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Abstract: Climate change is affecting more and more local communities, which are now facing differ-
ent hazards; in answer to this threat, specific actions at the local level should be taken. The Covenant
of Mayors (CoM) is an initiative that tries to involve municipalities and communities in developing
SECAPs, i.e., plans for sustainable energy and climate with the aim to develop adaptation and miti-
gation measures. In order to identify and evaluate hazards, the CoM developed a template relative
to the current risk level and expected changes in the future. This paper develops a methodology
to fill the template using a data driven approach instead of a heuristic one. The methodology was
applied to the city of Trieste in northeast Italy and uses local weather station data and projections
obtained from GCM-RCM models. Data were manipulated using different approaches for current risk
levels and the Mann–Kendall test is proposed as a method to identify the future evolution of hazard
intensity and frequency. The results showed that the developed approach could help municipalities
in developing their SECAPs and in identifying the present and future evolution of hazards.

Keywords: climate change; hazards; mitigation; regional climate models; municipality; SECAP;
SEAP; Covenant of Mayors

1. Introduction

Climate change is becoming more and more of a concerning problem for a variety of
sectors, such as buildings, agriculture and healthcare. The growing trend in temperature
has been widely assessed throughout many studies in the last few years and a valuable
summary of this research can be found in the 2021 Sixth Assessment Report of the Inter-
governmental Panel on Climate Change [1]. That document reports that the global surface
temperature was 1.09 ◦C higher in the 2011–2020 period than in the 1850–1900 one, showing
an additional estimated increase in global surface temperature since the AR5 report. This
strong increase is said to be due to the anthropogenic greenhouse gas emissions, which
trap solar radiation in the atmosphere, thus causing excessive warming. In Europe, tem-
peratures will rise at an increasing rate [2], leading to a rising frequency and intensity of
extreme heat events, with a decrease in cold spells. Precipitation is expected to decrease
in Mediterranean area; however, extreme precipitation and flooding events are predicted.
Other effects have been identified, such as rising sea levels and a decline in glaciers [3].

Europe has set a new growth strategy with the European Green Deal [4], with the
ambitious project set to achieve climate neutrality by 2050 with an intermediate step of
emissions reduction of at least 55% by 2030. Different actors can contribute to achieve these
objectives, and, furthermore, municipalities can directly drive climate change mitigation
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actions [5] since they can implement mitigation and adaptation policies closely related to
urban sustainable development.

The Covenant of Mayors (CoM) presented itself as the mainstream European move-
ment for local climate and energy actions involving local authorities by signing a Sus-
tainable Energy Actions Plan (SEAP), committing to increase energy efficiency and the
use of renewable energy sources. Although there were some difficulties in implementing
SEAPs [5–7], the results confirm the great potential of the CoM initiative to contribute to
mid-century climate change mitigation targets, as reported by Kona [8], which highlights
that the CoM signatories would be in line with the 1.5 ◦C global target scenario.

In 2015, the integration of climate adaptation and mitigation aspects within the SEAPs
led to the development of Sustainable Energy and Climate Actions Plans (SECAPs). Look-
ing at the Italian scenario, Pietrapertosa [9] found that 61 out of 76 cities developed munic-
ipal civil protection plans as instruments to deal with local emergencies associated with
extreme weather events. He focused on the fact that, in the absence of a national law
that imposes the development of climate plans, transnational networks, such as CoM, are
an effective tool for a voluntary commitment to reach EU climate and energy objectives.
With this target, Jekabsone [10] proposes an integrated approach for involving stakehold-
ers from the beginning of the development of SECAPs, applying it to the experiences of
six communities.

One of the main aspects of the development of SEAPs into SECAPs is the analysis of
the effect of climate change on the plans of the communities. As such, when developing a
SECAP, a Climate Change Risks and Vulnerabilities Assessment (RVA) should be performed
with an effort to identify and evaluate relative hazards. However, no unique approach
could be identified in the literature. Guides are available to help municipalities develop
SECAPs from SEAPs, with references on how to identify hazards [11] based on available
data. A frequently adopted approach is to use qualitative risk analysis based on expert
judgment, but if some data is available, it is recommended to use quantitative methods
instead. Nowadays, climate projections using climate projections from GCM-RCM for
several weather-related quantities can be obtained [12], and they can be utilized to explore
future trends in climate variables and related hazards. However, the future behavior of
hazards appears to be mainly based on personal judgment and also visual analysis of
maps, if based on numerical projections. In some cases, the trend is quite simple to identify.
The MasterAdapt project [13] carried out an analysis of the Sardinia Region for scenarios
RCP 4.5 and RCP 8.5; in this case, the trend for temperature related hazards could be clearly
identified, but precipitation revealed no clear trend. Interestingly, in the same document,
the analysis of past events was supported by a numerical approach by applying the Mann–
Kendall test [14] in order to retrieve an unequivocal behavior. A similar visual approach
was carried out in [15] for the SECAP of San Donà di Piave, where, for future temperatures
and tropical night anomalies, an increase in frequency and intensity were identified by
inspecting a table reporting the RCP 4.5 and 8.5 scenarios. Other papers simply avoid
mentioning the method used for defining the future hazard trend; in [16], only the presence
of a hazard report is included, but it signaled a scarcity of data related to downscaled
data at regional and local scales. However, the future trend is generally identified by
inspecting projections values for related areas and generally expressing the trend as an
increase, strong increase or no trend. In [17], the authors determined the likelihood of
extreme events by calculating the probability of exceeding a value using the Extreme Value
Theory and plotted the difference between exceedance probability, computed using future
scenarios, and historical data for far and near future periods; again, the future trend of
hazards was taken visually by inspecting graphical maps. However, in [18], the authors
suggest reducing the uncertainty in climatic information provided to end users through
the use of change detection tests.

In this paper, a practical methodology to assist the developers of SECAPs in iden-
tifying the future development of hazards, as requested by the completion of the CoM
template, is introduced. The method elaborates data that can be recovered from available
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databases, using the Mann–Kendall test as a change detection approach to identify a possi-
ble future trend for each hazard as an alternative to the simple visual analysis of maps or
tables. This work was conducted as part of the Italy–Slovenia SECAP project, “Supporting
energy and climate adaptation policies” [19], which aims to develop a methodology for
allowing communities to develop SECAPs from SEAPs within a transnational, cross-border
framework. The methods presented here were applied to the city of Trieste, for which a
SECAP was conceived during the development of the project.

2. The CoM Template

When drafting a SECAP, although there is not a fixed framework, a suggested approach
is to follow the Covenant of Mayors reporting template [20]. The document includes
different sections that a signatory must fill out in order to complete the plan. The template
is a workbook with tabs related to different parts of a SECAP: Strategy, GHG Emissions,
Target Setting, Risk and Vulnerability Assessment, Reporting on Progress: Mitigation and
Adaptation Actions Inventory, Energy Poverty Plan. In this work, we focus on the Risk
and Vulnerability Assessment Table. Although the data is provided for the City of Trieste,
northeast Italy, the proposed method could be applied to different cities or municipalities
as well, with the only limitation being the availability of historical weather data and climate
data projections.

The form, presented in Figure 1, is divided into two main sections dealing with
“Current risk of hazard occurring” and “Future hazards”. While the former can be filled
using information available at the municipal or regional level, the “Future hazards” sector is
quite difficult to fill out if it is not using heuristic methods based on the local experience [21].
The current hazard risk is defined by “Probability of hazard” and “Impact of hazard”,
which can be calculated based on previously available climate data. However, the part
related to “Future hazards” is more problematic, as information about the fields “Expected
change in hazard intensity”, “Expected change in hazard frequency” and “Timeframe(s)”
are mandatory. These require knowledge of future climate behavior and a coordinated
method for extracting and processing climate data. Regarding the future climate, Global
Climate Models (GCM) coupled with Regional Climate Models (RCM) can be viewed as a
precious information source that can provide data allowing the evaluation of the future
risk in a particular site [21,22].
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2.1. CoM Template Filling

A standardized process to define the distribution for past and future events of each
climate hazard is helpful in determining the Risk and Vulnerability Assessment (RVA) and,
therefore, to fill the template. The process first determines the actual risk of danger, then,
following the Reporting Guidelines of the Covenant of Mayors [23], defines two parameters
that represent the actual level of risk:
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• Probability of hazard;
• Impact of hazard.

Both parameters have four different levels of importance that are associated with:
High, Moderate, Low and Not Known. To determine these levels for the probability of
hazard, the instructions proposed by the Guidelines have been utilized, with the definition
of each level represented in Table 1.

Table 1. Probability of hazard definition.

Probability Class Description Probability (p)

High Extremely likely to happen p > 0.05
Moderate Likely to happen 0.005 < p ≤ 0.05

Low Unlikely to happen 0.0005 < p ≤ 0.005

Not Known The analyzed location has not observed such phenomena in the past or does not have the
possibility to accurately report this information based on reliable data

To evaluate the future risk of danger due to these events, three parameters are used in
the Risk and Vulnerability Assessment:

• Expected change in hazard frequency;
• Expected change in hazard intensity;
• Timeframe(s).

As to the concerns of the first two parameters, the guidelines of the Covenant of Mayors
provide a choice between three options: Increase, Decrease and Not Known. However,
no instructions are reported on how to choose between the proposed options. Regarding
the timeframes in which the changes are expected, the guidelines define three periods:

• Short-Term: within 20–30 years from now;
• Mid-Term: after 2050;
• Long-Term: within the 2100s.

2.2. Weather Data for Friuli Venezia Giulia Region

Along with historical data provided by Regional Agency for the Protection of the
Environment (Agenzia Regionale per la Protezione dell’Ambiente del Friuli Venezia Giulia—
ARPA FVG) in local weather stations, future projections have been used to fill out the Risk
and Vulnerability Assessment (RVA) section of the template in a systematic way.

For the Italian region Friuli Venezia Giulia (FVG), ARPA FVG published the “Cognitive
study of climate changes and of their impacts in Friuli Venezia Giulia” [24]. This document
deals with past and future climate changes in the FVG region; furthermore, the data of
several GCM-RCM models for the area were produced and made available to the public.
Since many coupled Global–Regional models are available on the CORDEX project plat-
form [12], the ARPA FVG document chose the ones considered the most representative for
the Friuli Venezia Giulia Region area. The models resulted from the dynamic downscaling
of regional models on the EUR-11 Cordex domain [24]. The selected models are presented
in Table 2 along with the elaboration institution.

Table 2. GCM-RCM models identified by ARPA for Friuli Venezia Giulia Region.

Code Models Institution

M1 HadGEM2-ES_RACMO22E KNMI
M2 MPI-ESM-LR_REMO2009 MPI-CSC
M3 EC-EARTH_CCLM4-8-17 CLMcom
M4 EC-EARTH_RACMO22E KNMI
M5 EC-EARTH_RCA4 SMHI



Sustainability 2022, 14, 5973 5 of 28

The downloaded files provide daily data for various climatic variables for a historical
period from 1971 to 2005 and future projections from 2006 to 2100 using Representative
Concentration Pathways (RCP) 8.5, 4.5 and 2.6. The files reported average daily data for
the considered variables, but for temperature data, the files reported the daily maximum,
minimum and average temperature.

2.3. Data Required for Template Filling

In this paper, the reported method was tested for the municipality of Trieste and for
the following climate hazards:

• Precipitation-related hazards:

• Heavy precipitation;
• Drought and water scarcity;
• Wildfires.

• Temperature-related risks:

• Heatwaves;
• Cold spells;
• Frost days.

• Geological hazards:

• River flood;
• Coastal flood and storm surge;
• Landslide and rockfall.

The climatic indices used to quantify each climate hazard were calculated from climate
data retrieved from different sources, as reported in Table 3. Different approaches can be
identified to fill the CoM template depending on the kind of hazard considered.

Table 3. List of hazards and their related frequency and intensity indices along with the data sources
used in the framework for CoM template-filling. GCMs = Global Circulation Models, GEFF = Global
ECMWF Fire Forecasting model.

Hazard Frequency Index Intensity Index Data Source

Heavy precipitation R20mm RX5day GCMs
Drought and water scarcity scPDSI CDD GCMs

Wildfires sFWI N15, N30 and N45 GEFF
Extreme heat HWfreq HWlen,max, HWlen,tot Weather stations/GCMs
Extreme cold CSfreq FDcons,max, FDtot Weather stations/GCMs

In the following section, each hazard will be considered separately, and the filling of
the relative part of the CoM template will be identified.

3. Precipitation Related Hazards

For “Heavy precipitation” and “Drought and water scarcity” hazards, climate data
were retrieved from three GCM-RCMs, namely, models M1, M3 and M4 of Table 2. We se-
lected only three GCM-RCMs, since it is the minimum number suggested for future pro-
jection analyses by the data provider (International Centre of Theoretical Physics, ICTP,
Trieste, Italy).

3.1. Heavy Precipitation

The following indices were calculated to quantify the frequency and intensity of
“Heavy precipitation”, as they have been widely included in previous studies on extreme
precipitation events [25–27]:
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• R20mm, or very heavy precipitation days: number of days where rainfall (RR) ≥ 20 mm.
Let RRij be the daily precipitation amount on day i in period j; count the number of
days where RRij ≥ 20 mm;

• RX5day, maximum five-day precipitation: highest precipitation amount in five-day
period. Let RRkj be the precipitation amount for the five-day interval k in period j,
where k is defined by the last day. The maximum five-day values for period j are
RX5day, j = max (RRkj).

R20mm was calculated by counting the number of days with precipitation > 20 mm
using a custom made function (code available upon request), while the RX5day index was
calculated using “climdex.rx5day” function in the “climdex.pcic” package [28].

3.2. Drought and Water Scarcity

The “Drought and water scarcity” hazard was quantified on the basis of:

• Self-calibrating Palmer Drought Severity Index (scPDSI) [29], which has been previ-
ously used to calculate the frequency of drought extremes [30–32]. It automatically
calibrates the behavior of PDSI at any location by replacing empirical constants in the
index computation with dynamically calculated values;

• Consecutive Dry Days (CDD), which have been previously used to calculate the
intensity of drought extremes [33]. It is defined as the maximum length of a dry
spell, i.e., the maximum number of consecutive days with RR < 1 mm.

scPDSI was calculated from monthly precipitation (in mm) and a potential evapotran-
spiration (PET, mm) series. Monthly precipitation was calculated from daily precipitation
data form GCMs. Monthly PET was calculated according to a modified version of the
Hargreaves equation [34], provided by Droogers and Allen [35], which computes the
monthly reference evapotranspiration of a grass crop, corrected using the amount of rain
for each month as a proxy for insolation. In detail, PET was calculated through the “Har-
greaves” function in the “SPEI” R package [36] from the monthly mean minimum and
maximum temperature and the monthly precipitation computed from GCMs. Finally,
scPDSI was calculated using the “PDSI” function in the “scPDSI” R package [37]). CDD
was computed from monthly precipitation (in mm), using the function “exceedance” in the
“RmarineHeatWaves” R package [38].

3.3. Wildfires

To quantify the hazard of “Wildfire”, a slightly different approach was used. Specifically,
we utilized the Fire Weather Index (FWI) [39], which is a dimensionless, meteorologically-
based index used worldwide to estimate fire danger in a generalized fuel type (mature
pine stands). Currently, FWI is applied in several European national and regional public
bodies (e.g., France or ARPA Piemonte, respectively), and it became the official index for
the operational, medium-range fire danger forecasts issued by the European Forest Fire
Information System (EFFIS) [40]. FWI was implemented using the Global ECMWF Fire
Forecasting model (GEFF). The output is a gridded version of future fire danger projections
(resolution 0.11◦ × 0.11◦) under the umbrella of the Copernicus program [41]. The dataset
was developed using three-hourly climatic output from state-of–the-art GCM/RCM pairs
(CNRM-CM5, EC-EARTH, IPSL-CM5A-MR, HadGEM2-ES, MPI-ESM-LR, NorESM1-M)
developed within the EURO-CORDEX initiative [12]. Data consists of daily FWI values
computed on the historical aspect (1970–2004) along with future projections (2005–2097),
which were based on the Representative Concentration Pathways (RCPs) 2.6, 4.5, and 8.5.
The following indices were computed:

• Seasonal FWI (sFWI), which represents the average FWI values for the June–September
period (considered “Fire season” in the Northern Hemisphere);

• N15, N30 and N45, describing the number of days with moderate, high and very
high fire danger conditions according to EFFIS scale [42]. Data for the municipality of
Trieste were obtained from the EFFIS website.
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Simple moving averages (SMAs) were calculated in the historical scenario in order to
assess average values over multiple periods (here, time windows k = 4, k = 8, k = 13) to
determine the current probability of occurrence of the hazard. SMA is a smoothing approach
that averages values from a window of consecutive time periods, thereby generating a
series of averages based on different smoothers in order to reduce the noise and uncover
patterns in the data.

4. Temperature Related Hazards

Temperature values recovered from weather stations and the models in Table 2 were
used to develop indices for “Extreme Heat” and “Extreme Cold” hazards. The data obtained
from models referring to the historical period may differ from data collected in weather
stations for the same time slice. In order to improve the predictions, the future data of
models were modified before use in order to evaluate climatic trends, since they may
influence the expected climatic impact, creating a bias error [43,44]. The correction was
carried out using the available measurements of weather by using a quantile mapping
approach [45,46], assuming that biases in historic observations would be repeated during
the projections. The correction was carried out for mean daily temperature, minimum daily
temperature and maximum daily temperature.

To avoid inconsistencies, the approach of Thrasher et al. [45] was followed in this
work, applying quantile delta mapping [46] to maximum temperature and to the differ-
ence between maximum and minimum temperature, preserving the relative and absolute
changes in modeled quantiles. The modified data was used to develop the metrics related
to temperature hazards considered in this paper: heatwave (HW), cold spell (CS) and frost
days (FD).

4.1. Heatwave

In the literature. there is not a unique definition of heatwave; for the present work, the
definitions available in Casati et al. [47] and Robinson [48] were used, and the parameters
were computed using the Python package xclim [49]. The heatwave is described here as
an event where minimum and maximum daily temperature are higher than 22 ◦C and
30 ◦C, respectively, for three consecutive days. To evaluate climate change, the following
parameters related to HW were considered:

• Heatwave frequency, HWfreq, defined as the number of events in a year;
• Heatwave maximum length, HWlen,max, defined as the maximum number of days

pertaining to a HW consecutively;
• Heatwave total length, HWlen,tot, defined as the sum of days that fall into a heatwave

in a predefined period.

4.2. Cold Spell and Frost Days

Other parameters of interest when dealing with hazards related to temperature are
those relating to extreme cold: cold spells (CS) are events characterized by a mean daily
temperature lower than a given threshold (in this work, set to −5 ◦C) for three consecutive
days. Frost days (FD) are instead defined as ones where the minimum daily temperature
falls below 0 ◦C. The severity of climate, in this case, is evaluated by computing:

• Cold spell frequency, CSfreq, that is, the number of cold spells in a period;
• The maximum number of consecutive frost days, FDcons,max;
• The total number of frost days, FDtot.

5. Geological Hazards

Although global warming is undeniable [50,51], the impacts of global warming and
related climate changes on geohydrological hazards (e.g., floods and landslides) remain
difficult to detect and predict [52].

For example, Gariano and Guzzetti [52] found that three climate variables (air temper-
ature, total rainfall, rainfall intensity), known to affect slope stability and landslides [53],
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as well as the geographical and temporal ranges of some landslide types, operate on dif-
ferent and only partially overlapping scales. This means that for different landslides,
climate variables, geographical characteristics (extension of landslide, land use, etc.),
the GCM/RCM scenarios considered and the time of reactivation, e.g., of a landslide
cannot always intersect to forecast their future evolution.

The combined impacts of rising sea levels and possible increases in the frequency
and intensity of storms make coastal zones particularly vulnerable to climate change [54].
Climate change is the primary cause of anticipated increases in coastal flood losses, with the
role of coastward migration, urbanization and growing asset values progressively dimin-
ishing over time. A wide range of methodologies have been gradually developed in this
direction, with approaches based on synthetic indices and indicators, or on dynamic repre-
sentations of current processes at various levels of conceptualization, sometimes using GIS
tools [55]. It has been demonstrated that visualizations of the land at risk of flooding due
to rapid sea level rising are achievable and necessary for coastal vulnerability assessments
using a digital terrain model and geographic information system (GIS) [56].

The LISFLOOD analysis is restricted to the larger rivers in Europe, which may not be
representative of a whole country or region [57].

In this work, we provide a methodology for some geological hazards of the CoM tem-
plate (river flood, coastal flood, storm surge, landslide and rockfall) based on the intrinsic
geological characteristics and vulnerabilities of the territory through spatial analysis in or-
der to quantify the cause-and-effect linkages specified by the CoM template. A holistic and
multidisciplinary approach is required to understand and quantify how climate variables
and their fluctuations affect geohydrological risks. However, each method was conceived
and simplified to allow public administrations to more easily scale the current hazards
using the attributes “Low, Moderate, High”, thereby avoiding the statistical methodology
recommended in the Covenant of Mayors’ Reporting Guidelines. In fact, statistics on
the frequency of such occurrences are not always available, particularly in the absence of
up-to-date catalogues or databases. As a result, a strategy focused on the geography and
the diversity of accessible data was deemed more appropriate to fill the template.

5.1. River Flood

In the CoM template, “river flood” is defined according to the WMO (World Meteoro-
logical Organization) as “a flood that occurs over a wide range of a river and catchment
system, on flood plains or wash lands as a result of flow exceeding the capacity of the
stream channels and spilling over the natural or artificial embankments”. This sentence is
the focus of the PAIs (Piani di Assetto Idrogeologico, the Italian Hydrogeological Setting
Plans), which are regulated and managed by the Basin Authorities, i.e., the Italian territorial
authorities established following the implementation of Directive 2000/60/EC. A PAI
contains an assessment of a territory’s hydraulic and hydrogeological hazards, as well as
the areas that will be subject to protection measures, based on:

• 100-year Return Period (RP) events;
• Historical flood events;
• Specific flood patterns;
• Embankment condition and upkeep.

The hazard level classification is divided into four increasing levels (H1 to H4), while
H0 indicates no exposure at all. This information can be pooled in GIS in order to assign a
single hazard value for the entire municipality in terms of “Low–Moderate–High,” as the
CoM template requires. Each territorial unit with a specified hazard (from an H0 area to an
H4 area) according to the PAI is compared to the municipal total surface (Atot), and then
weighted by a coefficient corresponding to the severity of the hazard (in a ranking order
from 1 to 5), following a linear progression, to obtain a single reference value. As a result,
for a specific municipality, the hazard indicator for “river flood” (HRF) is:

HRF =
(

H0 area
Atot

)
+ 2 ·

(
H1 area

Atot

)
+ 3 ·

(
H2 area

Atot

)
+ 4 ·

(
H3 area

Atot

)
+ 5 ·

(
H4 area

Atot

)
(1)
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The result of this expression is a value between 1 and 5. According to experience and
expert knowledge of the phenomenon, the values obtained are classified into three intervals
corresponding to the “Low–Moderate–High” attributes (Table 4).

Table 4. Levels of river flood hazard based on classification of HRF calculated using Equation (1).

HRF Level of Hazard

<1.5 Low
1.5 ≤ HRF ≤ 2.5 Moderate

>2.5 High

When estimating the impact of a hazard, it is useful to analyze the vulnerability of
an affected region to a prospective flood. In this regard, the European Union enacted
Directive 2007/60/EC on the assessment and management of flood risks. This Directive
mandates the creation of flood risk maps that show the potential negative implications of
various flooding scenarios on the territory. According to the Italian regulations, maps are
constructed using four risk classes, based on:

• PAI’s hazard categorization;
• Different RP of intense events;
• Land use of the flood-prone area.

In this work, we simplified the approach for determining the ranking of the impact
using risk maps with a 100-year RP because the PAI are based on the same RP, and the
predictive models used for the SECAP run up to 2100. Accordingly, the risk levels were
converted in the attributes required by the CoM (Table 5). The same approach can be used
to rank the level of hazard and its impact for the lower RP (i.e., 20-year or 50-year RP)
if required.

Table 5. Impact of river flood hazard, classified using the mapped risk levels available at the national
level according to Directive 2007/60/EC.

Risk Level according to Directive 2007/60/EC Impact of Hazard

R1 Low
R2 Moderate

R3 and R4 High

The CoM requires a single attribute of the hazard impact for the municipal territory,
even if the risk levels are more than one. Using the precautionary principle, the mu-
nicipality was assigned the maximum impact ranking found within it in order to avoid
underestimating those municipalities that, despite their small size, have a very high risk.

As far as the expected change in hazard frequency and intensity is concerned, we can
apply the simple concept of cause-and-effect. According to [58], global warming will
progressively increase flood frequency and severity in most of Europe, since heavy precipi-
tation events are likely to increase in the worst climate change scenario (RCP 8.5). Since the
product of the probability of events by the vulnerability of the elements at risk is a measure
of hydrological risk, it is easy to see how the combination of a higher frequency of events
and a greater vulnerability for the territory can cause disasters, which most often occur in
areas where a high hydrogeological risk is known [59]. Therefore, only in the case of an
ascertained increase in the indices of heavy precipitation (i.e., RX5day) in a given timeframe
using a climate model does an expected change in flood frequency and intensity increase;
otherwise, it is labeled as decreasing, no change, or not known, if appropriate.

5.2. Coastal Flood and Storm Surge

The WMO’s definition of a coastal flood as provided in the CoM template as “higher-
than-normal water levels along the coast caused by tidal changes or storms that result
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in flooding, which can last from days to weeks”. Storm surge refers to “the temporary
increase in the height of the sea due to extreme meteorological conditions (low atmospheric
pressure and/or storm winds)”. Considering that coastal flooding is driven by the same
forces as storm surges, accomplished via the meteorological component of tides, in the
following sections, these topics will be discussed as a single argument. Hazard assessment
for coastal flooding cannot be separated from the topography of the inundated land.

Accordingly, we adopted the same methodology of [60] by using the DTM (Digital
Terrain Model, based on 2018 Lidar surveys conducted by the Italian Civil Protection
Department of the coastal areas of interest, simulating a submergence due to a coastal flood
that induces a sea level rise of +180 cm, associated with a scenario which has a 30-year
RP [61]. This scenario accounts for the combined effect of a meteorological high tide, storm
surge, and wave setup. The topographically exposed areas are extrapolated by considering
only the direct connection to the sea. For the City of Trieste, this was extrapolated using the
projected marine ingression to a minimum territorial region of flooding, characterized by
critical flooding that occurs along at least a 1-km-long urbanized shoreline, extending for
at least 20 m into the hinterland (that is, an area of 20,000 m2). A high impact zone was
also established, with a 2.5-km-long shoreline and a 20-m penetration into the hinterland
(that is, an area of 50,000 m2). Both areas might be unitary or a sum of smaller zones, and
their sizes can be indicative of emergency management issues. Therefore, we propose to fill
out the CoM template as follows:

1. If the flooded predictive area is less than 20,000 m2 (area or sum of surfaces), the coastal
flood hazard (HCF) is low;

2. If the flooded predictive area is greater than 50,000 m2 (area or sum of surfaces), HCF
is high;

3. If the predicted flooding area is between 20,000 and 50,000 m2 and the flood penetrates
for at least 20 m, HCF is moderate (Table 6).

Table 6. Levels of coastal flood hazard based on the total extent of the inundation area.

Inundation Area (I), m2 Level of Hazard

I < 20,000 Low
20,000 ≤ I ≤ 50,000 Moderate

I > 50,000 High

The resulting flood inundation maps are combined with exposure and vulnerability
information in order to estimate direct flood damage [60]. To quantify the impact of
the hazard, we used a GIS to overlay the previously established hazard layer with the
MOLAND land use [62]. To simplify the process, we devised a geographical reclassification
by merging some classes based on economic, social and cultural weights and defining the
class of elements under risk, as indicated in Table 7.

Table 7. Classification of element at risk based on the characteristics of the urban areas.

Element at Risk Urban Areas

E0 Uninhabited or unproductive areas
E1 Isolated buildings; minor road; rural areas; public green space
E2 Smaller settlements; minor industrial, craft and commercial settlements; secondary roads

E3 Population centers; large industrial and commercial settlements; architectural, historical and artistic assets;
main roads; services of significant social importance

The impact of the hazard can be easily defined according to a matrix, which combines
the level of hazard and the element at risk, as reported in Table 8.
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Table 8. Impact of the hazard, classified according to a matrix between the level of risk (Low–
Moderate–High) on the left column, and the elements at risk (the four classes of Table 7). The impact
is classified as Low–Moderate–High, as requested by the CoM template.

Level of Hazard
Elements at Risk

E0 E1 E2 E3

Low Low Low Moderate Moderate
Moderate Low Moderate High High

High Low Moderate High High

The combined effects of future sea level rises and subsidence along the coastal
area of the northern Adriatic are well known [63–65]. As a consequence, the expected
change to coastal flood frequency and intensity is not difficult to assess, even within
specific timeframes.

5.3. Landslide and Rockfall

The CoM template, as with the previous hazards, uses the WMO’s definition of
landslides, which is fairly generic and includes many forms of landslide according to
Cruden and Varnes classification [66]. The CoM template also depicts rockfall, which is
“the sudden and very rapid downslope movement of unsorted mass of rock and soil due
to heavy rain or rapid snow/ice melt”. However, because the template does not include
any other sorts of landslides other than rockfalls, it was decided that the latter should be
included in landslides. The FVG Regional Cadaster of Landslides (which includes rockfalls
as well) was chosen as a tool for analyzing national-scale activities (for example, PAIs).
However, because the municipalities lacked a historical series of landslide activation and
reactivation, an analysis of the available data was conducted (e.g., municipalities affected
by landslides, the number of landslides in the municipality and the municipal area). When
the frequency of landslides is compared in terms of number of events per municipality
and number of events normalized to the extent of the municipality, as shown in Figure A1,
it appears to be a significant representation of the phenomenon, because the first quantifies
the events while the second defines the extent of the impact. The level of landslide hazard
has been scaled on the basis of the correlation between the two indices, as reported in
Table 9 and presented in Figure A2.

Table 9. Levels of landslide hazard based on landslide frequency (number of landslides, N, per km2)
and absolute number of landslides, N, recorded in any FVG municipality.

Landslide Frequency (N/km2), and Absolute
Number (N)

Level of Hazard

N/km2 ≤ 0.5, and N ≤ 30 Low
0.5 < N/km2 < 1, and 5 < N < 30 Moderate

N/km2 ≥ 1, and 10 < N < 30 High
N/km2 > 0.5, and N > 30 High

To define the hazard impact, we used the same procedure we applied to coastal
flooding, overlapping the hazard layer in GIS with the reclassified land use (Table 7).

As for the other hazards, the CoM requires a single attribute of the impact on the
municipal territory. We then assigned the municipality the maximum impact ranking
related to the presence of a landslide in the most vulnerable area (highest score of the
elements at risk), according to the precautionary principle.

Establishing a link between climate change and its possible consequences on incidences
or lack incidences of landslides in a specific location is still a topic of debate. Although
numerical models can simulate climatic variables, such as temperature and precipitation,
and estimate the corresponding level of confidence, the way and extent to which projected



Sustainability 2022, 14, 5973 12 of 28

climate changes may modify the response of single slopes or entire catchments, the fre-
quency and extent of landslides and the associated variations in landslide hazard, remain
unclear [67].

It is out of the scope of the present work to determine a specific relationship be-
tween climate variables and landslides, as well as the possible interferences with direct
anthropogenic forces, since changes resulting from human activity are seen as a factor of
equal, if not greater, importance than climate change in affecting the temporal and spatial
occurrence of landslides [53].

Lacking a specific and more exhaustive analysis of the local phenomena [68–70],
we decided to apply a cause-and-effect relationship for defining the expected change
in landslide hazard, adopting the same principle as the river flood. If we consider a
hydroclimatic landslide triggering model [53], we can assume that increases in rainfall
intensity will lead to an increase in landslide activity [71]. Therefore, only in the case of an
ascertained increase in the indices of heavy precipitation (i.e., RX5day) in a given timeframe
using a climate model does the expected change in landslide frequency and intensity
increase; otherwise, it is labeled as decreasing, no change or not known, if appropriate.

6. The CoM Template Completion for Trieste

In the previous section, the various hazards concerning the CoM template and the
parameters used to quantify them were presented. In this section, the parameters will be
computed for the SECAP of Trieste, and the template will be filled accordingly. Due to the
number of hazards and parameters involved, tables and figures reporting the complete
results have been presented in Appendix A for rain and temperature-related hazards and
in Appendix B for geological ones.

Regarding rainfall and temperature-related hazards, to compute their probability, first,
we computed the fraction of the total amount of days included in an event against the total
number of days included in a reference period. The obtained value was used to define
the probability using Table 1. Regarding the impact of actual extreme events, the choice
of importance level should be delegated to municipalities, following what is reported in
the guidelines.

In order to evaluate the future evolution of hazards, the modified Mann–Kendall trend
test (MMKT) [14] was used. This test was first conducted on the frequency of extreme
events, defined before as the total number of days included in an event compared to the total
days of the reference period. The evolution of the frequency was then studied in relation
to the five climatic models of Table 2 for each RCP scenario in the 2020–2045, 2046–2070
and 2071–2100 periods, representative of the Short, Mid and Long-Term, respectively.
In addition to identifying the trend, the Theil-Sen (T.S.) indicator, representative of the
change in magnitude of the analyzed event, was also computed. Only the test results with
a statistical significance value, p, less than 0.05 were considered significant. Due to the size
of the tables, the results of the MMKT are reported in Appendix A.

Geological hazards have been treated using a different approach; in this case, addi-
tional tables and figures are reported in Appendix B.

For each hazard, the current analysis for Trieste is presented in the following sections.

6.1. Heavy Precipitation

In the municipality of Trieste, the current probability of occurrence for heavy precipi-
tation, expressed in terms of R20mm, is moderate, since it was considered close or equal to
0.05 in all the three GCMs, as shown in Table 10.
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Table 10. Heavy precipitation (R20mm) current probability of occurrence considering the historical
scenario calculated from daily precipitation data provided by the three GCMs (M1, M3, M4) for the
city of Trieste.

Model Probability Probability Class

M3 0.05 Moderate
M1 0.05 Moderate
M4 0.04 Moderate

Regarding future projections, the frequency of heavy precipitation will probably not
change, since no trend in R20mm was detected in any GCM, as reported in Figure 2 and
in Table A1. Conversely, the intensity of heavy precipitation (RX5day) will increase under
the RCP8.5 scenario, since all the GCMs converged in detecting a significant positive
trend, as reported in Figure 2. Moreover, in all the three GCMs, the increasing trend will
likely occur in the Long-Term timeframe (2071–2100), as detected via the MMKT, reported
in Table A2.
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Figure 2. Temporal variation of the number of days with precipitation > 20 mm (R20mm) and
maximum five-day precipitation (RX5day) indices considering historical and future scenarios (RCP2.6,
RCP4.5, RCP8.5) calculated from daily precipitation data provided by the three GCMs (M1, M3, M4).

6.2. Drought and Water Scarcity

In the municipality of Trieste, the current probability of occurrence of moderate and
severe drought, expressed in terms of scPDSI, is High, since all three GCMs showed a
current probability greater than 0.05 (Table 11). Regarding extreme drought, the first two
models detected a high probability of occurrence, greater than 0.05, while the third one
(M4) showed a lower value—less than 0.005—as reported in Table 11.

Table 11. Droughts and water scarcity current probability of occurrence (PDSI) considering the
historical scenario calculated from daily precipitation data provided by the three GCMs (M1, M3, M4)
for the city of Trieste. Moderate, Severe and Extreme drought were classified according to scPDSI
values (See Table A3).

Model Moderate Drought Severe Drought Extreme Drought

M3 0.23 0.23 0.20
M1 0.17 0.11 0.09
M4 0.20 0.09 <0.005
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Regarding future projections, drought frequency will probably decrease under the
RCP2.6 scenario, as two GCMs out of three detected a significant increase in scPDSI,
resulting in lower drought conditions, as seen in Figure 3 and Table A4. Conversely, under
the RCP8.5 scenario, the frequency of drought will probably increase, as two GCMs out
of three detected a significant decrease in scPDSI, resulting in higher drought conditions
(Figure 3 and Table A4).
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Figure 3. Temporal variation of the self-calibrating Palmer Drought Severity Index (scPDSI) and
maximum number of consecutive days with precipitation < 1 mm (CDD) indices considering historical
and future scenarios (RCP2.6, RCP4.5, RCP8.5) calculated from daily precipitation data provided by
the three GCMs (M1, M3, M4).

Regarding the timeframe of future changes in drought frequency, both the increase in
scPDSI in RCP2.6 and the decrease detected in RCP8.5 would likely occur in the long-term
timeframe, as reported in Table A5.

The intensity of drought (CDD) will probably not change in future projections, since,
in any of the considered scenarios, a minimum of two GCMs detected a similar significant
trend (Figure 3 and Table A4).

6.3. Wildfires

In the municipality of Trieste, median sFWi was ≈12 in the historical scenario for
all the timeframes considered as presented in Figure 4, suggesting a moderate danger
according to the EFFIS classification (Figure 5). Figure 5 represents the median number
of days with moderate, high and very high fire danger conditions along the timeseries
(median values of N15 = 41, N30 =14 and N45 = 4, respectively).

There is a significant increase both in hazard intensity and hazard frequency in RCP4.5
and RCP8.5, as reported in Table A6, while RCP2.6 did not show any significant trend,
except for N45, where the negative slope observed is probably attributable to the high level
of stochasticity in the projection (see blue line in Figure 5).

Table A7 reports the indicative timeframe in which a change is expected in the inten-
sity/frequency of wildfires. Interestingly, all variables converged in estimating a significant
potential change starting from a mid-term timeframe (2005–2066), except for N45, whose
interpretation was described above.
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Figure 5. Trend of the number of days with moderate (N15), high (N30) and very high (N45) fire
danger conditions according to EFFIS classification. Grey line represents the historical scenario
(1970–2004), while colored lines represent multi-model mean ensemble.
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6.4. Heatwaves and Cold Spells

The current incidence of heatwaves has been computed using data from a local weather
station. Figure 6 shows the trend of heatwaves during the period between 1995 and 2019,
and the critical periods in years 2003, 2006 and 2015 can be clearly seen. Figure 7 reports the
distribution of cold spells and frost days in the historical period. Trieste is a rather warm
city; therefore no CS are present, and the critical year appears to be 2012, characterized by a
long, unusual period of low temperatures and strong wind from the northeast, called Bora,
causing a consistent number of FD.
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To compute the current probability of hazard, first, we calculated the fraction of the
total amount of days included in heatwaves against the total number of days included in
the summer months of June, July and August. Referring to the data measured at Trieste
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between 1995 and 2019, 173 days were included in heatwaves. Considering a total of
2300 summer days (92 per year for 25 years) for the analyzed timeframe, an occurrence
percentage of 7.52% was obtained. This value is higher than the “extremely likely to
happen” limit of 5%; therefore, the actual probability of these events is High.

In the same way, cold spell occurrences were computed. Because of the total absence
of such phenomena in the 1995–2019 timeframe, the occurrence probability is 0%, and the
actual probability of these events is Low.

By utilizing the projections of climate models, a study of the future evolution of
extreme thermal events in Trieste was carried out. Due to the five models of Table 2 being
applied to the three RCP scenarios, fifteen cases were considered; the availability of different
models allowed us to take into account the uncertainty of the models. Therefore, the future
evolution of heatwaves is here presented through boxplot graphs, presenting minimum,
first quartile, median, third quartile and maximum, along with outliers. Through boxplots,
data distribution characteristics can be quickly guessed, showing either data symmetry or
how tightly the data is grouped.

Figure 8 presents the evolution of HWfreq up to the year 2100 for RCP 8.5; the boxplot
collects the data obtained by applying the definition of HW to the five models considered.
An inspection of Figure 8 highlights the increasing trend of heatwaves for a scenario
as is, where no intervention for reducing dangerous emissions into the atmosphere has
been developed.
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Figure 8. Heatwave yearly frequency distribution for Trieste and the RCP8.5 scenario. Boxplot
represent minimum, first quartile, third quartile, and maximum value. Distributions for the 2006–2100
timeframe were obtained through the five climatic models. Distribution for the historical timeframe,
1995–2019, is also reported in black color.

In order to obtain quantitative values to complete the CoM template, the modified
Mann–Kendall trend test (MMKT) was applied to the frequency of events, computed as the
total number of days included in extreme heat (cold) events compared to the total days of
summer (winter) months.

For heatwave frequency, the test revealed statistically significant changes already
in the 2020–2045 period for all cases except for the M4 model in the RCP4.5 scenario,
which shows p = 0.06, as reported in Table A8. Heatwave intensity follows the same pattern,
as it can also be deduced from the values of the Theil-Sen indicator in Table A9 where,
again, only for the M4 model applied to RCP4.5, no change is identified. Consequently,
for heatwaves, the choice for the expected frequency variation is the Increase option,
while for the Timeframe, the choice is Short-Term. As regards cold spells, the test did
not identify any statistically significant variation in the frequency of the phenomena in
any of the periods analyzed for all combinations of climate models and RCP scenarios.
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Consequently, for cold spells, the choice regarding the frequency variation is the No Change
option, while for the Timeframe, the choice falls on Long-Term.

The increasing trend in frequency and intensity suggests that mitigation and adapta-
tion actions should be taken, since heat excess can have a significant impact on people’s
health, especially vulnerable people [72,73]. Heatwaves in this paper were defined taking
into account temperature only. However, other parameters are better suited for describing
the effect of heat on people; for example, the Thom index [74] and Humidex [75] also take
humidity into account and could be used to define heatwaves.

6.5. River Flood

For river floods, the proposed method for the completion of the SECAP template
requires the presence of at least one risk level (from R1 to R4) according to Directive
2007/60/EC. Trieste is a one-of-a-kind city in terms of this natural hazard, as it lacks any
significant river courses and can only be affected by hydraulic risk connected to coastal
floods. Although the hazard risk analysis for river floods is not applicable to Trieste,
it is worth furnishing some perspectives on future changes in the river flood regime in
order to provide information useful to completing the CoM, at least at a regional level.
Future changes in the river regimen will almost certainly be linked to rainfall. The trend
of rainfall was evaluated in the most recent analysis by ARPA FVG [24]. The long-term
(2071–2100) regional response to the RCP8.5 scenario foresees an increase in average and
extreme precipitation, as well as in days of extreme precipitation in the winter, whereas in
the summer, all three parameters will decrease. Considering the climate projections, it is
highly probable that severe flood events will rise in number at a regional scale, even over
short periods of time, unavoidably increasing the intensity and frequency of hazards and
reducing the return periods of all the extremes. Regarding filling out the CoM template for
the Trieste municipality, according to the above-mentioned reasons, the probability of flood
hazard can be neglected, and it has been reported as “not known”.

6.6. Coastal Flood and Storm Surge

Figure 9 reports the results of the simulation for the scenario of +180 cm (above m.s.l.)
flooding with a 30-year RP for the municipality of Trieste. The sum of the flooded areas
amounts to 0.75 km2, unevenly distributed along the 30-km-long shoreline, but highly
constrained by the topographic gradient, which limits the penetration. The majority of the
inundation is concentrated in the city’s central portion, involving an area of 0.53 km2 of the
historical center (including Borgo Teresiano and Piazza Unità d’Italia), which is exposed to
a 2.2-km-long waterfront. Marine flooding penetrates up to 370 m toward the center, with
a mean ingression of ca. 230 m.

Considering the classification of the hazard, the level is High. The impact is also High,
since inundation involves the most vulnerable historical part of the city. In November 2019,
the phenomenon occurred almost twice, creating severe inconveniences to the population:
a blockage in the main road network, damage to shops and interruption of electricity supply.

Hazard intensity and frequency are expected to increase in the future because of
relative sea level rises. Considering a significant increase in sea level, starting from the mid-
term timeframe, the 180-cm threshold will be exceeded more frequently, and a higher level
will have an equal return period of 30 years, resulting in a greater extension of floodable
areas. Therefore, all the extremes will reduce their RP.
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Figure 9. Marine flooding scenario of the Trieste municipality, considering a 30-year return period of
coastal flood (high tide + surge + set-up) of 180 cm above mean sea level (m.s.l.). In the box is a detail
of the historical part of the city, including Borgo Teresiano and Piazza Unità d’Italia.

6.7. Landslides

Figure 10 shows the distribution of landslides recorded in the municipality of Trieste,
superimposed over the urban area classification.
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posed over the urban area classification according to the four classes reported in Table 8.

The total number (N) of landslides recorded in the municipality of Trieste is 53,
distributed in the territory of 85.11 km2. The corresponding ratio (N/km2) is 0.62.

According to the proposed classification of the level of hazard, reported in Table 9,
the resulting level of hazard for Trieste is High. The impact of the hazard depends on the
distribution of landslides that occur in every class of territory. Based on the precautionary
principle, the impact of hazard is set to High.

It is reasonable to expect increased slope instability in the future and a subsequent
increase in the number or extension of landslides as a result of an increase in short but
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intense precipitation episodes and/or an increase in cumulative precipitation (RX5day),
infiltration and runoff [76]. As previously stated, the increasing trend will likely occur in
the Long-Term timeframe (2071–2100). At any rate, much will depend on human action,
thanks to monitoring, mitigation and safeguarding efforts.

7. Discussion

Filling out the CoM template is fundamental to identifying hazards and their evolution
in time. In order to identify an existing hazard and its actual impact, municipalities can
utilize databases of past events and the general knowledge at the site.

More problematic is how to project the data in a future timeframe. For rainfall and
heat-related risks, the principal source of historical information is the database of measure-
ments taken by weather stations directly on the site, or in nearby locations. Regional or local
weather services are today widespread, and the information can be easily found. The prob-
lem with such data, however, stems from the fact that the timeseries of weather data can
present missing or completely wrong values, so a data treatment should be performed for
gap-filling and the removal of unfeasible data; alternatively, the historical simulation data
can also be used. For future data, projections are obtained from international databases
such as CORDEX [12]; it is advisable to use a minimum number of models and different
RCP scenarios in order to account for the uncertainties intrinsic to the numerical methods.
In this case, the retrieval of the data requires tools, freely available online, requiring an
expertise usually not available in municipalities but that can be easily found in universities
or research centers. In order to improve the data, techniques to correct bias errors are also
encouraged. Once the data is obtained, the template can be filled by looking at the future
behaviour, when appropriate metrics for the different hazards are on hand.

Table 12 reports selections for the analyzed hazards of Trieste, with each selection
to be made when compiling the CoM template. The pattern followed in this paper al-
lows a straightforward compilation once the defined parameters and their time evolution,
according to the Mann–Kendall test, have been utilized in order to select the trend and
the relative timeframe. It is worth noting that the use of statistical methods is of great
importance when the trend is not clearly visible and the selection of a possible choice is not
straightforward. In this case, this applies not only to “Heavy rainfall” and “Drought and
water scarcity” where the “No change” option for changes of intensity or frequency are
reported (Tables A1 and A4), but also in the presence of clear trends that the analysis can
discriminate with regard to the Timeframe under consideration. For instance, the analysis
of Table 12 highlights the danger of increasing temperatures, with problems in the Short-
Term and wildfire in the Mid-Term as consequences of the “Extreme heat” and “Drought
and Water Scarcity” hazards. It is worth noting that the results obtained here are in line
with the ones found by other authors; for example, a similar pattern was found in [15] for
the municipality of San Donà di Piave, not far from Trieste.

Table 12. CoM template for Trieste, (n.a. = not applicable).

Risk Probability
of Hazard

Expected Change
in Intensity

Expected Change
in Frequency Timeframe

Extreme heat High Increase Increase Short-term

Extreme cold Low No change No change Long-term

Heavy rainfall Moderate Increase No change Long-term

Drought and WS High No change Increase Long-term

Wildfire Moderate Increase Increase Mid-term

River flood Not known n.a. n.a. n.a.

Coastal flood
and storm surge High Increase Increase Mid-term

Landslides High Increase Increase Long-term
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Because of their unique nature, geological hazards have required a different approach.
The most significant challenge in compiling the CoM template, in this case, was obtaining
complete information from the municipality that wishes to participate in the program. It is
difficult for a municipality to keep track of all landslide activation and reactivation events,
for example. This means that there will be no frequency of occurrence and that the hazard
and its impact will have to be parametrized in another way, presumably qualitatively
or descriptively. In general, it is unlikely that each municipality will provide the same
information needed for the compilation of the CoM template, making an approach for data
manipulation difficult to generalize.

The proposed methods are an attempt to address these issues, through simplified
procedures that require basic information which is easy to obtain or manipulate, such as
standardized data for river flood risk, the number and extent of landslides and rockfalls
in each territorial unit and the topography of the coastal area for the purposes of simu-
lating marine inundation. To determine the probability of coastal floods and landslides,
an analytical solution related to geographic distribution has been introduced, while for
the future trend, the results pertaining to the cause-and effect relationship, linked to the
intensity of “heavy rainfall” in a given timeframe, have been used for a simpler opinion
(increase, decrease, no change, not known) on the expected trend.

8. Conclusions

This paper proposes a new approach to compiling the hazard part of the Covenant of
Mayors’ Risk and Assessment template for creating SECAPs. In this case, the method was
applied to the municipality of Trieste in northern Italy. The proposed method combines data
available in local weather databases and future projections from GCM-RCM simulations.
Different hazards were considered: specifically, those related to rain, temperature and
geological movements. For each identified hazard, first, some parameters were identified
in order to numerically describe their frequency and intensity; then, the parameters were
used to identify actual probability and future behavior. When dealing with the future
projection of each hazard, the method proposed here utilizes the Mann–Kendall test in
order to identify the trend. The method proved to be a useful technique that can provide
the required information needed to fill out the template. The proposed method uses a
statistical approach to support the inserted values rather than relying solely on a heuristic
method based on the “experience” of the person in charge of filling out the template.

The availability of historical data, which may be incomplete and the method for ma-
nipulating future climatic data projections are identified as problems for the application of
the proposed method. Certain types of expertise are not always available in municipalities,
necessitating the use of an external support system or network. Again, the simplified
approach used to quantify geological hazards is reliant on data available at the munici-
pal level, though topographical details, as well as information on floods and landslides,
are becoming more readily available and accessible.

This is a first attempt to define a procedure for assisting administrations in participat-
ing in the CoM initiative, made possible by the collaboration of the municipality of Trieste,
where a general increase in the intensity and frequency of hazards can be identified. Future
development could include expanding to other municipalities or provinces within a region,
as well as collaborating with neighboring countries.
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Appendix A

Table A1. Summary of modified Mann–Kendall trend tests and Sen’s slope and associated confidence in-
tervals (C.I.) of the number of days with precipitation > 20 mm (R20mm) and maximum five-day precip-
itation (RX5day). Indices were computed considering historical and future scenarios (RCP2.6, RCP4.5,
RCP8.5) calculated from daily precipitation data provided by the three GCMs (EC-EARTH_CCLM4,
HadGEM2-ES, EC-EARTH_RACMO) for the City of Trieste. Bold numbers = statistically significant
modified Mann–Kendall trend test and slope values (α = 0.05).

Climatic Index
Historical RCP2.6 RCP4.5 RCP8.5

Slope C.I. Slope C.I. Slope C.I. Slope C.I.

R20mm
M3 0.00 −0.17; 0.15 0.03 0.00; 0.08 0.00 −0.03; 0.04 0.00 −0.02; 0.05
M1 0.00 −0.18; 0.17 0.02 0.00; 0.06 −0.02 −0.07; 0.01 0.00 −0.01; 0.04
M4 0.00 −0.14; 0.19 0.00 −0.02; 0.04 0.02 0.00; 0.06 0.03 0.00; 0.07

RX5day
M3 −0.20 −1.02; 0.68 0.13 −0.08; 0.34 0.08 −0.13; 0.31 0.29 0.10; 0.57
M1 0.20 −0.83; 1.12 0.24 0.01; 0.44 −0.06 −0.31; 0.18 0.25 0.01; 0.45
M4 0.43 −0.64; 1.19 −0.06 −0.24; 0.14 0.04 −0.14; 0.21 0.21 −0.01; 0.43

Table A2. Indicative timeframe in which a change is expected in heavy precipitation intensity
(RX5day) for each model and for each scenario. Values represent Sen’s slope of timeseries hav-
ing significance and Mann-Kendall trend test (p < 0.05) calculated within each time window.
Short-Term = 2020–2045; Mid-Term = 2046–2070; Long-Term = 2071–2100. n.s. = Not Significant.

RX5day (RCP8.5) Short-Term Mid-Term Long-Term

M3 n.s. n.s. 0.29
M1 n.s. n.s. 0.25
M4 n.s. n.s. 0.21

Table A3. Drought classes based on scPDSI values.

scPDSI Drought Class

≥4.00 Extreme wet
3.00~3.99 Severe wet
2.00~2.99 Moderate wet
1.00~1.99 Mild wet
−0.99~0.99 Normal
−1.99~−1.00 Mild drought
−2.99~−2.00 Moderate drought
−3.99~−3.00 Severe drought

≤−4.00 Extreme drought

https://www.ita-slo.eu/it/secap
https://www.osmer.fvg.it/clima.php?ln=
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Table A4. Summary of modified Mann–Kendall trend tests and Sen’s slope as well as associated
confidence intervals (C.I.) of self-calibrating Palmer Drought Severity Index (scPDSI) and maximum
number of consecutive days with precipitation < 1 mm (CDD). Indices computed by considering
historical and future scenarios (RCP2.6, RCP4.5, RCP8.5) calculated from daily precipitation data
provided by the three GCMs (HadGEM2-ES, EC-EARTH_CCLM4, EC-EARTH_RACMO) for the City
of Trieste. Bold numbers = statistically significant modified Mann–Kendall trend tests and slope
values (α = 0.05).

Climatic index
Historical RCP2.6 RCP4.5 RCP8.5

Slope C.I. Slope C.I. Slope C.I. Slope C.I.

scPDSI
M3 −0.10 −0.16; −0.04 0.02 0.01; 0.04 0.01 −0.01; 0.01 −0.02 −0.03; −0.01
M1 −0.04 −0.13; 0.05 0.02 0.01; 0.03 −0.01 −0.03; 0.01 −0.02 −0.03; −0.01
M4 0.03 −0.07; 0.10 0.01 −0.01; 0.02 −0.01 −0.03; 0.01 0.01 −0.01; 0.02

CDD
M3 0.19 −0.07; 0.45 −0.02 −0.08; 0.03 −0.03 −0.08; 0.02 0.06 0.00; 0.13
M1 0.30 0.12; 0.44 −0.05 −0.09; 0 0.00 −0.06; 0.05 0.03 −0.02; 0.09
M4 0.04 −0.15; 0.25 −0.02 −0.07; 0.01 −0.02 −0.06; 0.03 0.00 −0.04; 0.06

Table A5. Indicative timeframe in which a change is expected in the self-calibrating Palmer Drought
Severity Index (scPDSI) for each model and for each scenario. Values represent Sen’s slope of time-
series having significance and Mann–Kendall trend test (p < 0.05) calculated within each time 0win-
dow. Short-term = 2020–2045; Mid-term = 2046–2070; Long-term = 2071–2100. n.s. = Not Significant.

Short-Term Mid-Term Long-Term

scPDSI (RCP2.6)
M3 n.s. n.s. 0.02
M1 n.s. 0.06 0.01
M4 n.s. n.s. n.s.

scPDSI (RCP8.5)
M3 n.s. n.s. −0.02
M1 n.s. n.s. −0.02
M4 n.s. n.s. n.s.

Table A6. Sen’s slope and related 95% confidence intervals for each index and each scenario. Bold
values represent significant outcomes (p < 0.05) of Mann–Kendall trend Test.

Variable Scenario Sen’s Slope 95% C.I.

sFWI

Historical −0.01 −0.06; 0.05
RCP2.6 −0.01 −0.03; 0.00
RCP4.5 0.03 0.01; 0.05
RCP8.5 0.09 0.07; 0.10

N15

Historical 0.00 −0.22; 0.22
RCP2.6 −0.05 −0.12; 0.00
RCP4.5 0.11 0.04; 0.17
RCP8.5 0.32 0.26; 0.38

N30

Historical −0.04 −0.17; 0.10
RCP2.6 −0.04 −0.08; 0.00
RCP4.5 0.08 0.04; 0.13
RCP8.5 0.21 0.17; 0.26

N45

Historical 0.00 −0.07; 0.03
RCP2.6 −0.11 −0.13; −0.10
RCP4.5 0.03 0.00; 0.06
RCP8.5 0.10 0.08; 0.13



Sustainability 2022, 14, 5973 24 of 28

Table A7. Indicative timeframe in which a change is expected in intensity/frequency of the hazard
for each variable and for each scenario. Values represent Sen’s slope of timeseries having significance
and Mann–Kendall trend test (p < 0.05) calculated within each time window. Short-term = 2020–2045;
Mid-term = 2046–2070; Long-term = 2071–2100. n.s. = Not Significant.

Variable Scenario Short-Term Mid-Term Long-Term

sFWI
RCP2.6 n.s. −0.05 n.s.
RCP4.5 n.s. 0.06 0.03
RCP8.5 n.s. 0.05 0.09

N15
RCP2.6 n.s. n.s. n.s.
RCP4.5 n.s. 0.20 0.11
RCP8.5 n.s. 0.20 0.32

N30
RCP2.6 n.s. n.s. n.s.
RCP4.5 n.s. 0.14 0.08
RCP8.5 n.s. 0.10 0.21

N45
RCP2.6 −0.28 −0.16 −0.11
RCP4.5 n.s. 0.06 0.03
RCP8.5 n.s. 0.03 0.10

Table A8. Modified Mann–Kendall test results for heatwave frequency for 2020–2045 timeframe.

RCP2.6 RCP4.5 RCP8.5

Trend T.S. Trend T.S. Trend T.S.

M1 Increase 0.18 Increase 0.18 Increase 0.18
M2 Increase 0.32 Increase 0.57 Increase 0.58
M3 Increase 0.18 Increase 0.19 Increase 0.17
M4 Increase 0.17 No Change 0.06 Increase 0.28
M5 Increase 0,35 Increase 0.26 Increase 0.37

Table A9. Modified Mann–Kendall test results for heatwave intensity for 2020–2045 timeframe.

RCP2.6 RCP4.5 RCP8.5

Trend T.S. Trend T.S. Trend T.S.

M1 Increase 0.09 Increase 0.11 Increase 0.08
M2 Increase 0.10 Increase 0.21 Increase 0.20
M3 Increase 0.07 Increase 0.07 Increase 0.05
M4 Increase 0.08 No Change 0.00 Increase 0.12
M5 Increase 0.16 Increase 0.11 No Change 0.19

Appendix B

The statistical analysis of data from the FVG Regional Cadaster of Landslides covers
116 out of 215 municipalities in Friuli Venezia Giulia. The Cadaster is also available as
WebGIS [77], with 5726 landslides and rockfalls recorded.

We calculated the statistics of municipalities with a given number of landslides (N)
to define a hazard scale available for the entire region and applicable to a specific munici-
pality (Figure A1a). The statistics have also been referred to as the number of landslides
normalized to the municipality’s surface area (Figure A1b).
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in the 116 municipalities of the FVG Region.

In this way, the magnitude and intensity of the landslide phenomenon can be deter-
mined. Using both parameters, testing their correlation and limiting the field of existence, a
ranking on the CoM scheme’s Low–Moderate–High hazard scale was obtained (Figure A2).
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ring in the 116 municipalities of the FVG Region. The rectangles include the three levels of hazard
(by color) separated by the dashed lines. See Table 9 for the final ranking.

There are at least two conclusions that can be made based on Figure A2. The first
is that, when trying to imagine what it means to have a landslide per square kilometer,
the magnitude of criticality can be quickly realized. As a result, the value N/km2 = 1 can be
considered to be the critical value, above which, the risk is high. The second is to look for
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an “outlier” that is less than 1 N/km2 in order to pinpoint an area where the hazard is low.
The point with the coordinates N = 31 and N/km2 = 0.27 was thought to be plausible. Given
the logarithmic scale of the axes and the preceding considerations, two half-lines were
drawn to identify the hazard classification bands, taking both the values N and N/km2

into account (see Table 9).
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