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Abstract: Tacobucci G., Ruscitto V., Delchiaro M., Troiani F., Della Seta M., Piacentini D., The contribution of Geomorphology on climate services: recent
developments on the assessment of climate-impact indicators in the frame of the PNRR RETURN project. (IT ISSN 0391-9838, 2025). As part of Italy’s Nation-
al Recovery and Resilience Plan (PNRR), the Extended Partnership RETURN (multi-Risk sciEnce for resilienT commUnities undeR a changiNg climate)
aims at strengthening advancing research chains on climate-related environmental risks, to enforce the key competences, the technological and knowledge
transfer, and to strengthen Italian governance in managing them. According to the National System for Environment Protection SNPA (2021), a climate
impact indicator describes the consequences of climate variability on ecological, social, and economic functions, as well as on human and animal health. In
this perspective, the present research intends to discern the climate-impact indicators for different natural sectors (mountainous and hilly, alluvial plain,
and coastal environments). The Geomorphology Group of Sapienza University of Rome contributed to the project focusing on three specific indicators: 1)
landslide frequency and distribution (mountainous and hilly environments); ii) river channel bankfull variations (alluvial plain environment); iii) shoreline
position and morphology (coastal environment). In mountainous and hilly sectors, landslides serve as key geomorphic indicators of climate change. Chang-
es in rainfall regime as well as the snow cover variability can influence landslide occurrence. Rainfall acts both as a preparatory factor, gradually saturating
soil layers, and as a triggering factor, rapidly initiating failures during high-intensity events. Meanwhile, variability in snow accumulation and melting
influences pore water pressures in soil and contributes to slope failure during critical periods of thaw. In the alluvial plain sector, the confinement index —
defined as the ratio between the active channel (bankfull) and the floodplain width - can be considered as one of the most representative climate-impact
indicators capable of recording the climate change impact, specifically through changes in rainfall regime and related discharge variations. Finally, in the
coastal sector, shoreline position and its morphological variations are recognized as a key indicator for coastal zones, since its configuration is constantly
evolving due to both natural factors (e.g., waves, sea level fluctuations, tides, wind, and currents) and anthropogenic forcing.
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Riassunto: Tacobucci G., Ruscitto V., Delchiaro M., Troiani F., Della Seta M., Piacentini D., I/ contributo della Geomorfologia ai servizi climatici: sviluppi
recenti nella valutazione degli indicatori di impatto climatico nell' ambito del progetto PNRR RETURN. (IT ISSN 0391-9838, 2025). Nell’ambito del Piano
Nazionale di Ripresa e Resilienza (PNRR), la Partnership Estesa RETURN (#zulti-Risk sciEnce for resilienT commUnities undeR a changiNg climate) st
propone di rafforzare e sviluppare le catene di ricerca sui rischi ambientali legati al clima, con l'obiettivo di consolidare le competenze chiave, favorire
il trasferimento tecnologico e di conoscenze, e potenziare la governance italiana nella loro gestione. Secondo il Sistema Nazionale per la Protezione
dell’Ambiente (SNPA, 2021), un indicatore di impatto climatico descrive le conseguenze della variabilita climatica sulle funzioni ecologiche, sociali ed
economiche, nonché sulla salute umana e animale. In questa prospettiva, la presente ricerca intende individuare gli indicatori di impatto climatico per
differenti settori naturali (montuosi e collinari, pianura alluvionale e ambienti costieri). Il Gruppo di Geomorfologia della Sapienza Universita di Roma
ha contribuito al progetto concentrandosi su tre indicatori specifici: i) frequenza e distribuzione delle frane (ambienti montuosi e collinari); ii) varia-
zioni della sezione idraulica del canale attivo fluviale o bankfull (pianura alluvionale); iii) posizione e morfologia della linea di riva (ambienti costieri).
Negli ambiti montuosi e collinari, le frane rappresentano indicatori geomorfologici chiave del cambiamento climatico. Le modifiche nei regimi di
precipitazione, cosi come la variabilita del manto nevoso, possono influenzarne 'occorrenza. Le precipitazioni agiscono sia come fattore preparatorio,
saturando progressivamente il suolo, sia come fattore innescante, attivando rapidamente i movimenti di massa durante eventi di alta intensita. Parallela-
mente, la variabilita nell’accumulo e nello scioglimento della neve influenza le pressioni interstiziali nel terreno, contribuendo all’innesco di instabilita
durante i periodi critici di disgelo. Nel settore di pianura alluvionale, I’indice di confinamento — definito come il rapporto tra I'alveo attivo (bankfull)
P’ampiezza della pianura alluvionale — pud essere considerato uno degli indicatori di impatto climatico piti rappresentativi, capace di registrare gli effetti
dei cambiamenti climatici in particolare attraverso le variazioni dei regimi pluviometrici e delle relative portate fluviali. Infine, nel settore costiero, la
posizione della linea di riva e le sue variazioni morfologiche sono riconosciute come un indicatore chiave per le zone costiere, poiché la sua configurazio-
ne & in costante evoluzione sotto I’effetto sia di fattori naturali (onde, fluttuazioni del livello del mare, maree, vento e correnti), sia di forzanti antropiche.
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INTRODUCTION

As part of the National Recovery and Resilience Plan
(PNRR) [talia Domani, the Extended Partnership PE3
- RETURN is committed to strengthening national re-
search capacity on environmental, natural, and anthro-
pogenic risks, while enhancing participation in European
and global strategic value chains. The RETURN initiative
contributes to consolidating key competencies, promoting
technological and knowledge transfer, and engaging public
administrations, stakeholders, and the private sector.

The primary scientific objectives of RETURN are to:

i) advance knowledge of environmental, natural, and an-
thropogenic risks, particularly in relation to climate
change;

ii) improve prevention, adaptation, and mitigation strate-
gies;

iii) develop new methodologies and technologies for risk
monitoring;

iv) promote more effective use of data, products, and ser-
vices;

v) strengthen the link between research and actionable
outputs.

The PE3 RETURN is structured into four Vertical
Spokes (VS), each dedicated to specific risk categories:
i) VS1: Water-related risks; i) VS2: Ground instabilities;
iii) VS3: Earthquakes and volcanoes; iv) VS4: Environmen-
tal degradation. It also includes three Transversal Spokes
(TS), addressing the impact of risks on populations, build-
ings, and critical infrastructure, and supporting mitiga-
tion through citizen engagement before, during, and af-
ter disasters: i) TS1: Urban and metropolitan settlements;
if) TS2: Multi-risk resilience of critical infrastructures;
iii) TS3: Community resilience to risks. A Diagonal Spoke
(DS) focuses on climate change as the overarching driver of
many hazards — such as floods and landslides — providing
cross-sectoral coordination.
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To identify specific climate- and weather-related haz-
ards, the DS has defined climate-impact indicators tai-
lored to natural systems, as referenced in the SNPA Report
(2021). Climatic-impact is defined (IPCC, 2023) as the effect
on natural and human systems caused by extreme mete-
orological and climatic events or ongoing climate change
within a given timeframe. A climate indicator serves to
describe climate patterns and their evolution over time,
supporting the understanding of the causes behind the
climatic impact. In turn, climate-impact indicators describe
how the effects of climate variability induced changes in
ecological, social, and economic functions, as well as in
human and animal health. In the frame of the RETURN
project, the joint initiative Adopt an Indicator has been
crucial in identifying the most significant climate-impact
indicators for predicting extreme geomorphic events across
various natural environments, under a changing climate.
The purpose of this work is to highlight the contribution of
geomorphology and current methodological approaches in
assessing geomorphic indicators of climate change across
mountainous and hilly (separated by the 600 m a.s.l. mark-
er), alluvial plain, and coastal environments (fig. 1).

MOUNTAIN AND HILL ENVIRONMENTS

Mountain and hilly landscapes are among the most dy-
namic geomorphic systems on Earth and are particularly
sensitive to changes in climatic conditions. The assessment
of climate change impacts on these environments represents
a significant scientific and societal challenge (e.g., Alvioli ez
al., 2018; TPCC, 2023). In these sectors, geomorphology pro-
vides critical insight into the detection and interpretation of
climate-sensitive landscape changes. Of particular impor-
tance are landslides, which serve as key geomorphic indi-
cators of climate change. The latest landslide classifications
went deep into the mass wasting processes and the proper-

Figure 1 - Schematic representation of
the impacts (green) associated to each
variable (light orange) and natural geo-
morphic environments (orange).



ties of involved geomaterials, thus contributing significantly
to the detection of predisposing, preparatory and triggering
factors for landslides (Hungr ez al., 2013). These processes
vary in style, ranging from flows and slides to topples and
falls, and often occur in combination, evolving over time
and space. Beyond shaping the physical landscape, land-
slides pose severe threats to infrastructure and human
life (Petley, 2012). Slope stability is influenced by a suite of
environmental and anthropogenic factors, including pre-
cipitation intensity and frequency, snowmelt, temperature
fluctuations, seismic activity, and land use changes. Among
these, climate and its variability are pivotal, particularly in
regulating precipitation and temperature regimes (e.g., Cro-
zier, 2010; see fig. 2). Two key climate-related variables af-
fecting slope stability are snow cover and rainfall patterns.
Variability in snow accumulation and melting influences
pore water pressures in soils and contributes to slope fail-
ure during critical periods of thaw. Rainfall, on the other
hand, acts both as a preparatory factor, gradually saturating
soil layers, and a triggering factor, rapidly initiating failures
during high-intensity events (Popescu, 2002). Interactions
with other drivers such as wildfires, vegetation loss, or
earthquakes further complicate the picture and must be in-
tegrated into comprehensive climate-landslide assessments.

Nevertheless, our understanding of how climate vari-
ability and change influence landslide activity remains
limited and uncertain (Dijkstra and Dixon, 2010). While
advances in climate modeling allow for increasingly reli-
able projections of temperature and precipitation patterns
(Giorgi and Lionello, 2008; Ciccarelli et al., 2008; IPCC,
2023), the translation of these outputs into predictions of
slope behavior, landslide frequency, and hazard dynamics
is far from straightforward (Gariano and Guzzetti, 2016;
Gariano et al., 2017).

Methodological approaches

To investigate the effects of climate change on landslide
activity in mountain and hilly environments, researchers
have adopted modelling, empirical, or combined approach-
es. These approaches differ in spatial and temporal scales,
data requirements, and their capacity to incorporate future
climate scenarios.

The modelling approach focuses on simulating varia-
tions in slope stability driven by forecasted climatic chang-
es, especially rainfall and pore water pressure, derived from
downscaled outputs of global climate models (Fowler ez al,
2007). These synthetic climate series are then used as inputs
for physically-based, statistical, or regional slope stability
models. Gariano and Guzzetti (2016, and reference therein)
reveal that a common limitation is that the calibration peri-
od, based on observed data, is often much shorter than the
projection period, potentially undermining the reliability of
future forecasts (e.g., Coe, 2012; Gassner et al., 2015).

In contrast, the empirical approach is rooted in the
analysis of historical or paleo-environmental records of
landslide occurrences, aiming to identify correlations with
climatic variables such as temperature and precipitation.
This approach can be subdivided into two main types:

e The historical empirical approach compares landslide
inventories with climatic records spanning decades to
centuries. These studies often focus on detecting recent
trends and anomalies in landslide occurrence relative to
climate fluctuations.

e The paleo-environmental empirical approach recon-
structs landslide histories over millennial timescales,
using stratigraphic, geomorphic, or sedimentological
evidence to identify periods of heightened or reduced
landslide activity. These studies, covering the Last Gla-
cial Maximum to the Holocene (from ~40,000 BP to
the 20th century), provide long-term baselines for un-
derstanding the impact of past climatic transitions.
The spatial extent of the studies also varies significantly.

Most model-based approaches are conducted at the local

scale, often focusing on individual slopes or single land-

slide sites (e.g., Buma and Dehn, 1998; Dehn and Buma,

1999; Comegna et al., 2013). Only some studies have ex-

panded to assess populations of landslides in homogeneous

geomorphological areas (Jakob and Lambert, 2009; Chang
and Chiang, 2011; Ciabatta ez a/., 2016). On the other hand,
empirical approaches typically operate at regional scales

(e.g., Fischer et al., 2013; Polemio and Petrucci, 2010; Wood

et al., 2016; Brunetti et al., 2025). More recently, integrated

approaches have emerged that incorporate future climate
projections into regional-scale assessments of landslide
susceptibility and hazard, including applications in early
warning systems (e.g., Piciullo et al., 2018; Guzzetti et al.,

2020).

Overall, the current body of research underscores the
need for improved integration of geomorphological data,
climate projections, and multi-scale modeling to enhance
our understanding of landslide responses to climate
change in mountain and hilly systems. This integration
is essential for developing effective mitigation and adap-
tation strategies tailored to these sensitive and high-risk
environments.

ALLUVIAL PLAIN ENVIRONMENT

The alluvial plain sector is extremely receptive to
changes in environmental variables, in particular changes
in rainfall regime and consequential discharge variations
and sediment transport. Notably, there is a clear connection
between changes in climate conditions and flood occur-
rence (Bloschl et al., 2019). Publications investigating com-
paratively the river trends in the last decades reported the
occurrence of a series of major floods in Europe (Ulbrich
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et al., 2003; Hannaford and Marsh, 2008, Pinskwar et a/.,
2012, Kundzewicz et al., 2013) and Italy (Montanari, 2012).
Extreme precipitation events will become more intense and
frequent by the end of the century (TPCC, 2023), indicating
an increased likelihood of major flood events in the future.
The physical causes of flood regime changes in the river
system can be grouped into different categories of drivers,
among which are river training, hydraulic structures and
sediment trapping (Surian and Rinaldi, 2003; Luppichini ez
al., 2024). Those drivers affect river morphology and asso-
ciated water level, discharge and river channel vegetation,
influencing the flood wave propagation (Hall ez a/., 2014).

Analyzing river morphology is therefore fundamental for
flood prediction. Moreover, geomorphic features identifica-
tion is essential for understanding the relationship between
suchnaturalprocessesandtheassociatedriskstohumansafety.
By the use of Digital Terrain Models (DTMs) geomorphic
features can be identified and river morphology analyzed.
Among floodplain features, the confinement index, as the
ratio between the active channel width (also called bank-
full width) and the floodplain width, can be considered the
most representative climate-impact indicator. The semi-au-
tomatic extraction of this parameter can be a considerable
ally in the definition of the impact of climate change on the
alluvial plain sector.

Methodological approaches

The term ‘bankfull’ refers to the water level (also called
stage) that approximates the elevation above the thalweg
and the associated width at which the water surface is at
a condition of incipient flooding (Williams, 1978). Corre-
spondingly, bankfull discharge is regarded as the chan-
nel-forming or effective discharge (e.g., Phillips ez a/., 2022),
with a recurrence interval of about 1.5 years (Wolman and
Leopold, 1957; Wolman and Miller, 1960). Bankfull chan-
nel stage and discharge serve as consistent morphological
indices, which can be related to the formation, mainte-
nance, and dimensions of the channel under the modern
climatic regime (Rosgen, 1997). Different methodologies
are employed for extracting the bankfull stage that can
be classified into the following groups (Keast and Ellison,
2022): 1) qualitative field observations ii) hydrological mod-
elling, and iii) geometric terrain classification.

e The first group involves on-field identification of bank-
full indicators, represented by a collection of distinct
and consistent geomorphic features that align to the wa-
ter surface elevation at the time of field study (Schumm,
1960; McCandless, 2003; Lee and Choi, 2018). While
this approach offers detail and precision, especially if
paired with the use of geodetic instruments, it is ex-
pensive and time-consuming, making it unsuitable
for broad-scale applications across extensive river net-
works.

¢ The hydrological modelling approach comprehends
various techniques including stage-discharge curves,
that describe river discharge as a function of water-sur-
face elevation, and numerical simulations (e.g., HEC-

RAS; Eidmann and Gallen, 2023; Soil and Water As-

sessment Tool SWAT, Douglas-Mankin ez al., 2010),

that enable the reconstruction of bankfull channel stage

and discharge, starting from a LiDAR (Light Detection
and Ranging) DTM of the stream area. In the HEC-

RAS method (Brunner, 1995) the one-dimensional (1D)

Steady Flow hydraulic model allows users to intervene

in the initial stages, specifically in the delineation of the

stream and banks, to ultimately obtain the bankfull
discharge and stage. Implementing this methodology
requires advanced expertise in specialized software, as
well as access to data describing key riverbed character-
istics (e.g., roughness and grain size), which are often
difficult to measure accurately.

¢ Geometric terrain classification techniques use mea-
surable morphological parameters to derive a variety
of fluvial indicators. In the case of the bankfull stage,
this approach identifies morphological inflection points
along the river’s cross-sectional profile to delineate the
bankfull geometry, enabling reproducible and objective
assessments.

Among these different approaches, Delchiaro ez al.
(2025) implement the geometric terrain classification
method within the BankfullMapper tool, developed in
MATLAB. This tool is designed to remotely extract from
high-resolution DTMs the bankfull geometry along river
channels and adjacent floodplains, with a particular focus
on semi-confined channels, where it supports the estima-
tion of bankfull discharge and the analysis of morpholog-
ical dynamics. This underscores its potential for monitor-
ing spatial and temporal changes in bankfull conditions.
By tracing cross-sections transversal to the river centerline,
the tool computes the hydraulic depth of the river at 10 cm
increments from the thalweg, delineating profiles relative
to each section (fig. 3). Breakpoints in channel morphol-
ogy (that can be associated with potential bankfull stag-
es) are indicated by the peaks in the profiles. By selecting
the peaks (see fig. 4), the bankfull elevation correspondent
to each section is extracted, together with the area and
perimeter of the channel. This semi-automated method-
ology effectively extracts riverbank geometry (see fig. 5)
and can also estimate the associated bankfull discharge
with high accuracy, with the application of Manning’s
equation (Manning, 1904) from the extracted geometry.
The results are scalable, adaptable insights into river mor-
phology, also requiring, however, careful consideration in
areas affected by human activities or complex terrain. Fu-
ture improvements — such as enhanced field validation and
parameter tuning — will further refine the precision of the
tool and broaden its applicability.
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COASTAL ENVIRONMENT

Nowadays, approximately 40% of the world’s popula-
tion resides in coastal regions (United Nation 2007; Pang
et al., 2023), where population density and economic pres-
sures have significantly increased in recent decades. These
areas are among the most sensitive and dynamic environ-
ments on Earth, and are particularly vulnerable to coast-
al erosion and shoreline retreat. Such vulnerabilities are
worsened by the combined effects of global climate change
and increasing human pressures, which are deeply altering
natural coastal processes (Aucelli ez al., 2018; Alves et al.
2020; Pang et al., 2023). Climate change is intensifying the
frequency and severity of extreme weather events, modi-
fying sea\oceanic and atmospheric circulation patterns,
accelerating sea-level rise, increasing acidification, and al-
tering sediment transport dynamics (Pang ez al., 2023). As
a result, coastal morphodynamics are constantly shaped by
complex interactions among atmospheric, marine, terrestri-
al, and anthropogenic drivers (Chowdhury ez al,, 2023), and
coastal morphological responses to these can be summa-
rized into erosion, stabilization, and accretion (Zhang and
Arlinghaus, 2022). Moreover, the recent warnings issued by
the IPCC on the impacts of sea-level rise (Oppenheimer ez
al., 2019) must be incorporated into assessments of coast-
al vulnerability and flood hazard. These evaluations are
crucial especially in the light of the increasing rate of the
shoreline retreat, which poses an important threat to both
natural systems and human settlements in low-lying coastal
zones (Antonioli et al., 2017).

Indeed, among coastal features, the shoreline can be
considered as a key climate-impact indicator, receiving
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Figure 3 - Example of the hydraulic depth
function application on a transverse river pro-
file. Every 10 cm (dZ) from the thalweg ele-
vation the hydraulic depth is computed as the
area-width ratio. The peaks are highlighted in
green and red.

attention due to its sensitivity to both natural processes
and human influences (French and Burningham, 2009;
Jackson et al., 2013; Mastronuzzi et al., 2017). Given that
coastal zones are among the most intensively developed
and inhabited areas globally, the accelerating occurrence
of coastal hazards - such as shoreline erosion, coastal flood-
ing, and storm surges - poses a growing threat, particularly
in regions where residential areas, critical infrastructure,
and economic activities are exposed to risk. Understanding
shoreline dynamics is therefore essential for deciphering
the complex interactions between natural processes and
anthropogenic influences. Shoreline position and change
are influenced by multiple factors, including sediment
supply, wave energy, storm activity, and land-use practices.
Continuous monitoring is crucial for detecting spatial and
temporal changes, and for mitigating the geomorphological
and ecological impacts of coastal hazards (Ojala ez al., 2013;
Le Cozannet et al., 2014; Castelle et al., 2021; Palanisamy ez
al., 2024).

Methodological approaches

Several studies have presented how coastal changes vary
globally, essentially through different tools and method-
ologies (e.g., cartography, aerial photos, differential GPS,
drones, satellite imagery, in-situ data collection) (Vos et al.,
2023; Luppichini and Bini, 2025).

Remote sensing is a powerful and cost-effective ap-
proach for observing and analyzing Earth’s surface (Iaco-
bucci et al., 2020). It is widely acknowledged as an effective
tool for shoreline extraction and monitoring (Gomezo-Pa-
zo et al., 2019; Quang et al., 2021, Torre et al., 2025).



Figure 4 - Outputs of the peaks extracted from the hydraulic depth profiles traced on the Tesino River (Marche, Italy) test site. In (a) section number
vs. peak elevation above thalweg, with contour lines showing the density probability from which the most probable peak elevation (red line) is extract-
ed; in (b) section number vs. peak flow width; in (c) section number vs. peak flow area; in (d) section number vs. peak hydraulic depth. The red lines
correspond to the y-axis variable computed considering for elevation parameter the most probable peak elevation.

Figure 5 - Map view of the bankfull elevation
extracted from the high resolution DTM of
the Tesino River test site. Coordinate system:
WGS84 UTM33N (EPSG: 32633).
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Figure 6 - Examples of multispectral indices, such as NDVI (a) and NDW1 (b), applied to two case studies conducted within the RETURN Project. In
(a) we adopt the NDVI for detecting the limit of the top cliff in Tor Caldara Natural Reserve (Latium Region), using the optical imagery of PlanetScope,
with WGS84 UTM 33N coordinate system (Torre ez al., 2025). In (b) we show the reclassification of NDWI for automatically extracting the instan-
taneous waterlines from Torvaianica (To) and the Natural Reserve of Tor Caldara (TC), using Landsat 5 imagery, with WGS84 UTM 33N coordinate
system (Tacobucci ef al., 2025). In (c) and (d), the black arrows point at the instantaneous waterline, while the blue arrows indicate the mean high water
level along the coastal sector in Torvaianica area (southern Latium). The photos are acquired in April 2025 by Authors.
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Optical and multispectral imagery are suitable for in-
dex- and threshold-based techniques for mapping the
shoreline position and change over time (Dike et a/., 2023).
However, their effectiveness is often compromised by en-
vironmental factors such as cloud cover, haze, snow, ice,
and sun glint. To address these limitations, various in-
dex- and threshold-based methods have been developed,
including NDVI (Normalized Difference of Water Index),
NDWI (Normalized Difference of Water Index), MNDWI
(Modified Normalized Difference of Water Index), TCW
(Tasselled Cap Wetness), and AWEI (Automated Water
Extraction Index), each aiming to distinguish land from
water in different conditions (fig. 6). For example, missions
such as Landsat and Sentinel 2 are extensively used due to
their free accessibility and ability to identify water surfaces
through suitable spectral bands and moderate spatial reso-
lution (Sunder et al., 2017, Quang et al., 2021; McAllister et
al., 2022; Tacobucci et al., 2025).

Similarly, synthetic-aperture radar (SAR) imagery has
been widely applied to shoreline detection and image
analysis, due to its weather-independent, day-and-night
imaging capability (Zhu e al., 2021; Shamsaie and Gh-
aderi, 2025). Methods like edge detection, threshold-
ing-based, region-based segmentation, and object-based
image analysis show varying levels of accuracy, with some
achieving positional accuracies of few tens of meters
(Ciecholewski, 2024). Validation was often performed us-
ing in situ data or digital elevation models, revealing that
while many techniques are simple and robust, challenges
remain, especially with single-polarization SAR images
producing discontinuous shorelines (Dike ez a/., 2023 and
reference therein).

In-situ data enables the direct measurement of a wide
range of environmental parameters, offering accurate and
real-time insights into ecosystem conditions. This type of
data is essential for detecting temporal changes and trends,
and it supports physics-based, real-time ecosystem model-
ling (Lee et al., 2022). Additionally, in-situ measurements
serve a critical role in validating remote sensing data by
providing ground-truth information to assess its accura-
cy. Furthermore, in-situ data enhances machine learning
applications by supplying training datasets, enabling accu-
racy validation, and addressing challenges related to data
heterogeneity (Elmes ez al., 2020).

Finally, empirical and numerical modeling approaches
are often supported by physical experiments and validated
using in-situ or remotely sensed observations. The accuracy
of these simulations is strongly influenced by the underly-
ing model framework, the inclusion of key hydrodynamic
processes — such as wind shear, wave forces, wave transfor-
mation (e.g., breaking, shoaling, diffraction, transmission),
and tidal dynamics — as well as the spatial and temporal
resolution of the application. Recent advances in compu-
tational technologies have facilitated the development and

application of a wide range of numerical methods, includ-
ing the finite element method, finite difference method,
boundary element method, and Eulerian—Lagrangian
method (Chowdhury ez /., 2023 and reference therein).
Nevertheless, model performance remains highly sensitive
to the specification of open boundary conditions, param-
eterization choices, and the numerical schemes adopted
(Martin et al., 2018).

DISCUSSION

This research presents the state of art on the climate-im-
pact indicators adopted in the framework of the PNRR
RETURN project, among those treated in the SNPA 2021
framework, that also include non-natural contexts. The se-
lection of climate-impact indicators within the RETURN
project goes beyond the availability or pre-existing adop-
tion as in the SNPA 2021 framework, and it is based on their
representability of the cause-effect relationships between
climate drivers and measurable geomorphological respons-
es in different physical environments (mountains and hills,
fluvial and coastal). It is worth noting that across all natu-
ral geomorphic sectors presented here, the integration of
multi-source data is essential for enhancing the reliability
and applicability of the climate-impact indicators. Howev-
er, these indicators serve as critical tools for filling the gap
between scientific research and actionable climate services,
especially in the context of Italy’s PNRR. Moreover, the in-
tegrated use of multiple indicators provides greater clarity
and robustness in the assessment of the geomorphological
responses to climate change, especially when considering
different temporal and spatial scales.

This study highlights the crucial role of geomorpholo-
gy in advancing climate services through the identification
and characterization of climate-impact indicators across
different geomorphic systems (i.e., mountainous and hilly
sectors, alluvial plains, and coastal areas). The findings
demonstrate how the geomorphic indicators are effective
in detecting the physical consequences of climate variabil-
ity, as well as essential in risk management and adaptation
strategies.

In mountainous and hilly sectors, landslides result as
key indicators due to their sensitivity to changes in rain-
fall regime and snow cover (Gariano and Guzzetti, 2016).
Despite both modeling and empirical approaches offering
insights into climate-induced slope instability, accurate
forecasting of landslide occurrence is still challenging.
Therefore, the integration of high-resolution climate data,
geomorphological mapping, and temporal landslide inven-
tories is essential for improving early warning systems and
hazard assessments.

In alluvial plain environments, the confinement index
is one of the most suitable indicators for describing the

67



hydrological and sedimentological response of the river
channel to climate changes (Ruiz-Villanueva et al., 2023;
Scorpio et al., 2024). The development and application of
semi-automated tools such as BankfullMapper (Delchiaro
et al., 2025) enable the extraction of morphological pa-
rameters from high-resolution DTMs, providing scalable
and reproducible assessments of river behavior. Howev-
er, further efforts are required to validate these methods
across diverse geomorphic and anthropogenic settings
and to enhance their application in flood prediction mod-
els.

Coastal areas, as highly dynamic and densely populated
zones, are increasingly vulnerable to climate-related haz-
ards (Antonioli et a/., 2017; He and Silliman, 2019). There-
fore, the reconstruction of shoreline position and morphol-
ogy over decades is a key indicator of both natural and
anthropogenic pressures. Remote sensing methodologies,
integrated with in-situ data and numerical models, enable
effective shoreline monitoring. Nevertheless, environmen-
tal constraints (e.g, cloud cover, tidal influences) and tech-
nical limitations (e.g., single-polarization SAR discontinu-
ities) still present obstacles to shoreline detection (Tsiakos
and Chalkias, 2023; Ciecholewski, 2024). Ongoing devel-
opment of multisensor approaches and machine learning
algorithms certainly improve the spatial and temporal res-
olution of coastal monitoring.

Despite the advances highlighted in this research, several
critical gaps remain for further investigation to improve the
operational relevance of the climate-impact indicators. First,
the poor availability of standardized protocols for combin-
ing and validating heterogeneous datasets, such as remote
sensing, field surveys, and modelled outputs, limiting the
replicability of the indicators across different geographical
contexts (Crespi ef al., 2024). Second, the temporal resolu-
tion and historical depth of many indicators are still insuffi-
cient for deciphering long-term trends and extreme events,
limiting especially early warning systems and the climate
impact models calibration (Gariano and Guzzetti., 2016).
Moreover, while tools like BankfullMapper and satellite-de-
rived shorelines mapping platforms are promising, their
validation across different morpho-climatic contexts and
anthropogenic settings is still incomplete (Surian e a/., 2016;
Scorpio et al., 2022; Delchiaro et al., 2025).

Therefore, future research should prioritize: i) the har-
monization of indicator frameworks at national and Euro-
pean levels to support transregional comparisons (EEA,
2020); ii) the integration of climate scenarios and socio-eco-
nomic data to move from impact detection to vulnerability
and risk assessment (IPCC, 2023).

By addressing these gaps, climate-impact indicators can
evolve from diagnostic tools into proactive instruments for
climate adaptation, enabling geomorphology to play a cen-
tral role in shaping resilient landscapes under the pressures
of a changing climate.
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CONCLUSIONS

In order to strengthen the competence and knowledge
on climate-related environmental risks, several climate-im-
pact indicators are adopted by RETURN Project, following
the SNPA report (2021) for their distinction and definition.
Building on this classification, the present work illustrates
how geomorphological analysis provides an essential lens
for the identification and understanding of climate-impact
indicators in mountainous, hilly, alluvial plain and coastal
environments.

Specifically, the main outputs can be summarized as
follows:
® Mountain and hill sector: unravelling changes in land-

slide occurrence due to extreme precipitation events re-

quires a geomorphological perspective for reconstructing
and interpreting past and ongoing landslide processes
through modelling, empirical, or combined approaches.

e Alluvial plain: bankfull width variations deliver import-
ant details on how the confinement index parameter
changes with time, particularly in response to extreme
events driven by climate change. This parameter can be
extracted with a range of methodologies, encompassing
qualitative observations, hydrological modeling and geo-
metric terrain classification. Our contribution in geomet-
ric terrain classification delivers a novel and rapid meth-
odology to assess the confinement index, contributing to
enhance and simplify already available methodologies.

e Coastal areas: shoreline position and morphology is
detectable through multiple remote sensing and field-
based approaches, whose geomorphological interpreta-
tion is essential for deciphering the response of coastal
processes to climate change.

Geomorphology provides a valuable framework for de-
tecting, interpreting, and forecasting the impacts of climate
change. Future research should focus on standardizing
methodologies, improving data accessibility and interoper-
ability, and fostering interdisciplinary collaboration to sup-
port evidence-based decision-making in climate adaptation
and risk reduction strategies.
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