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Abstract: This study assesses subsidence-induced risk to urban infrastructure in three major Italian
cities—Rome, Bologna, and Florence—by integrating satellite-based persistent scatterer interfer-
ometric synthetic aperture radar (PSInSAR) ground displacement data with urban vulnerability
metrics into a novel risk assessment workflow, incorporating land use and population data from
the Copernicus Land Monitoring Service (CLMS)—Urban Atlas. This analysis exploits ERS-1/2,
ENVISAT, and COSMO-SkyMed PSINSAR datasets from the Italian Extraordinary Plan of Environ-
mental Remote Sensing, plus Sentinel-1 datasets from CLMS—European Ground Motion Service
(EGMS), and spans a 30-year period, thus capturing both historical and recent subsidence trends.
Angular distortion is introduced as a critical parameter for assessing potential structural damage due
to differential settlement, which helps to quantify subsidence-induced hazards more precisely. The
results reveal variable subsidence hazard patterns across the three cities, with specific areas exhibiting
significant differential ground deformation that poses risks to key infrastructure. A total of 36.15,
11.44, and 0.43 km? of land at high to very high risk are identified in Rome, Bologna, and Florence,
respectively. By integrating geospatial and vulnerability data at the building-block level, this study
offers a more comprehensive understanding of subsidence-induced risk, potentially contributing
to improved management and mitigation strategies in urban areas. This study contributes to the
limited literature on embedding PSINSAR data into urban risk assessment workflows and provides a
replicable framework for future applications in other urban areas.

Keywords: subsidence; INSAR; persistent scatterer interferometry (PSI); EGMS; PST-A; geological
hazards; risk assessment; Copernicus Urban Atlas

1. Introduction

Geological risk mapping plays a vital role in understanding and managing the impact
of hazards on urban environments. In this context, it is important to clarify the distinction
between hazard and risk: hazard refers to a potentially damaging phenomenon, while risk is
the likelihood of the hazard occurring combined with the exposure of people, infrastructure,
or ecosystems and their vulnerability to its impacts [1]. As [2] noted, risk mitigation can be
successful only when detailed knowledge is obtained about the frequency, character, and
magnitude of hazardous events in an area, data which have a strong geographic component.
Geological risk mapping involves the spatial identification and assessment of areas prone to
geological hazards, such as landslides, earthquakes, or land subsidence, which can threaten
infrastructure and human safety.

Among these hazards, land subsidence—the gradual lowering of the Earth’s surface—
stands out as a significant issue in many metropolitan regions globally [3]. Subsidence can
result from both natural processes, such as the compaction of sedimentary layers [4] and
human activities, including groundwater extraction [5-7] and urban development [8,9]. Its
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consequences are often severe, leading to structural damage, ground instability, and increased
susceptibility to flooding [10,11]. Given the potential scale of its impact, the accurate and
continuous monitoring of subsidence is essential for risk mapping and mitigation, particularly
in rapidly expanding cities.

In recent years, satellite-based differential interferometric synthetic aperture radar
(DInSAR) techniques have emerged as a precise method for estimating ground displace-
ments associated with geological processes [12] and, among them, land subsidence [13].
DInSAR allows for high-resolution, large-scale observation of the displacement of the
Earth’s surface with up to millimeter-level accuracy [14,15]. Despite the demonstrated
technical performance and widespread application of DINSAR for subsidence monitoring,
there is still limited literature addressing its integration into comprehensive risk assessment
frameworks, especially concerning urban infrastructure. In this context, recent advance-
ments as key studies on major metropolises of Central Mexico, Nigeria, and India have
started to address this gap. A novel subsidence-induced risk assessment approach applied
to Mexico City, Aguascalientes, and Morelia has been developed to integrate INSAR-derived
data with geospatial and socioeconomic factors [9,16,17]. Other scholars further modified
this methodology for application in Lagos [18] and National Capital Region (Delhi) [19],
demonstrating its adaptability across different geographical contexts. These approaches
underscore the potential for INSAR to contribute to more robust subsidence risk mapping
and monitoring strategies, when coupled with detailed vulnerability assessments.

Building upon these recent developments, this study innovates in the field by attempt-
ing, for the first time, a multi-decadal risk assessment by integrating several persistent
scatterer INSAR (PSInSAR) datasets covering an overall period of 30 years, to assess land
subsidence and its temporal evolution in three major cities in Italy: Rome, Bologna, and
Florence. The existing methodology is also further enhanced by incorporating land use
and population data from the Copernicus Urban Atlas at the building-block level, and,
therefore, detailing the risk assessment at the scale of single urban blocks and providing a
more detailed evaluation of urban infrastructure vulnerability and, in turn, risk. This com-
prehensive approach aims to enhance the precision of subsidence-induced risk assessments,
contributing to more effective management and mitigation strategies in urban areas.

2. Study Areas

Three major cities in Italy were used to test and demonstrate the novel subsidence-
induced risk assessment workflow: Rome, Bologna, and Florence. These cities were
selected due to their significance in terms of urban infrastructure, cultural heritage, and
their assorted susceptibility to subsidence, thus allowing a comprehensive understanding
of subsidence hazards in different geological and urban contexts.

Rome, the capital of Italy and the Lazio region, not only is a historical and cultural
epicenter but also is one of the world’s most visited cities, with nearly 3 million residents
spread across 1287 km?. Strategically situated along the Tiber River, the city lies within the
Tiber’s lower valley, bordered by low hills and extending toward the Tyrrhenian Sea. The
landscape includes the Colli Albani foothills to the southeast, the Sabatini Mountains to
the northwest, and the Central Apennines at the northeast (Figure 1a). Geologically, the
region features a mix of volcanic activity and fluvial processes. According to [20], volcanic
deposits, particularly pyroclastic tuff from the Albano and Sabatino volcanic districts,
dominate the area, while alluvial sediments have accumulated in the Tiber Valley between
these districts. The Tiber River’s hydrographic network, shaped by Pleistocene sea-level
changes, has led to the formation of alluvial plains, underlain by fine-grained soils prone
to settling due to urban development activities. This process led to the formation of the
extensive alluvial plains that the city has expanded upon. Recent sediment deposits in
these incisions consist of fine-grained soils, which are susceptible to settling due to urban
activities such as leveling the ground, infrastructure construction (e.g., buildings), and
variations in groundwater levels [21].
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Bologna is the seventh most populous city in Italy, with ~400 thousand inhabitants
on an administrative area of 140.9 km?. It is located in the Emilia-Romagna Region at
the Apennines foothill, along the southern boundary of the Po River sedimentary basin
(Po Plain). It is bounded to the west and east by the Reno and Savena rivers, respectively
(Figure 1b). The geological and morphological setting, influenced by the alluvial fans of
these rivers, primarily consists of stacked coarse-grained deposits, as described by [22].
The deposits gradually transition into less consolidated and finer sediment bodies toward
their distal portions, making them more vulnerable to the rearrangement of particles when
the natural equilibrium is modified, which results in surface deformations. These aquifer
deposits have been subject to excessive groundwater pumping since the 1950s, resulting
in peak subsidence rates of 110 mm/year during the 1970s and 1980s [23]. As discussed
in [23], subsequent to the implementation of regional water pumping restrictions, starting
in the 1980s, this phenomenon began to decline.

Florence is a city that is constantly expanding. The administrative area corresponds
to 102 km? with ~388 thousands of permanent inhabitants. The city lies on the southeast
corner of the Florence-Prato-Pistoia plain, which appears as an elongated depression with
a northwest-southeast direction (Figure 1c). It is surrounded by reliefs and the Arno River
runs through it. Florence is immersed in a charming landscape that is a consequence of
the geotectonic evolution of the Northern Apennines over the last million years (Pliocene
to present). This resulted in three unconformable boundary stratigraphic units: fluvial-
lacustrine deposits, ancient alluvial deposits, and recent alluvial deposits.
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Figure 1. Location and land use/cover of the cities of (a) Rome; (b) Bologna, and (c) Florence in Italy,
according to the Copernicus Urban Atlas (UA) 2018 dataset [24]. Land use/cover types associated
with UA codes are provided in Table 1.
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Table 1. Urban Atlas Land Cover/Land Use 2018 classes and associated codes, with the exposure-
vulnerability scores assigned for the subsidence-induced risk analysis (see Section 4.3): 1, low;
2, medium; 3, high; 4, very high. Notation: S.L., sealing level; NA, not applicable.

Urban Atlas Class Code Score
Continuous urban fabric (S.L.: >80%) 11,100 4
Discontinuous dense urban fabric (S.L.: 50-80%) 11,210 4
Discontinuous medium-density urban fabric (S.L.: 30-50%) 11,220 3
Discontinuous low-density urban fabric (S.L.: 10-30%) 11,230 2
Discontinuous very low-density urban fabric (S.L.: <10%) 11,240 2
Isolated Structures 11,300 1
Industrial, commercial, public, military, and private units 12,100 3
Fast transit roads and associated land 12,210 4
Other roads and associated land 12,220 3
Railways and associated land 12,230 4
Airports 12,400 4
Mineral extraction and dump sites 13,100 3
Construction sites 13,300 2
Land without current use 13,400 1
Green Urban Areas 14,100 1
Sports and leisure facilities 14,200 2
Arable land (annual crops) 21,000 1
Permanent crops (vineyards, fruit trees, olive groves) 22,000 1
Pastures 23,000 1
Forests 31,000 1
Herbaceous vegetation associations (natural grassland, moors) 32,000 1
Open spaces with little or no vegetation (beaches, dunes, rocks) 33,000 1

Wetlands 40,000 NA
Water 50,000 NA
3. Data

To account for the elements at risk in the analysis, openly available land use/cover
data from Copernicus Land Monitoring Service (CLMS) were used. In particular, the
most updated release (2018) of the Urban Atlas (UA) Land Cover/Land Use (LCLU) was
exploited [25]. This provides reliable, inter-comparable, very high-resolution land use and
land cover data with integrated population estimates in INSPIRE-compliant vector format
for the functional urban areas (FUA) of Europe with more than 50,000 inhabitants, with a
new release every 6 years. The adopted LCLU nomenclature includes 17 urban classes with
a minimum mapping unit of 0.25 ha, and 10 rural classes with a minimum mapping unit
of 1 ha (see Table 1). The mapping is based on the interpretation of very high-resolution
satellite imagery (e.g., Pléiades, KOMPSAT, Planet, SPOT-6, and SuperView) supported by
Google Earth and OpenStreet Map ancillary data [25], and the resulting minimum mapping
width is 10 m [26]. The LCLU 2018 product was accessed for the whole FUAs of Rome,
Bologna, and Florence, and then clipped to the administrative areas of the three cities.

To conduct a comprehensive analysis of the ground vertical displacement in each
study area, two sources of INSAR datasets were employed: (i) ERS-1/2, ENVISAT, and
COSMO-5kyMed ascending and descending mode datasets provided by the Extraordinary
Plan of Environmental Remote Sensing (Piano Straordinario di Telerilevamento Ambi-
entale, PST-A) [27] of the Italian Ministry of the Environment and Energy Security, and
(ii) Sentinel-1 ascending and descending mode datasets from CLMS—European Ground
Motion Service [26] (Table 2). The products consist of long data-stacks of satellite SAR
images processed with persistent scatterer interferometry (PSI) algorithms (also commonly
indicated with PSInSAR) to identify good radar reflectors, called permanent/persistent
scatterers (PS), the displacement of which can be monitored accurately over long time
intervals [27].
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Table 2. Main characteristics of the satellite PSINSAR datasets used for the analysis of subsidence-
induced hazards in the three study areas.

LOS Velocity [mm/year]
Study Area Satellite Orbit Type Time Interval . :
Minimum Maximum

Rome ERS-1/2 Ascending April 1993-November 2000 -34.8 +15.0
Descending September 1992-December2000 —42.7 +28.6

ENVISAT Ascending November 2002-July 2010 -33.1 +6.8

Descending January 2003-June 2010 -30.7 +6.8
COSMO-SkyMed Ascending April 2011-March 2014 -61.0 +24.4
Descending August 2011-February 2014 -39.2 +18.6
Sentinel-1 Ascending January 2018-December 2022 —41.5 +10.9
Descending January 2018-December 2022 -32.7 +12.7

Bologna ERS-1/2 Ascending October 1995-September 2000 —49.1 +4.3
Descending April 1992-December 2000 —55.4 +10.3

ENVISAT Ascending August 2004-July 2010 -24.0 +5.7

Descending November 2003-December 2010 -29.0 +4.8

Sentinel-1 Ascending January 2018-December 2022 -25.5 +1.4

Descending January 2018-December 2022 -24.1 +8.0
Florence ERS-1/2 Descending April 1992-November 2001 -29.5 +11.3
ENVISAT Ascending October 2003-May 2010 -9.3 +6.1

Descending February 2003-June 2010 -134 +5.2
Sentinel-1 Ascending January 2018-December 2022 -13.0 +10.0

Descending January 2018-December 2022 -55.6 +0.6

4. Methods

To facilitate a comprehensive spatial analysis and integration of ground deformation
stored within the points from each PSInSAR dataset, a uniform grid with ~50 m spacing
was generated to cover the administrative boundaries of Rome, Bologna, and Florence,
encompassing 693,635, 80,118, and 57,394 grid units, respectively. Attributes derived from
each PSInSAR dataset were systematically imported into the grid cells by utilizing the
nearest-neighbor interpolation method. Key attributes that were imported included the
number of PS within each grid cell, their annual line-of-sight (LOS) displacement velocity,
and the corresponding LOS directional cosines. Three scenarios were accounted for, as
follows: grid cells containing PS exclusively from ascending orbit data, exclusively from
descending orbit data, or a combination of both. To incorporate the maximum amount of
information in the following analysis, these three possibilities were all retained in the grid
and analyzed accordingly (see Section 4.1), as implemented in [17].

4.1. Estimation of Vertical Displacement Velocity

To accurately represent terrain displacement, it was essential to first convert the LOS
velocity estimates into vertical displacement. This was achieved by applying a mathemati-
cal approach, as outlined by [17], for each dataset at each grid element.

In instances where data from only a single orbit type, either ascending or descending,
were available, the vertical deformation velocity (V;) was calculated by dividing the LOS
velocity (V1 ps) by the LOS directional cosine in the vertical direction (U pg), under the
assumption of no horizontal deformation:

Vu =Vios/Uros 1)

when information from both orbits (A, ascending; and D, descending) was available,
Vu was computed by considering the east-west (E), north-south (N) and vertical (U)
directional cosines of the LOS, and by resolving the following system of two equations:

VA=EAXVE+NAXVN+UAXVU (2)
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VDZEDXVE+ND><VN+UD><VU (3)

In order to resolve the system, the assumption that the N-S displacement is zero was
made, following the approach described by [28], and the two unknown variables, V{; and
VE, at each grid cell were derived.

Consequently, this approach allowed for the full potential of the available PS datasets
to be effectively harnessed, taking into account the variations in spatial distribution and
point density across the datasets, and spatially complementing their information using the
regular grid.

To assess the reliability of this method, a comparative analysis of the vertical velocity
values derived from each individual orbit type, as well as from the combination of both
orbits, was conducted. This comparison is illustrated in Figure 2, where the x-axis represents
the ascending mode, and the y-axis represents the descending mode for each study area
using the Sentinel-1 datasets. The coefficients of determination (R?) were 0.91 for Rome,
0.93 for Bologna, and 0.84 for Florence, indicating that the two viewing geometries yield
comparable vertical velocity results when used separately or in combination, and further
suggesting that horizontal deformation components are negligible across large proportions
of the three study areas, as most observations align closely with the 1:1 regression line.
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Figure 2. Comparison of the vertical displacement velocity derived using the Sentinel-1 datasets, for
(a) Rome, (b) Bologna, and (c) Florence. The linear regression between ascending and descending
mode geometries is represented with a dashed yellow line. Notation: “Asc.’, ascending; ‘Desc.’,
descending; ‘Sum’, combined ascending and descending.

4.2. Angular Distortions and Hazard Assessment

The assessment of subsidence-induced hazards extends beyond the evaluation of Vs
or the total settlement (dy;), as it incorporates the differential settlement (Ady;) occurring
between two points relative to their distance (I), which in turn results in angular distortion
(B) during a given period (t) [16,17]:

Br = Ady/! (4)

B is a critical parameter widely employed in geotechnical engineering to evaluate the
potential severity of damage, such as the development of cracks, fractures, tilts, and other
forms of structural impairment caused by the strain imposed on urban infrastructure due
to differential settlement [29,30].

To calculate B for the three cities, V; derived from each PSINSAR dataset were multi-
plied by the total duration of the observed period, thereby yielding d;; for each time interval,
at each grid element. The longest period between the ascending and descending orbit
pairs of the same satellite was utilized, under the assumption of temporal correspondence
between ascending and descending datasets, and the occurrence of steady deformation
rates during the monitoring periods. For example, for Rome, this temporal duration spans
8.2 years for ERS-1/2 datasets, 7.6 years for ENVISAT, 2.7 years for COSMO-SkyMed, and
5 years for Sentinel-1. The distance [ is equal to 50 m, as it corresponds with the grid
resolution employed to resample the datasets.
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Furthermore, to compute the total angular distortion (f1) accumulated over the
30-year period analyzed, from 1992 to 2022, some additional assumptions were neces-
sary. Notably, there are temporal gaps between the different datasets employed: 3 years
between ERS-1/2 and ENVISAT, 8 years between ENVISAT and Sentinel-1 for Bologna and
Florence, and for Rome, 1 year between ENVISAT and COSMO-SkyMed, and 3.6 years
between COSMO-SkyMed and Sentinel-1. To derive an estimate of di; occurred during the
entire three-decade period, the V; during these temporal gaps was assumed to be constant
and equal to the average of the velocities from the preceding and succeeding datasets. The
Bt values were then calculated only for the grid elements where the three (or four) datasets
were all present.

To assess the potential impact of differential subsidence to urban infrastructure, follow-
ing [9,16,17] and accounting for both geotechnical practice [29] and existing INSAR-based
subsidence studies [31,32], the hazard was classified into four categories, based on the
accumulated over the 30 years: low (81 < 0.03%), medium (0.03% < Br < 0.06%), high
(0.06% < Br < 0.2%), and very high (Br > 0.2%), indicative of increasing hazard severity.
When assessing hazards for a subset monitoring period, the three thresholds (0.03%, 0.06%,
and 0.2%) were adapted proportionally to the duration of the selected period with respect
to the 30 years (e.g., for the Sentinel-1 period, they were adjusted using the 1/6 proportion
into 0.005%, 0.01%, and 0.033%, respectively).

4.3. Infrastructure Exposure—Vulnerability Analysis

In order to assess exposure (i.e., location, attributes, and value of assets) and vulnera-
bility (i.e., the likelihood that assets will be damaged /destroyed /affected when exposed
to subsidence-induced hazards) of the elements at risk (i.e., urban infrastructure), land
use/cover information and population data obtained from the UA dataset were exploited.

Each UA polygon was scored according to the type and attributes of the infrastructure
involved, assigning scores from 1 to 4 based on an increased level of exposure and vulner-
ability (1: low; 2: medium; 3: high; 4: very high), as shown in Table 1. The highest score
was assigned to continuous and discontinuous dense urban fabric with the sealing level
(S.L.) exceeding 80% and between 50 and 80%, respectively (UA codes 11100 and 11210):
strategic transport infrastructure including airports, railways, and fast transit roads (UA
codes 12400, 12210 and 12230). Moving toward less dense urban fabric, industrial sites,
minor roads, and vegetated lands, lower scores were assigned, from 3 to 1. The category
“not applicable” (NA) was used for water bodies and wetlands.

4.4. Subsidence-Induced Risk Assessment

A risk matrix was developed, combining the subsidence-induced hazard levels derived
from the satellite PSINSAR datasets, with the type of infrastructure exposed as mapped in
the UA and the associated exposure-vulnerability scores. Considering both parameters, it
was possible to identify 4 risk categories: low, medium, high, and very high, as shown in
Table 3. This approach allowed for a comprehensive evaluation of the risk levels associated
with different types of urban infrastructure and also for the quantification of the population
residing in them, being able to determine the number of people affected in each UA polygon.
For instance, when areas with critical infrastructure types (e.g., bridges, dense urban fabric;
scored 4 for exposure-vulnerability), which typically have high population density, exhibit
significant angular distortion values (very high hazard) are classified as at very high risk.
On the other hand, green spaces (which typically do not involve residents) yield low risk
when affected by up to a medium hazard.
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Table 3. Proposed subsidence-induced risk matrix combining hazard levels based on angular distor-
tion (B), with exposure—vulnerability based on UA land use/cover type. Possible hazard levels are:
low (green), medium (yellow), high (red) or very high (dark-red).

Hazard (B Categories)
Low Medium High Very High

Medium Medium

Medium Medium

Medium Medium

Exposure—Vulnerability

Very High High Medium Low

Medium

5. Results
5.1. Multi-Decadal Land Subsidence Evolution

The application of multi-temporal and multi-sensor PSINSAR analysis yielded detailed
ground deformation velocity maps, revealing subsidence evolution in both spatial and
temporal dimensions over the last thirty years. The 50 m resolution vertical displacement
velocity (V;) maps obtained by combining ascending and descending mode datasets (see
Section 4.1) are shown in Figure 3, corresponding to the latest period analyzed for the cities
of Rome (Figure 3a), Bologna (Figure 3b), and Florence (Figure 3c) (while the maps of the
different temporal periods area provided in Figures A1-A3 in Appendix A). Negative Vy;
values indicate land subsidence, while positive values indicate uplift. A range of -3 to
+3 mm/year was considered to identify stable values (displayed as green areas in Figure 3).
It is worth noting that spatial gaps in the coverage of the deformation products across the
study areas indicate zones not covered by the PSInSAR results, due to the lack of PS (e.g.,
attributable to temporal decorrelation over rural lands, not allowing the identification of
good radar reflectors across the image stacks).

Three specific areas were selected for each city to evaluate their temporal behavior in
detail, one considered stable (RM.1, FI.1, BO.1) and two considered hotspots of ground
displacement (RM.2, RM.3, F1.2, F1.3, BO.2, BO.3); though, it is important to note that this
same analysis could be replicated in detail for each processed pixel.

For both Rome and Florence, the V{; maps generally show stable values, with the
exception of some affected sectors. In Rome, there are lower V; values along the margins of
the Tiber River (RM.2) and the southwestern area, along the corridor to Fiumicino (RM.3).
In Florence, the lower V; values are located at the northwestern area of the city (F1.2) and
on the Trespiano cemetery (FL.3). On the other hand, in Bologna, a very big, affected area
is observable for the first two periods of analysis (from 1992 to 2010) spanning from the
center to the northern part of the city, while decreasing Vy; values are found for the last
period analyzed (2018 to 2022). The two selected areas correspond with the historical city
center (BO.2) and the northeastern part of the city (BO.3).
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Figure 3. Vertical displacement velocity (V;) maps of the 20182022 period for the city of Rome (a),
Bologna (b), and Florence (c). PSInSAR data are overlapped onto Google Earth imagery.

For a more detailed analysis of land subsidence trends in the 1992-2022 period, the dy;
and V values of the three sample locations selected within each study area were analyzed
(Figure 4). A variability of the di; behavior between the three studied cities can be observed.
The time series for Rome show generally stable d;; for RM.1, indicating minimal natural
movements in this area. In contrast, RM.2 and RM.3 exhibit significant dy;, with values
reaching approximately —280 mm over the observation period, also revealing fluctuating
yearly Vi (calculated for each single year via the linear regression of the respective dy;
subset values), with negative peaks in the first three periods, between 1992 and 2014, and
more stable yearly V7 in 2018-2022. On the other hand, Bologna’s dy; time series show
significant subsidence in BO.2 and BO.3, with d{; exceeding —600 mm, while B.1 remains
relatively stable with minimal d;. The most severe yearly Vy; trends for BO.2 and BO.3 are
evident in the early observation period. The yearly Vi appears to fluctuate significantly
before 2010, with a slight reduction only after 2010. The difference with this city is that for
the first period a correlation between the yearly Vi peaks is observed, which could be a
sign of a more generalized pattern. In the case of Florence, the highest dy; (absolute value)
is observed in F1.2, reaching up to —430 mm, but both FL.2 and FI.3 show persistent negative
yearly Vy;, indicating ongoing subsidence. The yearly Vy; is more pronounced during the
first and last periods, with a slight stabilization observed in 2003-2010.

5.2. Differential Subsidence Hazard

To assess the potential impact of differential subsidence to urban infrastructure in the
three cities, angular distortion maps were generated for Rome (Figure 5), Bologna (Figure 6),
and Florence (Figure 7), also detailing the hotspots with the highest V; that were analyzed
in the previous section, and that were then exploited to classify subsidence-induced hazards
in four classes, from low to very high (see Section 4.2).
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Figure 4. Vertical displacement (dy;) and yearly vertical displacement velocities (V) time series
corresponding to the sample locations selected for (a) Rome, (b) Bologna, and (c) Florence.

In the case of Rome, the highest St are observed along the margins of the alluvium
of the Tiber River and its tributaries. Various types of infrastructure, including buildings,
streets, and bridges that cross the river are affected (zoom II in Figure 5a,b), reaching up
to 0.2% PBr, which represents a differential settlement of 0.15 m across a 50 m distance,
generated during the 30-year period analyzed. Another significantly affected area is located
to the southwest of Rome city center, in the direction of Fiumicino, where the Leonardo
Da Vinci International Airport is located (zoom I), observing the primary impact on the
highway that connects the metropolitan city with the airport, with peaks of 0.33% fr,
which means 0.165 m of the total differential settlement across 50 m during the 30 years
of observation. The land affected by very high and high hazard, by looking at the whole
period of 30 years, extends 31.89 km? and 5.01 km?, respectively (Table 4).

For Bologna, the higher hazard values are observed in the first period of analysis,
before 2000, spanning from the northern sector of the city center to the administrative
area’s northern boundary, where industrial expansion has taken place (Figure 6a,b). In this
sector, B1992-2000 reaches values as high as 0.13%, indicating the differential settlements of
0.065 m across a 50 m distance (Figure A5 in Appendix A). The pronounced pattern with
high angular distortion values in the center of the study area would highlight the sharp
difference between areas affected by subsidence (to the north) and those unaffected (to
the south), resulting in a higher differential settlement, hence angular distortion. No very-
high-hazard zones were found in 1992-2000 (Table 4), i.e., no 19922000 Values exceeding
0.2%, which is the typical threshold used to identify a high probability of severe damage
to urban infrastructure [18,29]. However, the subsequent periods reveal decreasing and
more focused hazard zones (Figure A5 in Appendix A, and Figure 6b), indicating an overall
decrease in land subsidence hazard levels across the city (Table 4), e.g., from 0.62 km?
of high hazard and 11.41 km? of medium hazard in the 1990s, to no high hazard and
0.24 km?2 medium hazard in 2018-2022. Furthermore, as a result of the high resolution of
the conducted analysis, it is possible to identify the specific urban infrastructures affected.
Examples include the main city center (zoom I), and a sector at the northeast of the study
area (zoom II), which includes some urban infrastructure, such as the Provincial Office of
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Civil Motorization, a railway test circuit, a residential area, and the Italian Food Theme
Park (FICO).
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Figure 5. Rome hazard maps, representing (a) the 30-year period angular distortion, B7, and (b) the
2018-2022 period angular distortion, Bp18-2022. The 2018 Urban Atlas layer is superimposed and
zooms (I) and (II) are overlapped onto the OpenStreetMap on grey scale.
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zooms (I) and (II) are overlapped onto the OpenStreetMap on grey scale.

It is noteworthy that owing to the substantial volume of PS data in the Sentinel-
1 datasets, a highly detailed angular distortion map was obtained (Figure 6b), where
medium- and high-hazard zones can be identified clearly along the train railway. In this
case, Ba018-2022 is between 0.012% and 0.05% along the ~11.4 km railway line, indicating
differential settlements of up to 0.006 m and 0.025 m, respectively, across 50 m distances.
Regarding Bt (Figure 6a), the highest values are located in the northwestern half of the
city center, following the previously described pattern, reaching up to 0.2% pBr, which
corresponds to the total differential settlements of 0.1 m across 50 m during the 30 years
of observation. These high values extend toward the northern part of the administrative
area, with the highest Br at the northeastern sector analyzed, where infrastructure such as
a railway test circuit and shopping centers are located.

On the other hand, Florence shows a general ground stability, with low hazard values
for most of the city (Figure 7a,b and Table 4), except for a few hotspots of differential
settlement consistent over time, as seen in the northwest sector (zoom I), at the cemetery
(zoom II), and some in the margins of the Arno River. B in the northwestern sector reaches
up to 0.17% and at the cemetery up to 0.08%, corresponding to the differential settlements
of 0.085 m and 0.04 m, respectively, classifying both as high-hazard zones, showing an
increment of the B during the last period analyzed.
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Figure 7. Florence hazard maps, representing (a) the 30-year period angular distortion, fr, and
(b) the 2018-2022 period angular distortion, B2918-2022. The 2018 Urban Atlas layer is superimposed
and zooms (I) and (II) are overlapped onto the OpenStreetMap on grey scale.

Table 4. Extent of subsidence-induced hazard classes within the three cities, over the 30-year
monitoring period. Notation: ND, no data.

Study Period Low Medium High Very High ND

Area [km?] [km?] [km?] [km?] [km?]
1992-2000 226.49 1.84 0.04 0 1058.88
2002-2010 306.70 2.20 0.01 0 978.33

Rome 2011-2014 530.26 3.49 0.01 0 753.48
2018-2022 527.95 2.35 0.01 0 756.94
1992-2022 142.34 31.89 5.01 0.14 1107.86
1992-2000 54.55 11.41 0.62 0 74.29
2003-2010 43.43 0.24 0 97.18

0
Bologna 16 o022 76.35 0.23 0 0 64.38
0

1992-2022 16.29 15.88 4.82 103.85
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Table 4. Cont.
Study Period Low Medium High Very High ND
Area [km?] [km?] [km?] [km?] [km?]
1992-2001 27.52 0.06 0.02 0 74.72
i 2003-2010 44.65 0.06 0 0 57.62
OTeNce  2018-2022 66.20 0.14 0 0 35.97
1992-2022 19.07 1.98 0.14 0.01 81.12

5.3. Risk Mapping and Affected Population

Implementation of the exposure—vulnerability scoring to the UA dataset
(see Section 4.3) provided an overview of the spatial distribution of the elements at risk
that could be mostly damaged and generate the greatest loss, if exposed to subsidence-
induced hazards (Table 5 and Figure 8). In Rome, the very high exposure—vulnerability land
amounts to 135.53 km?, whilst the area classified at high exposure-vulnerability extends
259.76 km? (Figure 8a). In Bologna, the same two classes extend 15.91 and 51.68 km?,
respectively (Figure 8b), while in Florence they cover 15.61 and 37.32 km?, respectively
(Figure 8c).

Table 5. Extent of exposure-vulnerability classes within the three cities. Notation: NA, not applicable.

Low Medium High Very High NA
Study Area [km?] [km?] [km?] [km?] [km?]
Rome 762.55 59.70 259.76 135.53 69.71
Bologna 65.37 6.74 51.68 15.91 1.15
Florence 41.58 6.12 37.32 15.61 1.68

By applying the risk matrix methodology (see Section 4.4), risk maps for the three cities
were generated for both the total distortion over the 30 years (Br, referred to 1992-2022)
and the most recent period analyzed (By018-2022), the latter allowing for greater spatial
coverage thanks to the Sentinel-1 EGMS datasets and also providing the most updated
subsidence-induced risk scenario (Figures 9-11).

The risk assessment results for Rome, Bologna, and Florence provide a detailed break-
down of the areas and populations affected by the total differential subsidence which
occurred during the 30-year period (Figure 12). The values within each bar represent
the absolute area (in square kilometers) and population (in thousands) corresponding to
each risk category. The three cities exhibit significant medium-risk areas, encompassing
597.6 km? for Rome affecting 2,454,430 inhabitants, while for both Bologna and Florence
it corresponds to ~44 km?, affecting 215,393 (85%) and 349,016 (90%) inhabitants, respec-
tively. This highlights the need for targeted monitoring efforts in these relatively large
zones. In terms of very high risk, Rome is the only city where this category was found,
involving 0.14 km? that includes 994 inhabitants. While for the high-risk category, Rome
and Bologna show the highest percentages: Rome has 36.01 km? with 164,617 inhabitants
in the high-risk category, whereas Bologna has 11.44 km? with 130,663 inhabitants. In
such zones, especially in the very high-risk ones, tailored field checks and monitoring
would be needed to verify the conditions of the urban infrastructure and the potential
development of any fractures/cracks or other types of structural damage in the buildings
and transport networks.
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Figure 8. Exposure-vulnerability of urban infrastructure in (a) Rome, (b) Bologna, and (c) Florence,
based on scoring of UA 2018 classes.

It is noteworthy that despite Florence generally exhibiting low values of vertical
displacement velocity, these have been continuous over time. This persistent subsidence
has accumulated moderate angular distortion over the years, resulting in a high percentage
of areas potentially exposed to medium risk (Figure 11). This demonstrates that even
low-velocity subsidence, if sustained, can significantly impact urban infrastructure by
allowing differential settlement to gradually develop over time.

On the other hand, it is important to highlight that, despite the high percentages of “no
data” (where no hazard information was available, due to lack of PSINSAR data coverage),
this is affecting only low percentages of the population, as the lack of hazard information
mostly occurs across land covers that are typically not hosting a population, e.g., green
urban areas, vegetated lands.
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Figure 9. Subsidence-induced risk in Rome, assessed by exploiting the risk matrix combining
angular distortion and exposure—vulnerability scores: risk mapping referred to (a) the 30-year period
1992-2022, and (b) the 2018-2022 period. Risk maps are overlapped onto Google Earth imagery.
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Figure 10. Subsidence-induced risk in Bologna, assessed by exploiting the risk matrix combining
angular distortion and exposure-vulnerability scores: risk mapping referred to (a) the 30-year period
1992-2022, and (b) the 2018-2022 period. Risk maps are overlapped onto Google Earth imagery.
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Figure 12. Overview of the subsidence-induced risk mapping statistics for Rome, Bologna, and
Florence in 1992-2022, highlighting the amount of square kilometers of land and population involved
in each risk category. Note that each bar represents 100% of the area of each city.

6. Discussion

The implemented risk assessment methodology involved the generation of a risk
matrix combining subsidence-induced hazards with geospatial data from the Copernicus
Urban Atlas, which enabled the creation of detailed risk maps based on the type and
attributes of affected urban infrastructure. The thresholds established for categorizing
hazard levels align with those utilized in prior risk assessment studies conducted in other
countries, such as Mexico [9,16,17], Nigeria [18], Brazil [32], and the United States [33]. No-
tably, this study represents the first instance of applying this methodology and thresholds
comprehensively across three cities in Italy. Moreover, it is the first time that INSAR-derived
hazard assessment has been combined with the Copernicus Urban Atlas data, enabling the
evaluation of vulnerability and exposure factors for a more accurate risk assessment at the
urban block level.

The findings of this study on the highest subsidence-induced risk areas in Rome,
Bologna, and Florence are consistent with the previously published literature, which has
identified these zones as critical. For instance, in Rome, the results indicate that the area of
the highway to Fiumicino (RM.3) and the margins of the Tiber River alluvium, especially
along Via Giustiniano Imperatore (RM.2), are very-high-risk zones, corroborating earlier
research that had highlighted this region’s vulnerability to subsidence (e.g., [34] and [35],
respectively). This last case is shown in Figure 13, where it is possible to observe the
correlation between the change in the type of lithology and the differential subsidence
patterns (and higher values of the 30-year angular distortion) along the edge of the allu-
vial fan deposits (Figure 13b), areas which are then classified as very high to high risk
(Figure 13c). Similarly, in Florence, several of the red polygons in the generated risk maps
align with areas identified as critical in other studies, such as [36]. Furthermore, the subsi-
dence pattern evolution observed over time and space in Bologna aligns with findings from
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previous geohazard investigations (e.g., [23,37]). Specifically, the most affected area spans
from the historical city center toward the north, a zone predominantly classified as high
risk in this study. These consistencies reinforce the validity of the present risk assessment
methodology and highlight the critical areas that require focused monitoring efforts. For
land management purposes, ideally, the 3-decade risk assessment maps (1992-2022) should
be exploited to gather a long-term overview of the distribution of risk levels across the
cities, while the 2018-2022 maps should be considered for the detailed analysis of the most
recent risk scenario.

0 0.5 1km 0 0.22 ND NA
[ | \:’ Urban Atlas

Figure 13. Example of correlation between lithology, subsidence, and resulting risk in Rome. (a) Lithol-
ogy map representing (1) alluvial fan deposits, (2) pozzolana, (3) marginal sandy facies, (4) anthro-
pogenic deposits, and (5) river, obtained from Lazio Region open data catalog; (b) total angular
distortion values with Urban Atlas polygons superimposed; and (c) risk map for the 1992-2022
period. Notation: VH, very high; H, high; M, medium; L, low; ND, no data; NA, not applicable.

The causes of land subsidence are diverse and extend beyond the scope of this study;
however, based on the literature and the analysis conducted, it can be inferred that each of
the three cities investigated in this work faces a different primary cause of ground instability,
not always limited to land subsidence. In Rome, the predominant factor appears to be
the type of lithology, particularly in areas where alluvial fan deposits are prevalent and
gradually compact (Figure 13). In Bologna, as demonstrated in previous studies (e.g., [23]),
the overexploitation of aquifers for water supply has been identified as the leading cause
of the observed subsidence pattern. This is exemplified in Figure 14, which highlights
an area with a groundwater monitoring well that registers a negative measurement of
—11.45 m. Meanwhile, in Florence, landsliding plays a crucial role in ground instability at
the local scale in some sectors of the city, as evidenced by the geohazard mapping databases
(Figure 15). As showcased in the final example focusing on the Trespiano cemetery, although
the area is affected by high angular distortion due to significant differential settlements, the
assessed risk remains low across most of the area, due to its classification as a green urban
area, which inherently reduces its vulnerability.

However, several limitations of the proposed risk assessment methodology must
be acknowledged. The Urban Atlas Land Cover/Land Use dataset, while providing
extensive spatial coverage and building block level data, if used on its own it lacks detailed
information on critical building characteristics such as height, construction type, foundation
types, and maintenance status. These characteristics are essential for a precise vulnerability
assessment to subsidence. The absence of this information may result in inaccuracies in risk
estimation, potentially leading to either an underestimation or overestimation of the actual
risk in specific areas. Future research could therefore focus on incorporating additional
datasets to account for these parameters, for instance, the Urban Atlas Building Heights
dataset, which is made available for core urban areas at 10 m spatial resolution for the
reference year 2012.
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Figure 14. Example of correlation between groundwater extraction, subsidence, and derived risk in
Bologna: (a) 2018-2022 angular distortion values with Urban Atlas polygons superimposed. The
orange dot represents the position of ARPAE’S groundwater monitoring well (modified from [38]).
The recorded change in its piezometric level is —11.45 m. (b) Exposure—vulnerability of urban
infrastructure. (c) Risk map for the 2018-2022 period.
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Figure 15. Example of correlation between landslide processes and ground displacement measured
in Florence. (a) Shows the landslides in the study area, obtained from the Italian Landslide Inventory
(IFFI project), (b) total angular distortion map, and (c) the risk matrix map.

Furthermore, the utilization of a 50 m grid for the data analysis, while offering a broad
overview, fails to capture subsidence impacts at the granularity of individual buildings
or structures. This can lead to a generalized risk assessment that may overlook specific
vulnerabilities within smaller areas. Moreover, the grid resolution might not sufficiently
represent the variability of subsidence within larger urban blocks, resulting in the possible
misclassification of risk levels. The use of a smaller grid would therefore be recommended
for local-scale risk assessments, though this would have to be traded off with the spa-
tial density of the available PSINSAR datasets to enable a fair amount of displacement
information to be transferred to the sampling grid.

Combining the 50 m grid with Urban Atlas polygons also introduces potential inac-
curacies. Assigning a uniform hazard value to entire Urban Atlas polygons, which may
be larger than 50 m x 50 m, means that only parts of these polygons might be affected by
high hazard, yet the entire polygon is classified with a single value. This is particularly
problematic for linear infrastructures, such as roads and railways, where long segments
might be classified as at high risk, even if only small portions are actually affected by
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significant subsidence hazards. Pixel-based risk assessments exploiting gridded exposure-
vulnerability data with spatial resolution similar to that of the PSInNSAR-based grid might
help to reduce the impact of this spatial discrepancy.

These limitations highlight the need for future studies aimed to incorporate more
detailed urban characteristics (i.e., more complete urban vulnerability information and en-
hanced resolution data) to enable more accurate and reliable subsidence-induced
risk assessments.

7. Conclusions

A spatio-temporal analysis of the subsidence patterns and evolution in three of the
major cities of Italy between 1992 and 2022 was carried out by exploiting large multi-
satellite PSINSAR datasets, highlighting the effectiveness of INSAR techniques to provide
crucial information on ground deformation due to land subsidence and other geohazards,
and therefore enable the estimation of subsidence-induced hazard and risk.

Vertical displacement rates estimated using PSInSAR reveal the first insight into
affected areas within the three selected cities. For Rome, the vertical displacement rates
are up to -38 mm/year in critical areas, without any clear decreasing/increasing trend
over time, but certainly with a consistent pattern in space. The areas most affected by
land subsidence are along the Tiber River alluvium, which gets wider toward the coast,
where the Rome-Fiumicino highway is located. Moreover, the angular distortion resulting
from differential vertical displacement was computed, acknowledging the significance
of this metric in assessing potential infrastructure damage. Categorizing and mapping
this value was crucial for a clear interpretation of areas exposed to the risk of structural
damage (e.g., fracturing/cracking) across the three cities. Furthermore, computing the Br
over the 30 years of analysis yielded the overall distortion that accumulated in the study
areas. In Rome, the most affected areas reach up to 0.2% Br, which means 0.1 m of vertical
displacement over 50 m distances. Finally, the Copernicus Urban Atlas Land Cover/Land
Use data were incorporated into the analysis, allowing for better comprehension of the
exposure and vulnerability of urban infrastructure. For instance, as affected areas in Rome
are mostly critical infrastructure, such as highways and highly dense urban fabric, these
were attributed very high to high exposure-vulnerability scores and, in turn, were classified
as very-high- or high-risk zones.

In Bologna, the vertical displacement velocity revealed a subsidence velocity of around
—55 mm/year before 2000, decreasing to minimums of —25 mm/year by 2022. Through
time series analysis, the pattern, some periodicity over time, and recent changes in the land
subsidence process were identified. With the angular distortion values, the change in hazard
magnitude was also numerically analyzed, for instance, in Bologna the decreasing from
values of 0.62 km? of high hazard and 11.41 km? of medium hazard in the 1990s, to no high
hazard and 0.23 km? medium hazard for the 2018-2022 period was observed. Particularly
in this city, there is a notable change in the role of the primary cause of land subsidence,
which can be observed in the generated hazard maps. Whereas groundwater extraction
was predominant in the earlier period, it decreased significantly in the following years
linking with modified groundwater management strategies, and differential subsidence
was observed at more localized sectors, among which highly utilized road infrastructure,
such as railway lines.

In Florence, the affected areas were found to be more localized than in the other cities.
Vertical displacement rates exhibited peaks of —30 mm/year in the first (1992-2002) and
last period analyzed (2018-2022). The maximum total angular distortion reached 0.1%.
Despite the relatively lower rates of subsidence compared to Rome and Bologna, Florence
featured a substantial number of medium-risk zones due to its dense urban fabric and the
persistence in the subsidence processes.

To summarize, the results of this study reveal a notable reduction in subsidence rates
over time, accompanied by changes in the distribution of hazard zones within the three
cities. This suggests a positive impact of mitigation efforts and highlights the importance
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of continued monitoring and understanding of land subsidence dynamics. Furthermore,
the identification of specific urban infrastructures affected by subsidence provides valuable
insights for targeted interventions and land management strategies. Future research should
consider incorporating additional data sources that provide detailed characterization of
vulnerability factors to enable a more comprehensive analysis of exposure and assessment
of risk.
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Figure A1. Vertical displacement velocities of Rome in: (a) 1992-2000 (ERS-1/2 datasets), (b) 20022010
(ENVISAT datasets), and (c) 2013-2014 (COSMO-SkyMed dataset). PSINSAR data are overlapped onto
Google Earth imagery.
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Figure A2. Vertical displacement velocities of Bologna in: (a) 1992-2000 (ERS-1/2 datasets), and
(b) 2002-2010 (ENVISAT datasets). PSINSAR data are overlapped onto Google Earth imagery.
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Figure A3. Vertical displacement velocities of Florence in: (a) 1992-2000 (ERS-1/2 datasets), and
(b) 20022010 (ENVISAT datasets). PSINSAR data are overlapped onto Google Earth imagery.
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Figure A4. Rome hazard maps, representing (a) the 1992-2000 period angular distortion, B1992-2000,
(b) the 20032010 period angular distortion, Byg3-2010, and (c) the 2011-2014 period angular distortion,
B2011-2014- The 2018 Urban Atlas layer is superimposed and zooms (I) and (II) are overlapped onto
the OpenStreetMap on grey scale.
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Figure A5. Bologna hazard maps, representing (a) the 1992-2000 period angular distortion, 81992-2000
and (b) the 2003-2010 period angular distortion, B2gp3—2010- The 2018 Urban Atlas layer is superim-
posed and zooms (I) and (II) are overlapped onto the OpenStreetMap on grey scale.
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Figure A6. Florence hazard maps, representing (a) the 1992-2000 period angular distortion, B1992-2000
and (b) the 2003-2010 period angular distortion, B2pp3-2010- The 2018 Urban Atlas layer is superim-
posed and zooms (I) and (II) are overlapped onto the OpenStreetMap on grey scale.
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