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Abstract

Historical landscapes in Italy have been slowly changing over the centuries and this is because their features, once fixed
into specific shapes, were perpetuated until new economic and social developments occurred. Yet, in the Alpine region,
this territorial organisation underwent sudden changes after World War Il (WW I1), resulting in a loss in population and
traditional agropastoral production in favour of skiing plants and holiday houses. Moreover, the loss of traditional knowl-
edge pertaining to environmental behaviour has resulted in the urbanisation of lands that are vulnerable to extreme
events. In turn, this has hindered sustainable urban development. Nowadays, modern mapping technologies enable the
state of the landscape to be assessed before, during, and after extreme events, the increased frequency of which may be
related to climate change. The case study examined in this paper is the flood that hit Limone Piemonte, Italy, between the
2nd and 3rd October 2020. On that occasion, an aerial survey of the affected areas was carried out using Uncrewed Aerial
Vehicles (UAV) a few weeks after the event. Spatial analyses were also performed based on very high-resolution satellite
imagery acquired a few days after the event in order to determine where to plan more detailed three-dimensional (3D)
surveys. This has enabled assessments of damages at different map scales to be performed. Thanks to the availability
of pre-event multitemporal cartographic reference datasets, it was possible to monitor the historical evolution of the
affected areas. It was possible to assess the vulnerable areas before the event, as well as to evaluate the morphological
and settlement changes after the disaster. Therefore, one of the goals of this manuscript is to demonstrate that geoin-
formation systems are among the primary technical tools used to analyse environmental and climatic alterations that
impact landscapes. Finally, a 3D model of the affected areas was produced, fulfilling another goal of the research by
providing the public administration with a sustainable and innovative tool for territorial and landscape management,
in accordance with the 11th pillar of the United Nations Sustainable Development Goals (UN SDGs).

1 Introduction

The Alpine regions of Italy are among the areas most affected by climate change, mainly due to the fragility of their
territories, which has worsened as a result of urban development over the last 80 years. Thus, the increasing inci-
dence of catastrophic events associated with water, such as floods, landslides, and droughts, has been modifying
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mountain landscapes faster than ever in recent decades [1]. In this context, Geomatics provide tools that can be used
to study landscape modifications before, during, and after these events, not only to quantify the disaster but also
to assess alterations, as the paper aims to demonstrate. The ultimate objective extended beyond merely producing
a 3D model of the affected areas. Rather, it aimed to equip public administration with a sustainable and innovative
tool for comprehensive territorial and landscape management. This initiative closely aligns with the 11th pillar of
the United Nations Sustainable Development Goals, which emphasises the creation of inclusive, safe, resilient, and
sustainable cities and communities. By integrating advanced geomatic technologies and 3D modelling, the project
sought to enhance the capacity of local governments to monitor, plan, and manage urban and rural landscapes. This
approach not only supports disaster risk reduction and recovery efforts but also promotes long-term sustainability,
ensuring that the management of land and resources is both environmentally friendly and beneficial to the wellbe-
ing of current and future generations.

Yet, it will only be possible to ensure sustainable development in the future if «disaster risk reduction (DRR) con-
tinues to be an integral part of social and economic development» [2]. In this sense, the United Nations Sustainable
Development Goal 11 (UN SDG 11) states that urban areas have the highest risk of experiencing disasters since a
high concentration of people live in such places. States are invited to implement SDG goals associated with expected
outcomes in order to overcome these events. In particular, SDG targets 11.5 advocates for reducing deaths and losses
in global gross domestic products due to disasters. In the Italian context, where landslides and floods are becoming
more common, this means improving solid national and regional territory planning by avoiding building in dangerous
areas. Even though human loss is not comparable with that of more affected countries, economic damages remain
significant [3]. Yet, a robust planning capacity means protecting cultural and natural heritage against vandalism,
wars, and, more generally, anthropic actions that reduce its value. SDG target 11.4 promotes «strengthening efforts
to protect and safeguard the world’s cultural and natural heritage» [4]. Thus, it recognises the protection of cultural
landscapes as one of the most pressing challenges faced by cities and communities.

Furthermore, SDG 13 underscores the urgent need to take immediate action to mitigate climate change and
adapt to its effects. This goal is crucial in ensuring a sustainable and resilient future for all. One component of this
goal is to strengthen resilience and adaptive capacity. In order to enhance the ability of all countries to deal with
climate-related hazards and natural disasters, especially in developing and rural areas, climate change strategies
must be integrated into national policies, strategies, and planning. It is also important to improve education and
awareness. Climate actions are mostly preventive. Geomatics, as will be shown in this article, makes it possible to
develop actions for preventing climate-related disasters, and also facilitates the monitoring and predicting of severe
changes in the territory.

The risk of natural hazards [5] is an urgent matter that has been addressed by the United Nations Educational,
Scientific, and Cultural Organization (UNESCO) since 1978, and this developed further when the UN dedicated the
decade between 1990-2000 to reducing natural disasters. UNESCO also set up the United Nations Disaster Relief
Office (UNDRO). The first objective was to define the concepts associated with the evaluation parameters (i.e., the
Risk (R, risk of losses of human lives, buildings, roads, and economic activities) resulting from a particular natural phe-
nomenon; the Hazard (H, which refers to the probability that a given instability phenomenon—potentially destruc-
tive—will occur in a specific time interval and a particular area. It is expressed as a percentage) and the Vulnerability
(V, the extent of loss produced in a specific element or group of elements at risk resulting from the occurrence of an
instability phenomenon with a given intensity. It is expressed as a percentage). The parameters mentioned above
are interrelated in the conventional formula R=H x V x E, with E corresponding to elements at risk (communities,
properties, economic activities). Now, such concepts are consolidated and taken as a reference for many different
types of disasters [6-9].

Since the 2000s, the Emergency Management Cycle (EMC) has been adopted as an essential awareness conse-
quence of dealing with risk. This cycle is organised into a five-phase approach and is intended to serve as a cyclical
process, The steps involved here are prevention (which guides government services, institutions, and non-profit
bodies in coordinating prevention potential, reducing the impact of disasters on communities), mitigation (analys-
ing disasters and related responses to support correct and efficient planning in order to provide for future events),
preparedness (which involves the development of specific emergency plans that can be used in the event of dis-
asters of different natures), response (which relates to the organisation of emergency operational centres which
are entrusted with the task of coordinating the actions of all the services and institutions involved in dealing with
emergencies) and recovery (activities aimed at restoring a normal situation for the affected populations, which are
often established in disaster areas to speed up recovery and aid recovery efforts) [10].
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In this context, researchers can refer to the second volume of the Intergovernmental Panel on Climate Change (IPCC)
Sixth Assessment Report [11], which focuses on the impacts, adaptations, and vulnerability to climate change. They can
also consult SDG 13 and its undersections. This report states that climate change is already having widespread and irre-
versible impacts on natural and human systems, from melting ice caps to more frequent extreme weather events. Certain
regions, populations, and ecosystems are particularly vulnerable to climate change, including mountain communities
and those reliant on agriculture. Therefore, adaptations are crucial in managing the current and future impacts. These
may include building resilient infrastructure, enhancing cognitive resilience, and implementing early warning systems
for extreme weather events.

The incidence of disasters, their impacts and the destructiveness associated with climate change have also led to the
adoption of the Sendai Framework for Disaster Risk Reduction (2015-2030) [12]. This framework constitutes a guideline
for institutions and governments to help them protect their territories and human communities. In Fig. 1, a diagram is
presented that offers a precise reference representing the complex economic and social processes and interconnections
between the SDGs and the Sendai Framework.

This research refers to this international framework which concerns principles at the base of action. The case study
under investigation occurred on 1st October 2020, when weather parameters between Italy, France, and the United
Kingdom (UK) produced perfect conditions for an extra-tropical storm. The following day, in the higher part of Tanaro
Valley, the weather station recorded nearly 600 mm of precipitation, which is more than 50% of the average annual
rainfall [13]. It can legitimately be said that this quantity of water involved equal or much more energy along shores
than events that had occurred in previous years (1993, 1994, 2000, and 2016). In the present case, it was so fast that the
water was not able to penetrate and percolate the soil due to landslides and rapid streams, and water dragged a quan-
tity of wooden material through riverbeds. The effects of the storm included shore erosion, building foundation erosion
along shores that resulted in their overturning, and a deposit of mud, stones, and wood in urban areas (Fig. 2). After the
disaster that took place in November 2020 and later in 2021, a three-dimensional (3D) survey campaign was carried out
by the Geomatics group of the Polytechnic of Turin. The survey covered affected areas close to Limone Piemonte, from
Vernante to the entrance of the Colle di Tenda tunnel on one side, and the skiing plants of Limonetto on the other side.
The Vermenagna torrent and some of its tributaries overflowed, causing damage to buildings and infrastructures along
the water courses for approximately 15 km. This area has been mapped and analysed using satellite data and Uncrewed
Aerial Vehicle (UAV) photogrammetry techniques (Fig. 3a, b).

The final objective of this research is to identify and validate tools to support effective urban and territory planning
and decrease disaster risk whilst also improving the quality of the alpine cultural landscape. The following section dis-
cusses the significance of understanding the history, culture, and tools to describe landscapes, focusing on Italy’s unique
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Fig. 1 The scheme shows the relations among SDG targets referred to goal 1, 11, and 13 and Sendai Framework indicators [12]
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Fig.2 almage of a flooded
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a symbol of the Limone
Piemonte 2020 flood [70]. b
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Fig. 3 a Map of the area hit from the event in a map derived from regional topographical datasets. The red lines represent the flooded sec-
tions of the Vermenagna stream and its tributaries. b Coverage of the orthophoto derived from GeoEye-1 satellite image acquired immedi-
ately afterwards the event (catalogue ID 10500500B7DD8400)

landscape challenges. It covers the historical debate, the impacts of urbanisation post-World War Il (WWII), and modern
geomatics techniques that help to assess landscapes following a disaster. Integrating technologies such as satellite
remote sensing, UAV photogrammetry, and multi-sensor mapping contributes to rapid and detailed disaster responses
and recovery efforts. The third section emphasises the importance of spatial analysis in promoting sustainable develop-
ment and disaster mitigation using techniques such as satellite remote sensing and UAV photogrammetry. It discusses
how geomatics helps to implement and carry out pre-emptive measures through historical analysis and the detection of
landscape changes. Multi-sensor surveys that are tailored to specific needs can facilitate post-disaster recovery efforts by
providing detailed 3D datasets for damage assessment. The integration of 2D and 3D data allows for both qualitative and
quantitative insights to be obtained, aiding in recovery planning by detecting changes in landscape morphology. The
fourth section outlines the application of geomatics tools designed to support the EMC phases, focusing on prevention
and preparedness, emergency response, and recovery. It utilises historical cartographic data and flood hazard scenarios
to identify vulnerable buildings. Satellite and UAV data are employed for damage assessment, with ortho-projection and
classification techniques used for image analysis. The recovery phase involves change detection strategies, comparing
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pre- and post-event elevation models to assess damage extent. This is supported by 3D geometric modelling for detailed
analysis of landscape changes and infrastructure damage. The “Results” section describes the historical development of
settlements in the Limone Valley, noting their positioning away from rivers and valleys prone to flooding. It highlights
the significant increase in the number of built-up areas since the 1960s, particularly in high flood hazard zones. The
impact of this urban expansion is evident in the extensive flooding of the Vermenagna stream and its tributaries, leading
to repeated damage to buildings and infrastructure, especially those located near riverbanks. The “Discussion” section
emphasises the importance of 3D surveying and historical map analysis in identifying flood-prone areas, aligning with
existing operational services such as the European Union Copernicus Emergency Management Service (EU CEMS). It
highlights the significance of 3D models and orthophotos in improving both the emergency response and recovery
phases, advocating for user-friendly geographical information systems (GIS) tools for data utilisation. The “Conclusion”
section highlights challenges in terrain morphology and the need for expertise in field operations. It also emphasises
the importance of sustainable landscape planning and effective disaster risk reduction efforts.

2 Background

Itis only possible to analyse a landscape when its history is known, as well as its peculiarity and how it is viewed by the
culture that built it. The first section provides insights into the landscape from the perspective of Italian culture. Then,
it is possible to assess a landscape by knowing which tools can be used to describe it. The second section reviews how
geomatics can help to assess such risks and survey a post-disaster territory.

2.1 The Alpine border: the Italian development of a transnational landscape

In Italy, the concept of landscape is much different than those of other countries. For example, part of the debate is
still linked to the concept of wilderness, expressed in the early essays on the subject written by Ralph Waldo Emerson
and Henry David Thoreau [14]. In the Italian national context, this category of interpretation is slightly applicable since
«this is the third great work of the ancients that | have seen, and still the same grandeur of conception. A second nature
made to work for social objects», as Goethe wrote in his journal ([15], p. 218). In other words, the territory has undergone
centuries-long development and collaboration between man and nature, meaning that unspoilt wild places (such as
that described in [16]) cannot be found.

The Italian landscape is so peculiar that it has a long history of debate between scholars, designers, and lawmakers [17].
Yet, under the pressure of the overwhelming economic development that occurred during the 1960s, territorial planning
tools resulted in weaker-than-normal urban modifications [18]. This resulted in differences between outstanding studies
in the academic world (e.g., [19, 20]), anachronistic urban laws by legislators [21-23], and urbanisation by speculators [24].

One bias concerned three different laws regulating landscape [25-27] and one for urban [28] planning that set uninte-
grated speeches on the same legislative object. They became a legacy of Benedetto Croce’s idealistic conception of nature
and culture, and this distinction did not allow for the integrated planning and protection of landscapes. Moreover, the
new democratic organisation of Italy, the horror of WWII, allowed the private market to build new urban areas to accom-
modate people who lost their houses during the war and improve economic growth. The issue was an undiscriminated
and undisciplined urban sprawl and destruction of natural landscape features [29].

After World War Il, the alpine valleys underwent a double alternative process: either the population declined or there
was a shift from an agropastoral economy to a loisir economy. Still, their primary income emanated from winter and/or
summer tourism [30]. The construction of new infrastructures in many valleys, such as railways or highways to ease con-
nections with France, Switzerland, and Austria, caused significant changes to the landscape. To facilitate the installation,
excavations were carried out, and the earth of the tunnels was used to create new terraces. They also facilitated this new
urbanisation, exacerbating the phenomenon that was already underway. Landscape can be defined as the shape of the
territory produced by a social organisation [31]. Thus, after the decline of traditional organisation, the urban economy
succeeded and took on a different landscape shape [32]. On the one hand, settlement shape and typologies changed,
and new residential areas invaded river shores. On the other hand, new mobility infrastructures were oversized for valleys.

On the contrary, the historical landscape has a spatial relationship with the shape of the territory, which has allowed
human settlements to have great inertia concerning changes [33]. Regarding the relationship between settlements,
urban morphology and their location in the territory, extensive literature has shown that it is possible to identify sys-
tematic logics for homogeneous areas. In other words, settlements would always be at the intersection of a specific
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geomorphological condition of the territory and terrestrial or water routes [34, 351, which is one of the key assumptions
of landscape archaeology [36].

Rather, traditional knowledge made it possible to integrate agriculture and land practices (i.e., production and care
of the landscape). The construction of terraces on the slopes, dams on the rivers, and the planting of forests in areas
prone to landslides progressed in that direction [37]. Furthermore, the construction of canals controlled excess water
and made the fields fertile. This resulted in a completely waste-free land use. From a contemporary point of view, this
territory could have been more productive, but at least it was efficient.

2.2 Geomatics’ tools for emergency survey and risk assessment. A brief review

The development of social, economic, cultural, and technological aspects over the last 80 years has changed the organisa-
tion of the territory, making it more fragile. From the perspective of sustainable development and the prevention of the
disastrous impacts of potentially calamitous events, it is necessary to specialise the processes so that both qualitative
and quantitative information regarding the shape of the landscape can be obtained. The most modern combined aerial
and terrestrial survey techniques, such as satellite remote sensing, UAV photogrammetry, and focused range-based
scanning, enable us to interpret the territory in a complex way. This will enable us to combine and cross-reference data
from heterogeneous sources whilst also conducting geoinformation data management.

In the early 2000s, innovations in the geomatics and geoinformation sectors were shared. This introduced many
relevant novelties relating to data acquisition technologies, particularly platforms and sensors (ranging from very high-
resolution optical sensors installed on satellites to image and range-based terrestrial sensors), and data processing and
management procedures. Among other things, multi-scale, multi-platform, and multi-sensor mapping technologies can
effectively support the EMC.

The first satellites to use extremely high-resolution geometric sensors were lkonos (Ground Sampling Distance—
GSD =1 m) and Quickbird (GSD=0.6 m). These were launched in the early 2000s and aroused great interest from the
institutions responsible for the protection and management of emergencies. This is because these very high spatial
resolutions have been able to transform the photointerpretation and classification of satellite images, allowing levels of
detail to be obtained that were previously impossible. Furthermore, the spectral sensitivity of the sensors outside the
visible spectrum made them suitable for semi-automatic processing aimed at deriving information that would otherwise
be undetectable and within a quick time frame, which is ideal for emergency response purposes [38].

The consequent evolution has involved the consistent use of satellites with remotely sensed data and this is thanks to
the rapidity with which data covering areas affected by disasters can be made available to end users, up to the structuring
of infrastructure data services. A relevant example to mention here is the European emergency service of the Copernicus
program, with its satellite component represented by the Copernicus Sentinels. With the CEMS service [39], the Coper-
nicus program disseminates and makes geospatial data available in the form of maps and data regarding the impacts of
the disaster in a few hours/days after the service activation request (Rapid Mapping component) and also information
that supports the risk prevention and assessment phases (Risk and Recovery Mapping component).

Although the Copernicus service has adopted the term rapid mapping for activities conducted using satellite remote
sensing, this meaning has been extended to many technologies that adopt rapid data acquisition systems and that use
sensors closer to the affected areas. This includes UAV photogrammetry and terrestrial mobile mapping systems (MIMS).
The combined use of different technologies has been confirmed to contribute significantly to enhanced documenting
of the damage, compared to just the nadiral satellite point of view [40, 41].

The integration of different technologies is considered to be effective and advantageous, both in emergency responses,
immediately after the disaster, and in the emergency recovery phase. The latter requires more information refinements than
the first response and substantially corresponds to the research described in this paper. UAV photogrammetry is now being
increasingly adopted to address the critical issues associated with timeliness and high spatial resolution requirements, to
add oblique images to the nadiral perspective, and ultimately to limit the permanence of operators in risk areas as much as
possible [42, 43]. Photogrammetric data processing workflows that are based on structure-from-motion (SfM) and multi-view
stereo (MVS) algorithms are being refined to provide effective support to requests for rapid damage documentation, risk
assessments, and usability in sites affected by disasters, as well as the rapid processing and sharing of operational data [44,
45]. UAVs that are equipped with on-board Global Navigation Satellite System (GNSS) sensors have increasingly demonstrated
their crucial role in facilitating remote observations of the site, planning rescue operations, collecting qualitative data, and
generating metric products such as orthophotos and digital surface models (DSMs) at a very large scale. These DSMs can
be used to derive 3D models that possess high-resolution textures and accuracy, even down to a few centimetres [46]. The
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impacts of a better GSD in better-discriminating damage levels to affected buildings have also been demonstrated since the
separation between minor and significant damage grades is only possible when images containing a GSD of approximately
0.1 m are available [47].

Moreover, to reduce the need for topographic measurements on the ground, which lengthens the time needed to acquire
the data required to control the final results (which can be critical in rapid mapping emergency scenarios), studies examining
the possibility of improving the performance of inertial measurement unit (IMU) platforms and on-board GNSS receivers
typically adopt direct photogrammetry approaches [48, 49]. An example here is the real-time estimation (RTK—Real Time
Kinematik) of the position of images or adopting a post-processing approach (PPK, Post Processing Kinematik) [50].

Itis important to highlight that it is not only optical sensors in the visible part of the spectrum that can be effectively
used in the emergency mapping domain but also multispectral sensors that are sensitive to the infrared sections of the
spectrum. UAV multispectral sensors [51] are generally limited to the Near-InfraRed (NIR) section of the electromagnetic
spectrum. By contrast, satellite sensors cover a more comprehensive range (including short-wave infrared bands), pro-
viding a higher spectral resolution. Multispectral imagery increases the capability of discriminating different spectral
signatures and, consequently, the thematic accuracy of the derived information. More specifically, it is possible to (semi)
automatically classify optical images to assign a cluster of pixels to a specific information class (e.g., flooded areas [52],
burnt areas [53], affected buildings) and, in emergency response applications, to estimate damage levels whenever pos-
sible. Pixel-oriented, object-based, and unsupervised or supervised classification algorithms can be applied, depending
primarily on the images’ spatial resolution. Nevertheless, deep-learning classification algorithms based on convolutional
neural networks (CNN) are being increasingly employed in emergency mapping to perform semantic segmentation on
both satellite images [54] and UAV photogrammetric datasets (in the latter case, possibly exploiting the related point
cloud [55]).

Active radar sensors can also be exploited in the emergency mapping domain, especially to overcome the intrinsic
limitations of passive optical sensors (i.e., the non-usability of images in the presence of cloud coverage), which is espe-
cially relevant to flood events in tropical areas. Synthetic Aperture Radar (SAR) sensors can automatically and effectively
identify flooded areas and monitor the evolution of flooding events [56].

Regardless of the sensors, platform, and scale employed, the identification of the main affected areas and damage
to infrastructures is based on multitemporal analyses in most response applications. This typically involves comparing
the situation before and after the event. For example, in the case of flooding, the availability of the pre-event data ena-
bles authorities to clearly distinguish between flooded areas and average water areas [57]. Generally speaking, change
detection algorithms can be applied to identify changes that have occurred between two epochs and at global and
local scales, which supports different phases of the EMC. Furthermore, different algorithms can be applied to different
types of geospatial data, exploiting consolidated approaches and cutting-edge solutions based on artificial intelligence
methods [58]. When high-density and high-precision DSMs (in the form of point clouds) are available, multi-temporal
change detection can be conducted to detect even millimetre-level changes, which is extremely beneficial in evaluating
post-event damages (e.g., for structural building analyses in case of earthquakes) [59, 60]. Moreover, the pre-event data-
set also plays a critical role in ensuring preparedness and response activities. Guidelines, best practices, and regulations
are also important in supporting and encouraging these pre-event mapping activities, prioritising areas at higher risk,
protected areas and cultural heritage sites. A number of emergency mapping applications based on the geospatial data
mentioned above are now being operationally adopted around the world. This is evident in the recommended practices
shared in the Knowledge Portal of the United Nations Office for Outer Space Affairs (UN-SPIDER) [61].

3 Material and methodology

When pursuing sustainable development and mitigating potential calamities, it is imperative to spatially analyse relevant
processes in order to yield qualitative and quantitative insights into landscape morphology. Leveraging contemporary
techniques such as satellite remote sensing, UAV photogrammetry, and focused range-based scanning facilitates the
acquisition of a nuanced interpretation of the terrain by integrating diverse data sources, thereby encompassing geo-
information data management (Fig. 4).

According to the EMC, the first step in responding to an emergency is to prevent the emergency or prepare for it in
advance. Geomatics can enable researchers to collect and analyse previous surveys and maps in order to make compari-
sons and detect changes over time. The first approach highlights the historical depth of the landscape. Meanwhile, the
first step in studying landscape is to assign dates and signs and establish meaningful historical thresholds [62]. From a
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semiology perspective, signs can be defined as any objects from which clues, inferences, or knowledge that is conven-
tionally assumed to represent something can be drawn, and traces refer to visible or even intangible signs that serve
as documents, testimonies, echoes, or memories of a fact, situation, or condition. For example, the presence of ancient
country chapels and paths in now inaccessible areas—objects that are difficult to interpret in the context of contemporary
territorial organisations—reveal a history that needs to be reconstructed. The meaningful historical delimitation is not
arbitrary but rather derives from the research questions and themes. Spatial analyses and related analytical comparisons
(Sect. 4) of data obtained from cartographic sources related to the threshold made it possible to determine when today’s
buildings were constructed. The use of photos, paintings, engravings, and other similar media when depicting landscape
features adds tangible meaning to the signs found on historical maps. As an intermediate product, a multi-temporal
map depicting the evolution of the urban fabric can be created. Using this as a starting point, a first qualitative analysis
allows us to establish constants in settlement patterns by describing urban morphologies. Once georeferenced data
are obtained, quantitative information can be acquired, which is necessary to identify any buildings that are possibly
involved or vulnerable to damages from the flood event.

To support the emergency recovery phase, multi-sensor and multi-scale geomatics surveys have been carried out.
This is because the choice of the sensors and nominal map scale was tailored to suit the specific needs of each area of
interest. The planned workflow aligned with consolidated approaches from experiences and literature, the references
of which are presented in Sect. 2.2. Firstly, a small-scale analysis based on satellite images was used to identify hot
spots. Secondly, more accurate UAV photogrammetric flights that facilitate very high spatial resolutions (GSD up to
a few centimetres) of the main affected areas can be used to assess damages to buildings and infrastructures. Subse-
quently, a series of high-resolution terrestrial range surveys can be performed to provide a more detailed 3D dataset
pertaining to the network infrastructure. In turn, this increases the thematic accuracy of the damage assessment.

Fig.4 Flowchart of the prevention and preparedness
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While the first analysis and processing of satellite data were designed to identify the areas most affected by the
flood event based on 2D products (e.g., image classification and visual interpretation), the following analyses are
primarily based on 3D data (or 2.5D derivative products), since UAV photogrammetry facilitates the extraction of 3D
information in the form of point clouds. Therefore, it is possible to gain insights into the damaged areas and conduct
an impact assessment of the landscape. The first emergency mapping effort was qualitatively based on operator
skills and experience in recognising soil classes. At the same time, the latter, with a better ground resolution, is help-
ful for developing a recovery plan.

Detecting changes is crucial for the EMC recovery phase. Firstly, differences in elevation can be analysed to identify
areas that suffered damage during the flood event. Secondly, a series of sections along the valley can better represent
differences between pre-and post-event conditions.

4 Case study: flood events in north-western Italy

Surveys and analyses were carried out after the disastrous flood event that occurred on 2nd October 2020. The fol-
lowing section attempts to concretely apply support to the EMC using geomatics tools, providing the research with
a robust structure.

4.1 Prevention and preparedness

The literature review identifies three significant historical phases when studying the relationship between settle-
ments and natural hazards in the Limone Valley. It is also important to highlight the relationship to the Sect. 2.1.
The time frame identified for Limone Piemonte also applies to many other valleys in the Alpine arc and the Italian
Apennines. The first phase corresponds to the years up to the post-WW Il period. Reference Cartography was identi-
fied as a reference map produced by the Istituto Geografico Militare (Military Geographical Institute) in 1960. This
was presented in raster format at a map scale of 1:25000 (Geoportale Nazionale). The contemporary period was
divided into two phases from the 1960s to the present day. For the period between 1960 and 1990, the Carta Tecnica
Regionale Numerica (CTRN) updated to vector format in 1991 at a scale of 1:10000 (Geoportale Piemonte, 2020) was
used, while the Base Dati Territoriale di Riferimento degli Enti 2019 (BDTRE) was the topographical multiscale dataset
archive used to study development over the last 30 years [63]. The BDTRE was used as the reference data, to which a
semantic attribute was added to indicate the year of the source and, thus, the presence of the buildings in the area
on that date. By managing the reprojection of the reference systems used in the different epochs for the different
cartographic products, it was possible to highlight the buildings already present in 1960 and 1995 using the most
recent dataset (Fig. 5a) [64].

In Fig. 5a, the built-up areas have been divided according to the period of occurrence in the cartographic sources.
Additionally, some data from the Flood Risk Management Plan, established by the European Directive 2007/60/EC
[65], was used to map and identify buildings vulnerable to experiencing a possible flood event. In particular, datasets
of flood event hazard scenarios were used to create the map presented in Fig. 6. Furthermore, a GIS environment
could be established using the slope raster dataset as a base map. These portions of land could be affected by flood-
ing and have been labelled as having a high, medium, or low probability of water disaster events. According to which
built-up surfaces in Limone Piemonte insist on areas of known flood hazard, a series of graphs (see Fig. 7a—f) presents
information pertaining to the surfaces and percentages of buildings classified according to the construction period,
which is compared to the cross-reference probability of being exposed to flooding (NULL probability is presented in
grey, medium probability in orange, and high probability in red).

4.2 Emergency response
4.2.1 Analysis of spaceborne images classification

The multi-spectral satellite image used was acquired by the GeoEye-1 satellite at an off-nadir angle of 23.3°, consist-
ing of three spectral bands in the visible range of the electromagnetic spectrum (red, green, blue) and one in the NIR
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a)

b) Valle Vermenagna - (Cunes) - Limonetto = Panorema,

c)

Fig. 5 a Excerpt map showing the evolution of the built environment according to the triple time frame (before 1960, building develop-
ment between 1961 and 1991, building development and sprawl between 1991 and 2019), original scale datasets 1:10,000 and 1:25,000
[64]; b The top photo shows the village of Limonetto in 1920, in a concentrated core along a ridge, with a small valley with alluvial deposit
material behind it, consolidated with a forest. Above the hamlet and on the other side of the valley are cultivated fields ([68], p. 42). ¢ In the
photo below, the southern slope is cultivated with terraced fields. Trees between the fields help consolidate the land, as well as mark the
property line. On the northern slope are white spruce trees ([68], p. 43)

part, with a nominal GSD of 0.5 m. This acquisition was made on 5th October, 2020 at 10:27 Coordinated Universal
Time (UTC), three days after the flood event. This is because there were better atmospheric conditions (minimal cloud
cover over the affected area). The satellite data were a second-level product, thus already radiometrically corrected.
However, further geometric corrections, such as ortho-projection, needed to be properly georeferenced.

To carry out this operation, the 2011 Digital Elevation Model (DEM) made available by the Piedmont Region
geoportal was employed as the terrain model. This model is characterised by a geometric resolution of 5 m and an
altimetric accuracy that varies from 0.3 m to 0.6 m, depending on the characteristics of the territory (flat and regular
areas have a better accuracy). As for the Ground Control Points (GCPs) and Check points (CPs), these were acquired
with about 5 cm accuracy during a survey campaign through a network real time kinematic (NRTK) approach. Thus,
GNSS receivers were connected to the national network of permanent GNSS stations. Image ortho-projection was
performed using ArcGlIS Pro software via a non-parametric method, namely rational polynomial coefficients.

The next step was a value-added information extraction process that resulted from three primary operations, namely
image segmentation, analytical clustering, and supervised classification. The output of each operation is the input for
subsequent operations, where the goal is to produce a map that represents the different thematic information classes.
Training forests, buildings, riverbeds, meadows, buildings, and breakdowns, which are the most sensitive areas for distress
assessment. By checking the preliminary results, multiple classes representing a single entity (i.e., the same category of
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shaded and unshaded surface) were merged. Subsequently, the classification results were further refined. First, the edges
of the class boundaries were smoothed (since the classification is based on raster data). Then the image was filtered using
tools that assign isolated regions consisting of a few (or single) pixels) to the spatially adjacent thematic class.

Figure 8 presents the results of the semi-automatic classification. It is evident from this figure that photointerpretations
have a considerable advantage when it comes to estimating damage (potentially by comparison with pre-event data),
which is considerably more time-consuming and must be carried out manually by image analysts. With regard to thematic
accuracy, a manual classification (considered as ground truth) of the buildings and breakdown classes was compared
with the automatic classification in two test areas. The result was positive for the breakdown class and the non-densely
built-up test area (correspondence of correctly classified damaged surface around 80%, false positives approximately
20%). The automatic classification for the building class proved to be less satisfactory, particularly in the more densely
built test area, which is affected by shaded areas (although the correspondence of correctly classified surfaces stood at
89%, and false positives were 45% in one case and 60% in the other).

4.2.2 Integrated 3D survey from UAV photogrammetry

Starting in November 2020, UAV photogrammetric surveys were conducted to promote damage documentation and
related water supply restoration activities in the Limone Piemonte and Vernante municipalities located along the
Vermenagna River. The flights were thus designed to cover the entire area shown in Fig. 3a and the sectors presented
in Figs. 9 and 10, with a buffer strip of on average 80 m along the river and State Road No. 20, in order to produce
ortho-imagery and DSM products with accuracy suitable for a 1:500 nominal map scale (expected precision of final
products below 10 cm and accuracy lower than 20 cm (at 95% probability). A DJI Phantom 4 RTK UAV platform was
employed. This platform is equipped with a 20-Mpixel resolution complementary metal-oxide-semiconductor
(CMOS) sensor and a multi-frequency and multi-constellation RTK GNSS receiver. An in-depth examination of the
positional accuracies of the 3D was also conducted based on different image orientation strategies. The findings
confirm that, if an RTK-enabled platform and an appropriate workflow are followed, the use of ground control
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Fig.7 a Summary graph of the built-up area on the ground for the periods considered (percentages of the total built-up area as at 2019).
b Summary graphs of built-up areas exposed to different hazard level of flooding events for the time periods considered. ¢ Built-up areas
exposed to different classes of probability of a flood event compared to the total. D—f Periods of built-up area development for each expo-
sure class to a flood even (graphs created by the authors)

points (GCPs) does not significantly improve the overall positional accuracy [23]. This is also due to the integrated
use of nadiral and oblique poses, which make the bundle adjustment of the photogrammetric process more robust
[67]. The process ultimately reduced the time required to ensure acquisition compliance using the rapid mapping
approach (Figs. 9 and 10). To conclude the topic of mapping via UAV photogrammetry, Table 1 compares the qual-
ity parameters of flights processed in standard mode (i.e., with the aid of GCPs) and a flight oriented via direct
georeferencing.

The UAV image acquisitions were combined with higher-resolution terrestrial surveys of hotspots to monitor
infrastructures that are as important as they are fragile (an example of a comparison between different resolution
aerial products can be seen in Fig. 11). In order to facilitate more accurate documentation of damages, an articulated
series of laser scans using a Cam2 Focus3D Terrestrial Laser Scanner was acquired in the area of the collapsed park-
ing lot and bridge in Limone Piemonte (via Cuneo). A photogrammetric flight at the altitude of about 20 m above
the ground from DJI Mini Mavic micro-drone was also planned in this area to obtain orthophotos and DSMs with
very high accuracy and resolution using a multiscale survey strategy (Fig. 12). These data were employed after the
event in the Limone Piemonte Municipality to restore destroyed bridges and roads.

4.3 Recovery
4.3.1 3D Models and change detection analysis

After this process has been performed, information regarding the extent of the disaster is clear. Firstly, to assess the
damage that occurred during the event in more depth, a change detection strategy can be employed, which involves
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Fig.8 a Land use classes have been derived from an automatic classification of satellite orthoimages, with an estimated scale close to
1:1000. In the resulting map, rivers are depicted in blue, forests in dark green, meadows in light green, buildings in purple, and flood and
landslide disruptions in orange. The estimated planimetric accuracy is approximately 1 m. ([59], p. 65). b, c The graphs show the accuracy of
the classification for the “instability” and “build-up areas” classes (graphs created by the authors)

identifying changes that occur on the land or built heritage using automatic approaches. In this case, the analysis was
based on 2.5 D surfaces. Therefore, comparing the pre-event DEM by the Piedmont Region with the DSM generated
by the UAV photogrammetric process is helpful. As mentioned above, they have different features (i.e., resolution
and accuracy) due to different final scales and primary purposes.

The elevation comparison was performed in the GIS environment through a subtraction operation between the
two elevation models. In other words, the DEM was subtracted from the DSM (Fig. 13a, b). This operation results in
positive values for buildings and vegetation, and negative values for eroded surfaces. The final product is a map on
which areas with lower elevations than the conditions recorded before the event are represented in gradations from
yellow to red. These represent part of the territory where damage has occurred.

After analysing the textured 3D geometric mode derived from the photogrammetric process, creating architec-
tural scale section profiles, and projecting representations on vertical planes, this change in the landscape becomes
even more evident. A textured 3D geometric model was derived from the photogrammetric process using a drone
to acquire images and a survey of GCP. Sections at a scale of 1:100 (Fig. 14a, b, and ¢; and Fig. 153, b, c) were created
on the post-event DSM (accuracy 0.05m) and the DTM (accuracy 0.60m), representing the pre-event conditions.
Subsequently, they were combined so that comparisons could be made between the two investigated cases. These
products, characterised by geometric resolution and centimetre accuracy, quantify the significant changes suffered
by the land and the extensive damage caused to the built environment.

5 Results
Before 1960, buildings were clustered in well-defined cores, and routes were halfway from the river. From Vernante

to Limone Piemonte, the borgate (an Italian name for hamlets) are located at the intersection between this route
and small streams: Tetti Salet, Tetti Mariné, and Tetti Mezzavia. Going in a southerly direction from Limone Piemonte
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Fig.9 aThe area of the center of Limone Piemonte and the area directly downstream have been mapped through 7 different flights, mosai-
cked in the orthophoto shown. The map also highlights the measurement of GCPs which were observed with the ground-based GNSS RTK
technique to validate the on-board RTK strategy (map created by the authors). b the map representing the tiled orthophotos of the munici-
pality of Vernante demonstrates how the flights coverage was planned both based on the flight time ability of the UAV, but also, and in
some cases above all, based on the morphology of the valley (map created by the authors)

to the highest borgata in the valley, all cores are located at the intersection between the halfway route and the
ridge line, starting with Limone Piemonte itself, Tetti Mecci, and Limonetto. All of these cores are distant from the
river and also from the base of the small valleys, which are loaded with snow in winter, and rain in spring and fall.
As documented in some historical photos (Fig. 5b, and ¢ [68]), incoherent deposit materials accumulated in these
valleys, but were consolidated through planting and managing forests. After World War I, new settlements were
built in the Paleoalveum of the Vermegnana River (Fig. 16), which is now partially lithified with control works (such
as levees and barriers) when not silting watercourses in tunnels. This development also has changed the soil type in
the area: there are no longer meadows but rather artificial impermeable materials.

As presented in Fig. 7, there was a significant increase in land area between the 1960s and 2019, indicating that the
land area occupied by built-up areas has more than tripled during this timeframe. This fig. is quite interesting, even
considering the ground surface area alone. Between the 80s and 90s, new buildings (including hotels and residences)
settled on a multi-store building typology of up to 8 -10 floors above ground. Thus, the fig. is quite impressive.

The graph for Fig. 7 shows the percentages of built-up areas on grounds exposed to flood hazard in comparison
to the total. Moreover, it shows that 2.5% of the built-up area is exposed to a medium flood probability, while 10%
is exposed to a high flood probability. In the graph of Fig. 7, the built-up areas have been separated based on the
period of occurrence in the cartographic sources. This graph also shows the probabilities (in percentages) of being
exposed to flooding (low, medium, high). It is evident that the city has developed a number of high flood-hazard
areas since the 1960s. Interestingly, more than 58% of the medium probability zones (representing 2.5% of the entire
ground area) were constructed after 1961 (49.5% + 8.4%). The built-up areas exposed to high probability turned out
to be 10% of the total, and, of those, more than 85% were occupied after 1961.
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Fig. 10 a DSM of the same area, showing also the sewer pipeline whose path has been derived from the cadastral map in order to contrib-
ute to the correct plan of UAV flights (map created by the authors). b Mosaic of UAV orthophotos in the area reaching 1400m a.s.l. Here, the
valley is divided into two parts: to the west, the Limonetto valley with the ski plants largely damaged, and to the east the Rio Panice valley,
also with a village damaged by the flooding of the same name stream (map created by the authors)

Table 1 Comparison among Flying altitude  GSD (cm/pixel) GCPsRMSE  Cps RMSE (cm)
accuracy values represented

m cm
by RMSE in flights processed (m) (em)
using a standard approach Area 1 87 4.40 1.53 4.00
and direct georeferencing, Area 2 95 237 1.60 2.49
enabling to save time
acquisition Area3 117 2.91 2.98 6.60
Ares 4 120 3.04 3.51 7.36
Area limone centre (direct 108 2.97 253 4.69

georeferencing)

A quick visual inspection of the satellite classifications in Fig. 8 highlights the extensive areas of flooding around the
Vermenagna stream and its tributaries, confirming that the damage to buildings and infrastructures was concentrated
on extremely vulnerable areas, exactly as predicted on the flood hazard map. The roads abutting the river are located
in a highly vulnerable area, and repeated damage over time has rendered its recovery unsustainable. The entire road
network is at a high risk of experiencing disruption, while the most damaged or wholly destroyed buildings are located
near the riverbanks. This results in different soil and a widening of the riverbed.
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Fig. 11 Qualitative compari-
son between GeoEye-1 satel-
lite orthophotos (a) and drone
orthophotos (created by the
authors). b over a damaged
Limonetto area

Fig. 12 a and b respectively orthophoto and DSM derived from a very low altitude UAV photogrammetric flight (resolution 2.6 cm/pixel,
points density: 0.148 points /cm.?); c and d respectively LIiDAR point cloud and textured 3D (created by the authors)
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Fig. 13 a Elevation difference between elevation models: Post-event—pre-event (Limonetto); b Elevation difference between elevation
models: Post-event—pre-event (Tetti Mecci) [59]

6 Discussion

The 3D surveying activities carried out to document and map the post-flood situation in the area of Limone Piemonte,
combined with the analysis of the evolution of built-up area based on historical technical maps, highlight areas of
recent urban development (in the 1960s-1990s, especially after the 1990s) that have a high risk of damage in the case
of flooding. This outcome highlights the importance of the preparedness phase, enabling us to predict the areas that
are at risk for specific hazards and facilitating more sustainable development of Alpine territories in accordance with
the 11th pillar of SDGs.

The proposed methodology aligns with the one adopted by existing operational services (such as the Mapping
component of the EU CEMS), with one module specifically focusing on the response phase after the event and one
focusing on risk and recovery mapping before the event. With regard to the response phase, CEMS is now adopting
a multi-platform and multi-scale approach, as highlighted in this paper. In other words, a wide-area, satellite-based
damage analysis was performed to identify and map hotspots in more detail using UAV photogrammetric acquisi-
tions. Both techniques have been found to be suitable for delineating the damages in affected areas during the first
response phase and for performing in-depth analyses that are necessary for evaluating the extent of the damage.
In turn, this enhances efforts to protect and preserve cultural and natural heritage in alpine areas (SDG target 11.4).

Moreover, 3D models (in the form of point clouds or DSMs) and orthophotos are vital products in the emergency
response and recovery phases, demonstrating their intrinsic sustainability and usefulness for different applications.
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Fig. 14 a 3D textured geo- a)
metric model of the Limon-
etto area (21/06/2021) and
section lines; b Section AA,
original scale 1:200; in gray is
the post-flood land in section,
the still existing volumes

are in light green while the
destroyed volumes are in
dark green and light gray,

the eroded land is in yellow;

c Section BB, original scale
1:200 [59]
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The availability of dense geospatial information that represents the new configuration of the post-disaster landscape
can be critical for effectively managing the landscape itself. In fact, it is both a crucial knowledge source for the new
arrangement of natural and anthropic elements related to landscape and a key tool in feeding operational tools
for the public administration bodies. This process is conducted in accordance with SDG 13, as this goal focuses on
combatting climate change and its impacts by promoting mechanisms that raise the capacity for effective climate
change-related planning and management.

Data usability is one of the most significant issues related to the products derived from geomatic acquisition
techniques and connected geoinformation processing. This is both due to the weight of the files and the need for
users to have the software and skills required for visualisation and management at their disposal. This reasoning
also pushes researchers to develop adequate and readily available tools that can be used to increase the diffusion
and correct use of data in the direction of user-oriented webGIS solutions, or even a digital AMS (asset management
system) platform [69]. In the post-emergency documentation case of Limone Piemonte, the recipients were the
province water management society (ACDA—Azienda Cuneese dell’Acqua) and the municipality. Here, the archive of
documents delivered included the orthophotos and DSMs of all areas, which were created using different resolutions
to ensure that the corresponding products were used in a more versatile way. The orthophotos were designed with
resolutions (GSD) equal to 3, 6, and 12 cm, while the DSMs had resolutions equal to 6, 12, and 24 cm.

In 2020 (and the first months of 2021), when local authorities were busy restoring the usability of roads and infra-
structures, the COVID-19 pandemic made free mobility incredibly difficult (in fact, this mountain area remained free
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Fig. 15 a Comparison of
textured 3D model derived
from images acquired during
the event (05/10/2020) on the
left with post-event 3D model
(21/06/2021) on the right;

b Section BB; original scale
1:200; in gray is the post-flood
land in section, the still exist-
ing volumes are in light green
while the destroyed volumes
are in dark green and light
gray, the eroded land is in
yellow; ¢ Section AA; original
scale 1:200 [59] b)
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from the contagion until before the flood, which brought many rescue and civil protection teams to these areas, which
brought in the COVID-19 virus). When displayed in a GIS environment, the availability of orthophotos and DSM archives
can allow new sewer pipe routes to be designed without further inspections or, at most, reducing them to a minimum.
This opportunity has been facilitated through online sharing with ACDA technicians.

GIS tools enable us to evaluate the exact positioning of the pipeline for excavation, allowing us to check both the
planimetric position on orthophotos and the trend of the section profile produced on the DSM, both of which are derived
by processing from UAV data. The images presented in Fig. 17 a, b, ¢, and d illustrate the phases involved in extracting
a section profile operated on the DSM once the exact planimetric position has been identified under the control of the
high-resolution orthophoto (3 cm).

The road section profiles that are enriched by retaining walls, small walls, bridges, buildings, road crossings, and
maintenance holes are combined with many elevation points. The usual technical preparations that the construction
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Fig. 16 Limone Piemonte
Municipality in 1901 (Istituto
Geografico Militare, scale
1:25000). By isolating some
elements of settlement form,
it is possible to identify the
historical logic of spatial
construction. In dark blue the
Vermegnana River, in light
blue the minor streams, in
dark brown the valley route, in
light brown the halfway route,
in dark red the major cores, in
light red the minor cores (map
compiled by the authors)
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company carrying out the restoration must have at its disposal. The availability of DSMs and orthophotos with an accuracy
and resolution from which the drawings can be derived is undoubtedly an innovation because it reduces (or sometimes
even eliminates) the need to carry out additional surveys in the field. Thus, it certainly proves to be a sustainable aspect

of recovery.
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Fig. 17 a Generation of the section profiles operated on the DSM by UAV photogrammetry and displayed on the screen in relation to the
orthophotos b) Generation of additional section profiles, drawn in a direction perpendicular to the road to evaluate the possible burial of
the pipeline near the crossing of secondary watercourses c) Overview of the section profiles developed along a section of the main road
no. 20. d Contents of a typical table: planimetric layout overlapped on orthophotos and DSM, section extracted in a GIS environment and
edited in Autocad (created by the authors)

7 Conclusion

With regard to the transferability of the methodology employed in this work (primarily in terms of different land-
scapes and geographical areas), the terrain morphology is the most significant factor that needs to be considered.
It can be difficult to perform some activities in the area (e.g., UAV flight planning and the availability (and quality)
of mobile phone signal coverage to receive RTK GNSS corrections required for direct georeferencing strategies) due
to steep mountain areas and narrow valleys. Despite the existence of numerous technical solutions for such critical
areas (vertical take-off and landing fixed-wing UAVs, and the use of PPK GNSS post-processing algorithms rather than
RTK positioning), the expertise required by the operators in the field is higher and requires an additional investment
in training and hardware solutions. This may be considered a limitation associated with the employed technologies.
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Added-value products can be produced with different technical specifications (i.e., level of detail, positional accuracy,
2D, 3D or 4D (multi-temporal)). Depending on the specifications, they can be exploited for different purposes and to
support different phases of the EMC.

Focusing on assessing the flood impact on the landscape, the post-event products show specific patterns in the dete-
rioration of the landscape, ranging from water bodies to a territorial organisation incapable of absorbing and recovering
from traumatic events in a short time. Citizens must realise that creating ideal landscape conditions is a gradual process
that requires thorough planning. In other words, this helps to promote inclusive and sustainable urbanisation whilst also
strengthening the capacity for participatory, integrated, and sustainable human settlement planning and management
in all countries, as stipulated in SDG 11.

The recovery phase often takes a long time due to the time needed to maintain or regenerate the urban fabric after
experiencing damaged infrastructures, pipelines and/or sewer systems. Thus, the possibility to sustainably document
and map the affected areas is an effective tool that can be used by the public bodies in charge of the recovery activities.

From the broader perspective of disaster risk reduction at this point in history, numerous tools are available. These
include conceptual tools designed through landscape history and theory to facilitate landscape protection, regional
governance tools (i.e., the Regional Landscape Plan, in Italian Piano Paesaggistico Regionale), and monitoring and assess-
ment tools (i.e., the tools presented in this paper). The fragility of the territory highlights the need to adhere strictly to
established protection measures (SDG target 13.2). However, the synergistic potential of the aforementioned tools is not
being further exploited at present, which results in less effective disaster risk reduction efforts.
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