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Abstract: The increasing availability of SAR images and processing results over wide areas determines
the need for systematic procedures to extract the information from this dataset and exploit the
enhanced quality of the displacement time series. The aim of the study is to propose a new pre-
operational workflow of an A-DInSAR-based land subsidence monitoring and interpretation service.
The workflow is tested in Turano Lodigiano (Lombardy region, Italy) using COSMO-SkyMed data,
processed using the SqueeSAR™ algorithm, and covering the time span from 2016 to 2019. The test
site is a representative peri-urban area of the Po plain susceptible to land subsidence. The results give
insight about new value-added products and enable non-expert users to exploit the potential of the
interferometric results.

Keywords: A-DINSAR; COSMO-SkyMed; ground deformation service; time series analysis; land
subsidence; Lombardy region

1. Introduction

Advanced Differential Synthetic Aperture Radar (SAR) Interferometry (A-DINSAR)
is an established technique to obtain ground deformation measurements with millimetric
accuracy over wide areas. An increasing number of studies have proven the advances in
the use of A-DINSAR data for land subsidence monitoring [1-3]. Interferometry operates
on the principle that the phase of SAR (Synthetic Aperture Radar) images is an ambiguous
(modulo27) measure of the sensor—target distance. By comparing the phase difference of
corresponding pixels in two SAR images, variations in distance can be obtained. A-DInSAR
is based on the processing of multiple SAR images over the same area to obtain ground
deformation measurements [4].

Therefore, several countries have started to develop services to monitor their territory
with nation- or region-wide A-DInSAR-based data [5,6].

The first national-scale A-DInSAR-based service was developed in 2007 in Italy [7].
This service was financed and managed by the Italian Ministry of the Environment (MoE)
in the framework of the Italian Not-ordinary Plan of Remote Sensing of the Environment. C-
band data such as the ERS 1/2 (spanning the period 1992-2001) and the Envisat (spanning
the period 2002-2010) images were collected and processed by means of different A-
DInSAR approaches. In particular, the SAR images were processed using the PSP [8], the
PSINSAR [9] and the SqueeSAR [10] algorithms. Successively, MoE financed the processing
of X-band data acquired by the COSMO-SkyMed (CSK) sensors in three test sites: Bologna,
Palermo, and Venezia. The relevant results led to the extension of the processing, including
100 CKS SAR acquired from ASI (Italian Space Agency) in the framework of the Mapltaly
Project. Mapltaly represents a systematic acquisition program of the Italian territory based
on interferometric data and designed in 2009 by ASI and the Italian Department of Civil
Protection, with the purpose of monitoring Italy for civil protection purposes by means
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of the CSK mission [11]. The data can be accessed through the website of the National
Geoportal [12] and can be downloaded upon request.

In 2018, Norway developed the first national public ground deformation monitoring
service using Sentinel-1 (hereafter, S1) images. This initiative is managed by the Geologi-
cal Survey of Norway, the Norwegian Water Resources and Energy Directorate, and the
Norwegian Space Centre. This service allows users to obtain regularly updated ground
deformation time series (TS) for the entire territory of Norway, freely accessible and down-
loadable through a web interface [13]. Furthermore, Radarsat-2 data are also available for
some selected test sites and for regional-scale analysis. It is worth noting that Norway is
characterized by snowy regions; therefore, SAR data acquired from months with little snow
cover (i.e., from June to October) are used for the nationwide datasets. Meanwhile, SAR
images from the whole year are processed to obtain ground deformation data in the urban
areas. The data are processed on a high-performance computing cluster and using software
developed by the KSATGMS partnership [14].

In 2019, Ground Motion Service Germany (BodenBewegungsdienst Deutschland—BBD)
was launched by the Federal Institute for Geosciences and Natural Resources (BGR) by using
S1 data processed through the Persistent Scatterer Interferometry (PSI) technique by the
Remote Sensing Technology Institute of the German Aerospace Center (DLR). In this case,
the distributed data are GNSS-calibrated deformation measurements available through a
WebGIS [15]. This initiative delivers not only line of sight (LOS) displacement TS but also
vertical and east-west deformation data over the entire territory of Germany. The service was
implemented taking into account different end-user requirements from German governmental
agencies (e.g., state geological surveys, mining authorities, and ordnance surveying) and
remote sensing experts [16].

Another ground deformation service was developed to monitor the Netherlands. In
particular, the Dutch Ground Motion Service is an initiative developed by the Netherlands
Centre for Geodesy and Geo-Informatics in collaboration with universities (TU Delft,
UTwente, HU), knowledge centres (KNMI), and geodetic companies (SkyGeo, 06-GPS). The
SAR data used are S1 data that were processed by SkyGeo. The results have been validated
with the GNSS time series [17]. This service delivers two different types of products, such
as the Surface motion map 1.0 and surface and object motion (SOM) map 2.0, and the data
are accessible via a website [18] and can be freely downloaded upon request.

Even the Agency for Data Supply and Efficiency, part of the Danish Ministry of
Climate, Energy and Utilities, is developing a nationwide ground deformation monitoring
service for Denmark [19].

Starting from 2022, a European initiative named European Ground Motion Service
(EGMS), which is part of the Copernicus Land Monitoring Service, makes available ground
deformation measurements over the whole territory of Europe using the S1 SAR images [20].
The available data are basic, calibrated, and ortho products freely accessible and download-
able via a webGlIS [21].

Recently, other examples of nationwide A-DINSAR data have been processed to moni-
tor the ground deformations in Greece [22] and Japan [23]. Nationwide and country scale
A-DInSAR data are used for several purposes such as strategic water facilities monitoring
in Hungary [24], landslide mapping and risk management in Italy [25], railway monitoring
in the Netherlands [26], and assessment of areas, population, and households exposed to
land subsidence in Mexico [27].

The availability of SAR archives and processing results with a free and open access
policy over wide areas determines the need for post-processing systematic procedures to
develop new value-added products and enable non-expert users to exploit the potential of
the interferometric results. Nowadays, the scientific community is defining new systematic
procedures to extract relevant information from A-DInSAR-based ground deformation
data to be used by authorities responsible for risk management, urban planning, and
environmental management [28,29].
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In the Lombardy region, there is ongoing development of MapLombardy, a service
inspired by Mapltaly, being downscaled at a regional scale. Specifically, MapLombardy
aims to offer comparable services to the Lombardy region through the launch of a 2024
pilot test for the commercial NOCTUA satellite, which utilizes SAR technology in X-
band [30]. This satellite is a part of the IRIDE Constellation financed in the framework of
the Italian National Recovery and Resilience Plan (PNRR). This initiative will be completed
by 2026 under the management of the European Space Agency (ESA). IRIDE represents
a constellation of constellations [31], with sixty-nine satellites and eight macro-services.
The development took into account a deep analysis of user requirements [32,33] by the
National User Forum. Pre-operational services are currently undergoing testing such as for
agricultural monitoring [34] and detecting flood impacts [35].

In this paper, for the first time, a proof of concept (PoC) on land subsidence monitoring
service is developed. The PoC on land subsidence monitoring service makes use of the
systematic acquisition in the Lombardy region (Italy), for which updated information will
be generated for each new SAR acquisition using CSK (X-band) data. The workflow of
the pre-operational service has been tested in Turano Lodigiano, a peri-urban area located
in the Lombardy region (Italy), which is a land subsidence-prone area representative
of the Po Plain, characterized by large agricultural areas in close proximity to urban
centers. Peri-urban areas are characterized by complex land use dynamics that increase
environmental pressure. Lombardy has a particular urban structure that revolves around
the metropolitan area of Milan, and significant land consumption rates increase faster
than population growth [36]. However, there are few studies analyzing the application of
A-DInSAR data for land subsidence studies in peri-urban areas, as the landscape presents
challenges in identifying deformation mechanisms with lower measurement point density
and heterogeneous trends compared to larger cities. For example, Abdikan et al. (2014) [37]
used ALOS-PALSAR data (L-band) to monitor coal mining subsidence in the peri-urban
area of Zonguldak city, Turkey. They found that L-band data were useful for overcoming
the problems of signal decorrelation identified by previous authors who used C-band data,
allowing for a more accurate estimation of surface deformation in vegetated study areas.

In particular, the article addresses the following research question:

- Considering that the future of the A-DInSAR service is to provide continuously
updated data, how can the TS datasets be used to detect subsidence hotspots and
capture their dynamic behavior in time and space?

- X-band A-DInSAR data are well-established for monitoring urbanized areas. These
data will be produced in the forthcoming year as part of the IRIDE program. However,
what is their suitability in the peri-urban areas that have a relevant diffusion in the
Lombardy region and are poorly studied in the literature?

Our work provides insights into the potential and limitations of X-band data in
peri-urban areas where land subsidence mechanisms have not been studied before. The
proposed service aims to support the exploitation of MapLombardy services and future
Earth Observation (EO) products, such as those offered by the IRIDE program, which will
include two SAR constellations in Band-X. The service is designed to provide regularly up-
dated ground deformation hotspot mapping and data to support civil protection activities
and land use management.

2. Test Site

The test site is located in Turano Lodigiano municipality (~1515 inhabitants [38]),
which is in the Lodi Plain, Lombardy region (Italy) (Figure 1). From the geomorphological
point of view, Turano Lodigiano is located in a relatively flat topography, with an altitude
ranging from 52 to 69 m a.s.l. (Figure 1a). The area experiences the influence of the nearby
Adda River, which has shaped the landforms through erosion and deposition processes.
The area extends for about 95 km?, and it is mainly characterized by cultivated lands. The
study area is primarily composed of alluvial deposits belonging to the Plio-Pleistocenic
continental depositional system of the Po Plain [39]. These deposits overlie the underlying
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bedrock, consisting of a marine basement composed of clayey-silty marls and silty clays.
The thickness of the alluvial sediments reaches approximately a hundred meters, permitting
the presence of a multilayer aquifer system. In the shallow ten meters, the deposits are
mainly constituted by sandy layers constituting the phreatic aquifer, whereas locally low
permeability layers are found and determine unconfined and semi-confined conditions
of the aquifer. At a depth of about 70-80 m, a continuous clayey layer is found, and
so, at higher depths, the aquifer is confined (Figure 1b). The area is characterized by
paleo-riverbed deposits where the textural and granulometric variability (ranging from
fine sediments characteristic of low energy depositional environments to granular ones)
is responsible for a corresponding variability in permeability indices (from very low to
good, Figure 1b). In the northern portion of the study area, there are clayey-silty soils that
are 2-3 m thick, followed by mostly sandy deposits (from moderate to good permeability,
Figure 1b). In the southern part, there are sandy and gravelly deposits with some clayey-
silty coverings (from low to moderate permeability, Figure 1b).

The test site is characterized by a temperate climate, with January being the coldest
month and July and August being the warmest. During the considered period (2016-2019),
the temperature trend has been increasing, showing a constant positive anomaly compared
with the reference period. The area lies in the Po plain, the largest irrigation basin in the
region. Thirty-five percent of the national agricultural production occurs here in the Po
river valley, which generates 40% of the country’s gross domestic product. The site is
mainly covered by cultivated land (82% of the total area), followed by urban areas (9%).
The main crop is grain maize, covering 70% of the total cultivated area (Figure 1b).
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Figure 1. (a) Location and digital terrain model of the test site (modified from [40]). (b) Permeability
map and wells location (red points). A representative borehole (black point in the map) and the
stratigraphic log 96 m deep is also reported (modified from documents of the Land Government Plan
of Turano Lodigiano municipality [41]). The location of the zoomed (b) is represented as an inset in
(a) and is expanded in (b) to show the permeability map.

3. Materials and Methods

The proposed service delivers tools and products to quickly detect hotspots of ground
deformation and understand their triggering factors. These have a great potential to be
exploited by local authorities and for civil protection activities to identify areas that need
intervention, such as the installation of in situ monitoring systems [42]. The hotspot ground
deformation (HGD) mapping is produced using regularly acquired CSK SAR images
approximately every 16 days.

3.1. Methodology

The workflow of the pre-operational service is divided into three phases: A-DInSAR
data processing, TS analysis and post-processing, and reporting (Figure 2). In the first
phase, the CSK SAR images are processed using the SqueeSAR algorithm [10] to obtain a
map of the measuring point (MP) distribution. Each MP includes information about the
average yearly velocity (mm/yr) and displacement TS (mm) along the LOS.

To simulate a continuously updated service, the processing results available for the
monitored period (2016-2019) were sub-sampled to obtain two datasets. Specifically, the
historical and updated displacement products were obtained by processing all available
72 scenes of SAR images using the conventional A-DInSAR method. The updated dataset
was then created by using the TS obtained from the last ten SAR images. Moving forward,
the PoC service will be tested to analyze new A-DInSAR products, including those obtained
using dynamic processing of new SAR acquisitions.
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Figure 2. Flowchart of the methodology.

In the second phase, the statistical analysis of the displacement TS is performed to
identify MPs characterized by a similar trend.

Then, these MPs are clustered to produce a database of the hotspots of ground defor-
mation (HGD). The same procedure is applied to the updated data. The two databases are
compared to identify changes in the space (e.g., increase or decrease in the HGD extent)
and in time (e.g., acceleration, deceleration in the average velocity). This phase allows the
mapping of persistent HGD that are combined with different ancillary datasets such as
geological, hydrogeological, and land use data to find correlations and generate hypotheses
about the triggering factors [43,44].

Finally, in the third phase, a report is generated to describe the entire analysis process,
including the findings and the suggested actions for local authorities in charge of land
use management and civil risk protection activities. The report aims to provide easy-to
read information for non-experts in order to take into account the stakeholder needs [45].
A confidence degree assessment of the achieved results is also presented by taking into
account the MP density.

3.1.1. A-DInSAR Data Processing

In this work, CSK SAR images in Stripmap Himage mode were analyzed. In particular,
a total of 72 CSK acquisitions were processed using the SqueeSAR® techniques [10] by TRE
Altamira, Milan, Ttaly. The SqueeSAR® is a proprietary multi-interferogram technique [10]
that combines the algorithm for identifying persistent scatterers (PS) with the capability to



Remote Sens. 2024, 16, 1981

7 of 22

extract information from areas (e.g., debris areas, non-cultivated land) exhibiting similar
reflectivity values, referred to as Distributed Scatterers (DS). Therefore, the combined PS
and DS allow an increase in the density of measurement points (MPs). The selected CSK
data are acquired in descending mode during the period from January 2016 until December
2019 (Figure 3). Additional details of the SAR images and processing are provided in
Table 1. The processing results show that 90% of the MP are PS, whereas 10% are DS. The
test site is characterized by sparse cultivated land, and in these areas, the MP are missing
(Figure 3), because of the use of X-band data that easily decorrelate over vegetation due to
the short wavelength.
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Figure 3. LOS velocity (mm/year) measured using the COSMO-SkyMed SAR images in the period
2016-2019 over the study area.

Table 1. SAR data and processing details.

Satellite CSK
Wavelength 3.12cm
Acquisition geometry Descending
Satellite track 39
Monitored period 26 January 2016-20 December 2019
Number of SAR images 72
Number of measurement points (MP) 191,275
Area 229.2 sq km
MP density 834.5 MP/sq km

3.1.2. TS Analysis and Post-Processing

LOS displacement TS and the LOS velocity maps are products that require an expert
interpretation before being provided to final users (e.g., local authorities). Indeed, the
representation of the average LOS velocity using a scale bar color for different ranges of
velocity is not sufficient to distinguish moving areas. The moving areas can be character-
ized by nonlinear and seasonal trends that are not captured using the LOS velocity map
and LOS velocity threshold [46]. For this reason, in this work, we propose to apply the
principal component analysis (PCA) to identify the different components of the ground
deformation [44]. The statistical analysis is performed using the two LOS displacement TS
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datasets (i.e., historical and updated archives). PCA is a multivariate analysis that converts
a collection of intercorrelated variables to generate a new set of variables (components) that
are uncorrelated and are ordered in their capability to explain variability in the original
set [47]. Previous authors used PCA to identify ground deformation patterns in A-DInSAR
TS [48-51]. Chaussard et al. (2014) [48] and Wang et al. (2022) [50] employed Principal
Component Analysis (PCA) to distinguish longer-term from seasonal deformation. How-
ever, neither study conducted clustering to isolate ground deformation hotspots. Festa et al.
(2023) [29] incorporated both PCA and K-Means clustering, while Rigamonti et al. utilized
PCA, Independent Component Analysis (ICA), and Hierarchical clustering. In these stud-
ies, ground deformation inventories were compiled considering TS. Our approach diverges
from previous work in two key aspects: (1) we utilize Optimized Hot Spot Analysis (OHSA)
to identify clusters of MP exhibiting similar trends derived from PCA, and (2) our method
is designed to capture the dynamic evolution of land subsidence hotspots. This approach
offers the advantage of detecting accelerations and decelerations in areas characterized by
similar trends.

Specifically, we use PCA to find HGD with similar TS trends. The outputs of the PCA
are the scores, eigenvectors (or loadings), and variances. To determine how many principal
components (PCs) should be interpreted, a scree plot is generated to visualize the percent
of explained variance by the principal component, and PCs that explain the total variance
between 70% to 80% are selected [47].

The PC eigenvectors describe how each variable contributes to each PC, and PC scores
are the values of each original variable to each PC. The last product is used to create MP
clusters. In particular, optimized hot spot analysis (OHSA) is performed to find clusters
of MPs with similar trends. This spatial statistic tool allows us to detect high and low
values of PC scores based on the Getis-Ord Gi* statistic [52]. The significant hotspots are
identified using a 90% confidence level, and successively, preliminary HGD are filtered by
considering clusters with at least five MPs and an extension higher than 5000 m?. The same
approach is applied to the historical and updated archives, and the results are overlapped
to define the persistent HGD and verify any spatial changes in the moving areas. From the
temporal point of view, accelerations and decelerations are investigated by extracting the
average TS for each HGD both using the historical and the updated archives. Consecutively,
the acceleration (a) is computed using the following Equation (1):

_Av vy -y
At b=ty

a )
where Av and At stand for the change in the velocity and in the time, respectively. v, and vy,
are the average velocities calculated using the updated and historical archives, respectively.
Whereas, t,, and t; are the ending time and starting times.

Finally, to understand the geological meaning of the HGD, the database is cross-
compared with different ancillary data such as geological and hydrogeological data, new
buildings database, wells location, etc.

3.1.3. Reporting

For each new acquisition, the service can be updated to include the new parameters
for the latest acquisition date. In this sense, a report can be generated and refreshed with
each new acquisition.

The service will enable local authorities to identify deforming areas that need further
detailed investigations. The accuracy of the results will be assessed by taking into account
the MP distribution. Therefore, a kernel density (KD) map is created to calculate the
density of the MP. The kernel function is based on the quartic kernel function explained
in Silverman (1986) [53]. This product enables the final user to understand the areas
where the data are missing and no information about the ground deformation is available.
Specifically, a confidence degree map is produced by classifying the kernel density results
in five confidence intervals (i.e., very low, low, moderate, high, very high) using the Jenks
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natural breaks algorithm [54]. Then, the average kernel density values are extracted for the
various topographic attributes (e.g., buildings, roads, railways, bridges, viaducts, etc.) by
using the Regional Topographic Geodatabase (DBTR) of the Lombardy region [38].

The report consists of a summary table about the main parameters (e.g., number of MP,
number of HGD, etc.), the hypothesis about the HGD drivers and the suggested actions
(see the Supplementary Material Figure S1). The report also includes the LOS velocity map,
the Confidence degree (C.d.) map, the HGD maps, and the average TS of representative
HGD (see the Supplementary Material Figure S2).

4. Results

This section describes the results of the pre-operative service obtained in the Turano
Lodigiano area.

4.1. Hotspot of Land Subsidence in Turano Lodigiano

In Turano Lodigiano, 123 preliminary HGD have been detected using CSK (Figure 4a).
By applying the filter about the extension and a minimum number of five MP, the final
HGD reach the value of 65, and cover a total moving area of 2.41 km?. The maximum LOS
velocity rate reaches —12 mm/yr. The results of the PCA show that the historical dataset
is characterized by one PC that explains about 80% of the variance (Figure 4b), and the
PC1 shows a linear lowering trend (Figure 4c). The hotspots of the PC scores are mainly
localized in the center of the municipality.
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Figure 4. (a) Preliminary HGD and OHSA results. (b) Percentage of explained variance of the
historical archive and (c) eigenvector value of the first principal component of the dataset.

No relevant spatial differences about the HGD were detected using the historical and
updated archive. The detected moving areas are persistent within Turano Lodigiano.

According to the proposed workflow, the acceleration has been computed for each
HGD. It is worth noting that negative values represent deceleration.

The results show that the majority of the HGDs are characterized by linear trends (acceler-
ation between —5 and 5 mm/yr?). One in five HGDs display an acceleration (values higher
than 5 mm/yr?) and deceleration trend (values lower than —5 mm/yr?), respectively (Figure 5).
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Figure 5. (a) Acceleration (mm/ yrz) map and average TS showing (b) deceleration, (c) constant, and
(d) acceleration between the historical and updated dataset.

4.2. Driver of the Land Subsidence
4.2.1. Geological and Hydrogeological Control on the Land Subsidence

Land subsidence may be related to natural and anthropogenic processes [55,56]. One
of the most diffused causes of the land subsidence is the groundwater exploitation that
triggers the compaction of susceptible aquifer systems (e.g., unconsolidated alluvial or
basin-fill aquifer systems) [57,58]. The test site is mainly covered by agricultural landscapes
and is therefore subject to intensive groundwater extraction for irrigation. Unfortunately,
lithological information is not available to estimate the thickness of the compressible soils
in the study area. The relationship between the ground deformation and the permeability
classes (Figure 1) has been assessed by extracting different statistical parameters such as the
maximum, minimum, mean, and standard deviation (SD) and the total extent of the moving
area (HGD) for each class. The results show that the higher negative LOS velocity rate is
observed in the low to discreet class. The mean values detected in the lower to discreet
and the very low to good classes are similar reaching values of —4.30 and —6.24 mm/yr,
respectively (Figure 6).

The total moving areas extracted from the HGD are 1.05, 0.17, and 0.06 km? for the
permeability classes low to discreet, moderate to good, and very low to good, respectively.
Therefore, local semi-confined and confined conditions of the aquifer due to clayey-silty
coverage on sandy and gravelly deposits could have a relevant role for the movements
detected in the southern part of the study area.

Considering that the groundwater abstraction is unknown and piezometric measure-
ments are not available to verify the groundwater level changes in the monitored period,
an analysis of water crop demand in the period 20162019 was performed to understand
the potential amount of groundwater extracted for agricultural purposes. This is not the
main focus of this study, so a simple methodology was chosen for this analysis. In par-
ticular, the methodology was selected from the FAO Training manual n°3 on Irrigation
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Water Management [59]. Crop water requirements, expressed as Crop Evapotranspiration
(ETc—mm/month), have been estimated using the following Formula (2):

ETc = Ke x ETO0, )

where Kc is a crop coefficient related to crop type and vegetative stage, and ETO0 is the refer-
ence evapotranspiration. ETO was obtained from the MODIS Evapotranspiration/Latent
Heat Flux (ET/LE) product (MOD16A2GF—Version 6.1) with a spatial resolution of
500 m [60]. From this dataset, monthly ETO values were extrapolated for each agricultural
field, for the entire time period. The location of the agricultural parcels, with information on
the crop cultivated in each parcel, was obtained from the Regional Agricultural Information
System (SIARL) database.

400
S 2.00 T Max
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Figure 6. Box-plot of the statistical parameters for each permeability classes. See Figure 1 for the
permeability classes map.

From this dataset, the Kc for each crop class was obtained from the literature [61-63].
This coefficient was adjusted to take into account monthly relative humidity and wind
speed. These meteorological data were collected by the Lombardy Regional Agency for
Environmental Protection (ARPA Lombardy) portal [64] and then elaborated to obtain
monthly average values. Finally, the Kc for each month was multiplied by ET0. The
amount of precipitation was also considered as a contribution to irrigation, following
the methodology indicated in the Chapter 4 of Training manual n°3 on Irrigation Water
Management [50], analyzing the measurements collected by the Lombardy Regional Agency
for Environmental Protection (ARPA Lombardy). In order to assess the adequacy of these
estimates, the results have been compared with literature values [61,65].

Most water demanding crops in the study area are alfalfa and pasture, which represent
the permanent forage, with mean values in the four years of ~9030 and 9622 m3/ha, respec-
tively. The most irrigated areas are distributed throughout the area, concentrated especially
around the Turano Lodigiano municipality (Figure 7a). The irrigated areas increased from
2016 to 2018, with a reduction in 2019, while the irrigation needs increased from 2016 to
2017 (from 44,982 to 65,886 m> /ha) and decreased in subsequent years (Figure 7b). The
increase in 2017 can be explained by the increase in the pasture class, which then decreases
in 2018 and 2019. At the same time, in 2018, the precipitation reached the maximum value
(5197 mm), decreasing irrigation needs (Figure 7c).

The increase in the irrigated land and irrigation needs could be a cause of the land
subsidence observed in the study area.
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Figure 7. (a) Extent of the irrigated land from 2016 to 2019. (b) Annual irrigation needs versus
extent of the crop classes in the period from 2016 to 2019. (c) Irrigation needs versus precipitation
data provided by ARPA Lombardy. Basemap source: Esri, Maxar, GeoEye, Earthstar Geographics,
CNES/ Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.

4.2.2. Impact of Urban Expansion on Land Subsidence

Urbanization is a triggering and/or accelerating factor for the land subsidence [66].
Several authors have detected consolidation processes induced by an external load (e.g., new
buildings) using A-DInSAR data [66-68]. The complexity of the interpretation of the TS
in urban areas is due to the fact that the movements are due to a combination of differ-
ent factors, such as the geological and geotechnical properties of the subsoil, the pore
pressure changes, the external load features, the types of foundations, and the building’s
age [66,69,70]. Unfortunately, detailed information about the geotechnical properties of
the soils and about the building characteristics is not available. It is worth noting that
the buildings of Turano Lodigiano have the most extended HGDs (Figure 5a). Therefore,
we focus the analysis on the comparison between the LOS velocity and the building’s
age. In particular, the building’s age has been inferred by a manual change detection of



Remote Sens. 2024, 16, 1981

13 of 22

the new buildings using the Regional Technical Chart (CTR) 1:10.000 [40] and the very
high-resolution imagery from the ESRI World Map service [71]. The DBTR has been ex-
ploited as a database of the building [40]. Most of the constructions in the urban area of
Turano Lodigiano are dated, on average, from 1940 till 2000 [72]. From a total quantity
of 1062 buildings, 69% (734) were built until the year 1998, 29.9% (318) were constructed
between 1998 and 2010 and only 1% (10) from 2010 till 2021 (Figure 8a). This includes also
small structures that were incorporated and assembled into the original buildings. Despite
this, the city’s expansion has been very slow in the last two decades and the population has
slightly decreased in the last 50 years [38] with a negative growth rate of —17.6%.
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Figure 8. (a) Building’s age and (b) box-plot of the statistical parameters of the LOS velocity for the
different building’s age.

The results show that the buildings built before 1998 have higher negative LOS velocity
with respect to the most recent buildings. Overall, despite the different building ages, the
average LOS velocity are high reaching values higher than —2 mm/yr. Therefore, a
significant correlation between the building’s age and the moving area is not found.

4.3. Confidence Degree of the Results and Suggested Actions

Confidence degree (C.d.) assessment of the A-DInSAR data for land subsidence detec-
tion and interpretation has been performed by taking into account the CSK MP distribution.
The results are shown in Figure 9. The higher values are observed in the centre of Turano
Lodigiano, whereas low and very low values are obtained in the agricultural lands.

Therefore, the results suggest that the interpretation of the ground movements is
limited in the agricultural areas. Additional in situ land and groundwater monitoring
systems should be implemented in the area, especially in the agricultural lands where
the MP are missing. Piezometers should be installed to monitor the piezometric level
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variation in order to support the sustainable groundwater management. Additional ge-
ological/hydrogeological investigations are needed to understand the aquifer geometry
and conditions (i.e., confined, semi-confined and unconfined) and the thickness of the
compressible soils.
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Figure 9. Confidence degree map of the CSK MP distribution in Turano Lodigiano.

5. Discussions
5.1. Comparison of CSK with EGMS S1 Data

The quality of A-DINnSAR results depends on several factors, such as the processing
characteristics, the atmospheric correction, and phase unwrapping improving, and the
validation may be performed by comparing A-DInSAR with ground truth data [73]. Fur-
thermore, in some cases, the reliability of the processing results can be assessed by testing
different algorithms [74] or different sensors over the same area [75]. As was mentioned
before, EGMS provides a measure of the ground movements across Europe using S1 data.

Therefore, in this study a consistency analysis has been performed to compare the
CSK results (X-band) with the available EGMS S1 (C-band) data.

EGMS delivers three levels of products updated annually and with a temporal res-
olution of 6 days: basic, calibrated, and orthorectified. The basic product provides LOS
velocity maps in ascending and descending orbits referenced to a local reference point.
The calibrated product provides LOS maps in the same orbits as the basic product but
referenced to a model derived from global navigation satellite systems time-series data,
making them absolute. The orthorectified product provides data on the horizontal and
vertical components of motion, referencing the geodetic reference model and resampled at
100 m [21]. In this study, we used EGMS basic data from the period 2015-2021.

To make the two datasets spatially comparable, the CSK data has been interpolated
using the Inverse Distance Weighted (IDW) method [76] with a maximum distance of 10 m.
The resulting map was then sampled at the EGMS MP. A sensitivity analysis was conducted
to determine the optimal threshold for the maximum distance of interpolation. Specifically,
interpolation was performed using maximum distances of 10 and 30 m. The results indicate
that a distance of 10 m enables the capture of differences between the two datasets. Despite
the spatial interpolation and the sampling, the datasets refer to two different periods, and
the CSK LOS velocity was derived using X-band data with a nominal revisit time of 16 days,
while the EGMS LOS velocity was calculated using Sentinel-1 C-band data with a revisit
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time of 6 days. The spatial resolution of both sensors is different, while CSK produces a
pixel size of 3 m, S1 pixel is 5x 20 m.

Also, the CSK wavelength, shorter than S1 sensor’s one, is more sensitive to small-scale
ground deformation while less able to penetrate vegetation, resulting in lower coverage
over the open fields.

However, the spatial distribution of the CSK LOS velocity (Figure 3) appears to be
consistent with the same information derived from the EGMS S1 data (Figure 10a), and the
two datasets of LOS velocity show a strong correlation (correlation index = 0.907).
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Figure 10. (a) EGMS S1 LOS velocity map (2015-2021) in Turano Lodigiano. (b) Comparison between
the EGMS LOS velocity and the CSK LOS velocity. The regression line (red line) is also reported.

The linear regression model built between EGMS and CSK data estimated an R-squared
value of 0.82 (p-value < 2.2 x 1071°). The results show that there are less than ten points
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with differences between EGMS-CSK LOS velocity higher than 5 mm/year (Figure 10b). In
some cases, the retrieved difference between the two datasets is due to very local outliers
characterized by phase unwrapping errors detected in the EGMS data. However, no relevant
errors have been retrieved by comparing the two datasets (Figure 10b).

5.2. Land Subsidence and Hydraulic Risk

In the view of an operational monitoring service for land subsidence especially in
flood prone areas considering concomitant phenomena could be crucial for multi-hazard
risk assessment to provide valuable insight for emergency management, civil protection
activities, and land use management. Additionally, in the literature, it seems that hydraulic
risk can be altered or even intensified by the land subsidence [77] changing the spatial
patterns of the hydraulic risk by modifying the inundation intensity (i.e., extent and spatial
distribution of flooded areas) and consequently the spatial distribution of hydrodynamic
variables (i.e., water depth and velocity) [78], and the correlation between the two phenom-
ena is strictly associated with the study area setting [79]. A qualitative analysis related
to the obtained results has been performed to evaluate the role of land subsidence in
altering directly (i.e., changing the current topography) the hydraulic risk. Therefore, the
persistent HGDs have been overlapped with the flood hazard maps delineated under the
Floods Directive (Flood Directive 2007/60/CE—2022 Review [40]) (i.e., areas potentially
affected by flooding) for three flood scenarios: low probability of floods or extreme event
scenarios (up to 500-year return period), medium probability of floods (100-200-year return
period) or high probability of floods (20-50-year return period) (Figure 11a). The test site is
outside the areas of potential significant flood risk (APSFR). Thus, the potential negative
consequences resulting from concomitant phenomena could slightly directly affect the
exposed elements potentially hit by the flood considering the risk map under the Flood
Directive that provides four risk classes expressed in terms of the number of inhabitants
potentially affected, infrastructure and strategic facilities, environmental, historical and
cultural heritage, distribution and type of economic activities, and the past flood events
that occurred in the area (historical floods between Ticino and Adda river). Four buildings
recognized as significant environmental and cultural heritage assets and classified as a
very high hydraulic risk class fall within HGDs characterized by an acceleration between
—5and 5 mm/yr? (Figure 11b). Differential land subsidence could weaken the structure
causing distortion to already highly exposed elements, also affected by the historic floods
of 1951 and 1976 (Figure 11c), increasing their physical vulnerability. Furthermore, land
subsidence could have a possible negative impact on the hydraulic network. The main
structures and infrastructures distributed in the test site feature a dense manmade land
reclamation and irrigation channels network, comprising 98 channels with a total length of
approximately 293 km (Figure 11a) (information system for the reclamation and irrigation
of rural territory—SIBITER [40]). Thus, in high critical-conditions differential land subsi-
dence can alter the channel flow directions and discharge reversing channel slopes, making
water flow less efficiently and causing damage to infrastructure waterways and agriculture
production [80]. Changes in ground elevations might also alter the starting/stopping level
of the pumping system with a consequent increase in the energy and costs required for
water disposal. In the perspective of an operational monitoring service, the land subsidence
collateral effects should be taken into account even considering the maximum admissible
differential displacements for structure and infrastructure. In the test site, land subsidence
should be considered as a potential driver of a riverine flood hazard, as a slow and gradual
process that develops on larger time scales than flooding [77].
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Figure 11. (a) Flood hazard and hydraulic risk of exposed elements maps (R4—very high-risk class;
loss of life; R3—high-risk class, possible harm to humans; R2—medium risk class, no direct threat for
people; and R1—low risk class, no threat for people) and manmade land reclamation and irrigation
channels network overlayed with HGD, (b) zoom-in of areas of possible concomitant phenomena,
(c) significant past floods inundation map.

5.3. MapLombardy and IRIDE Future Services

With a budget of EUR 1.06 billon, IRIDE represents one of the most ambitious space
constellations in Europe with direct benefits to Mapltaly in general and MapLombardy in
particular. IRIDE next generation of satellites include two SAR constellations in Band-X, in
Spotlight, Stripmap, and ScanSAR modes. IRIDE produces higher temporal and spatial
resolution to overcome many limitations of current constellations. For instance, while the
CSK revisiting time remains at 16 days, S1 is down to 6 days (12 days when exploiting one
satellite only). The pixel size of the new IRIDE constellations is planned to be reduced up
to 0.5 m. Therefore, smaller changes should be able to be observed [29] that will achieve a
more robust MP map and HGD products.

Freely accessible A-DINSAR from EGMS will be complemented in 2026 by the slow
land movement service from IRIDE, which will support Civil Protection and other Admin-
istrations as well as the private sector. This service is one of the eight thematic reference
services that have been identified based on large Italian institutional user needs to facilitate
the match between buyer groups” demand and the industry offer. The land movement
service has been created by considering two aspects: information needs and technical
requirements. Some of the aspects that have been considered are spatial resolution, revisit
time, and range, among others.

The potential of this PoC of the A-DInSAR service will be further utilized for various
application domains, such as preventive monitoring for infrastructures and geohazards,
and to address the lack of data for cultural and natural heritage located in areas affected by
land subsidence [80].

The proposed approach has been applied in a complex peri-urban landscape with
urban and rural characteristics. The main technological improvement compared to previous
studies is a new data processing chain that captures the dynamic changes over time
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and space in the hotspot of ground deformation by utilizing the A-DInSAR time series.
Specifically, the service includes TS post-processing tools that can also be utilized for
exploiting EGMS data and future EO products such as those offered by the IRIDE program.

6. Conclusions and Perspectives

We present a PoC of an A-DInSAR-based service for land subsidence monitoring
and interpretation. The pre-operational service MapLombardy is aimed at producing
easy-to-read products to be exploited by local authorities and for civil protection activities.
The service allows us to produce three main products that are (1) an MP map, (2) the
HGD database, and (3) the report that includes the results of the operational workflow, the
suggested actions, and a confidence degree map of the results.

Overall, the procedure allows us to exploit the A-DInSAR time series to identify
moving areas that need intervention. The ground deformation data are converted into
systematic information useful for non-expert users.

The methodology has been tested in Turano Lodigiano, a peri-urban area of the
Lombardy region using CSK data acquired from 2016 to 2019. PCA and optimized hotspot
analysis of the TS have allowed us to detect a total moving area of 2.41 km? with a maximum
LOS velocity rate of —12 mm/yr. Furthermore, to test a continuous updating of the A-
DInSAR data, the original dataset has been subdivided into two archives (i.e., the historical
and the updated data). This analysis has allowed us to identify acceleration, deceleration,
and constant ground deformation trends. Turano Lodigiano is characterized by alluvial
deposits susceptible to subsidence, and the detected land subsidence may be due to the
groundwater extraction due to the increase in the irrigated land and irrigation needs and
the highest subsidence rates observed in correspondence of the low to discreet permeability
soils. Additional groundwater monitoring systems should be implemented to verify this
hypothesis. No significant correlation is evident between the ground movements and
urban expansion. The detected movements agree with the EGMS data with an R-squared
value of 0.82. Some HGD has been detected in correspondence of four buildings recognized
as significant environmental and cultural heritage assets and classified as a very high
hydraulic risk class that needs additional in situ surveys. MapLombardy pre-operational
services within IRIDE can be applied in other sites susceptible to land subsidence and using
other sensors such as C-band (e.g., EGMS S1 data).

Overall, the workflow permits the detection and analysis of ground deformation over
time, allowing a better understanding of the causes and potential risks associated with land
subsidence. Information on where to install instruments in situ or complement missing
information with other data. This knowledge is particularly crucial for land use planning
and development purposes, as it enables authorities to prevent or mitigate potential damage
to infrastructure, buildings, and the environment. By continuously monitoring the ground
deformations, local authorities can anticipate and take preventive measures to ensure public
safety and minimize potential damage. The developed products facilitate the identification
of instability zones, aiding local authorities in implementing appropriate land-use policies
and regulations. Therefore, this service provides valuable insights and data necessary
for informed decision-making and effective management of infrastructure and natural
resources in a complex landscape such as a peri-urban area.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs16111981/s1, Figure S1: Structure of the summary table of the
report; Figure S2. (a) LOS velocity maps, (b) C.d. map, (c) HGD map and (d) displacement time series
included in the report.
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