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 A B S T R A C T

This study aims to reconstruct and analyze shoreline evolution along the highly urbanized Emilia-Romagna 
coast (Italy) over the period 1984–2023 using satellite-derived shorelines. Landsat and Sentinel-2 imagery were 
processed with the CoastSat toolbox, and shoreline positions were corrected for tide and wave setup before 
deriving yearly averages from 2,200 transects. While the spatial resolution of yearly-averaged SDS is lower than 
that of conventional techniques, this approach enables, for the first time in this region, the reconstruction of 
shoreline dynamics as a continuous time series spanning interannual to multi-decadal scales. Results highlight 
substantial spatial and temporal variability across the shoreline, driven by the interplay of natural processes 
and anthropogenic interventions such as coastal defenses, repeated nourishments, and sediment extraction. 
Despite ongoing sea-level rise and subsidence, most of the coast exhibits stability or net advancement, largely 
maintained through human interventions. The resulting dataset provides one of the most temporally extensive 
records of shoreline variability for the Emilia-Romagna coast and represents a valid basis for future monitoring 
and coastal management.
1. Introduction

Sandy shorelines, covering roughly one-third of the Earth’s ice-free 
coastline (Luijendijk et al., 2018), are among the most dynamic and 
ecologically significant environments (Schlacher et al., 2007; Castelle 
and Masselink, 2023). They serve as natural buffers against increas-
ingly frequent and intense storms (Arkema et al., 2013), while pro-
viding critical socio-economic benefits, including tourism, recreation, 
and coastal ecosystem services (Martínez et al., 2007; Ghermandi and 
Nunes, 2013). However, climate change, rising sea levels, and declining 
sediment supply are accelerating coastal erosion, posing severe envi-
ronmental and socioeconomic challenges (Syvitski et al., 2022; IPCC, 
2023). These impacts threaten both developed and developing regions, 
affecting coastal settlements, infrastructure, and livelihoods (Alexan-
drakis et al., 2015).

The shoreline, defined as the intersection of sea and land surfaces, is 
a key indicator of coastal change, with its position and evolution closely 
tied to the interaction of multiple Earth system components (IPCC, 
2023). The analysis of shoreline variability and trends provides a funda-
mental basis for effective coastal management and protection design, as 
it enables the assessment of climate change-related drivers influencing 
coastline evolution and future projections (Toimil et al., 2020). How-
ever, the shoreline is inherently a time-dependent (dynamic) feature 
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governed by the interaction of non-linear processes operating across 
multiple temporal and spatial scales, increasing uncertainty in future 
coastal hazard assessments (Barnard et al., 2019). At decadal and multi-
decadal scales, sediment supply and redistribution (i.e., alongshore 
gradients in longshore transport), relative sea-level change, climate-
related factors, and anthropogenic impacts are the main drivers of 
shoreline changes (Zhang et al., 2004; Mentaschi et al., 2018).

Due to this dynamic nature, a range of coastal monitoring tech-
niques exists, each with differing levels of applicability and accu-
racy (Boak and Turner, 2005; Castelle et al., 2021; Vecchi et al., 2021). 
Traditional approaches include GNSS-RTK surveys, aerial photography, 
and, more recently, LiDAR surveys, which can provide very high-
resolution three-dimensional reconstructions of coastal changes over 
the past decades. However, these methods often have limited tempo-
ral or spatial coverage, and continuous multi-decadal records remain 
scarce, primarily due to practical and methodological constraints. In 
this context, satellite-derived coastal imagery has emerged as a valuable 
complement to in situ and airborne observations, offering consistent 
data coverage since the mid-1980s and enabling shoreline analysis 
across both short-term (daily to interannual) and long-term (decadal 
to multi-decadal) scales (Turner et al., 2021).

Shoreline detection along sandy coastlines has been applied, for 
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instance, to monitor repeated nourishments and estimate their effects, 
evaluate the impact of stormy periods, and assess long-term shoreline 
trends and interannual variability (Luijendijk et al., 2018; Turner et al., 
2021; Castelle et al., 2021, 2024; Vos et al., 2023a; Almar et al., 2023). 
Over recent decades, satellite missions like Landsat and Sentinel-2 have 
played a crucial role in providing consistent and multi-decadal shore-
line datasets. Landsat imagery, available since the launch of Landsat 5 
in 1984, offers global coverage with a spatial resolution of 30 m for 
multispectral bands and 15 m for the panchromatic band in Landsat 7, 
8, and 9. Sentinel-2, operational since 2015, provides a higher spatial 
resolution of 10 m for visible and near-infrared bands and a global 
revisit time of 5 days since 2017. In some applications, pansharpen-
ing techniques have been used to enhance the spatial resolution of 
Landsat multispectral imagery by fusing it with the higher-resolution 
panchromatic band Zhang et al. (2023). These advancements in satellite 
imagery now enable the generation of time series of satellite-derived 
shorelines (SDS), offering multi-decadal records of variability, trends, 
and changes with a cross-shore accuracy of approximately 10 m on 
microtidal beaches (Bishop-Taylor et al., 2019; Vos et al., 2019a; 
Cuttler et al., 2020). This capability is crucial for long-term coastal 
monitoring and management, particularly at the local scale (e.g., from 
tens of kilometers down to hundreds of meters), where the continuous 
interplay between anthropogenic and natural factors adds complexity 
to coastal evolution.

From an operational perspective, different proxies can be used 
to represent the shoreline, including the wet/dry line, vegetation 
line, high-water line, or geomorphic features such as dune and cliff 
toes (Boak and Turner, 2005). Each proxy has specific advantages and 
limitations, depending on the scale of analysis and the data available. 
In the context of satellite-derived approaches, the sand–water limit is 
the most widely adopted indicator, owing to its strong spectral contrast; 
however, it presents some intrinsic limitations. In particular, the shore-
line is extracted from single images acquired under specific tidal and 
hydrodynamic conditions, making the application of tidal corrections 
essential. Global tide models (e.g., TPXO (Egbert and Erofeeva, 2002), 
FES2014 (Lyard et al., 2021)) are often preferred, but their coarse 
resolution can compromise the reliability of the final products (Sun 
et al., 2022). Conversely, local tide gauges provide higher temporal 
accuracy but introduce other challenges, such as the need for consistent 
vertical referencing (Wang et al., 2023; Vos et al., 2023b; Vecchi, 2023; 
Aschenneller et al., 2024) and the limited spatial representativeness 
of single stations, which may not capture variability across broader 
regions or even at smaller spatial scales, such as in bays or gulfs (De-
vlin et al., 2019; Meli et al., 2021; Ramos-Alcántara et al., 2022; 
Pan et al., 2024). Additionally, the local beach slope directly affects 
the land–water interface through wave run-up, with gentle profiles 
amplifying this effect (Di Luccio et al., 2018). These aspects highlight 
that SDS-based shoreline detection, although powerful, requires careful 
treatment of hydrodynamic and topographic influences to ensure robust 
results.

The typical approach for analyzing multiple SDS datasets is the 
‘‘Baseline and Transects’’ method (Himmelstoss et al., 2024). This 
method involves defining a baseline, usually aligned with the general 
orientation of the coastline in the study area, and generating several 
cross-shore transects where the intersection points of each shoreline 
are automatically computed (Gómez-Pazo et al., 2022). Unlike the 
conventional approach, which focuses on comparing subsequent time 
periods, an averaged shoreline can be reconstructed by computing the 
averaged intersection points from all available SDS over a specific time 
frame and connecting them along closely spaced transects (Vos et al., 
2023b; Castelle et al., 2021, 2024).

In this study, SDS positions along the Emilia-Romagna coast in the 
northern Adriatic Sea (Fig.  1) were reconstructed using the CoastSat 
toolbox (Vos et al., 2019b) to analyze shoreline changes over the 
period 1984–2023. While CoastSat is typically used to extract high-
frequency SDS data, matching the satellite revisit period under low 
2 
cloud cover conditions (García-Rubio et al., 2015; Hagenaars et al., 
2018), annual means are computed here to better capture long-term 
trends and reduce intra-annual noise. Currently, the available data 
on shoreline evolution along the Emilia-Romagna coast consist of a 
series of aerial photographs, GNSS surveys, and LiDAR datasets (https:
//geoportale.regione.emilia-romagna.it), each capturing a single mo-
ment in time. Despite their high spatial resolution and accuracy, these 
snapshots cannot be fully representative of long-term behavior and 
lack temporal continuity. In parallel, recent advances in sub-pixel 
shoreline extraction have improved the effective spatial precision of 
optical sensors, enabling reconstructions over multi-decadal periods at 
regional (Konlechner et al., 2020; Bishop-Taylor et al., 2021; Vos et al., 
2023a) and local scales (García-Rubio et al., 2015; Almonacid-Caballer 
et al., 2016; Castelle et al., 2021). Thus, the aim of this study is to 
explore whether SDS data can reliably represent continuous interannual 
to multi-decadal shoreline evolution and to what extent they can reveal 
the influence of natural and anthropogenic drivers on coastal dynamics 
across space and time.

2. Study area

The Emilia-Romagna (hereafter ER) coast extends approximately 
130 km in a NW-SE orientation, south of the Po River Delta (Fig.  1a). 
Since the second half of the 20th century, the ER coast has signifi-
cantly developed as a tourist destination, becoming a key contributor 
to the national economy (Lorito et al., 2010). Consequently, urban 
settlements have widely expanded, leading to the coastal area losing 
its natural character, except for a few protected natural areas and 
reserves of ecological value that have persisted following extensive 
land reclamation of marshy and lagoon areas over the last few cen-
turies (Bruno et al., 2024). Nowadays, beaches along the ER coast 
are predominantly occupied by touristic and recreational structures, 
often built very close to or even replacing dune ridges. The entire 
coastline is characterized by low-gradient, dissipative beaches, mostly 
composed of fine to medium sand Aguzzi et al. (2016). On average, 
the beach width (excluding infrastructure) exceeds 70 m along 35% 
of the total coastline, ranges between 70 and 50 m for 19%, and is 
less than 50 m for 36% (Regione Emilia–Romagna, 2022). However, 
the average height is below 1.5 m for 45% of the beaches, exposing 
large portions of the coast to flooding from extreme sea levels due to 
relevant storms (see, for instance, Ciavola et al. (2007), Perini et al. 
(2011). Indeed, most of the ER coastal plain does not exceed 2 m above 
mean sea level, with some parts of the hinterland currently lying below 
mean sea level (Calabrese et al., 2024).

In terms of wave climate, the region is characterized by low-energy 
waves (Aguzzi et al., 2016). The most frequent conditions exhibit wave 
heights of up to 1 m and periods ranging from 5 to 7 s, primarily 
associated with directions from 90◦ N (Romagnoli et al., 2021). Storms 
primarily impact the coast from either the NE (Bora wind) or the SE 
(Sirocco wind) (Lionello et al., 2012). Tidal range , typically 0.3 m 
during neap tides and up to 0.8 m during spring tides, classifies the 
ER coast as a microtidal environment (Davies, 1964). However, storm 
surge levels caused by wind-driven water piling and low barometric 
pressure can nearly double the tidal range, with extreme sea levels 
of approximately 1 m occurring within 1- to 10-year return peri-
ods (Masina and Ciavola, 2011), leading to extensive coastal inundation 
and erosion.

Recent estimates of local sea-level rise indicate a rate of 3.0 ±
0.5 mm/yr over the last three decades (Meli et al., 2023, 2025). 
However, the contribution of subsidence, in terms of vertical land 
movements along the coastal plain, has significantly amplified relative 
sea-level rise, with localized variations ranging from approximately 
55% to 640% (Meli et al., 2025). Indeed, the region lies within a fore-
deep basin affected by natural subsidence, resulting from both tectonic 
activity and the compaction of Quaternary alluvial deposits (Carminati 
and Di Donato, 1999; Amorosi et al., 2004; Teatini et al., 2011; Bruno 
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Fig. 1. (a) The study area, divided into seven macrocells (𝑀𝑖) as delineated by Regione Emilia–Romagna (2014), faces the northern Adriatic Sea. The location 
of the considered tide gauges are marked with cyan dots, while the position of the Nausicaa buoys and the ERA5 grid point are indicated by an orange square. 
(b) A detailed view of the 𝑀1 (see also the red hatched square in panel (a) for the location along the ER coast) with the associated coastal management cells 
(from 1 to 25).
et al., 2020), with rates ranging from 1 to 2 mm/yr across the coastal 
plain and peaking in the Po River Delta (Gambolati and Teatini, 1998; 
Teatini et al., 2011). A marked increase in subsidence trends occurred 
in the second half of the 20th century due to anthropogenic activities, 
such as groundwater withdrawal and gas extraction (Carminati and 
Martinelli, 2002; Teatini et al., 2006), with rates locally exceeding 
natural subsidence by an order of magnitude (Bitelli et al., 2000) and 
reaching values of up to 15–20 mm/yr in some areas. However, follow-
ing the adoption of regional policies limiting groundwater withdrawal, 
subsidence has gradually decreased in recent decades (Marcaccio and 
Mazzei, 2023), although high rates (up to 10 mm/yr) are still observed 
in specific areas of the coastal plain Meli et al. (2025). The combined 
effect of subsidence, sea-level rise, and urbanization has resulted in 
erosion and increased exposure to coastal flooding along most of the 
ER coast (Perini et al., 2016). This situation is further exacerbated by 
the progressive decline in fluvial sediment supply. Indeed, primarily 
due to anthropogenic interventions in catchment areas, fluvial transport 
has drastically decreased over the 20th century (Preti et al., 2009; Meli 
and Romagnoli, 2022), leaving the coast largely deprived of riverine 
sediment inputs. Consequently, a large portion of the coast is artifi-
cially maintained in equilibrium through various defense strategies, 
including both ‘‘hard’’ (defense structures) and ‘‘soft’’ (nourishment) 
measures (Aguzzi et al., 2016, 2020).

Defense structures such as breakwaters, groynes, and revetments 
have been widely employed since the second half of the twentieth 
century along a significant portion of the coastline, covering 57% of its 
total length; however, they have led to beach stiffening and interference 
with natural sedimentary dynamics (Regione Emilia–Romagna, 2022). 
In the last four decades, however, beach nourishment interventions 
have been preferred and regularly implemented not only at the local 
scale (‘‘maintenance replenishment’’ by using sediment extracted from 
nearby coastal tracts or construction excavations, or derived from beach 
cleaning operations) but also on a regional scale. Major campaigns (in 
the order of 2–3 million cubic meters each) were conducted in 2002, 
2007, 2016, and 2022, increasingly using offshore sands following the 
discovery of marine deposits suitable for this purpose (Preti et al., 2009; 
Correggiari et al., 1996). Thus, coastal dynamics along the ER coast 
are largely influenced by anthropogenic factors. A significant portion of 
local shoreline variability is driven by the interaction between coastal 
structures and the longshore current, which predominantly flows in a 
3 
southeast-to-northwest direction or, in some areas, in the opposite di-
rection (Preti et al., 2009). This effect is particularly evident in various 
coastal locations, where the shoreline gradually advances on the updrift 
side of long piers and jetties, while the downdrift side experiences 
sediment starvation and shoreline retreat Preti et al. (2009), Aguzzi 
et al. (2016, 2020).

3. Materials and methods

The analysis along the ER coast was conducted by dividing it into 
macrocells, each ranging from 15 to 30 km in length (Fig.  1a) and 
coastal management cells (Fig.  1b and Tab. S1), as defined in Regione 
Emilia–Romagna (2014). In detail, the ER coast is generally split using 
this approach, as each macrocell, from the first to the sixth (hereon 
𝑀1 to 𝑀6, respectively), is separated from the others by the presence 
of harbors, long piers, or river mouths. This leads to the creation 
of specific, virtually separated coastal dynamics for each macrocell, 
with related predominant longshore currents and sediment input/loss 
redistribution. It should be noted that the ER coast also includes a 
seventh macrocell (the southern part of the Po River Delta; see also 
Fig.  1a), which is not considered here due to the lack of data for the 
analysis and its complex hydrodynamics. Further fragmentation within 
each macrocell has led to the establishment of management cells, as the 
presence of hard defense structures has further altered sediment trans-
port dynamics along the coastal stretches, thereby requiring different 
management approaches (Aguzzi et al., 2016).

3.1. CoastSat

The extraction of SDS along the ER coast was performed using the 
open-source CoastSat Python toolbox (Vos et al., 2019b), which is cur-
rently among the best-performing and most competitive SDS algorithms 
available (Vos et al., 2023b). This toolbox, publicly available at https:
//github.com/kvos/CoastSat, allows for the selection of a region of 
interest and automatically delineates the position of the instantaneous 
sand–water limit using Landsat (5–9) and Sentinel-2 images, down-
loaded through the Google Earth Engine Application Programming 
Interface (Gorelick et al., 2017). Shoreline extraction is based on the 
top-of-atmosphere multi-spectral bands (blue, green, red, near-infrared, 
and short-wave infrared). The images are first classified to separate 
water and land pixels, maximizing the variance by selecting the Otsu 
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threshold (Otsu, 1979) using the modified normalized water index. 
Then, the sand–water limit is extracted using a subpixel resolution 
border segmentation method (Cipolletti et al., 2012).

A dataset of 50 m-spaced cross-shore transects (Fig.  2a), aligned 
with the beach profile (local orientation), was automatically generated 
using a Python script. This resulted in the creation of approximately 
2200 individual transects covering around 110 km of sandy coastline 
under analysis. Then, the cross-shore distance along each transect was 
computed for all the extracted shorelines over the period 1984–2023. 
All transects remained fixed throughout the 40-year analysis period. 
This allowed the extraction of shoreline positions (coordinates) from 
the meter-scale distances measured along the transects, correspond-
ing to the intersection between each transect and the instantaneous 
sand–water limit.

Differences in revisit time and the resolution/quality of the available 
missions, combined with the additional constraint of variable cloud 
cover, resulted in varying frequencies of the automatically extracted 
shorelines. Moreover, the application of the CoastSat despiking algo-
rithm, which removes outliers caused by false detections, led to a 
further reduction in the number of valid observations. Despite spatial 
heterogeneity along the coast, the total number of valid instantaneous 
shoreline detections retained after preprocessing from 1984 to 2023 
ranged from 1000 to approximately 1300 across the study area. Hence, 
exploiting the large number of available instantaneous shorelines to 
compute an annually averaged position has resulted in both noise 
reduction and increased reliability of the final product. Indeed, the 
instantaneous assessment of the shoreline, observed for instance from 
satellite images, single GNSS surveys, aerial photographs, LiDAR, or 
topo-bathymetric campaigns, each representing a single acquisition at 
a given moment, is strongly affected by the conditions at the time of 
acquisition, preventing continuous analysis of shoreline evolution in 
the mid to long-term. For this reason, resampling at a lower temporal 
resolution has been preferred here to overcome the effects of various 
processes acting at higher temporal frequencies, allowing for a more 
robust temporal analysis and a clearer view of coastline evolution.

All valid observations extracted and processed with CoastSat were 
first automatically converted into monthly means. Subsequently, the 
residual effect of the mean seasonal cycle (see also Section 4.1) for 
each specific macrocell, after partial reduction through the applied 
corrections (see Section 3.2), was removed from each individual month. 
This prevented the introduction of bias in years when observations from 
all months were not available and aimed to eliminate the influence 
of intra-annual variability. Finally, the data were converted to yearly 
means and linearly interpolated. The latter was performed both tempo-
rally, for gaps of up to 1 year, and spatially, for gaps corresponding to 
a single missing lateral transect, ensuring continuity and consistency in 
the dataset.

3.2. Corrections

The effect of oscillating water levels represents one of the main 
sources of error in SDS, as the extracted time series are based on the 
instantaneous position of the sand–water limit. Indeed, applying the 
correction for local tide excursions to the SDS time series is considered 
crucial and strongly recommended (Vos et al., 2019b), especially in 
locations with flatter beach profiles, such as the ER coast. Moreover, 
the effect of wave setup (the sustained increase in nearshore water 
levels caused by breaking waves) and wave runup (the back-and-forth 
movement of the sand–water limit due to waves breaking and moving 
inland) should be taken into account, as their correction might improve 
the accuracy of the SDS time series (Vitousek et al., 2023). Wave run-
up, however, cannot usually be corrected unless the phase of specific 
waves is known at the moment the satellite images were taken.
4 
Following the procedure described in Vos et al. (2023b), the ex-
tracted instantaneous cross-shore positions (𝛥𝑥) for the ER coast were 
corrected for the corresponding tide level (𝜁) at a specific time (𝑡𝑖): 

𝛥𝑥𝜁 (𝑡𝑖) = 𝛥𝑥(𝑡𝑖) +
𝜁 (𝑡𝑖)

tan 𝛽𝑓 (𝑀𝑖)
(1)

where 𝛥𝑥𝜁  is the cross-shore position corrected for tide, and tan 𝛽𝑓  is 
the beach-face slope (i.e., the area between mean high water springs 
and mean sea level, as defined by Vos et al. (2020)), averaged over 
time for each coastal macrocell (𝑀𝑖). The local 𝜁 time series was 
reconstructed by considering tide gauge (TG) data (refer to Fig.  1a 
for location) from Marina di Ravenna, sourced from the GESLA-3 
database (Haigh et al., 2023), and from Porto Garibaldi, sourced from 
Arpae-Dext3r (https://simc.arpae.it/dext3r/). At the time of the anal-
ysis, data from TGs were available from January 1975 to May 2021 
for Marina di Ravenna, updated to December 2023 by integrating 
data from the Italian TG network (https://www.mareografico.it/), and 
from May 2009 to December 2023 for Porto Garibaldi. However, due 
to strong discontinuities and the massive presence of suspicious and 
flagged data, observations prior to 2000 in the Marina di Ravenna TG 
were removed. Data from both TGs were resampled from subhourly 
to hourly resolution by averaging all time samples that fall within a 
± 30 min window of each specific hour. In order to remove both the 
influence of interannual variability and local vertical land movements 
from the two TG signals, each year within the time series was detrended 
by subtracting the corresponding annual mean (Muis et al., 2020). The 
two TG time series were then averaged, and the mean was removed 
to center the data at zero; the missing data (less than 0.11% of the 
total) were linearly interpolated to avoid gaps. At this stage, a complete 
time series of hourly sea-level variability representative of the ER coast 
was achieved (Fig.  2b), covering the period from 01 January 2000 
(00:00:00) to 31 December 2023 (23:00:00). Thus, this time series 
was used to achieve local 𝜁 by performing harmonic analysis and 
prediction with the UTide algorithm (Codiga, 2011). The parameters 
for the computation were set as the robust fitting method, latitude 44.5◦
N, and a Rayleigh criterion minimum of 0.95. Finally, the coefficients 
from the harmonic analysis enabled the modeling of the tidal signal for 
the period prior to the available observations, matching the CoastSat 
SDS period, i.e., from 01 January 1984 to 31 December 1999 (Fig.  2b).

In order to assess the tan 𝛽𝑓  parameter for each macrocell along 
the ER coast, height/depth data (also known as topo-bathymetric 
data) acquired by the ER Regional Agency for Prevention, Environ-
ment, and Energy (Arpae) were taken into account. Topo-bathymetric 
data have been acquired approximately every six years (i.e., 1984, 
1993, 2000, 2006, 2012, 2018) through dedicated monitoring cam-
paigns (IDROSER, 1983, 1996; ARPA, 2002; Preti et al., 2009; Aguzzi 
et al., 2016, 2020). These data consist of a dense network of elevation 
points relative to the local zero (mean sea level), collected using a dual-
frequency GNSS system in RTK-OTF mode for the emerged beach (up to 
the dune or streets/urban settlements) and a multibeam echosounder 
(single-beam prior to 2006) for the submerged portions (down to a 
depth of approximately -10 m). In this study, elevation maps with a 
1 m-grid spacing resolution (Fig.  2a) for the six macrocells and the 
six topo-bathymetric campaigns were computed using the Delaunay 
algorithm (Delaunay, 1934) in QGIS. Subsequently, tan 𝛽 values at each 
grid point were derived from the slope maps. The spatial average of 
tan 𝛽𝑓  was then calculated using only the values within the contours 
of the mean high water spring tide and mean sea level, which were 
estimated based on the reconstructed 𝜁 parameter described above to 
be approximately 40 cm and 0 cm above mean sea level (white area in 
Fig.  2a), respectively. The spatially averaged tan 𝛽𝑓  for each macrocell 
is found to be strongly consistent over time, i.e., showing no substantial 
changes in beach-face slope values across the six campaigns within a 1𝜎
range (also coherent for the entire intertidal zone, down to the mean 
low water spring), with values of 0.032 ± 0.004 (𝑀1), 0.023 ± 0.001 
(𝑀 ), 0.027 ± 0.002 (𝑀 ), 0.028 ± 0.004 (𝑀 ), and 0.030 ± 0.002 
2 3 4

https://simc.arpae.it/dext3r/
https://www.mareografico.it/


M. Meli et al. Marine Geology 492 (2026) 107679 
Fig. 2. (a) Detailed view of Cell 24 within 𝑀1 (see Figs.  1a and b for location), showing 50 m-spaced cross-shore transects (black lines), employed for the SDS 
CoastSat extractions, and the 1-m grid elevation map (in m above mean sea level) derived from the 2018 topo-bathymetric survey (Aguzzi et al., 2020); the white 
area indicates the beach face used for estimating the tan 𝛽𝑓  parameter (see Section 3.2 for details). (b) The reconstructed hourly local sea level (black line), with 
trend and interannual variability removed, and the corresponding extracted tide component (blue line), spanning from 01 January 2000 to 31 December 2023; 
the red line indicates the modeled tide level over the period of CoastSat data set not covered by local sea level data (01 January 1984–31 December 1999). (c) 
The reconstructed local wave setup time series from both observations (Nausicaa buoys) and reanalysis data (ERA5).
 

(for both 𝑀5 and 𝑀6). Thus, these values have been used as the tan 𝛽𝑓
correction parameters for their respective macrocells.

On top of the tidal correction, cross-shore positions corrected for 
wave setup (𝛥𝑥𝜂) were achieved following (Vos et al., 2023b): 

𝛥𝑥𝜂(𝑡𝑖) = 𝛥𝑥𝜁 (𝑡𝑖) +
𝜂(𝑡𝑖)

tan 𝛽𝑓 (𝑀𝑖)
(2)

where (𝜂) is the locally reconstructed wave setup parameter (Fig. 
2c). Since the entire ER coast is characterized by strongly dissipative 
conditions, assessed here to have an Iribarren number (Battjes, 1974) 
of less than 0.1, a slope-independent parameterization of wave setup 
has been considered, as suggested by Stockdon et al. (2006): 
𝜂(𝑡𝑖) = 0.016(𝐻0𝐿0)1∕2 (3)

where 𝐻0 and 𝐿0 are the deep-water wave height and wavelength, re-
spectively. These two parameters were achieved by averaging data from 
both the closest grid point from the ERA5 global reanalysis (Hersbach 
et al., 2020) and local observations from the Nausicaa-I and Nausicaa-II 
buoys from Arpae-Dext3r (locations in Fig.  1a). In detail, hourly time 
series of 𝐻0 and wave period (𝑇 ) are available for the entire period 
of interest within the reanalysis (i.e., from 01 January 1984 to 31 
December 2023) and for the periods from 23 May 2007 to 05 October 
2021 and from 01 December 2022 to 31 December 2023 for Nausicaa-
I and Nausicaa-II, respectively. The 𝐿0 parameter was then computed 
using the linear dispersion relationship: 

𝐿0 =
𝑔𝑇 2

2𝜋
(4)

Before averaging the time series and linearly interpolating the few 
remaining gaps, data from reanalysis and observations were checked 
by comparison and filtered by removing spikes or suspicious values. 
In terms of similarity, the filtered series show a very high agreement, 
providing 𝑅𝑀𝑆𝐸 values of 0.014 and 𝑅2 of 0.84. Thus, the 𝜂 parameter 
for the entire period not covered by observations (that is, from 1984 to 
2006) was assumed to be reliable based on the reanalysis.

3.3. Time-series analysis

The temporal variability of the yearly reconstructed shorelines was 
analyzed at the cell scale by averaging the trends calculated for each in-
dividual transect within the cell. This approach overcomes the issue of 
5 
averaging portions of the coast with different characteristics (e.g., vary-
ing orientation, dynamics, presence or absence of hard structures, and 
human interventions), as each cell is independently represented by its 
specific setting. Cells associated with harbors, small pocket beaches, 
and fluvial inlets or channels were excluded from the analysis due 
to insufficient or missing data, as well as to avoid bias from local 
effects, following the procedure described in Section 3.1. Consequently, 
only sandy coastal cells with adequate data coverage were considered, 
ensuring that each computed time series accurately represents cell 
dynamics over the 40-year analysis period. Following this approach, 74 
out of 110 cells were considered (see also Tab. S1 for details), covering 
approximately 96% of the ER coast.

The long-term linear trends over the 40 years under analysis were 
assessed using the non-parametric Theil–Sen estimator (Sen, 1968). Sta-
tistical significance at the 95% confidence level was evaluated by apply-
ing the non-parametric Mann–Kendall test, adapted for autocorrelated 
data (Hamed and Ramachandra Rao, 1998). To avoid underestimating 
trend errors linked to autocorrelation in the data, the trend uncertainty 
was adjusted using the autoregressive parameter at lag 1.

The time series for the period 1993–2020 of local geocentric sea 
level (Gregory et al., 2019), which represents the sea-level variation 
with respect to the Earth’s center of mass, was retrieved from (Meli 
et al., 2025). To extend these observations back to 1984, the starting 
date for CoastSat imagery, data from the Marina di Ravenna TG were 
incorporated. In order to ensure consistency with the geocentric series, 
the TG data were first corrected for local vertical land movements, as 
described by Meli and Romagnoli (2022) and Zerbini et al. (2021). 
Subsequently, corrections for both the inverse barometer effect and 
glacial isostatic adjustment were applied following (Meli, 2024). The 
two datasets were then concatenated by aligning their temporal means 
and resampled from monthly to yearly means. Finally, the time series 
was extended up to 2023 in accordance with the procedure described 
in Meli et al. (2025).

Data about subsidence evolution were retrieved from (Aguzzi et al., 
2020) for the periods 1984–1987 and 1987–1992, from
Arpae-Geoportal (https://servizi-gis.arpae.it/Html5Viewer/index.html
?locale=it-IT&viewer&viewer=Geoportal.Geoportal) for 1992–2000 and
2002–2006, and from (Meli et al., 2025) for 2006–2011, 2011–2016, 
and 2016–2021. Because data from (Aguzzi et al., 2020) consist of 
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scattered, single measurements along the ER shoreline (from the so-
called Coastal Geodetic Network) based on in situ leveling, these 
values were spatially interpolated to ensure complete coverage of the 
entire coastline. Moreover, since data from both (Aguzzi et al., 2020) 
and Arpae-Geoportal represent trends, these were assumed to remain 
constant over each selected period and were converted into time series. 
The years 2001 and 2021–2023 were also assumed to be consistent 
with values from the periods 2002–2006 and 2016–2020, respectively. 
Thus, a 40-year subsidence time series was computed by averaging all 
available data within each cell.

To isolate the influence of relative sea-level (RSL) variations on 
shoreline evolution, a set of theoretical shorelines was reconstructed 
for each of the 74 cells over the 40-year period under analysis. In 
this framework, the RSL combines the geocentric sea level with the 
historical subsidence observed for each cell. By applying a generic 
slope-displacement relation 

𝛥𝑥(𝑡𝑖) = −
𝜁 (𝑡𝑖) + 𝜂(𝑡𝑖)

tan 𝛽(𝑐𝑒𝑙𝑙𝑖)
(5)

the extent of each shoreline’s advancement or retreat was computed 
solely as a geometric response to RSL changes. In this case, however, 
the tan 𝛽 parameter was derived for each cell by considering the entire 
active coastal profile (from the upper beach down to the depth of 
closure), rather than focusing solely on the beach face, following the 
same procedure described in Section 3.2. Incorporating the full profile 
is essential for capturing the broader magnitude and rate of shoreline 
change driven by long-term processes such as RSL rise. The achieved 
tan 𝛽 values for each cell (see Tab. S1) are generally 5 to 10 times lower 
than those related to the foreshore portion of the beach, as expected, 
and align with the single value (0.0062) provided by Athanasiou et al. 
(2019).

The removal of any theoretical shoreline evolution from its original 
signal within each cell isolates all aspects other than RSL. Once the 
theoretical signal, representing the effects of RSL, is removed, the 
remaining component, indicative of morphodynamic contributions, was 
further analyzed. These signals from all cells were then decomposed 
using 1000 iterations of the non-parametric Ensemble Empirical Mode 
Decomposition (Wu and Huang, 2009), considering only the residual 
signals (i.e., after removing the oscillatory modes). This approach 
enables the observation of the non-linear long-term shoreline trend at 
each cell, solely driven by morphodynamic adjustment to natural and 
anthropogenic processes.

Available data on nourishment and sediment extraction interven-
tions at the cell scale, as well as the presence or absence of hard 
defense structures, have been incorporated into the analysis to find 
possible correlations. A detailed database on nourishments and ex-
tractions at the coastal cell scale has been made available by Arpae. 
This database is periodically updated, providing information on tim-
ing, exact location, and intervention magnitude (m3 of sediment ex-
tracted or provided), with records dating back to the 1970s. However, 
not all interventions are documented, as some smaller-scale nour-
ishments and extractions remain, nowadays, unknown. Information 
about hard defense structures is provided through the so-called ’De-
fense Structures Catalog’ (https://datacatalog.regione.emilia-romagna.
it/catalogCTA/dataset), issued by the ER Regional Administration. This 
consists of a set of shapefiles containing digitally mapped hard struc-
tures extracted from aerial photographs. Since the construction dates 
of most structures are unknown, the adopted strategy involves period-
ically generating shapefiles based on aerial images taken at different 
times, allowing for the identification of a time window in which a 
specific structure was built or re-adapted.

At last, a comparison was performed between the SDS-derived 
shorelines and pre-existing coastal datasets for the ER coast over the 
same period. These datasets consist of: (i) six manually mapped shore-
lines, developed and distributed by the ER Regional Administration (ht
tps://datacatalog.regione.emilia-romagna.it/catalogCTA/group/costa), 
6 
based on single aerial photographs and considered representative of 
the ER shoreline for the years 1996, 1998, 2005, 2014, 2019, and 
2020; and (ii) three shoreline datasets (https://www.arpae.it/it/dati-e-
report/dati-ambientali), produced by Arpae through the extraction of 
the zero-meter contour line above mean sea level from the GNSS topo-
bathymetric surveys described above. The comparison was conducted 
using the same cross-shore transects employed for SDS extraction, 
focusing on the entire regional coast as a whole. Specifically, the 
intersection distances of the shorelines generated in this study (i.e., the 
union of each macrocell’s shoreline) were compared with those from 
the ER and Arpae datasets for the corresponding years.

4. Results

4.1. Annual-averaged shorelines

The interpretation of the obtained annually-averaged shoreline po-
sitions requires some consideration. The potential variability of the 
shoreline induced by high-frequency processes might lead to substantial 
divergences, as it has been assessed by modifying the generic slope-
displacement relation (i.e., Eq. (5), but with the use of the tan 𝛽𝑓 (𝑀𝑖)
parameter). Following this relationship, the combined effect of tide and 
wave setup, relative to the average slope of the ER beach-face, might 
result in a variability of approximately 20 m in each direction (land-
ward and seaward), leading to a total range of ca. 40 m in shoreline 
position on an hourly scale (Fig.  3a). This aspect cannot be properly 
accounted for in aerial images, as exact information about the timing of 
acquisition is almost always unavailable. The complexity also arises at 
the monthly resolution (Fig.  3a), where marked asymmetric seasonality 
appears and might lead to divergences ranging from approximately 
4.8 m landward to 1.2 m seaward. This asymmetry, primarily driven by 
the effect of wave setup, is eventually reflected in the annual average 
(Fig.  3a), quantified here as −1.6 ± 0.2 m (i.e., landward). This means 
that, on average, the yearly mean shorelines produced in this study are 
generally shifted seaward due to the application of the corrections.

Besides the combined effect of tide and wave setup, at the intra-
annual scale, the shoreline is subjected to strong variability induced by 
several other factors, such as changes in sea level properties (e.g., vari-
ations in water level due to density, atmospheric pressure, and oceanic 
circulation) and fluvial liquid and sediment supply. These factors result 
in significant seasonality (Fig.  3b), quantified here as an amplitude 
range exceeding 9 m (averaged across the entire ER coast). Its removal 
was enabled in this study, thanks to the high frequency of information 
provided by the CoastSat toolbox. Maximum shoreline advancement is 
observed in late summer (from the end of August to early September), 
while a retreat pattern occurs in winter, as expected considering the 
common wave climate in the area.

For these reasons, the direct comparison between the processed 
SDS and the pre-existing shorelines available for the ER coast may 
be affected by inconsistencies. The latter datasets, while offering very 
high spatial resolution, are influenced by high-frequency processes and 
lack both the hydrodynamic corrections applied to the SDS and tem-
poral continuity. Overall, the comparison shows moderate variability: 
in some sectors, shorelines coincide, whereas in others, discrepancies 
reach several tens of meters (Fig.  4). On average, the pre-existing 
shorelines differ from the SDS-derived shorelines by 14.4 ± 10.2 m 
(1𝜎). The median difference is 13.9 m, with an interquartile range 
of 9.4 m, indicating a stable central tendency and a mild right skew 
with occasional large positive deviations. This asymmetry is consistent 
with the observed extremes (mean minimum of −34.7 m and mean 
maximum of 139.5 m). In this context, positive (negative) extremes 
refer to discrepancies seaward (landward) of the SDS-derived shorelines 
produced in this study relative to the pre-existing datasets. This is 
consistent with the previously observed seaward shift associated with 
the application of corrections. However, these extremes can be treated 
as outliers, as the majority of the comparisons (5th–95th percentile 
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Fig. 3. (a) The averaged geometric response of the ER shoreline to the combined effects of tide and wave setup, shown at hourly (gray), monthly (black), and 
annual (red) resolution. Negative (positive) values on the y-axis indicate a potential retreat (advancement) of the shoreline due to these components. (b) The 
removed residual seasonal cycle, averaged across the entire ER coast (black solid line) with its 1𝜎 (gray shaded area), remaining after the application of corrections 
(see Section 3.2). As for panel (a), positive (negative) values in the seasonal signal correspond to an advancement (retreat) of the shoreline.
Fig. 4. Discrepancies between regionally averaged SDS-derived shorelines (this study) and the nine pre-existing shoreline datasets along the ER coast. Positive 
(negative) values (m) denote seaward (landward) offsets relative to the SDS-derived shoreline. The mean discrepancy over the entire coast for a given year is 
shown as red dots with 1𝜎 whiskers; the median is the dashed black line, with the interquartile range (IQR, gray area) and the 5th–95th percentile range (green 
area). Minimum-to-maximum discrepancies for each year are indicated by the vertical blue line.
range; Fig.  4) are confined around the median, with a total range of 
approximately 25 m. Moreover, a thorough examination of the results 
reveals that the highest extreme values and 1𝜎 spreads are associated 
with the 1996–2014 period, indicating higher variability within the 
Landsat datasets. For this period, however, RMSE (Root Mean Square 
Error) values fall within the pixel resolution of the images, ranging 
from 11.6 m to 28.1 m, while the same does not hold for the Sentinel-
2 datasets, which show RMSE values of 10.4 m, 21.5 m, and 22.1 m 
for the years 2018, 2019, and 2020, respectively. While the mean 
errors for the Sentinel-2 period are similar to those of Landsat, the 
1𝜎 spread is generally lower (7.9–9.9 m), indicating a more consistent 
error distribution. Notably, comparing a single satellite-derived shore-
line with contemporaneous or slightly delayed ground-truth can yield 
significantly higher accuracy, often reaching sub-pixel levels (Zollini 
et al., 2023; Brown et al., 2025). In this study, however, the situation 
differs, given that SDS shorelines are averaged over a year and the 
comparison relies on available ground-truth data from a single point 
in time, chosen to be representative of the entire year. Considering this 
approach, along with the observed average errors and RMSE values, the 
extracted shoreline is considered reliable within the expected accuracy.

In terms of trends calculated at the cell scale (Fig.  5), over the period 
1984–2023, the long-term evolution of annually averaged shorelines 
reveals substantial variability along the ER coast, differing both within 
each macrocell and among adjacent cells. As evidenced in Fig.  5, the 
7 
majority of the considered cells (59) exhibited a trend ranging between 
−1 and 1 m/yr, among which 20 cells (3, 12, 14, 16, 20, 30, 35, 43, 
48, 52, 54, 58, 60, 72, 76, 79, 88, 102, 105, and 107) show trends 
that are not statistically significant (Fig.  6 and S1–S5). Generally, a 
progradational tendency prevails (43 cells) at the coastal scale, with 
a maximum value of 4.2 m/yr observed in cell 100 (within 𝑀5), while 
an erosional pattern is identified in 31 cells, with a maximum value of 
−9.8 m/yr in cell 94 (𝑀5).

4.2. Interannual shoreline variability

Despite being fundamental information, long-term trends may not 
fully capture coastal evolution, as each cell is inherently influenced 
by multiple non-linear processes. A key insight provided by the SDS 
analysis is the ability to examine coastal evolution as a time series. 
This approach allows, for the first time along the ER coast, both 
the visualization and quantification of the complex and diverse non-
linearities that characterize each coastal tract. Indeed, as shown in Fig. 
6 for 𝑀1 (refer to the Figures in the Supplementary Materials for the 
other macrocells), despite their spatial proximity, each cell exhibits a 
distinct non-linear evolution over time. Furthermore, the widespread 
1𝜎 variance in some cases highlights the persistence of complex shore-
line evolution variability even within a single cell (e.g., cells 3, 4, 12, 
and 15 in 𝑀 ), suggesting that even the finer parceling adopted with 
1
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Fig. 5. Linear trend for each cell within the six macrocells over the 40-year analysis period. Positive (negative) values indicate a progradational (erosional) 
pattern in m/year.
cells may not be sufficient to fully capture or isolate local complex 
dynamics.

Generally, the observed non-linear tendencies are consistent with 
previous studies based on volumetric assessments averaged over mul-
tiple topo-bathymetric campaigns. These studies indicate an overall 
progradational or stable trend over time, which is attributed to the 
adopted defense strategies that maintain most of the coast in an arti-
ficially balanced condition (Preti et al., 2009; Armaroli et al., 2012; 
Aguzzi et al., 2016, 2020; Regione Emilia–Romagna, 2022). Indeed, 
repeated and high-volume (over 20 m3 × 103) nourishment interven-
tions have been carried out along the regional coast, usually within 
specific cells. The dumped sediment was, in some cases, of internal 
provenance, i.e., derived from cells characterized by coastal accumu-
lations (e.g., cells 3 and 24 within 𝑀1; Fig.  6), and, in other cases, 
of external provenance, mostly from offshore deposits since 2007. 
A consistent pattern between larger-scale nourishment interventions 
and prompt shoreline advancement appears in cells 12, 14, 15, 37, 
38, 47, 50–51, 54, 60–61, 72, 77, and 83, as well as an increasing 
advancement or, at least, relative stabilization of the shoreline position 
after repeated nourishments (i.e., cells 20, 32, 35–36, 42–43, 45–46, 
66–67, 85, 105, 108–109). Conversely, in some cells (e.g., 71, 76, 
78 in macrocell 𝑀4, and 96, 97 in 𝑀5), the shoreline position does 
not exhibit significant changes or trend variations, despite repeated 
nourishment interventions. This suggests that, in these areas, sediment 
inputs may be insufficient to counteract local erosional processes or 
that the reworking of deposited material occurs at a rate that prevents 
long-term accumulation. These sectors are indeed among the most 
8 
critical along the regional coast in terms of erosion and vulnerabil-
ity (Aguzzi et al., 2016). In other coastal areas, where the accumulation 
of sediment is favored, repeated sediment extractions (on the order of 
several tens of m3 each) are carried out (such as in cells 3, 24, 58, 
79, 81, 100, and 110). This results in localized shoreline retreat on a 
yearly basis, which is generally reabsorbed quickly, making some of 
these areas key sediment sources for nourishment interventions in other 
coastal cells.

Without anthropogenic modifications, shoreline trends would have 
been significantly different, considering the virtual sediment loss es-
timated at several million cubic meters (Preti et al., 2009) caused 
by subsidence and generalized sediment starvation. Additionally, RSL 
rise would have resulted in substantial land loss, as pointed out in 
the theoretical shoreline evolution within each cell (Fig.  6), where 
the potential landward shift, albeit non-linear, would have remained 
persistent over time. The morphodynamic response in the shoreline 
position, largely controlled by human intervention, resulted in a long-
term prevalent shoreline advance. This aspect is more evident in the 
residual signals (Fig.  7 for the 𝑀1; see Supplementary Materials for the 
other macrocells), after removing both the influence of RSL and the 
oscillatory modes. These signals represent the magnitude of the overall 
trend driven by local morphodynamics, with non-linearities strictly 
associated with modifications occurring within the system, whether at 
the scale of a single cell or an entire macrocell. As explained above and 
shown in Figs.  6–7 (and in all Supplementary figures), there is evidence 
that nourishments and sediment extractions have driven long-term 
shoreline changes, often interacting with the effects of hard structures. 
This interplay complicates the direct estimation of these two distinct 
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Fig. 6. The solid black line represents the annual averaged shoreline position for each specific cell within the 𝑀1, along with its associated 1𝜎 uncertainty (gray 
shaded area) and the linear trend (red hatched line) over the 40-year period. The trend value and its related error are stated above the corresponding subplot, 
while Y/N indicate whether the trend is statistically significant or not. The black hatched line indicates the theoretical shoreline evolution for each cell, estimated 
considering only the RSL change (see Section 3.3). Both observed and theoretical shoreline positions are shown in meters of displacement (left y-axis) with respect 
to the 1984 average, which is set to zero. Positive (negative) values indicate a shift seaward (landward), corresponding to shoreline progradation (erosion) within 
a cell. Orange and blue bars indicate the occurrence of sediment nourishment and extraction activities, respectively, for each specific cell and year. Nourishment 
and extraction volumes (data provided by Arpae) are expressed in m3 × 103 (refer to the right y-axis). Vertical green hatched lines indicate the placement of a 
new hard defense structure within a specific cell, while green-shaded areas denote the time range when the exact year of placement/re-adaptation is unknown. 
A green hatched line at 1982 signifies that hard structures were already in place before 1984.
anthropogenic influences, as they frequently occur simultaneously over 
the years. Furthermore, since most hard structures were placed before 
1984, their impact on shoreline evolution is difficult to isolate. How-
ever, in certain cases (cells 4, 15, 31, 73, 75, 88, 90, and 91), the 
placement of hard structures during the 40-year period, combined with 
the absence of local sediment nourishment or extraction, allows for the 
attribution of the observed shoreline stabilization primarily to these 
structures.

It is interesting to note that some cells exhibit morphodynamic 
non-linearity even in the absence of new hard structure placements 
or local significant nourishment/extraction interventions. These vari-
ations are indirectly influenced by modifications in adjacent cells, with 
time-lagged effects propagating alongshore through the natural redis-
tribution of sediments (e.g., cells 16 and 20). However, the interannual 
variability of natural origin is more difficult to ascertain, considering 
that, in this analysis, the effect of high-frequency processes has been 
virtually removed from annually averaged shorelines, as well as the 
seasonal behavior of the shoreline (Section 4.1). Nevertheless, climate-
driven effects may be present at the multi-decadal scale, influencing 
shoreline interannual variability because, in addition to sea-level rise, 
changes in coastal hydrodynamics due to variations in the incident 
wave conditions and storminess are possibly correlated with climatic 
indices (Dodet et al., 2019). However, these effects can be more con-
fidently recognized on open beaches (see, for instance, Castelle et al. 
9 
(2021)) than along the ER coast, where hydrodynamics is largely parti-
tioned due to many structures intercepting and disrupting the longshore 
current/drift.

5. Discussion

The analysis of an annually averaged shoreline position must be 
approached with caution, as these sand–water limits do not represent 
an actual boundary between land and sea. Indeed, the exact position 
of the shoreline at a specific location varies substantially over time 
and at very high frequencies (Boak and Turner, 2005), driven by the 
interplay of several processes of both anthropogenic and natural origin 
(as delineated in Section 2). Then, a reconstructed shoreline for a 
specific year in this analysis may not perfectly match an aerial image 
of the coast from the same year. This discrepancy occurs because the 
position of the sand–water limit interface, visible in the image, is tied 
to that particular moment in time. Indeed, such a comparison lacks 
meaning, as any instantaneous shoreline mapped from images should 
not be considered an averaged or ‘‘normal’’ condition of the beach, 
since such an interpretation represents one of the most misleading 
assumptions (Smith and Zarillo, 1990). Moreover, despite the very high 
resolution of aerial images, typically around 0.5 m and as high as 0.2 m 
in recent years, the manual mapping process can be highly subjective, 
varying significantly between observers (Crowell et al., 1991). This also 
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Fig. 7. The solid red line represents the residual, non-linear shoreline behavior of cells within 𝑀1 over the period 1984–2023, after removing the RSL contribution 
and oscillatory modes, with its associated 1𝜎 uncertainty (red shaded area). As in Fig.  6, the left y-axis indicates meters of displacement (relative to 1984), while 
the right y-axis refers to volumes (m3 × 103) of nourished/extracted sediment. The presence of hard defense structures within a cell is marked by a green hatched 
vertical line when the exact placement year is known or by a green shaded area when the onset is uncertain.
arises from the challenge of defining the sand–water limit, particularly 
on low slope beaches where wet sand can show different gray tones 
depending on the water content. Indeed, in the context of this study, 
the application of corrections (see Section 3.3) should not be viewed 
merely as a reduction of bias to detect the most likely exact position 
of the instantaneous shoreline, but rather as the removal of the influ-
ence of the high-frequency components from the analysis of shoreline 
changes. Thus, the correction and time-averaging adopted in this study 
provided averaged shoreline positions with short-term fluctuations and 
momentary run-up effects largely removed (Lippmann and Holman, 
1989), strengthening the analysis of temporal evolution. This emphasis 
on hydrodynamic corrections aligns with evidence that SDS accuracy is 
strongly controlled by beach state. Thus, site-specific parametrization 
reduces uncertainty, whereas one-size-fits-all approaches may yield 
misleading conclusions (Konstantinou et al., 2023).

An interesting aspect of the long-term behavior of the reconstructed 
annual averaged shoreline position is that most of the observed cells 
exhibit either a progradational or stable pattern, as noted by Sytnik 
et al. (2018), despite the broader context of the ER coast, which 
is subject to persistent sea-level rise and significant subsidence. This 
condition might favor coastal retreat and beach migration landward, 
as indicated by the theoretical shoreline evolution estimated for each 
cell under the influence of RSL variations. Considering the low gradient 
of the ER coast, this would result in an estimated shoreline retreat of 
several tens of meters during the considered periods (Fig.  6 and Figs. 
S1-S5).
10 
However, the large-scale behavior of a coastal system can evolve 
differently through dynamic responses to multiple interacting fac-
tors (Brunel et al., 2014; Castelle et al., 2018), or, as in the case of the 
ER coast, due to pervasive anthropogenic influence through multiple 
mechanisms. Indeed, widespread urbanization, the presence of hard 
structures, and human interventions aimed at preserving the status 
quo (Robert et al., 2023) have resulted in a general divergence in the 
evolution of each coastal cell, while also severely compromising coastal 
resilience through an overall stiffening of the system. Thus, beyond 
the cells experiencing substantial progradation (driven by alongshore 
sediment redistribution and the presence of long piers acting as barriers 
at the edge of some macrocells), the trends observed in most cells 
reflect the persistent anthropogenic effort to implement a ‘hold the 
line’ approach. This strategy ultimately masks the strong erosional 
trend that would have otherwise affected nearly the entire coastline if 
not counteracted by defensive measures and sufficient sediment input. 
Indeed, fluvial sources nowadays provide a limited sediment supply, 
as indicated by the fact that the observed average shoreline retreat 
near river mouths (e.g., cells 73–75, 93–97) is more intense than 
theoretically expected.

In this context, the absence of statistically significant trends across 
several cells (Figs.  6 and S1-S5) likely reflects the effect of anthro-
pogenic interventions, which temporarily counteract retreat or progra-
dation without stabilizing long-term trends; as a result, statistically flat 
trajectories locally prevail over significant erosion or accretion. Con-
versely, the two extremes observed within macrocell 𝑀5 are connected 
as a result of the same process: the sediments provided by the Reno 
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River and originally deposited in the deltaic area (cells 93 to 96) tend 
to be redistributed northward by longshore currents (Aguzzi et al., 
2016, 2020), eventually accumulating downdrift at the edge of 𝑀5
(cells 98 and 100). Indeed, the Reno River Delta area, after a phase 
of progradation linked to sustained sediment supply in the early 20th 
century (Bondesan et al., 1978), entered a phase of progressive erosion 
in the late 1930s due to several anthropogenic factors, which led to 
drastic accelerations of erosion in the 1950s and 1980s (Preciso et al., 
2012; Meli and Romagnoli, 2022).

Based on the annual time series described above, the use of satellite-
derived data proved to be an efficient, cost-effective tool for monitoring 
shoreline evolution, with implications for coastal management and 
conservation (Tsai, 2024). Among the various applications of SDS-
derived time series, both at the scale of individual coastal cells and 
broader spatial extents, is the ability to disentangle the different factors 
influencing coastal evolution. For instance, as demonstrated in this 
study, the combined effect of subsidence and sea-level change can be 
estimated and removed to isolate the contribution of morphodynamic 
processes, which in this case represents the residual signal. Addition-
ally, anthropogenic influences on a given coastal sector can be assessed 
through time-series analysis. As shown in Fig.  6, nourishments and 
sediment extractions often manifest as abrupt shifts in shoreline posi-
tion or, in some cases, a sawtooth pattern over time, particularly when 
interventions are periodic and substantial. Furthermore, knowledge 
of past nourishment and extraction activities may be incomplete or 
unavailable for certain shorelines worldwide (as is the case for some 
interventions along the ER coast, as stated in Section 3.3). In such 
instances, this approach could help identify and map these occurrences, 
as abrupt shifts or segmented evolution, particularly when absent in 
adjacent coastal tracts, can often be attributed to human influence.

Applying the same time-series diagnostics, the influence of hard 
structures can also be assessed, as these anthropogenic modifications 
alter the long-term tendency of a coastal tract, sometimes with a 
time lag that makes their impacts evident only after years. Therefore, 
multi-year analyses are essential for their identification (Tsai, 2024). 
As observed in some ER coastal cells, the introduction of new hard 
defense structures, or multiple additions over time, can significantly 
impact shoreline evolution and may result in the artificial stabilization 
of the shoreline, despite not resolving the causative factors of erosion. 
However, localized reversed or worsening erosional trends have been 
observed in several coastal sectors, some of which remain in a critical 
state, suggesting that current interventions are already insufficient or 
will soon become inadequate, particularly under climate-driven sce-
narios (Toimil et al., 2017). This underscores the need for sustainable 
adaptation strategies to enhance the resilience of coastlines against 
future climatic and environmental challenges (Hinkel et al., 2014).

From a management perspective, these dynamics entail significant 
socioeconomic exposure and planning needs for the ER coast. The area 
heavily relies on tourism, industry, and agriculture; therefore, both eco-
nomic and social impacts are expected to be significant (Joint Research 
Centre, 2017), as approximately 15% to 40% of the ER shoreline is 
projected to be permanently submerged by 2050 and 2100, respec-
tively (Celata and Gioia, 2024). However, the widespread reluctance of 
coastal populations to accept managed retreat Celata and Gioia (2024), 
Loizidou et al. (2024) may lead to the continued implementation of 
protective measures by stakeholders, preventing a shift towards dif-
ferent solutions, such as restoring natural habitats (Nordstrom et al., 
2015), which could create a buffer zone. Similar to other worldwide 
sites, the need to balance sustainable environmental management and 
socio-economic issues requires the adoption of an integrated coastal 
management approach (Regione Emilia–Romagna, 2022).

6. Conclusions

In this study, the reconstructed yearly SDS positions along the 
ER coast over 1984–2023 indicate variable patterns and rates across 
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coastal sectors (cells and macrocells) due to diverse interacting pro-
cesses, site-specific settings, and individual characteristics. This vari-
ability is largely driven by widespread anthropogenic influences, in-
cluding altered coastal dynamics from engineering defense structures, 
high-rate subsidence superimposed on natural processes, sediment sup-
ply from large-scale nourishments, and small-scale sediment extractions 
and redistribution. The approach employed here helps to mitigate 
complexities that would otherwise be difficult to address using conven-
tional techniques. Although the application of corrections and annual 
averaging results in spatial smoothing, this approach also provides a 
solid basis for analyzing long-term shoreline evolution, for the first time 
here as a continuous time series. After signal processing and corrections 
to remove high-frequency components, the reconstructed time series of 
yearly averaged SDSs along the ER littoral provide a dataset suitable 
for assessing coastline evolution over the 40-year period. Overall, the 
main results, while consistent with previous studies using different 
techniques, provide new insights into coastal dynamics across multiple 
spatial and temporal scales along the ER coast. Despite the detailed 
parceling employed to distinguish tracts with specific dynamics, signifi-
cant spatial and temporal variability persists in some areas, highlighting 
the complexity of shoreline evolution.

The resulting dataset constitutes one of the most temporally ex-
tensive records for the Emilia-Romagna coast, supports the evaluation 
of the interplay between natural processes and anthropogenic inter-
ventions across multiple scales, and provides a practical baseline for 
continued monitoring and adaptive coastal management. Nevertheless, 
limitations in the approach remain. Indeed, yearly averaging and the 
applied corrections reduce temporal uncertainty but introduce spa-
tial smoothing that may mask short-term and small-scale variability. 
Moreover, the application of appropriate corrections to remove high-
frequency influences may not be feasible everywhere along global 
coastlines, as the required datasets are not always available. Future 
work should integrate SDS with higher-resolution datasets and further 
refine hydrodynamic and topographic corrections to better capture 
localized dynamics. In addition, coupling the time-series dataset with 
sediment-budget assessments and local hydrodynamics could lead to 
new insights into coastal processes. Furthermore, since the approach 
detailed in this study is transferable to other coasts, using local observa-
tions (when available) and/or models to build appropriate corrections, 
insights into shoreline evolution and local history can be obtained 
even where in situ historical data are lacking. Under these conditions, 
SDS-based annual means from 1984 onward can resolve interannual 
to multidecadal variability and event-aligned responses (e.g., nourish-
ments, extractions, structural changes, natural shifts), providing a valid 
decision-support baseline.
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