITY CSIS and the results of Expert Services implemented for
the City of Naples, focusing on the methods adopted to implement hazard/impact
assessments and how information from climate services is tailored to support the
integration of different DRR/CCA strategies within urban plans and projects.
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INTRODUCTION

Climate services, intended as IT tools enabling the integration of
information related to the effects of climate change in various
strategic sectors to support decision-making processes, are
emerging in recent years as an essential instrument to link the
progress in the field of climate science and meteo/earth
observation within policymaking and resilient planning, also in
view of integrating the converging domains of Disaster Risk
Reduction (DRR) and Climate Change Adaptation (CCA).

In the European context, the issue of climate resilience is
promoted by encouraging the Member States to develop climate
mitigation and adaptation plans at the national and local levels
(Delbeke and Vis, 2015), as well as by implementing operational
tools capable of incorporating climate analyses into hazard/
impact assessments to support sectoral policies, including
those related to urban infrastructure (European Commission,
2013).

The intensity and impact of extreme weather events induced
by climate change in cities, such as heat waves or floods, are
largely determined by the local characteristics of the built
environment. Local hazard conditions are in fact aggravated
by the profound transformations linked to the growth of
settlements, changes in land use, and the effects of the various
activities that are concentrated in urbanized areas (construction,
industry, transport, waste, etc.) that over time have strongly
affected the disaster risk vulnerability and climate resilience of
the territories. Therefore, DRR and CCA measures aimed at
reducing the impacts on urban systems must be identified and
designed locally starting from the understanding of how specific
aspects, such as urban morphology, gray/green/blue
infrastructure networks, and materials used for the
construction of buildings and open spaces, affect local
microclimatic conditions, determining a different response
capacity to climate-related hazards.

The CLARITY CSIS (Climate Services Information System)1,
is an innovative hazard/impact modeling tool that takes into
account short- to long-term climate change scenarios and urban
microclimate variability.

Disaster risks associated with climate change, such as heat
waves and floods, are concentrated in limited periods of the year
and therefore not adequately represented by annually averaged
values. To this aim, new datasets have been extracted from
Regional Climate Models to estimate the frequency of extreme
temperature and precipitation events until 2100, and a novel
modeling methodology has been developed to capture the effect
on the urban microclimate due to specific built environment
features.

To support urban decision-makers and planners in the choice
of adequate intervention strategies, it is in fact necessary to
integrate the information that can be deduced from large-scale
climate projections with the variations at urban/district scale,
identifying specific impact indicators and the relationship

between the urban environment features and the effect of both
extreme events and slow-onset changes. This refinement can be
obtained by integrating the analysis of the urban microclimate in
the conventional downscaling approach of climate projections.

The CLARITY CSIS is configured as an open-access IT
platform able to measure hazard conditions and impacts
related to heat waves and flooding impacts for more than 400
European cities, with on-demand simulations performed
automatically and almost in real time. The platform exploits
the potential offered by the large amount of data generated by
satellite observations and made available at the pan-European
level through public datasets (e.g., Copernicus Land Monitoring
Services), processed through specific algorithms and GIS spatial
analysis tools to extract detailed information related to key
parameters linked to urban morphology and surface types,
such as albedo, emissivity, Sky View Factor, green fraction,
and runoff coefficient. This allows refining the information
derived from Regional Climate Models, with a typical
maximum resolution of 10–12 km (such as EURO-CORDEX),
to a 500 m resolution, suitable for defining climate-resilient urban
design strategies (Figure 1).

The platform’s general approach follows the seven-step
approach2 outlined in the “Climate Resilience Toolkit”
developed by the European Commission in the document
“Non-Paper Guidelines for Project Managers: Making
Vulnerable Investments Climate Resilient” (European
Commission, 2013) amended and integrated (Goler, 2020)
according to the risk assessment methodology and
terminology introduced by IPCC AR5-Fifth Assessment
Report (IPCC, 2014b), which realigns climate risk and impact
assessments to the conventional approach of risk modeling,
identifying risk as a product of hazard (H), exposure (E), and
vulnerability (V), according to the well-known relationship R �
HxExV.

In particular, the tool allows performing impact assessments in
relation to selected reference events of variable intensity derived
by climate projections. This approach allows a detailed
quantification of the impact on selected elements at risk
(population in the case of heat waves, buildings, and transport
infrastructures in the case of flooding), complemented by an
evaluation of the expected economic impacts, as a starting point
for the definition of adaptation strategies suitable for the local
context.

Hazard characterization refers to a series of possible climate
change scenarios, for a total of ten datasets (one of which referred
to the “historical” climate) for each hazard category (heat waves
and floods). Impact indicators include human health morbidity
and mortality increase during heat waves and the damage to
property and road network due to extreme precipitation events,
thus providing the first screening of suitable adaptation measures
tailored to the city-specific context. Starting from a “screening”
carried out on the platform, it is possible to select technical

1Available at https://csis.myclimateservice.eu/), developed within the H2020
CLARITY project (GA n.730,355).

21. Characterize Hazard; 2. Evaluate Exposure; 3. Analyze Vulnerability; 4. Assess
Risk and Impact; 5. Identify Adaptation Options; six Appraise Adaptation Options;
7. Implement/Integrate Adaptation Action Plan.
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FIGURE 1 | CLARITY CSIS approach to determine parameters affecting heat and flood hazard at urban level (top); difference in resolution of projections from
Regional Climate Models and CSIS urban microclimate analysis.
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alternatives for the climate adaptation of buildings and open
spaces, evaluating their effects in terms of reducing climate
impacts and costs/benefits associated with their
implementation, including related social, economic, and
environmental cobenefits (such as the improvement of air
quality, the increase in urban biodiversity, the increase in real
estate values, the generation of employment, and greater cohesion
and inclusion of local communities).

In addition to the “screening service” available at the pan-
European level through the CLARITY CSIS, an “Expert Service”
workflow, performed offline and tailored to specific needs of end-
users, allows further increasing the resolution of hazard and
impact simulations, by exploiting detailed land use datasets
locally available, and assessing the DRR/CCA potential of city-
wide adaptation plans, as well as of specific district redevelopment
projects.

CLARITY Expert Services for urban adaptation have been
tested in three geographical contexts—Italy, Austria, and
Sweden—representative of different climates in EU, with the
aim of supporting local authorities in the integration of DRR/
CCA measures in planning and design interventions.

The Italian case has focused on the City of Naples, addressing the
update of relevant local plans/projects to comply with EU climate and
energy policies and the Italian National Strategy for Climate Change
Adaptation. To this aim, the UNINA-PLINIVS team has codesigned
with the municipality’s technical departments involved in the project
(Environment, Urban Planning, and Social Housing) a multiscale
approach for climate-resilient urban planning supported by
CLARITY services, providing coherence of concepts, methods,
assessments, and decisions across the different local decision-
making and planning levels: Strategic Planning (the Naples
SECAP, Sustainable Climate and Energy Action Plan), City
Planning (the Naples PUC, Municipal Urban Plan), and Urban
Design (the Ponticelli District PRU, Urban Regeneration Program).

The main achievements of the CLARITY methods and tools’
application to the Naples case consist in the possibility of
exploring the impact of climate-related hazard on the selected
elements at risk with a progressive level of detail, always taking
into account the “local effect” determined by the urban
microclimate and the specific features of local settlements, as
well as the definition of exposure parameters for the three hazards
considered. The levels of detail range from a 250 m mesh
overlapped to the territory for city-wide analyses, up to a 1 m
and 3D representation for neighborhood-scale simulations.

MATERIALS AND METHODS

Hazard Characterization
Within CLARITY, several climate change indicators linked to
weather events, commonly used or specifically designed for risk
assessment (e.g., ECA and D3, Urban SIS4, and ETCCDI5), have

been calculated by processing EURO-CORDEX data, with the
support of the Austrian (ZAMG) and Swedish (SMHI)
meteorological institutes, partners of the project.

All climate indicators6 were calculated for a baseline period
(1971–2000) and future time periods until 2100 using bias-
corrected EURO-CORDEX data (Taylor et al., 2012). To
account for the uncertainty in model predictions, the climate
indices were extracted using several climate models, calculating
the ensemble mean and standard deviation (Goler, 2020).

The climate indicators considered within CLARITY refer to
temperature-related hazards, such as extreme heat or cold, and
precipitation-related hazards, such as floods, windstorms, and
droughts.

For what concerns heat waves and pluvial floods, which are the
main hazards considered in CLARITY because of their relevance
in all EU urban contexts, these indicators allowed to identify
temperature and precipitation thresholds representative of
reference hazard events under future climate scenarios.

Reference events for current and future climate have been
classified according to three main variables, resulting in 27
possible combinations:

• Time period: 2011–2040, 2041–2070, and 2071–2011.
• Greenhouse gas emission scenarios (Representative
Concentration Pathways, cf. IPCC, 2014a): RCP 2.6
(early response), RCP 4.5 (effective measures), and RCP
8.5 (business as usual/worst case scenario).

• Frequency of the event: “frequent” (1-year return period),
“occasional” (5-year return period), and “rare” (20-year
return period).

The temperature and precipitation values represent the initial
input for the evaluation of the local hazard conditions, which take
into account the urban microclimate and other local variables. As
mentioned, in fact, the sole analysis of data derived from the
observation of past events recorded by local meteorological
stations and projected into the future through the statistical
“downscaling” of Regional Climate Models cannot capture the
microclimatic variability linked to settlement characteristics of
the built environment. Urban morphology and land cover greatly
affect the thermal stress conditions and the ability to absorb
rainwater, resulting in a significant diversification of the main
hazard parameters, which have been calculated through specific
hazard models developed by the UNINA-PLINIVS Study Centre
within the CLARITY project: the Heat Wave Local Effect Model
(HWLEM) and the Flood Local Effect Model (FLEM).

In the HWLEM, the thermal stress variation in the different
areas of the city is simulated through the mean radiant
temperature (Tmrt) indicator, which is widely validated in the
literature (cf., among others, Lindberg et al., 2016) as
representative of the perceived outdoor comfort. This is
essentially derived from 1) air temperature; 2) surface
temperature; 3) urban morphology, green cover, and surface

3https://www.ecad.eu/indicesextremes/.
4http://urbansis.climate.copernicus.eu/.
5http://etccdi.pacificclimate.org/list_27_indices.shtml.

6Freely available online at https://zenodo.org/communities/clarity/search?
page�1&size�20&q�ensemble%20calculations.
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FIGURE 2 | Calibration of surface temperature and mean radiant temperature values in the HWLEM: comparison with results from ENVI-MET and SOLWEIG
models (top); observed land surface temperature data from Landsat, July 19, 2015 (center) and from drone campaign, July 30, 2020 (bottom).
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FIGURE 3 | Hazard local effect results for Naples municipality from HWLEM (top) and FLEM (bottom), corresponding to a “frequent” event in the
period 2011–2040, RCP 8.5.
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characteristics of buildings and open spaces7. Although the
method used to derive Tmrt values does not consider wind as
a parameter, extremely low wind speeds are usually recorded
during heat waves, and therefore, the simplification adopted,
widely recognized in the scientific literature (Gulyás et al., 2006;
Chen et al., 2016; Oke et al., 2017), is suitable in relation to the
objectives of the simulation.

Several definitions of heat waves exist in the literature
(Robinson, 2001; Baccini et al., 2008; D’Ippoliti et al., 2010;

Perkins and Alexander, 2013; Perkins, 2015). Given the
CLARITY objective of quantifying the associated potential
health impacts and mortality rate increase, a consolidated
definition in the epidemiological domain has been selected.
Accordingly, a heat wave that has a detrimental effect on
health is defined as a period of at least two consecutive days
with maximum daily apparent temperatures equal to or
exceeding the 90th percentile of the daily maximum apparent
temperature during the warm season (April–September) of the
baseline period (D’Ippoliti et al., 2010).

A calibration of surface temperature and mean radiant
temperature values in heat wave conditions for the City of
Naples has been carried out to support the assumptions done

FIGURE 4 | Example of detailed analyses of heat wave hazard on sample cells carried out through SOLWEIG model (bottom). Tmrt values correspond to an
“occasional” event in the period 2011–2040, RCP 8.5.

7Namely, the building density and the presence of trees, and the albedo and
emissivity of green and built surfaces.
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in the HWLEM, based on elaborations from ENVI-MET (Simon
and Bruse, 2020) and SOLWEIG (Lindberg and Grimmond,
2011) models (Figure 2, top). Observed surface temperature
data have been retrieved from Landsat satellite data of July 19,
2015, corresponding to a 3-day heat wave with maximum
temperatures of about 36–37°C (Figure 2, center). Further
data used for calibration were collected during the 5-day heat
wave with maximum temperatures of about 34–35°C of 28–31
July 2020 through aerial and field surveys (Figure 2, bottom).

The “expert” level version of the HWLEM, fed by local land
use data, allows deepening the spatial resolution of the
simulation, with a result returned on a grid of 250 m
(Figure 3, top), in which each cell can be further analyzed in
greater detail (Figure 4) to identify areas characterized by critical
hazard conditions due to land use and urbanmorphology features
(such as low-medium density areas with a prevalence of
waterproof dark horizontal surfaces, lack of green areas, and
trees).

The FLEM aims at capturing the flooding probability of urban
areas following extreme rainfall events, as a proxy of expected
water depth and velocity levels due to a combination of surface
runoff and sewage system overload. This kind of “2D” flood
simulation is extremely complex to automate on a pan-European
scale due to the number of parameters involved and the level of
detail necessary to represent the dynamics of the phenomenon in
relation to the duration and intensity of the event. For this reason,
the “screening” model allows an approximate evaluation,
assigning a “risk coefficient” to the limited set of necessary
parameters that is currently homogeneously available on a
European scale, namely, the orography and relative altimetry
of hydrographic basins, the presence of runoff streams, and the
runoff coefficient in relation to land use.

The “expert” level version of the FLEM adds as parameters the
sewer system capacity, based on the distribution of local network
and basic assumptions derived from discussion with municipal
service operators. The FLEM has been only partially validated
through comparisons with data from past pluvial flooding events
in Naples, with acceptable results (Figure 3, bottom).

Vulnerability, Risk, and Impact
Once the hazard has been determined with an adequate
resolution level, the data related to exposure and vulnerability
allow measuring the expected impact of the extreme heat and/or
precipitation events considered. Within CLARITY, the risk/
impact assessment is rooted on the conventional approach
originally defined in risk science and theory of decisions
(UNDRO, 1980; UN DHA, 1993; Coburn et al., 1994).

Such an approach considers risk as a product (in terms of
probabilistic convolution) of hazard (H), exposure (E), and
vulnerability (V), according to the known relation R � HxExV.

This conceptual framework is also adopted by the IPCC
AR5—with a radical shift compared to AR2, AR3, and AR4
assessment frameworks, less aligned with the conventional risk
assessment approach—further exploring the meaning of this
equation: “Risks from climate change impacts arise from the
interaction between hazard (triggered by an event or trend related

to climate change), vulnerability (susceptibility to harm), and
exposure (people, assets, or ecosystems at risk)” (IPCC, 2014b).

Vulnerability is then defined here as “susceptibility to harm” of
a given “exposed element” (people, assets, and ecosystems) under
the effect of a given hazard (be it rapid- or slow-onset). In other
words, the vulnerability represents “the propensity or
predisposition to be adversely affected” (IPCC, 2014b).

In the CLARITY methodology, this definition is formalized as
“the probability of a given element at risk, classified as part of a
specific vulnerability class, to be affected by a level of damage,
according to a prefixed scale of damage, under a given hazard
intensity.” Vulnerability is represented by a mathematical
function defined as the degree of loss to a given element at
risk, or set of such elements, resulting from the impact of a hazard
of a given magnitude. It is specific to each hazard element at risk
combination and expressed according to a “damage scale” (from
no “damage” to “total damage”).

Vulnerability assessment then requires the preliminary
identification of all the elements which may be at risk from a
particular hazard, i.e., the exposure, understood as the
probabilistic distribution that a given element (people,
buildings, infrastructure, etc.) of assigned characteristics
occupies in a given time a given geographical area (Zuccaro
et al., 2018a; Zuccaro et al., 2018b).

In other words, the exposure represents the distribution of
elements at risk on the territory, which are categorized into
“vulnerability classes.” The definition of accurate quantitative
vulnerability indicators thus heavily depends on the availability of
data to organize exposure information into coherent and reliable
“vulnerability classes” that represent homogeneous categories of
elements at risk grouped according to the expected level of
damage under specific hazard conditions.

Each “vulnerability class” can be then associated with a
“vulnerability function,” expressing the probability that the
elements in a given class exceed a certain level of damage,
given a level of hazard magnitude. Vulnerability functions can
be obtained through three different approaches, depending on the
available information: “empirical methods” allow building
functions from observed data, through statistical correlations
of the damage caused by past events on samples of elements
belonging to specific classes in relation to different hazard
intensity ranges; “mechanical methods” allow determining
calculated vulnerability functions through the statistical
processing of the results obtained by analytical approaches
conducted on a sample of virtual models representing the
elements at risk examined subject to a representative set of
hazards; hybrid methods evaluate the functions combining
analytical approaches and observations of damage caused by
past events (Zuccaro et al., 2018a; Zuccaro et al., 2018b).

The elements at risk against which the risk and/or impact of
hazard(s) can be assessed are diverse and the identification of
hazard and exposure is the first step to build up a coherent
vulnerability analysis, determining for each of the exposed
elements the relevant vulnerability factors in relation to the
hazard(s) considered, which can be of physical, social,
economic, and environmental type.
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The vulnerability analysis framework may thus change
according to data availability and resolution, with significant
variations connected to the spatial scale of the analysis (global,
national, regional, and local). For instance, the identification of
building construction typologies at the international level would
require the harmonization of several national datasets (where
existing), and information derived from national datasets (e.g.,
census data) is generally more fuzzy and less reliable than local
datasets built through surveys on site, which can obviously be
performed only for limited spatial domains. Indeed, the increased
availability of data from satellite, remote sensing, and ITmapping
tools, as well as the progressive digitization of cadastral data in
EU, represent relevant resources that can have a huge impact on
the upgrade of exposure and vulnerability analysis methodologies
in the near future.

A clarification is needed to precise the difference between
“risk” and “impact”: the risk is the probability that a given damage
level (e.g., on people, building, and infrastructure), because of a
hazard event (understood as a potentially damaging physical
event, phenomenon or human activity characterized by its
location, intensity, frequency, and probability), is reached in a
given period of time, in a specific geographic area. Thus, risk has
to be intended as a cumulative assessment that considers the total
potential damage that can be induced in the same area by several
events (with different intensities or return periods) in a prefixed
time window (Zuccaro and De Gregorio, 2013), normalized
through an index (usually between 0 and 1). The impact
scenario, instead, represents the probabilistic distribution, in a
given geographic area, of the damage induced by a single hazard
event with an assigned probability of occurrence (assumed as
reference hazard scenario). The equation used for risk assessment
can then be extended to impact scenario analyses, resulting in
Iref_event � Href_event x E x V, with H assumed as reference event
(Zuccaro et al., 2018a; Zuccaro et al., 2018b).

CLARITY tools have been designed to simulate impact
assessments from the multiple reference events, allowing a
proper quantification of the expected damage on selected
elements at risk, provided that the exposure and vulnerability
information are available.

In the case of heat waves, the element at risk considered is the
population, and the expected impacts are related to the perceived
discomfort that can lead to different levels of pathologies and an
increase in mortality.

The perceived discomfort levels are assessed using the UTCI
indicator (Universal Thermal Climate Index8), while the expected
increase in mortality in relation to the intensity of the heat waves
was assessed with the support of the Department of Epidemiology
of the Regional Health Service of the ASL Roma 1, for the
calibration of data from scientific reference literature
(D’Ippoliti et al., 2010). The vulnerability classes are calibrated
with reference to age, where the weakest population groups are
children under 15 and the elderly over 65. Three classes have been
defined (under 14, 15–64, and over 65), spatially distributed on
each cell of the grid and classified in relation to the damage

probability according to hazard thresholds. The possibility of
using the age-class-related vulnerability curves depends strictly
on the availability of exposure data (i.e., the geolocalization of
population in the cities according to age groups). At the
completion of the CLARITY project in 2020, this information
was not present in any EU database, and consequently, the age-
class vulnerability functions have been excluded from the CSIS
European data package. Accordingly, the calculation of impact at
the screening level is performed with a single vulnerability class
for all population groups. However, the use of age classes could be
implemented at the expert level, provided that the corresponding
local data package includes exposure data related to the different
age groups.

In the CSIS, specific vulnerability functions have been
developed for the two main European climatic zones,
acknowledging the difference between population in
Mediterranean Europe and continental Europe in terms of
temperature thresholds determining heat stress conditions
(Goler, 2020). Direct costs related to healthcare have been also
estimated, taking into account the multiple factors that determine
the risk of hospitalization, such as corporeal risk factors (age;
reduced autonomy; neurodegenerative diseases; dementias;
cardiovascular diseases; obesity; malnutrition; use of medicines
interfering with the body’s adaptation to heat); environmental
factors (duration of heat wave; presence of atmospheric pollution;
absence of air conditioning; lack of access to fresh areas during
the day); special living or working conditions (social isolation;
intense physical activity; working in presence of intense heat
sources; work conditions that require warm or waterproof
clothing).

Depending on the heat wave intensity and the combination of
the above-specified factors, a spectrum of heat-related diseases
and hospitalization needs can be defined, in terms of the average
duration of treatment and stay in the hospital. In relation to each
damage threshold, the duration of hospitalization and
corresponding costs have been derived from a literature review
(Merrill et al., 2008; Choudhary and Vaidyanathan, 2014; Isaksen
et al., 2015; Liss et al., 2017). Indirect costs are also taken into
account, in terms of decrease in local GDP due to hospitalization
of people and consequent reduction of hours worked, estimated
for EU countries through OECD data (Figure 5, top, shows an
example of the expert level impact assessment for an occasional
heat wave, 2011–2040, RCP 8.5).

In the case of flood, the elements at risk considered are the
road network and the building stock. Based on the expected
flooding probability threshold following a given hazard intensity
(expressed in amount of precipitation concentrated in 1 day),
economic impacts related to cleaning and restoration of flooded
roads sections, the repair of structural damage to property, and
loss of value of building content due to flooding of ground floors
and underground levels are taken into account.

Direct economic impacts have been determined through the
depth-damage curves available at the European level (Huizinga
et al., 2017), by associating to each class of the flooding
probability index calculated through the FLEM a
corresponding water depth value, calibrated through a survey
of past events limited to Naples area. Further calibrations are8http://www.utci.org/.
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FIGURE 5 | Example of economic impact results from HWLEM, related to hospitalization costs due to heat-related diseases (top), and FLEM, related to structural
and content damage to buildings (bottom), corresponding to an “occasional” event in the period 2011–2040, RCP 8.5.
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currently carried out to improve the reliability of impact
modeling results. Indirect economic impacts have been taken
into account in terms of decrease in local GDP due to forced stop
of the business activities and damage to stored goods. Different
damage values have been calculated for residential and
nonresidential buildings, also considering that it is common
that in urban areas residential buildings host commercial and
business activities located on ground floors and underground
levels. However, the lack of detailed information about the
distribution of such business activities in cities at the pan-
European level results in high uncertainty about the economic
impact output, which in the current version of the CSIS and
expert level analyses is calculated on a qualitative scale (Figure 5,
bottom, shows the impact on buildings).

The approach followed by CLARITY is to build up a
theoretical hazard/impact model already designed in the
perspective of wider availability of the missing datasets in the
future harmonized at the EU level (e.g., age group distribution,
heat-related hospitalization data, economic impact from flood
events, and business activities location), thus making the CSIS
and expert level models ready-made to exploit such data to
produce better results.

Climate Adaptation Strategies and
Measures
The results of the simulations of the local effect of hazards and the
expected impacts on the elements at risk allow us to identify the
urban areas where the climate risk is higher and consequently to
support the definition of local priorities in terms of adaptation
strategies and measures.

A particular feature of climate-related hazards, compared to
other hazard categories such as geophysical hazards, is in fact the
possibility of reducing the impacts by acting on the local
aggravation component of the hazard, rather than reducing
the vulnerability of the exposed elements.

In fact, most of the adaptation measures included in the
CLARITY model tend mainly to influence the “local effect”
parameters (albedo, emissivity, evapotranspiration, shading,
runoff coefficient, etc.), which results in a reduction of the
impacts from heat waves, by acting on the surface
temperatures of buildings and open spaces and obtaining an
improvement in the conditions of perceived thermal stress and
the reduction of the Urban Heat Island (UHI), and from flood
events, by acting on the capacity of urban surfaces to ensure
adequate levels of drainage and storage of rainwater.

In relation to both categories of climate risk, however, it is
appropriate to highlight the additional benefits linked to some
types of adaptation measures, in particular Nature-Based
Solutions such as green roofs, bioswales, trees, or urban
green areas, which contribute to carbon sequestration and
climate mitigation, in terms of local contribution to the
reduction of global greenhouse gas emissions (Strohbach
et al., 2012). The CLARITY focus on climate adaptation
brought to the choice of including the climate change
mitigation potential of some measures in terms of
environmental cobenefits.

The climate adaptation solutions to be integrated into urban
transformation actions should be defined in fact in relation to not
only the achievable climate adaptation benefits but also the
possibility of conveying a series of social, economic, and
environmental cobenefits linked to the reconfiguration of
buildings and open spaces.

The identification and communication of the cobenefits of
climate adaptation is a priority for urban decision-makers since it
allows broadening the consensus regarding resilient urban
transformation strategies on the part of local communities
(Floater et al., 2016), often expressing urban regeneration
needs and priorities not explicitly linked to climate action
(e.g., better quality of housing, greater endowment of equipped
public spaces and green areas, and better accessibility to transport
systems) but also directly associated with the potential cobenefit
of urban adaptation, thus triggering a virtuous circuit of support
for public initiatives in the implementation of interventions.

NBS represents the category of adaptation measures which
also in the case of cobenefits guarantee additional by promoting
biodiversity conservation and ecosystem services’ enhancement,
while simultaneously responding to major urban challenges such
as well-being and higher quality of public spaces, poverty
reduction, and green/circular economy improvement
(European Commission, 2015; EEA, 2017; Maes and Jacobs,
2017; Raymond et al., 2017; Rosenzweig et al., 2018).

The CLARITY platform allows the integration of a series of
adaptation measures, selected from the most widespread and
effective ones emerging from implemented urban adaptation
projects and from the systematization of state-of-the-art online
platforms and scientific literature (Climate-Adapt; Van De Ven
et al., 2016; atelierGROENBLAUW, 2016; D’Ambrosio and
Leone, 2017; Raven et al., 2018). Adaptation measures can be
selected from a database that includes for each of them a “fact
sheet” with a technical description and information related to
achievable climate benefits and related cobenefits, as well as the
parametric costs for the implementation of each measure
(Figure 6, top).

The catalog of adaptation measures is useful for integrating
into the analysis report downloadable from the CSIS platform-
specific information about the most suitable types of
interventions to support the local adaptation process.
However, it is important to underline that the effectiveness of
adaptation measures (both in terms of climate benefits, associated
cobenefits, and cost-benefit ratio) is strongly linked to the ability
to effectively integrate them into more complex “adaptation
strategies,” which are usually locally defined also in relation to
broader objectives of urban transformation and regeneration,
considering how only a widespread and synergistic application of
the individual measures can guarantee the effectiveness of the
adaptation action, and only their diversification in relation to the
specificities of urban contexts, in relation to morphological and
land use variables, can convey the expected benefits.

To simplify the process on the user’s side, a set of adaptation
strategies are predefined in the CSIS front-end and can be selected
to test the effect of adaptation through the simulation tool. Each
adaptation strategy is linked to a specific land use class and
modifies the morphological and/or surface characteristics in the
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study area in which they are applied (Figure 6, bottom),
returning, as a result, the expected reduction of heat wave and
flood impacts, also including a parametric estimate of the
implementation costs.

Parametric costs have been derived from a previous national
research project conducted at UNINA Department of
Architecture (Metropolis “Integrated and sustainable methods
and technologies for resilience and safety in urban systems”).

FIGURE 6 |CSIS screenshot for the step “Identify adaptation options” (top-left) and adaptation measures “fact sheets” (top-right); an example of modification of
Tmrt values on a cell following the integration of adaptation strategies (bottom).
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Originally determined through analyses of the Italian
construction market (D’Ambrosio and Leone, 2016), within
CLARITY, the parametric costs of adaptation measures have
been extended to other EU countries through comparative
studies.

Cobenefits have been derived from diverse sources (Floater
et al., 2016; Eggert, 2020) and connected to each adaptation
measure as found in literature, grouped into three main
categories (environmental, social, and economic), and
homogenized into a qualitative scale, with a pure indicative
purpose, since the values are not used in the CSIS calculation.
The purpose is mainly to inform end-users about the
achievable “cobenefits” (as described in the fact sheet box),
linked to each solution.

RESULTS

The CLARITY Expert Service for the City of
Naples
The application of CLARITY climate services by local authorities
can be of strategic importance to implement urban climate
adaptation in a multiscale planning and design perspective.
The variable detail of the analysis outputs allows the tool to be
used from the strategic planning up to district-scale projects,
guaranteeing coherence of the adopted measures across the
different planning/design levels.

This approach was tested by the municipality of Naples,
partner of the project, which has used CLARITY tools to build
an accurate local climate change profile, including the analysis of
seasonal trends and extreme events, and to implement
simulations to support the integration of urban adaptation
strategies in the development of the new SECAP, Sustainable
Climate and Energy Action Plan (strategic level), the update of
the PUC, Municipal Urban Plan (city level), and the drafting of
the Ponticelli PRU, Urban Regeneration Program (district level).
The whole process has been publicly discussed and codesigned
with the following technical services of the municipality of
Naples: Environmental Controls and SEAP Implementation,
General Urban Planning and Common Goods, Social Housing,
and New Centralities.

Climate Change Profile and Land Use Data
for the City of Naples
Naples, like many urban areas in Mediterranean Europe, has
already been facing in recent years a significant climatic variation
compared to the 1971–2001 “historical” reference period. The last
few years have shown a constant increase in the minimum and
maximum temperatures (to which more frequent episodes of heat
waves are associated), while seasonal precipitation patterns have
seen an increasingly marked alternation between periods of
drought and extreme events characterized by high rainfall
concentrated in a few hours (which cause surface flooding
episodes, even critical). The available simulations referring to
future scenarios (until 2100) confirm these trends, with
uncertainties related to the intensity of the expected climate

change related to different GHG emission scenarios on a
global scale.

Climate indices at the base of hazard local effect analyses are
derived by EURO-CORDEX simulations. All the data of the
ensemble are “bias-corrected” compared to the daily
observation dataset on the E-OBS grid. The results are
available for historical (1971–2000) and future periods
(2011–2040, 2041–2070, and 2071–2100). Within dedicated
workshops conducted in Naples with CLARITY partners, local
experts, and stakeholders, it has been decided to focus the expert
level analyses with reference to two main Representative
Concentration Pathways: RCP 8.5 (which reflects the current
global warming trend) and RCP 4.5 (which reflects a scenario of
gradual reduction of emissions on a global scale).

Figure 7 (top) shows the summary of extreme events relevant
for the Naples area in terms of frequency and intensity. The data
analysis indicates that events similar to those recorded in the last
5 years (36°C for periods even longer than six consecutive days)
will increase significantly in terms of frequency and intensity in
the next 30 years, up to reach, in the second half of the century,
intensity levels which have not yet occurred (over nine
consecutive days with temperatures above 38°C).

As for the heat waves, the increased frequency and intensity of
extreme precipitation events represent a signal of the ongoing
climate change, indicating the transition of Naples area towards
subtropical and tropical climatic conditions. The projection of
subdaily precipitation was not available among CLARITY climate
indicators. Accordingly, observations and projections about the
daily trends are assimilated into time periods of less than 6 h,
which is a recurring characteristic in the case of Naples. In future
periods, extreme precipitation events are likely to exceed the
thresholds observed during recent storms in Naples (above
60 mm/day concentrated in a few hours). The data analysis
indicates that events similar to those recorded in recent years
will increase significantly in terms of frequency and intensity in
the next 30 years, up to, in the second half of the century, intensity
levels which have not yet occurred (100 mm/day).

Upon request of the Environment Department of the
municipality of Naples, further indicators have been extracted
from the CLARITY database and processed to provide estimates
in relation to energy consumption for buildings heating and
cooling in relation to the expected climate change scenarios,
namely:

• Tn10p: average number of days in which the minimum
daily temperature is lower than the 10th percentile of the
minimum daily temperatures on a 5-day window.

• Tx75p: number of days in which the maximum daily
temperature is higher than the 75th percentile of the
maximum daily temperatures during the warm season of
April-September of the period 1971–2000.

The same indicators were extracted with the same method
from a dataset of observed data for the period 2012–2019, from
Naples Capodichino weather station, in order to verify the
deviation from the historical analysis period considered by
EURO-CORDEX (1970–2000), with more recent data affected
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by the ongoing climate change. As shown in Figure 7 (bottom-
left), the elaboration shows values close to the EURO-CORDEX
estimates for the period 2011–2040, congruent with the expected
trends, considering that the baseline period corresponds to the
first forecasting EURO-CORDEX decade and that going towards
2040 the Tn10p indicator will continue to decrease, while the
Tx75p indicator will continue to grow.

For the same 2012–2019 reference period, two additional
indicators related to the estimate of the energy needs for
buildings heating and cooling have been extracted from a local
weather station hosted at LUPT-PLINIVS headquarters, located
in the city center:

- HDD (Heating Degree Days): used to determine building
heating schedule at the city level.

- CDD (Cooling Degree Days): used to determine building
cooling schedule at the city level.

Data referring to the abovementioned indicators are shown in
Figure 7 (bottom-right).

They are calculated, in a simplified way, by operating the
difference between the average value of the daily temperature and
a predetermined value. In the case of Naples, the value is 18.3°C,
commonly used as an outdoor temperature threshold which
guarantees indoor comfort conditions both in summer and in

FIGURE7 | Extreme events of temperature and precipitation (top), seasonal temperature variation (bottom-left), and heating/cooling needs (top-right) in Naples.
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winter without the need for heating/cooling systems. The
indicator shows the difference in the average value of the
temperature detected by the station itself for the various
months. In winter, the resulting Degree Days (DD)
correspond to the heating/cooling needs for indoor spaces.

Alongside the definition of climate change indicators and
extreme events scenarios to take into account within urban
planning and design activities, a review of the locally available
land use datasets has been carried out in order to provide a
reliable estimation of the “local effect” of heat wave and flood
hazards. The datasets shared by the City of Naples, currently used
for planning purposes at various levels, have been verified and
corrected (in terms of geometries and intended uses) through
comparisons with recent high-resolution satellite images (e.g.,
Pleiades 2018 data to extract NDVI information) and integrated
with the input parameters required by the models.

The resulting land use map (Figure 8) is extremely detailed
and adds to the geometric and morphological data of buildings
and open spaces also essential elements not often present in
ordinary cartographies, such as the presence of trees and the
characteristics of albedo, emissivity, and runoff of the different
urban surfaces.

The processing of the model’s input parameters allows us to
carry out simulations according to different air temperature
ranges expected in the City of Naples, as derived from climate
projections. As an example, while Figure 3 (top) shows the Tmrt
values related to a “typical” heat wave, of no particular intensity,
but which has a high probability of occurring considerably more
often in the near future (as the event of 28–31 July 2020
demonstrated), Figure 9 shows a critical event with air
temperature 41°C, classified as “rare” for the period 2041–2070.

The levels of detail range from a 250 × 250 mmesh overlapped
to the territory for city-wide analyses, up to a 1 × 1 m and 3D
representation for neighborhood-scale simulations. The choice of
the reference analysis mesh has been agreed upon with the local
end-users, and it is the same grid used by local authorities and
civil protection to perform risk and impact assessment of other
relevant natural hazards in the area, such as earthquakes and
volcanic eruptions. This will allow harmonizing the output
derived from CLARITY modeling workflow with seismic and
volcanic risk impact assessments produced by PLINIVS for the
Metropolitan City of Naples as Center of Competence of the
Italian Department of Civil Protection (Zuccaro andDe Gregorio,
2019), thus allowing the identification of existing multirisk

FIGURE 8 | Updated land use map of Naples used from HWLEM and FLEM calculation.
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conditions, as well as the development of potential integrated
strategies for CCA and DRR in the area. Such an approach
increases the end-users’ awareness of the need of
implementing holistic resilience-based urban planning and
design interventions, streamlining funding allocations in
relation to the diverse sources of risk and the planned urban
infrastructure developments.

The adaptation measures fact sheets have been translated in
Italian and used to support the codesign of adaptation strategies
with local stakeholders in relation to the different planning levels
identified.

During the codesign workshops, the Technical Departments of
the Municipality of Naples have identified the general framework
that defines the potential contribution of CLARITY climate
services in the context of a multiscale integrated urban
adaptation planning. The main priority is to use the same
approach for technological support across the different urban
planning/design levels, so to enhance the coherence of concepts,
methods, and assessments at the levels of strategic planning, city
planning, and urban design.

Napoli SECAP
In 2015, the Covenant of Mayors and Mayors Adapt initiatives
have been officially joined in the Covenant of Mayors for Climate
and Energy, which aims to achieve by 2030, within an integrated
approach to climate change mitigation and adaptation.

Concerning climate mitigation, the following objectives
are set:

• A reduction of at least 40% of greenhouse gas emissions.
• A share of at least 32% of energy production from renewable
sources.

• A share of at least 32.5% of building energy efficiency
improvement.

With regard to climate adaptation, it is required to take
appropriate actions to prevent or minimize the expected
impacts through appropriate planning actions in the short,
medium, and long term.

The municipality of Naples intends to adhere to the Covenant
of Mayors for Climate and Energy by applying CLARITY
methodology and tools to perform the required climate change
risk and vulnerabilities assessment at the city level, as a knowledge
base for outline a sustainable and resilient urban vision.
Compared to the original structure of the SEAP, the drafting
of the SECAP requires, by the signatory local authorities, the need
to extend the knowledge framework from the sole analysis of
energy consumption and the consequent CO2 emissions of the
various urban services and infrastructures (carried out through
the BEI, Baseline Emissions Inventory), towards a full
understanding and assessment of the risks, vulnerabilities, and
climatic impacts from extreme weather events and seasonal

FIGURE 9 | Hazard local effect results for Naples municipality from HWLEM. Tmrt values correspond to a “rare” event in the period 2041–2070, RCP 8.5.
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TABLE 1 | Summary of impact indicators calculated for the Naples SECAP.

Impacted policy

sector

Expected impacts Timeframe Likelihood of

occurrence

Expected impact

level (city

average)

Impact-related

indicators

Buildings Flood impact on buildings 2011–2040 RCP 4.5 frequent Low Economic impact for structural and content damage to buildings

RCP 8.5 frequent Low

RCP 4.5 occasional Medium

RCP 8.5 occasional Medium

RCP 4.5 rare High

RCP 8.5 rare High

2041–2070 RCP 4.5 frequent Low

RCP 8.5 frequent Low

RCP 4.5 occasional Medium

RCP 8.5 occasional Medium

RCP 4.5 rare High

RCP 8.5 rare High

2071–2100 RCP 4.5 frequent Low

RCP 8.5 frequent Low

RCP 4.5 occasional Medium

RCP 8.5 occasional High

RCP 4.5 rare High

RCP 8.5 rare High

Transport Flood impact on road network 2011–2040 RCP 4.5 frequent Low Economic impact for cleaning and repairing of road network

RCP 8.5 frequent Low

RCP 4.5 occasional Medium

RCP 8.5 occasional Medium

RCP 4.5 rare High

RCP 8.5 rare High

2041–2070 RCP 4.5 frequent Low

RCP 8.5 frequent Low

RCP 4.5 occasional Low

RCP 8.5 occasional Medium

RCP 4.5 rare High

RCP 8.5 rare High

2071–2100 RCP 4.5 frequent Low

RCP 8.5 frequent Low

RCP 4.5 occasional Low

RCP 8.5 occasional High

RCP 4.5 rare High

RCP 8.5 rare High

Energy Impact of temperature seasonal

trends (winter/summer) on energy consumption

2011–2040 RCP 4.5 22% Increase in electricity demand for a/c (civil sector)

RCP 8.5 25%

2041–2070 RCP 4.5 38%

RCP 8.5 43%

2071–2100 RCP 4.5 41%

RCP 8.5 58%

2011–2040 RCP 4.5 -4% Decrease in natural gas demand for heating (civil sector)

RCP 8.5 -13%

2041–2070 RCP 4.5 -35%

RCP 8.5 -60%

2071–2100 RCP 4.5 -46%

RCP 8.5 -89%

Land use planning Urban Heat Island 2011–2040 RCP 4.5 frequent 58.3 Mean radiant temperature of urban areas [Tmrt ° C]

RCP 8.5 frequent 57.6

RCP 4.5 occasional 64.4

RCP 8.5 occasional 62.3

RCP 4.5 rare 65.8

RCP 8.5 rare 65.8

2041–2070 RCP 4.5 frequent 58.9

RCP 8.5 frequent 60.3

RCP 4.5 occasional 64.4

RCP 8.5 occasional 65.1

RCP 4.5 rare 66.5

RCP 8.5 rare 67.2
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TABLE 1 | (Continued) Summary of impact indicators calculated for the Naples SECAP.

Impacted policy

sector

Expected impacts Timeframe Likelihood of

occurrence

Expected impact

level (city

average)

Impact-related

indicators

2071–2100 RCP 4.5 frequent 59.6

RCP 8.5 frequent 62.3

RCP 4.5 occasional 65.1

RCP 8.5 occasional 67.9

RCP 4.5 rare 66.5

RCP 8.5 rare 72.8

Health Impact of heat waves on population 2011–2040 RCP 4.5 frequent 35.4 Heat stress on vulnerable population groups [UTCI °C]

RCP 8.5 frequent 34.9

RCP 4.5 occasional 39.7

RCP 8.5 occasional 38.3

RCP 4.5 rare 40.7

RCP 8.5 rare 40.7

2041–2070 RCP 4.5 frequent 35.9

RCP 8.5 frequent 36.8

RCP 4.5 occasional 39.7

RCP 8.5 occasional 40.2

RCP 4.5 rare 41.2

RCP 8.5 rare 41.7

2071–2100 RCP 4.5 frequent 36.3

RCP 8.5 frequent 38.3

RCP 4.5 occasional 40.2

RCP 8.5 occasional 42.2

RCP 4.5 rare 41.2

RCP 8.5 rare 45.6

2011–2040 RCP 4.5 frequent 4.3% Mortality rate increase in heat wave period

RCP 8.5 frequent 4.1%

RCP 4.5 occasional 6.3%

RCP 8.5 occasional 5.6%

RCP 4.5 rare 6.9%

RCP 8.5 rare 6.9%

2041–2070 RCP 4.5 frequent 4.5%

RCP 8.5 frequent 4.9%

RCP 4.5 occasional 6.3%

RCP 8.5 occasional 6.6%

RCP 4.5 rare 7.1%

RCP 8.5 rare 7.4%

2071–2100 RCP 4.5 frequent 4.7%

RCP 8.5 frequent 5.6%

RCP 4.5 occasional 6.6%

RCP 8.5 occasional 7.7%

RCP 4.5 rare 7.1%

RCP 8.5 rare 9.8%

Impact of heat waves on public health system 2011–2040 RCP 4.5 frequent 1.312.689 € Hospitalization costs due to heat-related diseases [EUR]

RCP 8.5 frequent 1.193.241 €

RCP 4.5 occasional 1.742.731 €

RCP 8.5 occasional 1.715.496 €

RCP 4.5 rare 1.752.266 €

RCP 8.5 rare 1.752.266 €

2041–2070 RCP 4.5 frequent 1.442.195 €

RCP 8.5 frequent 1.610.254 €

RCP 4.5 occasional 1.742.731 €

RCP 8.5 occasional 1.747.376 €

RCP 4.5 rare 1.754.807 €

RCP 8.5 rare 1.756.675 €

2071–2100 RCP 4.5 frequent 1.550.892 €

RCP 8.5 frequent 1.715.496 €

RCP 4.5 occasional 1.747.376 €

RCP 8.5 occasional 1.757.301 €

RCP 4.5 rare 1.754.807 €

RCP 8.5 rare 1.760.051 €
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trends variations, to be carried out through the RVA (risk and
vulnerability assessments).

CLARITY methodology is in fact in line with the approach
identified by the guidelines of the Covenant of Mayors for
Climate and Energy (Neves et al., 2016) and the guidebook of
the Joint Research Center of the European Commission (Bertoldi,
2018), created to support local authorities in the transition from
the “SEAP” to the “SECAP.”

In the Napoli SECAP, the indicators adopted to assess
vulnerability are subdivided, in compliance with the JRC
guidelines, in two categories: “socioeconomic vulnerability”
and “physical and environmental vulnerability.”

As outlined in Result, vulnerability is defined as the probability
that an element at risk, belonging to a vulnerability class,
experiences a level of damage, according to a predefined
damage scale, as a response to a hazard event of given
intensity. To be compliant with the JRC guidelines, however,
the vulnerability indicators to report in the SECAP template
(section “Vulnerabilities of your local authority or region”)
include all the relevant parameters related to the calculation of
exposure of elements at risk, as well as heat wave and flood local
effects values, as fundamental “socioeconomic” and “physical and
environmental” variables. It should be noted that this does not
influence the RVA methodology adopted, which is instead based
on the CLARITY approach, as outlined in Result.

The SECAP requires the identification of assets and people at
risk from climate change impacts, targeting the “impacted policy
sectors” and identifying specific impact indicators for each sector
considered.

In addition to the impact indicators used in the CLARITY
CSIS, the expert level study includes the expected increase in
building cooling costs due to increasing summer
temperatures, based on the analysis of the variation of
HDD and CDD indicators. Trends in energy consumption
for heating and cooling are foreseen in the reference periods
for the RCP 4.5 and RCP 8.5 scenarios, mainly referring to the
consumption of gas for civil use in the winter and to the
electricity consumption for air conditioning in the summer,
which currently represent the prevalent energy sources in the
metropolitan area of Naples.

These estimates support SECAP implementation not only in
the “Adaptation” section but also in relation to “Mitigation,”
correlating the energy consumption with the corresponding GHG
emissions from the civil sector in relation to the expected climate
change scenarios. Uncertainties have been taken into account in
relation to variation in global climate trends, considering
decreasing confidence intervals towards 2100 (Figure 8,
bottom-right).

Table 1 illustrates the contribution to the Napoli SECAP for
the section “Expected impacts in your local authority or region,”
as requested by the template of the Covenant of Mayors for
Climate and Energy9.

For each of the expected impacts on the identified policy
sectors, ad hoc simulations developed by PLINIVS allow

determining the value of the impact-related indicators through
the impact scenario analysis and feeding the corresponding
section in the SECAP template, which requires only qualitative
values related to the likelihood of occurrence (unlikely, possible,
and likely), expected impact level (low, moderate, and high), and
the timeframe (current, short, medium, and long term).

Impact scenario analyses are carried out by using the following
correlation between CLARITY scenario taxonomy and SECAP
template:

• Likelihood of occurrence
o Rare (CLARITY) � unlikely (SECAP)
o Occasional (CLARITY) � possible (SECAP)
o Frequent (CLARITY) � likely (SECAP)

• Timeframe
o 2011–2040 (CLARITY) � current (SECAP)
o 2011–2040 (CLARITY) � short term (SECAP)
o 2041–2070 (CLARITY) � medium term (SECAP)
o 2071–2100 (CLARITY) � long term (SECAP)

• Expected impact level
o Very low-low (CLARITY) � low (SECAP)
o Medium (CLARITY) � moderate (SECAP)
o High-very high (CLARITY) � high (SECAP)

To support the strategic vision at the city level, all ongoing and
planned urban regeneration projects in Naples deemed relevant
in terms of urban climate adaptation have been mapped and
analyzed in terms of variation of heat wave and flood hazards and
associated impacts (Figure 10 shows the results for the Tmrt
indicator).

The mapping returns a broad and articulated picture of the
projects carried out by the municipality of Naples, characterized
by diversified stages of progress (planned interventions, projects
currently in the design phase, currently in the implementation
phase, and completed), which correspond to different
opportunities for integration of climate adaptation measures
and strategies, whereas it is not adequately taken into account
by the project itself.

In particular, depending on the implementation stage of each
project, a proposal to maximize its adaptation potential is done
based on the following considerations:

• Planned interventions: full integration of climate adaptation
measures, following the technical guidance contained in the
Preliminary of the PUC, Municipal Urban Plan (Comune di
Napoli, 2020).

• Interventions currently in the design phase: integration of
variable climate adaptation measures according to the
design level (preliminary design: 100%; final design: 70%;
execution design: 50%), to be selected minimizing the need
for variants and evaluating the opportunity for integration
in the tender phase as elements characterizing the technical
offer scoring.

• Interventions currently in the implementation phase:
integration of climate adaptation measures limited to
certain elements (new green areas and trees, new
canopies and shelters, replacement of asphalt surfaces9https://www.covenantofmayors.eu/IMG/xlsx/SECAP_Template.xlsx.
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withmedium gray stone paving, etc.), depending on the type
of project and the state of implementation.

• Completed interventions: no integration possible,
evaluation of the intervention carried out in terms of
contribution to climate adaptation according to the
measures actually implemented.

An example of cost-benefit calculation through CLARITY
tools focused on long-term “ideal” adaptation strategies
towards 2050 is included in the SECAP, representing a
strategic adaptation planning vision. The information about
potential implementation costs of adaptation strategies/
measures was requested to support decision-makers and
technical departments providing a knowledge base useful for
negotiating the allocation of funding at the national and regional
level, in particular in the context of the Cohesion Funds
2021–2027 (being Naples among the EU regions beneficiary of
the highest share of funding allocation) and in light of the EU
Green Deal and the Next Generation EU programs. While the
city-wide adaptation costs might seem like a huge figure to bear
(Figure 11), if gradually implemented over 10–30 years to
support the EU’s adaptation strategy towards 2030–2050, it
consists of only 3–1.5% of the GDP of the Metropolitan City
of Naples, representing at the same time investment with a highly
positive payback. Furthermore, when the figure is divided by
focusing on specific areas (see Figure 12), the costs are perfectly
in line with similar urban regeneration interventions.

PUC: Municipal Urban Plan
The Naples PUC has been the first official planning document
that integrates CLARITY data, simulations, and guidelines as a
cornerstone of local climate action (Comune di Napoli, 2020).

The update of the Municipal Urban Plan for the municipality
of Naples is based on the preliminary document “Naples
2019–2030. City, Environment, Rights and Common Goods”
(Comune di Napoli, 2019), which includes a specific focus on
climate adaptation.

Hazard/impact modeling results serve as an initial analysis, to
determine e.g., the city districts most at risk from heat waves and
floods, and the identification of targeted actions in relation to
other urban regeneration priorities addressed by the PUC
(retrofitted eco-districts, urban drainage, urban forestry,
changes in land use, and continuity of green infrastructures).
Overall, the identified heat waves and flood hotspots will suggest
criteria and guidelines for reviewing the zoning of the city plan
based on identified climate risks and expected impacts.

Based on the results of the city-wide climate hazard analyses
and their correlation with urban redevelopment priorities as
defined by the PUC, specific adaptation plans have been
developed in city areas identified by the PUC as interested by
urban regeneration projects, calculating their performance in
terms of heat stress reduction and the corresponding
implementation costs.

The adaptation project of the sample areas was developed
together with the municipality of Naples within dedicated
workshops. Once the strategies applied return the optimal
results in terms of UTCI, Tmrt, and flood probability, a cost

analysis is performed based on the percentage of land use
modified. Total costs refer to the cells corresponding to the
project area, marked with a black boundary in Figure 12, as
an example of the detailed analyses carried out. The possibility of
analyzing the potential for climate adaptation together with such
a detailed control of expenditure allows a proper allocation of
financial resources devoted to the implementation of the PUC
subprojects.

To ensure that future interventions in the PUC subproject
areas are in line with the CLARITY approach, specific guidelines
have been produced highlighting the criteria for integrating
adaptation measures in the design of buildings and open
spaces. The guidelines are designed in the form of Technical
Implementation Rules (NTA) of the PUC, constituting the
regulatory framework for all urban projects, of both public
and private initiatives.

General criteria related to land use in terms of permeable
surface ratio, shading ratio, vegetative coverage, and tree density
ratio have been established also following the 2017 national law
about Minimum Environmental Criteria (CAM Edilizia),
mandatory for all public interventions, complemented with
CLARITY impact indicators. The approach envisaged by the
municipality is to link the mandatory Strategic Environmental
Assessment (SEA) to the CLARITY simulation tools, granting the
permit only if all threshold values are met (Figure 13).

Furthermore, each adaptation measure has been classified in
relation to the land use category to which it is applied (roads,
public/private open spaces; public/private buildings) and the
intervention categories as defined by the PUC (ordinary
maintenance; extraordinary maintenance; restoration and
conservative rehabilitation; building renovation; urban
retrofitting; new development), highlighting the level of
applicability for each combination.

Ponticelli District Regeneration Plan
The Urban Redevelopment Program (PRU) in the Ponticelli area
represents an exemplary case for deepening the issues related to
climate adaptation integrated into urban regeneration
interventions on a district/neighborhood scale.

Ponticelli represents an emblematic example of the failure of
the emergency redevelopment process that shaped the suburbs of
Naples after the earthquake of 1980. Several criticalities arise from
the postearthquake program (PSER, Extraordinary Housing
Program 1981–1986), which has been only partially
implemented. From the originally planned mixed-use district
for the resettlement of residents of the damaged neighborhoods of
Naples historic center, only the housing units were actually built
by expropriating agricultural areas, thus creating a
monofunctional residential district. The lack of infrastructures
and public services contributed to aggravate the urban
fragmentation, with social and spatial segregation dynamics
between PSER urban blocks and the preexisting built/social
fabric typical of the Ponticelli historic center and of the
consolidated early/mid-20th century urban development.

Climate change impacts here are evidently exacerbated by the
poor planning process: overdimensioned road sections and large
impervious open spaces between housing units with no
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vegetation, energy-intensive buildings, abandoned expropriated
areas, and degradation of the historical drainage systems
characterizing the original agricultural wetland landscape.

The PRU aims to reconfigure the district by realizing the
needed public spaces/services and resolving the still existing
housing emergency, due to the fact that postearthquake

FIGURE 10 | Ongoing and planned urban regeneration projects in Naples (top) and potential benefits in terms of climate adaptation (bottom).
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temporary houses became permanent “slums” and that the social
housing stock is in a state of structural and technological decay
due to the lack of maintenance of the publicly owned buildings.

The support provided by CLARITY concerns a series of
detailed simulations related to the nine PRU subareas. The
goal is to evaluate the effects of different solutions regarding
the layout and morphology of buildings, the surface materials of
buildings and open spaces, the vegetation layouts, and the
organization of public spaces and equipment.

The simulations are performed in a three-dimensional
environment with a resolution of 1–5m, using the SOLWEIG
model in combination with an original parametric workflow
developed in Grasshopper, based on widely validated tools
such as Ladybug, Honeybee, and ENVI-met. The output of the
CLARITY Expert services is in this case extremely detailed and
allows a proper assessment of the design solutions for buildings
and open spaces at the neighborhood scale, verifying their
performance in terms of outdoor comfort, sustainable water
management, energy efficiency of buildings, and general
compliance with the requirements of the Minimum
Environmental Criteria for construction (CAM).

The current development phase implemented by the
municipality provides the main quantitative data for new
buildings (residential and offices), roads, and public spaces, as
well as the limits in terms of built volumes and standards for
green areas and public services.

The general urban planning data, as defined by PUC, can be
summarized as follows:

• Total buildable surface: 160,000 m2

• Building volume ratio ≤ 4 m3/m2

• Residential buildings volume ≤ 384,000 m3

• Area for public facilities ≥ 345,000 m2

• Road network: 20,000 m2

• Open public spaces/facilities and green areas ≥ 96,000 m2

Codesign workshops were carried out with the local
community (2018) and municipal technical services (2019) to
developing design scenarios tackling at the same time climate
adaptation and the abovementioned urban regeneration
priorities. The adaptation measures fact sheets have been used
as a tool to understand the potential climate benefits and
cobenefits of proposed design alternatives (Figure 15).

Figure 14 (top) shows the simulation of the mean radiant
temperature (Tmrt) values for the current state, carried out both
through SOLWEIG (resolution 1 m) and through the PLINIVS
HWLEM (resolution 250 m). The analysis includes both the PRU
area (black perimeter) and the historic center of Ponticelli, east of
the PRU area. Most of the areas within the PRU perimeter show
good Tmrt values at present, being mainly undeveloped, with a
prevalence of vegetated areas and portions of agricultural fields.
This aspect is of great interest since the challenge in this area is to
design new residential buildings, mixed use, and public spaces
that do not worsen the current good performance in terms of
thermal stress, proposing itself as a model at the local level for
new climate-resilient district developments.

All the project scenarios developed for the PRU subareas are
analyzed through the two representative indicators (Tmrt and
UTCI) and compared for current and future climate. The analyses
refer to the average 24 h values in a heat wave period, in order to
evaluate the ability of urban spaces to dissipate at night the heat
accumulated during the day.

Concerning the flooding risk, the geomorphological
conformation of the area, located in the eastern part of the

FIGURE 11 | Cost of climate adaptation at the city level, considering an “ideal” strategy towards 2030 and 2050.
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slopes of Vesuvius, partially mitigates the impact of heavy rains,
also thanks to the presence of large green areas which, even when
not intended for agricultural use or equipped green areas,
guarantee adequate soil permeability. In addition, in the center
of the PRU area, there is an important branch of the East Naples
sewerage network, which has a very high capacity and is usually
able to drain rainwater even during extreme precipitation events.
The main causes of surface flooding following extreme rainfall are
attributable to the presence of depressions in roadways and the
lack of maintenance of manholes. However, a high runoff in the
PRU area—which could be increased following the conversion of
part of the current green areas into buildings and paved open
spaces—could result in further overloading the sewerage system,
potentially aggravating the flooding conditions especially in the
nearby districts of Barra and San Giovanni, located in a flat area
almost at sea level. For this reason, in the adaptation strategies
project, solutions have been proposed to maximize the infiltration
of rainwater and the provision of water storage and recycling
systems in residential and public areas.

On this basis, general guidelines for an approach to the design
of buildings and open spaces oriented towards climate resilience
and the specific intervention techniques have been implemented,
also identifying the main requirements related to building CAMs
for each type of land use.

The guidelines will be used for the preparation of preliminary
design by the technical offices of the municipality of Naples
(Social Housing Department) and the external consultants, as
well as supporting the preparation of tender documents for the
final design and implementation, which will be contracted based

on proposed energy and environmental improvements to the
baseline preliminary project, with reference to international
standards and protocols such as LEED.

DISCUSSION

Climate services are emerging worldwide as an essential tool to
bridge the advancement in climate science and meteo/earth
observations with a variety of operational fields in the
domains of DRR and CCA. It is multidisciplinary study area
with promising applications in the field of urban microclimate
analyses and simulations, supporting the implementation of local
policies and addressing climate-resilient redevelopment actions at
both city and neighborhood levels.

To support such a perspective, hazard/impact assessments for
extreme weather events should be supported by reliable
probabilistic impact simulations and cost-benefit analyses with
spatial and temporal resolutions adequate to urban planning and
design needs. Quantitative results of simulation models, based on
accurate exposure data and adequate vulnerability curves for
relevant vulnerability classes of elements at risk, enable the
comparison of performance metrics of proposed solutions,
assessing their benefits in relation to multiple risks and the
establishment of priorities based on local needs and goals
(Zuccaro et al., 2018c).

CLARITY, through its “Screening” and “Expert” tools, has
addressed this challenge through a multidisciplinary systematic
approach, where architectural and urban disciplines, systems

FIGURE 12 | Analysis of an adaptation project for a sample district classified as an “urban regeneration area” in the PUC.
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engineering, social science, earth sciences, IT and data
visualization, probabilistic modeling, and scenario analysis
have contributed to deploy a new generation of climate

services specifically designed to meet the needs of public
authorities and professionals in the field of planning and
design dealing with urban climate resilience.

FIGURE 13 | Analysis of a neighborhood development project from a private initiative subject to Strategic Environmental Assessment (SEA).
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This approach assumes that urban environments are complex
systems resulting from the interaction of different subsystems: the
physical system, the relational and functional system, and the

socioeconomic system. Hazards and impacts on the built
environment induced by climate change depend on several
interconnected aspects, which require to go beyond the

FIGURE 14 | Example of outputs from the expert level study carried out for the PRU in Ponticelli.
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conventional approach of climate science, limited to the
definition of synthetic indices at the regional scale,
understanding the complex dynamics of urban systems and
their transformation processes, to properly identify, plan, and
implement suitable pathways for climate resilience.

In this context, the quality and availability of themultiple datasets
needed to characterize hazard, exposure, and vulnerability
conditions as well as assess the performance of adaptation
strategies is essential to build reliable models and tools that aim
to provide better knowledge and decision support in DRM, DRR,
and CCA. In this sense, CLARITY has acknowledged the current
technological improvements field of earth observation, big data
acquisition and management, IT infrastructure, and cloud
computing, proposing a modeling approach at the pan-European
level which anticipates the expected increased future availability of
data. Once new harmonized datasets will be made available for all
European cities, the “Screening” tool will be improved in the
reliability of assessments, thus constituting a useful resource for
the initial setup of urban adaptation plans.

The “expert” level application for the City of Naples represents a
step forward in the definition of a standardized approach to address
climate-resilient urban planning and design in a multiscale
perspective, and its replicability in other regional and urban
contexts in Italy is currently discussed at the national level with
government bodies, such as the Italian National Governmental
Agency for Territorial Cohesion and the Italian Institute for
Environmental Protection and Research.

At the local level, the identification of climate change impact
hotspots and suitable adaptation strategies shared between the
various urban decision-makers responsible for the various
planning levels, as well as the consistency of the information
contained in the various project documents, represent essential
aspects for guaranteeing the implementation of interventions and
facilitating their funding.

This in particular in the context of the European Regional
Development Funds and the Cohesion Fund, which in the current
and upcoming 7-year programming periods will mainly be aimed at
supporting climate adaptation and urban resilience actions. In the
southern-Italy context, there is a growing awareness in local
authorities and communities about the need of rapidly transitioning
towards sustainable and climate-resilient urban development pathways,
but this forward-looking perspective is often endangered by the
“historical” limited spending capacity of EU structural funds by the
public administration (Minister for Southern Italy and Territorial
Cohesion, 2020), despite being beneficiary of the majority of Italian
national funding share. This is combined with the widespread
socioeconomic divide compared to other Italian and EU regions
(with a GDP per capita, e.g., in Campania and Sicily of about 17 k€
and emigration of about 2M people in the last 20 years, of whom 50%
are young individuals with 80% prevalence of higher education
qualification) and the pressing demand of responding to basic needs,
such as the quality and availability of social housing, public transport,
and other urban services. In this perspective, the environmental
transition in these areas is seen also as an economic opportunity,
which needs to be supported by a strong capacity building for what
concerns “green job” skills in many sectors, profiting of the
opportunities related to the significant share of Green Deal package

resources devoted to Italian (and European) Southern Regions. Effective
climate action in southern Italian cities can only be guaranteed through
vertical and horizontal coordination between the various actors in the
programming, planning, and decision-making process, also in relation
to the technical design alternatives underlying transformation and
regeneration processes CLARITY project has demonstrated the
effectiveness of the proposed tools in supporting such processes.

Even the choice of implementing the simulation models within
software environments widely used in urban planning and design
(GIS and Rhinoceros/Grasshopper) is intended to facilitate the
implementation of this type of analysis on any project proposal
developed by the municipal technical services and/or external
consultants. Specific guidelines have been drawn up to prepare
2D/3D projects drawings using GIS and 3D modeling software so
that the project layouts can be analyzed directly through the
simulation components developed within CLARITY Expert Services.

Further relevant research developments will make it possible to
expand the methodology adopted also to multihazard assessments,
thanks to the adoption of a risk modeling and simulation
methodology consistent with the approaches used for assessing the
impact of geophysical hazards, such as the seismic and volcanic risks.
The evolution of CLARITY tools to support design and decisions in a
multirisk perspective can represent a fundamental resource for
increasing the potential for use of scientific results by institutional
decision-makers and designers at various levels, aimed at developing
effective strategies to integrate national to localDRR andCCApolicies,
as highlighted in the numerous policy and international agendas
(Sendai Framework for DRR; Paris Agreement; 2030 Agenda for
Sustainable Development; New Urban Agenda).

Further efforts are required to identify synergies and opportunities
for integrating strategies in complementary sectors, such as urban
development, environmental protection, climate action, emergency
planning, and response, still often siloed into sectoral perspectives
undermining the effectiveness of policy, governance, and
implementation of actions to support the ecological and digital
transition at the base of the European Green Deal and the new
EU Strategy on Adaptation to Climate Change.
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