Finanziato
dall'Unione europea
NextGenerationEU

~ % Ministero l
< dell’Universita l Italiadomani
&> edellaRicerca

ANO NAZIO!
B RIPRESA £ RevitiENzZA

multi-Risk sciEncefor resilienT commUnities undeR a changiNgclimate

CodiceprogettoMUR: PEOO00000S CUP LEAD PARTNER D33C22001290002

@etu M

ws LJ2 NI | yF“z 3 AEYE INA 2
OF a0FRAY3 YR 0O2YLR
SYSNEAY3 NAaj a

DV5.3.1

» MULTIRISK

BN, W

1, 0§ 3%
I S SERCOMBOUDING
PENe
> & 'A u
NUSSHADISRE 4
SCENIARIOR 9%

B -




% Ministero
< dell’Universita
+ @ della Ricerca

Finanziato
dall'Unione europea

NextGenerationEU @

PIANO NAZIONALE
DI RIPRESA E RESILIENZA

ll [taliadomani

CONTRIBUTORS

Antonella Peresan, Hany M. Hassan Elsayed, Hazem Badreldin, Chiara Scaini, Eli€&G3ccolo
Francesca Borglitrika BrattichiFrancesco DecataldAndrea Faggkrancesca Ferretfliziano Maestri,
Eva Vanna Lorenza Negxica Pozza (University of Bologna);
Maria Grazia Bad@$ask Cd.eade), Gianluca Gatto, Amit Kum&abrina Lai, Federica LepBanthosh
ParamasivamGiorgio QuerzglCorrado ZoppUniversity of Cagliari);
Chiara Arrighi, Gianni Bartoli, Simona Francalanci, Federico Gusella,
Barbara Pintucchi, Marco Uzi@liniversity of Florence);
Giovanni Besidrosella Bovolenta, Federico Caneparena CattagrArianna Cauteruccidrancesco De
Leq Sergio LagomarsinAndrea Lira LoarcBario Massabo, Federico, Mazieiisa PagninGiuseppe
PiccardqTask Lead@rMargherita RagdPaola Salmona (University of Genoa);
Roberto Castelluccia,F NAI CF o NART Al [/ f SoyCans 8 Gaudi@ § FEINHH O 15 OR StofNE!
Mariano Di Domenigdariacarla Fraiese, Rossella MarRexdinando Di Martino, Vittorio Miraglia,
Maria PoleseChiara Russo, Antonio Sferratdgabriella Tocchizerardo VerderameCristina Visconti
(University of Napoli Federico I1)



Ministero
dell’Universita
“3¢® e della Ricerca

Finanziato
dall'Unione europea
NextGenerationEU

l.'. [taliadomani

PIANO NAZIONALE
DI RIPRESA E RESILIENZA

1. Technical References

Project Acronym RETURN
Project Title multi-Risk sciEnce for resilienT commUnities undeR a changiNg
climate

Project Coordinator Domenico Calcaterra

UNIVERSITA DEGLI STUDI DI NAHQERICO I
domcalca@unina.it

Project Duration December 2022 November 2025 (36 months)

g

WR3 ¢ Multi-risk vulnerability and impact assessment and forecast
Complex ang@merging risks for urban and metropolitan areas
OGSUNIBOUNICAUNIFIUNIGEUNINA

*

PU = Public

PP = Restricted to othprogramparticipants (including the Commission Services)
RE Restricted to a group specified by the consortium (including the Commission Services)

CO = Confidential, only for members of the consortium (including the Commission Services)



Finanziato n Ministero .
dall'Unione europea 2 dell'Universita l Italiadomani
NextGenerationEU +35%> e della Ricerca = BNREAE PR ewza

2. Technical References

Version | Date Lead contributor Description

1.0 30/08/2024 UNIGE First release



Finanziato #-% Ministero H
dall'Unione europea ( i dell'Universita ll Italiadomani
NextGenerationEU %3752 e della Ricerca - BRSREET R Dienza
Summary
LIST Of FIQUIES. ... eeeeeeeeee ettt e e e et e e e e s e e e e e e e e b n e e e e e e e e annrnee s 11
LISt Of TADIES ...t e e e e e e e e e e s bbb e e e e e e e b e e e e e e aaaa 16
1. [ 0o (1o 1 o] o F PSPPSR PPPPPPRPP 18
2. Analysis of the relationships between hazards and exposure for the definition ofmaklti
LS =] 0 =g 0 5SS 20
3.  Singlehazard description focusing on emerging risks in urban and metropolitan areas.....27
T R 1= ToT o] g1 AT (o= T g T= V=T (o [ 27
3.11 Slope and Ground INSLaDIlITIES..........coiiiiiiiiieee e 27
odvmdmMdm t N2OSaaAy3a 2F [yRat ARS { dzawGINBR@EMI2NG &
.......................................................................................................................................... Hd
3.1.2 SEISMIC NAZAIM........eieiiiee et e e e e e s st e e e e e e s s s abreeeeeeeaanns 40
odPMPHOM {ATYAFAOFIY(d YSI AdNBA. AY. . ASALAYAMuKEIT I NR
G 700 0 T W[ = g g T = V> o S SPS 46
odmPodm ¢adzyl YA &aOSy.L.NA2A. . . F2NL.AKS. . L.RNALGAO asSt
T I Yo [oF= T g o F= 2= o PRSP 50
OoPwWPM&S / FYLA CftSIAINBA OFasS addRRY..Y2YAPMNAY3I |
3.2 HydrauliC NAZAIUS.........eeeiiiiiiieee et e e 56
3.2.1 Coastal vulnerability in Urban ar€as............ccuvveiiiiiiiiiiii e 56
oPHPMDOM [/ 2 a0 E NRAAL...RSFAVALAZY e, c M
3.2.2 FIUVIAI FIOOUS. ...ttt e e et e e e e s e e e e e e e enbr e eeeeeeeannes 63
OPHDPHDOM ! NDFYATFAGA2Y. . Ly.R.Cl.dz@A.L f...Cf.22R.ckol T NR&
OPHDPHDOH [/ TAYFGS OKFy3aS. . LyR.CLdz@ALf.. . .Ct.22R KIFT I N
OPHPHDO [/ aBl BIGRASRALIA..CLE.AZDiiiviiiieeeeeeeee cp
OOHOH O aAGAIFGAZY Ly R.LERELLILGAZY. AG6NE.SIA S A
G TG B o 01V = | o To o L= 70
ODPHWD DY T L L b RE e I M
0oPHPodH { LI GAlIf RSAQNA.LIGAZY..2.F. 0.KS.. 0.SNNMI2NE
odHPodo az2RSEfAYI. . 2F. . LEd@ALL. . Fi.22RAY.3. .. .Tp

0PHPo®O 2R RAABAZNIISE &0 NJL.0.S.AASA. . AY..dzNB.LY.....TNB I &
odHdodp ¢KS OFAas aGdRe.. 2F. . .0KS. . woc! wh. LINEy2SO

5



Finanziato % Ministero .
dall'Unione europea ( 2 dell'Universita l Italiadomani
NextGenerationEU %2%> a della Ricerca -

DI RIPRESA E RESILIENZA

3.3 MeteorologiCal NAZAIAS.........coii i 81
3.3.1 Extreme wind events under climate change and migkiperspective.................cccc.o... 81
ododmdm {GFGAAGAO L. Ly lLf.2aAA. 2T . SEALNBY.SY csAyRE
oPodMDH ¢'Ilyd 3 e@lkdzR® T GIKBNI&Z | iV@NVODSYRI¢ h! 0 6 LISN.
I T 0 o T I o T USROS RUURTUURRROUSIN VA |
ododmPdo 9EGNF OGA2Y..27%. . .0.Kdzy RSNAE.G.2.NY...538 yira
ododmdn ! YySY2Y.SONRO.E5LOLOEAS e, b b
0P DMDP [ AL LW..E L 0.h0.E8S e MM
3.3.2 EXIreme PreCipitatiOnS..........cociiiiiiiiii e a e e e e aaaaa e 105

ododHdM ¢KS I OQdNL.O8... 2% NELAYELLL  REGL. ..mnp
0®Po dPHdPH wSaSIFNDODK O2yRdzO4.SR..4AGLKAY... 0KS. . .wB¢! wb LI

3.3.3 Network of mestations for statistical analysis of meteorological and climatological

(o] 0 Y=T V7= (0] o PP UPSTRRPP 110
0Po dodm /chAFADAUARE Ak, .2.F. . DSY.2. i, MMM
0®Po dodH /cKASDRAAMERE v Y2.Y.S.L.NR.Q...y.S.0.6.2.NJ........ MM N
odPododo / 2NNBOGA2Y.. 2% . . 6AY.R..RLA4LALEASA....MMp
K O [0 o (S g F= 2= 1o RO PPPRPT 120
3.4.1 Urban heat waves CharacCterization..............occuuviiiiiiiiiiiiiiieee e 120
3.4.2 Studies of vulnerabilities and performances of the building envelope related to heat wave in
0T o= T T o0 ] (=) 4 PSSP 127
oPndHDOM ¢KS .h2f.l.. . 80.dz2RE...OLAS ..o, MHT
0oPn ®HDOH ¢KS @dzf ySNIoAfAGeE S@hfdzh.iA2y. . YBaK2R (2
oPn ®Hdo 5 SEANAYIRANGNNL.GSIASE e, Mo n
3.4.3 Coastal hazards driven by climate change: the Liguria region case .study............... 136
3.5 ChemiCal NAZAIUS........ueeiiiee ittt e e e e e e e e st e e e e e e e ennees 141
3.5.1 Urbardation, air quality and interactions between urban area and atmosphete....... 141
odpdmdm { 2dzNOSa .2.F.. . L.NDB.LY.LLANILL.26.0.dz0. A2 .m0 H
oPpdMDH ! ANJ ljdzk £ AGe Ly.R.Y2NLK2Y.SIH.NKQ..LkNE YS(HSN
oPpd®mdo LYLI OGa.. 2y . .KdzYl.y. . KSEE.0K Mny
odPpdmdn aAlAILOA2Y. ALNLOSIASA i Mn o
3.5.2Air pollution from gases and aerosols: regulated and emerging substances............ 152
3.6 BIOIOGICAI BIZAIUS.......eeiiieiiiiiee e 168

3.6.1 Climatechange effects on the general and the occupationally exposed population.168

6



Finanziato % Ministero .
dall'Unione europea ( 2 dell'Universita l Italiadomani
NextGenerationEU %2%> a della Ricerca -

DI RIPRESA E RESILIENZA

3.6.2 Exposure to contaminants in various biological tiSSUES.............oeciieeeieeiiiiiiieneeen. 172
4. Multi-hazard analysis for urban and metropolitan areas...........ccccoeeviieeeeeiiiiiiiiiee e 176
4.1 Climaterelated MUIFNAZArd...........c.ouviiiiiiii e 176
4.1.1 LowCost Monitoring Strategies for Measuring Environmental Parameters in aiNagard
(o =T O 0] 1 =)« SRS 176
nomomedm 2 ANBf Sda ASyaz2N.ySisg2Nl.A..02{bamwTc
nomeMm® &S aA0dzRASE 2y KSO25070 GSSyasFoNE.. | LIL3 TAYOF GA2Y
ndmdmPdPo 5FGF [2&da .AY..dNB.L.y.. ASy.4a2Nl.y.S068NIPpa
ndmdmPdo 5FGF vdzk £t Ade /[.KSOL.. AY..dzNB.LY...aSya&N ySi
4.1.2 Heatwaves and extreme sea level vulnerabilities towards a-hadérd Gl$®ased
FRAMIBWOTK. ...t e e e e e st e e e e e e et et e e e e e e s nnnbe e e e e e e e e nnnreees 180
nmmmgémt[!@b9m§ﬁyéé42réﬁzéété F2NJ KSFiGgl S | yR
AYLI OU I .ad.Sa .Y S Yl MYy n
NOMPHDH !y Ay idSINI GRIZIYI NN LAY dz. GRM2WREY WdzA (A
ndmdu do ¢Sadl NBI Ay IiaKSS. {GindiRee..2.F....b.L..LX..S.&.my p
4.1.3 Studies of vulnerabilities and performance of building envelope components related to
complex and emerging hazards and building [iSK............cccccoiiiiiiii e 188
4.2 Multi-hazard INtEraCliONS........coeiie i e e e e e e e e e e e e e e e e e e aeeeeeans 191
4.2.1Interactions between heat waves and air qUality.........ccccceveeeiee e, 191
4.2.2 Wind impact imulti-hazard SCENAriQSs..............cooeoii i 197
noH e dm L YLIIOSIAG & Ft NBRQARLINWIRIA.2. Y oo MdT
nNOHDPHOPH 2 AYRAGZ2NNAEAT A02NN..AMNBSA..LYR.ABHPpsI OSa
NnoOHDPH PO 2 AYR LY.R..RAzAO...OANLY.E L2 NI .o, H N

NOHOH O t SRSAGNAFY 2AYyR | yR.LAOA..LYGSNLOGNZYE &
NOHOHDD / 2YOAYSR AYLIKRKES 2FdRAFRYIYR..LEAG 2y f

4.2 .3Earthquakeinduced rockfall SCENANIQ..........cooiiiiiiiiiiiiiee e 207

5. Multi-risk scenarios for informed deciSion Making.............ccceviiiiiiiiieiniiiee e 210
5.1 Storyline 1- Compounding and independeheatwave and surface water flooding in the

context of the Functional Urban Area of Cagliali............coevviiiiiiiiiiiiiii e, 214

5.1.1 Storyline identifiCatiON...........oiuiriiiiie et 214

5.1.2 Settlement CONEXL.........coii i e e e e e e e e e e e e e e e e e e e e e e s e e e s ean s e aeaaannns 214

5.1.3 Description of the Urban CONTEXL............cuiiiiiiiiiiiiieee e 214

5.1.4 DIMension / POPUIALION ........ooiiii et e e e e e e e e e e e e e e e e eea s 215



Finanziato % Ministero .
dall'Unione europea 4 dell'Universita l [taliadomani
NextGenerationEU #35%> a della Ricerca = g rianc O NAZIONALE

DI RIPRESA E RESILIENZA

5.1.5 REfEreNCE NAZAIUS.......oeiiiiiiiiieiiiee e e e 215
5.1.6 Main / relevant IMPACES...........uuiiiiieiiiirie et ee s 215
L A (o101 U | (1Y 1= PSP 215
5.1.8 VUINEIabIlity TYPES....ceiiieiiieiiiiiiee e e e e e e e 216
5119 RUSKS ..ttt e e 216
5.1.10 AdpPtation OPLIONS........uueeieeeiiiiireeeeee et e e e e e e e e e e s s e e e e s s annr e e e e e e e e e annnrnees 216
5.1.11 StAKENOIAEELS ....cce it 216
5.1.12 REIEVANT AALA.......ceiiiiiiiiiiiiie ittt e e 217
5.1.130ther releVant NOLES..........ueiiiiiiiie ittt 217
5.1.14 Risk storyline impact Chain..........cccccuuuiiiiiiiiiiiiiiieeeer e e e e e e e 218
5.2  Storyline 2; Climate and Geophysical Risks in a polluted coastal settlement in Naple219
5.2.1 Storyline identifiCatION. .........oiiiiiiiiee et 219
5.2.2 SeEMENT CONTEXL. .......viiiiiiiiie ettt 219
5.2.3 Description of the urban CONtEXL..........uuviiiiiiiiiiiiiee e 219
5.2.4 DIMENSION / POPUIALIONL. ........eeiiiiiiee ettt e e 219
5.2.5 REfEreNCE NAZAIUS.......ouiiiiiiiiieiiee e e e 220
5.2.6 Main / relevant IMPACES...........uueiiiieiiiiiiee e ee e e e 220
LI A {010 S [ (=30 1Y/ 0 1= 220
5.2.8 VUINEIabIItY TYPES...cceiiiiiiiiiiiee e e e e e e e e 221
L2 T 1= 2 USROS 221
5.2.10 StAKENOIARELS .....ce i 221
5.2.11 REIEVANTE AALA.......ceiiiiiiiiiiii ittt ee e ebr e e 222
5.2.12 Other releVaNt NOLES..........ociiiiiiieiiiie et s e 222
5.2.13 Risk storyline impacCt Chain..........cccccuuuiiiiiiiiiiiiiiieeeee et e e e 223
5.3 Storyline 3 Geophysical risks in the Vesuvian volcanic area..............oooeeeeeeeeeicnnnnnnns 224
5.3.1 Storyline identifiCatiON...........oouiiiiiiie e 224
5.3.2 SEttIeMENT CONTEXL......ciiiiiiiiiiiii e e e e e 224
5.3.3 Description of the urban CONEXL...........ooviiiiiiiiiii e 224
5.3.4 DIMENSION / POPUIRLIONL. ........eeiiiiiiee ittt e e 224
5.3.5 REfEIeNCE NAZAIUS .......eiiiiiiiiiieee e 224
5.3.6 Main / relevant IMPACES...........uueiiiiiiiiiiiee e s e e e e 224
5.3.7 EXPOSUIE TYPES. ...ttt e e e e e e et e et bbb e e e e e e e eeeeeeabena s 225



Finanziato % Ministero .
dall'Unione europea 4 dell'Universita l [taliadomani
NextGenerationEU #35%> a della Ricerca = g rianc O NAZIONALE

DI RIPRESA E RESILIENZA

5.3.8 VUINErality tyPeS......ceeiiiiiiie ettt 225
LR TR I L] €3PSR 225
5.3.10 STAKENOIOBIS ...ttt 225
5.3.11 RIEVANT AALA. .......eeieiiiiieiiiii it 225
5.3.12 Other releVant NOES..........ccoiiiiiieiiiiie et 226
5.4  Storyline 4 A multirisk scenario in hilly morphology area in Florence......................... 227
5.4.1 Storyline identifiCatION. .........oiiiiiiie et 227
5.4.2 SEEMENT CONTEXL........viiiiiiiiie it 227
5.4.3 Description of the urban CONtEXL..........cuvviviieiiiiiiiie e 227
5.4.4 DIMension / POPUIALION...........ooiiiii i r e e e e e e e e e e e e e e e e e e 227
5.4.5 REfEreNCE NAZAIUS.......euiiiiiiiiiei e e e 227
5.4.6 Main / relevant IMPACES...........uuiiiiieiiiiiie e e e ee e e 228
4.7 EXPOSUIE LY IS euu i iiiieitiieeteete s e sttt s e e e e et e e et e et s e e e eat e e e e ee s s e e eee st s e e e eabaeeeeensnnaaaees 228
5.4.8 VUINEIaDIItY TYPES...cceiiiiiiiiiiiei e a e e e e 228
Lo T 1= 2 PP 228
5.4.10 StAKENOIARELS ..o 228
5.4.11 REIEVANT UALA. ... ...ueeiiieiiiiiiiii ettt e e e e e e e e e e e ssben e e e e e e e anes 229
5.4.12 Other releVaNt NOLES..........ocoiiiiiiiiiiii ettt e e 229
5.5 Storyline 5 Compounding Hazards in Genoa: A MElient Crisis of Heatwaves, Storms,
Floods, Landslides, and EarthqUaKE..............ooouiiiiiiii e 230
5.5.1 StOryline identifiCatiON...........ooueiiiiiie it 230
5.5.2 SetEmMENT CONEXL. .......uviiiiiiiie ettt 230
5.5.3 Description of the urban conteXt...........evii 230
5.5.4 DIMENSION / POPUIALIONL. ........euiiiiiiee it e e 231
5.5.5 REfEIeNCE NAZAIUS .......oiiiiiiiiieiee e 231
5.5.6 Main / relevant IMPacCES..........ooiiiiiii e e e e e e e e e e e e e e e e e aeeaaeens 231
5.5.7 EXPOSUIE TYPBS. ..ottt ettt ettt e e e e e e e e e e eb bbb e e e e e e e eeeeeenbennas 232
5.5.8 VUINEIabIlity TYPES....coeiiiiiiiiiieiiee et e e e e e e e e aaaa s 232
5.5.0 RISKS ..ttt 232
5.5.10 StAKENOIARELS ....cci it 232
5.5.11 REIGVANT ALA........eeeiiieiiiiiii e e e e s e e e aae 233
5.5.120ther releVant NOES..........ouuii it e e e e 233



Finanziato
dall'Unione europea
NextGenerationEU

»%  Ministero .
! ¢ dell’Universita l [taliadomani
S e de"a Ricerca = S rianc O NAZIONALE

DI RIPRESA E RESILIENZA

5.6 Storyline 6 Heat waves and earthquake in the metropolitan area of Bologna............. 234
5.6.1 Storyline identifiCatION . ..........oiuiiiiiie e 234
5.6.2 SetEMENT CONTEXL........uviiiiiiiie et 234
5.6.3 Description of the urban CONtEXL............eeviviiiiiiiiiiie e 234
5.6.4 DIMeNsion / POPUIALION...........cooiiii e e e e e e e e e e e e e e e e e e e e 234
5.6.5 REfEreNCe NAZAIUS........ooiiiiiiiiiie e 234
5.66 Main / relevant IMPACES............uuiiiieeiiiiirre et e e 235
B.6.7 EXPOSUINE TYPBS...ceietiiitiiiii i i e ee ettt s e e e e e e e ettt e s e e e e e e e e e e e et b e e eaeeeeeeeeeerrnna s 235
5.6.8 VUINEIaDIItY TYPES....ceiiiiiiiiiiiiieee e e e e e e 235
5189 RISKS ..ttt e e e e e aar e 235
5.6.10 SEAKENOIBES......ooiiiiiiieiii e 235
5.6.11 REIEVANT UALA. ... ...uueiiieiiiiiiiii e e s e e e e s s rr e e e e e e e anes 236
5.6.12 Other releVant NOES..........ccoiiiiiieiiiie et 236

RETEIBNCES. ...ttt e e bt e et e e e s e e e e e e e e 237

1C



Finanziato
dall'Unione europea
NextGenerationEU

List of Figures

Figure 1. Hazard vs hazard matrix for definition of rrhdizard relationships............cccccooiiiiiieeeennnns 21
Figure 2. Conceptual model of urban system and corresponding subsystems (Pittore and Grif@22023)
Figure 3. Exposure vs exposure matrix for description of interdependencies among elements of the

UPDAN SYSTEIML. ...ttt e et e e e e s e e e e e s et e e e e e e e annnneeeeees 24
Figure 4. EXposure VS hazard MatliX..........cccciiiuiiiiuiiiiiiiiiiieiieeeeer e e e s e e e e eee e e e e e e e e e e s s e e s s s ss s ssnnnnns 25
Figure 5. Exposure vs hazard matrix with focus on rdutiensional vulnerability...................cceeeee. 26
Figure 6ROC curve related to fast flows in the Learning Case.area..............cccceevvveveeiiiineciinenn. 39

Figure7{ OKSYS 2F GKS a[ St @S...hyS. . hdzié.. [ .NRAA.. £LEFOARI GA2)
Figure 8. Effects of magnitude on spral shape using different attenuation relationships (Elnashai and

Di SO, 2015).....cciiiiiiiiiiie e e e e e e e e 43
Figure 9. Groundnotion hazard curve illustrating the probability of exce®gvarious levels of ground

shaking at a specific site (Baker et al., 2021)..........ccoeiiiiiiiiiiiieeiiiieeee e 44
Figure 10. Inputs to a probabilistic seismic hazard analysis calculation (BakeR821)..................: 45
Figure 11. Map of the maximum tsunami wave amplitude computed for the regional tsunamigenic

sources (Peresan and Hassan, 2024)..........ooouuuiiiieeiiniiiiieieee e 49
Figure 12. Example of results from aerial monitoring activities............uvevveeeveeieeiiiiiiiiiieeeeeeeeee, 52

Figure 13. Example of maps of exceedance percentile of impact parameters from past eruptioss
Fgure 14. Example of higiesolution grid maps illustrating potential impacts from volcanic hazarss.
Figure 15. Example of map concerninypcentral location ad focal mechanisms of earthquakes in the

CamMPI FIEQIEI @I a. ... it e e 54
Figure 16. Example of a numerical map depictiigj\&locity structures from tomography data.....55
Figure 17. lllustration of the development for the SPEED numerical madel...........cc.cccoccuvveenenn. 55
Figure 18. Water level profilé X according to the Airy wave theory.........cccceeeviiiiiiieiee e 57

Figure 19. Three different types of breaking. From top to bottom: spilling; plunging; surging. Adapted
from Introduction to Oceanographipy Paul Webbunder aCreative Commons Attribution@.
INEEIrNALIONGAI LICENSE.....ci ittt et e e e e e e e e e s e e e e e e s anneeeees 58

Figure 20. Larson and Kraus criterion. Points on the left (right) side of the solid black line indicate an
accretive (erosive) beachdapted from (Samaras, 2024) under the CC BY 4.0 license.59

Figure 21. Schematic representation of the Bruun rule. Adapted from (Ranasinghe R. C., 2012) under the
terms of the Creative Commons Attribution Noncommercial License

(https://creativecommons.org/licenses/BRC/2.0). ... 60
Figure 22. SRL change in meters for the scer@85PB.5 and period 2022100 with the longerm

projection highlighted. Source: IPCC WGL ALAS.........cuviiiiiiiiiiieiiiriieiiiieeeeeeeee e 61
Figure 23. Risk definition (SOUrce: IPCC WIG2) ... ..ottt ee e e e e e e e e e e e e e e e 62
Figure 24. Main risks in the European and Mediterranean region according to different global surface

temperature change levels. (source: IPCC WG2)............ooooeiiiiiieeiiciccvevevvee e 62

Figure 25Dynamic evolution of runoff during the event of August 28th, 2023, in Genoa. Panel a) refers
to 02:07 CET while panel b) refers to 10 minutes lgibotographs were provided by a private
(o311 74.= 0 ) 78

11



Finanziato % Ministero N H
dall'Unione europea 4 dell’'Universita l Italiadomani
NextGenerationEU RENES @ della Ricerca = gl rianc O NAZIONALE

DI RIPRESA E RESILIENZA

Figure 260verview of the investigated urban area with indicated the position of the three rain gauges
(white circles) and the three SRSs (red circles) with the associated satellite links (red.#8es).

Figure 27(a) Temporal evolution of the investigated raihfiaent as measured by the various sensors,
(b) temporal evolution of the modelled flood volume (conditional on a minimum water depth h
=5 cm) obtained when using as input the rainfall measurements from various sensar€0

Figure 28Maps of the maximum water depth for the investigated rainfall event using measurements

from: (a) ArpaFl, (b) ArpaCA, (c) ArpaCF, (d) SRSA, (e) SRGA and (f) SRBO................ 81
Figure 29Satellite image of extrropical cyclone above United Kingdom..............ccccccvvvivvvvnnnnnnne. 82
Figure 30Number of intense cyclones over the 45 years of the-ERperiod at mature stage per
squares 2.25° x 2.25° (Flaounas et al., 2022)..........coooiiiiiimimireeeiiieeee e 83
Figure 31.A satellite image of a Medicane over south of ltaly...............ccccooiiiiiiiiiieeeee, 83
Figure 32Schematic of thunderstorm phenomeNQN.............oevviiiiiiiiiiiie e 84
Figure 33Thunderstorm tyPoIOGIES.........coooi i e e e e e e e e e e e e e e e e e e e e e e e eaanes 85
Figure 34Wind speed and direction time series (left); extrapical cyclone and thunderstorm wind
profiles (middle); verticaliew schematic of thunderstorm downburst wind (right)........... 85
Figure 35Temporal distribution of the measurements valid in the period 04/03/26386/10/2023 for
the GEPOA AtASEL........ciiiiiiiiieieee et e e e e e e e e e e e e e e aaeaaaeeas 38
Figure 36Timeseries of measurements (average over 10 minutes) valid in the period 04/03{2016
30/10/2023 for the GEPOA dataset: (a) wind speed; (b) wind direction...............cccvveeee 89

Figure 37Wind rose for the measurement period 04/03/20¢&80/10/2023 of the GEPOA dataset. The
value at the center of the polar diagram (7%) corresponds to the percentage of wind calms

(average wind speed over 10 minutes < 0.5 m/s) recarded.........cccccccvvvvviiiinieinn. 91
Figure 38Cumulative distribution of wind speed (average over 10 minutes). Measurement period
04/03/2016 ¢ 30/10/2023 for the GEPOA dataSel...........uuvvveeiiiiiiiiieiee e 94
Figure 39Exceedingrobability of wind speed (average over 10 minutes). Measurement period
04/03/2016¢ 30/10/2023 forthe GEPOA dataserl............uuviveeiiiiiiiiienee e 94
Figure 40Polar diagram of probability distributions of directional wind speed (average over 10 minutes)
(0] L ] = @ o F= 1= 1 =] SRR 95

Figure 41Type | EV distribution applied on the measured yearly maxima for the GEPOA datas86
Figure 42Map of bilinearly interpolated extreme wind speed values in the Municipality of Genoa, for

return period4 2= 50 years. Red circles indicate the locations of the-stegions ............... 97
Figure 43Btaxial Gill WindObserver Il anemometer in the port of Genoa (a) asadtial Gill

WindMaster Pro anemometer in the port of LIVOrNo (D).......c.cvvvveeeiiiiiiiiiieiiieeeeen Q9
Figure 44Location map of anemometers involved in the study. Closer view of the port areas of (a)

Genoa, (b) La Spezia, and (c) Livorno. Images sourced from Gadpl®ro..................... 101
Figure 45Scheme of the LIDAR and scanning Method............ccoccvviiiiiiiiiiiiicce e 102

Figure 46Downburst events extracted: slowlarying mean wind speed (black line) and direction (gray
line) time histories. Event names are given in terms of station, SS, year, YYYY, month, MM, and

Figure 47Yearto-year variability of monthly precipitation at the four rain gauge stations studied. Boxes
and whiskers cover the central 50% and 80% of the data set, respectively. The mean and
median \alues are indicated in each box by the horizontal red and black lines, respectively.
[Source: LoglisCi et al., 2024].......cooo i 109

12



Finanziato 5 Ministero .
dall'Unione europea » dell’Universita l Italiadomani
NextGenerationEU ;%7 e de"a Ricerca = S PiaNC O NAZIONALE

DI RIPRESA E RESILIENZA

Figure 48 Annual maximum rainfall deptfor each duration at the three ARPAL rain gauge stations
studied (boxplot), overlaid with the DDF curves derived at the DICCA reference station. Boxes
and whiskers cover the central 50% and 80% of the data set, respectively. The mean and
median values argndicated in each box by the horizontal red and black lines, respectively.

[Source: LoglisCi et al., 2024].........ccooo i 110
Figure 49Map of the metstations belonging to the network of the Municipality of Genoa in the area

under investigation (DIACK DOrder).............uvvviiiii e 112
Figure 50Map of the metstations belonging to the network of ARPAL in the area under investigation.

...................................................................................................................................... 113
Figure 51WPand WPS wind monitoring NEtWOIK............ooouiriiiieiiiiiiiiiee e 114
Figure 52Influence of anemometer POSItIONING..........ccooieiiiiii e 116
Figure 53Cupanemometer with sand that prevents correct functioning.............ccccooccvvvveeeeernnnns 116
Figure 54Biased measurement from airport aNemMOMELEl...........coooeiiiiiiii e 117
Figure 55Human errors in the past fdaransferring data from graphs to cards............ccccccovvvveen. 117
Figure 56Interpretation of data for possible evaluation of data errars............ccccceevviiinieeeeeennne 118
Figure 57Singular value to be eliminated as it is higher than the daily maximum...................... 118
Figure 58Airport anemomMeEter MOVEMIENT. .......cciiiiiiiiiiiee e it e e e e e e s e e e e e s reeaeeas 119
Figure 5910-min records of different wind phenomena.......................oo i, 119

Figure 60Surface temperatures vary more than atmospheric air temperatures during the day, but they
are generally similar at night. The dips and spikesiifase temperatures over the pond area
show how water maintains a nearly constant temperature day and night because it does not
oa2ND GKS adzyQa SySNHE& GKS alyYS greée Fa odzAfR.
bodies of water can create coolereas within a city. Temperatures are typically lower at
suburbanrural borders than in dOWNtOWN @reas.........ccoeeiviviiiiieeeiiiiiiieee e 124

Figure 61The main processes leading to the urban hekrid. Urbanization of the surface and
reduction of the vegetation cover strongly modify the energy exchanges. During the day, a
large part of the radiation coming from the sun heats the urban materials; this stored heat is
released at night, limiting theighttime cooling of the air in cities and creating the urban heat
island. It is also influenced and modulated by the heat released by human activities and the air
flow from the countryside and, for coastal cities, from the sea or large lakes. Figureluepb

from MELEO-France (2020)-......ccouuiieiiiiiie ettt 125
Figure 62. Geographical framework of the case StUdy.........ccccccciiiiiiiiiiiiiiieeeee e 128
Figure 63. Conceptual framework for urban critical context identification...............cccccceeeernnee. 130
Figure 64. Vulnerality evaluation method to heat wave's effect................cccccco e, 131
Figure 65. Identification of hotspot areas considering weak people as exposed factor............. 134
Figure 66. Design proposal contribution to the reduction of hupltvulnerability to heatwaves......135
Figure 67. Modelling chain for climatelated coastal riSKS..............ccccooiiiiiiieei e 136
Figure 68. Definition of Coastal RiSK INAEX..........c.uuuiiiiiiiiiiiiiiiee e 138
Figure 69. Coastal Hazard Index for the Ligurian Region for the historical and future RCRB:=5ttig

and RCP8.5 Eraf-century CONAItiONS............oooiiiiiiiie e e e 138
Figure 70. Coastal Vulnerability Exposure Index and its components for the Ligurian Region for the

historical baseline CONAItIONS..........cooiii e 139

13



Finanziato
dall'Unione europea
NextGenerationEU

Ministero . W
dell'Universita . [taliadomani
2 e de"a Ricerca = S PIANC O NAZIONALE

DI RIPRESA E RESILIENZA

Figure 71. Coastal Vulnerability Exposure Index for the Ligurian Region for the historical baseline and
future SSP3 and SSP5 scenarios for 2050 and.2100............occvvirieeeeiiiiiieeee e 140
Figure 72. Sketch of the air pollutants in the urban plume, with relevant processes regulating their
concentrations in black and impacts of pollutants in grey italics (from Oke et al., 2017141
Figure 73. Residence times and dispersion scales of different pollutants shown together with the most
important phenomena leading to their dispersion (reproduced from Oke et al., 2017)146
Figure 74Global annual mean radiative forcing (WPnfior the year 2000, relative to 1750, attributing
to different causes: welinixed greenhouse gases (£,0H, N.O and Halocarbons);
Stratospheric and Tropospheric ozone; various aerosol types (Sulphates, Black and Organic
carbon from fossil fuel burning, Biomass burning and mineral dust); avigtituted cloud
formation; albedo variations due to langse modfication; and the variation of the solar flux.
This figure has been extracted from the Intergovernmental Panel on Climate Change (IPCC)
FEPOI (2001 ..ciiiiiiiiiii e e e e e e e e e e e e e e e e e e e e e e e 160
Figure75. Number of papers resulting from the general population systematic review.............. 171
Figure 76 Asbestos fiber on a polycarbonate membrane filter that is visibleitkesmall biological
tissue residuals (left) and its chemicaty spectrum (right) confirming the Magnesium and

Silicon peaks, typical of ashestdge contaminants.............ceeeveeiiiiiiieeiee e 174
Figure 77 SEM image (left) and correspondent chemical mapping using EDX (right) of a digested,
aluminumcontaminated lymph NOde.............oo i 175
Figure 78 Workflow of the Heatwave modeSource: Clemente et al., 2023.............ccccvveeeerrnnnee. 181
Figure 79Workflow of the CoasRiskBySea modeébource: Clemente et al., 2023......................... 182
Figure 80Workflow of the Gl$hased framework for mukinazard vulnerability assessment. Source:
elaborate from Clemente et al., 2023.........cooooiiiieiii e 185
Figure 81 Case study area: Naples waterfront (Italypurce: Clemente et al., 2023...........cccoee..... 185
Figure 82(a) Maps of the vulnerability considering E3i);Histogram of vulnerability classes
distribution. Source: Clemente et al., 2023 . ... oo 186
Figure 83(a) Map of Albedo;l{) map of Solar exposure of open spacesn{ap of NDVId) map of Sky
View Factor. Source: Clemente et al., 2023.........uiiiiiiiiiiiieie et 187
Figure 84(a) Vulnerability to heatwave phenomenorn)(vulnerability histogram of the areas......187
Figure 85Building risk graphical @abStract............cuuviiiiiiiiiii e 190
Figure 86 Scheme of tropospheric ozone production, adapted from Zhang et al. (2019)........... 192

Figure 87Hourly average ozone concentration (left panel) and temperature (right panel) trend during
summer under heatwave (red line) and nbaatwave (black line) conditions in Nic@si
(Cyprus), adapted from Pyrgu et al. (20L18)........ccccccurrriimiiiiriiiiiieireeeeeer e e e e e e e e e e e e 193

Figure 88 Average daily ®iour mean ozone (panel a) and mortality (deaths per 1 million population)
attributableto ozone (panel b) in Europe during the warm season (Biegtember) 2015
2017, adapted from Achebak et al. (2024).........oooriiriiiiiii e 193

Figure 89Tropospheric ozone production dar normal and heat wave conditions, thicker arrows
represent greater fluxes, adapted form WMO Air Quality and Climate Bulletin, No. 3
September 2023 (WMO, 20230).......uuuuiiiiiiiiiiiiiieiiieiee et 194

Figure 90Schematic illustration depicting the potential features associated with combined precipitation
and wind impacts of a cyclone in the Mediterranean, based on the five events analyzed by
RavehRubin and Wernli (2016). This schematic does not represent aglg €wvent but

14



Finanziato #53%, Ministero .
dall'Unione europea ([ y dell'Universita l [taliadomani
NextGenerationEU w35%> @ della Ricerca - BRSREET R Dienza

summarizes the various possible significant features. The cyclone center is indicated by the
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1. Introduction

The use of risk and multisk scenarios has become increasingly prevalent irmsskssment studies, as
they provide a structured approach to evaluate the impacts of one or multiple hazardous events within a
specific context. A scenario, in this context, is a specific realization of-singteulti-hazard processes,
serving as the faadation for conducting a comprehensive risk or mtikk assessment.

Within the framework of the Transversal Spoke TS1 of the RETURN project, particularly in Work Package
5.3, several risk scenarios will be proposed and analyzed to assessisillti uban and metropolitan

areas. To effectively address these complex challerfgesides the characterization and description of
single and multiple hazarda, matrix approach is being developed within Work Package 5.3 to identify
and clarify the key relatioméps between different hazards and the exposed elements of the urban
environment. This approach is essential for understanding how multiple hazards can interact and
compound their effects, which is particularly relevant in densely populated and infrastaligtcomplex

areas.

Given the inherent challenges and limitations associated with rigorous probabilistic modeling for multi
risk assessment, the concept of storylines is introduced as an alternative and complementary approach.
An eventbased risk storytie can be described as a physically-sefisistent sequence of past or plausible
future events and their consequences. This method allows for the exploration of complex scenarios where
traditional probabilistic methods may not be feasible or sufficiespexially in cases where uncertainties

are significant and data is limited.

To develop consistent and realistic mulgk scenarios and storylines tailored to specific urban contexts,

it is crucial to define all the elements involeedamely, hazard, expure, vulnerability, and their
potential interactions. The objective of Deliverable 5.3.1, which represents the first deliverable of Work
Package 5.3, can be summarized into the following key components, each of which corresponds to a
section within this dliverable:

- Section 20utline the initial steps of the matrix approach, providing a framework for identifying
and analyzing the interactions between hazards and exposed elements in urban environments.

- Section 3ldentify and catalog the individual hazanti&t can contribute to the development of
multi-risk scenarios, with essential contributions from the Vertical Spokes (VS) of the RETURN
project.

- Section 4Begin addressing multiazard issues specific to urban and metropolitan areas, with a
particular bcus on challenges related to climate change and its impact on hazard interactions.

- Section 5Propose and describe the initial set of storylines developed by researchers involved in
Work Package 5.3, which will serve as the basis for further scenarigsenahd risk assessment.

Future deliverables within Work Package 5.3 will build on this foundation by focusing on different aspects
of multi-hazard and multrisk modelingDeliverable 5.3.2 will develop a modeling approach to assess the
physical and furttonal vulnerability of urban areas to multiple hazards. Following this, Deliverable 5.3.3
will address systemic vulnerabilityodelling including socieeconomic and health aspects together with
physical, safety and environmental issuegamining th& interdependencies within urban systems.
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Finally, Deliverable 5.3.4 will focus on miléizard impact and risk modeling, aiming to create rapid
forecasting methodologies to support timely decisimaking in complex muliisk scenarios.

Through these delivables, Work Package 5.3 aims to provide a comprehensive and integrated approach
to multi-risk assessment, contributing to the resilience and sustainability of urban and metropolitan areas
in the face of emerging and compounding risks.

Note 1: Thisdocument is to be intended as part of an ongoing iterative process. As such it will be subject
to further updates and modifications in the following phases of the projaisb according to the
feedback and consultations among the project partners and thighstakeholders.

Note 2 Topromote the use of consistent and shared definitions for key concepts relevant to the RETURN
project, the deliverablsof Work Package 3 largely adopt definitions from the Glossary provided
in Appendix B Dictionary of Terma (Preliminary Glossary) of Deliverable 5.2.1, “Ris&nted
Taxonomy and Ontology of Urban Subsystems and Functional Models"
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2. Analysis of the relationships betwelazards an@xposurefor the
definition of multirisk scenarios

According to UNISDR terminology (UNISDR, 2009), risk assessment can be intended as a methodology to
determine the nature and extent of risk by analyzing potential hazards and evaluating existing conditions
of vulnerability that together could potentiallyahm exposed people, property, services, livelihoods and

the environment on which they depend. Therefore, there is the need of evaluating the characteristics of
hazards (i.e., location, intensity, frequency and probability) and of identifying the elemeptsed to

those hazards, their characteristics together with their vulnerability. More specifically, in terms of
vulnerability and with reference to urban and metropolitan areas, it is important to include different
dimensions, i.e., the physical, socitonomic, environmental and institutional dimensions (Pittara

Griffo, 2023). It should also be highlighted that hazards, exposure and vulnerability may each be subject
to uncertainty in terms of magnitude and likelihood of occurrence, and each maygelarer time and

space due to socieconomic changes and human decisinaking (IPCC, 20BR

As a result of risk assessment, impacts of specific events occurring in a territory can be evaluated, which
are the consequences of realized risks on naturaltandan systems (IPCC, 2622mpacts can also be
referred to as losses, consequences or outcomes and they have been documented after disasters mainly
in terms of numbers of people killed, injured or affected, and in terms of physical losses and damages
across the social, infrastructure and productive sectors and their economic equivalencies (WMB), 2014
More in general, impacts can be either adverse or beneficial and they refer to effects on lives, livelihoods,
health and welbeing, ecosystems and specgiesonomic, social and cultural assets, services (including
ecosystem services), and infrastructure (IPCC, 2022

In the last decades, it has become evident how a nhadtard perspective is essential for efficient and
effective disaster risk reduction actices (UNISDR, 2015). Countries can indeed face multiple hazards,
which might be correlated or interacting with one another and have potential interrelated effects
(UNDRR, 2020). Considering one geographic areamsiltissessment is intended to beethverall risk
arising from a series of possible adverse events and their interactions with the different specific
vulnerabilities of the exposed elements. A muisk approach implies not only a mdftazard perspective,

but also a dynamic mukiulnerahlity (Versace et al., 2023).

Making use of risk or multisk scenarios has become increasingly common within risk assessment studies
since they allow to evaluate impacts of one or multiple events in a specific context and they are useful to
support riskcommunication (GomeZapata et al., 2021). A scenario can be intended as a given realization
of single or multi-hazard processes, thus it represents a starting point of a risk or-nmektassessment
(Sadegh et al., 2018, Gomgapata et al., 203).

Inthe framework of the Transversal Spoke TS1 oRE&URNroject, and, more specifically, in the Work
Package 5.3, several risk scenarios will be proposed and analyzed with the objective of assessing multi
risk in different urban environments. Moreoverygn that a rigorous probabilistic modelling for muilti

risk assessment is very challenging and might not be always applicable, the concept of storylines is
introduced: an evenbased risk storyline can be described as a physicallg@edistent unfoldingf past

or plausible future events and their consequences (Sillmann et al., 2021).
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In order to develop consistent muiltisk scenarios and storylines for a specific urban context, as will be
also analyzed isection5, there is the need to define all thelements at play, i.e., hazard, exposure,
vulnerability, and their possible interactions. To this aim, a matrix approach is being proposed in the
framework of the Work Package 5.3 to identify the main relationships between the hazards and the
exposed elemets of the urban environment. In more detail, three different matrix types are introduced:

- Hazardvshazard matrix(a first version is presented Figurel. Hazard vs hazard matrix for definition
of multi-hazard relationships

- ) to describe multhazard relationships, which, according to definitions reported in PittmGriffo
(2023), can be classified as:
A Independenceit implies a spatial antemporal overlapping of the impact of multiple hazards

without any dependence or triggering relationship.

A Triggering or cascading implies a primary and a secondary hazard, the latter caused by the
occurrence of an event related to the primary hazard.

A Change conditionsthey relate to one hazard altering the disposition of a second hazard by
changing environmental conditions.

A Compound hazarddifferent hazards are the results of the same primary event or lacgée
processes.

A Mutual exclusionnegativedependence between hazards.

In Figurel, the listed hazards are the ones considered inREETURIMroject within the activities of the
Vertical SpokegvS) but the list may be also expanded, depending on the scope of the studydetng
hazards as defined by UNDRR (2020).

Hazards
Geophysical Ground Flood T MMl | Independence
instabilities & climate [ ] Triggering
" Geophysical - |:| Change conditions
-‘g Ground ) |:| Compound
& instabilities
T
Flood
Environmental )
& climate

Figurel. Hazard vs hazard matrix for definition of muitizard relationships

- Exposurevs exposure matrixto describe relationships between the elementsawfurban system.
This matrix allows to highlight dependencies (or fa@pendencies) among the different components
and makes it possible to identify the most critical elements at risk.

It should be highlighted that the conceptual model of the urban systeponted inFigure2, has been
developed within the Work Package 5.2 of TS1 and is considered here for sake of consistency.
Similarly, in the following, the taxonomies for Urban Systems defined in WP 5.2 (Ritid(@rifo,

2023) willbe used. Fronfigure?2, it can be seen that the urban system is subdivided into several
subsystems, which can further include subcomponents, according to the mentioned taxonomy. It is
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worth mentioning that the adopted model will nohc¢lude all possible details and features of the
physical world, but only those that are relevant to fulfill the scope of nridk assessment.

The version of the exposunes exposure matrix proposed in the RETURN Deliverable 5.2.1 (Pittore
and Griffo, 208) is reported inFigure 3. Exposure vsexposure matrix for description of
interdependencies among elements of the urban system

By explicating theelationships between the exposed elements, also functional and systemic aspects
could be more easily identified, contributing to a proper investigation of functional and systemic
vulnerabilities, which is among the objectives of Tasks 5.3.2 and 5.8 Wark Package 5.3.

systemn
]

Infrastructure

( Ecological &

i Population Population !
' {(non-human) (human) b emmmmemmee

Hard Soft
infrastructure infrastructure

2

! Green Grey
i UUnfrastructure Infrastructure !
!
1
[ Buildings J [ Networks J ,"

Figure2. Conceptual model of urban system and corresponding subsystems (Rittb®ifo, 2023)

Exposurevs hazard matrixto highlight relationships between the exposed elements and the
different hazards. A first version of the matrix has been developéglife4) considering, for the
exposure, the conceptual model of the urban system, previously ioted, and the taxonomy
defined in the Work Package 5.2 of TS1. In terms of hazards, a more detailed classification is taken
into account, with respect to what presented figurel. Both lists are currently under review and

will be updated in the following phases of the project.

To fill the matrix, as a first assessment, based on expert judgment, it is necessary to identify which
elements are vulnerable to a specific hazard. The assessment is binary at this stage (vulnerable or not
vulnerable). In this way, on the one hand, by reading the table vertically (i.e., for a single hazard) it is
possible to have a clear idea about how many and which elements of the taxonomy should be
modeled to assess the impacts of a specific hazardous gveoteover, this visualization can
contribute to the definition of the scale at which the analyses have to be carried out. On the other
hand, by reading the table horizontally, elements on which midk assessment is crucial are
highlighted.
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Afterwards,the exposurevshazard matrix can also include further information, e.g., related to the
multi-dimensional nature of vulnerability or to the possible impacts and consequences of the
hazardous event. An example is reportedFigure5, where different vulnerability types are also
included, according to the following definitions:

A Physical vulnerabilitypropensity of the elements to suffer physical impacts of a hazardous
event (Douglas, 2007; Birkmann et al., 2013).

A Functional vulnerality: propensity of the elements to suffer impacts (also physical) which
impair their function.

A Systemic vulnerability it includes social, economic and environmental vulnerability,
therefore: (i) the propensity of human welking to suffer harm due to sliuption of
individual and collective social systems (Birkmann et al., 2Q1i3)the propensity of
economic assets and processes to be harmed by exogenous shocks (Cardona et al., 2012)
(i) the potential natural resource depletion and resource degrexefollowing a hazardous
event (UNEP, 2021)

LT Y2NB (KFy 2yS @dzZ ySNI6AtAdlGe RAYSyaiazy Aa I LI
be used in the matrix. It should be mentioned that the definitions of the dimensions of vulnerability,

partially taken from Pittoreand Grifo (2023), are currently under review within the activities of the
Transversal Spoke TS1.
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3. Singlehazard description focusing on emerging risks in urban and
metropolitan areas

In rapidly evolving urban and metropolitan landscapes, the identification and understanding ef singl
hazards, particularly emerging hazards and subsequent risks, are crucial for effective risk management
and resilience planning. This Section delves into the distinct characteristics and implications of various
hazard types that are increasingly relevamurban and metropolitarareas. As cities continue to grow

and face complex interdependencies, the need to address these risks proactively becomes paramount.

The following suksections systematically explore each category of hazards that pose potendatsho
urban environments:

1 geophysical hazardsexamining risks such aope and ground instabilitiegarthquakes and
volcanic activies and tsunamis all of which can have catastrophic impacts on urban
infrastructure and populations

9 Hydraulic hazardsfocusing on risks associated with water bodies, including fluvial and pluvial
flooding as well as coastal vulnerability in urban areas, which can critically influence urban
planning and safety regulations in coastal and riverine cities.

1 Meteorological hazardsanalyzing hazards like storms and extreprecipitations that are
becoming more intense and frequent due to changing climate patterns, impacting urban life and
infrastructure.

1 dimate hazardsdiscussing lorerm climate changes and their acute effects on urban areas,
such asurban heat islandssealevel rise storm surges and extreme wave evenighich require
innovative adaptation strategies.

1 hemical hazardsaddressing risks related tair pollution from gases and aerosols in urban
environments, as well as interactions between urbanization, air quality, and atmosphere, factors
that can contribute to severe health and environmental crises in urban settings.

9 Biological hazardsonsidering tle effects of climate change on both the general population and
those occupationallgxposed andassesig the potential impact of particles and contaminants
on human tissues and their implications for health.

3.1 Geophysical hazards
3.1.1Slope and Grounlhstabilities

Urban areas have more and more often to cope with slope instability, a critical factor for the lives of
residents, as well as the safety and longevity of urban infrastructures. Ground instabilities, such as
landslides and subsidence phenomer@man pose significant risks, especially in areas where urban
development has altered the natural landscape. These risks are exacerbated by climate change, which
introduces new challenges for managing and mitigating slope instability in urban and metaopoli
environments.

Climate change is intensifying extreme weather events such as heavy rainfall, and prolonged dry spells,
which have direct consequences on slope stability. Increased rainfall, in particular, leads to higher levels
of soil saturation, whiclweakens the cohesion of slopes, making them more susceptible to landslides and
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other forms of ground instability. Urban areas are particularly vulnerable because the presence of
impervious surfaces, such as roads and buildings, can alter natural drggatigens, causing water to
accumulate in unexpected areas. This runoff can exacerbate erosion processes, increasing the risk of slope
failure. On the other hand, prolonged dry spells can cause soil desiccation and cracking, which reduces
soil cohesion anthakes slopes more vulnerable to instability when heavy rains eventually occur. This is
particularly problematic in urban areas where the soil structure has already been compromised by
construction and other human activities.

Hilly urban areas face uniquéallenges. The construction of buildings, roads, and other infrastructure
can disrupt the natural equilibrium of slopes, leading to ground instability. While retaining walls and other
slope stabilization structures, are intended to mitigate these riskey ttan introduce new hazards if not
properly designed or maintained. The combined effect of climate change and urban development often
necessitate innovative approaches to slope management and the prevention of ground instability.

In urban and metropolitarmreas, slope instabilities can lead to disastrous consequences. Landslides, for
instance, can damage buildings, roads, and utility lines, leading to costly repairs and disruptions to daily
life. The high population density in urban areas significantieases the risk of casualties in the event of
ground instability. Furthermore, slope failures can have a cascading effect, triggering additional hazards
such as floods or the collapse of nearby infrastructure.

Mitigating slope instability in urban areasguires a multidisciplinary approach, combining engineering
solutions with careful urban planning and environmental management. Understanding the
geomorphological, hydrological and anthropic features of the area is essential in predicting where
instabilities are most likely to occur. Furthermore, with the added uncertainty brought by climate change,
it is crucial to adopt adaptive strategies that can respond to changing environmental conditions.

One effective technique for analyzing slope instabilities ibaar and metropolitan areas is the
implementation of statistical methods, such as Logistic Regression, within Geographic Information
Systems (GIS). It allows to process large amounts of geospatial data and provides detailed maps indicating
which areas are wst likely to develop ground instability events, specifically landslides. Combining
geomorphological, climate and anthropological factors, sucH@s8d models can generate susceptibility

maps that identify instability prone areas within urban environnsenhelping urban planners and
engineers make informed decisions about where to focus mitigation efforts. Moreover, by incorporating
climate change projections and other dynamic factors, these models can be continuously updated to
reflect new hazard condins, making them a valuable tool for leterm urban resilience planning.

Liguria region serves as a paradigmatic case due to its orographic complexity and high susceptibility to
landslides. The territory steep morphology, combined with possible intengefata and urban
development, makes Liguria particularly vulnerable to slope instability. Over the years, the region has
SELISNASYOSR ydzYSNedza fFyRatARS&ar OldzaAy3 RIYI3S
unique combination of natureand human factors makes it an ideal case study for understanding the
challenges of managing slope instabilities in urban and metropolitan areas.

In summary, addressing slope and ground instabilities in urban areas, particularly in the context of climate
change, requires an integrated approach that combines engineering, urban planning, and advanced data
analysis techniques. The use of GIS and logistic regression offers a promising solution for identifying and
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mitigating risks in urban environments, with Wig region providing a valuable case study for
understanding the complexities of slope management in areas prone to landslides.

3.1.1.1Processing of Landslide Susceptibility Maps in GIS Environment Using Logistic Regression

As part of Spoke V2 of the Ertled Partnership RETURN, the UNIEGHCCA working group is developing

a statisticallypased methodology for elaborating landslide susceptibility maps, indicating the likelihood
of an area to experience landslides. Starting from the assumption thatlidegdsire more likely to occur

in areas with similar characteristics to those where they have already occurred, various factors that
characterize a territory (predisposing factors) are analyzed and related to actual landslides through
statistical processmin a GIS (Geographic Information System) environment. GIS is particuladyiteel

for statistical analysis due to its ability to manage large amounts of georeferenced data, accurately
characterize an area, and perform both general and specific aslyrsthis context, a Logistic Regression
process relates the dichotomous variable (landslide/no landslide) to various factors characterizing an
area, assigning each factor a different weight.

The result of this analysis is a probability map, which isegently divided into qualitative classes,
identifying areas with low, medium, and high susceptibility to landslides.

The aforementioned methodology has been tested in a Learning Case as part of VS2 and is currently under
further development and validatioon more different case studies to improve its reliability and make it
transferable to other areas and scales.

It is important to note that a susceptibility map provides a geographical indication of a hazard of landslide
triggering, but it does not indi¢a when the event might occur. Therefore, it is preparatory and functional
for direct investigation, identifying the most problematic areas where intervention might be prioritized if
critical issues are identified.

Tools Used
The work conducted within VSfas primarily carried out using the Open Source GIS application GRASS.

The operations performed primarily involve functions such as:

Classification

Vector geoprocessindp(ffer, intersection, feature extraction)

Data conversion (from vector to rastErmat and vice versa)

Map Algebra

Hydrological modeling (specific commands for basin and hydrological network analysis)
Interpolation

i Statistical analysis

=A =4 =4 4 -8 -9

Study area
The Learning Case focuses on a coastal area of approximately 1,550 kmz2, with elexateckng 1,000

meters, predominantly covered by forests and natural areas, with a smaller percentage of agricultural and
urbanized land. The nominal scale of 1:100,000 with a resolution of 20 meters was chosen for the study.
To ensure that the proposed predure can be replicated in other areas of Italy with similar
characteristics, Open data accessible across the entire Italian territory have been selected.
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Additionally, by using base data with a higher level of detail (e.g., data downloadable from vegious

or municipal cartographic portals) and adjusting the reference values of the considered parameters, the
level of detail can be increased, up to a patban scale. This is particularly useful for highlighting potential
instability situations alog the connecting routes between urban areas and smaller settlements, along
"transit”" infrastructures (e.g., highways, railways, or higiitage networks...), and in peripheral areas
where natural and anthropic elements often alternate in a "disordered" nean

For the delineation of the study area, it is generally advisable to choose a natural boundary rather than
an administrative one, provided data access is possible. In particular, in the case of small areas (e.g., areas
near infrastructure or settlemes), it is preferable to consider a larger territory than strictly necessary to
obtain a statistically significant sample.

Identification of Predisposing Factors
The first phase of the work involved identifying the relevant factors for landslide susdgpftibiblel).
The territorial characteristics considered include:

Morphology

Geology, lithology, and land use
Climatic aspects

1 Anthropogenic aspects

= =4 =4

A literature review was then conducted to identify a set of factors:

1 Identified as ertainly relevant

91 Describable using Open data

1 Independent of specific situations (e.g., presence of large hydroelectric plants, presence of faults,
etc.)

By crosgeferencing the findings from the literature review with the data actually accessible at the
national level or common to all regions, a set of dadésewas selected

For the Learning Case, all maps were converted to raster format with a resolution of 20 meters.
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Tablel. Predisposing factorsonsidered in the case study

Predisposing Description Source data Data Used in the Learning Case Type of
Factors data
Accumulation Number of areal units Processing from the Digital DTMc Digital Terrain Modet Raster
drained by each unit Terrain Model Liguria ed. 2023 (Geoportale
Regione Liguria, 2024)
Climatic Concentration of Processing of rainfall cumulate ARPAL (Ligurian Regional Agency i Raster
aggressiveness precipitation compared to data Environment Protection) Data
the annual average (ARPAL, 2013)
Exposure Orientation relative to the Processing from the Digital DTM- Digital Terrain Model Liguria  Raster
North of the steepest slope Terrain Model ed. 2023 (Geoportale Regione
direction Liguria, 2024)
Lithology Type of rocky sudirate Geological map Geological map of ltaly INSPIRE ~ Vector
Geoportal, 2020)
Slope Inclination of the slopes Processing from the Digital DTMc Digital Terrain Model Raster
relative to the horizontal Terrain Model Liguria ed. 2023 (Geoportale
plane Regione Liguria, 2024)
Elevation Altitude relative to sea Digital Terrain Model DTMc Digital Terrain Model Raster
level Liguria ed. 2023 (Geoportale
Regione Liguria, 2024)
Distance from Distance bands from main  Regional Technical Cartograph Regional Technical map 1:5000 Vector
transport roads,secondary roads, 2007/2013- Il Edition 3D /
networks and railways Topographic databasé&goportale
Regione Liguria, 2024)
Land use and Vegetation or artificial land CORINE Land Cover maps or Land use map sc. 1:10008d. 2019  Vector
coverage coverage regional land use cartography  (Geoportale Regione Liguria, 2024)

Historically and Currently Active Landslide Areas
The data reported in the Inventory of Landslide Phenomena in Itab, (IRventory of Landslide

Phenomena in Italy IFFI) are considered as "ground truth." The IFFI cartography is frequently updated,
but it does not represent redime situations. In the latest edition, updated to 2022, the following types
of landslides ar identified, each associated with its respective identification code:

Undefined landslide (0)

Fall/Topple (1)

Rotational/Translational Slide (2)

Spread (3)

Slow Flow (4)

Fast Flow (5)

Subsidence (6)

Complex (7)

DPGV Deefeated Gravitational Slofigeformations (8)
Areas with widespread falls/topples (9)

Areas with widespread subsidence (10)

Areas with widespread shallow landslides (11)

=8 =4 =4 =8 -8 -8 a8 499

The proposed methodology for developing the susceptibility map was applied only to earth landslides,
specifically otational/translational slides, slow flows, and fast flows. Additionally, undefined landslides
and complex landslides were also categorized under this category.
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Regarding "areas with widespread shallow landslides," these represent areas where multifdes shal
landslide events have occurred, but do not indicate the precise boundaries of each landslide. The data
reported in the IFFI cartography come from various sources and have different scales of origin compared
to the working scale. For statistical anadygiurposes, this may lead to noegligible inaccuracies.
Furthermore, each type of landslide phenomenon is influenced differently by the predisposing factors.
Therefore, it would be advisable to evaluate the susceptibility of an area relative to eachftgmelslide
separately. However, in some cases, this could result in a statistically hardly significant sample.

Data Preparation /1- Classification

It is possible to apply the logistic regression method using continuous, ordinal, or binomially dgstribut
data sets. In this work, all predisposing factors were converted into ordinal data through reclassification
and aggregation operations, describing each fatia discrete number of classes, ordered from hto

(in the case studn < 10). This makes it possible to compare qualitative and quantitative data.

Accumulation

The accumulation value is expressed as log(abs(accumulation_map) + Mallié® reported inhe
resultingrastermap, aregreater than Gand are groupedhto 6 classes as follows:

0-1 1
1-2 2
2-3 3
3-4 4
4-5 5
>5 6

Values between 0 and 1 indicate a watershed or ridge, while higher values indicate vallety&ror
accumulation areas. In the literature, the presence of soil moisture or surface runoff is considered an
important factor and is also described using other indices (e.g., Topographic Wetness Index...), which are
also derived from the Digital Terrainddel. However, in petirban areas, water runoff is often altered

by the presence of retaining structures that obstruct the natural flow along the slopes, by drainage works,
and by soil impermeabilization. Therefore, this parameter should be reconsideoe@xample, it might

be more relevant to identify situations where there is a convergence of uncovered or culverted historic
streams, retaining walls, and mugtiory buildings, and to classify areas based on their proximity to these
features.

Climatic Agyressiveness

Rainfall is certainly a relevant factor to take into consideration in assessing susceptibility to landslides,
both in terms of cumulative precipitation and concentrated rainfall events. In the Learning Case, this
aspect was considered by inding the Climatic Aggressiveness parameter, calculated using the Arnoldus

Index (Arnoldus H. M. J., 1980):

ACB —

where p; = cumulative rainfall for each montR = average annual rainfall
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Based on the literature and as observed in the Lear@iage, Climatic Aggressiveness has proven to be a
determining factor for various types of landslidesorf@nission of European Communities, 1992)
However, at the same time, it is one of the most challenging factors to accurately represent in the model.

Precipitation data, in fact, refer either to the stations where they were recorded (when considering local
data) or to continuous data maps (gldbBuropean, or national data) but at a much lower resolution than

the data used to describe other predisposing factors (e.g., 1 km compared to 20 m). In the first case, it is
necessary to interpolate the point data to build a continuous map; in the secas€, it is advisable to
resample the map, also interpolating the value of each cell. This inevitably leads to approximations that
vary depending on the interpolation method used.

The most suitable method would be kriging, based on the definition of ¢én@wariogram, which is the
function that describes how the correlation between spatial data changes with the distance between
them. Several algorithms exist to develop this function, but in general, they require the "manual” input of
various parameters, wibh presupposes the operator's knowledge of the territory. To promote the
transferability of the proposed methodology, deterministic interpolation methods were preferred, which

rely solely on the geometric arrangement of known points, including Inversenbe Weighted (IDW),
Triangulated Irregular Network (TIN), and Regularized Spline with Tension (RST). Regardless of the method
used, it is also important to remember that precipitation data should be collected over an area larger than
the study area to esure accurate processing, even in "border" areas.

Another important factor in evaluating the influence of precipitation is the temporal aspect. In climate
studies, a reference period of 30 years is considered significant. Therefore, it was decided ¢oacreat
"general” Climatic Aggressiveness nfapthe study area usingccessiblaligital datg from the earliest
available period to the present day.

where pi = cumulative rainfall for each month for each year consideRed= total rainfall for each year
consideredn = number of years considered

Since precipitation data prior to the early 2000s are often difficult to obtain, incomplete, or available in
formats that are hard to use (e.g., scans of paper records), the map can aged@hnually or seasonally
using the Arnoldus index as described above.

As an example, in the Learning Case, the baseline map was created by interpolating the Climatic
Aggressiveness data collected by ARPAL (Ligurian Regional Agency for Environmetibriratec
individual stations for the 1982010 period.

For the subsequent years, aggressiveness was calculated by directly interpolating the cumulative monthly
precipitation data for the various stations, both for the 2Q@2020 decade and seasonally foetliears
after 2020.
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The values reported in the resulting Climatic Aggressiveness map for the Learning Case have eventually
divided into classes according to the guidelines provided by the European Commission (CE@92
1992).

Range Class Description

<60 1 Low

60-90 2 Medium-
Low

60-120 3 Medium

120 160 4 Medium-
High

> 160 5 High

This classification method is suitable for rather large areas, but when working at a municipal scale or in
relatively small territories (less thatD0 km2), the entire study area may fall into a single class. Since
constant factors cannot be included in the next phase of multivariate analysis, either Climatic
Aggressiveness is not considered, or the single represented class must be subdividedhiokasses,"
particularly in the case of the "High" or "Low" classes. This situation could be due to the fact that, during
the period considered, no particularly intense localized precipitation occurred in the area, or that the rain
data collection points @ very far apart, preventing the recording of phenomena in intermediate areas.
Orientation

Slope orientatiorvalues ranging from 0° to 360have beergrouped into 4 classes (North, West, South,
East). The classes are divided as follows:

North: 0° to 45°
East: 45° to 135°
South: 135° to 225°
West: 225° to 315°
North: 315° to 360°

so that each cardinal direction is at the center of its respective class.

Range Class Direction ‘ N

0-45 1 North a5
45-135 2 East

135-225 3 South o N
225-315 4 West ;
315-360 1 North - =

For smaller areas or areas with very complex morphology, it may be more appropriate to group the
orientation values into 8 classes.

34



». Ministero . .
¢ dell’Universita l [taliadomani
e de”a Ricerca " PIANO NAZIONALE

DI RIPRESA E RESILIENZA

a ¥ Finanziato
L dall'Unione europea
e NextGenerationEU

Lithology

In the Learning Case, the different geological units have been grouped into 5 classg®baheir origin.

As an example, the table used is provided, which only considers the formations present in the studied
area (description corresponding to the "Name" column of the Geological Map of Italy, as mentioned
above).

The map used has a nomirscale of 1:100,000, suitable for regional or basiale extensions, and the

most general classification method was used. Certainly, foryyean scales, the classification should
take into account a higher level of detail, especially in cases whereatha contains formations

particularly prone to the development of landslide phenomena.

Formation Class

deposits 1
magmatic rocks 2
metamorphic rocks 3
sedimentary rocks 4
other 5

Slope

The slope of an areean be expressed in degrees (from 09F) or as a percentage, calculated as the

NI A2 0SGsSSy GKS @GSNIAOIE IyR K2NAT2yGlf RA&GHYO
calculated in degrees, and the values for individual points were grouped into 8 classes of 5° up to a slope

of 40°, with an additional single class for all values between 40° and 90° (Table 5). However, in
mountainous areas, it may be useful to add more classes (between 40° and 90°), and in smaller areas
where minor differences are more significant, it mightrbere practical to use percentage values.

Range Class ‘
0-5
5-10
10-15
15-20
20-25
25-30
30-35
35-40
40-90

©| 0| N| o g »| W[ M|

Elevation

In the Learning Case, elevation values have been grouped intm2& classes, starting from the lowest

value in the study area. In the case of a coastal area, the value 1 is assigned to the elevation class between
0 and 250 meters. In hilly or mountaim® areas, the value 1 is assigned to the range of values where the
lower limit corresponds to the lowest elevation in the study area.
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In smaller areas or areas with minor elevation differences, it may be important to use smaller classes, for
example, evey 100 meters.

Range Class
0-250 1
250-500
500- 750
750-1000
1000- 1250
1250- 1500
1500- 1750
1750- 2000

Q| Nl o g Al W N

Distance from Transport Infrastructure (Road Network and Railways)

Transport infrastructure includes vehicular roads (highways, extran and urban thoroughfares, extra

urban and urban service roads), secondary roads (trails, stairways, dirt roads...), railways, and their related
accessory spaces. For the purposes fémalysis, the focus is not on the importance of the infrastructure
itself but rather on its impact on the morphology of the considered area.

Bridges, viaducts, and tunnels, which do not directly affect the terrain, have been excluded. To define the
area affected by the presence of the infrastructures, some budieyes have considered: 50 meters
(including the road axis), 100, 150, 200, and beyond 200 meters from the axis. Indeed, at a distance of 200
meters, the influence of a road, especially a narane, may already be negligibBrénning et al., 2015)
However, since in a GIS environment, map algebra operations that involve continuous and discontinuous
maps result in discontinuous maps, it has been decided to create a class that encompassas alloae

than 200 meters away from the road axis.

For the analysis of urban and peiiban areas, it would be advisable to directly use the cartography of
road and railway areas and their related service areas (for Liguria and most regions, avaddblgan

the Regional Technical Map, CTR), where these infrastructures are represented as polygons with their
actual dimensions.

Distance Class

0-50 1
50-100 2
100- 150 3
150- 200 4

5

beyond
200

Land Use

The land use map can vasignificantly depending on how certain classes are defined (for example, how
infrastructure areas or green spaces within an urban area are considered).
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At a regional or basin scale, with a resolution of 20 meters, it is advisable to use land use mapegrodu

by the regions, which provide a relatively high level of detail, and then group the different types of use
into macraclasses. The criterion chosen for the grouping of uses is the Land Cover Classification System
(LCCS) developed by the United Nati(uwiN) Food and Agriculture Organization (FAO) and used to classify
the ESA maps for 2020021 (ESA, 202. This classification is based on actual land cover rather than land
use (for example, a chestnut grove is considered "tree vegetation" as land cdviler as land use it falls

under "agricultural areas") and can also be used for smaller areas (such as municipal -@calepeor

which it might be convenient to derive land use through photointerpretation.

Land Cover Class

Built-up 1

Crops

Tree cover
Shrubland
Grassland

Bareq Sparse vegetation
Water

| Nl o o] Al W DN

Herbaceous wetland

Landslide Areas

In the IFFI inventoryiFFI, 2024)each landslide is represented both as a polygon and as a point. The
polygon encompasses the entiagea affected by the landslide, including both the detachment area and
the area where the landslide materials are deposited. The point, on the other hand, is located within the
polygon at the highest elevation and approximates the location of the detachpwnt.

Based on the experience gained from analyzing the Learning Case, it is not considered correct to use the
entire extent of a polygon for statistical analysis because this includes parts of the territory that are not
actually affected by the landdl, which adds confusion to the model being developed. On the other hand,
considering only the detachment points would be more accurate, but the sample size is often too small
and therefore not very significant.

It is often necessary to use adjustmentsajatimize the data. From observations in the Learning Case, in
general, the larger the area being studied, the smaller the error introduced by using the "complete" areas,
and beyond a certain extent, it may be convenient to consider them as they are. &ibersaneas, a good
compromise could be to use, for landslides larger than the pixel size (400 m2 in the Learning Case), clusters
of predefined points (e.g., 3 x 3) placed within the polygon at an elevation equal to or lower than the
detachment point.

Certainly, in the case of petirban areas or areas adjacent to infrastructure or particularly vulnerable
elements, determining the actual landslide areas becomes very important. However, considering that
these areas are generally not very extensive, it may werth identifying them through
photointerpretation or direct surveying, using the IFFI inventory as a base.

The identified landslide areas, which make up the statistical sample, are then represented on a raster map
with a value of 1, while the rest of therritory is assigned a value of 0.
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Data Preparation /2- Reordering of Classes Based on Conditional Probability

The number assigned to each class during the data preparation phase is not necessarily correlated with
the progression of susceptibility tordslides. Therefore, it is necessary to reorder them so that they
exhibit a monotonic trend. Through bivariate statistical analysis, the maps of each factor are reclassified,
assigning each class an increasing number based on the conditional probalslitgsifdes.

Peond= P(flk) =————

where P(f k) = probability that a point is in a landslide—=————, P(k) = probability that a point

N
belongs to a class k=——-.

The value 1 iassigned to the class with the lowest probability of a landslide. If one or more classes have
no pixels in a landslide (conditional probability = 0), the value 1 is assigned to that class (or those classes).

Multivariate Analysis Using Logistic Regression
Considering Landslide Probability = 1 where a landslide has already occurred and Landslide Probability =

Owhere a landslide event is not possiftiee probability can be expressed using the logit function defined
as:

logit (Y) =z =#r——— con P(Y=1) = probability that a landslide occurs

The Logistic Regression model is then applied as a Generalized Linear Regression model by setting:
Zi=l o+ 1(Xa) + 2(%) + 2(%2)... H i(X)

wherexi, x, xare the classified and reordered maps of the different predisposing fadteissthe intercept valug
1,122 1iXare the weights assigned to the different factors

This process leads to the creation of a map of expected values. Through the ioperagon, a map is
generated that expresses, for each point, the probability of being involved in a landslide event, that is, the
susceptibility.

P(Y=1) =——

Model Reliability
A preliminary assessment of the model's reliability is obtaingdtdiculating the Area Under the ROC
(Receiver Operating Characteristic) Cufvawcett, 2006)

This method evaluates the accuracy of the landslide susceptibility map. It is a very useful step because it
helps to determine whether the considered fact@isd the used data are adequateigure6). A low AUC

value, in fact, could be due to the quality of the input data, but also to the inclusion of irrelevant or non
independent factors in the model, or to the omissiorspkcific elements of the considered area that are

of particular importance (e.g., erosion conditions, presence of faults, soil type, etc.).
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Figure6. ROC curve related to fast flows in the Learning Case area

The ability providedy the AUC to easily compare different models also allows for identifying the truly
relevant elements and arriving at the definition of the set of predisposing factors that, for a specific area
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False negative rate

and a particular type of landslide, lead to the best model.

In this regard, the "Leave One Out Cross Validation" method can békigeade7). The logistic regression
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model is applied to the study area multiple times, removing a different predisposing factor each time.

When the AUC obtainedylexcluding a specific factor is higher than that of the general model, it means
that the factor worsens the model. The model should then be recalculated considering only the factors

that do not add confusion. At this point, the situation can be reassess®tla decision can be made on
whether to include other previously omitted factors.
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In the area chosen for the Learning Case, the best results were obtained for slow flows, fast flows, and
undefined landslides, with AUC > 80%.

In the case of fast flows, it was possible to further improve the model by excluding two factors.
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Identification of Susceptibility Classes
Once the best model for the study area has been defined, it is necessary to make the maps produced by

the model understandable even to naxperts. The values shown on the susceptibility maps should
therefore be grouped into ckses, allowing for a qualitative assessment: 1 = low, 2 = medium, and 3 =
high.

There is no universal criterion for determining the classes. They can be identified by dividing the values
into equal intervals, based on the distribution of the values (dased on percentiles or Natural Breaks),
by taking into account the need to include a larger or smaller safety margin, or by using other criteria.

As an example, the classification method used in the Learning Case is provided:

1 Lower value of the high da = average value of the landslide areas
1 Lower value of the medium class = (average value of the landslide -aréaBnum value of the
entire area) / 2 + minimum value of the entire area

Validation

The model validation process is still ongoing. To date, for some small sample areas, the model's accuracy
has been tested by using 70% of the areas for calibration and the remaining 30% for validation, observing
a good match.

The more homogeneous an ares the more accurate the model. This makes it especially important to
choose a physical rather than administrative boundary to avoid including areas with very different
characteristics.

For periurban areas or those adjacent to large infrastructuréngdFFI datdFF1, 2024as the calibration
set, it would be advisable to use survey or aerial photo data during the validation phase. The IFFI inventory,
in fact, provides a relatively "static" situation and does not fully reflect a constantly evoéatity.

3.1.2 Seismic hazard

Seismogenic hazards, commonly referred to as earthquakes, give rise to specific hazards such as ground
shaking, subsidence or ground rupture, but can also trigger hazards such as tsunami or(kdNKI&R,

2020) Seismic hazd is relatedto the potential risk posed by earthquakes to human life, infrastructure,

and the built environmentt is one of the most important issues for the vulnerability assessment of urban

and metropolitan arealue to their dense population, compléxfrastructure, and the concentration of
essential services. In Italy, which is one of the most seismically active regions in Europe, the risks
associated with seismic events are significant. Understanding seismic hazard in this context is critical for
effective disaster management, urban planning, and resilidma&ling.

Hazard analysis encompasses a range of physical phenomena triggered by earthquakes. The most
immediate effect of an earthquake is the generation of seismic waves, which propagate thteigh
Earth's crust, causing ground shaking in the affected region. Additionally, earthquakes can induce
permanent ground displacements, such as surface fault ruptures, uplift, subsidence, and folding. These
groundshaking events and permanent displacemeate considered primary hazards, with ground
shaking being particularly critical, as it accounts for the majority of structural damage and human
casualties during an earthquake.
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Moreover, these primary hazards can give rise to secondary hazards, comppuhdirdestructive
potential of an earthquake. Earthquakeduced ground shaking and displacements can lead to the
formation of tsunamis, trigger landslides, cause soil liquefaction, and even result in flooding. These
secondary hazards often expand the impaone and contribute to lonterm devastation, making
comprehensive hazard analysis vital for effective disaster mitigation and preparedness.

Seismic hazard is typically defined as the probability of exceeding a certain level of ground motion (e.g.,
shaking intensity) at a specific location over a giveturn period. The assessment of seismic hazard
involves the analysis of several factors, including the frequency and magnitude of potential earthquakes
andthe geological characteristics of the area. Climate change, though primarily associated with weather
related events, also has indirect implications for seismic hazard, especially through its influence on
secondary hazards such as landslides and soilfagtien.

The seismitazard is particularly significant in urban and metropolitan areas, where population density
and infrastructure concentration increase the potential for catastrophic outconfisce 1900,
earthquakes have killed approximately 8.5 millipeople and caused $2 trillion of damage 1 (Daniell et
al., 2011)In regions with a history of seismic activity, such as Italy, understanding and mitigating seismic
risk is critical for disaster preparedness and resiliedtay is located on the convgence zone of the
African and Eurasian tectonic plates, making it one of the most seismically active regions in Europe. The
country has experienced several devastating earthquakes, with significant events including the 1908
Messina earthquake, the 200Qquila earthquakehe 2012 Emilia earthquakend the 2016 Central Italy
earthquakes. These events have highlighted the vulnerability of Italy's urban areas, where historical
buildings, aging infrastructure, and dense populations contribute to the risksceged with seismic
hazard.

Seismic hazard is assessed using probabilistic methods, which estimate the likelihood of different levels
of ground motion occurring at a given site. This assessment typically involves the creation of seismic
hazard maps thaihcorporate data on historical earthquake activity, fault lines, and local soil conditions.
These maps provide a crucial tool for urban planningsingttural designhelping to guide building codes

and landuse decisions in areas at risk of earthqualkas. example, Italy's national seismic hazard map
categorizes regions based on their expected seismic activity and provides guidance for earhquake
resistant construction standards.

In urban and metropolitan areas, seismic hazard poses unique challengesofi¢entration of people

and buildings in these areas means that an earthquake can have widespread and severe impacts. The risk
is further exacerbated by the presence of older buildings that may not comply with modern seismic codes,
as well as critical frastructure such as bridges, tunnels, and utility networks that are vulnerable to
earthquake damage.

In addition to structural measures, urban areas must also focus on emergency preparedness and disaster
response planning. Ensuring that evacuation routsgrgency services, and communication systems
remain operational during and after an earthquake is critical to minimizing the impact of a seismic event.
Public education campaigns about earthquake preparedness, including drills and information on safe
practices, are also essential components of urban seismic hazard mitigation.
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While seismic activity is primarily driven by geological processes, climate change can influence seismic
hazard in indirect but significant ways. One of the key connections betwigeate change and seismic
hazard is through the increased risk of secondary hazards, such as landslides, soil liquefaction, and
tsunamis, which can be triggered by earthquakedtaly, climate change is intensifying extreme weather
events, such as heavginfall and prolonged droughts, both of which can exacerbate ground instability.
For instance, increased rainfall can lead to soil saturation, which weakens slopes and makes them more
susceptible to landslides during an earthquake. Coastal areas aratafgeater risk due to rising sea
levels and the potential for more frequent and severe tsunamis triggered by underwater seismic activity.
These climateelated factors add a layer of complexity to seismic hazard assessment and necessitate the
integrationof climate adaptation strategies into seismic risk management. Urban areas in Italy must not
only plan for seismic events but also account for the compounded risks posed by climate change, ensuring
that buildings and infrastructure can withstand both primand secondary hazards.

In summary, seismic hazard in urban and metropolitan areas is a complex and multifaceted challenge,
particularly in seismically active regions like Italy. The combination of dense populations, aging
infrastructure, and the addedigks posed by climate change makes seismic hazard assessment and
mitigation a top priority for urban planners and policymakeffirough the use of seismic hazard
assessments, building codes, retrofitting efforts, and emergency preparedness planning,caities
enhance their resilience to earthquakes. Given Italy's history of seismic activity and its vulnerability to
future events, ongoing efforts to improve seismic safety are crucial to protecting lives and preserving the
built environment in the face of ik persistent natural hazard.

3.1.2.1 Significarheasursin seismic hazard assessment

The intensity of an earthquake and the potential damage it may cause are measured using various scales.
The two most widely recognized measures are the Richter scdl@ak Ground Acceleration (PGA). The
Richter scale quantifies the energy released by an earthquake, while PGA measures the intensity of ground
shaking at a specific location. PGA is of particular importance in seismic hazard assessments because it
directly correlates with the forces that can cause structural damage to buildings and infrastructure.

The United States Geological Survey developeidstrumental Intensity scale, which maps peak ground
acceleration and peak ground velocity on an intensity ssiatdar to the Mercalli scal§hese values are
used to create shake maps by seismologists around the wedd, e.g., Wald et al., 1999)able 2
compares seismic intensities using the Richter scale and PGA values, provitlsigeterence for
understanding the potential impact of earthquakes of different magnitudes

Table2. Comparison between Richter magnitude and PGA.

Richter Scale PGA (g) Description
0-2.9 <0.02 Minor earthquakesgenerally not felt
3.0-39 0.02-0.04 Light shaking, minimal damage
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4.0-4.9 0.04-0.1 Moderate shaking, potential damage to weak structures
5.0-5.9 0.1-0.2 Strong shaking, damage to buildings (light)
6.0-6.9 0.2-0.4 Very strongshaking, damage to buildings (moderate)
7.07.9 0.4-0.7 Severe earthquake, damage to buildings (moderate to heavy)
8.0 + > 0.7 Violent and extreme earthquake, significant destruction over a wide area

Anothersignificant measureised in engineering ihe PseudeSpectral AcceleratiorSa orPSA). Unlike

PGA, which reflects the maximum acceleration at a specific location, PSA provides a more detailed
measure of the response of a structure. It represents the maximum accelerati@niexped by a Single
Degree of Freedom (SDOF) system, with a specified vibration period and damping ratio, subjected to
earthquakeinduced ground motion. PSA is particularly useful in seismic design and analysis because it
accounts for how different struates, depending on their natural frequencies and damping
characteristics, will respond to seismic forces.

The shape of earthquake specti® influenced by a range of factors that are closely related to the
characteristics of earthquake ground motion. Téédactors includ€EInashaandDiSarng 2015)

magnitude

source mechanism and characteristics
distance from the energy release souyce
wave travel path

rupture directivity,

local geology and site conditions

=4 =4 4 -4 -9 -9

While all of these factors play a role in shaping earthquake spectra, some have a more significant impact
than others. The three primary parameters that fundamentally influence earthquake spectra are
magnitude, distance, and site conditiof®r examplefigure8 illustrates spectra generated for different
earthquake magnitudes, as derived frawo differentgroundmotion models (also known as attenuation
relationships). These models are analytical expressions that describe how gnotind varies based on
factors such as earthquake magnitude, source characteristics, and site conditions. By comparing the
spectra across different grountdotion models, we can observe how these factors influence the expected
seismic response at a givercétion.

2.50 3.00
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Figure8. Effects of magnitude on spectral shape using different attenuation relation@lipgshai and Di Sarno, 2015)
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To evaluate the risk posed to a structure by groumation shaking, it is essential to determinesthnnual

rate (or probability) of exceeding various levels of shaking at a given site, across a spectrum of intensity
levels. This information can be visually represented in a plot, as shokigure9, which illustrates that

lower intensity levels are exceeded more frequently, whereas higher intensity levels occur much less
often. This type of plot is known as a groumwtion hazard curve, or simply a hazard curve. The
mathematical methodology used to generate these curvesled Probabilistic Seismic Hazard Analysis
(PSHA). PSHA provides a rigorous framework for quantifying seismic hazard by integrating uncertainties
related to earthquake magnitude, location, and groemdtion characteristics, offering a comprehensive
assesment of seismic risk at a particular site.

10~

Annual rate of exceedance
=] =
b s

=)
k

10-5 : :
0.03 0.1 0.3 1

Ground-motion intensity

Figure9. Groundmotion hazard curve illustrating the probability of exceeding various levels of ground shaking
at a specific sit¢Baker et al., 2021)

At its core, PSHA involves fiveylkstepgBaker et al., 202Figurel0):

1 specify the grounemotion intensity measure (IM) of interest
1 identify the site properties that help predict grourdotion intensity,
1 compute the locations, characteristics, and occurrencesadf all rupture scenarios capable of
producing damaging ground motions
9 predict the resulting distribution of grounthotion intensity as a function of the site
OKIF NI OGSNRAGAOA YR SI;OK NHzZLIJidzNE aO0OSy Il NA2Q&a LIN
1 consider all possibleuptures, and uncertainty in resulting growmaotion intensity.

44



Finanziato
dall'Unione europea
NextGenerationEU

% Ministero
,\\ dell'Universita l Italiadomani
+¢© e della Ricerca BANC AZONALE s

Ground-motion Seismic
intensity measure sources
Ground-motion Site
model propemes
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\ Indlwdual rupture
Consider all

possible ruptures
FigurelO. Inputs to aprobabilistic seismic hazard analysis calculati®aker et al., 2021).

The outcome of these calculations is a groumdtion hazard curve, whiit quantifies the complete
distribution of intensity measure (IM) levels and their corresponding rates of exceedaheePSHA
approach, which integrates numerous models and data sources to produce results like those depicted in
Figure5, could appear complex and opague. However, a closer examination reveals that the method is
actually quite intuitive. Once fully understood and applied, PSHA offers significant flexibility, allowing it to
meet the diverse needs of various users. Moreover, itgeantitative method, capable of incorporating

all available knowledge about seismic activity and the resulting ground shaking at a given site. This
adaptability makes PSHA an essential tool for accurately assessing seismic hazard across different contexts
and applications.

One might ask why PSHA stops at calculating groootibn hazard before moving on to risk analysis
(Baker et al., 2021 Practically, this separation allows different specialists to handle each stage, focusing
on their expertise. Additisally, many applications, like building codes, only require hazard information to
set design forces, without needing a full risk analysis. Hazard analysis can be conducted independently of
specific structures, while risk analysitso requires detailed kneledge of the system in question.
Therefore, hazard and risk calculations afeen-distinct processes, allowing flexibility and modularity in

how seismic hazard information is used.

Once a hazard curve is selected to represent the seismic hazard at #icspée, a vulnerability
assessment can be performed to evaluate how increasing intensity measure (IM) values affect the
structures. This assessment, often using a probabilistic approach, relates IM levels to potential damage
outcomes for structures, raging from minor or no damage to complete collapse. Damage thresholds are
typically defined in terms of Engineering Demand Parameters (EDP), such as top displacement or
interstorey drift, which are determined through experimental or mechanical stueigs Elnashaand Di

Sarng 2015).

Vulnerability reflects the susceptibility of individuals, communities, infrastructure, or systems (including
ecosystems) to adverse effects from hazards (UNDRIR).28 probabilistic seismic design, it is critical to
quantfy EDPs for specific shaking levels to estimate potential dan{gtgectural, nonstructural, or
contentrelated). A comprehensive vulnerability study should consider a wide range of structures and
utilize computationally efficient analysis models to eresaccurate and scalable results.
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Exposure analysis focuses on linking the exceedance of specific damage levels (e.g., deaths, injuries,
economic losses) to the impacts of an earthquake. Seismic risk is then quantified by combining hazard,
vulnerability, aad exposure analyses. This provides estimates of the probability of experiencing certain
consequences, such as fatalities, injuries, displaced populations, or financial costs for recovery, resulting
from an earthquake's impact on structures.

The Global E#fiquake Model (GEM) Foundatidnttps://www.globalqguakemodel.org/has developed a
comprehensive global map of earthquake hazard and risk, which was first released in 2018. This map
synthesizes data from tianal and regional seismic hazard models, many of which were developed in
collaboration with national governments and research institutions. These models are specifically designed
to inform seismic design regulations within building codes, ensuring thattares are built to withstand

the specific seismic threats in their regiod$he 2023 version of theGEM Global Seismic Hazard Map
(version 2023.1) depicts the geographic distribution of the PGA with a 10% probability of being exceeded
in 50 years, compted for reference rock condition§lohnson et al., 2023The map was created by
collating maps computed using national and regional probabilistic seismic hazard models developed by
various institutions and projects, in collaboration with GEM Foundati@nsists. This version represents

an update from the previous release from 2018 and features improvements in most regions of the world,
as well as a higher spatial definition compared to the previous version.

3.1.3 Tsunami hazard

Lessons learned from reee devastating tsunamis (e.g. Japan 2011 and Sumatra 2004 earthquake
generated tsunamis) dramatically evidenced that tsunami hazard assessment is an essential element to
improve risk mitigation plans in coastal urban/metropolitan settlements. Obtainingrateand detailed
information on tsunami hazard parameters (e.g., the height the waves may reach, the speed that may
produce drag forces, and the impact that may be triggered in the coastal areas), is critical in view of the
high population density, infetructures, lifelines and other major structures (e.g. ports or plants) that are
situated along the coast. In this framework, tsunami modeling is a promising tool, which may help
simulating a comprehensive set of possible tsunami scenarios for the aiaterdst, joining together
source information and toptathymetric data with the physical knowledge about waves propagation, to
assess their possible impacts in the areas of interest. In the framework of disaster risk mitigatien, high
resolution inundatiormaps and highiesolution vulnerability analysis are the essential requirements for
the development of tsunami emergency plans for coastal communities.

Three essential components are required for the simulation of tsunami events: a) the process of the
earthquake rupture (information about the source); b) the bathymetry of the path to the target location
(information about the path); c) the topography of the location (inland propagation). The reliability of
tsunami hazard estimates based on scenarios sitiang, besides depending on the capacity of the
adopted numerical model to reliably reproduce the complexity of tsunami wave interactions in the coastal
areas, is also strongly influenced by the quality of the input daterefore,detailed and accurate
information about potential sources, local topographic and bathymetric data, are essential ingredients for
effective tsunami sitespecific analysis.

The accurate characterization of tsunami hazard at urban scale, in particular, requires detailed bathymetry
and coastal topography data to accurately estimate tsunami wave amplitudes and inundation depths. The
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local topography and the propagation direction of tsunami waves significantly influence theorefiect

of earthquakeinduced tsunamis. Also, the presanof buildings and/or natural barriers (e.g. dunes and
trees) may significantly affect the tsunami waves ingression, thus evidencing a relevant interconnection
between hazard and exposure, which is critical for the adequate planning of metropolitan Icaasis.

For further details about tsunami risk assessment for coastal infrastructures and urban settlements see
Reis et al. (2022) and Hassan et al. (2020) and references therein.

3.1.3.1 Tsunami scenarios for the Adriatic sea

Tsunami hazard analysis, kdson physicahumerical modelling of wide set of scenarios, is carried out

for Italian coasts with the purpose of contributing to tsunami risk assessment and emergency
management for selected urban and metropolitan areas. This research is developiedrantework of

the RETURN project and, so far, it resulted in two scientific publications as Peresan and Hassan, (2022;
2024). These studies aim to update the existing tsunami hazard models for selected coastal cities; the
obtained results can contributeot the definition of related emergency plans and can provide, in
combination with other hazards (e.g. earthquakes), plausible scenarios as the base for developing
storylines.

As far as tsunami emergency management is concerned, it is worth to recallNzdiomal Alert System

for earthquake generated tsunamis (SiAMSistema Allertamento Maremddi has been established in

2017 (Directive of the President of the Council of Ministers, 17 February 2017). Within this formal
framework, the CATNGV {Centro Alerta Tsunang, managed by INGV) operates at the Italian national
level, with the aim of disseminating alert messages to the territory, including local authorities. Since 2017,
various tsunamis have been assigned a "watch" alert level (i.e. red aldrtawirffshore wave amplitude
estimate >50 cm, and a reup >1 m) by the CAINGV system, (e.g. 2nd May 2020, Crete; 30th October
2020, Aegean Sea; 6th February 2023, Turkey). Though ultimately resulting in false alarms, these alerts
call for the need of deeloping suitable emergency plans, based on adequate tsunami inundation maps.

Such maps, however, are not yet available for several tsunami prone areas situated along the Italian
coastal zone, particularly the Northeast Adriatic coasts between Triesteigndno, due to their peculiar
bathymetric and topographic setting. The available tsunami probabilistic hazard estimates (e.g.
NEAMTHM18 maps, Basili et al.,2@)) in fact, are provided for sites located along the 50m depth
isobaths. Usually, in order to calculate the fum to the coastline (i.e. the maximum topographic height,
compared to the mean sea level, reached by the tsunami wave during its ingressioanpancal
coefficient (i.e. a multiplication factor) is applied to the maximum amplitude of the tsunami wave
estimated along the 50 m isobaths (Tonini et al., 2021). In the Northern Adriatic and similar coasts, where
the bathimetry is extremely shallow &N below 50 meters), the distance between these isobaths and the
coastline is very large, and such an empirical relationship may well turn out inadequate. In addition, in the
alert messages, an upper bound is not provided for the tsunami wave amplitu@ergorup) in the area

of interest. According to the mentioned SiAM directive, the accuracy and reliability of inundation data
derived from existing probabilistic tsunami hazard estimates, can be improved by carrying out detailed
investigations at localcale (e.g., municipal level and port areas), integrating its results with detailed
studies through physicadumerical modelling. This is especially important for critical areas, which are
characterised by the presence of strategic infrastructures, highulabipn density, etc.
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To assess tsunami hazard for the urban cities located along the northeast Adriatic coastal zone, a wide set
of tsunami scenarios has been computed, considering the possible tsunamigenic sources as defined in the
most updated databasef seismogenic sources. Parametric tests have been performed as well, to account
for seismic source variability and a localized higéolution Digital Terrain Model (DTM), with a spatial
resolution of 20 m, has been used as topographic and bathymetrysdafar the tsunami simulations.
Specifically, these recent studies have been accomplished accounting for the recently updated DISS
database of seismogenic sources in the Adriatic Sea, and considering different potential tsunamigenic
sources of tectonic d@gin, located in three distance ranges from the areas of interest (namely at Adriatic
wide, regional and local scales). A nested grid of different resolution domains (i.e. 450m, 115m, and 20m)
of topographiebathymetric data have been adopted from open @ss and local sources. The large
domain, with coarse bathymetry is taken from GEEXDQ@0, while the smaller domain is taken from
EMODnet and the 20m domain from Trobec et al., (2018).

The studyby Peresan and Hass#R024) aims to provide physically castent tsunami hazard estimates,
based on the modelling of tsunami waves propagation from a wide set of possible sources, to be
considered in case an alert is issued by the-D¥IV tsunami warning system. Accordingly, this multi
scenario analysis, which $iaeen carried out for the Northeast Adriatic region, consists of two main parts.

In the first part only the possible tsunamigenic earthquake sources located within the Adriatic Sea have

been considered, based on the recently updated DISS database3BI8B://diss.rm.ingv.it/diss) and

following the tsunami decision matrix developed by @RGV. According to the decision matrix, a
seismogenic source is considered tsunamigenic, of potential weak local tsunamR A 2 G YOS X mnan
Aa OFLIoftS 2F LINPRdAZOAY3 akKltft2g 2FFaK2NB S| NIKI dz
Gadzyl YAISYAO SIENIKIldz- 1S a2dz2NOSa 2F aYl Exc NBfFGAOD:
Lignanoand Trieste | YR a Yl Exc ®p T2 NJ NBIA 2y | twidé ®istamceP 200 f RA &
km) tsunamis, has been extracted from the B3SBdatabase. The compilation of a related database of

tsunami scenarios allows us to evaluate the potential tsunami hagtadifferent distances and serves as
pre-computed scenarios in case a future tsunami alert is activated. In this way, in case of tsunamigenic
earthquake occurrence, the results for best matched-poeputed scenario (in location and magnitude)

can be idenified, extracted and used for a quick respolisee, for examplesigurell). It is worth noting

that, the maximum magnitude of most seismogenic sources within the-B&®as upgraded (i.e.

generally increased), in a range ofL( magnitude unit relative to the previous DISR.1 version.

Therefore, according to the updated DI®S a larger number of seismogenic sources turn out to be

capable of generating tsunami, compared to the former DISS version used by Peresan and Ha&kan (20
because magnitude increased for several sources. This might be regarded as a warning about the
uncertainty on the magnitude of future events.
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Figurell. Map of the maximum tsunami wave amplitude computed
for the regional tsunamigenic sourcgeresan and Hassa?024)

In the second part, the tsunami scenarios for possible very distant sources, located outside the Adriatic
Sea, have been computed (hereftest called basirwide sources), from five main tsunamigenic
earthquake zones: West Greece, Calabrian, West Hellenic, East Hellenic and Cyprian Arcs. The tsunami
scenarios of maximum expected earthquake (based on historical seismicity or geological)suitreys

each of these sources have been computed and an aggregated scenario has been extracted. Maps of
maximum wave amplitude for aggregated scenarios at basin and area of interest scales are given for each
tsunamigenic earthquake zone.

The obtained redts show that basirwide tsunamis from West Greece, Calabrian Arc and West Hellenic
Arc should be carefully considered, because tsunamigenic earthquakes of Mmax>7.5 turn out capable to
impact the Northeast Adriatic coast zone at orange alert level (ang@ip to 0.5 m) and even at red

alert level (up to 0.8 m for a magnitude M=8.5 earthquake in the West Hellenic Arc), as inferred from the
modelling. The scenarios computed for the East Hellenic and Cyprian Arcs, instead, provide amplitudes
corresponding tanformation level (green alert level).

Further studies have been carried out recently for possible tsunamigenic earthquakes in Southern
Adriatic, with a focus on the Montenegilbania source zones, and aimed at the assessment of expected
inundation (Xhadj et al. 2024) in Durres and other coastdldzy A O A lidtafiohs( ia @kania.
Tsunamigenic earthquaksources associated with large events (M>7.5) in Southeastern Adriatic may
have a significant impact also on Italian coasts (e.g. Apulia), with detedeoundshaking and tsunami
waves.
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3.1.4 Volcaitc hazard

Volcanic hazards pose significant risks to both human populations and infrastructure, particularly in
regions with active or dormant volcanoes. These hazards encompass a range of phenomenaginclud
lava flows, pyroclastic flows, ash fall, volcanic gas emissions, and (abey$or example, Papale, 2015)

In addition to these immediate threats, volcanic activity can trigger-teng environmental changes,
such as alterations in climate and ecosysteRacent archaeology has revealed the dramatic impact of
volcanic eruptions on civilizations throughoustury €.g., Donovan, 2012).

Italy, situated on the collision boundary of the African and Eurasian tectonic plates, is home to several
active volcanic systems, including Mount Etna, Stromboli, Vesuvius, and Campi Flegrei, making it one of
the most volcanially active countries in the worldhe country has experienced numerous eruptions
throughout history, some of which have had devastating effects on populations and the environment.
Mount Vesuvius, which famously destroyed the cities of Pompeii and Haestutain AD 79, remains a
constant threat to the densely populated Naples metropolitan area. Similarly, Mount Etna, located on the
island of Sicily, is one of the most active volcanoes in the world, with frequent eruptions that impact both
local populationsnd air travel across Europe.

One of the most concerning volcanic systems in Italy is the Campi Flegrei caldera, located just west of
Naples. This large volcanic area is known for its potential to produce highly explosive eruptions, with the
last signifiant eruption occurring nearly 500 years ago in 1538. Campi Flegrei's activity is closely
monitored by scientists, as the caldera has shown signs of unrest in recent decades, including ground
deformation and increased seismicity. An eruption from Campiré&ilegould have catastrophic
consequences for the millions of people living in the Naples region, as well as for the broader
Mediterranean area.

Campi Flegrei is a supervolcano, a type of volcanic system capable of producing eruptions that are orders
of magnitude larger than typical volcanic events. The caldera has a history of producing massive eruptions,
with the most significant occurring around 39,000 years ago, known as the Campanian Ignimbrite
eruption. This event is considered one of the largest votcaruptions in Europe and had a profound
impact on the region, covering vast areas with volcanic ash and affecting the climate.

Today, the potential for another larggcale eruption at Campi Flegrei is a major concern. The caldera is
located beneath deredy populated urban areas, and even a moderate eruption could result in widespread
destruction, loss of life, and economic disruption. Furthermore, the volcanic gases released during an
eruption could contribute to atmospheric pollution, exacerbating aialify issues in the region. Given

the potential scale of impact, Campi Flegrei is considered one of the most dangerous volcanic systems in
the world, and continuous monitoring is essential for early warning and evacuation planning.

Monitoring volcanic actity has greatly advanced with the use of radar and satellite remote sensing
technologies (Singh and Bartlett, 2018) Synthetic Aperture Radar (SAR), particularly through
Interferometric SAR (INSAR), enables precise measurement of ground deformatiotetiyndesurface
changes, even in cloutbvered or remote regions. These surface deformations often indicate magma
movement beneath a volcano, helping predict potential eruptid®etellite remote sensing extends this
capability by using various sensorsnonitor volcanic gases, thermal emissions, and ash plumes. Thermal
Infrared (TIR) sensors detect heat anomalies, while multispectral and hyperspectral imaging captures gas
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associated risksCombining radar monitoring with satellite data allows for continuous observation of
volcanoes worldwide, even in challenging environments. The ability to monitor deformation, thermal
activity, and gas emissions frompage, regardless of weather conditions, enhances early warning systems
and disaster preparedness in volcanic regions. These technologies work together to provide a
comprehensive understanding of volcanic behavior, supporting effective hazard assessmeinteind
responses.

While volcanic activity is primarily driven by geological processes, climate change can influence volcanic
hazards in indirect ways. For instance, climate change can exacerbate the secondary effects of volcanic
eruptions, such as landdés and lahars. Melting glaciers and permafrost can destabilize volcanic slopes,
increasing the likelihood of landslides during or after an eruption. Additionally, changes in precipitation
patterns due to climate change can enhance the potential for Ighahéch are destructive mudflows
composed of volcanic material and water. This is particularly relevant for volcanic regions like Italy, where
shifts in climate could affect the behavior of volcanic systems and the severity of volcanic hazards.
Furthermore large volcanic eruptions can have significant effects on the global climate. The release of
sulfur dioxide and ash into the atmosphere during a major eruption can lead to a temporary cooling effect,
known as volcanic winter, as these particles reflectlighht away from the Earth's surface. Historical
examples include the eruption of Mount Tambora in 1815, which caused the "Year Without a Summer,"
leading to widespread crop failures and food shortages. In the context of climate change, understanding
the interplay between volcanic activity and atmospheric processes is crucial for predicting and mitigating
the broader environmental impacts of volcanic eruptions.

Volcanic hazards present a serious risk to Italy, particularly in regions like Campi Flegreithehe
potential for a largescale eruption poses a significant threat to millions of people. The intersection of
volcanic activity with climate change adds complexity to hazard assessments, as changing environmental
conditions can influence both the freqacy and severity of volcanic events. Continuous monitoring, risk
assessment, and preparedness planning are essential for mitigating the impacts of volcanic hazards and
protecting communities in Italy and beyond. The ongoing study of volcanic systemasdDampi Flegrei,

is critical for advancing our understanding of these powerful natural phenomena and enhancing resilience
in the face of future eruptions.

3.1.4.1The Campi Flegrei case study: monitoring and simulation strategies

Volcanic eruptions pos&gnificant risks to life, infrastructure, and the environment. In response to
these challenges, the project leverages stafdhe-art technologies and methodologies to enhance the
monitoring and assessment of volcanic hazards, including $&or and long-term monitoring

strategies, probabilistic hazard assessments, and the development and application of sophisticated
numerical simulations.

The Campi Flegrei caldera, located near Naples, Italy, represents one of the most hazardous volcanic
regions in thavorld due to its potential for catastrophic eruptions and its proximity to densely populated
areas. Detailed monitoring and advanced simulation techniques are essential for mitigating the risks
posed by this supervolcano. To address these challengemlarcation of reatime monitoring strategies

and advanced simulation tools, such as the SPEED platform, are being employed to assess and predict
volcanic hazards in the Campi Flegrei area.
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The monitoring strategies for Campi Flegrei employ an integratpdoagh that utilizes a variety of tools
and methodologies to form a comprehensive understanding of ongoing volcanic aclikigymain
components of this strategy include:

1 Areal Monitoring(short term activity) Short-term monitoring focuses on immediategattime
data acquisition to detect early signs of volcanic activity that could lead to eruptions. This aspect
of the project utilizes drones equipped with sensors to measure gas emissions and radionuclide
levels at active fumaroles. These drones offeessatile and dynamic method to access difficult
terrains and provide continuous monitoringhis method allows for the collection of detailed data
on volcanic gases, which are key indicators of volcanic ufeestFigurel2). By analyzing gas
species and radionuclides, scientists can detect changes in the volcanic system that may precede
an eruption.

Gamma-ray energy spectrum

10°

— Bar

— Stairs to crater

— Beach

Z

/
1

I W
My

107

B0 1000 1500 2000 2500 3000

Energy (keV)

Figurel2. Example of results from aerial monitoring activities

1 Probabilistic Hazard Mappingpng term activity) In contrast to the immediate focus of shert
term monitoring, longterm strategies involve the creation of detailed hazard maps and the
development of models that predict the likelihood of various volcanic impacts over extended
periods (e.g.,Figurel3). These maps are based on historical eruption data from active volcanoes
and are crucial for community planning and letegm risk managementThey include raps
displaying exceedance percentiles of impact parameteiffering a probabilistic assessment that
helps in understanding the range and likelihood of potential hazaadd ahigh-resolution grid
system that models impact parameters at a 286ter resolution, providing unparalleled detail
that aids in preciselpnning and response strategies
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Figurel3. Example of maps of exceedance percentile of impact parameters from past eruptions.

1 Transfer to Vulnerability: this activiserves as a critical link between volcanic hazard assessments
and the broader Transversal Spoke 1 (TS1) objecthaims to produce higinesolution grid maps
(250-meter resolution) that illustrate potential impacts from volcanic hazards, such as structural
damage, economic losses, and infrastructure disrupti¢se®e, for example Figure 14). By
translating volcanic intensity measures into actionable impact parameters, these maps support
disaster preparedness and risk mitigation. This activity integrates data from various sources,
contributing to dynamic vulnerability models, which are essential for TS1's goal of enhancing
community resilience and guiding decisioraking processes.

Figurel4. Example ohigh-resolution grid maps illustratg potential impacts from volcanic hazards

The SPEED (SPectral Elements in deélgsamics with  Discontinuous  Galerkin;
https://speed.mox.polimi.it) simulation platform plays a crucial role in enhancing the usi@erding of
seismic and volcanic hazards in the Campi Flegrei reglorsicdBBased Simulations (PB&rformed by
SPEELRre "sourceto-site" numerical simulations that model the propagation of seismic waves from the
earthquake source to the affected sit€hese simulations take into account various factors, including
seismicsource, the propagationpath, and bcalizedgeologicalfeaturesor/and structures.
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SPEED is a physleased numerical simulation tool designed to model seismic wave propagation feom th
earthquake source to the affected area, considering various geological features and structures along the
way (e.g.,.Smerzini et al., 2034The development of numerical models for simulating wave propagation
in seismic regions has tremendously evolvedhea past ten years. SPEED is a certified and rigorous
numerical software for the reliable prediction of nef@ult ground motions and seismic response of
strategic structures in complex thre#imensional scenarios. It is based on the Discontinuous Galerki
Spectral Element method, a n@onforming domain decomposition technique combining the flexibility
of discontinuous Galerkin finite elements with the accuracy of spectral techniques. SPEED naturally allows
a nonuniform polynomial degree distribution {@daptivity), as well as a locally varying mesh size (h
adaptivity). Such a builh flexibility is mandatory in complex twand threedimensional problems
featuring multiscale phenomena.

P ALE
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The use ofPBS is motivated by the need to address limitationsraditional seismic data, such as:
incompletedatasets with limited or sparse accelerometric records that do not fully capture all potential
seismic scenarigsrea-specificground motions, with theneed toincludeboth source characteristics and
local gedogical featurege.g., volcanic areas, deep basins, reaurce) PBSappears able tqrovide
detailedground motion predictions includingime-histories (recorded ground motions over time), spatial
variability (changes in ground motiomtensity across different areas), and permanent ground
displacement (longerm changes in the ground due to seismic events).

Starting with the hypocentral locations and focal mechanisms of earthquakes in the Campi Flegrei area
(Figurel5), a detailed numerical model is constructed using the SPEED platform. This model integrates
three-dimensional velocity structures (Vp and Vs), which are derived from tomographyrigtael6),

offering a detailed representationf the subsurface geology. Thmumerical model incorporates all
available geophysical and seismotectonic information, ensuring a comprehensive and accurate simulation
environment(Figurel?).

Figurel5. Exampe of map concerningypocentral location and focal mechanisms of earthquakes in éineplHegreiarea
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Figurel6. Example of a numerical map depictind®elocity structureérom tomography data.

File Tools™

| O RE

Hikm) [ Vpvs) | Vs (kmvs) | Rho(g/em3) | Qp | @
o100 tesst  toazs 25000

0.1000 17884 1.0700 25000 Y . ” N
o000 188 10989 25000 Magnified for visualization
ot 1se0 1z 25000

ot 2084 1116 25000
ot 21ms  11ss8 25000
ot 227 128 25000
ot 234 12588 25000
ot zemn 122 25000
ot 2ems 1w 25000
ol 27ss 1380 25000

s8sgeLLLLLs
8
Z (km)
&

415 "

g
Z(km)

R (oot (imironte]

Promet LosaFspFie Tables. vi

sre0_ropet 38 . Boundanes
New | [ Openfoer | Dopey | [Set mec_prop
[ ectrop
i ame | Testcase ([ conSowce Paranters i 1
) | |
[ oeme ] Finee

Figurel?. lllustration of the development for the SPEED numerical model.

To validate the simulations, the results are compared against recorded seismic events, which helps refine
the model and enhance its reliability. Once validated, the SPEED plaftows for the simulation of

larger magnitude earthquakes, providing critical insights into potential future seismic hazards.
Additionally, SPEED enables the simulation of earthquake sequéreeslusters of related seismic
events that occur over shogeriods. These sequences are particularly significant in volcanic regions like
Campi Flegrei, where seismic activity often precedes or accompanies volcanic eruptions. This capability is
crucial for understanding the complex interactions between seismét\alcanic processes, ultimately
supporting risk assessments and emergency preparedness efforts in this highly dynamic region.
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The SPEED platform is integrated with #t#ake hazard assessment systems, enabling operational
earthquake forecasting and earlyarning systems (EEW). By simulating earthquake scenarios and
sequences in redalme, the platform helps authorities predict the impact of seismic events and make
informed decisions about evacuations and other protective meas@es. of the challenges iseismic

hazard assessment is accounting for uncertainties in the data and models. The SPEED platform
incorporates uncertainty analyses by using a probabilistic approach to seismic hazard modeling. This
allows for a range of possible outcomes to be congdeproviding a more robust assessment of the risks.

In addition to hazard assessment, SPEBD beused to develop dynamic vulnerability models that
consider aresspecific ground motion inputand earthquake sequence$hese models help assess the
structural response of buildings and infrastructure to seismic events, providing critical information for risk
and resilience assessments.

The integration of detailed monitoring strategies with advanced simulation platforms like SPEED is
essential for managindhe complex volcanic and seismic risks in the Campi Flegrei region. By combining
reaktime data collection with sophisticated numerical modeling, these tools provide a comprehensive
approach to hazard assessment and disaster preparedness, helping to fhateailions of people living

in the shadow of this supervolcano.

3.2 Hydraulic hazards
3.2.1 Coastal vulnerability in urban areas

Coastal cities aramong the most exposed areas to climate change, as they may suffer from several effects
it triggers, suchas rising sea levelgrederikse, 2020)more frequent stormgLiralLoarca, 2022)and
increasing coastal erosiofiRanasinghe R. , 2018)reatening their infrastructures and communities.
Besides, coastal population have constantly growth over the past decadeqRedriguez, 202))and

such trend is expected to hold in the futu(Bleumann, 2015) The combination of increasing human
pressure and the exacerbation of the environmental stressors make coastal settlements extremely
vulnerable, and require to undertake proper countermeasures with the utmost urgency.

The major threatsg O2F adl t | aasSdia +FyR daNBFY FFNBFa OkFy oS 3
REYIlI YAO¢é LINRPOSaaSazr AdSodxr LIKeEaA SeafintefdbeR S rin&a K|
concernthe analysis of wavweelated phenomena and currents, wave propagat from offshore to

nearshore, mass and energy fluxesd wavestructure interactions. Coastal morpfitynamic, on the

other hand,is associated to thevolution of coastal and seafloor morphology, sediment erosion and
depositionprocesses, and the complénteractions between waves and sedimemidle these processes

evolve on various spatial and temporal scales, in response to forcing facithisas wind, tides, and sea

level variationsand, being closely tied to coastal flooding and erosion eventsaddeessed below.

Ocean waves

Ocean waves are initially triggered by the stress exerted by the wind over the sea surface. If the processes
is free to evolve over a long enough time span, a full wave is generated and put into motion, i.e., it starts
to propagate along the wind direction in the generation area. The simplest way to describe a sea wave is
through the Airy model, which assumes that a wave profilecén be described through a linear first

order sinusoidal function, as the one showrFigurel8.
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Figurel8. Water levelprofile (' ) according to théirywave theory.
The main parameters describing the wave profile are:

- wave height: it is defined as the distance between the wave crest and the tiwanegh Hin the
sketch offFigurel8); it is measured in m

- Wave period: is the time elapsed between the passage of two successive crests (or, equivalently,
two successive throughs; note the Airy wave is symmetric); it is usuadiyredfto asT and it is
measured in seconds

- Wave direction: usually expressed according to the Nautical convention, i.e., directions are
defined clockwise starting from 0°N (or 360°N), which indicate waves travelling south.

All secondary parameters, such as wave celerity, wave energy, etc., relevant for coastal processes, can be
derived based on the above mentioned quantities.

As waves propagate from deep water towards the shore, they encounter gradballpwer depthssich
interaction can affect both wave directions and wave heights. Indeed, owing to wave refraction wave
crests tend to orientate parallel to the shore regardless thesbffre incoming direction; on the other
hand, through the shoaling effect the wave hdighincreased in the very proximity of the water edge
foreshore(Sorensen, 1993)he above effects are crucial, as they eventually trigger the wave breaking,
which occur when the wave becomes unstable and therefore dissipatenergy. Wave breaking can
take place in different forms, depending on both waves and seabed characteristics, as shagunahO.
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Figurel9. Three different types of breaking. From top to bottom: spilling; plunging; surging. Adaptethfroduction to
Oceanographyby Paul Webbunder aCreative Commons Attribution 4.0 International License

The breaking condition associated to the local bathymetry is usually estimated via a simple parametric
formula(M'Cowan, 1893)

- Y (1)

In other wors, Eq. (1) states that e.g., a wave exceeding 80 cm at 1 m local depth (referréd) tailbs
break. While the model above is rather simple and cannot describe in full details the breaking phenomena,
it helps to derive a prompt estimate of the breaking locations depending on local bathymetry and waves
characteristics, which is crucial in tufor a plethora of reasons. First, breaking triggersugeand rurup

on the coast, which are key processes influencing shoreline flooding. The figrtherincrease in mean
water level due to the onshore transport ofassby breaking waveshat push he water column piling

up water in front of the breaking section; the lattefersinsteadto the maximum vertical extent of wave
action on a beach or coastal structure, occurring when waves rush up the shore after breEking
resulting water level eletion define how far inland the wave can reach, and it is therefore pivotal in
assessing flooding hazafBlosboom, 2021)

Second, wave breaking is responsible of the generation of littoral currents, also known ahdoag
currents, whichtransport sedimentsalong the shore and ultimatelpfluence the morphology of beaches

and dunes As a matter of fact, the dynamics litforal currents and sediment transport have various
consequencesn coastsFor example, @astal erosiorcan occur in some areas where the littoral current
removes sediments more rapidly than they are deposited, leading to land lossoastline regression,
which endangers infrastructure and natural habitdisthis respect, beaches can be extremely vulb&ra

to changes in external sediment inputs, which may occur in particular when river discharges are impeded
or sediments are trapped either for mining activities or hydropower production (see for instBeckeeo,
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2017). Thisparticularly applies to beach that are naturadiyosive meaning that they tend to retreat if

not properly nourished. A eadp-use criteria to establish the trend of a coast is providedlsrson,
1989) as outlined in thelsetch below(Figure20):
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Figure20. Larson and Krausiterion. Points on the left (right) side of the solid black line indicate an accretive (erosive) beach.
Adapted from(Samaras2024)under theCC BY 4.0 license.

wherely indicate the average wave length ffiore (the subscript 0 denotes efhore conditions), while
w is the settling velocity that embeds the local grain size distribution.

In other words, if a beach is eiigs, the lack of sediment inputs will inevitably yield a shoreline retreat,
especially in the case of increased environmental stressors, undermining in turn the coastal assets and
infrastructures.

Sea Level Rise

While the processes above naturally occlorg the shores, the extent to which they can endanger the
coastal settlements can be greatly magnified by effect of sea level rise. Imagine a coastal section
characterized by a certain slope, referred to@# |, and assume that wave breaking usuallyuwaat a
distance x from the shoreline edge. It is easy to demonstrate that, fos mcrease in water level, the
breaking section will lie closer to the coast, by an amount equakt® A 1. For a10:1 slope, a 50 cm
increase would lead to a 20 m shift the breaking section toward the coast. In turn, this would greatly
amplify the risk of flooding for coastal assets and settlements.

In addition, the increase in mean sea level drives a reshaping of coastal section, with increasing erosion in
the proximty of the shoreline edge (sd&gure2l).
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Figure21. Schematic representation dfé Bruun rule. Adapted fro(Ranasinghe R. C., 201@)der the terms of the Creative
Commons Attribution Noncommercial Licertsgps://creativecommons.org/licenses/kayc/2.0).

The easiest model aimed at describihisteffect is the Brunn rul@Bruun, 1988) which reads:
Y — (2)

Where R is the shoreline recession; h is the depth beyond which no sediment transport occurs and B is
the berm or duneheight above the mean sea level. Eg. (2) allows to promptly understand the coastal
section realignment due to sea level rise, although it should not be used quantitatively owing to its
simplicity(Cooper, 2004)

There is a wid consensus among the scientific community on the main causes of sea level riflee i.e.,
melting of glaciers and ice sheets, and the thermal expansion of segvilagediscussion of which falls
beyond the scope of the present documeifiable3 and Figure22 report the SLR change estimates for
the Mediterranean region under the SS85 scenario for different temporal periods.

Table3. SLRchange in meterander SSPB.5 relative to 1992004 in the Mediterranean Regig¢source: IPCC WGL1 Atfjas

Period Scenario Median (meters) P25 | P75 P10 | P2O P5 | P95
Near Term (2021-2040) SSP5-85 01 01]0.2 Q1]0.2 00|02
Medium Term (2041-2060) SSP5-85 03 02|03 0104 0104
Long Term (2081-2100} 55P5-8.5 07 05|08 04110 04110
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Figure22. SRL change in meters for gwenario SSP&5 and period 2022100 with thdong-term projection highlighted. Source:
IPCC WG1 Atlas

For more details and the stataf-the-art worldwide projections according to different emission scenarios,
the reader is referred tottps://interactive-atlas.ipcc.clandhttps://sealevel.nasa.gov/ipcar6-sealevet

projectiontool

Tides

Tides are the regular rise and fall of sea levels caused primarily by the gravitatimesl éxerted by the
celestial bodieslong with the rotation of the EartiBeing deterministic signals, tidal waves can be easily
predicted (Codiga, 2011)and are therefore not directly relatable to climate change, even thoug
significant though small trends in the astronomic forcing have been quantified in previous literature
(Woodworth, 2010)However, tidal amplitudes can be greatly modifiedabthropogenic activityhat has

led worldwide towetland reclamation, channel dredgingnd other environmental changesften
modifying the tide dampingTalke, 2020)and tidal regimes. This can affect flooding hazard to a great
extent(Li, 2021)and therefore implies to carefully account for tidal contribution as well.

All the above stressors feedback in a nonlinear manner, hémaecan lead to extreme outcomes that
wouldn't be predicted by looking at individual hazards in isolatidme frequacy of occurrence of storm
events is another crucial aspect, which can increase the disruptive potential of extreme phenomena ().
Even more so in the framework of climate change, whglkexpected to increase the frequency and
intensity of hazards, such atorms and heavy rainfall, and potentially exacerbate the occurrence of
compound eventsnaking this ayrowing concern.

3.2.1.1 Coastal risk definition

Risk is theotential for adverse consequences for human or ecological systems, recognising theydiversit
of values and objectives associated with such sys@massitis the result of the combination of a hazard,
the vulnerability of a system, and the level of exposure (Eigure23).

Risk provides a framework for understanding the increasingly severe, interconnected and often
irreversible impacts of climate change on ecosystems, biodiversity, and human systems; differing impacts
across regions, sectors and commurstiand how to best reduce adverse consequences for current and
future generations.
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Figure23. Risk definition (source®CC WG2)

Regional risks for increasing levels of global warming: Europe and Mediterranean

The main identifiedisks for the Europe and Mediterranean regions, under a changing climate, can be
summarized asHjgure24):

Risks to people, economies and infrastructures due to coastal and inland flooding.

Stress and mortality to people due to increasing temperatures and heat extremes.

1

1

1 Marine and terrestrial emsystems disruptions.

1 Water scarcity to multiple interconnected sectors.
1

Losses in crop production, due to compound heat and dry conditions, and extreme weather.
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Figure24. Main risks in the European aMediterranean region according to different global surface temperature change
levels.(source:PCC WG2)
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3.2.2 Fluvial floods

Fluvial floods, which occur when rivers overflow their banks due to excessive water from rainfall or
snowmelt, are a significarthreat to urban areas. Urbanization intensifies these hazards by altering
natural hydrological processes, while climate change exacerbates the frequency and severity of flood
events.

Fluvial floods pose high soeémvironmental impacts. In petirban areas, floods can inundate farmlands,
resulting in crop loss, soil erosion, and reduced agricultural productivity. Although agriculture is less
prominent in urban cores, urban flooding can still impact food supply chains (Jonkman & Kelman, 2005).
Floodwaterscan destroy roads, bridges, buildings, and utilities, disrupting daily life and economic
activities. Urban areas, with their dense infrastructure, are particularly vulnerable to such damage
(Kundzewicz et al., 2013). Flooding can also modify habitatstiafi€flora and fauna. In urban areas, this
might involve green spaces, parks, and riverbanks that serve as important ecological niches (Tockner et
al., 2002). Moreover, flooding can also affect water quality, since floods can transport pollutantsnigcludi
sediments, nutrients, and contaminants, into water bodies. Urban runoff often contains higher levels of
pollutants due to industrial and residential waste (Meybeck, 2003).

The text below summarizes findings from relevant literature on the complex &actotributing to fluvial

flood hazards. It also emphasizes the importance of adopting a multifaceted and adaptive approach to
flood risk management. This approach aims to enhance urban resilience in response to the increasing
environmental challenges.

3.2.2.1 Urbanization and Fluvial Flood hazards

Impact of Impervious Surfaces on Hydrology

Urbanization leads to the creation of impervious surfaces such as roads, rooftops, and pavements, which
dramatically reduce the infiltration of rainwater into the sdihe increased runoff flows directly into river
systems, raising water levels more quickly than in natural environments. According to-Retidguez

et al. (2015), in urbanized catchments, the peak discharge can increases0¢@6ompared to natural
catchments, significantly heightening the risk of fluvial floods . These effects are particularly pronounced
in densely populated cities where impervious surfaces cover a large proportion of the land.

Urban Expansion and Loss of Natural Floodplains

The expansio of urban areas often encroaches upon natural floodplains, which serve as critical buffers
during flood events by temporarily storing excess water. When these areas are developed, their ability to
mitigate flood risks is diminished. The conversion ofdjgains into urban land uses not only increases
the volume of water flowing into rivers but also reduces the overall storage capacity of the watershed
(Patro et al., 2019). This combination of factors leads to higher and more frequent flooding in urbanized
regions.

Bates et al (2015) showed how land use and land cover (LULC) changes have influenced flood risk in the
U.S. over time, increasing flood frequency and severity and called for sustainableskpdactices and
better urban planning to mitigate thee impacts.
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Effect of Urban Heat Islands on Localized Rainfall

Urban heat islands (UHIs), where cities are significantly warmer than their surrounding rural areas, can
influence local weather patterns, including rainfall intensity (UHIs are described ciioise.4.1).
According to Zhang et al. (2018), UHIs can increase the likelihood of heavy localized rainfall, contributing
to a higher hazard of urban flooding. The study also pointed out that the interaction between UHIs and
fluvial systems can exacerbdteoding by increasing the volume and intensity of runoff entering rivers.

Channelization and River Engineering

Urban development frequently involves the modification of river channels to protect infrastructure,
control water flow, and prevenfloods. However, these interventions often disrupt natural hydrological
processes, leading to unintended consequences. For instance, channelization, which involves
straightening and deepening river channels, can increase the speed of water flow, recueitigné
available for flood warnings and increasing the severity of downstream flooding (He et al., 2018). Wohl et
al. (2015) emphasized that engineered rivers lose their natural ability to dissipate flood energy, resulting
in more destructive floods dowtr@am.

Complex Urban Hydrology

Urban hydrology is complex due to the interplay between natural watercourses andmada drainage
systems. This complexity can make it difficult to predict and manage flood risks effectively. The work by
Roux et al. (2017)nderscores the challenges of managing urban watercourses that have been heavily
modified by infrastructure such as storm drains, culverts, and levees. These structures can create
bottlenecks during heavy rainfall, leading to unexpected flooding in othereassidered lowisk areas.

3.2.2.2 Climate change and Fluvial Flood hazards

Increased Precipitation Intensity and Frequency

Climate change alters global precipitation patterns, leading to more intense and frequent rainfall events.
The IPCC reports thatany regions, particularly those in mid to high latitudes, are experiencing increased
extreme precipitation events, directly contributing to fluvial flooding risks. Arnell and Gosling (2016)
examined the implications of these changes on river flood risidsail/, noting that urban areas are
particularly vulnerable due to their high population densities and economic importance. The study
emphasized that even small increases in rainfall intensity could lead to significant flooding in cities with
inadequate dainage systems.

Rising Temperatures and SnowmeliDriven Floods

In addition to precipitation, rising global temperatures are causing earlier and more rapid snowmelt in
mountainous regions, contributing to fluvial floods. Sorg et al. (2014) investigatechfiaets of climate
induced snowmelt on river flooding, particularly in urban areas downstream of mountain ranges. The
study found that cities reliant on snefed rivers are likely to experience earlier and more severe flooding
events as snowmelt occurs dar in the year, coinciding with spring rains. This overlap can overwhelm
river systems, leading to significant urban flooding.
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Sea Level Rise and Compound Flooding

Coastal cities are facing the dual threat of fluvial flooding and sea level rise, velmiatxacerbate the
impacts of river floods. A study by Brown et al. (2018) highlighted the phenomenon of compound flooding,
where high river flows coincide with storm surges or high tides, leading to severe floods in urban coastal
areas. The research indted that as sea levels continue to rise, the risk of compound flooding will
increase, posing a significant threat to lying urban areas.

3.2.2.3 Case studies of Fluvial Flooding

Urban Flooding in Asia

Southeast Asia is one of the mdkiod-prone regions in the world, with urban areas such as Bangkok,

Jakarta, and Manila frequently experiencing severe fluvial floods. A study by Tanoue et al. (2016) explored

the socieeconomic impacts of fluvial flooding in these cities, finding thaidapbanization and poor

landdza S LI I yyAy3d NB aA3dyAFTAOIYy(d O2y(iNROdzi2NR (2 (K
many of these cities lack adequate infrastructure and flood management systems, exacerbating the
impacts of floods on vulmable populations.

The annual monsoon season in South Asia often leads to severe river flooding. The 2017 South Asian
floods affected millions of people, demonstrating the need for improved flood forecasting and
infrastructure resilience (Hirabayashi et,&013).

In July 2021, the city of Zhengzhou in Henan province experienced feaaking rainfall, leading to
severe urban flooding. The flooding disrupted public transportation, caused extensive damage to
infrastructure, and resulted in numerous fatas. The event underscored the challenges of managing
urban floods in rapidly growing cities and the importance of resilient urban planning (Wu et al., 2021).

Fluvial Flooding in US

The 2008 Mississippi River floods were one of the most significant eendts in recent U.S. history.
Extensive flooding affected several states, including lowa, lllinois, and Missouri, leading to widespread
damage to agriculture, infrastructure, and communities. Neal et al (2013) analyzed the hydrological and
meteorologicakonditions leading to the 2008 floods. The study highlighted that a combination of above
average precipitation, rapid snowmelt, and saturated soils contributed to the severity of the flooding.

Houston, Texas, has experienced frequent and severe urbaritiigdde to its flat topography, extensive
urbanization, and complex river systems. The 2015 Memorial Day flood was a particularly devastating
event, with significant rainfall leading to the overflow of the Buffalo Bayou and other local rivers. Brody
et al. (2018) found that rapid urbanization, including the construction of impervious surfaces, had
significantly increased the flood risk in Houston.

The Northeast U.S. has seen an increase in the frequency and intensity of flood events, driven in part by
chandng climate conditions. Cities like New York, Boston and New Orleans are increasingly vulnerable to
both fluvial and coastal flooding. Research by Brody et al. (2013) focused on the 2011 Mississippi River
floods, which caused widespread damage in citiemglthe river. The study emphasized the role of
urbanization and floodplain development in exacerbating flood risks and called for more integrated flood
management strategies that consider both structural and-stmctural measures.
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The Red River Basimpasining North Dakota, Minnesota, and parts of Canada, is highly susceptible to
flooding due to its flat topography and snowmeltiven river systems. The region has experienced several
major flood events, including the catastrophic 1997 Red River flooterRit al. (2015) examined the
longterm flood management strategies in the Red River Basin, focusing on the balance between
structural defences, such as levees, and-stractural measures, like floodplain restoration. The study
found that levees providshort-term protection but can also exacerbate downstream flooding, while a
more integrated floodplain management approach that combines both structural and ecological solutions
is needed.

Flood Risk in European Cities

The 2002 and 2013 floods in Centratd@pe highlighted the vulnerability of the region to fluvial flooding.
These events caused billions of euros in damage and led to significant changes in flood management
policies (Kundzewicz et al., 2013).

European cities, particularly those along majeers such as the Rhine, Danube, and Thames, are also at
significant risk of fluvial flooding. A detailed analysis by Pinter et al. (2015) examined flood trends in
European cities over the past century, noting an increase in flood frequency and severitp due
combination of climate change and urban expansion. The study pointed out that while European cities
have invested heavily in flood defences, such as levees and flood walls, these structures may not be
sufficient to cope with future flood risks withoadditional measures.

In July 2021, catastrophic flooding affected parts of Germany and Belgium, resulting from unprecedented
rainfall. Rivers such as the Ahr and the Meuse overflowed, causing widespread destruction. This event
highlighted the vulnerabiiies of urban areas, where dense infrastructure exacerbated the damage. The
floods resulted in over 200 deaths and significant economic losses, emphasizing the need for robust flood
management and early warning systems (Kreibich et al., 2021).

Fluvial floods in Italy

The 2023 EmiliaRomagna Floods

In May 2023, the EmiliRomagna region in northern Italy experienced one of the most devastating flood
events in recent history. A combination of persistent heavy rainfall and the overflow of major rivers such
as the Savio, Lamone, and Montone resultedvidespread flooding, leading to significant loss of life,
displacement of thousands of people, and extensive damage to infrastructure and agriculture. Bianchi et
al. (2024) analyzed the hydrological and meteorological factors contributing to the 202& Eariiagna
floods. The study highlighted that the region received over 200 mm of rainfall in just 48 hours, which
overwhelmed the capacity of local rivers and flood defenses. The researchers pointed out that the
extreme weather conditions were exacerbateg dimate change, with the region experiencing a trend
towards more intense and frequent rainfall events. The study also emphasized the role of human
activities, such as urbanization and land use changes, in increasing the flood risk by reducing the natura
absorption capacity of the land. This analysis highlights the need for urgent measures to improve flood
risk management in the region, including restoring natural floodplains, better land use planning, and
enhancing early warning systems.
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The 2020 Piedmant Floods

The Piedmont region in northwest Italy experienced severe flooding in October 2020, with heavy rainfall
leading to the overflow of several rivers, including the Sesia, Tanaro, and Po rivers. This event was one of
the most significant flood events the region in decades, resulting in widespread damage and several
fatalities. Pasquale et al. (2021) found that the floods were driven by a combination of extreme rainfall,
which exceeded 600 mm in some areas over 48 hours, and the already saturdtednstitions from
previous rains. The study highlighted the increasing frequency of such extreme weather events in the
region, likely due to climate change, and emphasized the need for improved flood forecasting and early
warning systems.

The 2014 Parma Foods

In October 2014, the Parma River in northern Italy overflowed its banks following an intense storm,
leading to severe flooding in the city of Parma and surrounding areas. The floodwaters caused extensive
damage to infrastructure, including roads, diges, and residential buildings, and resulted in significant
economic losses. A detailed case study by Rossi et al. (2016) revealed that the flood was exacerbated by
inadequate maintenance of riverbanks and floodplains, as well as the lack of coordinated f
management across regional and local authorities. The authors recommended the implementation of
integrated flood risk management strategies, including the restoration of natural floodplains and
improved urban planning.

The 2018 Calabria Flash Floods

Southern ltaly, particularly the Calabria region, is susceptible to flash floods due to its mountainous terrain
and Mediterranean climate. In August 2018, a flash flood in the Raganello Gorge, caused by sudden
torrential rain, led to the deaths of ten hikeand severe environmental damage. A study by Esposito et

al. (2019) emphasized the role of intense, localized rainfall in triggering the flash flood, compounded by
the region's steep topography. The study also highlighted the lack of effective earhngaysitems and

public awareness, contributing to the high casualty rate. The authors suggested that better monitoring of
meteorological conditions and developing ré@ahe warning systems could help reduce the risk of similar
disasters in the future.

The 2016 Florence Floods

In November 2016, the city of Florence experienced severe flooding due to the overflow of the Arno River,
reminiscent of the devastating 1966 flood. The 2016 event, though less severe, still caused significant
RFEYF3S (2 rikabherialdisie dnd iKftastriicire. Bonaccorso et al. (2017) focused on the
hydrological response of the Arno River basin to prolonged heavy rainfall, which exceeded 200 mm in
some areas. They concluded that while flood defenses have improved sig€e th@ city remains
vulnerable to extreme weather events, particularly in light of climate change. The authors recommended
further strengthening of flood defenses and the implementation of adaptive management practices to
protect the city's cultural herége.

The 2013 Sardinian Floods

In November 2013, Sardinia experienced one of its most severe flood events in recent history, primarily
affecting the northeastern part of the island. The flood, caused by the passage of Cyclone Cleopatra,
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brought unprecedergd rainfall to the region, with some areas receiving more than 450 mm of rain in less
than 24 hours, resulting in the deaths of 18 people and widespread destruction of property, infrastructure,
and agriculture. Mossa and Rulli (2014) highlighted how theeme rainfall led to the overflow of rivers
causing significant flash flooding, also due to inadequate drainage systems, deforestation, and urban
expansion in floogbrone areas.

The 2011 Liguria Floods

The Liguria region in northwest Italy was hit byesevflooding in October 2011, particularly affecting the
Cinque Terre and the towns of Monterosso and Vernazza. The floods were caused by an intense storm
that produced over 500 mm of rain in less than 6 hours, leading to flash floods and landslideer€aval

et al. (2013) identified the combination of extreme rainfall, steep terrain, and human activities, such as
deforestation and unregulated construction, as key factors that exacerbated the flood's impact. The
authors stressed the importance of sustaitedand use practices and the restoration of natural
vegetation to reduce flood risk in the region.

3.2.2.4 Mitigation and Adaptation strategies
Addressing fluvial flood hazards in urban areas requires an integrated approach:

1. Green Infrastructure and NatewBased SolutionsJrban areas need to prepare for more frequent
and severe flooding events due to climate change (Kundzewicz et al., 2019). Green infrastructure,
including green roofs, rain gardens, permeable pavements, and urban wetlands, offers a
sustahable approach to managing urban runoff and reducing flood risks. By enhancing the natural
absorption of rainwater, these systems help delay and reduce the runoff volume entering rivers.
Research by Fletcher et al. (2015) demonstrated that green infrasteicould reduce peak flood
flows by 2640% in some urban settings, making it an essential component of flood risk
management in cities. Additionally, these solutions provide environmentdlecefits, such as
improving urban air quality and biodiversity.

2. Enhancing Urban Drainage Systekdpdating and expanding urban drainage systems to handle
the increased volume of water associated with extreme weather events is critical for reducing
flood risks. Ocho#rodriguez et al. (2015) discussed the importanceisifig highresolution
rainfall data and advanced hydrological models to design more resilient urban drainage systems
that can cope with contemporary and future flood scenarios. The study suggested that
incorporating reatime monitoring and adaptive managent strategies into drainage systems
could significantly improve their effectiveness in managing urban floods.

3. Urban Planning and Zonin§trategic urban planning that restricts development in flgmdne
areas and promotes floetesilient construction pactices is essential for reducing urban flood
risks. Di Baldassarre et al. (2018) emphasized the need for cities to adopt zoning regulations that
reflect current and projected flood risks, including setting aside floodplains for water storage and
prohibiting construction in highisk area. The study also highlighted the role of adaptive-les®
planning in accommodating the dynamic nature of flood risks due to climate change.

4. CommunityBased Flood Managemeiiingaging communities in flood risk managemsmarucial
for building resilience at the local level, since wkpared communities are better equipped to
respond to and recover from flood events, reducing both economic losses and human casualties.
Public awareness and participation are crucial féeefve flood risk management, and they have
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recently deserved attention in the literature (Scolobig et al., 2015). Kreibich et al. (2017) discussed
how communitybased approaches, such as public awareness campaigns, flood emergency
planning, and the prontion of flood insurance, can significantly reduce floods' impacts on urban
populations.

5. Integrated Flood ManagemenAn integrated approach to flood management that combines
structural measures, such as levees and flood barriers, withstrctural measugs, like early
warning systems and langse planning, is essential for managing flood risks in urban areas.
Climate projections should be incorporated into flood risk management to account for increased
variability and intensity of precipitation. Carter &t (2017) explored the benefits of integrated
flood risk management, noting that this approach allows for more flexible and adaptive responses
to changing flood risks. Cities should invest in combining traditional flood defenses and innovative
solutions,such as floodable parks and temporary flood storage areas, to enhance their resilience
to fluvial floods.

6. Enhance Modelling capability and Technology Integratidnalyzing past flood events to
understand frequency, magnitude, and impacts provide insighto patterns and help in
preparing for future floods (Merz et al., 2010). Hydrological and hydraulic models can simulate
river flow and floodplain dynamics under various scenarios and help predict flood extents and
impacts, providing crucial data forhan planning (Beven, 2012). The modelling capabilities have
dramatically improved in the last decade thanks to the availability of computational resources,
detailed input data and new monitoring techniques, such as remote sensing technologies that
offer real-time data and enhance monitoring capabilities (Schumann et al., 2009). Smith et al.
(2019) proposed a new approach to flood risk assessment by integrating both spatial and
temporal data, resulting in more accurate flood hazard models. They emphas&édybrtance
of highresolution data in capturing the complexities of flood events, particularly in urban settings
and showed that combining various data sources, such as satellite imagery, river flow
measurements, and topographic data, can create moiiabé flood risk maps for better planning
and decisiormaking.Leveraging advancements in remote sensing, artificial intelligence, and big
data analytics for reaime monitoring and predictive modelling can provide actionable insights
and improve urban flod management (DeVries et al., 2020). In this perspective, urban flood
monitoring networks can provide insightful data (sgectiord4.1.1).

In conclusion,ite above recent fluvial flood events in Italy have demonstrated the country's vulnerability

to extreme weather events and the challenges of managing flood risks in diverse and complex landscapes.
They have also highlighted the need for improved flood forecasting, better maintenance of flood
defenses, and the adoption of integrated flood risk managensénategies. As climate change continues

to influence weather patterns, Italy must enhance its preparedness and resilience to mitigate the impact
of future fluvial flood events.

A complex interplay of factors, including urbanization, climettenge, and inadequate infrastructure
drives fluvial flood hazards in urban areas. The risks associated with these floods are expected to increase
as cities continue to grow and as climate change leads to more extreme weather patterns. To effectively
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manag@ these hazards, cities must adopt a comprehensive and integrated approach to flood risk
management, including green infrastructure, enhanced drainage systems, strategic urban planning, and
community engagement. Ongoing research and adaptation will bigarto ensuring that urban areas
remain resilient to the challenges posed by fluvial floods.

3.2.3 Pluvial floods

Pluvial floodings typically affect the urban environment with the potential to produce extensive damages
depending on the vulnerability of thexposed assets. The increase in the degree of imperviousness in
cities enhances the formation of runoff, distressing the capacity of the stormwater drainage system (both
in terms of inlets and pipes) even for shorter return periods than the design dresi¢a and Lanza,
2005).

The pluvial flooding results from raintgienerated overland flow and ponding before the runoff enters
any watercourse, drainage system or sewer, or cannot enter it because the network is full to capacity
(Falconer et al., 2009)t generally derives from rainfalates exceethg the infiltration capacity of soils

and the drainagecapacity of stormwater infrastructure, resulting in ponding and overland flow
(Rosenzweig et al. 2018)

Pluvial flooding is often confused witliban flash flooding or surface water floodingrban flash floods

are caused by the overtopping of natural watercourses flowing through urbanised areas, which are
sometimes covered and become part of the urban stormwater drainage system, éshittace wéer
floodingg is a more general termology covering different sources of floodin@alconer et al., 2009)
Huvial flooding occurs when water routed by streams, rivers or equivalent water bodies ovettfieiwvs
banks, inundating the adjacent floodplaireai{Rosenzweig et al. 2018)

Pluvial flooding is caused by localized intense rainfall and the flood models used to assess the related
hazardare applied on a city (or part of a city) scale using local rainfall records and@bsayhtiondigital
elevation model (0BM) (Guerreiro et al., 2017 Both the temporal scale of rainfall records and the spatial
resolution of the [BM play a key role in the modelling thfe associated flood hazard

A certain spatial and temporal resolution of the input data can tsuaed as representative of a given
urban context, while it may result totally inadequate for a different urban context. In the work of
Guerreiroet al. (2017), aattempt to assespluvial floodinghazardon a continental scaleas performed

for Europe by assumingraturn periodof the rainfallevent equal to10-years and the hourly temporal
resolutionfor rainfall data.A spatial resolution 025 m wasusedfor the DBEMs. Theauthors confirm as
expected that further updating of the resultsis necessary bysing input data witha proper spatial and
temporal resolution. Nevertheless, even under such a generalized approach they managed to identify
areaswithin the European territory that are significantly prone to pluvial flogdiine. the Mediterranean
region), including the Italian territory.

An accurate assessment of thazard related tgluvial flooding requiresigh-resolution rainfall data, a
comprehensive knowledge of the surface drainage system and of the undergroundgganetwork, a
detailed representation of the topographic characteristics of the urban environment (including the
microtopography features, basements, and underpasses), as well as the infiltration capacity of urban
surfaces.This optimal scenario isowadays still a challenge, and research is ongoing to assess the
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minimum suitable resolution of the underlying information that is sufficient to fully characterise urban
flooding events(Cristiano et al. 201 Fewtrell et al. 2008 A morecomprehensivestate of the art is
availablefor the case offluvial floods and the associated spatial scale (see &gyvage et al 2016

In the literature many hydrologic/hydraulic models are available, despite some approximations, to
reproduce the surface propagatiaof flooding and the flow within the elements of the underground
RN AyF3aS ySiig2N]l ® ¢KS YIAYy ! OKAfftSQa KSSt Ay (GKS
and resolution of the input data in terms of rainfall, description of the urban dgenaetwork (surface

and underground) and the topographic representation of the territory. The-dimoensional simulation

of the pluvial flooding in terms of both flow velocity and water depth is strictly affected by the presence
of obstacles that can divethe flow. As an example, the DEMs available for the Italian territory at
National, Regional and Municipality levels are usually characterized by spatial resolution from 10 to 0.5 m
that ¢ depending on the size, steepness and degree of imperviousneks oflban catchmeng usually
appears insufficient to reproduce the real pattern of the pluvial flooding in the investigated area. The
extension of the flooded area, as well as the mapsvafer depth and velocity, obtainetfom the
modelling chain, are theost largely used indicators of the hazard for both pluvial al fluvial flood studies.

A proper validation of modelled results can be obtained with dedicatestflood survey.

3.2.3.1 Rainfall data

In-situ rainfall measurements at thgroundfrom traditional rain gauges are assumed as representative

of a portion of the territory, and their accuracy (Cauteruccio et al., 2021) play a key role in the modelling
of flood events in urban areas. An example about the impact of the accuracy oflreiefEurements in

the assessment of the hazard related to pluvial flooding for the Italian territory is described in the work
of Lombi et al. (2022). In that work, results using observed (uncorrected) and corrected annual maxima
rainfall as meteorologicaforcing were compared showing how the design of rainfall events with a
duration of 30 minutes or shorter is significantly affected by the temporal aggregation, highlighting the
importance of correcting annual maxima rainfall for a proper evaluation.

The rdationship between the required temporal resolution of rainfall measurements and the extension
of the urban catchment area to conduct pluvial flooding studies is not unique. Radar measurements can
be exploited to estimate the relationship between the sphtind temporal scales that characterize the
hydraulic/hydrologic response of an urban area. Despite radar measurements have the disadvantage to
provide rainfall estimation at a spatial resolution comparable with the size of the urban catchment they
have he potential to observe the dynamic evolution of precipitation events. By exploiting historical series
of rainfall maps, the predominant combinations of rainfall intensity and duration (associated to a specific
rainfall climatology) having the potential t@sult in critical conditions causing pluvial floodings can be
established.

A multisensor approach can help to characterize the precipitation event in terms of rainfall intensity and
spatial and temporal resolution. With the objective to increase theiapeesolution of the rainfall data,

citizen science rain gauge stations can be used despite potentially affected by a lower quality and accuracy
compared with authoritative monitoring networks. In the work of Loglisci et al. (2024) it was
demonstrated that for a pluvial flooding event occurred in a Mediterranean city the role of rainfall
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measurements provided by citizen science rain gauge station was crucial to better understand the
spatiotemporal structure of the phenomena causing urban flooding in tingysarea.

The multisensor approach can also exploit the availability of opportunistic sensor that allow to increase
the spatial coverage of the study area if compared with traditional rain gauge networks. The development
of opportunistic sensors is agent innovation in the measurement of precipitation intensity (Giannetti
and Lanza, 2023), suggesting a high potential for laogdée application due to the low cost of their
installation and operation. Already existing, but usually unrelated, microwsiv&)(or millimeter wave
(mmW) links are used to infer the rainfall amount or intensity by interpreting the extra attenuation
induced by the precipitation on the received signal level. Various communication technologies can be
exploited, such as commercialWilinks (CMLSs) of cellular phone networks, satellite MW links (SMLSs),
including broadcast satellite links (BSLs), but also wireless sensor networks (WSNs), e.g., for Internet of
things (loT) applications, moving vehicles, surveillance cameras, etc. (gedJigenhoet et al. 2018,
Giannetti et al. 2019, Haberlandt and Sester 2010, and Allamano et al. 2015).

The Smart Rainfall System (SRS) was developed at the Polytechnic School, University of Genoa, as a
cooperation between the Department of Civil, Cheatiand Environmental Engineering (DICCA) and the
Electrical, Electronics and Telecommunication Engineering and Naval Architecture Department (DITEN) to
estimate rainfall intensity in real time by processing the attenuation of microwave satellite lindd sign
measured by lowost sensors (Federici et al., 2014). By processing the attenuation of the satellite
microwave link signal, each SRS sensor produces an estimate of the rainfall amount at the temporal
resolution of one minute. When a set of microwavesirare placed on the field of interest and connected

to a central processing and analysis node, a map of the estimated rain field can be obtained. The
computation of the rainfall intensity based on the eménute attenuation measurements made by the

SRS gesors includes the application of a digital denoising filtering of the received signal to eliminate any
spurious higHrequency fluctuation. The integral attenuation due to the presence of rain as measured by
the microwave sensor is the result of the attextion that occurs in the portion of the microwave link that

is crossed by precipitation. Since the actual space distribution of the rainfall field is not known a priori,
the method is based on the simplified assumption that the rainfall intensity is mmifalong the
microwave link.

Although in principles these sensors are suitable for lsagde installation and coverage of wide areas,
the availability of comprehensive and convincing validation exercises is still scarce (see, e.g., Colli et al.,
2019) anl assessing their accuracy is difficult.

3.2.32 Spatial description of the territory

One of the major challenges in modelling rairgalhoff in urbanized areas is related to the influence of

the complex overland surface, with particular focus on the ispa¢solution that characterizghe urban
surfaces and influensghe dynamic evolution of thBoodingwater flow.As summarized byapaioannou

et al. (2016) an important factorto assess and map the extension of the flooding areas, especially in
complex terrain, is the accuracy of the digital elevation model (DEM) (Bates et al. 2003, Tsubaki and Ichiro
2010). Photogrammetric techniques (Teng et al. 2015), terrestrial laser exsa(ifLS) or airborne light
detection and ranging (LIDAR) cousldgpport the production ohighresolution DEMs. The mentioned
works are mainly focused on fluvial floodjnghere a coarser spatial resolution of the topographic
informationthan in case opluvial flooding is acceptable.
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Moreover, accurate knowledge of the surface and underground drainage networks plays a key role in the
assessment of the hazard related to pluvial flooding. A detailed description of each drainage element
(type, geometrical chacteristics, position, material) iarelyavailable. Due to the difficulties in collecting

a detailed description of the urban drainage network, since a limited knowledge of the dimension and
location of storm drain inlets, manholes and pipes is comraarexhaustive knowledge of these elements

for the modelling of pluvial floodinig nowadaysstill a challenge.

To overstep this drawback, in the work of Bertsch et al. (2017) an automated GIS (Geographic Information
System) routine to generate synthetiosin drain inlet locations was developed. To validate the obtained
results a detailed field survey was conductegrecording the actual storm drain inlet locations for a
sample urban catchment located in Scotland. An initial version of the GIS routiniewssped byorcing

all inletsto be positionedalongroads ando be of the same grating type, spaced at an equal distance and
close to the existing pipe network. The initial GIS routine produced 85% ofutinder oftotal storm

water inlets surveyed. Athors ascribe this difference to two main reasons: a recently built area with a
much greater density of storm drain inlets in comparison to the overall catchment, andsrakdlterrain
depressions which results in an accumulation of surface water whdatiti@nal inlets had been installed.

The drainage efficiency was assessed by calculating the inflow volumes for the network at each time step
usingthe CityCATnodel(Glenis et al., 200)dor rainfall intensity values associated with return periods of

20 and 50 years. The trueness of the synthetic inlet drainage network was examined in relativeyterms
comparngthe flow hydrograph, the total volume disarged by each inlet, and the sade water depth

in the flooded areas obtainedith the surveyed inlets and the synthetic ones, while the accuracy and
limitations of the CityCAMmodelwere not addressed in that paper.

Results obtained by the initial GIS routine show a significant underativn of the flow rate captured by

the synthetic inlets if compared with the surveyed ondéserefore improvements were applietb
consider terrain information and increaghe density of inles in newly buit areas and in terrain
depressions. Results t#ined after applyindghe adaptation procedure reproducke99% of thenumber of

the surveyed inlets. A significant improvement was reached in terms of the drainage effi@spegially

after incorporating the terrain information to rposition the inlets.Overall, the differences in surface
water depth vary from; 0.01m to 0.01 m and are scattered across the whole investigated area. Details
about the spatial resolution of the terrain and the size of the various buffer layers are described in the
paper. Thee are site dependent and refer to a flat urban area with an extension of 221 Kne
transferability of this procedure requires appropriate rescaliegording tahe geometric characteristics

of the study area.

The procedure described above can be coeistd as a useful tool to reconstruct the position of the storm
drain inlets in the urban environment when a dedicated survey is not available or financial resources and
timing requirement make detailedsurvey unfeasible. The reproducibility of the prepd procedure in

a different urban environment can be supported by a partial survey limited to a portion of the investigated
urban area to extract the main features of the inlets (relative distance, main types, extension of the buffer
layers around the st&et and the pipes, inlet density in terrain depressions and new built areas). This
characterization can be extended to the whole investigated urban basin to apply the developed GIS
routine and derive the position of the inketor the modelling of pluvialooding.
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After estimating the characteristics of the surface drainage network from dedicated surveys or by means
of the application of appropriate procedurthe role of the operational conditions of stormater inlets

in the modelling of pluvial floodingiust be consideredindeed, the hydraulic performance of tieatire
drainage system can be dramatically affected by the operational conditidnlets,these being the route

for surface stormwater runoffto enter the underground drainageetwork (ten \eldhuisand Clemens

2011) The inlet capacity and efficiency were defined in the work of Despotovic et al. (2005) and their
relationship with relevant parameters (approaching flow, longitudinal and lateral street slopes) was
established through laboratory experiments with the amexplain the reason of the surplus of water
runoff in the urban environment. Moreover, the effects of clogging of inlets on the capacity of the surface
drainage system to convey rainfall into the underground drainagevork was also investigated. The
cgpacityis defined as the quantity of water captured by the inlathile the inlet efficiency depends on

the approaching runoff ratandis defined ashe capturedpercentage of the approaching flow rate. The
maintenance conditions of the inlet affect itagacity and result in decreasing its efficiency when a portion

of the approaching flow is not captured by the inlet and produce theated passver flow. Based on

the laboratory results, in the mentioned paper, the pas®r flow was calculated, forsample case study,
considering numerous inlets positioned along a street.

In the work of Palla et al. (2018) the efficiency of the surface drainage network under various operational
conditions (degree of clogging) was investigated by using a hydrodynandel rthat considers only
overland (pluvial) propagation while the interaction with the subsurface drainage netwgorot
simulated(it is assumed to receive all water drained by inleliglet operational conditions were varied
stochastically using a MoatCarlo approach and the flood propagation was modelled using the F2IDRB
model (Aronica et al. 1998). A case study in the city of Genoa (ltaly) was chosen, the catchment area (80
ha) is completely urbanised with very limited pervious areas and equiptacatout 250 inlets. Chicago
hyetographs for return pericgl(T) equal to 2, 5 and 10 years were adopted. Simulation results allowed to
identify local floodprone areas due to the failure of the surface drainage system for all precipitation
events showingthat topographic effects have the potential to produce local flooding with significant
water depth and that local inlet operational conditions may affect the behaviour of the whole urban
drainage systemPluvialflooding due to the inefficiency of the dace drainage system ghown to be
independent on the conditiosiof the underground drainage network.

Lanza et al. (2023)vestigatedthe impact of the inlet number, positioning, and efficiency on the ok
pluvial flooding. Detailed information about the inleharacteristics, including the potential degree of
clogging, were obtained from the archives of the company in charge dtteet and inletmaintenance,
corroborated by a dedicated survey in the study area. This allowed obtaicimgalete definition of the
geometric and hydraulic characteristics of thermwater inlets. ltwasassumed that the capacity of the
storm sewersd sufficient to drive away the wateonveyed through the inlets, therefore no backflow is
considered Hydraulic modelling is performed by using the HEAS 2D software code (v. 6.3WSACE,
2021)and inlets aresimulated as pumping stations withcastomised stagelischarge relationship based

on the available literature studies. Results are presented in the form of maps of the water depth and
velocity over the study areas, and critical regions are identified based on the observed fre(uetnay
period) of the expected flooding:his study airad at providing suitable information to plan priorities in

the maintenanceanterventions (cleaning and repairing of inlets) and possible expansion of the surface
drainagesystem. The model is applied to a catady of an urban district of the town of Genoa (ltaly), to
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3.2.33 Modelling of pluvial flooding

The hazard related to pluvial flooding is traditionally described using as indicators the extension of the
flooded area, the water depth and velocity and a combination of theselatter indicators to derive the
conditional hazard classgsee Maranzoni et al., 2022 for a review of the flood hazard classification
methods available in the literaturep variety of stormwater drainage models and software codes are
available in thditerature. In the following, a brief description of the main typologies of models employed
for research purposes is reported.

Sormwater drainage models areharacterized bytwo main steps: the first concernghe hydrologic
processesvhererainfall is transformed into runofthe secondconcernshe flow propagatioralong the
drainage networkFollowing these steps, the modelling of the propagation of the flood volume on the
investigated catchment area is required to obtain a comprehensigessment of the flood hazard. The
one-dimensional (1D) approach is usually sufficient to characterize the second step of the analysis, related
to the flow routing within the pipes. The first step, based on the quantification of the runoff volume, is
preferably modelled using a twdimensional (2D) distributed approach but in some cases the conceptual
model simplification is assumed. Finally, a fully 2D approach is fundamental to reproduce the propagation
of flood volumes over the catchment surface and derthe associated flood hazard maps.

The drainage network is typically conceptualizedaaset of nodes, corresponding to manholes, and
connections/links between them, representipipes The runoff generated in defined portion of the
catchment isassigmed to an entry node and is then conveyed along the drainage network by solving the
SaintVenant equationsThe Storm Water Management Model (SWMM) is a hydrologic and hydraulic
modeldeveloped by the United States Environment Protection Agency (HPA)271) to solve the 1D
steady or unsteady flow equations within connections/links (the pipes of the drainage netwbik)
modelwas progressively upgraded and in 2022esv feature of a 1D/1D explicit approach allowing users
to define inlet devices that capre the surfacerunoff (Rossmanand Simon 2022 and convey the
collected volume within the pipes

The nodelling of floods in urban areas requires the exchandjscharges betweenhe surface and
subsurface flowto be considered. Therefore, various studies proposed combined 1D/2D models to
address this issue. Bazin et al. (2014) validated, for a specific case stutlydtbdynamic simulations
carried outby solvingthe 2D and 1D shallow water equatiofer the surface and subsurface flow
respectively against measurements from an experimental facility available aighevd Open Laboratory
of KyotoUniversity In Barreiro et al. (202) a 1D/2D urban flood model based on an offline coupling
procedure between the 1D model SWMM and the 2D model MOHID Land is presktaeldoles and
inlet devicesact asinterface connectors between thewvo models. Inlet devices are responsilflar
capturing runoff and convengit to manholes (2D to 1Dyyhile manholes can return excessive flows to
the surface wherthe sewer system is pressurized (1D to 2D). ifterchangeof data between the two
models €oupling procedurkis setoffline at the end othe run of each model.
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Computational and numerical stability aspects are also addressed; for instance, in Fan et ala(2017)
coupled modefor urban flood inundationwas developedby using an implicit dual time steppingethod
(DTS) to improvéhe run time dficiency.The method is fully implicéind can be run iparallel computing
mode. Theimplicit schemeensures a greater stabiligndis therefore particularly suitable for urban flood
simulationswhereacomplex underlying surfaadictates the propagatin of flooding

Software tools like HERAS 2BUSACE 202&)low modelling the surface propagation of flood due to
both the river overflow inundation(using the combined 1D/2D model) and pluvial floodamgnomena
(using the 2D model capability alone). The HEAS software was developed by the WBny Corps of
Engineersand allows to se& variety of simulations schemes from steady to unsteady flpwdiving the
Shallow Water equations or the Diffusion Wave equations (less accurate). A similar 1D/2D approach is
used by the Kalypso softwareht{ps://kalypso.bjoernsen.de/index.php?id=4&0=1 last access
24/07/2024).Kalypso solves the unsteady coupled 1D/2D flows for surface wayetennecting a one
dimensionally moddééd river section with another sectiomodelled using the 2D model. The two
componentsare coupled by means of approprgaboundary conditions. ie mathematical basis of the
computation module is formed by the Saienant equations and the shallow water equations,
respectively.

Equivalent to the HERAS software is MOHID Land developed by the MARETEC (Marine and
Environmental Thecnology Research Center) at the Instituto Superior Técnico of the University of Lisbon.
It is a hydrologic/hydraulic integrated model with four comparmtee the atmosphere, porous media,
surface land, and river drainage network. The surface runoff is 2D modelled setting the kinematic wave
or the diffusion wave approximation while within the river network the 1D Sdamant equations are
solved. This modevascoupled in the work of Barreiro et al. (2028jth SWMM to reach a complete
modelling frameworko accounting for the various steps affecting flooding scenarios.

3.2.34 Postflood survey strategies in urban areas

The main reason why it is worth perfing a postlood survey arises from the need of improving our
understanding of the flood phenomenon and increase the resilience of the anthropic environment.
wWSaAfASYOS: RSFAYSR Fa dadKS [oAfAde 2 Teashdf8ucH S 2 NJ
Fda &aK201XI Ay2dNEI SiOdvé OhEFT2NR [ SINYySNAR RAOGAZ)
characteristics and expected evolution of a flood event, the expected damages, and the possible
countermeasures, to be ready to reasonably face tiext event. The concept is well synthesised by
Szoenyietal. 2010y (GKS GAGfS 2F GKSANI OKIFLWGSNE NBIFRAYy3 a!

Postflood survey places the basis for the calibration and validation of flood models with the gbjéwti
single out the main critical issues and plan mitigation strategies.

Within this general framework, multiple objectives can be supported by the information collected during
the postflood survey and, though the overall survey is generally a multime@etivity, identifying the
specific aims is useful to plan and adopt optimal methods of investigation.

The most common podtood survey actions aim at readily assessing the damages to relevant
infrastructure, buildings, commercial and industrial premsisprivate and public properties, etc. The
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transportation network is generally impacted by the flood and detailed identification of the damages to
roads and railways is a primary objective.

This is generally performed in the immediate aftermath of the é\{@&gw hours or days), or even during

the event, by the civil protection as the basis for organizing rescue actions and supporting the provision
of rapid funding from the (local or national) government in the emergency phases. Rapid assessment of
the damags for emergency support can be later followed by a more detailed assessment to quantify the
precise amount of compensation funding for citizens and companies.

Damage assessment is also important in view of conducting investigations, usually activadtedPhiplic
Prosecutor Officdollowing comphints from citizens, to assess possible responsibilities of the various
regional planning and land protection authorities, or public and private actors as well. Following Szoenyi
Si Ftd oHnmMT O ia podtgvEndADUdVA iy Snildr to TeBedtieyindrk in that it needs an
experienced team of experts, a consistent and iterative rsttacture, and guidance on how to pursue
fSFRa FTYR ySg AYT2NNI(GA2YED

Among the most difficult elements to quantify in relatiomflood events, knowledge of the vulnerability

of the anthropic and natural settlements is also one of the most important factors to supgsilience
Indeed, vulnerability quantifies the level of damage that is expected for a generic asset whexpidssd

to a flood event of a given magnitude and may vary widely with the type of asset at risk, the age, the
maintenance conditions, and with the physical characteristics of the flood (including hydrodynamics,
duration, sediment transport, pollution, efc

A nonnegligible application of the results of a pdkiod survey resides in the validation of flood
propagation models. The hydrodynamic parameters and simplifying hypotheses adopted in the simulation
of flooding scenarios using numerical models alsveequires, indeed, careful validation. However, while
flow rate data from instrumented river sections are commonly available for validating hydrological
rainfallrunoff models, quantitative information about the flow depth and velocity occurring in urban
areas in the event gluvialflooding are rarely found.

The extent of urban flooded areas is the main relevant parameter, whether monitored from remote
satellite platforms or recorded as a site survey action. The information can be detected alsth&om
analysis of photographs and videos taken by experts or citizens during or in the immediate aftermath of
the event. Comparison of simulated versus recorded flood extent data is the most common form of
validation of flood propagation models.

As an exampgl, inFigure25, two photographstékenby a private citizen) of the runoff occurred during
the rainfall event on August 28th, 2023, tile town of Genoaare reported. As a confirmation of the
analysis reported in the work of Logliseli al. (2024) where merged radamaps and rain gauge
measurements demonstratetthat the rainfall climatology of the Genoa territoiy characterized by short
duration and very localized eventthe rapid evolution of the floodingan beextrapolated from these
pictures. In the lefhandpanel,significant runofitoversthe whole road from one side to thather, while
after 10 minutes the runoff decreased ands soon confinetb a small portion of the road.
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(b)

Figure25. Dynamic evolution of runoff during the event of August 28th, 2023, in Genoa. Panel a) refers ©BRvAe panel
b) refers to 10 minutes latéphotographswereprovided by a private citizgn

3.2.35 The case study of the RETURN project

This section summarizes the research conducted within the activity (@ BIHJRNroject, Vertical Spoke

M O0x{MU0 G2l GSNEZT 22N] tFO1F3S H 02tH0O GaCf22R NAa]
research team of the University of Genova, DeparttadrCivil, Chemical and Environmental Engineering

(DICCA) composed by Dr. Cauteruccio Arianna, Prof. Boni Giorgio and Prof. Gnectbdlarfaut data

availability issue, with specific focus on the spatial resolutioadisessed by means of a comzam of

pluvial flooding scenarios using rain gauges and opportunistic sensors for an urban case study.

The case study is a densely built urban area within the Metropolitan area of Genoa (Italy), that was
recently (September 24th, 2022) affectedfiyvial flooding associated with a rainfall event characterized

by a low return period (T between 1.5 and 3 years). The investigated urban area is in the West part of
Genoa, in the Sampierdarena district, and is characterized by a flat zone of about(dden®d area in
Figure26). It is equipped with a traditional tippiAgucket rain gauge station (named Argd) managed

by the environmental protection agency of the Liguria region (ARPAL) and one SRS (na®AJTSRS
further SRSs are available close to the investigated area: in Borzoli (nam&D¥pR&d in Castelletto
(named SREA) positioned 2.7 km and 4.0 km far from Aspllrespectively. In the analysis, other two
rain gauges managed by ARPAL are considénedCastellaccio (Arp&lA) and Centro Funzionale (Arpal

CF) located at 5.1 km and 4.5 km far from the AFdallhe position of each instrument is showigure

26. Measurements from the ARPAL rain gauges are available at Semiradolution while SRSs provide
measurements at 1 minute resolution.
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Figure26. Overview of the investigated urban area with indicated the position of the three rain gauges (white circles) and the
three SRSs (red circlegjh the associated satellite links (red lines).

Assuming the Arpdfl rain gauge as the reference instrument for the present study (since it is located
within the investigated urban area) the ratio between the rainfall amount measured by each instrument
and the reference one, as well as the peak ratio, are summarisédlie4. The comparison of the
investigated rainfall event as measured by each instrument is showigure27a. It is evident that the

two Arpal rain gauges positioned outside of the study area do not capture the magnitude and the duration
of the rainfall event measured at the reference station. On the contrary, the SRSs, despite some
underestimation of the peakainfall, provide a good representation of the temporal evolution and total
volume of the reference rainfall event. This can be ascribed to the larger spatial representativeness of the
SRS with respect to the traditional rain gauge. The satellite linkimdagd cross the bulk of the rainfall
event even though the precise location of the sensor is not immersed in the rain field.

Table4. Rainfall event and flooding parameters as a comparison with the reference instrumentgBrpal

Instrument RENE Peak ratio Volume ratio condit. on h>5cm Max Depth ratio
amount ratio
ArpalCA/ArpalF| 0.62 0.59 0.54 0.91
Arpal-CF/ArpaiFI 0.64 0.55 0.50 0.91
SRSSA/ArpalFl 1.07 0.56 0.90 1.02
SRSCA/ArpalFI 1.02 0.38 0.84 1.01
SRSBO/ArpalFI 1.08 0.45 0.79 1.03

Pluvial flooding scenarios were modelled based on the rainfall measurements obtained from the various
sensors using the HERAS 2D software (USACE 2021), solving the shallow water equationENSWE
stricter momentum) at fixed time steps of 0.5s. The connection with the subsurface drainage network is
neglected in this study since in Lanza et al. (2023) it is shown that flooding in the study area is ascribable
to a complete clogging of stormwater inlets meanthgt the subsurface drainage network is inefficient.
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Figure27. (a) Temporal evolution of the investigated rainfall event as measured by the various sensors, (b) temporal evolution of
the modelled flood volumgonditional on a minimum water depth h =5 cm) obtained when using as input the rainfall
measurements from various sensors.

The results of the modelled scenarios are reported in terms of maps of the maximum water depth (see
Figure28) and the ratios between the flooded volume (conditional on a minimum water depth h =5 cm)
and maximum water depth obtained in each scenario and the reference values obtained using the rainfall
measured at ArpaFl (seeTabled). Thke temporal evolution of the modelled flood volume (conditional on

a minimum water depth h = 5 cm) is reportedRigure27b. Both the maps and the ratios indicate that
differences are limited when SRSs are employed, either when qsitiin the same urban area or at few
kilometres far from the area. The point nature of measurements taken at rain gauge stations outside of
the study area reduces to a half the flooded volume and by 10% the maximum water depth. In all cases a
reduction ofthe extension of the flooded area is shown indicating an underestimation of the flood hazard.
The temporal evolution of the modelled flood volume reflects the differences already observed in the
temporal evolution of the rainfall event as measured by Wiagious sensors, including the shift in time of

the core of the event in case of the two rain gauge stations located outside of the study area. The
significant underestimation of the rainfall peak experienced by the SRS measurements does not result
into acorresponding reduction of the peak of the flood volume probably because of the accumulation of
flooded water in the depressed areas of the domain.
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Figure28. Maps of the maximum water depth for the investigated rainfall eventgisieasurements from: (a) Arpél, (b)
ArpalCA, (c) ArpaCF, (d) SRSA, (e) SRSA and (f) SREO.

In conclusion, arious pluvial flooding scenarios were simulated in the present work to highlight the
impact of data availability anceliability over the assessment of the flood hazard in a highly urbanised
district of the town of Genoa. Significant differences were observed and quantified between flooding
scenarios obtained by simulating the distribution of excess rainwater when waramofall data are
considered. A realorld event measured by rain gauge stations and opportunistic sensors is used to
compare the resultsAlthough the overall flooding conditions are captured in all the examined cases, due
to the simplification adoptedh the flow modelling approach, it is evident from the results that significant
differences in the expected flood volumes and maximum water depth are obtained when using various
sources of the rainfall information. In the case of the simulated event, dleeaf opportunistic sensors
located within or in the proximity of the study area largely outperforms the contribution of nearby rain
gauge data when these are located even only 5 km far from the study area, and this was shown to hold
for both the total fboded volume and the maximum water depth.

This work, published as a part of the short paper by Cauteruccio et al. (2024), highlighted the relevance of
the input rainfall pattern on the modelling of pluvial flooding scenarios for a specific case study
characterized by a rapidly evolving event with a limited spatial coverage, suggesting that the input
information plays a central role, even prevailing with respect to details of the flood modelling approach.

3.3 Meteorological hazards
3.3.1 Extreme windvens under climate changand multirisk perspective

The Mediterranean basin, although relatively small, has unique and complex orographic features, such as
sharp landsea transitions. The wind climate of the nriaitudes of Europe, particularly in the
Mediterranean basin, which spans the entire vertical extent of the Italian peninsula, is primarily influenced
by two phenomena: extréropical cyclones and thunderstorm downbursts. Understanding the physical

81



I Finanziato Ministero . '

SN call'Unione europea dell’Universita l [taliadomani

e NextGenerationEU > adella Ricerca . O NAZIONAL
mechanisms behind these phenomena is essential foradtarizing their spatidemporal behavior and
assessing the associated risks to both the built and natural environments.

PIANO NAZ E
DI RIPRESA E RESILIENZA

These two phenomena differ significantly in their temporal and spatial characteristics-tixtical
cyclones, which are cyclonic wimthat develop outside the tropical regions, are extensive andlasting

events. They typically span around 1,000 kilometers and can persist for several days. These cyclones
originate at subpolar lovpressure centers, formed by the convergence of ealttls from the north pole

and warm air from the tropics. The polar front is the transition zone between these two air masses. The
cyclonic system derives its energy from the horizontal thermal contrast in the atmosphere.

Bjerknes and Solberg (1921) firstsdribed the evolution mechanism of this phenomenon, known as
cyclogenesis. As the horizontal wind's rotation (vorticity) around thegdogsure center increases, so
does the updraft (the upward movement of vertical wind above the-fo@ssure center). Tif process
reduces surface pressure, and the resulting pressure gradient between the cyclone's center and its outer
region generates horizontal wind. The Coriolis force, caused by Earth's rotation, creates spiral winds
around the lowpressure centefFigure29). Over time intervals ranging from 10 minutes to 1 hour, the
winds from extratropical cyclones are stationary flows, and their velocity distribution can be accurately
represented by a Gaussian distribution.

Figure29. Satellite image of extréropical cyclone above United Kingdom
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Figure30. Number of intense cyclones over the 45 years of thedbR&riod at mature stage per squares 2.25° x 2.25°
(Flaounas et al2022)

Cyclones in the Mediterranean basin can also exhibit trofliicalcharacteristicgFigure30). In recent

decades, these tropicdike cyclones have become increasingly common at our latitudes. These events

have recently beemjiven a specific name by the scientific community: Medicanes, a portmanteau of
GaSRAGSNNI ySIyYy KdzZNNR Q Figh®31)e Unikeexttagopingl lcytlonssiiMetida®E  H 1 H H
typically feature a warm, clear, cloudless coreyaid of strong winds. They initially form as baroclinic
phenomena due to the misalignment between pressure and density gradients. As they mature, they
intensify through convective processes, such as extracting latent heat from warm sea temperatures.
Recen climatic studies suggest that while their frequency may decrease, their intensity is likely to
increase.

S
ok

Figure31l. A satellite image of a Medicane over south of Italy
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However, the midatitude climate of theMediterranean Basin is also governed by thunderstorm
phenomena. They originate from the convective updraft of air from the lower tropospheric levels. The
updraft of air can occur mainly following three distinct mechanisms: (i) forced mechgragéntlashe
against an obstacle (mountain/hill prominence) that forces it to move upward,; (ii) frontal mechgrasm
front between cold and warm air forces the latter to uplift; (iii) natural convectavarmer and humid

air tends to rise. Upon reaching condensatithe thunderstorm cloud (i.e., cumulonimbus) forms and,
depending on the strength of the vertical air updraft, extends up to the tropopause (i-42 ktnh above

the ground level, AGL). If the updraft intensity is particularly violent, the cumulonimdusespass at

the lower stratosphere. Typically, the thunderstorm cloud extends vertically for about 10 km in the
troposphere, starting about-2 km AGL, and it is thus quite recognizable among the other clouds.

The cold air inside the cloud now buoyarfiyls to the ground through gravity. This creates thecatied
downdraft, namely a vertical descent column of cold air. Upon impingement on the ground, the flow
changes momentum from vertical to horizontal and expands in an ideally ‘@diahetric struture on

the horizontal at the neaground level§Canepa et al., 2022b, 2020; Solari et al., 201b¢ thunderstorm
dynamics desribed above can be summarized in mainly three stages (cumulus, mature, and dissipating
stages) schematized Figure32.

Height Height
12.2 km EURIES

9.1 km 30,000

6.1 km 20,000 ft.

2830 km 10,000 ft.

—]

Towering Cumulus Stage Mature Stage Dissipating Stage

Figure32. Schematic of thunderstorm phenomenon

Different typologies ofhunderstorms exist in nature. A short list is reported here below iarkigure33,
while the reader can refer to the vast literature on this topic

1. Single cell
2. Supercell
3. Multi-cell
4. Mesoscale convective systems

a) Squall lingthunderstorm front)
b) Bow echoes (Arpesonance type)
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Figure33. Thunderstorm typologies

Contrary to cyclones, thunderstorms are very small phenomena, extending for a few km on the horizontal
and lasting few tens ofminutes. This, along with their highly natationary and transient wind
characteristicgsee, for exampldrigure34), makes them very difficult to record at fidtale and to build
simple and physically reliable models as in tlase of extraropical cyclones. These latter phenomena

are still the reference flow to calculate wisidduced effects on structures within the design codes and
standards.Thunderstorms, in turn, exhibit unique characteristics, as highlightdeigare34, including
sudden changes in direction and speed (with flow acceleration) and mean wind speed profiles
characterized by a typical "nose" shape, with maximum values closer to the ground. These features are
now starting to be simulateth wind tunnels, often using specialized faciliti€ébe paper byAldereguia
Sanchez et al. (2023)eveloped within the framework of the RETURN prgjsbhbwsthe possibility of

using a passive device, such as a specially designed grid, to replicats#&®haped mean wind speed
profile even in a conventional wind tunnel.
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Figure34. Wind speed and direction time series (left); exttapical cyclone and thunderstorm wind profiles (middle); vertical
view schematic ahunderstorm downburst wind (right).

A wide range of weatheinduced natural hazards and mdltazards in the Mediterranean are related to
Mediterranean cyclones and thunderstorms with severe secionomic consequences. In the natural
hazards report of Moich Re at global scales for 2019, the Mediterranean region was pointed out because
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of the storms that produce flash floods and inundation. Such storms have recurrently affected lItaly,
inflicting damage and billions of Euros in losses (Munich Re, 2028)tektanean cyclones with strong
circulation, embedded convection and frontal structures produce Hmgbact weather including heavy
rainfall and flooding, thunderstorms with intense lightning activity, windstorms and dust storms,
tornadoes, storm surgesnd landslides, including compounding effects.

The compounding interaction among these weather components will be treated more extensively in
Sectiord.2.2.

3.3.1.1 Statistical analysis of extreme winds

Probabilistic analysis of the data population

Let( be the number of pairs of the average values of wind speed and direafiin that form the
corrected dataset; leti be the number of pairs of null values relative to wind calms;0Let0 0
be the number of pairs of nemero values.

From thel pairs of nonzero values ofch  “Ysub-datasets are extracted, theth of which includes the

0 speed valueso associated with the-jh sector of incomingwind@ m~ HYD > 0 E

0 ). Each sector js o @ jt¥wide and centered on the angle ’ , being 0° the direction of

the wind coming from the north andl the sector width. The probability that the wind comes from the
j-th sector is given by the formula:

MO 6Q0L U ™MQ pkRY 1)
being 0 the probability, conditional orw 1, that the wind comes from theth sector (note that

B 0 p);visthe state variable ab;"Q 0 is the probability density function of the 1@in average
wind speed coming fromth sector, expressed in the form proposed by Weifdlkibull, 1951)

Mo - — Aob — 0 ™Q pltB RY 2)

where Q and o are the secalled shape and scale, respectively, parameters of the model. Distributions
calculated on the basis 6f values less than 1% of the available fm@mo( values are considered to be
limitedly reliable.

Starting from this setting, the ovall probability density functionQ U0 and the data population
distribution function"O v are provided by the expressions (Solari, 1996):

QU 070 p O B b — — Agb — O T (3)

o0 p p 0 B b6AgDP - O T 4

where0 is the probability thato 111 is the Dirac operator.

As an alternative to Eq3) and(4), Q 0 and™O 0 and can be expressed using formulas (Solari, 1996):
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Qv 010 p O -- Ag@gb - 0 T (5)

o0 0O p O p Agb - 0 T (6)
in whichO andd are the parameters of the distribution of the global dataset.

Probabilistic analysis of the extreme values

The procedure assigns to the firsahnnual maxima of/ the asymptotic distribution of type | of Gumbel
(Gumbel, 1958)The distribution function of the maximum annual valud/a$ given by the formula:

F (V):e{-e@;\(vu)}a (v ) o

wherev s the state variable of. AandU are the model parameters. By inverting EQ. e obtain:

1, & & 15

v=U —Ingz Ingdl — &{R 1 ®)
A g ?R§ )

being

1
R(V)=———M (9)
(Y 1- Fy (V)
the mean return period, namely the average duration that elapses between the recurrence of events of
intensity equal to or greater than

3.3.12 Case study Analysis of the station Genq#orto Antico (GEPOA) (period 03/2Q16/2023)

Analysis of wind speed and direction timeseries

Thissectionshows the analysis of the wind speed and direction timeseries recorded by the ARRAL met
station of Genoa Porto Antico (see Section 2.3.1, code GEPOA) in the period from 4 March 2016 to 30
October 2023. The dates used in this report all refer to the (Co@rdinated Universal Time) standard,
which corresponds to Greenwich Standard Time, at 0° longitude.

The data analyzed are values of wind speed and direction averaged over 10 minutes, recorded
continuously in the aforementioned period. The dataset hasbd®ecked for incorrect values, according

to the procedures indicated in Secti@B.3. No incorrect measurements were found during the period
considered, so the dataset was analysed as a whole. Some intervals of the wind direction signals were
disregardedn the directional analysis due to poor resolution of direction measurements. This allowed to
make the datasets homogeneous and therefore idoneous to undergo a directional statistical analysis.

Table5 provides a summary of the chataristics of the analysed dataset. The value of the potential
measurements refers to the maximum number of measurements available (at the sampling frequency of
the station for the length of the measurement period) if the dataset had no missing datehé-@EPOA
dataset, this is 402688 values. The valid measurements, corresponding to the potential measurements
excluding missing data, are 393542 overall (97.7%). These can in turn be divided between wind calms
(wind speed less than or equal to 0.5 m/s), afjto 29238 values (7.2%), and Apero speeds (greater

than 0.5 m/s), equal to 364304 (90.5%). The number of missing data is 9146 (2.3%).
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Table5. Total number and percentage of missing, valid, null andzesomeasurements for the GEPOA dataset in the period
04/03/2016¢ 30/10/2023

Potential Missing measurements Valid measurements Wind calms Non-zero values
measuremens

402688 9146 393542 29238 364304

100.0% 2.3% 97.7% 7.2% 90.5%

Figure35shows the Gantt chart of valid measurements, which allows to identify the periods in which the
instrument has not measured.

O |

| | |
2017 2018 2019 2020 2021 2022 2023

Figure35. Temporal distribution of the measurements valid in pleeiod 04/03/2016¢ 30/10/2023 for the GEPOA dataset.

Figure 36 diagrams show the trend of the wind speed (a) and direction (b) timeseries over the
measurement period. From the graph of the wind speed timeseries it can betsaethe values have
never exceeded 17 m/s (4@in average values).

To get a more detailed picture of the dafBable6 summarizes, for each of the 12 directional sectors
analyzed (from 0° to 360° with step 30°), the recurrence ofatimel speed divided into intervals of 1 m/s.

Due to the poor resolution of direction measurement between 21/07/2022 and 20/03/2023, this time
interval was removed from the analysis. From here the high number of wind speed values that falls in the
O2f dzYRS&F &Y SR RANBOGAZ2Y ¢ d ¢ KS -dirdctionl (i@ 2dygiegafed)doin? & a
The last row shows the total of nemero values of wind speed, sector by sector and for the entire dataset.
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Figure36. Timeseries of measurements (average over 10 minutes) valid in the period 04/08/20/1%/2023 for the GEPOA
dataset: (a) wind speed; (b) wind direction
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the total of the measurements.
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Number of processed data 393542
Number of wind calms 29238
Speed Direction sector —

Y 0-30 [ 30-60 60-90 90-120 [ 120-150 | 150-180 | 180-210 | 210-240 | 240-270 | 270- 300- 330- Undef | Total

300 330 360

051 4305 5097 7731 8175 4527 1937 2310 2574 1432 1040 940 2690 4197 46955
1-2 4837 9423 11974 5922 5759 6165 11035 15714 6304 2065 1335 3235 8229 91997
2-3 3057 7226 7335 1540 3766 9893 17075 17164 6668 2069 841 1175 6457 84266
3-4 3861 7714 5801 556 3003 9566 7916 2657 1602 942 234 993 4002 48847
4-5 4185 8300 3866 123 2104 5684 3017 828 319 151 75 740 2627 32019
5-6 3617 7804 2363 24 1114 2492 1151 500 122 51 26 372 1906 21542
6-7 2833 6947 1494 4 351 714 392 270 43 7 8 171 1423 14657
7-8 2012 5415 935 1 73 247 160 110 11 3 2 65 960 9994
8-9 1422 3521 468 0 30 91 67 43 2 0 0 32 705 6381
9-10 827 2124 230 0 20 46 26 16 0 0 0 11 346 3646
10-11 442 1342 101 0 15 13 13 8 0 1 0 6 163 2104
11-12 227 738 65 0 13 4 8 2 0 0 0 0 85 1142
12-13 68 314 30 0 2 3 7 2 0 0 0 0 26 452
13-14 29 147 6 0 0 2 7 1 0 0 0 0 3 195
14-15 2 65 6 0 0 0 1 0 0 0 0 0 5 79
15-16 0 22 2 0 0 0 0 1 0 0 0 0 0 25
16-17 0 3 0 0 0 0 0 0 0 0 0 0 0 3
Total 31724 | 66202 [ 42407 | 16345 20777 36857 43185 39890 16503 6329 [ 3461 | 9490 | 31134 | 364304

Wind calm is defined”Y 1@ m/s
Wind speed classesd ¢ 0 Q€ 6 ¢ Y YRR QE 6&Q
Wind direction sectors:d) ¢ 0 Q€ 6 £ '~ YR QE 6&Q
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A more immediate visualization of the data reportediable6 is possible via the polar diagramkfure

37, which represents the wind roseorresponding to the measurements recorded in the GEPOA met
station. In this figure, the distance from the center of the graph indicates the frequency of the wind coming
from a certain direction. Directions are divided into 12 sectors 30° wide. For eeidn, s#ifferent colors
distinguish classes of increasing wind speed, as shown in the ldggnte37 shows a wind rose in which

the prevailing directions (sectors with greater radius and therefore area) correspond to the wind coming
from the north-eastern quadrant (mainly from 0° to 60°) and, to a lesser extent, from the southern
guadrant (from 150° to 210°). The most intense winds (yellow) come mainly from the sectors from 0° to
60°.

330° 30°

300° 60°
w E
240° 120°
speed (m/s)
10
210° 150° 5
S 0

Figure37. Windrose for the measurement period 04/03/204 80/10/2023 of the GEPOA dataset. The value at the center of
the polar diagram (7%) corresponds to the percentage of wind calms (average wind speed over 10 minutes < 0.5 m/s) recorded

Probabilistic analysis of wind speed and direction timeseries

This section reports the results of the probabilistic analysis performed on wind speed and direction
measurements (averages over 10 minutes) of the GEPOA dataset for the period 04/0380016/2023.

The pesent probabilistic analysis was performed both on the overall time series (population) of the wind
speed (nordirectional analysis), for both data population and extreme values, and subdividing it
according to the incoming wind direction (directional &rsis), considering 12 sectors 30° wide (from 0°
to 360° with step 30°), only for the data population. For this latter analysis, the wind values between
21/07/2022 and 20/03/2023 were disregarded due to poor resolution of direction measurements.

Details ofthe probabilistic analysis of the data population performed in +dnectional and directional
form are reported above.
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The results of the data population analysis are summarisdalite7. The first 12 rows of the table refer

to the directional analysis, while the last row shows the results of thedi@cttional analysis. On the left
side (columns &) for each directional sector, and in the last row for the whole population, the mean
value and standard deviation of wind speed (@ge values over 10 minutes), the coefficiéntand
parameters'Q (shape parameter) and (scale parameter) of the Weibull model, estimated by the
resistant method (see above). The last line of Tradble7 reports the sameestimates in nordirectional
form.

The regressions corresponding to the application of equation (4) (blue line) and equation (6) (cyan line) to
the measured data are given Figure38 and, in terms of exceeding probabilify, Figure39.

Details of the probabilistic analysis of the extreme values performed irdivectional form are given
above. The asymptotic distribution of the typ@Qumbel,1958)was used to carry out the analysis.

The regression of Eq. (7) using the robust metfiddaglin et al., 1983llows for the derivation of the
parameters of the Gumbel distribution.
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Table7. Parameters of directional and natirectional probability distributions (last line) for the wind speed timeseries{thQte averages). Measurement period 04/03/2016
¢ 30/10/2023 for the GEPOA dataset
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Genoa Porto Antico (GEPOA), Months 1- 12
04/03/2016- 30/10/2023

Speed corresponding to exceedance probability 10**( - P)

Sector Mean StDev A K C 1 2 3 4 5 6 7 8 9 10
0-30 | 4097 2692 008l  1.469 4545 8018 12852 16936 20.598 23.976  27.144 30.146 33.014 35770  38.429
30-60 | 4602 2782 0168 1637 5149 8569 13.086 16.763  19.982 22.900 25597 28124 30513  32.789  34.968
60- 90 | 2702  1.993 0108  1.636 2948 4909 7498 9607 11454 13128 14675 16.125 17.497 18.803  20.054
90-120 | 1.200  0.754  0.042  2.224 1343 1954 2669 3203 3645 4029 4374 4688 4978 5249 5503
120-150 | 2378 1603  0.053  1.705 2629 4287 6437 8165 9665  11.017 12260 13.420 14513 15551  16.542
150-180 | 3.088  1.423  0.094  2.390 3476 4928 658  7.804  8.802  9.664 10430 11125 11765 12.359  12.916
180-210 | 2562 1210 0110 2617 2864 3939 5133 5993  6.689  7.285  7.810 8284 8718 9119  9.494
210-240 | 2115 0990 0101  2.862 2356 3153 4017 4629 5118 5533 5897 6223 6521  6.794  7.049
240-270 | 2064  0.883  0.042 2784 2310 3116 3.997 4624 5127 5555 5931 6260 6577 6861  7.126
270-300 | 2034 1011 0016  2.245 2288 3318 4518 5412 6151 6794  7.369  7.893 8376 8827  9.251
300-330 | 1.696 0980  0.009  2.095 1898  2.826 3935 4775 5478  6.094 6648  7.156  7.627  8.068  8.484
330-360 | 2090 1618 0024  1.621 2278 3811 5845 7506 8964  10.287 11512 12.661 13748 14.785 15778
0-360 | 3.004 |2158 [0926 | 1.714 3285 | 5344 |8009 | 10.146 | 12.001 | 13.670 | 15.205 | 16.636 | 17.984 | 19.263 | 20.485
Frequency of wind calms 0,070
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Figure38. Cumulative distribution of wind speed (average over 10 minutes). Measurement period 04/08/20/1©/2023 for
the GEPOA dataset
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Figure39. Exceedingprobability of wind speed (average over 10 minutdgasurement period 04/03/201630/10/2023 for
the GEPOA dataset
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Figure40 shows the joint density function of wind speed and direction (the values of which are listed on

the right side of thél'able?) in polar form: the points in the innermost diagram correspond to the average

wind speed coming from sectors 30° wide, with exceeding probability equal to 12p, (@ile the points

of the outermost diagrams correspondto && RA Yy 3 LINR O 0 A f A  ®)SThe dagrandzLd (0 2
shows that the highest wind speeds, which correspond to the rarest events, are associated with the
directions coming from the northnortheast.
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Figure40. Polar diagram of mybability distributions of directional wind speed (average over 10 minutes) for the GEPOA. dataset

Figure41 shows the extreme value (EV) asymptotic distribution of type | (Gumbel distrib@Gumhbel,
1958)applied on the yearly maxima in nafirectional form.Table8 shows the estimated velocity maxima
w associated with different return period¥ .
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Figure4l. Type | EV distribution applied on the measured yearly maxima for the GEPOA.dataset

Table8. Velocity maximay  associated with different return period¥ for the GEPOA dataset

4 (years) T ndm/s)

2 14.64
5 15.91
10 16.75
20 17.56
50 18.60
100 19.38
200 20.16
500 21.18

Extreme wind speed values

Following Eq. (8)[able9 reports the extreme wind speed values associated with different return period
for the eight metstations analyzed.
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44 (years) T ndm/s)

GEPOA FFRES RIGHI GECER GEPVA STILA MOPEN PTURC

14.64 28.64 14.62 10.78 17.94 9.28 25.76 17.19

15.91 34.14 15.88 12.05 21.38 10.10 28.74 20.02
10 16.75 37.78 16.71 12.90 23.66 10.64 30.72 21.89
20 17.56 41.28 17.51 13.71 25.85 11.15 32.61 23.68
50 18.60 45.80 18.55 14.76 28.68 11.82 35.06 26.00
100 19.38 49.19 19.33 15.54 30.80 12.32 36.90 27.74
200 20.16 52.56 20.10 16.33 3291 12.82 38.72 29.48
500 21.18 57.02 21.12 17.36 35.69 13.48 41.14 31.77

Figure42 shows the map of extreme wind speed values corresponding to a return pefieds0 years

for the metstations of the ARPAL network. The wind speed contour covers the portion of the Municipality
of Genoa defined by the locations of the nstations. The maps were generated through bilinear
interpolation of the values presented ifable9. However, the comparison of wind speed values across
different metstations and, consequently, the interpretation of the maps themselves, proves to be rather
misleading. This is due to the unique characteristics of the sitegevbach metstation is situated,
including the orography (roughness and topography) as well as the installation height above sea level
(ASL), both of which significantly influence the intensity of the recorded wind speeds.

Tr =50 years

T T T
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44.48 | 40

44.46 | Q
44.44 ¢ _ ﬁ 30 ,5
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Figure42. Map of bilinearly interpolated extreme wind speed values in the Municipality of Genoa, for return péras0
years. Red circles indicate the locations of the-stations

3.3.13 Extraction of thunderstorm events
A series of thunderstorm wind events was extracted from ultrasonic anemometers and LIDAR Profilers
installed within the WP and WPS wind monitoring network described in S&8ch
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When handling vast amounts of data, it is essential to establish antexadlgriterion for extracting and
classifying wind speed records into homogeneous categories. For the wind speed database recorded
during the WP and WPS projects, De Gaetano et al. (2014) developed -audemated procedure
applied to records with a peakind speedw greater than 15 m-4. This threshold aligns with numerous
studies in the literature (Choi, 2000, 2004; Durafiona et al., 2007) and was chosen to enhance the
statistical representation of the results. In contrast, other researchers haveigie¢tpeak wind speed
thresholds (Canepa et al., 2020; Geerts, 2001; Lombardo et al., 2014) to increase the engineering
relevance of the information.

The semiutomated algorithm involves systematic quantitative control followed by qualitative expert
judgment. The quantitative control is primarily based on the gust factor, defined as the ratio between the
peak & and mean® wind speeds in a time intervaldo 10 min,"O & j ® . The records that
presented gust factor®D > 1.5, indicating relativeoWv mean wind speeds and large isolated peaks,
were initially identified as potential thunderstorm outflows. These records were then qualitatively double
checked to confirm if they exhibited a characteristic downbilikst time series, typically marked by a
rapid increase in wind speed, a distinct isolated peak, and a subsequent period of relatively stable velocity,
followed by a return to low values as the storm dissipates (Burlando et al., 2018; Canepa et al., 2020).

Fullscale signals areharacterized by significant variability and complexity, mainly due to interactions
between the downburst and background horizontal wind in the atmospheric boundary layer (ABL). The
mutual positioning of the downburst and measuring instruments, espedaliyng a storm, significantly
influences the signals recorded at the anemometric station. Ground roughness also affects the downburst
outflow at low heights above ground level (AGL). Recently, these interactions were thoroughly
investigated experimentallgn a large scale by Canepa et al. (2022a, 2022b, 2022c, 2023; Canepa et al.,
2024).

The extracted events varied in the duration of the downbuedated portion of the wind speed record.
Burlando et al. (2018) classified these events into three categbassd on the time scale revealing the
wind speed rampup and peak (10 minutes, 1 hour, and 10 hours). While thenitfute and thour
records typically reflect the downburst nature of the events, thehbdir signals are more likely to be
thunderstormtlike ®vere gust fronts originating from extteopical cyclone windstorms.

Meteorological Feedback

All extracted records were croshecked with meteorological information provided by the International
Center for Environmental Monitoring (CIMA Research FouodptiThe following meteorological data
were analyzed for each event:

i Cloud top height distribution [m] from cloud analysis by Eumetsat, based on infrared
measurements from SEVIRI onboard Meteosat segameration satellites.

1 Cloud hydrometeor reflectivitjdBZ] from radar analysis performed by:

1 ConstantAltitude Plan Position Indicator (CAPPI), which provides reflectivity at several horizontal
planes (Z; 8 km above ground).

1 Vertical Maximum Intensity (VMI), which shows the maximum reflectivity value ervehtical
plane above each point in the domain.
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9 Lightning map based on the SFLOC (spheric location) method, which gauges atmospheric electrical
discharges by measuring the travel time of electromagnetic waves between clouds and the
ground. Using ad hagensors, it identifies the strike position with an accuracy of 0.5 km.

This information is crucial for verifying the nature of the phenomenon. Downbursts originate from
cumulonimbus clouds that can extend to high altitudes AGL, often reaching the tromopsus
approximately 11 km AGL. Satellite imagery is vital for identifying potential thunderstorms. Additionally,
wet downbursts are common in the Mediterranean (Burlando et al., 2018), and data on precipitation
intensity, linked to measured air parcel reftavity, provide essential insights. Lightning occurrences also
uniquely detect thunderstorm activity.

3.3.14 Anemometric Database
The comprehensive extraction procedure described above identified 29 verified thunderstorm events that
occurred between 201@nd 2015 in the Northern Tyrrhenian Sea.

Specifications of Measuring Instruments Involved

Wind signals were recorded using ultrasonic anemometers (Gill Instruments Limited) located at the ports
of Genoa, Livorno, and La Spezia. The port of Livorno ippaliwith triaxial anemometers (Gill
WindMaster Pro), except for biaxial anemometers LI06 and LI07, which also retrieve the vertical wind
speed component (w). Genoa and La Spezia are equipped with biaxial anemometers (Gill WindObserver
1), providing théwo horizontal wind speed components (u and v), where u is the-teestist component

and v is the souttio-north component.Figure43 shows the two types of anemometers used during the
campaign. The acquisition frequency of iatruments was 10 Hz, with a wind speed measurement
sensitivity of 0.01 m/s, except for LIO6 and LI07, which had a sensitivity of 0.1 m/s, in a wind speed range
of 0¢65 m/s. Ultrasonic anemometers measure instantaneous wind speeds by recording thetitreevel

of an ultrasonic pulse between pairs of transducers, providing precise information on the airspeed along
the instrument's principal axes.

Figure43. Biraxial Gill WindObserver Il anemometer in the port of Genoa (a) aaxiali Gill WindMaster Pro anemometer in
the port of Livorno (b).
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Figured4illustrates the geographical distribution of the ultrasonic anemometers used in this Stabtie
10outlines the specifications of these instruments, highlighting their varying installation heights, ranging
from 13.0 to 75.0 m AGL. @wg to malfunctioning, maintenance activities, offline status, and various
operational reasons by port authorities, the number of functioning anemometers varied from event to
event.

Tablel0. Specifications of ultrasonamemometers involved: port code (GEenoa, Lt Livorno, SR La Spezia); anemometer

ID; geographical coordinates (latitudd.at., longitude; Lon., height above ground leveh AGL) referred to WGS84 reference
system; instrument type

Port code Anemoneter ID Lat. (°) WGS84 Lon. (°) WGS84 h AGL (m) Ultrasonic
anemometer type
GE 01 44.399494 8.924961 61.4 Bi-axial
GE 02 44.417539 8.776983 13.3 Bi-axial
GE 03 44.399638 8.925033 32.0 Bi-axial
LI 01 43.569594 10.301397 20.0 Tri-axial
LI 02 43.582747 10.307178 20.0 Triraxial
LI 03 43.557986 10.290489 20.0 Triraxial
LI 04 43.541456 10.293517 20.0 Tri-axial
LI 05 43.580178 10.31855 75.0 Tri-axial
LI 06 43.549286 10.296181 12.0 Braxial
LI 07 43.553862 10.306564 23.8 Bi-axial
SP 01 44.106000 9.829990 155 Bi-axial
SP 02 44.110120 9.838980 13.0 Braxial
SP 03 44.097330 9.857890 10.0 Bi-axial
SP 04 44.067030 9.816420 11.0 Bi-axial
SP 05 44.081300 9.881460 10.0 Bi-axial
SP 06 44.073333 9.840923 16.0 Bi-axial

10C
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Northern Mediterranean Sea

Figure44. Location map of anemometers involved in the study. Closer view of the port areas of (a) Genoa, (b) La Spezia, and (c)
Livorno. Images sourced from Google Earth Pro

Thunderstorm events included in the database

The downburstmeasurement database consists of 99 ASCII text files, each representingncaurlO
recording from a single anemometer. This means the database includes more files than the number of
extracted events, allowing users to perform crassrelation analyses inpace and time, even with a
limited number of points (anemometers) for a specific event in a port area. This method facilitates the
investigation of the threadimensional characteristics of the phenomenon, potentially uncovering
important details such as@tm size, position, and trajectory.

Further details on the anemometric database of thunderstorm wind events are extensively documented
in Canepa et al. (2024).

3.3.15LiDAR Database

This section investigates three LIDAR wind profilers installed at the pbGenoa, Livorno, and Savona.
These profilers measure the three components of wind velocity at 12 heights above ground level (AGL)
(40, 50, 60, 80, 90, 100, 120, 140, 160, 180, 200, and 250 meters) with a sampling rate of 1 Hz, allowing
for a continuow reconstruction of the wind speed vertical profile. An ultrasonic anemometer, typically
positioned at about 10 meters AGL, is always located near the LIDAR system to provide wind field data
from the lower levels.
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Specifications of Measuring Instruments Iwolved

The LiDARs (codes GE.51, LI.51, and SV.51) were installed between 2014 and 2015. The first LIDAR was
installed in Savona in the second quarter of 2014, with the ones in Genoa and Livorno following
approximately a year later. The measurement datalsafm these LIDARs cover periods from their
respective installation dates until August 31, 2018, which is the last date considered in this analysis. Data
acquisition discontinuities are attributed to malfunctions, routine maintenance, and, in the cak&hf L
vandalism. Other data gaps are due to heavy precipitation, which reduces the maximum measurement
height because of scattering from raindrops.

Each LIiDAR is a grouhdsed pulsed coherent system manufactured by Leosphere, commercially known

Fd G20 Rfwzpé LG SYAlha KAIKEE O2ftAYFGSR fA3IKG SyS
each azimuth angle, the lirgf-sight (radial) velocity is calculated based on the Doppler shift principle,

or the time shift of the backscattered light.

At a fixed vertical angle, typically 30°, the LIDAR measures four sequential radial velogigesund the

circle formed by a conical scanning, +e= 0°, 90°, 180° and 270°, plus one vertical measurement above
the LIDAR. The time step between taabsequent pulses is 1 second, resulting in a complete conical scan
every 5 seconds. The three wind velocity components are derived from these measurements, and
assuming horizontal homogeneity of the wind field over the sensed height, the wind velocity ¢an

be considered representative of the central point of the scan cifigue45).

Figure45. Scheme of the LIDAR and scanning method

All wind speed measurements at a given azimuth angleaaggiired simultaneously along the vertical
profile due to the pulsed nature of the system. In contrast, other commercial LiDAR profilers, such as the
ZephlR system, perform continuous conical scans from bottom to top. However, thgimahaneity of

the recorded profiles makes this type of LIDAR less suited for engineering purposes, especially for
reconstructing transient events like downbursts. The LIDARS in this study measure with a sensitivity of 0.1
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LiDAR reconstructs the wind speed at each sensed height by averaging-Hixend&asurements,
considering the width and depth of the resulting cone of measurements, which increases with elevation.
A limitation of LIDAR is the nendependence of these measurements, as each azimuthal measurement
is combined with the four previous one$herefore, none of the radial velocities can be considered
independent of the preceding and following measurements. However, comparison between anemometric
and LiDAR time series shows very good agreement at time scales of about two seconds.

Thunderstorm events included in the database

Following an automated control process similar to that used to create the anemometric database, visual
and qualitative inspections of the signals were conducted to verify whether they resembled the typical
pattern of downburst time histories, characterized by a sudden rampof velocity followed by a peak

and dissipation stage. Finally, interpretations and cidssck analyses with meteorological information
were performed. This process allowed the selection and exation of a subset of 10 downbursts from

the entire dataset of events extracted with the automated procedure. The related parameters, shown in
Tablell, are based on atime peridth p m™in, containing the development of the storm,agreement

to the analytic criterion of extraction.

Tablell. Downburst events extracted: port, date and time of occurrence; maximum gust factor and its f@ight,and
a0 ; maximum 1Hz wind speedY ; at the heightd "O ; absolute maximum-Hz wind speed¥ ; and its
heightd Y  ; gustfactorO at the heightd Y

Port Date Time T ooge T ope Toté To+a Y Tota ) T
(YYYYMMDD) (hh:mm) [m] [m/s] [m/s] [m] at» 44
uTC atry ..
GE 20150814 22:15 2.46 100 212 214 90 2.37
GE 20150815 19:55 2.53 200 24.9 31.8 60 1.84
GE 20160305 08:15 1.53 80 22.9 23.1 200 1.33
GE 20160503 18:15 2.87 80 21.3 24.3 140 2.82
GE 20180412 16:20 1.64 80 18.3 19.4 200 1.56
GE 20180513 18:40 1.59 180 19.0 19.0 180 1.59
LI 20150725 09:50 2.00 40 21.6 21.6 40 2.00
LI 20150913 11:10 1.82 120 26.3 26.3 120 1.82
LI 20151028 19:30 1.67 40 20.3 224 250 1.44
LI 20180604 10:10 1.65 250 18.8 19.4 100 1.53

Figure46 depicts, at the height ofO defined in Table 1, the 2@in time histories of the slowdy

varying mean wind speet 6 (Eq. (2)) and direction 6 (Eq. (4)) for the 10 events extracted and
classified as thunderstorms.

102



Ministero . I
dell’'Universita l ‘B Ttaliadomani
> adella Ricerca - o nazionaL

t Finanziato
L dall'Unione europea
s NextGenerationEU

PIANO NAZ E
DI RIPRESA E RESILIENZA

a0 GE 20150814 GE 20150815 GE 20160305 GE 20160503 GE 20180412 360
i : . ; WM
rr - W \:
- ‘ o 270
.20 / ‘
<
E 180

U
o

90

!
0 aa Mf‘j '\J ' - ~ 0
22:05 22:15 22:25 19:45 19:55 20:05 08:05 08:15 08:25 18:05 18:15 18:25 16:10 16:20 16:30

GE 20180513 LI 20150725 LI 20150913 L1 20151028 LI 20180604
30 S 360

| ,\_/1\,\\_\/ mzm
| A’”\'L 90

o e -

18:30 18:40 18:50 09:40

. 0
09:50 10:00 11:00 11:10 11:20 19:20 19:30 19:40 10:00 10:10 10:20
t(s) t(s) t(s) t(s) t(s)
Figure46. Downburst eventgxtracted: slowlyarying mean wind speed (black line) and direction (gray line) time histories.
Event names are given in terms of station, SS, year, YYYY, month, MM, and day, DD.

20

(m/s)

U
o

Table 12 presents the key meteorological informatiorxteacted from the corresponding diagrams,
providing a quantitative basis for defining the subset of events. According to Fujita and Wakimoto (1983),
a downburst event is classified as wet if théddur cumulative precipitation exceeds 0.01 inch/h (0.254
mm/h). Cumulative precipitation data were collected from stations at Madonna delle Grazie (Genoa) and
Stagno (Livorno), located approximately 3.15 km northwest and 7.10 km northeast of the LIDARSs in the
ports of Genoa and Livorno, respectively.

Tablel2. Main meteorological characteristics of the 10 downburst events according to radar (reflectivity [dBZ]), satellite
(cloud top height [m]), lightning (strikes [Y/N]), and rain rate (ground cumulated precipitation [mm/h]) measurements, and
corresponding downburst classification between wet and dry. Radar measurements were not available (NA) in 2015 in Livorno.

Port Date Time Reflectivity |-H,~ T Lightnings 1-h precipitation Downburst
(YYYYMMDD) uTC [dBZ] [km] (ves [Y], no [N]) [mm/h] e
GE 20150814 22:15 50 12 Y 134 Wet
GE 20150815 19:55 48 11 Y 54 Wet
GE 20160305 08:15 27 11.5 N 9.5 Wet
GE 20160503 18:15 22 7.5 N 0 Dry
GE 20180412 16:20 31 9 N 4.4 Wet
GE 20180513 18:40 24 9.5 N 3 Wet
LI 20150725 09:50 NA 15 Y 6.4 Wet
LI 20150913 11:10 NA 12.5 Y 14 Wet
LI 20151028 19:30 NA 12 Y 9.2 Wet
LI 20180604 10:10 18 12 Y 0 Dry
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Details on the thunderstorm extraction from the analyzed LIiDAR Profilers can be found in the paper by
Canepa et a[2020)along with a thorough analysis of their physical characteristics in the view of structural
applications.

3.3.2 Extreme precipitations

This section synthesizes reteaesults obtained in two main research fields related to pluvial flooding
hazard assessment in urban areas addressing, in particular, the enhanced accuracy required for the
knowledge of the rainfall input in terms of intensity, frequency and spatial/terapdistribution of the
phenomenon The first part deals with rainfall measurement issues, and the text is largely derived from
the book chapter by Lanza and Cauteruccio (2022). The second part describes the role of extreme rainfall
eventsrelevant for pluvial flooding and their space/time patterns and was recently published in the paper
by Loglisci et al. (2024).

3.32.1 The accuracy of rainfall data

In situ liquid and solid precipitation measurements are the essential souragavmation about the
precipitation process, its spatiotemporal variability, astaserved frequencyTwo main classes of in situ
measurement instruments can be identified: catching gauges (CGs), collecting precipitation into a
container before the accumulated voluma water is measured over a given period using various
principles, and noitatching gauges (NCGs), requiring no container to collect precipitation. Most NCGs
(called disdrometers) detect the size and fall velocity of each single hydrometeor in flighgthtbe
sensing area, while some of them derive this information from the dynamic action of hydrometeors when
impacting the surface of the sensor. All instruments are subject to measurement biases and uncertainties
but, due to the specificity of the prectpiion process (typically an ensemble of hydrometeors falling to
the ground with varying size, shape, density, and velocity), the guantification and adjustment of such
biases are more complex than for other essential environmental variables (e.g., aierzmome and
atmospheric pressure). Higlesolution measurements, even down to the scale of the single hydrometeor

in some cases, are the way to achieve better knowledge of the precipitation process and to increase the
confidence of users in the accuracytlogir basic source of information. The most relevant biases indeed
arise at the finest scales of the precipitation process and/or are determined by the response of each single
hydrometeor to the potentially disturbinfactors at the measurement site.

Precipitation measurements obtained from both CGs and NCGs are affected by systematic biases due to
instrumental and environmental sources. These can be classified into two main categories: catching and
counting biases. Catching biases derive from thécditly of the instrument to collect/detect (for CG and

NCG, respectively) the exact amount of water falling over the projection of the measurement area on the
ground and are caused by wind (recognized as the main factor, see Cauteruccio et al., 202dcredl&€h

et al., 2024 for CGs and NCGs, respectively), evaporation, and the splashing and wetting phenomena.
Counting biases depend on the ability of the instrument to correctly quantify the amount of water that is
collected/detected by the instrument. Thielepend on the inherent characteristics of the counting device:

the mechanics of the tippingucket rain gauge@ BRGs the filtering algorithm used to remove the signal

noise fromweighing gauges (W@saw data, and the interpretation algorithm characigng each
measurement principle exploited by NCGs (optical, microwaaed impactased principles are mostly

used). Counting biases have a strong influence on CG rainfall measurements, being generally a function
of the RI. The calibration procedure debed in the Italian standard (UNI, 2012) and in the recent
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European standard (CEN, 2019), to be performed in controlled laboratory conditions, allows to quantify
the counting biases and to derive calibration curves to adjust Rl measurements. Calilsrggoformed

by comparing the gauge measurement with a known flow rate obtained by using a precision pump and
checked by employing a highsolution weighing device.

A systematic mechanical bias characterizes the mechanics of TBRG, the most used typertdWiGe,

since they increasingly underestimate rainfall as the Rl increases. This underestimation is due to the water
amount that is lost during the tipping movement of the bucket, as described by Marsalek (1981). This bias
is gauge dependent and variesth RI. It can be adjusted by means of laboratory calibration, that must

be periodically repeated during the service life of the instrument, to remove any possible additional
source of error. Between two subsequent laboratory tests, the calibration efc@@ be verified in the

field by using a portable field calibration device (see WMO, 2014), allowing rapid calibration tests.

For the laboratory calibration of NCGs (Lanza et al., 2021) recently, the European project ¢NCIPIT

G/ FEAONIT GAZ2Y  IngrRRatching Ondainedtd to 2nfeasure liquid/solid atmospheric
LINSOALIAGIE GA2YyéX FdzyRSR o6& (GKS 9dz2NBPLISEFYy | 4a20A1 GA
European Metrology Programme for Innovation and Research, has developed and proposed a
metrologicaly sound calibration procedure (Merlone et al., 2022). The procedure has now been adopted

by the Technical Committee TC318 of CEN (the European Committee for Standardization) as the
normative project prEN 18097:2024. The proposed normative procedure ldsesahe classification of
non-catching precipitation measurement instruments based on their calibration results, like the existing
standard EN 17277:2019 on the calibration of CGs.

The calibration of NCGs is based on the comparison of measured dvafesize and fall velocity values

with the reference ones. If the raw data are not provided in output by the instrument, derived quantities
such as the precipitation intensity and kinetic energy can be used. The calibration tests are carried out
through the generation of sets of water drops with specific controlled diameter which are released at a
fixed heigh over the sensing area or volume of the instrument. The drop size and fall velocity reproduced
by the generator of drops are measured independentlgfobe reaching the disdrometer, using a
photogrammetric method (see Baire et al., 2021) and then compared with the output of the disdrometer.

3.32.2 Research conducted within tRETURMNroject

The research described below is published in Loglisci €£G#24) and was conducted as a collaboration

among the Department of Civil, Chemical and Environmental Engine®iI@CA (University of Genaya

Unige, ltaly) the Department of Earth, Environment and Life Sciend2STAV (Unige, Italy), CIMA

Research Rmdation (Savona, Italy), National Research CouRakearch Institute for Geldydrological

Protection CNRRPI (Turin, Italy) and Geographical Information Systems International GraUpIG

(Genoa, Italy) within the activities of ttRETURINroject (Vetical Spoke 2+ { m &2 I G SNE X 2 2 NJ
2-2tH aCf22R NARA]l dzyRSNJ SYGANRYYSyidlt |yR Of AYFGA
Giorgio) and the Horizon H2020 projee€CHANGE (Individual Change of HAbits Needed for Green
European transitio) (grant no. 101037193).

The Mediterranean region is characterizbyg a rainfall regimewith short-duration andhigh-intensity
events, which typically show a quite limitsgdatial extension and very rapid evolution and are therefore
in some casedglifficult to capture by traditional monitoring networkdue to the too coarse spatial
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coverage Urbanareas are affectethy pluvial flooding resulting from the inefficiency of urban drainage
systems andby riverine floods, from the overtgpng of small streams (often covered and/or with
narrowingsections) in orographically complex and steep areas. Sioce water drainage in the urban
texture is structured in great number of smakize catchments, usually smaller thidne typical spacig

of rain gauge stations, urban catchmeatg often ungauged.

Depthcdurationcfrequency (DDF) relationships derivé@dm a rain gauge positioned in a contiguous
urban catchmentould estimate a return period associated with a specd#icfall depth thatwould affect

the design of the pipsize or of potential structural adjustments of the drainaggwork. The temporal
resolution of rainfall measurementslso plays a key role in the study of flood events: the faster the
hydrological response of the basthge finer the required resolution of the supporting data. The World
Meteorological Organization (WMO) developed the Observing Systems Capability Analysis and Review
(OSCAR) tool (https://space.oscar.wmo.int/, last access: 12 July 2024) that containgatjuaniser

defined requirements for observation of physical variables related to weather, water, climate, and other
application areas. Regarding the variable precipitation intensity and the nowcastingherirange
forecasting applicatiomrea, whichcan be considered relevant for small catchments, OSCAR reports that
0KS KAIKSad LISNF2NXIyOS tS@St 6AYRAOFGSR sAlGK GKS
spatial resolution of up to 1 km and a temporal resolutadrd min.

The case study dhis work is the occurrence of pluvial flooding in the historic centre of the city of Genoa
(Italy). Both the accuracy of rain gauge measurements and the spatial distribution of rain gauges are
discussed in the analysis of rainfall extremes relevant favial flooding in the study regiofhe large

spatial variation in rainfall intensity, especially for shdutration events, is shown below to arise from the
analysis of rainfall statistics obtained from rainfall records of contiguous rain gauge siatibiescity of

Genoa. A reference station was selected because of the high accuracy and fine resolution of the available
data. Four other rain gauge stations were selected within a radius of 1.5 to 8.0 km from the reference
station. Monthly rainfall total@nd extreme value statistics of shattiration/high-intensity events were
compared to show that, even within such a short distance, the variation in the expected maximum rainfall
is significant.

Three stations are managed the environmental protection gency of the Liguria region (ARPAL) and are
equipped with the FAKO10AA rain gauge manufactured by Mtx s.r.l, which provides measurements of the
rainfall intensity (RI) with a temporal resolution of 5 min. They are called CastellaceR), (BBntro
Funziomle (ARb 0 = | YR { Ky @ othelr tdik gaugé stations, owned by the University of
Genova are indicated in the following with the abbreviations GU and DICCA. The first (now equipped with
a SIAP UM7525 rain gauge) is the source of a-dpieantennial rainfall time series and has been providing

RI measurements with an hourly resolution since 2002 (Cauteruccio and Lanza, 2023). The DICCA station
(manufactured by CAE S.p.A) is managed by the Department of Civil, Chemical and Environmental
Engineerig (DICCA) and has been providing Rl measurements with a resolution of 1 min since 1988. The
geographical coordinates (WGS84) and altitude above mean sea level of the rain gauge stations are listed
in Tablel3.

The time series of about 30 years of rainfall intensity measurements (from 1 January 1988 to 31 December
2021) at 1 min resolution available from the DICCA tippincket rain gauge was here assumed as a
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reference data set. Both raw and corrected data available, after application of appropriate calibration
curves, as derived at the laboratory of the World Meteorological Organization (WMO) Measurement Lead
Centre on Precipitation Intensity. The calibration and adjustments applied are in accordancdavith t
European standard EN 17277/2019 (CEN, 2019).

The other three rainfall time series analysed in this paper were obtained from static@s AR3, and
AR4 for 12 years of highesolution data (2011 to 2022). Finally, hourly rainfall data for the samege
were also obtained from the GU station.

DDF curves were derived using theya$ar time series of corrected 1 min Rl measurements from the
DICCA reference rain gauge. A typical power law expression was used for the DDF curves, where the
rainfall depthfor a given duration and return period, T, is expressed as a scale coefficient, a(T), multiplied
by the rainfall duration to the power of the shape coefficient, b.

Tablel3. Geographical coordinates (WGS84) and altitude above mealeseleof the rain gauge stations.

Station code N [°] E[] Altitude [m]
DICCA 44.40 8.96 45

GU 44.42 8.93 58

AR2 44.43 8.93 360

AR3 44.40 8.94 30

AR4 44.38 9.06 174

Due to the relatively short duration of the time series available fromrtearby stations, only the DDF
curves associated with return periods T = 1.5, 2.32, and 5 yearsuseckin the analysis. These are also
typical values of the return periods assumed in the design of urban drainage networks, beyond which the
failure ofthe drainage system mccepted. Note that a return period of 2.32 years was chosen because it
is associated with the mean value of the sample of annual maxima calculated for each event duration
under the hypothesis of an underlying Gumbel distributiomadhfall extremes (Gumbel, 1941). For sub
hourly rainfall, the coefficient b is equal to 0.57, while a(T) is equal to 46.67, 62&B4.59 mm # for

the three return periods used.

The yeaito-year variability of monthly precipitation for 12 years ofoeds at the four rain gauge stations
studied is shown ifrigure47. The boxes and whiskers cover the cen&@¥ and 80% of the data set,
respectively. The mean and median values are indicated in each box by the horizontal reacarithes,
respectively. The mean values, thextremes, and the annual variability observed at-/ARire
systematically higher than at the other stations. In the dry summer months, the relative difference
between the mearprecipitation at two neighbouringtations is limited, but in the wet months (autumn

and spring), when intense precipitation is usually expected, this difference is greater, despite the short
distance between them. Especially in autumn, the mean and the annual variability of precipitagion a
systematically lower at GU than at the other stations.
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Figure4?7. Yearto-year variability of monthly precipitation at the four rain gauge stations studied. Boxes and whiskers cover the
central 50% and 80% of the data setspectively. The mean and median values are indicated in each box by the horizontal red
and black lines, respectively. [Source: Loglisci et al., 2024]

Differences in the precipitation regime at the stations considered are also evident fordiration hight
intensity events, as shown Kigure48based on the DDF curves calculated at the nearby reference station
(DICCA). Sheduration events of 5, 10, 15, 30, 45, and 60 min were considered in the analysis, thus
excluding the GU stian due to the coarse time resolution (1 h) of the available data set. The mean value
of the annual maxima at each station and for each duration can be compared with the reference DDF
curve at T = 2.32 years. The percentage relative difference e (%)desueh mean values at each of the
investigated stations and at the reference station was therefore calculatedi@dalel4). The comparison
shows that short duration highntensity events at the AR station are up to 37% lowéhan the typical
events at the reference station for any duration. Meanwhile, the statistics at thé gtRtion are close to

the reference station for shoiduration events (between 10 and 30 min), while lonrderation events

are less intense, at leasver the period studied. The ARstation shows an intermediate behaviour.

The results show that, for each duration, the mean values of the annual maxima at {Bestafon are
characterized by the same return period T = 1.5 years, while thé¢ gt&ionexhibits the largest annual
maxima for shorduration events (up to 15 min) with T = 2.32 years, then the return period decreases
with increasing event duration, reachidgb years at a duration of 60 min. For the-2ABRtation, the mean
annual maxima rangeom above to slightly below T = 1.5 years with increasing event duration. Note that
for events shorter than 15 min, the ARstation is the closest to the reference station in terms of the
return period of its annual maxima, although geographicallytiiésmost distant.

However, the dispersion of the annual maxima around the mean value for this station reaches the longest
return period studied (T = 5 years), with the limits of the interval covering 80% of the sample, which is not
the case for any othertation in the range of shortluration events. Therefore, a large variability is
observed between the investigated stations, especially for storation events, which are typically
associated with critical conditions in urban drainage systems and/or tiearcence of pluvial flooding.
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The variability of extreme value statistics between the investigated rain gauge stations over the period
considered reflects the spatial variability of short duration Higfiensity events, even at the limited

spatial scale fourban catchments.

90 —
1 AR-2 P b
80 | I AR-3 — Ple
1 AR+4
70 4| ——— T=1.5years
—_— — — T=2.32years -~ —
sodl = —— T=5 years #7 -
E 50 -
E
3
£ 40 -
£
30 A
20 A
10 4
0 T T T T T T
0 10 20 30 40 50 60 70

d [min]

Figure48. Annual maximum rainfall depth for each duration at the three ARPAL rain gauge stations studied (boxplot), overlaid

with the DDF curves derived at the DICCA reference station. Boxes and whiskeéheamrdral 50% and 80% of the data set,

respectively. The mean and median valaesindicated in each box by the horizontal red and black lines, respectively. [Source:
Loglisci et al., 2024]

Tablel4. Percentage relativdifference between the rainfall depth at each of the investigated stations and at the reference
station (DICCA), for a 2-32ar return period (mean annual maxima).

d =5 min d =10 min d =15 min d =30 min d =45 min d = 60 min
e(AR2) [%] -36 -15 -14 -20 -25 -28
e(AR3) [%] -37 -26 -22 -20 -25 -25
e(AR4) [%] -24 -9 -4 -12 -21 -26

3.3.3 Network of mestationsfor statistical analysis of meteorological and climatological
observations

Today, meteorological and climatological models are becoming increasingly vital, not just for the scientific
community but for society as a whole. The demand for pretistorological and climatic information is
growing daily, and the response to this demand is also on the rise. This high demand reflects two main
trends: the need for accurate data in a globalized world where industrialization and human activities
impact every corner of the planet, and the influence of climate change on ecosystems and populations.

Recent climate studies and reports, such as the Intergovernmental Panel on Climate Change (IPCC)
Assessment Report 6 (AR6) (IPCC, 2022), highlight the dramgaiiviedmpacts of human activities and
greenhouse gas emissions on Earth's climate. These activities have significantly increased global
temperatures. On the other hand, technological advancements are helping meet the demand for climate
information. Improed computational power enables more sophisticated meteorological and
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climatological models, capable of resolving fine atmospheric and orographic details with horizontal
resolutions of just a few kilometers.

Technological innovation has also led to ttevelopment of stateof-the-art measuring instruments,

which can record higfidelity temporal and spatial meteorological and climatological data. Lower costs
have made it possible for a larger global community to install and use standard measuring sy$tEsms
widespread access is crucial for monitoring Earth's conditions and tracking climate change progress, as
gStf a LINRPGARAY3A SaaSydalft REFEGEF F2NI O2YLJzil GA2Y !l
al., 2017; Radler et al., 2018; Tas#aet al., 2019, 2020) indicate an increasing trend in the intensity of
extreme events and the rapid alternation of opposing extremes (e.g., heatwaves and cold waves, droughts
and heavy precipitation). This trend encompasses various extreme climate gariabth as rain, wind,
temperature, and humidity. However, the frequency of extreme events varies depending on the climate
parameter and region. For example, the frequency of extreme events in the Mediterranean basin is still
debated, though models agramn the intensification of such events. Heatwaves and heavy precipitation
are expected to increase in both frequency and intensity.

Given the Earth's surface heterogeneity and the varied impacts of climate change on different locations,
regionatscale studds are increasingly important. Modern meteorological and climatological models often
use global models' initial and boundary conditions to focus on specific areas.

This chapter presents two different case studies: a network of meteorological stationsfamitha
measuring instruments in the municipality of Genoa, Italy.

3.33.1 Case Study d Municipality of Genoa

Area of Investigation

The area under investigation is the Municipality of Genoa, located in northwestern lItaly. Within and
around this area, seval meteorological stations provide data for the statistical characterization of key
physical quantities, such as wind velocity and temperature. These stations are part of networks managed
by the Municipality of Genoa and the Regional Agency for Envirotaherotection (ARPAL).

Objective of the Study

To achieve statistical significance, it is crucial to select representative meteorological stations with
medium- to longterm datasets. The data from these stations will be processed to calculate extreme value
distributions, which will be used to create hazard maps for wind and temperature. These hazard maps can
help stakeholders, such as the Municipality, assess potential climatic risks, such as high winds and
temperatures, and issue timely alerts to the pgblAdditionally, the results of the statistical analysis are
essential for climate studies and understanding climate change trends.

Map ofmet-stations

Figure49 shows the locations of the meteorological stations managed by the Municipality of Genoa, with
Tablel5listing the stations. Two types of stations are available: Davis stations, which measure wind speed
and direction with resolutionsf 0.5 m/s and 1°, respectively, and a sampling rate of 3 minutes; and MTX
stations, which measure the ifdinute average wind speed and direction. Simildfigure50 and Table
16display the locations and ligie meteorological stations managed by ARPAL.
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Figure49. Map of the metstations belonging to the network of the Municipality of Genoa in the area under investigation (black
border)

Tablel5. List ofmet-stations (ID, name, position, and data availability) belonging to the network of the Municipality of .Genoa

ID Name Location Obs avail from
DAVIS
1 GPRS_fabbriche Sede I.C. Voltri-IVia delle Fabbriche, 189 28/10/2010
2 GPRS_crevari Sede |.CVoltri | P.zza Pissapaola, 48 28/10/2010
3 LAN_voltri Sede Municipio VII Ponentd.zza Gaggero, 2 28/10/2010
4 GPRS pra UOST | PonenteVia Martiri del Turchino, 127 26/10/2010
5 LAN_pra I.C. Pra Via Villini Negrone, 2/C 28/10/2010
6 LAN_pegli Centro Civico di PeglVia Pallavicini, 5 28/10/2010
7 LAN_sestri UOST 0/6 Il Medio PonenteVia A. Negro, 6 18/10/2010
8 GPRS_scarpino Discarica Rifiut] Via Militare di Borzoli 26/11/2010
9 LAN_borzoli Scuola Infanzid ! ND2 6 | £ Sy 2 ¥ia Alliddi Gbronata, N1 7 18/10/2010
10 LAN_sanpierdarena 1 aAf2 bAR2 chadPA21{ T A 8 BWiaPaoloReti) 22/09/2010
25B
11 GPRS_murta Plesso Doge G. da MurtdD.D. Bolzanetq P.zza Chiesa di Murta, 22/10/2010
5A
12 GPRS_pontedecimo I.C. Pontedecimq Via Isocorte, 1B 04/11/2010
13 GPRS_cesino Centro Riabilitazione DisahilP.zza Cesino, 4 05/11/2010
14 GPRS_granarolo UOST & lI¢ Via S. Marino, 219 26/11/2010
15 GPRS_begato Sede |.C. Tegl@Via Linneo, 232 22/10/2010
16 LAN_genovacentro Sede comunalePalazzo Albirg Via Garibaldi, 9 22/10/2010
17 GPRS_quezzi { Odz2f | &. @ ¢SaliCoséa ddiRafti,®A v dzS1T 1 A 26/10/2010
18 GPRS_pino { Odz2f I t NAYLl NRAI c&alRinéSdttanh 2D/ ® a 28/10/2010
19 GPRS_eusebio { Odz2f | t NARYIl NALF &k \a \@ltebEa) 20R04 30/10/2010
20 LAN_quarto UOST | LevantgVia C.A. Vecchi, 3 22/10/2010
21 LAN_prato Biblioteca Campanella{ Odz2 f I t NRA YI NAdViadt N 30/10/2010
Struppa, 214
22 GPRS_bavari {Odz2f I t NAYIlINRI adviarasalég t1d /| ©5 26/10/2010
23 GPRS_cosimo Scuola Vesperting Via Trossarelli, 68 30/10/2010
24 LAN_nervi { Odz2 f It NRA Y NA IcP.Az€BubMégh AbRizpis6d 22/10/2010
25 GPRS_carlodicese Associazione Setfelp- Via S.Carlo di Cese, 59 07/12/2012
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26 GPRS_martino {Odz2t t NAYIFNRXRI &t SNI §ZaRSéperiod/ 07/12/2012
della Noce, 78

MTX
1 San Carlo di Cese Via San Carlo di Cese 12/2021
2 Colla di Pra Via Acquasanta 12/2021
3 Santuario Apparizione t NPaaAYAlt RSt {FyiddzZ NA2 d&aLAC 12/2021
4 Bavari cimitero Via Piani di Ferretto 12/2021
5 Cannellona Via superiore dei Giovi 12/2021
6 Pra Scogli Neri Via superiore Torrazza 12/2021
7 Forte Puin Su sentiero tra fort&Sperone e forte Puin 12/2021
8 Costiera Via della Costiera 12/2021

Tablel6. List ofmet-stations belonging to the network of ARPAL in the area under investigation. Observations in the last

‘FIORI

‘MADGR

‘FFRES

Figure50. Map of the metstations belonging to the network of ARPAL in the area under investigation.

column are temperature (T), humidity (H), and wind velocity (W).

No.

Rl
NHO@OO\IO‘)U‘I#WND—‘

e
~N o oA~ w

Name

Fiorino

Bolzaneto
Castellaccio

Centro Funzionale
Certosa

Pegli

Pontedecimo

Porto Antico

Quezzi

S. llario

Madonna delle Grazie
Monte Pennello
Premanico

Santuario Monte Gazzo
Fontana Fresca
Punta Vagno
Passarurchino

Code Lat (°N) Lon (°E) Height (m
ASL)
FIORI 44.46494 8.70493 290
GEBOL 44.45530 8.89561 47
RIGHI 44.42797 8.93433 360
CFUNZ 44.40035 8.94591 30
GECER 44.42439 8.88997 30
GEPEG 44.43227 8.82460 69
GEPTX 44.48852 8.90010 75
GEPOA 44.40816 8.92317 25
GEQUE 44.42367 8.97260 200
STILA 44.38400 9.06066 174
MADGR 44.43344 8.74299 104
MOPEN 44.48017 8.79867 980
PREMA 44.41681 9.00911 234
MGAZZ 44.44247 8.84485 310
FFRES 44.40290 9.09318 791
GEPVA 44.39278 8.95222 10
PTURC 44.48613 8.73602 590

Observations

T
T
W
TH
\W
T
T
THW
TH
T,HW
TH
THW
T
T
W
W
W
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3.3.3.2 Case Studycharbour anemometric network

Area of Investigation

l'y SEGSyaAirdS IySY2YSGNRO ySiéig2N] o6+ a NBOSyidfte Sai

(WP, 20092012) (Solarietali nMH O YR a2 Ay RXZ t 220Ibj(Repefidiet .,2018). 62 t {
These projects, financed by the European Territorial Cooperation Objective under thebGrdss

LINE 3 NI ¥rancd Mattiin@200H nmo ¢ = KIF @S £ SR (2 Ghci8einsigidiad € £ I G A z
monitoring network in the main commercial ports of the Northern Tyrrhenian and Ligurian Sea, including

{1 @2y k+l R2 [A3dz2NBS DSy2F3 [+ {LISTAIT [A@2Ny2s .|

Objective of the Study

The network has enabled the collectiofian unprecedented dataset of wind measurements. This data
supports the development of numerical simulations of wind and wave fields, statistical analyses of wind
climate, and algorithms for mediwterm (1¢3 days) and shoitierm (0.52 hours) wind forecsts. The

large anemometric network established by the WP and WPS projects has been regularly enhanced with
new measuring instruments (Solari et al., 2020).

Map of Instruments

Initially, during the WP project, the network comprised 23 ultrasonic anemomeTéris number was
increased to 28 during the WPS project. Additionally, three weather statieash equipped with an
ultrasonic anemometer, thermometer, barometer, and hygrometedong with three LIDAR (Light
Detection and Ranging) wind profilers, weretatied in the ports of Genoa, Savona, and Livofigure
5lillustrates the entire monitoring network. The instruments were strategically placed throughout each
port area to ensure good spatial resolution for the measurements.

Livorno

. ? Savona

57 Vado

Northern
I'yrrhenian Sea

Bastia & |

Figure51. WP and WPS wind monitoring network
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Operational procedure

[20Ff &aSNWSNBR |G SIFEOK LERNI dziK2NAGe@Qa KSI RIjdzZl NI
calculate basic statistics every 10 minutes, including mean armdt pend speeds and mean wind

direction. Each server then systematically sends this information to a central server at the Department of

Civil, Chemical, and Environmental Engineering at the University of Genoa, Italy. The data is stored in an
internal datdbase through a foustep automatic procedure:

raw data is systematically checked and validated.

10-minute statistics are calculated and stored.

1-minute statistics are calculated and stored.

An automatic daily report is sent to the patithorities, providing the main data needed for their
institutional activities.

PwnNpE

Using this process, a continuously updated database is generated and maintained at the University of
Genoa. This database includes fiestd seconebrder moment statistics fot0- and 66minute intervals,
as well as maximum wind speeds averaged ovenarilite interval.

3.33.3 Correction of wind databases

To ensure a wind database can be effectively used for probabilistic analysis, it must be representative,
reliable, and homgeneous. A representative wind database is acquired over a sufficiently long period by
a wellplaced anemometric station. A reliable wind database is eine#, and a homogeneous wind
database consists of values recorded under consistent conditions.

The epresentativeness of a wind database is relative, depending on the recording Qettio@tion and
the anemomete® location. The required recording duration for a representative database depends on:

1 the problem under examinatiorFor example, the safety analysis of a ldasfing structure
requires a longerm database.

1 The quality of the probabilistic analysis procedudsing advanced probabilistic techniques can
allow for the analysis of shorter databases.

1 The desiredaccuracy Achieving highly reliable probabilistic analyses necessitates longer
databases.

91 Finally, he location of the anemometer is cruciaee, for examplekigure52), especially if the
recorded data will be used to derive staics for other locations. In such cases, the anemometer
should be placed in open terrain, at a height of at least 10 meters. The presence of nearby
obstacles is acceptable only if the subsequent transformation procedures used to account for
these obstacleare effective.
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Figure52. Influence of anemometer positioning
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A wind data base may contain four main classes of errors:

1. measurements made with podunctioning instruments due, for instance, to lack of maintenance
of wear(e.g.,Figure53).

Figure53. Cupanemometer with sand that prevents correct functioning

2. Measurements made outside the reading interval of the anemometer (v1, v2), such as during wind
calms (0 <v <v10:52.0 m/s) or wind phenomena of exceptional intensity (v > v2 ~ 50.m/s)

3. Recording of events extraneous to the problem examined, e.g. airport measures concurrent with
aircraft landing or takeff (Figure54);
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Figure54. Biased measurement from airport anemometer

4. Human errors arisen in the transfer of data from graphs to cards or to digita{Filgsre55), as
it was typical of the first periods in which data weesorded (around 195Q975).
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Figure55. Human errors in the past for transferring data from graphs to cards

Additionally, a wind database may contain missing data due to instrument shutdowns caused by natural
events (e.g., extreme wind speeds or lightning), human factors (e.g., maintenance, replacement, or
relocation of anemometers), or suboptimal data acquisition procedures (e.g., mean wind velocity
averaged over 10 minutes but recorded every 3 hours, or stationsatipg only during specific daily
periods).

In such cases, correction procedures must be applied based on the following criteria:

1 correction of errors in the lower velocity range (e.g., wind calniBjs is fundamental for
accurately determining the paremlistribution.

1 Correction of errors in the middle velocity rangdis is usually unnecessary as such errors
statistically compensate for each other.

1 Correction of errors in the high velocity rangdts is crucial for determining the extreme
distribution (e.g.,Figure56 and Figure57).
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Figureb6. Interpretation of data for possible evaluation of data errors

Figure57. Singular value to be eliminated assthigher than the daily maximum
In general terms, a wind data base may contain 3 main classes of heterogeneity:

1. values averaged on different time periads
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