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This study presents a novel methodological approach for multi-hazard assessment (MHA) aimed at evaluating the
exposure of critical infrastructures to natural hazards in complex territorial contexts. The proposed approach
integrates harmonized hazard maps into a unified geospatial framework including five natural hazards relevant
to the Sicilian region: seismic, geomorphological (landslides), hydraulic (floods), volcanic, and tsunami. The
assessment relies only on those natural hazards for which authoritative and regionally coherent datasets are
available. Other natural and non-natural hazard categories were not considered in this study.

Three different weighting strategies for composing the multi-hazard index (MHI) from the five hazards were
tested: i. equal weighting — strategy 1 (S1); ii. presence-based dynamic weighting — strategy 2 (S2); iii.
interaction-based dynamic weighting — strategy 3 — (S3), which accounts for hazard interdependencies through
adapted interaction matrices.

In this study, wastewater treatment plants (WWTPs) were selected as representative critical infrastructures.
The proposed methodological approach was tested in Sicily (Italy), a region where multiple hazards coexist and
interact. The results demonstrated that the choice of weighting strategy significantly influenced the spatial
distribution and classification of hazard levels. While equal weighting (S1) led to a conservative classification,
the presence-based approach (S2) produced a more responsive distribution. The interaction-based approach (S3),
which incorporates compound and cascading effects among hazards, emerged as the most balanced, reducing the
risk of over- or underestimation of the single hazard. The application of the MHA to Sicily's WWTPs based on S3
revealed that approximately 80 % of facilities are located in areas classified as high or very high hazard. This
underscored the critical vulnerability of these infrastructures and highlights the need for hazard-based planning.
Future developments should aim to integrate infrastructure-specific vulnerability data to further advance multi-
risk modelling frameworks.

Multi-hazard assessment
Wastewater treatment plants

1. Introduction

The concept of multi-hazard assessment (MHA) was for the first time
introduced in the United Nations’ Agenda 21 for sustainable develop-
ment (UNEP, 2002), as an approach to evaluate multiple hazards that
may affect a given area (Wang et al., 2020).

Over time, the concept of MHA has gained increasing relevance. The
Johannesburg Plan (United Nations, 2014), described MHA as an
“essential element of a safer world in the twenty-first century”. In recent
years, several attempts of integrating MHA into risk mitigation plans
have been performed (De Angeli et al., 2022; Gallina et al., 2016). MHA
has a key role in a world with increasing number of natural disasters to
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prevent their direct (on the critical infrastructures) and indirect (on
population and environment health) effects (European Environment
Agency, 2010). The European Commission warned that, without sig-
nificant intervention, the annual damage to European infrastructure
could rise dramatically by the end of the century (European Commis-
sion, 2018). Therefore, the European Commission has released Directive
(EU) 2022/2557. This directive could have important implications for
the economic, social, life quality and health of European citizens.
Indeed, this Directive requires Member States to identify hazards and
develop strategies to increase the resilience of critical infrastructures by
January 2026. Therefore, identifying vulnerable areas and critical in-
frastructures exposed to natural hazards is recognized as a crucial aspect
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(Masud and Khan, 2024). Directive (EU) 2022/2557 also provides
Member States a unique definition of critical infrastructures often
controversial in literature (Smith and Wilson, 2023). Indeed, critical
infrastructures are defined as providers of one or more essential services
for which any incident would significantly disrupt its ability to provide
services or would affect the provision of other essential services
(European Parliament Council of the European Union, 2022). Despite
the growing attention to multi-hazard assessment, several significant
gaps remain in the existing literature (Pourghasemi et al., 2019).

According to the international risk chain framework (UNDRR, 2019),
risk arises from the combination of three elements: hazard, defined as a
phenomenon with potential harmful effects; exposure, referring to the
presence of people and assets in risk-prone areas; and vulnerability,
understood as their susceptibility to damage. This study focuses on the
hazard-exposure dimension, considered a preliminary yet essential step
for critical infrastructure screening, while the explicit integration of
vulnerability functions is identified as a future development toward
comprehensive risk assessment.

Moreover, most studies focus on individual hazards or address them
separately (Novelli et al., 2024; Sun et al., 2021), without considering
their dynamic interactions or cascading effects. Even for the cases in
which multi-hazard assessments are carried out, a comprehensive un-
derstanding of synergistic and sequential hazard relationships is still
lacking (Laino and Iglesias, 2024). Therefore, no standardized meth-
odological approach has been still proposed/validated in literature to
assign weights to different hazards when generating composite hazard
maps. Therefore, the reproducibility and comparability of results across
case studies is currently very difficult. This issue is even more pro-
nounced in geographically complex regions, such as islands or coastal
and mountainous areas, where the coexistence and interaction of mul-
tiple hazards create highly dynamic risk scenarios that are still poorly
addressed in current multi-hazard mapping approaches.

Another significant shortcoming in the literature is the limited focus
on some critical infrastructure. Their failure or destruction can
compromise the delivery of essential services and trigger cascading ef-
fects on social well-being (Cantelmi et al., 2021). Some studies in
literature have performed attempts on assessing the vulnerability of
industrial facilities (Castro Rodriguez et al., 2025; Faggian and Trevisiol,
2024). However, the infrastructures providing relevant services for
public health and environmental protection, such as wastewater treat-
ment plants (WWTPs) remains largely underrepresented despite their
vulnerability and critical role in environmental resilience. The occur-
rence of extreme natural events in cause functional losses of WWTPs
typically (e.g. reduction of process performances) resulting in the
release of untreated or insufficiently treated wastewater into the envi-
ronment (Kumar et al., 2021; Ranieri et al., 2024). Therefore, inte-
grating such infrastructures into multi-hazard maps becomes crucial to
ensure their resilience during their operational lifespan and to prevent
public health and environmental protection (Shakou et al., 2019).

In order to overcome the aforementioned gaps in literature, this
study proposes a multi-hazard methodological approach to be applied to
WWTPs. The proposed methodological approach was developed using
officially adopted datasets. Specifically, seismic, geomorphological
(landslides), hydraulic (floods), volcanic, tsunami hazards have been
considered. Indeed, these hazards represent the dominant natural pro-
cesses influencing territorial dynamics and potential impacts on critical
infrastructures at regional scale. Other natural phenomena, such as
storms, heatwaves or droughts, were not included due to the lack of
standardized and spatially consistent hazard maps covering the study
area. Moreover, other hazard categories (technological, organizational,
or social) were not addressed in this study, which aims to develop and
test a framework for mapping multiple natural hazards.

The proposed methodology has the key novelty of addressing the
challenge of the hazard weighting by exploring alternative approaches
to improve the robustness and applicability of multi-hazard mapping.
The resulting maps were cross-referenced with the spatial distribution of
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WWTPs, providing a preliminary evaluation of their hazard's exposure.
2. Materials and methods
2.1. Proposed multi-hazard assessment method

The proposed multi-hazard assessment (MHA) methodology is based
on an integrated stepwise procedure developed to ensure consistency
among heterogeneous geospatial data. Specifically, the proposed
methodology is composed of 8 steps: 1. Identification of the study area;
2. Hazards identification; 3. Thematic maps collection; 4. Harmoniza-
tion of geospatial data; 5. Grid definition; 6. Individual hazard indicator
definition; 7. Multi hazard index definition; 8. Weighting of multi hazard
indices.

Fig. S1 summarizes the entire procedural flow proposed.

Each step involves a specific data analysis procedure, which out-
comes are essential for implementing the subsequent phase. This step-
wise approach leads to the construction of a comprehensive index that
accounts for interactions among multiple hazards. In the following
section the proposed methodological approach will explained in detail
by applying the MHA to WWTPs in Sicily (Italy).

2.1.1. Identification of the study area

The first step of the MHA consisted of identifying the study area and
hazard specificities of the geographic area. In this step, it is essential to
consider the availability of extensive geospatial data.

In this study, Sicily was selected as a case study area. Indeed, it
represents an ideal case study for the development of a multi-hazard
assessment due to its exposure to several natural hazard and high ter-
ritorial vulnerability.

Sicily is the largest island (25,708 km?) in Italy. Sicily's geology in-
cludes mountain chains originated by the collision of the African and
Eurasian plates. This interaction generates high seismic and volcanic
activity, particularly in the eastern region. Mount Etna, the most active
stratovolcano in the world, is an example of this intense geological ac-
tivity. Moreover, Sicily is exposed to tsunami hazard due to the presence
of active coastal and submarine volcanoes, as evidenced by historically
documented tsunami events. Furthermore, irregularly distributed
faulting layers contribute to widespread landslides. As a result, Sicily is
particularly vulnerable to several natural hazards.

2.1.2. Hazards identification

To develop the MHA aimed at evaluating the exposure of WWTPs, an
accurate identification of potentially relevant hazards was required. In
this step, all the possible natural events that could damage and
compromise the structural and functional integrity of such facilities
must be considered. Attention was paid towards geophysical and hy-
drological hazards.

The methodological approach to establish which hazard consider has
been firstly based on the map's availability and on the interest towards
the WWTP considered as critical infrastructure.

Regarding geophysical hazards, earthquakes, tsunami, landslides,
and volcanic eruptions were considered. Specifically, Sicily is a region
with high seismicity, so earthquakes could compromise the stability of
the civil infrastructures. Landslides, which occur mainly in hilly and
mountainous areas, can affect access to the facilities and, in some cases,
their structural stability. In addition, the presence of Mount Etna makes
volcanic eruptions a hazard that cannot to be underestimated. Indeed,
while this phenomenon does not affect all WWTPs, it could have a not
negligible impact on those plants located near the volcano. Tsunami was
also considered, as coastal wastewater treatment plants may be signifi-
cantly affected during such events, despite their lower frequency
compared to other natural hazards. Regarding the hydrological hazards,
flooding was identified as the most relevant. Flash floods triggered by
intense rainfall events could cause possible damage to plants and to their
operation.
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2.1.3. Collection of thematic maps

To evaluate and quantify the main natural hazards in the Sicilian
region, a systematic collection of thematic maps was carried out. The
thematic maps provided a detailed and georeferenced visualization of
the hazards. The hazard maps used in the study were obtained from
national and regional authorities, that are officially responsible for
hazard assessment and land-use regulation in Italy (National Institute of
Geophysics and Volcanology — INGV; Italian National Institute for
Environmental Protection and research — ISPRA; Italian Civil Protection
Department — DPC and the Sicilian River Basin Authority). These data-
sets undergo institutional validation and are the reference cartographic
sources used for territorial planning, civil protection strategies and
infrastructure design. Therefore, in this study the maps were adopted
without performing an additional uncertainty analysis. These maps
define the hazard level based on objective criteria such as the intensity
of the phenomenon and its likelihood of occurrence. Table S1 summa-
rizes the hazard maps used in the study, describing for each type of
hazard the data used, the hazard classes identified and the reference
sources. The geospatial datasets, consisting of both shapefiles and raster
formats, were processed using the Quantum Geographic Information
System (QGIS, open-source version 3.32).

2.1.4. Harmonization of geospatial data

A critical challenge in developing a robust multi-hazard assessments
lies in the integration of heterogeneous hazard data, particularly when
relying on hazard maps characterized by differing classification
schemes, spatial resolutions, and methodological frameworks. As a
result, the corresponding hazard classes are rarely comparable in either
qualitative or quantitative terms, thus hindering the direct overlay of
spatial data. Therefore, to ensure comparability between geospatial data
from heterogeneous sources, a preliminary harmonization of the data-
sets must be carried out, both geometrically and in terms of information
content.

First, all the hazard maps should be acquired or converted into vector
format to ensure consistency and analytical flexibility throughout the
multi-hazard assessment. This approach allows for a more precise and
scalable representation of geographic features. In this study, all hazard
maps were already available in vector format, except for the volcanic
map. For this map, a raster-to-vector conversion was performed using a
regular grid with the same resolution as the raster. Raster values were
assigned to the corresponding vector polygons through centroid-based
sampling.

Then, all datasets must be georeferenced by using the same coordi-
nate system, ensuring spatial consistency in the analysis. In this study,
the WGS 84/UTM Zone 33N (EPSG:32,633), was chosen due to its ac-
curacy and suitability for large-scale regional studies.

Finally, a normalization of hazard values must be performed to
enable comparison between different natural hazards. This process
involved adjusting the hazard data from each source to a common scale,
accounting for variations in their impact assessments. This step was
essential for integrating different hazard maps into a cohesive multi-
hazard model. Indeed, it allowed for normalizing different hazard
maps while creating a uniform basis for evaluating and comparing the
relative intensity and spatial distribution of multiple hazards. In this
study, the hazard classes from each map were reclassified into four
standardized categories, named Hy (where k = 1, 2, 3, 4). A linear
normalization approach was adopted for each hazard map, since, to
authors’ knowledge, no specific information is available in literature.
Thus, a numerical value was assigned to each class: H1 = 0.25, H2 = 0.5,
H3 = 0.75, and H4 = 1. The highest value (1) corresponded to the
maximum value of the hazard, whereas the lowest (0.25) corresponded
to the minimum.

Specifically, the hydraulic and geomorphological hazard maps,
initially classified into four qualitative levels, were reclassified with a
standardized numerical value: low = 0.25, moderate = 0.5, high = 0.75,
very high = 1. A similar approach was applied to seismic the hazard,
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classified into four zones according to the hazard level: Zone 1 hazard
value equal to 1; Zone 2 hazard value equal to 0.75; Zone 3 hazard value
equal to 0.5; Zone 4 hazard value equal to 0.25. For tsunami hazard,
0.75 was assigned to orange alert and 1 to red alert, in line with the other
hazards classification. The volcanic hazard map was also reclassified. In
particular, the continuous probability range (0-0.050) was divided into
four equal-width intervals. Standardized numerical values were
assigned as follows: 0 < p < 0.013 was assigned a value of 0.25; 0.013 <
p < 0.025 of 0.50; 0.025 < p < 0.038 of 0.75; and p > 0.038 of 1.

2.1.5. Grid definition

The next step of the methodology involves the creation of a spatial
grid to establish a consistent spatial framework for analysis and facilitate
the integration of multiple hazard layers across the study area. The
resolution of the grid must be chosen to balance spatial resolution and
computational efficiency. Indeed, a too fine resolution could result in
high computational processing time, whereas a coarse resolution might
reduce the accuracy of the results.

In this study, a grid was developed to cover the entire Sicilian ter-
ritory, with each cell measuring 200 m by 200 m. This grid resolution
was selected in accordance with the approach presented by Beltramino
et al. (2022), where comparable cell sizes were used for regional-scale
analysis of territorial vulnerability and infrastructures exposure. This
resolution was selected to provide a sufficient level of spatial detail
while ensuring manageable computational demand for the MHA. Each
grid cell, named as cell-i, represents the spatial unit for the subsequent
multi-hazard assessment.

2.1.6. Data integration and calculation of a cell-level hazard indicator

Following the definition of the analysis grid, each hazard map must
be intersected with it to align the spatial information. Considering a
specific hazard (hazard-j), it is possible that a single grid cell i of the
spatial grid contains multiple hazard classes, each covering a defined
portion of the cell's area.

To cope with this issue, the following approach was proposed in this
study. The area of cell i corresponding to the hazard class H for hazard j
was named as A;jk, while the total area of the cell (A;) was fixed at
40,000 m?. A relative proportion (wyj k) was then calculated as the ratio
between A;jx and A; (equation (1)). This parameter does not represent
an arbitrary weight, but simply the fraction of the cell occupied by each
hazard class.

Ajjk
A;

Wijx = (eq. 1)
To quantify the contribution of each class to the cell's total hazard
level, this proportion (w;;x) was multiplied by the numerical value
assigned to class Hy, derived from the harmonization process
The hazard indicator for hazard j in cell i (HI;;) was then obtained as
the sum of all class contributions (equation (2)):

n

HIiJ' = Z (Wi,i‘k Hk)

k=1

(eq. 2)

Where n represents the total number of the hazards categories (n is equal
to 4 in this application). The indicator of Equation (2) represents a
normalized hazard level for each hazard j in each grid cell i, allowing for
the integration of all the hazards in the MHA. This formulation ensures
that the resulting indicator represents a normalized value of hazard in-
tensity for hazard j in each grid cell i, accounting for both the spatial
extent and the severity class of the hazard. This process was repeated for
all the type of hazard j.

2.1.7. Multi-hazard index definition

After calculating the individual hazard indicators for each type of
hazard across the spatial grid, the next step of the methodology involves
the definition of a multi-hazard index. This index aims to integrate the
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different hazard layers into a single indicator that reflects the cumula-
tive hazard level for each spatial unit.

The multi-hazard index for cell i (MHI;) was computed as a weighted
sum of individual hazard indicators obtained in the previous step
(equation (3)). The weights A; assigned to each hazard j was made ac-
cording three different scenarios described in detail in section 2.1.8.

N

MHL =" (Aj HI, _j>

=1

(eq. 3)

where N represents the total number of hazards taken into account (N is
equal to 5 in this study). This composite index provides a single value
that expresses the overall level of hazard in each cell, considering the
contribution of all the hazards.

Based on the calculated MHI values, a multi-hazard map was
generated by classifying the study area into four distinct hazard levels,
representing a gradation of potential threats:

oClass 1 (Low Hazard): 0 < MHI; < 0.25

eClass 2 (Moderate Hazard): 0.25 < MHI; < 0.50
e Class 3 (High Hazard): 0.50 < MHJ; < 0.75
e Class 4 (Very High Hazard): MHI; > 0.75

2.1.8. Strategically weighting the multi-hazard index to account for hazard
interactions

In the context of the multi-hazard assessment, a crucial step is to
assign weights to the indicators. Indeed, this step could directly influ-
ence how the different hazard contributes to the final value of the
composite index. Furthermore, not all the hazards have the same like-
lihood, intensity of impact of the infrastructures. Indeed, some hazards
could be more frequent but less destructive, while other could be rare
but highly catastrophic.

In this study, three weighting approaches were considered, each
representing a different assumption regarding hazard interactions.

2.1.8.1. Scenario 1 - S1: equal weighting approach. As a first scenario, an
equal weighting approach was applied. In this case, it was assumed that
all hazards contributed equally to the overall hazard. Accordingly, the
same weight (A = 0.20) was assigned to each hazard considered in the
study assuming that all hazard types were present in every grid cell.
Therefore, if a hazard was absent from a given cell, it still contributed to
the calculation of the multi-hazard index.

2.1.8.2. Scenario 2 — S2: presence-based dynamic weighting. As a second
scenario, a dynamic weighting approach was introduced, in which the
contribution of each hazard to the multi-hazard index depends on its
actual presence within each grid cell. In this case, if a specific hazard was
absent from a cell, it was excluded from the calculation. Nevertheless, it
was assumed that all present hazards contributed equally to the overall
hazard. The dynamic weight 4;; assigned to each hazard (j) and cell (i), is
defined accordingly to Equation (4):

(eq.- 4

where Nj is the number of hazards present in cell i.

Equation (4) allows that only the hazards occurring within a given
cell contributed to the final index, while maintaining the condition that
the sum of weights in each cell was equals to 1.

2.1.8.3. Scenario 3 — S3: conditional normalized weighting based on haz-
ard presence. As a third scenario, an alternative method based on the
evaluation of natural hazard interactions was adopted. In this context,
interaction matrices are key tools for identifying and describing re-
lationships between different natural hazards (Gill and Malamud, 2014;
Liu et al., 2016; Van Westen, 2017). As a starting point, the matrices
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developed by Tilloy et al. (2019) were used. These matrices were
derived from an extensive multi-hazard literature review involving 146
references. The original study analysed 14 natural hazards, divided into
three main categories (geophysical, atmospheric, and hydrological), and
considered 70 references related to interrelationship studies among
these hazards. In this study, the original matrices were adapted to reflect
the five specific hazards under consideration. This reduction was based
on the availability of authoritative, spatially consistent and officially
validated datasets at regional scale. The matrix was optimized for the
study's context, while preserving the original structure and key inter-
action types (Fig. S2).

The matrix is structured with primary hazards listed on the left
(rows) and secondary hazards along the bottom (columns). Each cell
represents the interaction from a primary to a secondary hazard,
providing details about how one hazard might influence the occurrence
of another. In more detail, four types of interactions are identified:
triggering, change conditions, non-sequential and debatable. Moreover,
the matrix also indicates the methodological basis of each identified
relationship: stochastic (S), empirical (E), mechanistic (M).

Based on this adapted matrix, fixed base weights A;” were assigned to
each hazard. In particular, the weight of each hazard was determined
through a semi-quantitative, expert-informed procedure by considering
the number and type of interactions in which it acts as a primary or
secondary hazard. Triggering and change-condition relationships were
given greater relevance than non-sequential or debatable interactions
reflecting their propensity to trigger or be triggered by other hazards.
The weights of each hazard have been established on the basis of a trial-
and-error approach by assuming that the weight sum is equal to 1.
Table 1 shows the assigned weights and the related interpretation.

Subsequently, in order to prevent that these weights do not distort
the MHI in cells where only a subset of hazards is present, a normali-
zation factor (x;) was introduced. The normalization factor x; is defined
as follows (equation (5)):

1
Xi—=—=

>4

jer

(eq. 5)

where R; the set of hazards present in cell i.

This factor ensured that the sum of weights for the hazards present in
a cell equals 1, maintaining consistency across the spatial grid. The final
normalized weight Ai,j assigned to each hazard j in cell i was then
calculated as follows (equation (6)):

Aij :/1} -X; (eq. 6)

This interaction-based dynamic weighting framework allows the
multi-hazard index to better reflect complex hazard interdependencies.
For clarity, the calculation of the S3 weighting scheme can be sum-

marized as follows: 1. Assign a fixed base weight (AJ’-) to each hazard j

Table 1

Weights and description derived from hazard interrelation matrix.
Hazard N Description
Seismic 0.35 Triggers landslides, tsunamis; affects volcanic

eruptions and floods. It is the hazard with the most
direct connections.

It can be triggered by earthquakes and precipitation;
can also cause tsunamis. It acts as both primary and
secondary hazard.

Caused by landslides or earthquakes; limited
triggering role but connected to external weather
events.

Related but localized; can cause landslides and
earthquakes but is less frequently triggered by other
hazards.

Almost always secondary, triggered by earthquakes or
underwater landslides; weak ability to trigger other
hazards.

Geomorphological ~ 0.20

Hydraulic 0.15

Volcanic 0.20

Tsunami 0.10
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based on the interaction matrix; 2. For each grid cell i, identify the subset
R; of hazard present; 3. Compute the normalization factor x; as the in-
verse of the sum of base weights of the hazards present in the cell; 4.
Derive the normalized weight 4;; for each hazard j in cell i by multiplying
the base weight /1} by the normalization factor x;. As an illustrative
example, if a grid cell contains two hazards with base weights /1} ={0.35,
0.20}, the normalization factor is x; = 1/(0.35 + 0.20) = 1/0.55. The
corresponding normalized weights are therefore 4;; = {0.64, 0.36},
ensuring that their sum equals 1. For additional clarity, a methodology
flowchart is provided in Fig. S3.

2.2. Assessing WWTP exposure to hazards and MHI methodology
validation

To assess the potential exposure of WWTP to natural hazards, the

1 M

Journal of Enviro 400 (2026) 128767

15

multi-hazard maps resulting from scenarios S1-S3 were overlaid with
the spatial distribution of such infrastructures across the study area. This
spatial analysis enabled the identification of those treatment facilities
located in the areas characterized by different levels of hazard intensity.
These records were digitized and georeferenced in a GIS environment.
Each WWTP was represented as a point element. This data set was first
intersected with the MHI map to assess the overall exposure of waste-
water treatment plants.

Furthermore, to validate the multi-hazard methodology, a targeted
selection of plants located in different hazard contexts was carried out to
validate the consistency and representativeness of the MHI. In more
detail, six WWTP located in areas historically affected by documented
natural events were selected. These included: Giardini Naxos, Mazara
del Vallo, Licata, Misterbianco, Messina and Randazzo. Fig. S4 shows the
selected WWTP and the related hazards.
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3. Results and discussion
3.1. Harmonization and spatial distribution of single hazard indicators

The initial step of the multi-hazard assessment focused on validating
the overlay procedure between the harmonized thematic hazard maps
and the analysis grid. This step was crucial to ensure the methodological
robustness of the subsequent spatial analysis. Specifically, for each cell
of the grid the individual hazard indicators were calculated according to
the methodology described in sections 2.1.5 and 2.1.6. These indicators
reflected the intensity level of the various hazards considered in this
study and served as input for the multi-hazard assessment. The resulting
spatial distribution of the indicators is illustrated in Fig. 1.

To verify the consistency of the gridded data with the original hazard
datasets, a comparative analysis was conducted. Table 2 presents, for
each hazard type, the percentage of the study area falling into each
hazard intensity class before and after the harmonization and overlay
processes. The comparison demonstrated that the harmonization and
overlay procedures have successfully preserved the relative distribution
of hazard intensities from the original maps. In fact, considering all the
hazards, any statistically significant difference was observed between
the area falling into a specific hazard intensity class before and after the
harmonization (p-value >0.05). This outcome confirmed the methodo-
logical validity of the approach. Indeed, while enabling a uniform rep-
resentation of diverse hazard layers over a common spatial framework,
the process maintained the essential statistical and spatial characteris-
tics of the original data source. Such consistency was a key prerequisite
for ensuring that the integrated multi-hazard assessment was both ac-
curate and comparable across different hazards.

To gain a better understanding about the distribution of the various
hazard indicators across the region, Table 3 presents a set of descriptive
statistics summarizing the spatial characteristics of each hazard type.

The obtained data confirmed that the Sicilian territory is simulta-
neously affected by multiple natural phenomena, each exhibiting
distinct patterns in terms of intensity and spatial variability.

Specifically, the seismic indicator showed a high mean value (0.702)
coupled with low variance (0.047) and standard deviation (0.218). This
indicated that seismic hazard was not only widespread but also uni-
formly distributed across a large part of the region. In contrast, both
geomorphological and hydraulic indicators presented low mean values
(0.133 and 0.119, respectively), while exhibiting high variances (0.358
and 0.493) and standard deviations. These metrics pointed out a highly
heterogeneous distribution, with hazard conditions concentrated in

Table 2
Comparison between original and harmonized hazard maps.
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Table 3

Descriptive statistics of the hazard indicators.
Hazard Indicator Min Max Avg Var Std Dev
Hlseismic 0 1 0.702 0.047 0.218
Hlgeomorphological 0 1 0.133 0.358 0.189
Hlhydrautic 0 1 0.119 0.493 0.222
Hlisunami 0 1 0.538 0.158 0.397
HIyoicanic 0 1 0.104 0.015 0.123

specific areas. This is typically the case of regions prone to landslides or
flash floods, where localized morphological and hydrological factors
play a crucial role.

The tsunami indicator showed a relatively high average value
(0.538), coupled with a high standard deviation (0.397), thus revealing
considerable spatial variability. This distribution aligned with the na-
ture of this phenomenon, which is limited to coastal zones but can have
significant intensity differences depending on local bathymetry and
exposure to seismic sources. Similarly, the volcanic hazard indicator had
alow mean (0.104) and low variance, thereby reflecting its geographical
confinement to a specific volcanic area, around Mount Etna.

Overall, these contrasting statistical metrics highlighted the spatial
complexity and diversity of hazard exposure in Sicily. The coexistence of
widespread hazards (e.g., seismic and tsunami) with highly localized
ones (e.g., volcanic, hydraulic and geomorphological), pointed out the
need to overcome a single hazard assessment, while moving toward a
multi-hazard approach that considers the different locations and in-
tensities of each hazard.

3.2. Evaluation of multi-hazard index adopting different weighting
scenarios

The resulting multi-hazard maps for the three analysed scenarios
(S1-S3) are shown in Fig. 2, while Table 4 reports the percentage of the
study area assigned to each hazard class in each scenario.

The approach adopted for S1, based on a uniform weighting of all
hazard indicators, produced a markedly conservative outcome. Indeed,
most of the region (94.7 %) was classified in the lowest multi-hazard
class (Class 1), with negligible representation of higher classes. This
method considered the presence of all the hazard types in every cell of
the analysis grid, regardless of their actual spatial occurrence. Specif-
ically, it assumes that all hazard types were present in every grid cell,
which may not reflect reality. As a result, this approach tended to dilute
localized high-intensity hazards, leading to an underestimation of the

Hazard Original maps Maps after harmonization Absolute difference
Hazard class Area coverage (%) Hazard indicator Area coverage (%)

Seismic Zone 1 17.210 H4 17.209 1.50 x 1073
Zone 2 71.754 H3 71.755 1.40 x 103
Zone 3 10.608 H2 10.608 2.00 x 107*
Zone 4 0.426 H1 0.426 4.00 x 1074

Geomorphological P1 13.116 H1 13.116 1.00 x 104
P2 46.318 H2 46.318 3.00 x 107*
P3 9.500 H3 9.500 3.00 x 107*
P4 31.064 H4 31.064 1.00 x 1074

Hydraulic P1 18.243 H1 18.249 5.80 x 1072
P2 29.103 H2 29.106 3.00 x 1073
P3 52.413 H3 52.424 1.07 x 1072
P4 0.239 H4 0.219 1.94 x 1072

Tsunami Orange alert level (Advisory) 21.219 H3 21.208 1.11 x 1072
Red alert level (Watch) 78.780 H4 78.791 1.11 x 1072

Volcanic p =0-0.013 99.352 H1 99.352 1.00 x 1074
p = 0.013-0.025 0.564 H2 0.564 1.00 x 107
p = 0.025-0.038 0.062 H3 0.062 5.00 x 107°
p = 0.038-0.05 0.019 H4 0.019 4.00 x 107°




M. Castiglione et al.

300000E 400000E 500000E

Journal of Environmental Management 400 (2026) 128767

300000E 400000E $500000E

(a)

4200000N

MHI
0-0.25 -
0.25-0.50

" 0.50 - 0.75

m-0.75-1

0 2 50 75 100 km
————

4100000N

4200000N

4100000\

4200000N

4100000N

A

4200000N

MHI
0-0.25
0.25-0.50

™ 0.50 - 0.75

-0.75-1

0 2 50
———

4100000N

300000E 400000E 5000006

300000E

400000E

300000F 400000F 500000F

500000E

(c)

4200000N

MHI
0-0.25
0.25-0.50

™ 0.50 - 0.75

-0.75-1

[ 25 50

4100000N

A

« -

¢
.

4200000N

4100000N

300000E

400000E

500000E

Fig. 2. Multi hazard maps for the three scenarios: (a: S1; b: S2; c: S3).

Table 4
Surface percentages for each hazard class in S1, S2, and S3.

MHI class S1 (% of area) S2 (% of area) S3 (% of area)
Class 1 94.70 0.94 0.92
Class 2 5.22 24.02 16.22
Class 3 0.08 52.29 59.74
Class 4 0 22.75 23.11

actual multi-hazard exposure in areas affected by only one or two sig-
nificant hazards. Despite this approach has the advantage of being
computationally simple and useful for preliminary or comparative
purposes, it failed to adequately reflect the spatial heterogeneity and
uneven distribution of hazard intensities across the territory.

Scenario S2 introduced a differentiated weighting strategy, whereby
hazard indicators were weighted based on their actual presence in each
grid cell. This approach resulted in a noticeable different hazard clas-
sification. Indeed, only 0.94 % of the area was classified in Class 1, while
Classes 3 and 4 (high and very high hazard) covered about 75 % of the
study area. This scenario (S2) enhanced the model's capacity to be more
locally responsive, providing a more realistic reflection of spatial vari-
ations in hazard distribution. More precisely, hazard zones previously
underrepresented, such as those affected by tsunami or volcanic activity,
became more visible in the classification. However, despite this
improvement, S2 still considered hazard indicators as independent, not
involving possible interactions or cascading effects among them. In such
a way, secondary hazards, which occurrence is strictly related to the
activation of other hazards (e.g., tsunami is a secondary hazard respect
to seismic) had the same impact of primary ones on the multi hazard
indicators. This could potentially lead to an overestimation of multi-
hazard exposure in areas where the impact of such secondary hazards

is conditional or less probable. This lack of hazard interrelation
modelling can distort the risk classification and reduce the interpretive
accuracy of the resulting maps.

This limitation was overcome by the approach adopted in S3. Spe-
cifically, the assessment was further refined by including the in-
terrelationships between hazards into the weighting strategy. This
approach considered that some hazards were not independent but might
be causally linked (e.g., tsunami hazard as a secondary effect of seismic
activity) and adjusted the contribution of each indicator accordingly.
Therefore, a more selective and spatially coherent hazard classification
was obtained. Overall, classes 3 and 4 together represent over 82 % of
the territory, with a notable dominance of Class 3. This configuration
reflects a more integrated and precautionary view of hazard exposure,
where multi-hazard interactions amplify the significance of certain
areas.

The comparison between S2 and S3 showed that most of the differ-
ences were found in MHI Classes 2 and 3, while Classes 1 and 4 remained
mostly unchanged. This was mainly due to how secondary hazards were
treated. Indeed, in S2, all hazards present in a cell of the grid were
considered separately with the same weight, even if some of them only
occur when triggered by another hazard. For example, tsunami hazards
were considered as independent to the occurrence of seismic events.
This can lead to higher hazard values. While, considering the interde-
pendence among hazards as in the S3, secondary hazards were weighted
less when their occurrence was conditional, thereby reducing their in-
fluence in cells where the triggering primary hazard was absent or of low
intensity. Consequently, some areas that were previously assigned to
MHI-Class 2 in S2 might shift to MHI-Class 3 in S3 due to the relative
increase in the contribution of primary hazards or may be reclassified
downward if the overall hazard intensity was rebalanced. As a result,
MHI-class 1 and class 4 remained largely unaffected as in such areas
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conditions of very low or very high hazard were already clear so that
changes in the weighting methods had little effect on these two extreme
classes. In contrast, the main differences among the scenarios emerged
in the intermediate classes (Class 2 and Class 3), where the weights
assigned to hazards and the way the hazards could interact can signifi-
cantly influence the final classification.

3.3. Assessing WWTPs exposure to multi-hazard conditions

Following the development of the MHI map, the analysis was
extended to evaluate the spatial relationship between the distribution of
WWTPs and the multi-hazard classification. The resulting spatial pat-
terns are illustrated in Fig. 3.

The spatial analysis showed a marked concentration of WWTPs along
coastal areas, particularly in the northwestern sector, the northeast, and
along the eastern coast (Fig. 3a). This spatial pattern reflected the
location of major urban centres along the coast, which naturally deter-
mined the site of wastewater treatment facilities near these population
hubs. Additionally, several WWTPs are distributed along the slopes of
Mount Etna, a densely populated and industrialized area despite its high
exposure to volcanic and seismic hazards. Although the central and
southern inland areas of Sicily are generally less urbanized, a non-
negligible number of WWTPs are present, confirming the wide
coverage of this type of infrastructure across the entire region.

By intersecting the spatial distribution of WWTPs with the MHI, it
was possible to assess their exposure to multiple hazard types. The ob-
tained results showed that a substantial number of WWTPs fall within
the higher risk categories of the MHI (Fig. 3b). Specifically, 58.15 % of
plants resulted located in Class 3 (high hazard) areas and 21.89 % in
Class 4 (very high hazard) zones. Therefore, nearly 80 % of the regional
WWTP infrastructures resulted potentially exposed to multi-hazard
conditions. In contrast, less than 20 % of the WWTP facilities fall in
the medium-low hazard class (Class 2) and less than 2 % in the lowest
hazard class (Class 1). This result reflected the fact that most of the
WWTP are in coastal and urban areas where multiple natural hazards
overlapped, leading to higher hazard classifications. Moreover, the
coexistence of several simultaneous hazards in the same area contrib-
uted to increase the overall exposure of WWTP infrastructures.

3.4. Validation of the multi-hazard approach through selected WWTPs

The validation of the proposed multi-hazard assessment is intended
as a consistency-based evaluation rather than as a quantitative valida-
tion against observed damage or operational failure data. Accordingly,
the validation focuses on assessing the coherence between the spatial
distribution of the MHI index and documented hazard occurrences
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affecting selected WWTPs. To evaluate the robustness and reliability of
the proposed multi-hazard methodology, the estimated MHI values ob-
tained in the three study scenarios were compared with documented
hazard contexts of a representative selection of WWTPs, based on his-
torical information on natural events that have affected the corre-
sponding territorial areas. (Fig. S4). This comparative analysis aimed to
verify the consistency between the model's hazard classifications and the
empirical evidence available for each site. Table 5 reports a comparison
for each selected WWTP between the MHI obtained by applying the
three weighting scenarios and the single HI for each hazard.

The MHI values obtained from the three scenarios showed varying
degrees of consistency with the documented hazard conditions at the
selected WWTP sites. For instance, the WWTPs in Messina and Giardini
Naxos, known for being affected by high-severity seismic and tsunami
events in the past, were consistently classified in the highest hazard
classes in scenarios 2 and 3. Indeed, their MHI values reach or exceed 0.9
in S3, highlighting their critical exposure in contexts of hazard inter-
action. This result was mainly due to the strong seismic hazard, which
represents a dominant primary hazard in this area. Additionally, there is
a significant tsunami risk (HI = 0.572), which is directly dependent on
seismic events. This combination of a high-intensity primary hazard
(earthquake) and a secondary hazard represents a synergistic interaction
between hazards, leading to particularly elevated MHI values, especially
in S§3, where such interactions were explicitly considered.

Similarly, Mazara del Vallo and Licata® WWTPs, which have expe-
rienced moderate-to-high natural events, were classified in the “mod-
erate” to “high” range across all scenarios, reflecting a balanced hazard
profile. In contrast to what previously observed for the cases of Messina
and Giardini Naxos, in this case although the tsunami hazard index was
high (0.64 and 0.97, respectively), the resulting MHI remained at
moderate or moderately high levels. This was likely because the seismic
hazard in these areas is lower (HI = 0.75 for Mazara del Vallo, 0.50 for
Licata), which reduced the likelihood of tsunami activation, since it is a
secondary hazard dependent on a seismic trigger. Moreover, other
hazards (e.g., hydraulic risk) do not reach critical levels that would
otherwise raise the MHI further.

Particularly interesting were the cases of Misterbianco and Ran-
dazzo, where less frequent but locally relevant hazards, such as land-
slides and volcanic activity, are present. In these cases, the progressive
increase in MHI from Scenario 1 to Scenario 3 demonstrated the
method's ability when hazard interrelationships were considered. For
example, the Randazzo’ WWTP, situated in an area exposed to both
volcanic and seismic hazards, was classified as “Low” in Scenario 1
because only the most dominant single hazard was considered. How-
ever, in Scenario 3, which accounted for the combined effect of multiple
interacting hazards, the classification rose to “High.” This shift better

(b)

Hazard class

% WWTPs

Fig. 3. Spatial distribution of WWTPs in Scenario 3 with classification based on the MHI: (a) map showing plant locations; (b) percentage of plants in each haz-

ard class.
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Table 5
Multi-hazard classification of selected WWTPs based on calculated HI and MHI values across three scenarios.
WWTP Hazards HI MHI MHI MHI
S1 S2 S3
Giardini Naxos Seismic 0.75 0.448 0.746 0.726
Hydraulic 0.49
Tsunami 1
MHI Class — Moderate Very high Very high
Mazara del Vallo Seismic 0.75 0.386 0.644 0.679
Hydraulic 0.54
Tsunami 0.64
MHI Class — Moderate High High
Licata Seismic 0.5 0.296 0.493 0.455
Hydraulic 0.06
Tsunami 0.97
MHI Class — Moderate Moderate Moderate
Misterbianco Seismic 0.75 0.195 0.488 0.559
Geomorphological 0.23
MHI Class — Low Moderate High
Messina Seismic 1 0.315 0.786 0.905
Tsunami 0.5725
MHI Class — Moderate Very high Very high
Randazzo Volcanic 0.25 0.20 0.50 0.568
Seismic 0.75
MHI Class — Low Moderate High

reflected the actual systemic vulnerability of the area, where the coex-
istence and potential interaction of different natural hazards signifi-
cantly increased the overall exposure.

Overall, the comparative analysis of the three scenarios highlighted
important differences in the way multi-hazard exposure is represented.
The approach adopted in Scenario 1 caused an oversimplification of the
overall multi-hazard, failing to account for the combined effect of
multiple hazards. This leads to lower or moderate classifications, even in
areas known to be exposed to significant multi-hazard threats. In
contrast, Scenario 2 resulted in an overestimation of the MHI especially
in areas where secondary hazards (e.g., tsunami) are unlikely to occur
independently of a primary trigger. Scenario 3, instead, allowed to avoid
both underestimation and overestimation, offering a more realistic
assessment. Indeed, in areas where strong earthquakes and tsunami
events have occurred (e.g., Messina and Giardini Naxos), Scenario 3
assigned very high MHI values, correctly reflecting the severity and
nature of past events. Conversely, in Mazara del Vallo and Licata, despite
high tsunami HI values, Scenario 3 provided moderate-to-high MHI
scores, accurately accounting for the moderate seismic hazard and the
conditional nature of tsunami events. The comparison between calcu-
lated MHI values and historical evidence highlights some apparent
discrepancies between exposure-based indicators and documented
events. In particular, some WWTPs classified in moderate-high MHI
classes under Scenario 3 (e.g., Mazara del Vallo and Licata) have not
experienced documented extreme events, reflecting elevated exposure.
Conversely, cases such as Randazzo show that simplified approaches
based on dominant single hazards may underestimate exposure, while
the interaction-based approach (Scenario 3) provides a more compre-
hensive representation of potential multi-hazard conditions.

Therefore, this approach can be considered a robust and reliable tool
for supporting hazard-based decisions, especially in regions where
multiple natural hazards coexist and may interact in compound or
cascading ways.

3.5. Implications, limitations, and future perspectives

This study contributes to improve the understanding and manage-
ment of natural hazards in complex territorial context such as Sicily,
where multiple threats often coexist and interact. Despite being tested in
Sicily, the proposed methodology is quite flexible and transferable to
other territories with different hazard settings and data conditions.
Overall, the proposed approach provided a tool to support

environmental planning and risk governance to cope the prescriptions of
Directive (EU) 2022/2557. From a practical standpoint, the results
could have direct implications for land-use management, civil protec-
tion, and infrastructure resilience. Specifically, based on the obtained
results authorities could prioritize interventions aimed at enhancing
operational continuity during extreme events.

The proposed multi-hazard framework is explicitly designed to
operate on officially validated hazard maps commonly adopted for
spatial planning and decision support purposes. Consequently, the
resulting multi-hazard index reflects the assumptions embedded in these
authoritative datasets. Within the multi-hazard multi-risk literature, this
study is intentionally positioned as a multi-hazard exposure assessment
rather than as a comprehensive multi-risk model. In this perspective, the
proposed framework focuses on hazard exposure and does not explicitly
consider the structural and functional vulnerability of the individual
WWTPs. Therefore, to move towards a more integrated risk assessment
and management framework, future research should focus on including
site-specific vulnerability data (e.g., plant potential, critical compo-
nents, plant design), in order to develop a multi-risk index that reflects
more accurately the potential service disruption. Moreover, the hazard
harmonization procedure adopted in this study is based on a linear
discretization approach. Although this choice ensures consistency across
different hazard types, future studies should explore alternative
normalization strategies. Additionally, the current hazard maps are
static. Indeed, these maps show the situation at a precise time and do not
reflect how hazards may change in the future. Therefore, they do not
capture long-term trends, such as those related to climate change. Pre-
dictive models that simulate how hazards might evolve over time are
advisable for the future. The results of these models could guide long-
term adaptation strategies. A further aspect to be considered relates to
the assignment of weights in Scenario 3, which in the present study
constitutes a preliminary approach. Consequently, this methodological
choice should be explored in future research. Lastly, an important future
direction is the integration of more specific uncertainty and sensitivity
analyses, aimed at evaluating the influence of input assumptions.

4. Conclusions

In this study, a comprehensive methodology for multi-hazard
assessment specifically aimed at evaluating the exposure of WWTPs to
multiple natural hazards was proposed. The methodology was validated
by using a complex territorial context like the Sicilian region in which
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many hazard coexist and interact. Three scenarios (S1-S3) testing
different weighting approaches were implemented. The interaction-
based dynamic weighting (S3) proved to be the most effective in
capturing both spatial variability and the cascading nature of natural
hazards. Indeed, S3 was most effective in accounting the hazard in-
terdependencies, offering a more realistic and spatially coherent
assessment of multi-hazard assessment. The application of the multi
hazard assessment to the Sicilian network of WWTPs revealed that
approximately 80 % of these facilities are located in areas classified as
high or very high hazard zones. Thus, underlying the need of tailoring
risk mitigation strategies and resilient infrastructure planning. However,
the current model does not incorporate infrastructure-specific vulnera-
bility factors. Therefore, future research should aim to integrate these
elements into a multi-risk framework that combines hazard, exposure
and vulnerability characteristics.
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