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Executive summary

Groundwater plays a key role in addressnpobal water needs. Around
systemsare overexploited, with outputs (withdrawal and natural discharge) exceeding recharge,
resulting in resource depletion, storage loss and compaction. The induced land subsidence causes
direct/indirect impacts on urban landscapes (ground depressions, earth fissures, structure damages,
increased flood risk, loss of land to water bodies) and economic loss, yet these are often overlooked,
and so are considerations on how climate change, populatdrudoan growth may further
exacerbate them.

The PRIN 2022 PNRR projeQubRISK+(https://www.subrisk.eu[2023 2025] innovates in this

field, by providing new Earth Observation (E@grived products and tools aimitay 1) enhance our
understanding of subsidence and its impact; 2) empower the community to recognize the human
relatedbehavioural sociceconomic and demographic drivers of this geohazard and its cascading
effects on urban environments and ecosystems; and 3) strengthen our alwbtystmouslyuse
natural resources to make a std@nge towards sustainable development.

This reportsummarizes the results 8tIbRISK+Work Package (WP) n@VP2:National scale risk
assessmejtaimedto develop a land subsidence risk assessment methodultgynational scale
based on satellitderived groundlisplacemenbbservations anthnd cover datalhe methodlogy
exploitsinterferometric radadatasets from th&uropean Ground Motion ServicEGMS) of the
Copernicus Programmeglong with urban settlement characteristit®m the Global Human
Settlement LayerGHSL) andthe World Settlement FootprinWM{SFH datasetsThese are used to
estimatepresentday distribution and levels diazard and exposukailnerability across the 15
metropolitan cities of Italy and, in turn, class#gd mapisk levels

Over a cumulative imsstigated area of 54,378 kifior the 15 metropolitan cities of Italy and a total
urbanized area amounting to 2,665%aboutl.44km? of land revealed high risk levedssociated

with differential displacementeither subsidence or upliftinainly concemtaited innarrow sectors
exhibiting significant angular distortiorfand in some casesn additive threat due toorizontal

strain) occurring over very high exposuvelnerability infrastructure(private/public buildings)

within the cities ofNapoli (e.g.Pozzuoli and Bagnoli), Catania, Roma and Mesdméhese zones,

there is a high likelihood of already occurred/incipient structural damage at urban infrastructure; site
inspections to verify the structural health of the buildings and ad hoc mitigagasumes are
recommended at singlauilding scaleOn the other hand medium risk level was identified across
the vast majority of1351kng), wineeepoteotipl stiudtutakbdamagermeglat s 6 |
occur at the urban infrastructure involvadthese areas, tailored monitoring of ground deformation
and derived stress indices is recommended at the building block Boeldy, low risk levelis
identified across the remaining133km?, where an acceptable risk level is found and no specific
actions are required.

The generated maps provide a baseline asdessmerdverview for the 15 metropolitan cities
relation to the process of differentidisplacementnduced by land subsiderioplift and, as such,
couldprovide valuable inputs for la@rsubsidenceelatedrisk management and mitigation workflows
for national land management and urban authorities
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1 INTRODUCTION

SubRISK+: Enhancing our understanding of Subsidence RISK induced by groundwater exploitation
towards sustainable urban developmena collaborative research project funded in 2@B25 in

the framework of the Italian National Recovery and Resilience Plan (NRRP), Mission 4, Component
2 (M4C2)i Investment 1.1: Fund for the National Research Programme (NRP) and Research Projects
ofS gni ficant Nati onal Rel evance (PRI N) [ Cal l
andled by the National Research Council (CNR) of Italinstitute of Atmospheric Sciences and
Climate (ISAC), in collaboration witthe University School for Advancestudies (IUSS) of Pavia

T Department of Science, Technology and Society (STS), and the University of Padua (UNIPD)
Department of Civil, Environmental and Architectural Engineering (ICEA)

Thehigh-level goalof SubRISK+are to enhance the understandiftand subsidence and its impact

in urban environments; empower the community to recognize the hreteedbehaviouralsocio
economic and demographic drivers of this geohazard and its cascading effects; and stoemgthen
ability to use consciously firal resources to make a stepange towards sustainable development.
Full details on the scientific objectiveplanned and achieved outcomes, project partners and
stakeholders, news and publications of SubRISK+openly available in the project websitat:
https://www.subrisk.eu

This report summarizes the results of SUbRISK+ Work Package (WR)VR2 National scale risk
assessmejtaimed to develop a land subsidence risk assessment methodology at the seaienal
based on satellitderived groundlisplacemenbbservations and land cover d&action2 describes
the usedinput datasetg¢section2.1) and the developed risk assessnmerthodology(section2.2).
Presentay risk assessment results are then presented in s8ctiamich provides: the etailed
statistics orpresentdayhazard, exposureulnerability and risk for the 1Betropolitarcitiesof Italy

as a whole(section3.1), as well ascity-specific mapping of hazard, exposwanerability and
resulting risk zoningsection3.2). Thedigital versiors of thevalueaddedrisk mapgor the 15 cities
are publicly available through SubRISK+project website within thedControl Roond
(https://controlroom.subrisk.gwhich enable®pen access to SubRISK+ mapping products.
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2 DATA & METHODS

2.1 Input datasets

The input datasets of the analysis include: (i) administrative boundaries and population data, (ii) land
cover datasets generated using satellite optical imagery, and (iii) gi@pldcemenbbservations
derived from satellite radar data. Each datasel issn main characteristics are described in the
following sections.

2.1.1 Administrative boundarieand population

The administrative boundaries of the 15 metropolitan cities of (Fadyire1) were sourced from the
National Institute of Statistics (ISTATttps://www.istat.it/ely which acts ashe primary source of
official statistics for Italy. Ona yearly basis, ISTAT provides updated digital versions of the
administrative boundaries dfalian towns, provinces and regions, and the associated unique
identification codes enabling tindink with censugecordsand other key statistics.

Torino Venezia

Sassari

Cagliari
Palermo Messina Reggio
Calabria
. &7
Catania

Legend ©

] Metropolitan city

[ country . 1 1

Region - o] 100 200 km

Figure 11 Location of the 15 metropolitan cities of Italy.

The 2023 version of the geographical database was exploited for the amalys{S1S-ready vector
format (shapefile), with WGS84 / UTM zone 3ZEPSG:32632)projectedcoordinatesFor each
metropolitan city, the dataset provideamong others the following attributes: COD_REG (unique
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ID of the region),COD_PROV (unique ID of the provinceand COD_CM (unigue ID of the
metropolitan city); for each town, in additionttze latter, the dataset includes other attributes, such
asPRO_COM (unique ID of the towrdnd COMUNE (name of the townA summary of the areal
extent and number of towns belonging to each metropolitan city is providetbial, along with

the censed number of inhabitamt2023

Tableli Information on the 15 metropolitan cities of Itajrea, number of towns and inhabitants accordinghe2023 census.

COD_REG Region COD_CM| Metropolitan City| Area [knf] | No. of towns| Inhakitants
1 Piedmont 201 Torino 6,827 312| 2,198,237
7 Liguria 210 Genova 1,834 67 813,626
3 Lombardy 215 Milano 1,575 133| 3,219,391
5 Veneto 227 Venezia 2,473 44 833,703
8 Emilia-Romagna| 237 Bologna 3,702 55| 1,011,659
9 Tuscany 248 Firenze 3,514 41 984,991
12 Lazio 258 Roma 5,363 121| 4,216,553
15 Campania 263 Napoli 1,179 92| 2,969,571
16 Puglia 272 Bari 3,863 41| 1,223,107
18 Calabria 280 Reggio Calabria 3,210 97 517,202

282 Palermo 5,009 82| 1,200,957
19 Sicily 283 Messina 3,266 108 598,811
287 Catania 3,574 58| 1,071,914
20 Sardinia 290 Sassari 4,286 66 315,460
292 Cagliari 4,704 72 543,147

2.1.2 Urbansettlementiatasets

The two sources of land cover information that were exploited are:

() TheGlobal Human Settlement Layer (GHSI) particular, the Settlement Characteristics
GHSBUILT-C R2023Adatasef1], derived from a composite of Copernicus Sentihel
2018imagery and other GHS R2023A data. The datdskteates the boundaries of the
human settlements and identifies their inner characteristics in terms of the morphology of
the built environment and the functional ubeilt spaces (residential and roesidential,
with associated height class) and open spdqueeater surfaces, low to high vegetation
surfaces, and roads) are distinguishathin the human settlements (while the remainder is
classified as no dataJhe layer isopenly availablein raster formatwith 10 m spatial
resolution in the World Mollweice (EPSG:54009) projected system.

(i) TheWorld Settlement Footprint (WSF®) Evolution datd@t generatedrom the analysis
of Landsat5/7 data their derived spectral indices and temporal statisfidee dataset
outlines theextent of settlement (and n@ettlement) areasn a yearly basjgrom 1985 to
2015 andis openly available in raster format with a spatial resolutfoBOom,referenced
to the WGS84 (EPSG:4326) geographic system.

An overview of the two datasets over the ltalian territory is providétgare2 andFigure3.
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GHS-BUILT-CR2023A - GHS Settlement
Ch derived from Sentinel-2
composite (2018) and other GHS R2023A data

GHS-BUILT-C

Settlements characteristics

mm01: open spaces, low vegetation surfaces NDVI <= 0.3
=m02: open spaces, medium vegetation surfaces 0.3 < NDVI <= 0.5
[Z303: open spaces, high vegetation surfaces NDVI > 0.5

= 04: open spaces, water surfaces LAND < 0.5

: open spaces, road surfaces

: built spaces, residential, building height <= 3m

== 12: built spaces, residential, 3m < building height <= 6m

= 13: built spaces, residential, 6m < building height <= 15m

. 14: built spaces, residential, 15m < building height <= 30m

= 15: built spaces, residential, building height > 30m

1 21: built spaces, non-residential, building height <= 3m

mm22: built spaces, non-residential, 3m < building height <= 6m

== 23: built spaces, non-residential, 6m < building height <= 15m
. 24: built spaces, non-residential, 15m < building height <= 30m
. 25: built spaces, non-residential, building height > 30m

@ Thematic data layers ©

pean Union

Figure 21 Overview of the Global Human Settlement Layer (GHSBUILT-C R2023A dataset over the Italian territory (source:
https://humarsettlement.emergency.copernicus.eu/ghs_buC2023.php

World Settlement Footprint (WSF®) Evolution

=

g W A e T, -

4 W0
Basemap: Data © OpenStreetMap contributors and others, Rendering © DLR/EOC | Contains modified Landsat-5/-7 . o
data [1985-2015] | y: Data © Op. p contributors and others, Rendering © DLR/EOC o

Figure 3 i Overview of the Wtd Settlement Footprint (WSF®) Evolution dataset over the Italian territory (source:
https://geoservice.dIr.de/web/maps/eoc:wsfevoljition
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2.1.3 Grounddisplacemenbbservations

Satellitederived observations of grourdisplacementvere sourced from the Copernicus European
Ground Motion Service (EGMShttps://land.copernicus.eu/en/products/eurogganndmotion-
servicg. This providesmillimetre precision estimates of groundisplacementbased on mulki
temporal Interferometric Synthetic Aperture Radar (InSfgRprocessing of Copernicus Sentiiel
radar imageryupdated annually and openly available to the user comnidiity

TheEGMS Ortho2018 2022 (vector) datasets were exploited for the analysis. Ereg@intwise

layers depictinglisplacemenalong the vertical5] and eastvest[6] directions, which were derived
from the combination of information provided by ascending and descending afritits EGMS
Calibrated datasets (liref-sight estimates, referenced to a model derived from global navigation
satellite system dat47]). Ortho datasets are resampled to a 100 m grid, and distributed in raster
(geotiff) and vectordommaseparated valugformats. A displacement time seriesssaciated with

each point, with a temporal sampling following the satellite constellation revisit (12 or 6 days).

An overview of the dataset over the Italian territory is provideeigare4.

&

B
|
=v,‘
o]
10
oy

Vertical deformation velocity [mm/year] SN East-west deformation velocity [mm/year]

(a) 20 . . g 10 +10

Figure41 Overview of the European Ground Motion Service (EGMS) Ortho datasets over the Italian territory: (a) vertical, and (b)
eastwest deformatio velocities (sourcehttps://egms.land.copernicus)eu

2.2 Risk assessment methodology

The methodology builds upon a mathased risk assessment approach that was recewijoped
anddemonstratetty SubRISK+ coordinatdior three metropolitan cities i@entral Mexicd8i 10].

This methodgeospatially combines information on the type anttritigtion of the elements at risk
(urban infrastructurewith INSAR-based groundlisplacementobservationsand derived stress
metrics, with the aimo identify highly vulnerable urban infrastructure that might be impacted by
differential displacementSuchan approach has been increasingly exploited across the scientific
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community, with a growing number of applications in the USA, Nigeria, India and other countries
(e.g.[117 13)), proving its adaptability across different geographical contexts.

2.2.1 ExposureVulnerability (EV)

Exposure and vulnerabilityf urban infrastructurare assessed baseditsrspatial distributiontype,
heightand ageDataon thetype (residential, nenesidential) height ©3 m, 36 m, 615 m, 1530
m, or > 30 Mmand age (prépost1985)of built-up surfaces amerived from thewo urban settlement
datasets (see secti@il.?: building upontype and height of buildings extracted frahe GHS
BUILT-C settlement characteristiqg-igure 5a), and then complemeig with information on
building age aglerived from the WSF Evolution lay@figure5b).

A combined Exposur®ulnerability (EV) metric ighereforeestablished based dime integration of
GHSBUILT-C and WSF Evolution datg@igure 5c), with values ranging between low (EV1) and
very high (EV4). The metric assumes increasing levels of potential daimageould affect the
buildings exposed to the hazanhen moving from lower to taller bdlings, from residential to nen
residential structure@he latterare assumechore likely to have loose foundationsind newer to
older constructiongthe latter are potentially more vulnerable with respect to new constructions
complying with recent structural engineering regulations; ¢igl]). Following the geospatial
integration of the two layers, the EV metrichenspatially mapped across each metropolitan city, at
the 10 m spatial resolutiofrigure5sd).

GHSL Settlement characteristics (2018) i WSF Evolution
Open spaces = 1985
[ 01: low vegetation, NDVI < 0.3 =
[ 02: medium vegetation, 0.3 < NDVI < 0.5 ]
1 [_103: high vegetation, NDVI > 0.5 1990
I 04: water, LAND < 0.5
I 05: road surfaces
Built spaces, residential 1995
[ 11: building height < 3m
I 12: 3m < building height < 6m 2000
I 13: 6m < building height < 15m
I 14: 15m < building height < 30m —
I 15: building height > 30m 2005
o S ) Built spaces, non-residential —
= ’ 4 : [ 21: building height < 3m —
A o [T 22: 3m < building height < 6m =2010
L 3 I 23: 6m < building height < 15m
S @ < I 24: 15m < building height < 30m
2 : 0 05 1km| M 25:building height >30m H 2015
(a) L — [INo data (®) No data
WSF Evolution Exposure-Vulnerability (EV)
<1985 | > 1985 EV1: Low
EV2: Medium
H low to high vegetation, water
2 - " - Hi
g Open spaces | 01-05 androad Sitlaces n/a I EV3: High
5 I EV4: Very high
g 1 building height < 3m
] : N/A
s 12 3 m < building height <6 m a5
o Built spaces, — - e
- e 13 6 m < building height < 15m e
£ Residential — -
5 14 15 m < building height <30 m
] 15 building height > 30 m
»
Q 21 building height <3 m
il
= ildi ight <
3 Built spaces, 22 3 m < building height <6 m
@ | Non-residential 23 6 m < building height < 15m
g 24 15 m < building height <30 m
IS A 05 1km
(c) 25 building height > 30 m (d)

Figure 51 Example of Exposur€ulnerability (EV) assessment and mapping using SuUbRISK+ methodology: (a) GHSL Settlement
Characteristicq1], (b) WSF Evolutiofi2], (c) EVmetricassessmerpproach, and (d) resulting EV map.
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2.2.2 Hazard (H)

The differential settlement occurring at the margins of subsatieas (often above discontinuities in
bedrock geology and aquifer system structure) is the primary cause for the development of surface
fissures/faulting, cracks and damage in urban infrastructure[@a})., The associated hazard levels
inducedon urban infrastructure can thereforedstimated through the computationtbé angular
distortion(b) [16] and horizontastrain(() [17], as derived from the EGM&tellitelnSAR datasets

(see sectioR.1.3. These two parameters are widely exploited in geotechnical enginéeigrid.8])

andare among the main subsidefretated intensity parameters determining the building damage
severity, together with construction year, type, characteristics and maintenance state of the
superstructures and their foundations (£.9]).

The computation ahese two parametesgarts by accounting for thvertical (Vu) and eastvest {g)
displacementelocity data provided by tHEGMS Orthdayersfor the 20182022 periodFigure6a

b). By assuminghat theestimated/elocities have affected the observed areas for a period of 10 years
the total displacement values along tieetical arl eastwestdirections dy anddg respectively, and

the total angular distortion and horizontal strdirand U(Figure 6¢c-d), are calculatedat each map
pixel as follows:

Total vertical displacementQ @& pn  Total easwest displacement & pmn

Total angular distortiont — —— Total horizontal strain - ——

wheredy; anddui (anddgj anddgi) are the vertical (and easest)displacementsf adjacent point§
andi, andl is their planar distandgn this case, this equals the spatial resolution oEB#&S Ortho
datasets, i.e. 100 m)

To understand the meaningfoéndU) it is worth consideringfor examplethatb = 0.22%i.e. 1/450)
refers to a total of 22 cm differential displacemeaturredovera period of 10 years acrogs.00 m
horizontal distance Similarly, U= 0.15% (i.e. 1/670) refers to a total of 15 cm differential
displacement ovet0 years across 100 m distance

Hazard levels are identified according to a scale ranging from low (H1) to very high=igdne6e),
indicating an increasing probability of occurrence of fissuring/fracturing and associated damage of
the urban infrastructure. The threshold values adoptefl dad Uaccount for geotechnical autice
(e.g.[14]) and past INSARased structural health applications (§8§10,20 22]). With regad tob,

the thresholdsadopted to classifghe total distortion over the 10 yelang period are: 1/3000
(equivalent to 0.033%), 1/1500 (0.067%), and 1/500 (0.208%&afety factor of 20%might be
applied toslightly lower these thresholdsind thusensure a more conservative hazard assessment.
As for U the thresholchdopted to categorize strain cumulated over the 10 yéamg period is:
+0.03%(namely 0.03%, applied to the absolute value of the strain, independently of its direction)

Following [10], hazard scores based 6nare geospatially amplemented with information on
presence/absence of significdithat potentially could also threaten the structufégure 6e): an
increase in the hazard scaretdaned by classifyind is considered whenevéte value olUexceed

the adopted tteshold.The hazard level is finally mapped across each metropolitan city, at the 100 m
spatial resolution provided by the EGMS Ortho datasetgi(e6f).
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Vertical displacement East-west displacement
velocity in 2018-2022 velocity in 2018-2022
[mmiyear] [mmliyear]
Il -59.4 - -20.0 Bl 812--250
I -19.9--10.0 [ -24.9--15.0
[]-99-50 [ ]-149-50
[]49--20 [ ]-49-+50
B -19-+20 []+5.1-+150
[]+21-450 I +15.1 - +25.0
[]+51-+100 B 251 -+77.9
[ +10.1-+25.0
I +25.1 - +50.0 No data
Il +50.1 - +116.0
] No data
- -
r
@) jkm ®)
Total angular distortion, Total horizontal strain [%],
10 years 10 years
[ 10-0.017% (<1/6000) I -0.312--0.100
771 0.018% - 0.033% (1/6000 - 1/3000) I -0.099 - -0.030
I 0.034% - 0.067% (1/3000 - 1/1500) - [1-0.029--0.010
[ 0.068% - 0.100% (1/1500 - 1/1000) — -0.009 - 0.010
' = I 0.101% - 0.143% (1/1000 - 1/700) [Jo.011-0030
I 0.144% - 0.200% (1/700 - 1/500) I 0.031-0.100
Il 0.201% - 0.223% (>1/500) B 0.101 - 0.288
- -
H No data . No data
© jm )
Hazard (H)
Total horizontal strain H1: Low
H2: Medium
|| < 0.03% le| 2 0.03% I H3: High
I H4: Very high
«
5 B <1/3000 H1 H2 No data
£
2
@ 1/3000 < B < 1/1500 H2
° "
5 .
& 1/1500 < g < 1/500
5
g 8> 1/500
(e) +
* A safety factor of 20% might be applied to reduce the B thresholds and thus
ensure a more conservative hazard assessment
) 0 05 1km

Figure 6 1 Example of Hazard (H) assessment and mapping using SubRISK+ methodoldg®M8&) Orthovertical [5] and (b)
EGMS Orthoeastwest[6] displacement velocity datase(s) total angular distortion and (dporizontal strain over a period of 10
years, (eH level assessment approach, afjdésulting H map.
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2.2.3 Risk (R)

Hazard anexposurevulnerabilityinformation ardinally integratedvia implementation of ailored
risk matrix,enabling the classification of risk levels ir{teigure7a):

Low (R1) this is considered an acceptable risk level, and no specific actiorsjaned

this is a relevant risk level, suggesting that potential structural damage
occur at the urban infrastructure involved; therefore, tailored monitorir

ground deformation and derived stress indices is recommended at the b
block scale

High (R3) this is the highest risk level, indicating a high likelihood of alre
occurred/incipient structural damage at urban infrastructure; site inspe
to verify the structural health of the buildings and ad hoc mitigation mea
are recommended at singiriilding scale

The integration is tied to the 10 m spatial resolution of the expesimerability layer(see section
2.2.1), yet by acknowledginthathazardnformation isesmbedded at a broader resolutiseq section
2.2.2, meaning that homogeneous H levels will be considered across multiple EV fixelample
of the resulting risk map is provided kigure7b.

7] Risk (R)
0 R1:Low
; e R2: Medium
Lk "g o 4 I R3:High
Hazard (H) Sl LU e B TTe T HE Nodata
CE T N/A
-"g:
3
£
E
(1]
c
2 P
o .'
3 2
7] h s
o
g 4 1km
(a) w [

Figure 71 Example of Risk (R) assessment and mapping using SubRISK+ methodoldgl:nierix, and (b) resulting R map.
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3 RESULTS

3.1 Overview of differential displacementrisk in Italy

Built-up spaces (either residential or rasidentialbuildingg within the 15 metropolitan cities of

Italy embracdimited proportions of the respective total extents, with percentages ranging between
1.8% (Sassari) and 21.3% (Napptih the other handpen spacesithin the human settlemenisw

to highvegetated, water and road surfaces) @heér rural lancutside the human settlemesfsan

the vast majority of the administratimeeaqFigure8a). In terms ofareal coverage, the greatest built

up spaces are found in Roma (44Zkrorino (311 knd) and Milano (277 krf, followed by Napoli

(251 kn¥), Bari (206 k), and the remainder 10 cities encompassing less than 200t ksronly to
built-up spaces thatéhExposuré/ulnerability metric was assigngithe resulting statistical overview

is provided inFigure8b.

® Human settlements: Built spaces Human settlements: Open spaces + Rural areas

100% -

80% A
® 60% - s
o 16,514 1,759
g
< 40% 1

] 251
20% 277
0%

(a)
EV1 (low) mEV2 (medium) mEV3 (high) mEV4 (very high)
500 A
400
€
= i
1]
g l
) G ,@ & L ,\\’b &R &
R\ & -\'b & & L F 6(\ & S N
<0 (’)Q’Q ‘X\\ A?l(\ QP\Q Q\g DX $® (_,7}’0 Q}Q; @Q’% G«s& 3 (’rboa
Q'SO
(b) g

Figure 81 (a) Built-up and unbuiliand within the 15 metropolitan cities of Itafaccording to the GHBUILT-C R2023A- GHS

Settlement Characteristidd] layer), displayed using a percentage scél€0% refers to théotal extent of each cifywith labels

indicating areas in ki and (b)Extent ofthe fourExposureVulnerability (EV)levelswithin eachcity, derived byfollowing the method
described in sectiof.2.1
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The proportion of low exposunaulnerability buildings (EV1) within the 15 metropolitan cities is
generally between 2% (found at Milanfor ~6 kn? out of its 277 knt built-up spacesand 14%
(Palermo for ~18 kn¥ out of 123 kn built-up spaces Medium exposureulnerability buildings
(EV2) typically cover between 17% (Milanéor ~48 kn? out of its Z7 kn? built-up spacesand
58% (Sassarifor ~45 kn? out of its 78 km built-up spaces Similar proportions are found for high
exposurevulnerability buildings (EV3), extending between 24% (Sassari~i@ kn? out of its 78
km? built-up spaces) and 61@apoli, for~152 knt out of its 251 kribuilt-up spaces)he amount
of buildings associated with the highest exposwiaerability metric (EV4) range between 1%
(Bologna, for ~2 krhout of its 165 krAbuilt-up spaces) and 25% (Genova, for ~1& kit of its 73
km? built-up spaces)n terms of absolute exte(figure8b), the metropolitan cities highlighting the
largest extents of EV4 buildings are Milano $~kn?), Torino (=37 knd), Roma (~33 krf) and
Napoli (~23 kmn).

Ground displacementdatasets for the 15 cities provide information for proportions of their
administrativeextents ranging between 16.5% (Messina) and 66.2% (Naiadjure 9a); their
coveraganostlyfollows the spatial distribution of builip spaces, as the latter typicadiycompass

a number ofjood reflectorso the radar signal, hence the ideal land cover for satellite interferometric
methods to perform (see secti®ri.3. The hazard assessment for the 15 cities tefev hazard
levels (H1) across more than 98.5% of the mapped land within eacfigjtyre 9b); overall, the
greatest proportion of medium (H2) to very high (H&drd zones is found in Genova, wheezard

is deemed significant acrossore than 1.3% of the mapped area (-bof 488 km). In terms of
absolute extent, Napoli (~8.5 Kjrand Palermo (~7.0 kinprovide the greatesixtentsof H2 to H4
hazardzones while the lowest extents are found in Milano (~0.4°kand Sassari (~0.9 Kn The
greatest hazard leveldl8, high; andH4, very high) are generally limited to narrow sectors of the 15
cities,and encompass a total of 9.1 (H3) and (H4) km? across the whole 15 cities. The largest
extents mapped afie8 (H3) and).25(H4) km?in Napoli,and1.5 (H3) and.43(H4) km?in Torino.

The 0bas el-dap aigk astéepsment a&chidvada geospatial integration of exposure
vulnerability and hazard maps provideapping coverage spanning betw8éfo (Sassardnd98%
(Milano) of the builtup spaces; indeed, the total extent of the mapped risk areas slightly differs from
the total extenbf the mapped exposuxeilnerability zones, due to the presence of some-bpilt
spaces with no hazandformationavailable.Low risk (R1) zones generally cover a large proportion

of the mapped areqd80-50%), with peaks at Reggio Calabria (65%) and 3a@#%); similarly,
medium risk (R2)areastypically extend ~4&60%, with peaks at Napoli (71%) and Milano (81%)
(Figure 10). A total of 1133 kmd R1 and 1351 kiR2 areas are found overall across the 15
metropolitan cities.

On the other hand, total of 1.44 krhhigh risk (R3) zones is found overall across the 15 citiesr T
extent isgenerallylimited to less than 0.01% of tle@ministrativdand of each city(less than 0.02
km?), usually restricted to narrdamall sectorsMore significantextents are found in Messina (0.03
km?), Roma (0.07 krf), Catania (0.09 ki) and Napoli (1.16 kA), onto areas where the most
vulnerable urban infrastructure is affected I tgreatest differential settlements and induced
structural stress (see secti@n Examples of such locations arePozzuoli and Bagnoli, within the
metropolitan city of Napoli, where significant angular distortion with added stress coming from
horizontal strain occurs in highly dense residerarad norresidentiabuilt-up areas where building
height exceeds 15.m
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Figure 97 (a) Hazard (H) data coverage and no data within the 15 metropolitan cities of(ftased on th&€GMS OrtholnSAR
datase{5]), displayed using a percentage scale basethe respective total extent of each city; andsgent of the fouHazard (H)
classeawithin each citydisplayed using a percentage scale (100% refers to the total exténe lodizard datavithin each city), and
derived by following the method debed in sectior2.2.2
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Figure 107 Extent of the three Risk (R) classes within each of the 15 metropolitan cities of Italy, defiviaiiyg the method

described in sectiof.
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3.2 City-specificdifferential displacementrisk mapping

The following subksections provide the full set of mapstbé main input dataset&HS-BUILT-C
R2023A- GHS Settlement Characteristidd/SF Evolution, EGMSnSAR displacementiatasets
and the resulting valuvadded mapseikposurevulnerability, hazard and riskyeneratedor each of
the 15 metropolitan cities didaly.

As specified in sectio8.1, exposurevulnerability, hazard and risk maps refer to the process of
differentialdisplacemeninduced by ground instability ier purely vertical, or also encompassing
eastwest components), as estimated by the INSAR datasets for thie2P@28eriod.

The EGMS InSARlisplacementelocity, hazard, exposusailnerability and resulting risk maps are
meant to be explored through RIBK+ &Control Roond (https://controlroom.subrisk.guwhere
their digital versions are available for open visualization and browBiggrell).

N . . . .
SLJ\)RISK+ Control Room Information & Warnings Privacy Data Policy
Parameter Temporal & Spatial scale Scenario & Population Groundwater resources

Present-day - National scale ~ | Present-day - Censed/Proje.. ¥ | Same per capita use E3 DOWNLOAD MAP
e -
p. &

I

"

QO Land subsidence @

O Horizontal deformation @
QO Hazard @

(O Exposure-Vulnerability @
® Risk @

QO Hotspot @

O Piezometric load variation @

O Acquifer thickness @

Ministero
y dell'Universita " s
<" e della Ricerca Y D e
= == |_eaflet | © hitps:/www. subrisk ew, © Sentinel-2 cloudiess by EOX

Figure 111 SubRISK+ Control Room, the web platform enabling access to thea@diesl riskmappingproducts generated at the
different spatial scales: exampleawing the differential displacement risk over an area within the metropolitan ¢itsyuili.
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Figure 12 7 Exposurevulnerability mappingin the metropolitan city of Torino: (alsHSBUILT-C R2023A- GHS Settlement
Characteristicq1], (b) WSF Evolutio2015[2], and (c) resulting exposureulnerability map.
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Figure 131 Differential displacemenhazard mapping in the metropolitan city of Torino: (a) vertgadunddisplacementelocity in
2018 2022based orEGMS OrthdnSAR dataset$], and ) resulting hazard map.
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Figure 14 i Differential displacementrisk mapping in the metropolitan city of Torino, based on 202022 satellite INSAR
observations.
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Figure 151 Exposurevulnerability mapping in the metropolitan city Milano: (a) GHSBUILT-C R2023A- GHS Settlement
Characteristicq1] , (b) WSF Evolution 201], and (c) resulting exposureulnerability map.
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Figure 1671 Differential displacemenhazard mapping in the metropolitan cityMilano: (a) vertical grounddisplacementelocity in
2018 2022 based oBEGMS OrthdnSAR dataset$], and (b) resulting hazard map.
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Figure 17 i Differential displacementiisk mapping in the metropolitan city dflilano, based on 2018022 satellite INSAR
observations.
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Figure 18 1 Exposurevulnerability mapping in the metropolitan city @fenova (a) GHSBUILT-C R2023A- GHS Settlement
Characteristicq1] , (b) WSF Evolution 201], and (c) resulting exposureulnerability map.
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Figure 197 Differential displacemenbhazard mapping in the metropolitan city®énova (a) vertical grounddisplacementelocity
in 2018 2022 based oEGMSOrtho INSAR dataset$], and (b) resulting hazard map.
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Figure 20 1 Differential displacementrisk mapping in the metropolitan city @édenova based on 2018022 satellite INSAR
observations.
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