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Sea-level rise coupled with subsidence, namely relative sea level, currently represents the greatest threat to
low-lying coastal areas worldwide, leading to a constant increase in flooding risks and shoreline erosion. The
Emilia-Romagna coastal plain in northern Italy, facing the Adriatic Sea, is highly urbanized and critically
Sea-level rise important to the national economy. However, the entire area is prone to high flooding risks due to its low
Vertical land movement altitude and the limited resilience of the shoreline, which also results from anthropogenic modifications mainly
InSAR started from the 1950s. In this study, a refined local geocentric sea-level time series for the period 1993-2020
Satellite altimetry has been reconstructed by processing data from tide gauges and satellite altimetry. Additionally, to assess the
Tide gauge influence of vertical land movements on the relative sea level, InSAR datasets available from 2006 to 2020
Emilia-Romagna coast have been incorporated into the analysis. After signal processing, time series representing relative sea-level
changes across the entire coastal plain were produced on a spatial grid with a resolution of 500x500 meters.
A relative sea level rise, ranging from 55% to 640% stronger than the geocentric one, is observed across the
entire domain, with critical spots due to localized subsidence related to underground fluid exploitation, leading
to severe flooding threats.

Keywords:

1. Introduction to combine these information with data on sea level. Tide gauges (TGs)

provide crucial RSL observations at the local scale and, in some in-

Coastal areas around the world are under threat from sea-level rise
and related effects such as enhanced coastal flooding and erosion. The
ongoing climate-induced sea-level rise observed at the global scale, at
a rate of 3.4 + 0.3 mm/yr over the last 30 years (IPCC, 2023), is the
product of complex interactions among various factors. In detail, each
coastal area experiences its own sea-level variations reflected in the
relative sea level (RSL; also refer to Table 1 for all acronyms used in
this work) change, i.e., the combination of geocentric sea level change
(the sea surface height variation with respect to a fixed datum as the
Earth’s center of mass) and ongoing vertical land movements (VLMs).
The latter can be caused by both natural and anthropogenic processes
acting at different spatial and temporal scales (Shirzaei et al., 2021).
The occurrence of subsidence, in particular, poses a significant threat
to low-lying coastal areas, with potentially important environmental,
social, and economic outcomes.

Recent studies on RSL (Elias et al., 2020; Anzidei et al., 2021;
Palanisamy Vadivel et al., 2021) have adopted integrated observational
techniques for determining VLMs, including Interferometric Synthetic
Aperture Radar (InSAR) and global navigation satellite systems (GNSS),
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stances, enable century-long reconstructions. In contrast, satellite radar
altimetry (SA) observes sea level in relation to a reference ellipsoid
and is not affected by VLMs. While SA, which began in the early
1990 s, cannot be employed yet for long-term sea-level assessments,
it facilitates the retrieval of regional-scale data and measurements
far from coasts. However, a primary complication with SA sea-level
measurements is that observations within approximately 15 km from
the coast are contaminated by land footprint, making geophysical
corrections less accurate (Cipollini et al., 2017; Vignudelli et al., 2019).
To address this issue, dedicated coastal SA products have recently been
developed within international projects and by space agencies (Birol
et al., 2017; Cazenave et al., 2022).

The Emilia-Romagna (ER) coast, located south of the Po River
Delta in northern Italy, faces the Adriatic Sea (Fig. 1a,b). This area
is located on a foredeep basin experiencing natural subsidence, at-
tributed both to tectonics and the consolidation of Quaternary alluvial
deposits (Carminati and Di Donato, 1999; Amorosi et al., 2004; Teatini
et al., 2011; Bruno et al., 2020). The rate of compaction of the upper
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Fig. 1. (a) Location and spatial coverage of the datasets considered in this study (within the black square) for the computation of the local sea-level signal: the TGs
(marked in red), the SA gridded product from CMEMS (yellow), and available missions of the X-TRACK coastal SA products in blue (refer to Section 2.2 for the acronyms).
Refer to the inset globe map for the location of the area of study (red dot). (b) A detailed view of the ER coastal plain with elevation in meters above sea level (m
a.s.l.). The altitude data are based on a DTM with a 5 x 5 m resolution, generated from a LiDAR acquisition in 2009 by the ER regional administration and available at
https://geoportale.regione.emilia-romagna.it/download/download-data?type=raster. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Table 1
List of the acronyms used in this work.
AR5 Assessment Report 5
ARPAE Agenzia regionale per la prevenzione, I’ambiente e I’energia

del’Emilia-Romagna

CMEMS Copernicus Marine Service

DTM Digital terrain model

DUACS Data Unification and Altimeter Combination System
ENV Envisat

ER Emilia-Romagna

ERS ERS-1 and ERS-2

GIA Glacial Isostatic Adjustment

GFO Geosat Follow On

GNSS Global Navigation Satellite Systems

InSAR Interferometric Synthetic Aperture Radar
IPCC Intergovernmental Panel on Climate Change
JIN Jason-1 Interleaved orbit

J2N Jason-2 Interleaved orbit

LiDAR Light Detection and Ranging

N Geocentric sea level

NGL14 Nevada Geodetic Laboratory

PSMSL Permanent Service for Mean Sea Level

RSL and S Relative sea level

SA Satellite radar altimetry

S3A Sentinel-3A

SONEL Systéme d’Observation du Niveau des Eaux Littorales
SRL SARAL and AltiKa

TEOS-10 Thermodynamic Equation Of Seawater

TG Tide gauge

TPN Topex Interleaved Orbit

VLM and U Vertical land movement

30 m of the stratigraphic sequence has recently been estimated to be up
to 1 mm/yr (Campo et al., 2017; Calabrese et al., 2024). Local subsur-
face facies characterized by organic-rich fine-grained sediments, asso-
ciated with recent or paleoenvironments like salt marshes and swamps,
are also present and even more subjected to compaction (Bruno et al.,
2017). Further interactions, however, increase the complexity of the
system. For instance, the occurrence of rainfall scarcity (or abundance)
and related aquifer levels lead to a poro-elastic response, resulting
in an increase (or decrease) in local subsidence on a seasonal time
scale (Nespoli et al., 2021). Moreover, since the second half of the 20th
century, a marked increase in the subsidence trend has been observed
along the ER coast due to anthropogenic effects such as the withdrawal
of groundwater and gas extraction (Teatini et al., 2006; Simeoni et al.,
2017; Comerci and Vittori, 2019), with rates locally exceeding the

natural subsidence by one order of magnitude (Bitelli et al., 2000;
Carminati and Martinelli, 2002; Taramelli et al., 2015).

The ER coastal plain is a mixture of urbanized, agricultural, and
natural environments, consisting of dissipative beaches with very gentle
slopes, a few vegetated dunes and wetland areas around the river
mouths (Perini and Calabrese, 2010). Most of the shoreline, heavily
exploited for tourism, is largely protected by engineering defense struc-
tures, built to prevent erosional processes (Nordstrom et al., 2015).
Since most of the ER coastal area does not exceed 2 m above mean sea
level (Gambolati and Teatini, 1998), and a portion spanning up to 1200
km? is currently situated below it (Fig. 1b), the region is highly vul-
nerable to coastal flooding (Calabrese et al., 2024). Additional effects
such as loss of efficiency of hydraulic structures, sea encroachment, and
salt wedge intrusion significantly impact a large portion of the coastal
area (Antonellini et al., 2008, 2019; Sytnik and Stecchi, 2015; Sytnik
et al., 2018), further exacerbated by a negative sedimentary balance,
a consequence of the reduced sediment supply from rivers (Meli and
Romagnoli, 2022).

Perini et al. (2017) have developed scenarios for the combined
impact of sea-level rise and subsidence on the ER coast and estimated
the potential land loss using IPCC-AR5 projections to 2100 (Church
et al., 2013) and subsidence rates for 2006-2011 (Bissoli et al., 2012).
Since 1999, in fact, the ER Regional Agency for Prevention, Envi-
ronment, and Energy (ARPAE), on behalf of the regional administra-
tion, produces and regularly updates subsidence maps for the entire
region every five years, accessible at https://www.arpae.it/it/temi-
ambientali/suolo/subsidenza/la-rete-regionale-di-monitoraggio-della-
subsidenza. These maps generally show the average trends of vertical
land movements for each sector of the region from each monitoring
survey but do not represent this information over time as a time series.

In this study, to retrieve the temporal and spatial variability of RSL
across the ER coastal plain, the available InSAR datasets were processed
to track the evolution of VLMs in the form of time series. These
information have been integrated with an updated, refined version of
the local geocentric sea-level, achieved by considering data from TGs
and SA. The findings have significant implications for coastal hazards
and potential flooding of the coastal plain, and should be considered in
future management planning and long-term adaptation policies.

2. Materials and methods

All analyses, computations, and figure production for this study
were carried out using Python v.3.11 and QGIS v.3.28.12.
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The relationship between VLMs (U) and geocentric sea level (N) at
a specific location can be expressed by the sea-level equation (Farrell
and Clark, 1976), which in its simplest form reads:

S=N-U (€D)]

where .S is RSL. Thus, to explore the evolution and spatial variability of
the .S parameter at the regional scale along the ER coast, signals from
independent datasets have been considered and processed. In detail, to
assess the N term, signals from both TGs and SA (Fig. 1a) over the
period 1993-2020 were taken into account. Concurrently, the spatial
and temporal variability of the U term across the ER coastal plain,
over the period 2006-2020, was assessed by processing the available
InSAR datasets (Fig. 2a—c) produced by TRE-ALTAMIRA, a spin-off
company of the Polytechnic University of Milan, through the use of
the SqueeSAR™ algorithm (Kampes, 2006; Ferretti et al., 2011). By
taking into account all available data for specific areas, this algorithm
identifies radar targets with stable electromagnetic responses (Perissin
and Ferretti, 2007), encompassing both natural formations and anthro-
pogenic features, and enabling millimeter-level accuracy in measuring
VLMs (see https://site.tre-altamira.com/insar/ for details).

All datasets were converted to monthly averages and the seasonal
cycle removed from each signal by using the Loess Decomposition
method (Cleveland et al., 1990). After completing all specific process-
ing steps, to clearly quantify the evolution and magnitude of the §
term, both N and U time series were adjusted so that their monthly
values for January 2006 are set to zero, establishing this month as the
reference epoch. The non-parametric Theil-Sen regressor (Sen, 1968)
was implemented to assess the preferred linear slope for each time
series over the period of interest. As the presence of serial autocorrela-
tion in the data leads to an underestimation of the uncertainties within
trends, the corrected standard error (1) has been computed as follows:

PN PRI gy (£ @
n-2 PEICEE I

where n is the number of valid observations, ¢, is the autoregressive
parameter of order 1 of the residuals, x; represents the numerical rep-
resentation of time for the ith observation, and res; are the differences
between the observed values and those predicted by the Theil-Sen
regressor for the ith observation. In order to assess the statistical
significance (99% confidence interval) of linear trends within the U
and S time series, the non-parametric Mann-Kendall test, modified for
autocorrelated data (Hamed and Ramachandra Rao, 1998), was per-
formed. To evaluate the presence of acceleration/deceleration within
the U term for the period 2006-2020 (see Section 2.4), a robust
quadratic fit was applied to each time series in the dataset using
ordinary least squares regression, since the Theil-Sen regressor is not
suitable outside of linear analyses. To determine the significance of
the quadratic term, an F-test was conducted to evaluate whether the
inclusion of the quadratic term significantly improves the model fit.
The p-values obtained from the F-test were used to assess the statistical
significance of the quadratic trends, with a threshold of 0.01 (99%
confidence interval).

2.1. Tide gauge data

The study considered three TGs (see Fig. la for location), Porto
Garibaldi and Porto Corsini, which are located along the ER coast about
21 km far from each other, and Trieste for U correction purposes (see
below). TG time series from Porto Garibaldi and Trieste were obtained
from the Permanent Service for Mean Sea Level (PSMSL) (PSMSL, 2024;
Holgate et al., 2013), while data from Porto Corsini were sourced
from Meli and Romagnoli (2022). For the purposes of this analysis, the
data from Porto Corsini and Trieste TG were restricted to the period
1993-2015, as the subsequent years for Porto Corsini exhibit significant
discontinuities. Conversely, all available data from Porto Garibaldi
TG, covering the period 2010-2021 at the time of this analysis, were
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included.

By considering monthly mean datasets, the contributions to the
low-frequency local sea-level response related to the effects of atmo-
spheric pressure were accounted for, by applying the inverse barom-
eter () correction at the TGs coordinates (x;,y;) and time step (1),
following Dorandeu and Le Traon (1999):

g e v 1) = —é (PGt y101) = Preg(t) 3)

where P is the mean sea-level pressure parameter from the ERAS5
reanalysis dataset (Hersbach et al., 2023), and P, is its spatial mean
over the global ocean and the selected period, while p denotes the
sea water density. The latter, has been computed specifically at any
TG location accounting for the Thermodynamic Equation Of Seawa-
ter (TEOS-10) (McDougall and Barker, 2011), after converting prac-
tical salinity and potential temperature values, retrieved from the
Mediterranean Sea Physics Reanalysis (Escudier et al., 2021), to ab-
solute salinity and conservative temperature, respectively. The reanal-
ysis product (https://doi.org/10.25423/CMCC/MEDSEA_ MULTIYEAR_
PHY_006_004_E3R1) is freely available and currently distributed by
the Copernicus Marine Service (CMEMS). Since the high-frequency re-
sponse of sea level to atmospheric loading and wind becomes negligible
on timescales greater than 20 days (Carrere and Lyard, 2003), the
application of the #;3 correction removes the static effect of atmospheric
pressure on the TG data. This ensures compatibility with the SA data,
which are already corrected for both the inverse barometer effect
and dynamic atmospheric effects through the Dynamic Atmospheric
Correction. The latter includes not only the static inverse barometer
effect but also the dynamic response of the ocean to wind and pressure
fluctuations on shorter timescales.

The reliable removal of the U component from the TG at Porto
Garibaldi has been facilitated by the presence of a co-located GNSS
station. This approach ensures that the VLM signal is accurately repre-
sentative of the location surrounding the TG (Santamaria-Gomez et al.,
2012). The data were acquired from the Systéme d’Observation du
Niveau des Eaux Littorales (SONEL) website, provided, among oth-
ers, with the Nevada Geodetic Laboratory (NGL14) solution (Blewitt
et al,, 2016, 2018). The same procedure cannot be employed for
correcting the Porto Corsini TG time series, due to the absence of
a co-located GNSS station. Consequently, an alternative approach as
described by Zerbini et al. (2017) and Meli and Romagnoli (2022) was
adopted: initially, monthly averages from the Porto Corsini TG were
subtracted from those of the Trieste TG. From the resulting residuals,
a third-order polynomial regression was calculated to approximate the
VLMs at Porto Corsini. This curve was then removed from the Porto
Corsini time series. This method relies on the premise that VLMs at
the Trieste TG site are either stable or negligible in the considered
time frame, a conclusion supported by various studies (Antonioli et al.,
2009; Furlani et al., 2011; Sanchez et al., 2018; Zerbini et al., 2021).
Moreover, this assumption is reinforced by the fact that the dataset
from the Trieste TG is considered representative of the geocentric sea
level in the northern Adriatic Sea (Zerbini et al., 2021), and indeed, it
is highly consistent throughout this region (Adani et al., 2011).

2.2. Altimetry data

Gridded sea surface height measurements, with a spatial resolution
of 1/8° by 1/8° and fourth level of processing (L4), were retrieved
from the CMEMS. This dataset (https://doi.org/10.48670/moi-00141)
is produced by the Data Unification and Altimeter Combination System
(DUACS) altimeter processing, incorporating data from all SA missions
available at a specific time. The dataset is provided with all standard
corrections already applied, including instrumental drift, sea state bias,
signal refraction through the atmosphere, and the dynamic atmospheric
corrections. In this work, in order to minimize the impact of TOPEX-
A instrumental drift on the precision and reliability of records from
1993 to 1998, a correction was applied to the CMEMS datasets. This
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Fig. 2. (a—c) The three considered InSAR datasets, generated following various monitoring campaigns. Each scatter point corresponds to an independent time series over a specified
period (noted in the upper right corner). Within the same dataset, different colors (randomly selected) signify points related to distinct acquisition time series throughout the

period (i.e., observations made on different revisiting time). The EPSG information pertains to the reference system for each dataset, while n indicates the number of scatter points
considered for each product. These data have already been filtered based on the coherence parameter. (d) Detail of the eight 4 x 4 km grids, each shifted by 500 m in both
latitude and longitude, distinguished by color (yellow, green, blue, and red) and linestyle (solid and dotted lines). (e) The resulting final grid with a 500 x 500 m resolution

obtained by averaging the 4 x 4 grids (see Section 2.4 for details).

correction (available within the same CMEMS dataset), based on global
comparisons between SA and TGs, is designed for the global mean sea
level but is also applicable on regional or local scales as the best esti-
mate available (Group, 2018). All data within the region bounded by
45.00°N-43.75°N and 12.13°E-13.64°E (indicated by the black square
in Fig. 1a) were considered in this work and the mean calculated. This
procedure aims to derive a generalized sea-level curve representative
of the area of interest, by incorporating variability from the coast to
the near open sea. Considering all data located more than 10-15 km
from the shoreline together with those closer, indeed, aims to reduce
the loss of accuracy in the latter due to land footprint. However, it is
critical to note that the implementation of state-of-the-art corrections
and models within recent DUACS products has substantially improved
the accuracy of measurements along the shoreline, with error reduction
varying locally from 10 to 50% (Taburet et al., 2019).

To ensure the potential variability of sea level at the scale of the
ER shoreline is accounted for, data from the X-TRACK SA product for
coastal application were also included in the analysis. This product
(version 2.1, https://doi.org/10.24400/527896/a01-2022.020) was
developed and validated by CTOH/LEGOS France and currently dis-
tributed by Aviso+. SA data from X-TRACK, which consist of along-
track sea level anomalies projected onto predefined reference tracks
of various missions, were constructed by processing data from the
following missions to encompass the entire SA period without gaps and
focus solely on data proximate to the study area: ERS-1/ERS-2/Envisat
/ SARAL/AltiKa (ERS+ENV+SRL; covering the period from October 23,
1992, to April 16, 2016), Topex Interleaved orbit/Jason-1 Interleaved
orbit / Jason-2 Interleaved orbit (TPN+J1N+J2N; from September 20,
2002, to May 13, 2017), Geosat Follow On (GFO; from January 8, 2000,
to September 8, 2008), and Sentinel-3 A (S3 A; from March 12, 2016,
to January 26, 2023). These are derived from the L2 Aviso+ product,
with a spatial resolution of approximately 7 km between points, and are
processed according to the X-TRACK strategy (Birol et al., 2017). The
latter incorporates dedicated filtering and the same types of standard
corrections as previously described for the CMEMS product, in this case,
optimally selected to enhance the signal’s response closer to the coast.
These aspects, however, resulted in a noisier time series compared to
products that undergo higher levels of processing, such as L3 or L4,
across any point along the track. To mitigate this issue, in this work,
the average was computed for spatial data over the same area defined
for the CMEMS product, a method already suggested in previous studies
for different contexts worldwide (Dieng et al., 2021; Oelsmann et al.,
2021; Romagnoli et al., 2022).

2.3. Ensemble geocentric sea level time series

As a result of the processing described in Section 2.1, the two TGs
from Porto Garibaldi and Porto Corsini were combined into a single
time series, by aligning their temporal means over the shared interval
of 2010-2015. The effect of Glacial Isostatic Adjustment (GIA) has
been accounted for in order to remove this component from the sea-
level time series. This correction was applied using the ICE-6G_C (d Rs!/
parameters for Porto Corsini and Trieste TGs and dRad + dSea for
both SA datasets) model from Peltier et al. (2015). Note that the GIA
correction was not applied to the Porto Garibaldi TG, as the total VLMs
had already been removed through the use of the co-located GNSS
signal, which implicitly includes the contribution of the GIA term.

At this stage, all geocentric sea level time series showed significant
correlations with one another at the 95% confidence interval, with
values of 0.53 (TGs and X-TRACK), 0.56 (CMEMS and X-TRACK), and
0.65 (CMEMS and TGs), indicating robust associations between the
time series within the context of the study area. These correlation
coefficients were obtained using the non-parametric Kendall’s Tau cor-
relation method (Kendall, 1938), which is generally more robust and
efficient than other correlation methods (Croux and Dehon, 2010),
applied after linearly detrending the time series. The effect of auto-
correlation on these estimates was accounted for by considering the
effective sample size at lag-1 (Bartlett, 1935; Santer et al., 2000). This
adjustment was implemented through a bootstrap approach, involving
100,000 iterations, to ensure robustness of the correlation results. Thus,
the final ensemble local N time series (Fig. 3) was computed by taking
the mean of the sea-level datasets, together with its uncertainty (16),
following the application of datum correction (as described for TGs).
The entire procedure leading to the computation of the local N was
necessary to address inconsistency issues in sea-level measurements
between different observational datasets, such as TG and SA, as thor-
oughly described in the literature (see Bruni et al. (2022) and references
therein).

The ensemble time series 1o values, as well as the combined uncer-
tainties from both the N and U terms (see below) for the computation
of the S parameter, were computed by accounting for all datasets’
uncertainties using the square root of the sum of squares method:

(4

loens =

This method ensures that the ensemble time series reflects a compre-
hensive estimate of uncertainty from the combined datasets.
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2.4. InSAR processing

Due to the low reliability and gaps in the data from the 1990 s and
the first half of the 2000 s, InSAR data for assessing U were considered
starting from 2006. The quantity and distribution density of InSAR
data available along the ER coastal plain vary significantly over time
and are heterogeneous across the datasets (Fig. 2a—c), owing to the
different satellite missions available during each period. Specifically,
data from Radarsat-1 (24-days revisiting time), operated by the Cana-
dian Space Agency, were used for both the 2006-2011 and 2011-2016
surveys (Fig. 2a and b); the latter, however, also considered data from
Radarsat-2 (same specifics as for Radarsat-1). On the contrary, data
from Sentinel-1 constellation (12-days revisiting time) within the ESA’s
Copernicus Program were used for the survey 2016-2021 (Fig. 2c). As
each dataset is characterized by a different spatial reference system (see
Fig. 2a—c), all datasets were converted to the EPSG:4326 coordinate
system for processing and the development of the final gridded product
in this study.

All data were filtered to include only those with a temporal coher-
ence index of 0.7 or higher, as recommended by Mora et al. (2003).
Temporal coherence assesses how well the estimated motion follows an-
alytical models, such as polynomial and sinusoidal ones, by comparing
time series against these models to derive an index; this index ranges
from O (unreliability) to 1 (perfect alignment). All data available within
the gridded polygon (100 x 100 m) used by ARPAE for computing the
subsidence maps were considered. Following these filtering steps, the
portion of the ER coastal plain under analysis covers an area of almost
187,000 hectares.

A spatial refinement was implemented to achieve a gridded view
of the coastal plain. This procedure entails a loss of robustness due
to the reduced data available over smaller areas. To avoid significant
robustness loss and generation of U signals affected by noise, a spatial
averaging strategy was considered. Specifically, eight grids of 4 x 4
km, shifted 500 x 500 m each other (Fig. 2d), were used to generate
an averaged signal with all datasets available within each grid square.
Under these conditions, the number of data points was high enough to
suppress noise and achieve a robust representation of the U evolution
within each area. Finally, the height products from shifted grids were
averaged by computing the mean of the mean values along with 10,
thus achieving a refined signal within a 500 x 500 m grid (Fig. 2e).

Since each of the monitoring surveys stands alone, the achievement
of temporal continuity and the progressive reconstruction of VLMs
requires processing each dataset individually and ultimately concate-
nating the data. Indeed, all measurements are relative, both in time and

space, as the analysis involves using a reference image, representing the
temporal zero, to which displacement measurements are related (see
Fig. 4a). To integrate different datasets within the same monitoring
surveys, all data were converted from daily to monthly averages.
This approach addresses the issue of differing revisiting times within
surveys, as depicted in Fig. 2a—c, where some datasets are originally
provided separately due to their distinct revisiting times. Given that
the signal of VLMs can be generally described as a smoothed non-
linear curve over time, the Loess Decomposition method was utilized
not only for seasonal adjustment but also to eliminate the residual
component. The monthly average of January 2006 was established
as the new reference epoch (i.e., the temporal zero), from which,
for every area of interest, the VLMs accumulate for each subsequent
month. Since the data dispersion around the calculated mean tends to
increase over time from a common starting point within each dataset
(Fig. 4a), the temporal average was chosen as a representative measure
of dispersion for each dataset (Fig. 4b) to avoid both overestimation
and underestimation.

It is worth noting that only the data within the 2016-2021 product
have been processed using double geometry, i.e., both ascending (from
south to north) and descending (from north to south) lines of sight
of the satellites, contrary to the previous products (2006-2011 and
2011-2016) which only considered observations achieved through an
ascending trajectory (Marcaccio and Mazzei, 2023). This allowed, for
the first time, the analysis of horizontal land movements, in addition to
the vertical ones. However, it also revealed that using a single geometry
might lead to a slight overestimation of VLMs, possibly affecting also
the cumulative VLM determination for preceding periods (before 2016).

3. Results and discussion
3.1. Local geocentric sea level

The comprehensive approach employed for the reconstruction of
local geocentric sea level (N term) resulted in a linear trend of 3.0 + 0.5
mm/yr for the period 1993-2020 (Fig. 3). This scenario is fully consis-
tent with the recent estimates by Meli et al. (2021), which reported
a rate of 2.8 + 0.5 mm/yr for the ER coast over the same time
period. Although the overall evolution of the signal remains the same,
slight differences arose because the updated signal was derived in this
study from a broader range of datasets and a refined processing. This
persistent rising trend of the sea level, in the Mediterranean context, is
mostly attributed to the increase in the water mass component (Calafat
et al., 2010; Pinardi et al., 2014) linked to the melting of major ice



M. Meli et al.

a]
0_
E
8
D ot
2006 2008 2010 2012 2014 2016 2018 2020
b
0_
S
_4_

2006 2008 2010 2012 2014 2016 2018 2020
Time

Fig. 4. (a) The time series of U means (black solid lines) from the three different
datasets, by considering all data in the coastal plain, each referenced to its zero,
accompanied by related 1o (shaded gray areas). (b) The time series for the coastal
plain, reconstructed after signal processing and concatenation (see Section 2.4), with
all data referenced to January 2006 as the reference epoch.

sheets and continental glaciers, which is a signal transferred in the
basin from the nearby Atlantic Ocean (Calafat et al., 2012). Apart from
this, changes in the thermohaline properties of the water column and
water mass redistribution linked to regional-to-subbasin oceanography,
also known as the sterodynamic component (Gregory et al., 2019),
contribute to the changes in the geocentric sea level observed during
the SA period (Calafat et al., 2022), especially during the 1990 s due to
a significant increase in sea surface temperature (Cazenave et al., 2001;
Fenoglio-Marc, 2002).

Unlike the mass component, which contribution translates into a
persistent sea-level rise, the contribution of the sterodynamic compo-
nent introduces a non-linearity in the evolution of the ER geocentric
sea level, as visible in Fig. 3. This prevents an accurate analysis of
the presence of acceleration/deceleration in the sea-level trend over
the SA period, as observed by Meli et al. (2021), as the presence of
sterodynamic non-linearity produces a signal that is better represented
by a piecewise linear model. Indeed, as previously observed at the
scale of the Adriatic Sea (Meli et al., 2023), the local sea-level signal
at the ER scale evolved with significant changes in trend occurred
during specific periods. In detail, over the SA period, five inflections in
the ER sea-level trend are observed (around 1997, 2006, 2010, 2017,
and 2020), matching the shifts (from anticyclonic to cyclonic surficial
circulation state and vice versa) of the North Ionian Gyre (Gaci¢ et al.,
2011), which fluctuates at the quasi-decadal time scale (Menna et al.,
2019; Civitarese et al., 2023; Meli, 2024). This phenomenon, which
originates in the Ionian Sea, triggers changes in thermohaline proper-
ties and water mass redistribution across the different sectors of the
Mediterranean Sea (Malanotte-Rizzoli et al., 1997; Vilibi¢ et al., 2020;
Pirro et al., 2024), producing both momentary slowing of the rising
trend and rapid jumps of sea level (Meli, 2024), the latter potentially
causing a significant increase in coastal flooding and territory loss.

Further complications, among others, are induced by both inter-
annual and intra-annual variability (Menna et al., 2022), which might
strongly impact the sea-level signal. For instance, the magnitude of the
rapid jump observed around 2010, in addition to the coincidence with
one of the oceanographic shifts explained in the previous paragraph,
was significantly increased by the effect of a strong negative anomaly
of the North Atlantic Oscillation. This phenomenon, during the period
around the winter of 2010, led to a general rise in sea level in the
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Mediterranean Sea by approximately 12 cm (Tsimplis et al., 2013). The
effect of this phenomenon on the ER sea level is clearly visible in Fig. 3,
where, according to Bonaduce et al. (2016), it should have contributed
locally to a sea level rise of about 8 cm. Shortly after this event,
the Adriatic sea level substantially dropped for a brief period around
2012 (Fig. 3), following a short reversal episode in the north Ionian
circulation likely induced by an extreme cold winter that impacted the
Adriatic area within the same year (Gaci¢ et al., 2014).

3.2. Vertical movements of the coastal plain

Due to the limited availability of reliable InSAR data, the assess-
ment of the U term is provided for the period 2006-2020 (Fig. 4).
Downscaling information to a 500 x 500 m grid enables the spatial
assessment of the U evolution over the coastal plain (Fig. 5). Only
negative values (i.e., subsidence) are observed over the domain (Fig. 5a
for linear trends and Fig. 5b for related uncertainties), with an average
value of —3.0 + 0.4 mm/yr and all trends statistically significant at
the 99% confidence interval, even within the weakest rates (minimum
subsidence value of —1.2 + 0.3 mm/yr).

A patchy spatial distribution of the trend, with higher values (over
—6 mm/yr) focusing and gradually propagating from some areas, is
in accordance with previous studies (Carminati and Martinelli, 2002;
Teatini et al., 2006; Taramelli et al., 2015), where it has likely been
attributed to the exploitation of underground fluids. Indeed, it is well
known that the most critical situation along the ER coastline is linked
to gas extraction from platforms in close proximity to the shore, gener-
ating a subsidence cone that propagates to the coast (Taramelli et al.,
2015) and is clearly visible on the map in Fig. 5a, centered around
44.40°N, 12.31°E. Subsidence within this area reaches a maximum rate
of —14.3 = 1.6 mm/yr over the 15 years under analysis.

Other considerable U trend values can be observed to the south of
the main critical zone, extending southward to 44.1°N along the NW-
SE alignment of the main urban settlements (Fig. 5a and b). Currently,
no formal hypothesis has been made to link this phenomenon to a
specific cause; this will be verified in terms of localized underground
water depletion, intended for various uses, also as a function of reduced
natural recharge of aquifers as stated by Marcaccio and Mazzei (2023).
These factors may have effects on the observed spatial propagation of
high U trend values, also considering that aquifers over the area are
generally not horizontally confined as a consequence of a multi-layered
stratigraphic architecture (Bruno et al., 2017; Campo et al., 2017).

It should be noted that most of the anthropogenically-induced subsi-
dence rates have been reduced almost everywhere within the study area
since the early 2000 s, due to the implementation of safeguard policies
and the drastic reduction in underground water extraction (Preti et al.,
2008; Marcaccio and Mazzei, 2023). This means that the portion of the
U term not assessed in this analysis, due to the low reliability of avail-
able data (namely from 1993 to 2005), would likely yield significantly
higher rates, due to the co-occurrence of much stronger subsidence
phenomena (anthropogenically induced) and geocentric sea-level rise
driven by various phenomena as described in Section 3.1. However,
the lowering of subsidence rates is known to be the general behavior
of VLMs across large portions of the ER region also over the last
15 years, as previously reported by Bissoli et al. (2012) and Marcaccio
and Mazzei (2023). Indeed, if only the period 2016-2020 is considered,
a maximum linear trend of —8.1 mm/yr arises within the main critical
area, a value that is in agreement with reports by Marcaccio and Mazzei
(2023). However, this observed value should be interpreted with cau-
tion, as a trend over just five years may be neither representative nor
robust.

In order to assess how the spatial tendency of subsidence over
the coastal plain is explained in terms of non-linearity, a quadratic
fit analysis was employed on each reconstructed time series over the
15 years under analysis. Across the domain, about 89% of the grid-
ded time series provide a statistically significant quadratic fit, i.e., a
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recorded values.

significant deviation from the linear model, with an average trend of
0.004 + 0.001 mm/yr? (Fig. 5c and d). A generalized slight reduction
of subsidence is thus indicated by this average trend throughout the ER
coastal plain; however, the spatial variability of the signal provides de-
tailed information that might lead to local deviations from the general
tendency. In this context, positive (negative) quadratic trends indicate
a concave (convex) shape within the time series, which translates to a
lowering (increasing) of the local subsidence rate (blueish and orange
colors in Fig. 5c, respectively). However, the quadratic fit on the tem-
poral evolution of signals might not fully represent local non-linearities.
Thus, when areas with both non-significant and weak quadratic trend
values (black and gray colors in Fig. 5c¢) are excluded, six portions of
the coastal plain with specific non-linear evolution of the U term are
observed (Fig. 5e—j).

In detail, over the period 2006-2020, a large part of the northern
portion of the coastal plain seems to be characterized by a worsen-
ing of subsidence rate conditions, as an acceleration within the time
series is generated from 2008-2010 onwards across the entire area
(Fig. 5e). Indications of this ongoing process have also been reported
in Marcaccio and Mazzei (2023), where trends from GNSS stations
across the northern portion of the coastal plain showed slightly in-
creasing values of VLMs over the period 2016-2021 with respect to
the previous monitoring campaigns. A similar signal evolution, despite
slight differences, is observed in the sector represented by Fig. 5f
(refer to Fig. 5c for locations), while the acceleration detected over
the southernmost portion of the coastal plain arises from a particular
evolution of the signal (Fig. 5g). The latter, depicted in Fig. 5g, is mostly
generated by a brief, abrupt inversion of U tendency from 2010 to
2012, followed by the reestablishment of the tendency that was present
before these three years.

Conversely, a gradual reduction of subsidence rates is observed
within all the critical areas described above (blueish colors in Fig. 5c),
reaching a maximum quadratic trend value of 0.041 + 0.001 mm/yr?.
This, as mentioned before, is likely primarily related to the reduction
or regulation of underground fluid extraction activities (Marcaccio
and Mazzei, 2023), which began in the 1990 s/2000 s and continued
thereafter. However, despite the similar contributing cause generating
deceleration in the time series, the three observed sectors depicted
in Fig. 5h—j show different evolution over time, suggesting different
processes that might have triggered the local lowering of subsidence.

Overall, it is worth noting that the stronger negative quadratic trend
value observed (—0.010 + 0.001 mm/yr?) is roughly four times lower
than the stronger positive quadratic trend value (Fig. 5c¢). Therefore,
the observed increase of local subsidence should be interpreted with
caution, as it could simply be due to the short length of the series and
might be completely nullified with the inclusion of additional years of
observations. It cannot be excluded that, in the northern sector of the
coastal plain, factors like aquifer recharge or sediment compaction of
buried paleo-peatlands might trigger worsening subsidence conditions
by lowering the above soils (Bruno et al., 2020, 2024). Thus, the causes
behind this, as well as the brief abrupt VLM change observed in the
southernmost portion of the coastal plain or the different drivers acting
in areas with subsidence lowering, need to be explored further.

3.3. Relative sea-level term

During the period 2006-2020, the N trend is 2.1 + 1.3 mm/yr
(Fig. 3), which is slower than the full-length series, primarily due to
the removal of the contribution from the strong sea-level rise that
occurred in the 1990 s (as described in Section 3.1). Additionally, the
associated uncertainty is greater due to the reduced robustness linked to
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bars represent the average values of the mapped distributions (see Section 3.3).

the shorter time span available for computing the trend. The evaluation
of the coupled interaction between N and U over the same period
revealed a generalized rising S trend throughout the coastal plain,
with only about 0.2% of the time series indicating a non-statistically
significant trend (mostly due to the shortness of the series), that is
more than twice that observed for N. In detail, the analysis revealed
a mean S trend of 5.20 + 1.35 mm/yr (Fig. 6a and b), indicating
an increase of approximately 148% (Fig. 6¢) compared to the local
geocentric estimation, underscoring the critical contribution of VLMs
in the ER coastal plain.

The analysis yields a maximum rising value of S at 15.55 + 1.31
mm/yr in correspondence of the most critical area (see Section 3.2),
which translates into an increase of 640% compared to N over just
15 years (see Fig. 6¢ for the percentage increase spatial distribution).
On the other hand, the minimum value obtained from this analysis for
the period 2006-2020 indicates an S trend of 3.26 + 1.30 mm/yr,
which represents an increase of approximately 55% compared to the
local N. These percentages might have been significantly higher if the
U term had been available since the early 1990 s and if there had not
been a drastic reduction in subsidence induced by the safeguard policies
on fluid extraction (see Section 3.2). Furthermore, the observed accel-
eration/deceleration in the U term might be exacerbated or mitigated
by the non-linearity of N, previously discussed in Section 3.1.

Although information on S are commonly derived from TGs, i.e., a
single point along the coast, the 500 x 500 m grid reconstruction can
be interpreted as the elevation change over the period in a specific
area of the coastal plain relative to the local sea level. Essentially,
it represents a change in the base-level (Wheeler, 1964) for each
cell, extending kilometers inland from the coastline. Since N is here
considered consistent at the ER coastal scale, as previously observed
by Meli et al. (2021), the variability detected from 2006 to 2020 in
the S parameter is attributed to the influence of VLMs, as delineated
in the trends map shown in Fig. 6a (see Fig. 6b for related uncertainty
in spatial trend distribution), which follows the same pattern observed
in Fig. 5a.

In practical terms, the reconstruction of the relative sea-level in the
ER coastal plain (map of Fig. 6a) could be seen as a gridded distribu-
tion of virtual TG records across the entire domain, extending up to
approximately 17 km inland and not just located along the shoreline.
Despite being desirable, it is impractical to have a large number of
TGs along a coastal strip, primarily due to maintenance costs and the
time needed for time series to become long enough to allow accurate
analysis. Indeed, while a TG provides very robust local information, it

cannot be considered representative of an entire domain, primarily due
to the spatial variability of VLMs. In this context, the reconstruction of
the S parameter for each point on the grid allows for an assessment of
the potential evolution of the combined effect of the local terms N and
U.

This approach provides a novel perspective in the ER context, as
it shows that not only the coastline but also the entire coastal plain is
affected by the evolution of S. Therefore, the reconstruction of S at the
areal scale, by integrating different datasets, may be crucial not only for
assessing flooding risks across various regions and the hazards related
to urbanization and public goods within the coastal plain, but also, for
example, in understanding how this process might influence the river
drainage and related hydrogeological management (Giambastiani et al.,
2020; Soboyejo et al., 2021).

4. Conclusions

The determination of sea-level variation at the local scale is crucial
for coastal hazard assessment and for adaptation strategies, consid-
ering that the impacts of sea-level rise at some coastal areas can be
significantly higher than those expected from global estimates. The
assessment of potential sea-level rise at the regional to local scale
represents, in fact, a major source of uncertainty for mid- and long-term
coastal management and adaptation policies (Bisaro et al., 2024).

In this study, a relative sea-level change time series in the ER coastal
plain for 2006-2020 is reconstructed on a spatial grid of 500 x 500 m,
by integrating data on the geocentric sea-level and on VLMs, acquired
with high-resolution observational techniques (TG-SA and InSAR, re-
spectively). On average, the ER coastal plain has experienced a relative
sea-level rise of 5.20 + 1.35 mm/yr over the considered period, which
represents an increase of approximately 148% compared to the geo-
centric sea-level rise during the same period (2.1 + 1.3 mm/yr), due
to the influence of subsidence. However, the latter is characterized
by significant spatial variability, which, in some areas, has caused
this increase to reach a maximum of approximately 640% over just
15 years. This comprehensive approach represents a promising tool,
both in terms of precision and cost-effective implementation, to better
define local relative sea-level trends and to anticipate the impacts of
future sea level rise in this low-lying area. The study not only focuses
on the narrow ER coastal stretch but also extends its analysis to the
whole coastal plain, where many areas are presently below the mean
sea level and potentially impacted by sea-level rise and its associated
effects.
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The reconstructed temporal and spatial variability of relative sea
level across the coastal plain highlights the occurrence of the most
critical areas, with trend values reaching almost 16 mm/yr within the
considered time frame. These areas exhibit higher subsidence rates
due to both local anthropogenically-induced effects and the impact of
climate change on underground aquifer recharge, although these rates
appear to be under reduction. On the other side, natural fluctuations in
sea level may occur periodically with non-linear behavior, amplifying
or reducing this signal.

Despite the main limitation linked to the short temporal availability
of high-quality InSAR data, a gridded view of the relative sea-level
parameter at the coastal plain scale allows for a comprehensive un-
derstanding of the base-level change phenomenon. By considering the
new information provided here, future studies will be able to shed light
on the dynamic response of the shoreline and coastal plain to changes
induced by multiple natural and anthropogenic factors. Additionally,
this approach will likely help projecting local flooding hazard scenarios
into the near future, based on parameters that go beyond the simple and
common static “bathtub” approach.
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