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The increasing availability of remotely sensed data has enhanced our ability to monitor coastal evolution, yet
extracting reliable time series for long-term analysis remains a challenge. This study evaluates the effectiveness
of the Isoradiometric shoreline extraction Method in producing consistent time series data across different spatial
and temporal scales. We applied the method to about 150 multispectral satellite images spanning 40 years,
covering two sandy beaches along Sicily’s coast in the central Mediterranean Sea. Our validation approach
focused on assessing method consistency across datasets with different spatial resolutions and revisit times. By
comparing Landsat and PlanetScope data, we demonstrated that while high-resolution products capture greater
variability in shoreline position, lower-resolution but longer time-span observations effectively identify under-
lying evolutionary trends. The analysis revealed that manual digitization captures instantaneous swash positions,
while the Isoradiometric Method consistently identifies stable morphological features between the low tide
terrace and berm, providing more reliable indicators of actual coastal change. This multi-resolution approach
proved effective in distinguishing between method-related outliers and paroxysmal events, with the latter
typically detected across multiple datasets at corresponding timeframes. The systematic application of the Iso-
radiometric Method successfully characterized both natural variability patterns and anthropic impacts, providing
quantitative baselines for interpreting Quaternary coastal processes while offering practical insights for shoreline
monitoring and coastal management strategies. Moreover, we calculated the shifts’ gradient to quantify the rate
of change in shoreline position. These results demonstrate: i) the necessity of creating shoreline time series as a
tool for geological interpretation through the principle of actualism and as a framework for rationalizing
contemporary shoreline monitoring approaches; ii) the Isoradiometric Method enables accurate Earth Obser-
vation image processing for this purpose.

Time series

1. State of the art

Shorelines’ shape and position vary across spatial and temporal
scales, driven by the interplay between sediment, wind patterns, current
waves, tides, and relative sea-level changes (Burningham and
Fernandez-Nunez, 2020). The quantitative understanding of these
highly dynamic processes is crucial for geological interpretation and
coastal management. These processes give rise to recurring cycles of
erosion and sedimentation, which shape modern coastal landscapes
forming features such as tidal notches, marine terraces, and river

systems (Burbank and Anderson, 2013). Understanding these modern
analogues is fundamental to interpreting Quaternary deposits, while
also informing coastal management strategies for natural and man-made
seaside environment protection (Agate et al., 2024; Parrino et al., 2023,
2022; Srivastava et al., 2023; Luijendijk et al., 2018; Short, 1999).
Recently, many different remotely sensed shoreline extraction
techniques have been proposed. These tools allow accurate shoreline
detection and monitoring and significantly improve coastal manage-
ment. These methods can be grouped into three categories (Toure et al.,
2019): the edge detection approaches (e.g., Ouyang et al., 2010; Toure
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et al., 2018) which treat the extraction of shoreline as an edge detection
problem; the band thresholding methods (e.g., Otsu, 1979; Aedla et al.,
2015) in which a thresholding value is selected either by man-machine
interaction or by a local adaptive strategy; the classification approaches
(Hannv et al., 2013; Sharma et al., 2015; Gao, 1996; McFeeters, 2013;
Costantino et al., 2020) which aim to separate the image into land and
water components, and then take the boundary line between them as the
shoreline.

1.1. Satellite-derived shoreline dynamics analyses

Recent advancements in remote sensing techniques pushed the
boundaries of accuracy in shoreline extraction methods for sandy bea-
ches (Almeida et al., 2021; Caldareri et al., 2024; Maltese et al., 2024,
2023; Palomar-Vazquez et al., 2023; Vos et al., 2019a). These in-
vestigations focused on remotely sensed shoreline horizontal accuracy
(Pardo-Pascual et al., 2018; Wicaksono and Wicaksono, 2019) and
temporal variability across different scales (Chen et al., 2022; Murray
et al., 2023; Vos et al., 2019b). Indeed, unlike field survey methods and
traditional coastal monitoring programs, remote sensing approaches
allow fast and precise quantification of shoreline dynamics. This capa-
bility is essential not only for studying modern coastal processes but also
for developing robust frameworks for both geological interpretation and
coastal management decisions, including the planning of effective
coastal defence interventions. Satellite-derived shoreline dynamics an-
alyses yielded significant findings regarding erosion and accretion pat-
terns along sandy beaches, one of the most heavily urbanized and
exploited regions globally. It allowed to detect that 24 % of the sandy
beaches experience erosion at rates exceeding 0.5 m per year while 28 %
of the beaches exhibit accretion. Approximately 48 % of the sandy
beaches remain stable, showing minimal changes over the analysed
period (Luijendijk et al., 2018). These data underscore the dynamic
nature of coastal environments and emphasize the importance of
monitoring and managing these areas to mitigate erosion impacts and
maintain a sustainable balance between stability and natural dynamics.
Given the crucial significance of predicting future scenarios of coastal
Landscape Evolution (LE), particularly in the context of climatically
induced extreme events, the use of remotely sensed time series data has
emerged as a pivotal tool (Bengoufa et al., 2021; Boussetta et al., 2023;
Gens, 2010; Yasir et al., 2020). This approach enables both the inter-
pretation of long-term geological processes and, through a better un-
derstanding of the shoreline dynamics, improves the development of
effective coastal management strategies.

1.2. Aim and structure of this work

In this research article, we present a critical analysis of the outcomes
achieved through an application of the Isoradiometric shoreline
extraction Method (hereinafter, the IM) proposed by Caldareri et al.
(2024) and Maltese et al. (2023), Maltese et al. (2024) across a
comprehensive dataset. Our approach focused on analyzing shoreline
dynamics through time series, aiming to quantify and interpret coastal
LE, which is constantly hampered by natural and anthropic forcings. In
this article, we explore the use of the IM as a potential solution to this
issue. The goals of this research are:

- to highlight the effectiveness of time series in analyzing coastline
evolution;

- to demonstrate that the time series produced by IM are high-quality
products suitable for coastal landscape management.

The study was carried out on two sandy beaches located on Sicily
Island which exhibit comparable daily tide excursions, ranging from 11
to 30 cm while showcasing distinct hydrodynamics energy variations.
Through Earth Observation data systematic processing, we demon-
strated how shoreline evolution patterns provide insights into various
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processes, including sedimentary dynamics, anthropogenic influences,
and climatic factors, considering their spatial and temporal
wavelengths.

In this paper, we will begin with a description of the areas under
study and the datasets of satellite products used. We will proceed with
an account of the method used describing advantages and issues. We
then present the results obtained from the processing of multispectral
images, with a focus on pair analysis to quantify the influence of satellite
product resolution on shoreline variability estimation. Then we will
illustrate the results of seasonal and multidecadal analysis up to the
realization of the time series which will also allow us to highlight the
limitations and potentialities of the datasets used. Finally, we will
discuss the results emphasizing how this method can be used to under-
stand coastal dynamics through the realization of time series and the
recognition of temporal and spatial patterns. Moreover, we speculate on
the drivers of coastal LE and the method potentialities for coastal
management by tracing the direction of future developments.

2. Material and methods
2.1. Study region

This study focuses on sandy beaches along the Sicily Island coast of
the Central Mediterranean basin (Fig. 1A, B). As case studies, we chose
San Giorgio (Fig. 1C), located in the northern sector, of which we ana-
lysed about 12 km of sand-gravel beach with an average width of 40 m
and facing the Tyrrhenian Sea. On the eastern coast, we selected the
Vendicari beach (Fig. 1D), of which we analysed about 6 km of sandy
coast with an average width of 35 m, facing the Ionian Sea. These
beaches encompass two distinct study sites that exhibit different char-
acteristics ranging from the geological composition of the surrounding
area, the orientation of the beaches, the protection level compared to
surface currents and prevailing winds, grain size variations (spanning
from a D50 of 0.48 mm for the Vendicari beach to a D50 value of 2.8 mm
in San Giorgio study case) and the anthropogenic footprint (e.g. har-
bours and coastal defence structures such as groynes). Despite these
variations, the two study sites share a common microtidal regime,
characterized by relatively small tidal ranges from 11 to 30 cm. This
consistent tidal regime provides a valuable baseline for comparative
analysis and allows for a focused investigation into the specific dynamics
of every beach.

2.2. Dataset

In this analysis we used two distinct satellite datasets, Landsat and
Planetscope, to acquire comprehensive information spanning over a
period of up to 40 years (Figs. 2 and 3A1-2). The Landsat dataset en-
compasses the Thematic Mapper (TM), Enhanced Thematic Mapper +
(ETM + ), and Landsat Operational Land Imager (OLI) images from the
Level 2 Collection 2 Tier 1, for further information see: https://www.
usgs.gov/media/files/landsat-collection-1-vs-collection-2-summary). It
offered a geometric resolution of 30 m and, due to the exceptional
longevity of the program, it was suitable for time-series analysis (USGS,
2017). We processed Landsat 5 TM images from 1985 to 2010, Landsat 7
ETM + images for 2011 and 2012, and Landsat 8 OLI images from 2013
to 2022. Additionally, commercial satellite products from Rapid Eye and
Planetscope satellite constellations have been processed, specifically the
images acquired by the Rapid Eye JSS56, with a geometric resolution of
5 m and Planetscope Dove R sensors, operated by Planet, with a geo-
metric resolution of 3 m, were processed for the years 2009 to 2022
(Image © 2019-2022 Planet Labs PBC).

Furthermore, aerial orthophotos accessed through the Web Map
Service (WMS) provided by the Italian National Geoportal under the
Ministry of the Environment and Energy Security (Geoportale Nazio-
nale, Ministero dell’Ambiente e della Sicurezza Energetica, https://gn.
mase.gov.it/portale/servizio-di-consultazione-wms)  and  satellite
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Fig. 1. (A-B) Geographical Setting of the two study sites on Sicily Island: the map illustrates the locations, providing a comprehensive overview of their geographical
distribution. San Giorgio beach (C) is situated in the north-eastern sector, while Vendicari (D) is positioned along the eastern coast. Inset A provides the locations of
the tide gauge and wave buoy, the main surface current circulation is represented with the blue arrow. Insets C and D provide information on tidal range, median
sediment grain sizes (D50) and the rose diagram of the prevailing wind direction. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Geometric  Revisiting :
: = Sensor Link
resolution time

(m) (days)

— N, i 5 0 | 16 | ™™ [uessev
landsat-
missions/

Landsat 7 S — 30 16 | ETms | landsat-
collection-
2-level-2-

L 30 8 OLI science-
Freely available satellite products products
Rapid Fy: E—— s 1 |ssse
api.planet
Planetscope [ — 3 1 Dove R Lom
Commercial satellite products
1985 1990 1995 2000 2005 2010 2015 2020

Fig. 2. Timeline of the processed satellite products. The black lines represent the operating period of the satellite missions, while the coloured boxes indicate the
sensing period of the satellite products employed in our research. The geometric resolution, revisiting time, and sensor information for both public and commercial

satellite missions are provided in the right columns for reference.

orthophotos obtained via the Google Earth Professional platform were
employed to evaluate the accuracy of the time series. Multidecadal time
series were validated by processing nine images acquired on 07/1997
(the metadata does not include information regarding the date of

acquisition), 13/05/1999, 28,/08/2005, 08/08/2010, 09/07/2012, 06/
06/2014, 14/06/2017, 10/06/2018, and 24/05/2020, while the sea-
sonal time series were validated by processing two images acquired on
11/05/2022 and 24/04/2023.
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Fig. 3. A;) Data-cube of low-resolution satellite products starting from 1985 to 2022, and A) of high-resolution satellite products starting from 2009 to 2022. The x-
axis shows the time-span, and the y-axis shows the horizontal displacement; B) Extracted shorelines by mean of ISE application; C1) Pairwise analysis used to identify
method criticalities (outside the confidence band); C2) Pairwise analysis to identify outliers correlation’; D1) San Giorgio beach multidecadal time series heatmap;
D2) Vendicari beach seasonal time series heatmap. The arrows indicate the consequentiality of the analyses carried out.

2.3. Methods

We present a systematic application of the Isoradiometric Method
(IM) proposed by Caldareri et al. (2024, Fig. 3), a novel sub-pixel res-
olution approach that treats pixels as concurrent radiometric acquisi-
tions on a square grid. This method extracts shorelines from remotely
sensed images of sandy beaches by leveraging the radiometric signature
difference between water and sand and identifying an isoradiometric

line to represent the physical shoreline. The IM identifies shoreline po-
sition by calculating the minimum distance between two consecutive
isolines of reflectance.

Caldareri et al. (2024) demonstrated that the IM has passed multiple
validation tests examining accuracy for specific spectral bands and
spatial resolutions, spectral signature behaviour, water depth attenua-
tion effects, georeferencing accuracy, and grain size sensitivity. When
compared with other methodologies in the literature, IM demonstrates
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superior accuracy and avoids the classic sawtooth morphology typically
associated with pixel-based methods due to its subpixel resolution ca-
pabilities. Preliminary testing has been conducted on various imagery
types, including spectral reflectance in the sunlight range, surface tem-
perature in the thermal infrared, and backscattering in the microwave
(Maltese et al., 2023; Maltese et al., 2024).

The primary focus of our research is generating time series datasets
that enable spatial and temporal interpretation of morphodynamic
drivers influencing shoreline changes. By applying the IM to two
different resolution satellite product dasatests (Fig. 3A1-2), allowed us
to perform an accuracy comparison (Fig. 3B) and the pairwise analyses
which led us to distinguish between shift outliers resulting from IM
methodological limitations and changes associated with genuine
paroxysmal events (Fig. 3C1-2). The resulting datasets illustrate poten-
tial driving factors of coastal change, whether natural or anthropogenic
in origin (Fig. 3D1-2).

Our methodological workflow produced a series of polylines repre-
senting shoreline positions at the time of satellite image acquisition
(Fig. 4A). To facilitate systematic analysis and meaningful comparisons,
we established a landmark shoreline for each study site based on the
shoreline position as of July 2022. Using this reference, we constructed
perpendicular transects intersecting the landmark shoreline at regular
intervals of approximately 100 m, extending 200 m perpendicular to the
landmark. Each transect was uniquely identified with an increasing
numerical label.

We calculated along-transect measurements using the intersection
points between these transects and the extracted shorelines, determining
distances between each point and the established landmark shoreline. As
illustrated in Fig. 4B, we adopted the convention where negative values
indicate sea transgression (landward shoreline movement) and positive
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values represent sea regression (seaward movement). This standardized
approach ensured consistency and facilitated the interpretation of
shoreline dynamics relative to the reference shoreline.

To identify and emphasize the most significant shift values and
effectively represent natural variability in the data, we classified the
transects using the Jenks natural variance classification algorithm
(Jenks and Caspall, 1971). This approach minimizes variance within
each group while maximizing variance between groups, creating distinct
classes with enhanced internal similarity.

2.3.1. Pairwise analysis and statistical approach

To ensure robust comparisons, a pairwise analysis was performed
using images acquired (as possible) simultaneously but at varying
spatial resolutions, to identify and handle outliers in our dataset. Out-
liers caused by method criticalities generally occur outside the confi-
dence band; however, criticalities that remain stable over time and
appear consistently across different resolutions may be found within the
confidence band but outside the confidence ellipse. Similarly, outliers
resulting from genuine extreme events typically appear outside the
confidence ellipse within the confidence band. We analyzed the statis-
tical distribution of shifts and isolated potential outliers for separate
examination (Figs. 5 and 3C1). In the current implementation of our
algorithm, method criticalities are identified automatically using con-
fidence bands, while shifts identified by confidence ellipses require case-
by-case analysis.

Given that shoreline changes occur at different temporal scales, we
implemented two complementary analytical approaches to capture
significant variations beyond daily or monthly fluctuations. Tidal vari-
ations, while present, were considered not significant for our purposes
and incompatible with the revisit time of the satellite platforms used in

200 m
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number |

t.n.5 transect length

100 m

transect distance

o]

p—————1985-07

-48 [.l:“"-
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Fig. 4. A) San Giorgio Beach section: shorelines extracted from the Landsat satellite product are depicted as black lines, while coloured lines denote perpendicular
transects positioned along the shoreline. Transects colours correspond to the Jenks natural breaks classification. B) A closer view of what shown in inset A), focusing
on a landmark shoreline (black line). This shoreline serves as a reference for calculating shifts observed in all other shorelines.
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Shifts (m) - low resolution satellite products

Fig. 5. In the x-axis, the shifts (in m) of the lowest geometric resolution satellite products are shown while the shifts of the highest geometric resolution satellite
products are shown in the y-axis. The confidence band with graduated colours with a value of 0.003, shows positive values in the first quadrant (sea regression) and
negative values in the third quadrant (sea transgression). Values found at the extremes of the band are those linked to paroxysmal events. The pairs outside the band,
in the grey area, are interpreted as method criticalities (outliers). The dotted red line represents a confidence level of 0.003. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

this study (Masselink and Short, 1993). Our dual approach consisted of:

Seasonal Analysis: Using PlanetScope (PS) satellite products, we
selected one image per month over three years to capture short-term
fluctuations.

Multi-decadal Analysis: Using Landsat (LS) satellite products, we
selected one image per year spanning approximately 40 years to
observe long-term trends.

To characterize the statistical nature of shoreline shifts across
different resolutions, we fitted probability density functions to the
measured shifts. The Anderson-Darling statistic (AD; D’Agostino and
Stephens, 1986) was employed to assess how closely the data followed
specific distributions, with smaller AD values indicating better fits. This
analysis provided insights into how different resolution datasets capture
paroxysmal events.

In the analysis of displacement shifts, probability density functions
were employed to model the data derived from the datasets at different
spatial resolutions. The Normal and Smallest Extreme Value (SEV) (Kotz
and Nadarajah, 2015) distributions were identified to characterize shifts
at coarse and fine resolutions (e.g. Benetazzo et al. (2020)) use extreme
value distributions to model extreme marine events, specifically
focusing on maximum wave heights and maximum crest heights during
marine storms.

2.3.2. Validation methodology

While the accuracy of IM-extracted shorelines was previously vali-
dated by Caldareri et al. (2024) using GNSS techniques, we implemented
additional validation protocols for our time series analysis. Since our
analysis covered historical periods, we compared IM-extracted shore-
lines with manually digitized shorelines from high-resolution archival
satellite images available on the Google Earth Professional platform
even if the temporal mismatches between validation imagery and sat-
ellite acquisitions are unaddressed, risking reducing the accuracy claims
in micro-tidal settings. The digitization process followed the method-
ology described by Pipitone et al. (2018). For the Protocols detailed
description refers to Supplementary Materials (S.1 and S.2).

Our validation focused on measuring distances between vertices of
digitized shorelines and those extracted by the IM. To ensure temporal
consistency, we only considered images acquired within approximately
two months of the corresponding satellite acquisition for validating
multi-decadal time series, and within the same month for seasonal time
series. This approach allowed us to assess the reliability of our shoreline
extraction method across different temporal scales while accounting for
historical data limitations.

To evaluate the planimetric accuracy of orthophotos, statistical
values were extracted and analyzed. Interquartile range (IQR) and
standard deviation (c) were calculated for distance matrices, dis-
tinguishing between aerial orthophotos accessed via the Web Map
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Service (WMS) and satellite images accessed through the Google Earth
platform.

3. Results

By systematic application of the IM proposed by Caldareri et al.
(2024), we processed a total of 148 multispectral satellite images,
covering approximately 18 km of sandy beaches. This time series
approach allowed us to extract a dataset consisting of a shoreline for
each image and obtain a total of 13,024 shift measurements collected
along 176 transects within the identified study areas over the past 40
years. Out of the 13,024 measurements, a total of 1124 amounts were
due to critical issues associated with the IM. These issues included
double measurements or other criticalities. As a result, we were able to
perform pair analysis on 11,900 pairs of shift measurements. In these
pairs, we identified 219 outliers (interpreted as method criticalities),
137 measurements related to paroxysmal events, and 11,544 measure-
ments associated with the normal variability of the shoreline for each
analysed site. By analysing the shift measurements transect by transect,
we categorized the shift values into three distinct Jenks classes of vari-
ance. This classification resulted in 1201 values assigned to the
maximum variance class, 4282 values to the intermediate variance class,
and 7653 values to the minimum variance class. We calculated the
shifts’ gradient to quantify the rate of change in shoreline position
revealing a maximum averaged positive gradient of 13.15 m/yr, indi-
cating the highest rate of seaward movement or accretion observed. The
mean value of the positive gradient was 1.22 m/yr. Additionally, we
identified a maximum negative gradient of —5.38 m/yr, representing
the highest rate of landward movement or erosion recorded. The mean
value of the negative gradient was —0.63 m/yr. These gradient values
provide valuable insights into the magnitude of shoreline changes
within the study areas.

3.1. Pairwise analysis

Three confidence ellipses were calculated at different confidence
levels (0.3173, 0.0455 and 0.003 for the inner thick red line to the outer
thin red line, respectively). Analysing the dispersion of the shifts at
different spatial resolutions (Figs. 6 and 3C2) enables us to quantify the
influence of the resolution on the estimate of shoreline variability. The
shifts obtained at the lowest spatial resolution (y-axis) in all three cases
show a range of variability lower than the ones obtained at the highest
resolution (x-axis).

Green points represent shifts calculated from datasets at different
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resolutions that show proportionality shifts that could be considered
congruent at different resolutions. Instead, the red points are assumed as
possible outliers and were identified in the portions of the beach in
which criticalities of the method emerge, for instance, due to shadows.

The two probability density functions that best fit the shifts deter-
mined using the Landsat and Planetscope datasets are the Normal and
the Smallest Extreme Value (SEV) distributions (Fig. 7, Kotz and
Nadarajah, 2015). The normal distribution best fits the shifts distribu-
tion at the coarsest resolution (Landsat, AD = 248 for the normal dis-
tribution, vs. AD = 550 for the SEV distribution), while the SEV
distribution better fits the shift at the finest resolution (Planetscope, AD
= 550 for the normal distribution vs. AD = 348 for the SEV distribution).
The adaptation to the law of frequency distribution shows that the dis-
placements derived from the Landsat images are well described by the
Gaussian distribution, while those derived from the Planetscope images
are better described by the SEV distribution. This corroborates the
inference that high-resolution images may be more suitable for accu-
rately capturing displacements due to paroxysmal events. For a detailed
description refers to Supplementary Materials (S.3).

3.2. Pairwise Pearson correlation on seasonal and multidecadal analyses

Fig. 6 shows the correlations, r (—), between the shifts of two pairs of
years spaced by a time-lag At (yellow points). The correlations tend to
decrease as the time lag in years increases (dashed trend line). Fixed the
At against which we evaluate the correlation, we see that most of the
pairs have high values, however, low values are also noted. The pairs
outside the confidence band have been represented with their correla-
tion in Fig. 8.

The pairs in red and outside the confidence band refer to the pairs of
years 2020-2010, 2021-2010, 2021-2011, 2021-2012, 2021-2013,
and 2021-2014, with correlations of (0.357, 0.237, 0.269, 0.331 0.405,
0.438), respectively, with the year 2021 recurring. Fig. 6C shows the
correlations, r (—), between the shifts of two pairs of months spaced by a
time-lag At (red points). The correlations tend to decrease as the time lag
(expressed in months) increases, as seen in the Vendicari case study
analysed using PS (dashed trend line). Once an interval has been chosen
for characterizing the evolution of the shoreline—10 years being a
typical value—the selection of one pair over another results in shore-
lines that exhibit significantly different correlations. This underscores
that time series with high temporal frequency provide more compre-
hensive information compared to monitoring conducted at less frequent
intervals, which offer only partial information. The pairs in red and
outside the confidence band refer to the months 06/2022—11/2021,
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Fig. 6. A) Comparison of the shoreline shifts (S) estimated by satellite products. The x-axis represents the shift values at the finest resolution (Planetscope), while the
y-axis represents the shift values estimated at the coarsest resolution (Landsat). The trend line is shown in black. Refer to the Fig. 5 for graph details. B) Pairwise
Pearson Correlation as a function of the yearly time-lag (yellow point) on the San Giorgio beach. Highlighted in red are the pairs showing a correlation smaller than
the lower boundary (a = 0.003). C) Pairwise Pearson Correlation as a function of the monthly time lag (yellow point) on the Vendicari beach. Highlighted in red are
the pairs showing a correlation smaller than the lower boundary (a = 0.003). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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05/2022—-01/2022, 06/2022—01/2022, 05/2022—02/2022, 06/
2022—-02/2022, 05/2022—03/2022, 06/2022—03/2022, 06/
2022—04/2022 with correlations of —0.096, —0.055, —0.256, —0.213,
—0.194, —0.215, —0.187, and —0.045 with May and June 2022 recur-
ring months, respectively.

3.3. Time series case histories

In our comprehensive exploration of the dataset, obtained through
the application of the IM, our focus was on the examination of the
evolution of the shoreline in the investigated case histories. The
following paragraphs present the time series outcomes, focusing on the
limitations and potential of the dataset. These outcomes consider
various parameters, including the Sicilian coastal sector, satellite prod-
ucts, time series type, beach morphodynamics drivers, and the specific
sandy beaches investigated (see Table 1). First, we present the outcomes

Table 1
Time series case characteristics for the beaches of Vendicari (VD) and San
Giorgio (SG).

Parameters / Localities VD SG

Sicilian Coastal Sector E N

Satellite datasets Planetscope Landsat
Time Series Seasonal Multidecadal
Beach morphodynamics driver Sediment flux Anthropic

of a seasonal analysis (on the Vendicari beach), then the outcomes of a
multidecadal analysis (on the San Giorgio beach). The latter beach faces
the Tyrrhenian Sea (North) while the Vendicari beach faces the Ionian
Sea (East). For the seasonal analyses, we employed the Planetscope
archive, while for the multidecadal analysis was used the Landsat
archive.
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Hereafter, the percentage of measurements acquired from different
satellite platforms in both the multidecadal, and seasonal analysis are
shown (Table 2), to assess the contribution of each platform to the total
dataset and evaluate the reliability and coverage provided by different
satellite platforms in capturing shoreline dynamics over time. The
above-mentioned archives allow covering a percentage of the designed
time series depending on the satellite revisit time.

Landsat emerged as the most reliable archive for the multidecadal
analysis (86 %), while Planetscope demonstrated superior performance
for the seasonal analysis (97 %). Vendicari Beach was examined using a
seasonal time series of Planetscope images over a three-year period with
monthly frequency. Regarding the validation of the time series, Table 3
presents statistical indices characterizing the distances between digi-
tized vertices and shorelines extracted using the IM. Approximately 500
vertices were validated, with a majority distance (Mo) of 0.30 m on
average (ranging from 0.14 to 0.45 m), while the average distance (x)
indicates a lower performance of the IM, with a range of variability from
3.7 to 5.2 m. The interquartile range (IQR) was 3.7 m on average, and
the standard deviation of the distances (¢) was 3.2 m on average. The
dataset used for this validation is freely available in the repository at the
following link: https://zenodo.org/records/14711106.

Vendicari Beach is characterized by significant shoreline variability
as indicated by the measured shifts. The maximum variance of ~ 56 m
and the minimum variance of ~ —45 m highlights the range of changes
observed along the shoreline. These variations have been categorized
into three distinct classes: Jenks Class 1, Jenks Class 2, and Jenks Class 3,
hereafter J1, J2 and J3 (Figs. 9 and 3D2).

J1 shows the highest and lowest values of ~ 23 m and ~ 20 m,
respectively, indicating moderate changes while, J2 exhibits a wider
range, with a maximum of ~ 56 m and a minimum of ~ —44 m, sug-
gesting more substantial shifts in the shoreline. Class J3 demonstrates a
maximum value of ~ 40 m and a minimum value of ~ —45, representing
the most extreme changes observed in the study.

The monthly displacement gradient along the transects (Fig. 10)
exhibits regression fluctuations interspersed with periods of trans-
gression, predominantly occurring on a bimonthly and quarterly basis.
Quite distinct behaviours are observed in the two bays located to the
north and south of the sandbar. The San Giorgio Beach was studied
through a multidecadal time series of Landsat images over nearly four
decades with yearly frequency. Regarding the validation of the time
series, Tables 4 and 5 present statistical indices characterizing the dis-
tances between digitized vertices and shorelines extracted using the IM.

Three campaign-level structures were selected for the placement of
GCPs. The GCPs exhibit the following average geographic coordinates in
EPSG 6706: (38.1537, 14.9646), (38.1709, 14.9444), and (36.7704,
15.0858). Approximately 240 reciprocal distances were calculated.
Average statistical values between the three GCPs were evaluated for all
images, distinguishing between the aerial orthophoto accesses via WMS
and the satellite images accessed via the Google Earth platform.

The statistical values extracted from aerial orthophotos (see Table 4
reporting “Orthophoto planimetric accuracy”) demonstrate reduced
accuracy, and behaviour consistent with the average statistical in-
dicators of their accuracy (see following Table 5 reporting “Shoreline

Table 2

The percentages of measurements acquired from different satellite platforms are
presented for the multidecadal (M), seasonal (S), and total (multidecadal plus
seasonal, Tot) time series. The columns correspond to the satellite datasets:
Landsat (LS), and Planetscope (PS) for the sandy beaches of Vendicari (VD and
San Giorgio (SG).

VD SG

LS PS LS PS
M 0.83 0.30 0.86 0.32
S 0.59 1.00 0.69 0.98
Tot 0.72 0.61 0.78 0.62
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Table 3
Statistical values characterizing the distance between digitized vertices and
shorelines extracted using the IM.

Month 05/2022 04/2023
Time distance (days) 4 0
Vertex numerosity 287 223

IQR (m) 3.47 3.90

Mo (m) 0.14 0.45

p (m) 3.73 5.16

c (m) 3.35 3.07

time series accuracy”). Indeed, the analysis revealed that aerial ortho-
photos accessed through the National Geoportal exhibit lower plani-
metric accuracy compared to satellite orthophotos reported on Google
Earth. For instance, in Table 3.2, the interquartile range (IQR) of the
distance matrices for WMS images was about 2.5 m, while Google Earth
images showed significantly higher precision with an IQR of about 0.7
m. Likewise, standard deviation (o) values highlighted greater vari-
ability in WMS imagery (about 1.3 m) compared to Google Earth im-
agery (0.4 m). Approximately 5700 vertices were validated, with a
majority distance of ~ 3.9 m; coherently, the average distance indicates
a similar performance with an average value of 8.4 m. The IQR was 7.3
m on average, and the standard deviation of the distances was 5.7 m on
average. The dataset used for this validation is freely available in the
repository at the following link: https://zenodo.org/records/14711106.

The San Giorgio Beach exhibits significant fluctuations in the metric
values. Each class manifests different frequencies of changes at San
Giorgio Beach (Figs. 11 and 3D1). Class J1, J2 and J3 comprise 3800,
456 and 266 measurements, respectively. Additionally, the lengths of
each class offer an understanding of the spatial extent of these varia-
tions. Class J1 spans 10,000 m, Class J2 covers 1300 m, and Class J3
extends over 700 m. The total length measures 12,000 m, representing
the cumulative extent of the observed changes at San Giorgio Beach.

As mentioned earlier, this analysis is based on a comprehensive
dataset comprising 38 products, covering a period of 38 years and this
extensive dataset allows for a thorough examination of the long-term
variations in beach morphology, as captured through the multidecadal
analysis at San Giorgio Beach.

The velocities of the displacement fronts are depicted through the
processing of the displacement map by quantifying the yearly
displacement gradient. The study analyzes coastal dynamics, focusing
on sediment accumulation and erosion through high-resolution aerial
and satellite orthophotos, alongside multi-decadal shoreline time series.
At Marina di Patti, sediment deposition progressively filled southeastern
groynes, advancing southeastward between 1989 and 2017. Simulta-
neously, San Giorgio (Fig. 12) experienced coastal regression charac-
terized by erosion patterns migrating southeastward. Displacement
gradients and patterns revealed a dynamic interplay between sediment
deposition at Marina di Patti and erosion at San Giorgio. By 2020-2022,
sediment accumulation at newly installed groynes in San Giorgio
diminished, underscoring the evolving nature of these coastal processes.
The displacements identified through high spatial resolution aerial and
satellite orthophotos corroborate the displacement patterns and annual
displacement gradients derived from the analysis of the multi-decadal
time series of the shoreline derived from the Landsat USGS archive.
Fig. 13 shows the evolution of the San Giorgio beach sector from 2003 to
2022. For a more detailed description of the process refer to paragraph
“Comparative geomorphic overview of San Giorgio and Marina di Patti
beaches” in the Supplementary Materials (S.4).

4. Discussion

This study demonstrates how the IM through the multi-resolution
time series analysis can unravel coastal dynamics across different tem-
poral and spatial scales. Our findings highlight the complementary
usefulness of high- and low-resolution data in understanding both
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Fig. 9. A) The Vendicari beach study site analysed using Planetscope satellite products acquired from July 2019 to July 2022. The colour code of shoreline
perpendicular transects is based on the Jenks natural breaks classification variance. B) Heatmap in which each cell represents the along transect shift value measured
from each shoreline to the landmark. The orange cells represent points of method criticality. The date is shown on the y-axis, while the x-axis shows the progressive
distance along the shoreline. The vertical black represents the limits obtained by applying the Jenks algorithm. The red dashed boxes highlight outliers identified via
the pairwise analysis (Fig. 6). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

immediate morphological responses and long-term evolutionary trends.
Through systematic analysis of two contrasting sites, we identify key
patterns in shoreline behaviour and their implications for both geolog-
ical interpretation and coastal management.

4.1. Decoding shoreline dynamics through multi-resolution time series

The application of time series analysis at different resolutions pro-
vides insights into both short-term processes and long-term coastal
evolutionary patterns. Our validation reveals that while manual digiti-
sation captures instantaneous swash positions, the IM identifies a stable
morphological feature between the low tide terrace and the berm,
aligning with observations on water diffuse attenuation (Ciraolo et al.,
2006) in the near-infrared spectrum as discussed by Caldareri et al.
(2024). This distinction helps separate ephemeral water boundaries
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from actual morphological changes. This discrepancy is particularly
evident in high-resolution images, where the planimetric distance be-
tween the low tide terrace and the berm exceeds the spatial resolution.
The multidecadal (Landsat, Fig. 11) analysis demonstrates effectiveness
in capturing long-term trends with consistent subpixel accuracy. The
comparison between resolutions reveals that while high-resolution data
captures full shoreline variability, lower-resolution observations high-
light underlying trends, showing a “dampening effect” that helps
distinguish between regular morphological cycles, extreme events, and
progressive evolutionary trends (Barnard et al., 2015; Vos et al., 2023).

4.2. Temporal patterns and coastal dynamics

The correlation analysis reveals distinct temporal signatures at
different scales, with a general decrease in correlation over increasing
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Fig. 10. Monthly gradient (m/month) calculated over a 3-month moving windows along the transect on the seasonal time series. The date is shown on the y-axis,
while the x-axis shows the progressive distance along the shoreline. The colour scale varies between a minimum percentile set at 3 % (—6.5 m/month) and a

maximum percentile set at 97 % (8.0 m/month).

Table 4
Orthophotos planimetric accuracy: statistical values characterizing the distance
between digitized GCPs.

Aerial Orthophoto Satellite orthophotos All
IQR(m) 2.54 0.68 2.35
I\To(m) 1.59 0.24 0.24
a(m) 3.44 0.70 2.49
&(m) 1.26 0.36 1.41

time lag (Fig. 6). At Vendicari, low correlations in May-June 2022
coincide with the presence of beached Posidonia Oceanica deposits or
anthropic structures which generate abrupt changes in the shoreline
trend. The San Giorgio multidecadal analysis shows a major shift around
2021, suggesting the coastal system reached a critical threshold,
possibly due to post-2003 coastal defences (Figs. 11 and 13). Seasonal
correlations decrease more rapidly with time lag compared to multi-
decadal ones, indicating short-term variations oscillate around more
stable long-term trends (Fig. 6). Coastal sectors with similar exposure
and sediment characteristics show similar correlation patterns, demon-
strating how local morphological conditions could influence environ-
mental response. Variations in the temporal consistency of the data
highlight the importance of time series, which allow residual errors to be
highlighted and exceptional events to be better identified by explaining
the evolution of natural environments in greater detail (Ghaderpour
et al., 2023).

4.3. Spatial patterns and morphodynamics implications

The Jenks classification analysis reveals distinct spatial patterns
related to coastal morphology. At Vendicari, low variance classes (Jenks
1) at beach extremities indicate stability zones, while highest variability
(Jenks 3) coincides with the cuspidate salient near Vendicari island
(Fig. 9). Transects with intermediate variance (Jenks 2) are located
within the two bays. High variance between transects 26-29, combined
with maximum gradients, suggests enhanced morphodynamics sensi-
tivity, likely due to relatively shallower depths and increased energy in
the sedimentary environment. The two bays flanking the tombolo
feature marshes along the shoreline, with wave refraction and diffrac-
tion influencing the alongshore N-S current in correspondence of the
littoral salient (F. 277 Noto — C.N.R. — M.U.R.S.T., 1997). Notable
sedimentation events occurred at transects 23-24 during February-
March 2019/2022 and October-November 2019, corresponding to the
larger marsh. While the central littoral portion shows sedimentation, the
southern bay experiences erosion and shoreline transgression, con-
trasting with the northern bay’s slight regression due to sedimentation.
San Giorgio shows different dynamics influenced by anthropic modifi-
cations, with coastal defences creating distinct morphodynamic cells
(Fig. 11). The shoreline’s transformation from linear to sinuous after
2003 demonstrates how artificial structures alter natural evolution
patterns, resulting in beach loss up to 120 m in some sectors. Climate
change has intensified coastal erosion through more intense storm
surges, while anthropization, including road construction and harbour
development, has disrupted natural sediment transport patterns high-
lighting the need to implement these tools to exploit their potential for
preventive purposes in coastal environments (Ghaderpour et al., 2023;

Table 5

Statistical values characterizing the distance between digitized vertices and shorelines extracted using the IM.
Year 1997 1999 2005 2010 2012 2014 2017 2018 2020
Time distance (days) <20 3 12 4 2 49 49 40 62
Vertex numerosity 357 511 944 771 791 333 749 408 1214
IQR (m) 9.59 9.23 9.67 6.71 5.72 7.68 6.95 6.42 5.28
Mo (m) 14.83 7.13 5.97 0.51 3.90 5.90 2.40 4.78 0.55
p (m) 13.34 12.86 13.34 6.17 6.42 8.05 7.74 6.83 5.89
6 (m) 6.81 6.41 6.67 4.50 4.32 6.62 6.45 5.40 5.29
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Landsat multidecadal analysis of the San Giorgio beach
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Fig. 13. A) Evolution of the shoreline in the San Giorgio sector with Google Earth base map. The 2003 extracted shoreline is shown in blue; in white the one of 2014
and in yellow the shoreline of 2022. Numbered coast perpendicular lines represent the transect as per Fig. 11. B1-B3) Zoom area shown in the subsequent insets with
a Landsat base map, in which the shoreline changes resulting from the groynes coastal defence built since 2003. B4-B6) Insets shown the same sector with a Google
Earth base map. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Randazzo and Lanza, 2020).
4.4. Decoding drivers of coastal landscape evolution

The study sites demonstrate the interplay between natural processes
and anthropic modifications. Vendicari, minimally influenced by human
activity, shows natural drivers dominating evolution patterns, with
regular events modulated by local geological setting. Significant shore-
line transgressions occur in December, coinciding with winter solstice
high tides. Paroxysmal climatic events can cause simultaneous erosion
and sedimentation in different areas (Short, 1999), influenced by coastal
geometry and the angle between the coast and main currents (Bascom,
1951; Short, 1999). San Giorgio reveals how anthropic interventions can
fundamentally alter natural patterns, with coastal defences triggering
cascading morphological adjustments. The analysis reveals a hierarchy
of drivers: seasonal astronomical and meteorological forcing create
regular patterns modulated by local conditions, while decadal-scale
sediment transport processes drive shoreline dynamics, susceptible to
anthropic modifications.

4.5. Implications for Quaternary geology and coastal management

Our time series analysis offers a dual contribution to coastal studies.
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From a geological perspective, the quantification of modern shoreline
behaviour provides crucial insights for interpreting Quaternary deposits
through the principle of actualism. The natural variability ranges
observed at Vendicari (—45 m to + 56 m) establish quantitative base-
lines for interpreting past coastal changes, while the distinctive signa-
tures of anthropic modifications at San Giorgio offer modern analogues
for understanding Anthropocene geological records. This framework
helps to interpret cyclic sedimentary deposits and abrupt transitions in
the geological record, particularly valuable for distinguishing between
periodic (tidal), episodic (storm), and progressive (evolutionary)
changes preserved in coastal sequences. From a monitoring and man-
agement perspective, our systematic analysis of temporal signatures and
process thresholds provides a robust framework for coastal assessment.
The demonstrated effectiveness of multi-resolution analysis in capturing
both immediate responses and long-term trends can rationalise coastal
monitoring strategies. San Giorgio’s case particularly highlights how
this approach can assess anthropic impacts and forecast potential
morphological adjustments, essential for informed coastal management
decisions. The characterization of satellite product sensitivity opens new
possibilities for analysing coastal sedimentary dynamics in relation to
tidal regimes (Caldareri et al., 2024; Maltese et al., 2024). The heatmaps
produced in this study can provide valuable information about tidal
cyclicity and intensity. Rapid analyses at the physiographic unit scale
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could reveal relationships with tidal currents, potentially contributing to
the assessment of tidal energy potential in coastal areas. However, this
would require expanding the current dataset with satellite products
providing more frequent revisit times for detailed tidal analysis.

4.6. Limitations and future developments

This study strategically focuses on evaluating coastal dynamics in
areas with homogeneous tidal regimes and similar coastal settings,
building on the research by Caldareri et al. (2024), in which the IM was
developed and validated on sandy beaches along the Sicilian coast
characterized by microtidal regimes. We selected multiple study sites
with similar tidal characteristics to systematically test and demonstrate
the IM’s reliability and reproducibility within this well-defined envi-
ronmental context. This methodological design enhances the possibility
of establishing baseline performance metrics for the technique. The re-
sults obtained in these controlled settings provide a strong foundation
for future research, which will expand the IM’s application to diverse
tidal regimes and heterogeneous coastline environments, further
demonstrating its versatility and robustness across a broader spectrum
of coastal settings.

5. Conclusions

This study evaluated the effectiveness of the IM for characterizing
shoreline dynamics through time series analysis. The method was
applied to about 150 multispectral satellite images spanning about 40
years across two study sites along the coast of the Sicilian Island in the
central Mediterranean Sea, demonstrating its reliability with different
resolution datasets. Our accuracy assessment, based on manually digi-
tised shorelines from high-resolution archival images, revealed that
while seasonal analysis shows vertex positions at subpixel distances
from IM-extracted lines, their average distance exceeds spatial resolu-
tion. This difference arises from visual digitization capturing the swash
uprush, while the isoradiometric shoreline identifies a more stable
feature between the low tide terrace and the berm. This discrepancy is
evident in high-resolution images (Planetscope) but becomes negligible
in lower-resolution time series (Landsat), where all indices indicate
subpixel accuracy. The analysis of different resolution datasets revealed
distinct variability ranges, highlighting the importance of considering
spatial resolution when comparing shoreline shifts. The pair analysis
conducted on 11,900 pairs of shift measurements allowed us to identify
219 outliers (interpreted as method criticalities), 137 measurements
linked to paroxysmal events, and 11,544 measurements associated with
the normal variability of the shoreline at each analyzed site. High-
resolution products capture finer coastal details and nuances, while
lower-resolution data smooth out subtle variations. This finding em-
phasizes the necessity of pair analysis when developing new shoreline
evolution time series methods. Furthermore, we calculated the gradient
of the shifts to quantify the rate of change in shoreline position. Our
analysis revealed a peak average positive gradient of 13.15 m/yr, indi-
cating the highest rate of seaward movement or accretion observed. The
average positive gradient was 1.22 m/yr. We also identified a maximum
negative gradient of —5.38 m/yr, representing the greatest rate of
landward movement or erosion recorded, with the average negative
gradient being —0.63 m/yr.The methodology demonstrated a dual
utility: as a tool for interpreting Quaternary geological processes
through the principle of actualism, and as a framework for rationalizing
shoreline monitoring and coastal management strategies. The obtained
results have proved valuable both in establishing modern analogues for
geological interpretation and in assessing anthropic impacts on coastal
areas. Future research will focus on advancing statistical and method-
ological analyses, particularly in the selection and characterization of
paroxysmal events from the broader set of outliers, enhancing our ability
to interpret both geological records and contemporary coastal dynamics.
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