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Abstract

Thi s t hesi s omea&rsddrgapteisc t dwreac hmenti esanrso |
driving recurrent exceedances of polycycl
farmed at Lucrino, within the Gutlérnmf P c
monitoring, the processes responsiionl e f c

remained poorly understood.

Two compl ement afrryamexwmpe ckessnewpebreeth ddr es st
i ssue. A -basad afpo@re 6 4 hB0 1y6e air mtgdrgma tc a |

moni t or i ma, upkhnygshi cdy n aammi dicsad r vaaltoinogn st he wa:

col uoomeanogmoalhi cout put s, and Lagrtahnegi an
contamination epi sodes. The resul ts re
predominantly during | ate autumn and wi

assocwiatmhdanced wWaee elreirlg§tafme p>er8 od)
Thisett ndgsceedi ment resuspension and nort hy

from the Bagnol bf@awmfi el d toward Lucr il

An alter nmd mprlee memd ar vy fbeagsiealn ad p pa lotaicrhe
geostrophiwi nddel @ € éatnsde sp,ar t i cl e t rsaccaklieng t
contaminatifoeom dyyramRi02sd conTlaeni andi poaesve
wi dd i ven advecfiueh ofsphuesdiladsc ea of sur
contamination, highlighting the combined

scale circul ati on.

The i ntegration o f bot h approacaks pr
framework I inking | ocal sedi ment dy nami c
forcing. The results demonstmiagaheti skeat r B M

~+

wWo probasseoul d isretde rmentt, rreasmetpreinsea o n

sur f ace dabdovtehc tmoodnul at ed by seasonal met eo

The two hypotheses regarding contamina
scale processes, f errmetnte dbagisk fmarn aag efme



i nt egr attiense rneeatleor ol ogi cal dat a, hydr od:

observations.

Beyond the Gulf of Pozzuol i, t he met hc
enclosed or industrially i mpacted coast al
poll ution mitigation, and sustainabl e aq!



Chapter |

11 NTRODUCTI ON

Coast al mar i ne environments represent
processes and ant hhropogenic activiities
bi ogeochemical nffleeebbeeserk qtuhadti t vy, sedi men
ecosystem h-eattbsednbaseimms such as the
Tyrrhenian Sea, Iltaly), |limited water ex«
enhances the vul nerabddnttaymiorfatciocar tand eeu
Over the past ddeeattesen hamasrbasnndi aected
ant hropogeni,c sagnbtlaynciyncdntcs ar omat iicn hydr c
these environments due to their toxicity,

i n marine organi sms.

The Gulf of Pozzwuol i, | ocated in the n
provides a representative casnedussttudyalo fc o
systems. Hi storically infl uemmed obfy Itthad \
ma jsotreel and chemical produlcHtihont oc etniter elsa
cendbuhg area has experienced progressive
contiarevd oas secondaryesenrdesadkscahntar
cl osAtr et.the same ti me, the Gulf of Pozzuo

i mportant aquaculture acMywviltussgabpbhoprt o

Mussels serve both as a vital economic
environment al guality. Recurrent exceeda
documented at the Lucrino far m, rai sing

concerns.

Understanding the mechanisms behind th
i ntegrated assessment of hydrodynami c, |
examined across multiple spat(iEaslpoasnd ot eemj
207thave shown pronounced seasonalpevaakrsi abi

during | ate autumn and winter. These per|



forcing from the sout hern guadr ant s, S
oceanographic ccoomdiatmionnast.i ®aHo ved¢pw esro,d es h e

contributions of | ocal sources, such as
brownfield, versus regional sour ce-s, i nc

scale transparemonsdeé maiterdpoor |y

This doctor al resear ch addrreessosleust i tomi sl
observations widhi vengi amal vysad eltloi tcel ar i
pat hways governing PAH transport towar
compl ement armoeaebler ngneint amewor ks were dev
modledsed approach, i ntegrates 1in situ oc
mod el out puts, and Lagrangian forward si |
the contaminat.i olsleeeo e s a i n eb@alsdetda | a papl rt ol ant
I ntegrates SWOT (Surface Wat e-e n haanndc e @c e
geostrophic velocities, RRAGe( BMeradfhean FOe
Reanal ysis version 5) wi ndsa,grbhogahn mébe
simul ati ons -stcoaleex pPl AoH ed ibsapseirnsi on associ at
and drnden transport.

Toget heapprtolpecsheeisd es caalneulutnider st andi ng
drivers and tempor al recurrence of PAH
scientific insights and practical gui dan:«
objectives of thiastehegiestaee htyaodr ofdiynaamh
conditions preceding PAH contamination e
and compare thierdomponanht pabbwags of PAHs
mus s el fagmi skhisg bedeweeereddaddmédtei nput s

guantify the ndolkedof esvasmernisvi eorn aadwvde cwii |

i nfluencing contaminant mobilization anc
compl ementarity adamadali mieratuisomsegodoonal m C
resolving nearshore pollution dynamics;

contamination risk forecast-tienrgm motniid atrii a

By integrsadurnge mudsdrvati ons, advanced
chemical evidence, t his t hesi s contrib

understanding of ¢ onRetnacmionsaendt cdoyansatnailc ss yisnt



| ocal rel evance, the methodol ogi cal fram

t ool for diagnosing contamination risks
environments affected by both I egacy i nd:i
sourcée&sti matel vy, this research provides

warning syst ebmass eadn dmaenvai gdeenmecnet st r at egi es
use of coastal resources and the protect.
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Chapter Il

2. OCEANOGRAPHI C AND ENVI RONMENTAL
THE STUDY AREA

2.Qceanographic Setting: From the Tyrrhen
2.1.1 General <circulation in the Tyrrhe

A detailed knowtatgecofcuhetiangef the
her elafitserneces s areys cfrarp ttihoen coofr rtehcet oceanoc
t mmenagement -exfontohme csacita vities that take
including the Guhlefr eaffamdaplt e GGON, of P
her eaft ®&cean circul ation directly i nflu
expl oditracli wahi ng mMuandeli tfsarcrhiamgpcteri zati o
and tempor al scales can hel p, prevent, a
healelhat ed risks

The TYS -ersclaosednibasin of the western WM

the I talian Peninsula to the east, t he i
nort hwest, and Sicily to the south (Fig.
a mamxum depth of 3,785 m in its central p
the most isolated basin in the western M
(Krivosheya and Despiitneni iktoyy , gd®gr3aphi cal
t h&STplays a direct role in the overall t

Sea (Hopkins, 1988; Astral di and Gaspari

redi stribution of dense water masses w I

variyabihitecent decades (Mill ot et al .
bat hymetrywi ah dempl ex,ntr al pl ain surroui
sl opes and several prominent seamounts ar

11
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The gener al circulation of the TYS is
and bathymetry (1| aicrofnloubegnicteddllr ee 2n@1 ) .oplet

Corsica Channel (north), t he Sardinia Ch
(sout h). Addi tionall vy, smal l er but signi
(bet ween Corsica and Saad{beaWweamdSi tiel \5
mai n) ,angll ay i mportant roles in shaping re&e

Circulation within the TYS results fror
and forcing mechanisms (Fig. 2) . Sever al
surface to the deé00 ameras .f lloaw tdfe rmmpdgiefri

(mA W) characterized by a subsurface sali
primarily along the northern coast of R
Zambi anchi, 2007) . At I ntermedi at e dep
I nter mediLdtWht Watsef rom the eastern Medite
Sicily and wundergoes transformation and
Astral di et al ., 1996). The deepest | aye
Water ( WMDW) , oohweerra otodreinz eédh [bGild@dmer sl i @
(S < 38.5), which enters through the de

Mi xing between LIW and WMDW below 1000 m
as Tyrrhenian Deep Wat9e&r9; ( HBaupkild so,n 12938 &;l
i nteraction of these water masses with bz

fluxes produces a circulation pattern th:

et al ., 2013; Millot 1999).

During winter and spring, the surface
circulation patterns (Astraldi and Gaspal
along the Sicilian coast, while a part |

opent hg, remaining flux proceeds northwar
reaching the Corsica Channel. AmpWwrt of
flows into the LigmAW,andePdae.t eldh eb yr enmaei nLii
mi grates southward and becomes entrained
Il n contrast, the LI W nhvaensnredn epi © i mihtr yo L
soutdieemi nign t he winter and spring period
Rinal di et al ., 2010) TYS wersdwaead pdirgaoloc

13



the Bonifacio strait and @&ty a Icygrdd emvii sncga li
al ong Campania coasts).

| n summer , i ncreasing stratification
Medi terranean waters through strong ther
Fusco et al.sca0@3xycTloai tcarcngA&N awmaa kdns

tend to recirculate within the basin, W
Channel . Circulation becomes more fragme
jets persisting for |l onger periods but €

eddi es often emeTyrer hiemi ahe Seast ernfhanced
conditions andalwe atkleaw b@Budill on et al .,
enters a transitional phase. Summer str
i ncreasing wind actyvityxasdeshahtengebu
gradual weakening ofi ntleensstmmer toer cgtcur

progresassgtvaeblyi ghkeisnpgr itnhge cwo nnftieggur at i on.

Bel ow the surface, the Tyrrhenian Sea ¢
referred to as thermohaline fistaircases?o
water masses of different origin aonfd pr o]
MAW nNn the upper 100 m, Tyrrhenian | nter me
the saltier Levantine Intermediate Water
Zodiatis and Gasparini, 1996) . dThéusitaer
convection processes -mihxadd glemyearas eamd t ®lra
which can persist over | ong timescales ali
heistal t fl uxes within the basin (Denante
observations i ndicat e t hat such t her mot
dynamically active fedtburendfe telte aTyr, r R

One of t he mo s t not abl e characteri sti

pronounced seasonal v arTiha si Idiythyamo fc tpheays
role in coastal ecosystems and human act.
t he GoON. Given that the GoN is an inlet

i nfl uenceds dhayl e hTey rlrahregneil adne sdeyrnvaensi cssp eac i f i
this study.

14
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» LIW - Levantine Intermediate
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surface (AW, bl ue) and intermediate (LIV
Tyrrhenian r e ppreersnreannte nt heBogquaaci o di pol ¢
circulation bdepdw&eni Spardbotha disscalei ve

circul ation.

2.1.2 Coastal dynamics and circulation

The GoN, | ocated in the soutwestherTnysS,
Medi terranean and borders the metropol it
semincl osed basin, oriented southwestward
with aneavéeragentdgcatr radd et al ., 1980).
km from Monte di Procida to Punta Campan
the Sorrento Peninsula. The Gulf is part.i
of I scdiaa, aRdo€@apri, which | imit direct

15
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FiguapBeBempl ofny trhtreenb)@GemeSead ®@apfobft Neapl
highlighting its madnmbopogrppbtectfedtar

Because of its partial i sol ati oseat he (
currents interact with | ocal coastal proc
variability in both physical condcidli ons
bi ol ogi cal features (nutrient di stribut
concent(rUattiicenrs) Kek oslzka 201h)] ., 2023) .

The GoN is an area under i ntense ant hi
activities, touri sm, and i ndustry contr

i ncluding the release of untreated or p

hydr oc,arabnodn smari ne | itter (Tornero and Ri
2008) . As onlaroldiont rhseh eb uMei deistter r anean, t h
vul nerable to the combined effects of 1| o

pattermrseselrhcee of sensitive ecoé®Gat ema, a

Regno di Nettuno, PBaina aUrChaarpvaatedrl aAr amae
further highlights the i mportance of wund:
et al ., 2021; Cesarano et al ., 2023; Gi f 1

Hydrodynamic processes in the GoON are
forcings. The primary r emestcealfeorTcYiShgciorrciu
(Pierini and Simioli, 1998; Gravili et al
regi mec,h wehx hi bits marked tempor al and speé

16



1977; de Maio, 1985; Menna et al ., 2007).
formation of cyclonic and anticyclonic gy

zones, contributing to a complex2@hbhd) seas

Surface circulation in thetiGodN $iasc d e2(
using a CODAReHEBebOEyglkkoast al Ocean Dynam

radar system operated by the University

Regi onal HBn vMornointnoernitnag Centre (Menna et a
Observational data, i n conjunction with
et al., 2005), have provided i mportant ir
4) .

As reported by Menna et al .iINE2%WDWRYUs d8Br
10 m/ s) typicalldi geoeedt eetancoffehbr ¢ Fi
sout hwesterly winds may reverse this pat

springmamd @Uumernating NE and -sSeA blrreeeezzees

cycle that induces a synchronous <c¢cl ockwi
basin -d)Fi QPeddwesi ni et al ., 1992, Menna et
When the influence of TYS <circulation

emerge depending on the direction of the
1982; de Ruggi emroowtaddt fadl odv RPi2®.) . 4 &) , dr i
inflow from the Bocca Piccola and <creat
accompanied by an anticyclonic structure
I's typically observed im laatta mnprainmdg wi au re
strengtheB80(am/ s), -wirdoemoatnitnigc yac |boansiichn ci r c

the GoP sector.

When the coastsaduetanst weimgl. r 4 py selse out e
a cyclonic structure, while anticyclonic

and the southeastern Gul f of Castell ammal

17



Figurmag 4&ea surface circulation in the Go
during NE wind; b) Sea surface <circul at
measurements acd)i SgaSWuwiadpe circulation
HF radar measurements during the daily a
show the circulation field: at 06: 00 GMT
at 18: 00 GMT (dévehsead;t he) fSolwemat irc ci r
driven dwesa waordt Ayrrhenian current (red
anticyclonic structure (modified from De
in the GoON asedtrewvenTpryr mesioanhcurrent (r
circles are the asttriwcdgtowrdad cednfireamcDen i\
1983) .

2.1.3 Geographical =setting of the Gul f

The GoP -damsclaosednicoast al basin | ocated
GoN within TtYrSe (sFda@xh emn s Iftr om Ni sida | sl

18



Bacoli, covering an area of approxi matel.y
of about 60 meters and reaches a maxi mu
(Somma et al ., 2016 ; Aiell o et al ., 201
mor pholhoeg yGooH its pregomignamdl yahdw al ong
northern shores, particularly near Bacol:i
2017). The seabed is primarily coamgpmosed

pl ay a solgeniifn ctamga accumul ati on and poter

(Arienzo et al ., 2017; Di Martino et al .,
the eastern boundary of the Gul f of Nap
characteosckydamdg steep profil es, mar Ki n
transition from the GoP area (Di Crescen:

Geol ogically, the GoP is positioned wi
FIl egr ei vodaxmnacexabtlehagh geodynamic coc
i ntense hydrother mal and volcanic activi

significeamadd timdl morphol ogy of the seaf

vol canic banks, pyroclastic deposits, an
al ., 2016 ; Bruno, 2004) . Ongoing bradys
movement s) ollsermnvddiritmmetr hicontri bute to
seabed configuration over decadal ti me s
natur al features, ant hropogenic pressur

| andscape and ae chhfaetoheo gGuwclafl dferPd aguol i

Since iBehmcdntury, ant hhropogenic acti
with the establishment of a chemical pro
the area developed into a major industr
manufmagtuamd asbestos processing faciliti
goversthmentr emedi ati on project, started in
marine sediments adjacent to the for mer
area sgbjaé¢sto to considerable anthropogen
urban centers, port activities, i ndustri
aqguacul ture. The high population density
with $eavoamast influxes, exacerbates ant
environments through increased waste pr oc

and habitat di sturbance.

19



Mussel Mytmilug @alhl dapr ovamtcii@dliasrl y pr
nort hwestern sector of the gulf rowhede | C
These kianmadasdmswe as valuable bioindicator :
are widely wused for monitoring marine co

et al . 2017; Mer cogl i aneoncdtosald. ,naz Ul &) .a
water excharmege Twirtrthethh@no e a, the GoP i
met eorad|l @agidc oceanographic conditions. Th

site for the study of cohéami @amawnitr acme mu &

of i ndustri al and urban activities.
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e ; i =
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P fussel farm 200 4018257 :
! E
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@ i
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a !
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Figum¢e Bathymetr Nchmghpl oght hegGbhe GoP.
Napol i Pacanows by Bvaetahymet rsitcaThamrefd whe
corresponds to the positidn gdhftdothh ei esL utchr

position of the Bacoli weather station.
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C) Schematic sedi meArti enzanseporal .(,or2ahlgre)
circul ati-€mastlaiggpht eftual . 2020) at the Ba:i

2.1.4 Hydrodynamic features of the Gulf

Within the broader dynamic system of t

encl oskalsisnubcharacterized by I imited ope
waters and by a complex interplay betwee
Despite itandece®tcogomak dpal elvgncdeue t o

aquacul ture and hid&diormraduwladt iimmupadtrtiear nsaci
relatively understudi ed, pri-smaalid yi duei

observations.

Recent advances in hydrographic survey:
al ., 2020) have begun to shed Iight on t
eastern sector. These studies identified

cirtciudrm patcg erpr é&omindantly driven by | oc
a minor contriskcwtl ieonT YISr ocom |GorNgef or ci ng.

recirculation system may | imit the f1l ush
ti mes, enhancarngl acheel ipzoetde nacicaumul ati on of
The sedi ment dynamics in the GoP are

behavior and the granulometric characte
Arienzo et al. (2017), fine and very fine
their mmaobiilsi zantfil ue ndkreidv ebny nbeoatrhs hwirred cur r

scale circulation featur es.-dilre csthead | loovn gns

current transports fine sediments, whi | e
Bagnol i Bayr aaln dGotPh ef acceinlti t ates | ater al r
foll ows an iwddtshor ans earstt axi s, particu

brownfield area (Fig. 5b).

This sedi ment transport regi me plays

contaminant s. El evated |l evels of polycycl
recorded in surface and bottom sedi ments
(TorneRiobeama doAl cal ", 2014) . Further mor

21



near by Lucrino area revealed seasonal e
benzo[a]pyrene (BaP) and total PAHs, i nd

contaminant patterns (Esposito et al ., 21

Compl ementary sediment studies (Al Dbane:
Romano et al ., 2004; Arienzo et al ., 2 C

contaminationPolgchudr hng@®@®ES8HsIBe op\hye nmd tsal s

hydrocar bons, especially near Bagnol i . ‘
hi storic industrial poll uti on, the el eva
with natur al hydr ot her mal procesy®tsenmn, nk
adding a geogenihe diomerasni mmnt | andscape.

Il n summary, the GOP presents a unique
| ocal wind forcing and sedi ment charact
broader GoN. This contributes to the per
under | i rneidngf otrhet anreget e dr enomli U toir dbne g maa el ltilon
understand the basinds vulnerability and
2.2 MBol hetion and Mussel Farming in the

2. Ecblogical and economic i mportance of

Mussel farming represents a crucial <con
wi Mgtil us galbledaprgo vtihneciparleidsomi nant speci €
ranks among the top Italian producers o

aquaculture concessions that contribute ¢
( FAO, 2024) . Musseslusspameled ad mend)y| useé n@g y s
near shor e, exploiting thenshelstaer eGlb Pc camc
availabil i-tiyc wdt enrust riimmltuenced by both |
i nput s. Mussel farming areas in the Go
environment al moneholosgd nat urhee osfemt he

contaminant accumul ateobjomaldi ogt mussef s

and ongoing pollution.
From an economic perspective, mus s el f e
scale fisheries and | ocal cooperatives,
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ancillary activities such as seed coll e

( MI PAAF, 2020) . ltaly 1 s Mongaobdot opihnevil rai
Europe, with an annual pricg@uo60ODomnoanes ad(
2024; EUMOFA, 2021). The proximity of thi
facilitates rapid distribution to | ocal
téh economic viability ofi ntdhuisst rtiraald ictoiaosntaal
Beyond ttconemctcoval ue, mussel farming
services through its ecological function
capable of filtering up to 5 Iliters of s
sizetampler ature (Bayne, 2004 ; Prins et
promotes water clarity, regulates phytopl

of nutrients such as nitrogen and phosph

The srtasluccdompl exity of mussel ropes al so
habitat and refuge for invertebrates and
2021; Ysebaert et al., 2009).

However, mus s el farming I S not withou

bi odeposition of faeces and pseudofaece

|l ocalized organic enrichment of sedi ment ¢
bent hi ¢c coomprousniittiyonc ( Hat cher et al ., 199
confined to areas I mmedi ately beneath f
hydrodynamic conditions, sedi ment type,

Go P, the | imiteddswewdieamentecbdawaklcaaristics
careful spati al pl anni hgenovfi r@agquaadlat urfeo
AResults from Lagrangian experiments in

water residence Dbiifhesagne tuhdeor dgpi otal S

with shorter renewal under strong exchan:i

CruciMal Igy,l | oprsowindceilayl irsecogni zed as a
to its capacity to bioaccumul ate a range
trace metal s, hydrocar bons, and persiste
Farrington et hill.i,t y1 9889 .b elehn ss raiaf i cal |

monitor contaminant transfer from histor

23



brownfield, to aquaculture zones, enabl

exposure risks.

Mussels have been centr al to gl obal bi

Watch grRmbttps:// coastal ssareaskpobhat gomn/

wat)chand are included in national and E
Marine Strategy iIMS&mMewiWVak eDi Fe aimviégrvbe)r.k Di |
I'n ITtaly, mussels are used by ARPA and |
qguality, asggiosultdtiinea decrlees such as D.

190/ 2010.

I n the specific context of the GoP, mus:s
due to the historical contamination | in
Mul tiple studi es have documented el eva
hydrocarbponéedédPAHmept al s, and PCBs in fart

Lucrino and adjacent sites (Esposito et ¢

2010) . These findings highlight the dual
providing etconoimi calbemedfifers a natural s
and temm surveillance of marine contami ne
I n summary, mussel farming in the Gulf
activity at t he intersection of food p
ecosystem service provision. |l ts sustai
economi s wntéar et protection of marine h
ecological sensitivity and a | egacy of i
2.2EBvironmental issues and industri al
The coast al area surrounding the-GoP he
standing industrial |l egacy, primarily as
i ndustri al di strict. A pivot al moment oc
f i rhsetmi @ al production pl ant in Bagnol i . |
become one of I talybds most | mgaritearntaciind
i nvolved in steel manufacturing, cement
i ndastactivities, particularly steel pro
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of pollutants into the surrounding envirc

secdbmadgest i ntegrated steelworks in |Ital
di smantled in the early 2000s (Romano et

Among the most concerning pollutants
cadmium (Cd), zinc (Zn), and arsenic (As
( PAHs) . These pollutants are characteri :

bi oaccumulRAHSDONnhawind a strong affinity

particul atestermscabni agi natl onghotspots r

These substances, released into soils
characterized by high persistence, | ow
bi oaccumul ati on i n mari ne organi sms, p C
economically Ilitmprog taati waiqtuiaec. The cont al
the industrial site itself but extends i

The semlosed nature of the Gulf, combir
facilitates the accumul ation and retenti

as sedi ment resuspension and bradysei smi

withhe basin. Sever al studies have repor
marine sedi ments and biota in the coast a
hi storical accumul ation and possible ong

Ar mi eato,e2020) .

Despite ongoi ngdirneinteidaitaetd oinn elf¥%6& tasnd e
i nclude marine sedi ment treatment near t
201G)he environmental consequences of ove
evi demitt oMiong data suggest that sedi ment ¢
of contamination, particularly wunder the
currents, resuspension event s, and extre
faci lel traetdei stthr i buti on of PAHs and heavy m

health and the safety of aquaculture opel

Mussel s f ar nmiydt iilnu st hgea |)a reegpae o(kinmaevina lt ios ac
PAHSs and heavy met al s, maki ng them eff
environment al guality and contaminant
mo n i tdocroimmbg ni ng i n si tu sampling, satel |
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modediisnng essenti al t o understanding con
remedi ation outcomes, and supporting inf

at protecting the marine environment of 1

2. Mu33sels as Environment al l ndi cator s |

Bivalve mollusks, particularly Mytilus
effective bioindicators for assessing el
ecosystemsf eddieng WHehdawiror all ows them t

polmntug asuch as heavy metals and PAHs frc

particul ates. This characteristic makes
presence and potenti al bi ol ogi cal ef fect
sewmincl|l osieds blai ke the GoP, where water ci

tend to accumul at e.

Traditional chemical analyses of water

contaminant concentrations with hi gh se

met hods often fail to capture the comp
especi atldmgs ienx psoyssed t o mi xtures of poll ut
be synergistic or additive. As Van der
(1994) highlight, t he identificati on of
necessarily ptbeidebioboghtalntmpacts, t
relevance of chemical qguantification alc
approaches usi ng i ving organi s ms have
environmental assessments.

Mussels act as integrative indicators o
health. Their relatively i mmobile nature
and tempor al trends in pollution exposur

environment s -sfcad iel ictoartpeasr i Isamge Le Foche
that evalwuating biological responses wit
effective means of determining ecosystem

stsrseors influence organisms both directly
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Ast heir use as sentinel organi sms i s
extensively employed in gl obal monitorin
Programo ( NOAA, 2023) and European regio
|l i ke the | mtcedndtoironadle Exwpl oration of th
Uni on under the Marine Strategy Framewor |

Sever al studi es i n t he Medi t erM.anean
gal |l oproivin nmbaltering coast al cont ami nat
conducted in the Gulf of Naples revealed
with significantly higher | evels detecte

Similarly, .Tr(i2n0clh3e)l |dao ceutmeanlt ed t he bi oacc

|l ead in farmed mussels in the GoON, s howi
capturing pol | Wwteitovre eqir d chideursttg,i advemd r el
zones. I n the heavily i mpacted waters ne
t hat benzo[a]pyrene concentrations i n mu
than EU safety thpgeshgl caontamdnhatat ong de
efforts. Addi ti onal studies in Sardiniagd
accumul ate trace el ements such as cadmi U
seasonal patterns, f ug@rmesirt isvuep piomdii mat otrf
variability in contaminant exposure ( Mel

The i ntegration of mussel s i ntd mul t
combining biological i ndicators with oc
model i ng, sedi ment toambdporctes adamwd rcampate
pol Il uti on dylnasmisctse msn. clona sanacloanpd e xe mwidr &
i ke t he Go P, wher e sedi ment resuspens

contaminant di sMytiibluas oga lolf diperrawsienrcoitailciasl
assessing the etfeonotsventegiekc memeduppor

management practices.

2. Podycyclic Aromatic Hydrocarbons ( PAJ

PAHs are a c¢class of hydrophobic organi
fused aromatic rings in a generally pl a

predominantly formed through the incompl
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matter, including fossi/l fuel s, bi omass,
Tao, 2009) . During combusti on, fuel mo |
fragments t-hamited emxwigreoanment s, can rep

Their fiosr mahtusonf av o rtebdu ebly rlaotw oosx.y g en

Main contributors to PAHs include ant:!
emi ssions, industrial processes, power (e
natural sources include wildfires and vol
Near6loy % of gl obal PAH emi ssions are at

combustion (emissions from biomass and
Because of their | ow water solubility, I
matter, PbhAHdgd tendutsmwpended particul ates a
biota (Oliva -8hafay . & ROROSQUADLbId2016; Sver
sedi ment affinity i senpdrotsiedulcaoralsyt adr iatriecs
where | i madaralngvataend el oc al hydrodynami cs

of PAHs and their sfudbesdkiqrue ndr gugrtiaskmes bsyu dh

Recognizing their toxicity, the U.S. E1
designated 16 priority PAHs in the 1970s
al ., 1997). The European Union subsequent
f ocusn nfgjood safety, which includég%abl ght
1) and an additional compound identified
contexts (Wenzl et al., 2006). Among t hel
| nt eranlatAigeemcy f or Research on Cancer (1A
while others are | isted as probable (Gr

carcinogens.

Il n response to these concerns, EU regul
835/ 2011) and the | atest 2023/ 915 1 egi s
concentrationdes$ me dioaltlduspectotdiuncgt s5 Og/ kg f
30 Og/ kg for the sum of the four marker |

I n coast al ecosystems, PAHs enter via
i ndustri al di schar ges, sewer overfl ows,
di stribution is influenced by meteorolog
pattemassehal sseunlight (UV) exposur e, and
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photodegradation (Wang et al ., 2008; Manc
adsor bed, PAHs settle into sediments and
remobilization driven by sediment miXxing
Redaman et al ., 1984) .

A recent gl obal model ing study (Wu et a
remain elevated over industrialized regi
whil e some declines occurred between 20
particelrat @hmatwunderscores the persistenit
ami d emiosnsiroh efforts. Given their toxi c:
are considered critical contaminants in
of PAHal vesbawmd sedi ments provides essent
contamination, supporting environment al

management and policy decisions.
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Substanc Tot al

Napht hal ene C
Phenant hrenC
Ant hracene C
Fl uorant henC
Pyrene C
Chrysene C
Benzo(a)ant C
Benzo(b)flucCcC
Benzo(k)fl uCcC
Benzo(e)pyr C
Benzo(a)pyr C
Peryl ene C
Benzo(ghi)pC
Di benzo(ah) C
|l ndeno(cd) pC
Coronene C

TablSA EPA prior+tyg++) siThefePAS

substance i s
to per mit an
ani maTlkle

carcinogenic

f or mul
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I * r r r r r r*r T I I I I I =T

mo Mol ec
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128 +
178 -
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202 -
202 -
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228 +
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252 +
252 N
252 +
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276 N
278 +
276 +
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+
+ +
+ +
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availpalblbkrod deatiadenc e

experiment al

30

t he

car ci

t hat t he

ani
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2. 2l.mbt egr ated approaches t o mari ne Cot
satellite, and model dat a

Understanding and managing marine poll

semincl osed basins, demands a multidisci
combines I n situ measurement s, remot e

model | i ng. Ereed th o d § tbesei butes uni quely
assessment of mari ne contaminati on, of f
I mprove the detection of pollution sour c:

remediation strategies.

I n situ observations remain a key appr

provide direct measurements of poll utant
bi ot a, pr-oesdl ogi eoon ghnsights into | ocal
i nst@asas and BdewekrogedO0O&) dynamic bi oac
i ntegrating in situ chemical analyses anc

and | eadMwtpitlakkse ganl. | Spcbv imee haldiss are cr it

model si muwladtiibomdg iaalgd remot e sensing dat a
Remot e sensing, particul arly using s a
capacity over wide spatial scales and at

Pavl akis stcaéssfailblogy)applied synthetic :

det ect i1l egal oil di scharges in the Me
satellites in pollution surveill anxe. Mo
satelliteembhawmedbwenhh artificial intel | ic¢
pairctul at e matter, chl orophyl | concentrat
contributing to pollution source trackini
2025) .

Numer i cal modelling serves as a predi
contaminant transport, di spersi on, and

Hydrodynamic model s offer a mebbhamaoeti c

various environment al scenari os. Gi funi
mo d e | coupled with a Lagrangian particle
transport of mi croplastics in the Gulf

empyleod a couplLaedr &mdah ano si mul ate the
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transport of mi croplastics and associ at e
hi ghlighting the role of particles as ve:

The synergy among these approaches enh
strategi es. Il n summary, the integration
model ling iIis now considered the gold st
mul tifapgreroadh apupports accurate enviror
remedi ation efforts, and informs sustain

protection.
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Chapter Il

3.DATA AND METHODS

3.1 Experimental design

Thi s study i nvestigates how meteorol o

i nfl uence PAH <cont amiMyattiilouns igia |)fladrpmeddvhienu

GoP, southern TYS. The research integrat e
oceanographic dat a 02@1I ® s sanddt wd® OeXx4py} orye att
environmental drivers of PAH bioaccumul af

The year 2016 was selected rethighpect
frequencsyitu measurements and validated
contamination events occurring during | &
eval uate faewmdihtieinginrsansport of PAHs from
arédaarticularly the decommidsoohbd Lnodus

mussel farming site.

The year 2024 marks a new phase of re
coll ection under the project AUn approcc
i drocarburi nei mi t il i all evati nel Gol f
Napl esopPertlsémarting in early 2024, ocean
to acquire new ;ian ¢ihteu,bdradnas urhemeesmptast i al a
resolution of chemptahgandf basnedd onguesostekl ,s we
enhanceBhketseesadlt s were designed to validate
to support the devel opment of predictive
Additionally, water column properties an

seasons in the GoP, filling one of the g

Wit hin t he broader framewor k of t his
met hodol ogi cal appr O0Ric gTense6syee rt ewoi nmpplpe nnearcthe
i ntended for direct quantitative compar.i
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i nterpret di fferent transport mechani sm

(@)

onstraints, spatviaall abickhi eg, candi tdiaadmas .

(@]

ompl ementary perspectives on PAH disper

The 201lbasnedebpproach focused on the | o
the transport of PAHs from the Bagnol.i [
This approach was supported by an envir

conductedgibgnalheAgRency for Environment a

(ARPAC) , which revealed very similar PAH
al . ,-s2ampling activities report), strongl
source and highltigyhofif ndedhmemptohhetanvs e
scal e.

I n contrast, -hdxred O0&plpradacihmewas 1 mpl em
l i mitations in data availability encount
conducted at a broader, G&Nitonaalmegc atloe ac
contamination patterns | inked to nautica
from areas of intense maritime traffic al
zone. During 2024, t wo cont aminntaetri omo netvhe
(Januaryarmand, Febowi ding the opportunity
accumul ati on under seasonal wi nter cond

confirmed that PAHs detected during this
wi t h nauti cal fd®lcus s ompmp orad ginagmat hee S G
Unfortunately, a detoaitlaend mheasaerhisptfino 2 0dlfé
avail abl e.

The 2024 analysis further benefited fro
from the Surface Water and Ocean Topogr a
maj or technol ogical advance i nrescelant iodbrs.
wi devatehasmr ements capable of resol ving ¢

features with unprecedented spati al det a
al ., 2024). Thi snac®palaitlei r g ca&indse avmtcrtd pmi a
current variabil i teyncdwere di rbacsa ansst aslu cahn da ss
where traditional altimetry often | acks |

the charactegdalad i bpnamdpofritnedynami cs €S S
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pol l utant di spersion and accumul ation 1in
2025; Verger Miralles et al ., 2025) .

To achieve these objectives, environme

obtained from multiple complementary soul

T Meteorol ogi cal data included conti ni
and Napolii weat her station and gri d:t¢
CFSR for 2016 and ERAS5 for 2024) ,
regi mes -aqnal ¢ aatgrmospheric conditions

T Oceanographic data consisted of wat e
Ao platform (ADCP, CTD) i n 2016, Wi
Il ncrease both spatial and vertical r

T Numeri cal model ing was performed usi
Mo d el (CROM) , based on the Princeto
surface circulation and siunp p20rlt6 par-t

T Satellite remote seasdatga pfrrovm dtelde CQ
Mar i ne Environment Monitoring Ser
compl emented in 2024 by observations
Topography (SWOT) mission.

f Lagrangian simulations were conduct
2016 and usbagedhPaPgehsntool for 20

particle trajectories and dispersior

By compasi ngont anwintaht inoenwleyw eanctgsui + ed f i
phase experimental framework enables bot |
|l ooking forecasting. It provides a comp
processes governing poltliwthantwidihs pderrseican

for environment al moni toring and managemi
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2016 ‘[ Data limitations J
MODEL-BASED

APPROACH l
L 4
In-situ data 2024
. ALTIMETRY-BASED
Ocean model APPROACH
3 ) 4
Lagrangian SWOT-enhanced
simulation: altimetry
r GNOME
4
Contamination Lagrangian
source: o . .
Bagnoli site simulation:
\ OceanParcels -l
Contamination
PAH source:

transport and _ Nautical fuels

accumulation residues
$

Lucrino

mussel farm
Figur@oneéc.ept ual map of the experimental
modeling component s, and analytical appr
modledsed approach investigates the potent
from t he Bahginloel it hsei t 2Qa2s4e da latpipmeotarcyh f ocu
di spersion of pollutants derived from na

assess the exposure and transport pathwa

3.2t andard PAHs concentration measurement

mussel s

To assess contamination | evels of pol vy
far med My d$s$seélus @all opsraervpid necsieaglaill $ad ¢ tye d
authorized personnel from the Istituto Z
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(I'ZzSM), foll owing Tsettarcdraunsbs ele df guintthoicto étsh
GoPRPite is monitored by regional heal t h at

contaminated coastal areas, including thi

Each scaopdodst approxi mately -slzé&d mhs sceoll
randomly coll ected along the | ongline sy
Sel ected asglearn anethnesr i zed by similar bi ome
(% cm), Wwegdght abB rmgret { L) .

After col | eacitmnoend, i anuesisye Itsr ansported on
where soft tissues afrteosns 2Ot @d, 4i0On dinvdii dvu a
al umifnoiulm and stored at 120 AC unteil <che
sampl e integrity and compliancePAMI t h |
guantiifgperaftaromed-Pesif mg mdingle Li qui d Chr ome
according to Seirnpecoenplailanc(e2 OMiOt)h aChodmmi s s
No 836/ 2011i.ncllhedeaense t tmuets saenla | tyi sscseunessf ,d ewiitnhg
the PAH seaweaernsirden miedsietesvairt, eirnt er sti ti al
The analyti cvaoll Wpewgedurzeati on of soft ti
extraction with -apclus hfaaglka iBseipl iamal «d retarni d ¢
extraonllygedPLC with a specific chromato
elution using an acetonitrile/ wataremobi
based on retention ti mesThe dmestxlstedrnatl h esw
detection ofguhatfeduPAHY in bivalve mol |
benz(a)anthracene fB8Bad) ,(BbEnzo(abn)df | cbr &
Anal yti cal performance met EU criteria,
recover yilr2a0tVéhe sef am®@l yses are part of a
program to ensure compliance with Regul a
maxi mum permissible |evels of BaP (5.0 O

CHR (30.0 Og/ kg) ihnurmaonl I|cuosncssu mpnttieonnd.e d f o

During 2016, a total of 15 mussel sampl
the Lucrino farm. Among t hese, four s amg
represenRAH gs aamplhi ng (hereafctoed @edifpeds5l ut i
January, 17 Febrwuary, 22 November, and 1.
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Since 2024, under the University of N a
mul tidisciplinare alla contaminazione da
Pozzuoloif @ jmoinB& ori ng stcroantpe gynelna € db a&ée b h
samplings performed oby ntchadé@niavdar qii toynagt

bi ol ogi cal endpoints. The project I nit
accumul ati on, wi t h particul ar attention
medi ated by reasct (),R @bl osxwycg eund essp esceias o n a l 11
seawiaheirde and oudrsd deedihme mu,s sa&d swel | a
heavy metals and metall oi ds.

Thei ol ogi cal remdkcabocthhodepaboprpsetal ong t h

l i nes:

T Morphological and ecol ogical anal ysi
(shell l engt h, bi omass) to assess g
community associated with mussels t.
and ecological quality.

T Environment al chemical anal ys-es: S a
val vul anaiwpy eGP f or 14 trace el ement

Fe, Co, Ni, Cu, Zn, As, Mo , cd, Pb,
sedi ment s to characterize environ
contamination sources; i ntegration
resmpses for ecotoxicological interpr
T Physi ol ogi cal assessment of environr

for oxidative stress biomarkers (RC
protein oxidati on [ COHPs Jo,xi daamt t o
antioxidant capaciwarhTAQ] i eprdadi o if

responses and contributing to the ev

Sampliismghducted on three ropes diepl oyec
subdivided into three vertical sections
portions were <collected to investigate
accumul ation and dmyi0&2l4ggilBalmursessp o rsxaany.

over the course of the year at the same
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EU egal foi mPA&isrresponding to pollution

February.

3.Meteorol ogical Data Collection and Proc
Met eorol ogi cal data were used to invest
PAH transport toward the mussel farming :

preextilkdoinh @mi nati on events.

Fo201l6wind direction and speed were ane
on sea surface circulmatieomowbghtcal t bbs &«
obtained from the Bacoli weat hesr psatrat iodn
Campanial i héetpet wowww.)clahmpsanstaivenjtil oc
western GoP (40A 47' 31.38"'' N, 14A 4' 41
|l evel, was the only site in the area pro

The station enoilnluecet si ndwaetrianad ta,ilr ne mper at |
at mospheric pressur e, wind speed and di |

radiati on.

To compl ement | ocal obssesrcabltei amrest eandl
conditions, gridded reanal ysi s data fro
Reanalysis (CFSR) werabroaddr dahmespbat bcy
a spatial resolution of O0.5A-sicad.e5Ave aalhle
patterns (e.g., cyclonispaassctaigeist)y , dupi eegs
preceding high PAH concentration events.
automatictwema$ heocastad in Pozzuol:i and N
evaluate the potenti al contribution of a

PAH sourced$vef dHowawaanng, diost contamination

2016, no significant precipi-tatven twaansyj
and resuspension |ikely played a more cri
For the year 2024, | ocal met eorol ogi c

Pacanowsky weat heirigtladdaatne d yatl | tohwe drti v e
Parthenope (40A 49Nj 55.6n N, 14A 14Nj 42.
Osservatorio Met eorol ogi co Mi | ano D
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https://www.campanialive.it/

https:// www. fomkaziogneomadi t/ pdteiqgesncy F
measurement s recorded every 10 minutes,
at mospheric pressur e, wind speed and di |

i nt e Mg inddiyrecti on and wind speed were used

To compl ement | ocal obsecabtei amrest eandl ¢
conditions, gheddedndBRAS shawrtlaysedat a on
from 1940( Qoop eprrreisceinst Cl i mate Change Servi
Her sbach et alon -ApdeP I wepraecensedporated
Lagrangian transport simulations. ERAS5 p
gl obal grid with a horizontal resol ution
i mpr ovement -goevneerr aptri eomi oruesan alhyissi ss tpurdoyd, u cltf
speed and direction were extracted over
forcing inpdgtrackbong pmotdekse ai med at re
pat hways of surface plumes andartmheigr ap etae
In-s i wiuddht a werce mbEBRAStbeanal ysis wind fie
Naples with observed values at the stat
approach to maintain continuity of the wi
of Mmieglm!| uti on ERAS5 dat adwwtwle ds tf atriofi h eo br
a more accurate representation of | ocal a
reproducsiurgf amearcur r ent s-drainvde n a stsreasnssi pnogr t
aquacul tAUrle neitteeos.ol ogi c ad o rdtart mlslee & awred ep
using MATLAB and Pyt homt i wkatnpdl pwa sitdd rcruol saers

visualizing directional wind patterns; t
contamination event s; correlation with s
in situ and model dat a.

3.00ceanographic Observations and Datasets

A comprehensive characterization of the
of Pozzuol i (GoP) was essenti al to asses
t he variability of contamination patte
oceanograpkdcidatai s study were obtained

measur ement s, numeri cal ocean model out p
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datasets provide complementary spatial a
for both 2016 and, wher e asvcaaillea bd xep e r2 Onbe

framewor k.

3.41 h PictanogMeaphurcement s

I n situ oceanographic data were pri mart

coast al monitoring platform, operated by
pl atform i BBalgoncoaltie dBaiyn (40A 48.550" N, 1.
approximately 19 meters and i s equitpped

time monitoring of sea state and water pl

Current measur emendar uyvewar Achdtwss tkiiesdg Duospipr
Current Profiler (ADCP) operating at 600
current speed and direction every 15 mi
i nstrument provides data acr osseldd®dw bti mes ,
surface) selected as represant &t isWavoe ik s
dadiancl udi ng heightdarperi @eadqr daendd hdd urelcy .i
properties wietrhe ameCalshurmeud t i parametric pro
vertical profil er. Par ameters include
fluorescenca) (amd oropagil ance, atmi nat ewhi
i ntebaabsl5 mhdepthehe zeidghgst data dens|

for sediment resuspensi on prhoacvees sheese m f U see

Il n 2016, the dataset spans from Janua
interruptions in December.

Il n 2024, new oceanographic surveys we|
monitoring initiative in the Gulf of Poz
coverage of in situ measurements and en.

bottom dyaami pspdaumntel eer ansport. These sul
seasonally withialtédadyniaomesdrtly off (Nael e
resear c.hT hgr ogceecanogr aphic componentt of 1
monitoring stadsontshaeai(sti igd yAWd reehasdaars b aei o

current measurements were obtained using
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while vertical profiles of watenBBdEHuUMmMN
19plus V2 multiparametric CTD probe. T h ¢
pressur e, temperatur e, cormduyc tdiivsistoyl,v efdl uc
Phand turbidityr,esehablong absgibhmmhtalof

conditions.

These new datasets provide seasonal ob
col umn variability, Supporbtoitntgo mt hcei r ¢ b & ¢
processes and their role in the resuspen
Bagnol intsediomards the mussel farming are

¥c14 BIS

cis

%12
€12 BIS 'C1 0

Figulecation of 2024 in situ monitoring
gener at &dooglse.n'ggd d tolwi nddatcsat e sampbandgt bBe:
l i ght bl ue stymduaclr iinrod muatseed farm position

3.4S23t ebdtia e

Sateddsed remote sensing was employed t
dat a, particularly for the detection of

structures (e.g., fronts, eddies, and f il

Fo2016, we i ncodeniraecdalslddordddh h yclolnc ent
data covering the study area. While CHL
4 2



surface currents, they offer valwuable qu

as chlorophyl !l distribution is influence:q
and fdyommatmilcs (Mattei and Scardi, 2022; D
This makes it a useful indicator of surf;

Satellite CHL observations have been

processes and assess surface <circulation
provided an additional observational com

modeti epedul ati on fields and features visi.|l

For this purMediet, e wea n@a@a@h &dwmi@¢caBj oL4, m
means, d aieley agnalp cl i mat ol ogyo&actel [ Pt ed Ot
OCEANCOLOUR_MED_BGC_L4_ MY _009 _144) from
Environment Monitoring Service ( CMEMS,
dat aset provyirees CiHai cynhcgaprati on data a
and adpreovedssing | eyeadl,i temsutre mmgotrmalglhy co
for the Mediterr2a0d8@&n JedoywsysThecesasatet h
CMEMS and i shtatv@mg |l /a/bd ei .20t0 30 ATOh. i4s8 67D d Imo e

driven by the | i mirteesdolauvtaiiolnabsialtietlyl iotfe hdie

which are significantly affected by cl ouc
While Kd490 (the diffuse atottkduativen bee
valuable proxy for sediment transport in
coverage during the period of interest we

we eleixecd usi vely on CHL data for compari sc

Satellite dataaWwgsaenddp rvoicseusasleidzzed usi ng MA
a specialized i mage analysis package dev
anal ysamd ensuring the quality control of

For 2024, the observat i oanlatli charttaame wornk tw
Surface Water and Ocean Topography tIS&VOT
Nati onal Aeronauti cs and Space Admini st
Agency WCHNB&tri butions from the Canadi an
Uni ted Kingdom SpadS@ekhAddnaylt(ihBeK 8 Avjei rmenptl al
mul timission gridded L4 steh@eWOEveld ®OdDéc g ht s
https://doi.orgfDRA42DHDFQ/. 528 6 /dAGIR Sset I
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https://doi.org/10.48670/moi-00300

al eotnrgack altimetry (D®O014dpiamd gecdmbidBé6s 0
from conventional-3,nadnaro $ds sail d MAI3tAI/ s oS e
Sent@Ael Ha2 B)anwi t h SWOT nadir and KaRIl n
https://doi.orgfDR32DATB0d 5g7vBEdAELAO0N i el ds
using the MIOST (Multiscal e | ntaerppolaathi o

(Ubel mann et al ., 2021, whrioer ; e Bmll il ;irtolt yt
di fferent dynamical modes (e. g., geostro
by constructing independent covariance cC

reconstruction of mesoscal engandhesupmeduo
particularly suitable for assessing the ¢

provides daily fields at 1/10A T 1/ 10A s
(SEA0O/ DUACS, CNES) . Sea surface height (
dat aset can be used to estimate geostr (
observational | ayescabe thecGbo®ti owihere ¢
di sper sitoengr atheondeo fi vEWOBSH fields with
observations is expected to improve the
nearshore eddies or jets) that infl uence

PAHs to aquaculture zones.

3.408ean Model Out put s

I n situ observations in the Gulf of P
AMEDA Aepofiintedst ati on representing the on
Consequently, -dmaloebtme mspaechh a yien of wat er
circul atiicosn idoy nbmat h t he GoP and GoN duri

out puts f rroens otl lue i bnglCampani a Regi onal C
Ruggiero et al ., 2016), which is based on
and Mell or, 1987 ;etMedll oy ,2200M4.,;, GCROMt ol

equations of mae¢toiooi natdei sesregimaalk-i on a
di fference schemes on Ar akawa B grids,

thermodynamics, and turbulence closure p:
The model domain extends from 40AN to
15. 36AE longitude, covering the full GoP
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Fig8bDemain of integratiofboffa)CRROOMM comput

CROM generates hourly outputs of tempel
The model has been extensively validated
in the Gulf of Naples, using a combinat:i ¢
fregey radar measurement s, and in situ C
2016, 2020; Gi funi et al , 2022). -Whil e
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scale wind patterns, i1its coarse resol utic

the GoP, as confirmed by comparisons wit|l
2022) .

To I mphewa esentation of | ocal winds, S
with Bacol i s tlatlgilhatre o o ewihactfiiaoynssuteie db e

representative of btlhaec ke nbtBxaded nt7iz@HAAdgS8.t3 Ao ma
14. GBAELS8AE). Within -gihmwsl aatreeda ,witrhde wasl Rr
spatially wuniform field deri vegr-pfdi;amh Ba
bl endi ngy dbwkf e ) Fit@. ensure a smooth tran
the wind fieldwwhghtedp aomobdieaaantdialoonb soefr v e (

winds via a Hann function (EqQ. 1) :

~

wWQ -p wéiit- "QER Y [ 1]

whedies the distance from tHResbohedary
relaxation distance defining the width o
observed wind has full wei gVt 1d=ta tOt)h ea nbdo u
smoot hly fW=e® 4o, Rzeevrooi d(i ng arti fici al

The final wind components (Uadj, Vadj)
foll owing equations:
YOQ@DtYE wi p @ YD ¢ c
WO Diwé wip ® towi o
CROM outputs in this study were empl o)

patterns preceding hi gh PAH concentrat.i
pat hways from | i kely source areas (e.g.,
Euleriahieudseno drive forward and back:

particle transport.

4 6



3.bagrangi ansf 8irmkPlaatorc!| e Tracking

To investigate the transport pathways o
forward Lagrangian transport Ssimul ati ons
periods using different modeling tool s.
refl eenesnaoded fin data availability, spat i

bet ween the two phases odmpgarei sdadnudgyf, madd

For the 2016 analysis, the Gener al NOA
( GNOME) was emfrayese, (BO®OPl e 2001; Zel enl
choice was driven Hyr etqlue nazwa ihlyadbrioldiytnya mo fc
the Campania@aamRedMoodalal ( OROM) and by the s

evematsed si mul ations at the | dealm gaalnes,po
pat hways from known coast al contaminati ol
Il n contrast, the 2024 analysis was con

Computationally Efficienbakadraaogl bBax St me
designed for $¢a@&kxé bpar aindl d arga&cki ng usi
oceancudiati on products (OceamePraeecetsepr D
support t he i ntdegriateidongemfstsapdalli tcaurr e
mi ssion and to enable simulations over a

regisocnaadesf of the 2024 investigation.

3. 5GNOMEGener al NOAA Operational Model:i

The simulations were driven by the Eul
the CROM and forced WINCME haep pbllieensd ead nwixnec
Lagrangian approach to simulate the part
driven-vlay yti nme sur face currents and/ or wi
i ntegration scheme dee gkRidvtagledarhtodt)a a f i r s

Each particlebs trajectory follows the

D,
— @ T
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wheoies the particld@ spotshe itont avlE os wrt fhaacned
2016 si mwlratiicdress, are model ed as passive
to a single surface | ayer, neglecting Vv
di spl agxeggnegmm)t 4gtoft iamegener i ¢ passive trace
coordinates) is caZeluémkedetusalng, EZq@h2) o

30 h_8 h3w - fachAT & m v

wheq@e = t 1T t i's the time el apsed betw
the |l atitude in radians, and 111120.000:

l atitude (assuming 1 arcminudxegyeéquaals the

2D nlgo tudi nal and | atitudinal di spl acemen

the zonal and meridional components of tl

Following Uttieri et al. (2011% s ¢,he ho

a typical wvalue forDicbhgssiavVeapeace$ O&s bwe

in the transport equations, using GNOME"

di ffusion is represented as (Zel enke et
— Ot— 0O t— [6]

Wheoies the concentraO©iareft hédehomait 2o nt

di ffusivity coefficients.

Considering the diffusive proclesand, 1

mer i di onal ayi)s pd faache mgartit i(cl e i s computed
foll owing equation:
t f
L e : i TR
3w 3 Qw — [7]

GNOME t hen cal cul at es t he horizont al
coefficient D, and at edeamdtfirnmen sat eupn,i fiot
di stribution-lrandi ag bet ween

4 8



Il n a more compact Lagrangian form, the
sum of the -addedowidvden,d Witk hastic diffusi

® ® |®& qt) [8]

whedbés the surface vellogici epreseni ssetdheé
i nduced drift qtw) ndeage seomhastind term a
turbul entThai fcfouedlida@ricii reens t h e wirnadc tv eolno cad ft
contributing to the surface=@r03), fiwmlltd

typical val ues dAtdopt edhg d BpraHgs ucf ase i n C

environkKeenagts al ., 2020; Stolzenbach et al

The stochastic displacement foll ows t he
Q0 MNcOYowo [9]

w h e iOe s t he hori zonKails daf frasidoimt yvean ad

components are drawn fromhaD stimnhdard nor |
The resulting discrete position of the
3y B 06 16 30 nNg YO [1D

Thi s stochastic formul-di mensicomralespdne
di ffusion equation i mpl emented I n GNOME
unresolved turbulent moti ons a(sZealne nekfef eect

al ., 2012; Okubo, 1971).
Regarding particle beaching, GNOME aut
particle position is located on | and or i

l ine on the bitmap between the old and n.

skiveerol and and instead stops it at the f

Based on the anal-mmaisnefcomdierivemns meado e
hypot hesi zbeeatrhaatg BAHKHI ment s areen erresyu swaevhed
events and subsequently transported by s
mus s el sddfoak img)(.r 8bo si mul ate this process,
randomly released withseetthlee BRig@dlhi decos
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t his framewor k,

each

particlhesoepaeseén s

contaminant originating from the Bagnol:i
tracers to explore plausible transport
wi t hnopulty iing precise predictions of contan
Rel eases were triggered one day after ¢
|l ag between sediment resufplkelseammat aee st he
timing and duration of(ienaclthDasriantucloautnito nf
uncertainties in the simulated current f
the -abongnt-camdeatos®mponents. This appr
o f bodtelgttass t(hpsetdoroyn the wunperturbed
corresmbhohumgregrthat raageptcimey t he range
pat hways wunder wuncertain conditions. Sim
assess transport outcomes that are | ess |
begtiess scenario
Pol l ut Rel e End Dur at Tot a
event (day (day (hour part:i
25 Jan 16 J 2% an 240 4000
17 Feb 11 F 1Feb 168 4000
22 Nov 13 N 22 No0'240 4000
14 Dec 9 De 14 De(l44 4000

Tabl®Ret2aif | 8 ach

Lagrangi an

50
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(a)

41.4°N (b)
41.2°N \/J—\\gﬁl\ 40.84°N
41°N | | \\ 40.825°N ﬁL\L
\ B o
40.8°N - | 40.81°N 0
A
C:}ﬁ.ﬂ\)

40.6°N {ﬂf’\f/\/\ 40.795°N 5 ~

- 4

\ J_@ﬁ
40.4°N | 40.78°N \J
k’\ 14.065°E  14.095°E 14.125°E 14.155°E

13.2°E 13.5°E 13.8°E 14.1°E 14.4°E 14.7°E 15°E 15.3°E

Fig@mée Target area (bl ack boxydanxd tulseds
for the computation of thedbsendbdt wonda
for Lagrangian wrahsp®@QWMESichelsatriepmesent
sedi-meabci ated PAHs released near the Ba¢

3.5Parc®Irobably A Really Computational

Si mul at or

For the year 2024, Lagrangian particle
OceanParke(Belv8ndmet er atma ivmawne Steibgat e ,t i

pat hways of polycyclic aromatic hydrocal
maritime traffic in the Gulf of Napl es.
passive particles, such asveopthamioaets

s
pl ankton or fdii snhe,n swiotnhail n otcekrma@me ¢ vel oci't
rel eassead iof drhe Gulf characterized by i n
sour cesdiosfp ePrAsti@ojinh i(ighoi ce was supported
performed during the 2024 project campai
mussels were primarily derived from nauf
mar i ti me activity anndo cfoanrtnainm gntaatei eo2an0 2i4n Pta
simul ations, parstuird lactee aPAHi g s e i heas d«
nauti cal fyeloceadveutreck nbAs awmidt hwi tnlde f GNM G
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simul ati ons, these particles serve as di
pat hways and accumul ati on zones, rat her

concentrations.

Four Lagrangian experiments were condu

(JanbBebyuary, Apri lRaduilygl,esanwerOx trodlea g s ¢

at | ocations characteri@kidg bdyle)ilnd grnasreg i re
trajectories were computed by integratin
D 14
— 0 PP

wheoies the particl & poshei 6ot abThanr f an

advection equation governs the motion of
yl V’
gy @ @@t ht QY [1P

whe@eepresents the positaindmn soft hehé&upar
velocity tineledpatl at ienxhe fTrhoem vtehl eo coi cteya nf idea td
simulation was derived from altimetry da
surface | ayerThe Di rsti enqurl aflf sione YE&ag waattieadn uls i
st egpof 15 mieant @g, each particl eddsOdposi ti
based on the Vdéli scictoynbfiinaltdsn of short
regul ar particle release ensures both nur
of potenti al t ranspadrotn gp gher wsadyds.c hoavsetri ct hdei
was applied in these simul atdieansr,edas etl loe
fields was considered sufficiemtestoscad et
transport processes. Priohatstfudesb| gbi og
velocity fiefFdsandbe wddktdohfusi on contr
di spl acement compared to deterministic af
et al ., 2022). By focusing exclusively o
a cl ear r dprtehsee ndtoantiinoannto pat hways and acc«
PAHs without introducing artificial di sp

coherent currents and wind forcing.
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I n the present study, since particles w
was sol ved owsgituheg r aKRuutntgae ( RK4 )h eanckv  Btuit @rh e

2016), which approximates the position af
y @@ — 0Q ¢ ¢ 1 [1 B
Wi t h:
N ool [ 14]

- ) 30. .. 30
Q ®@ —Qhb —

S S
R , 30.. .. 30
Q o@ —Qh —

Q Q

T ®8 300 30

This approach ensures accurate interpo
particle tracking over complex coastal g
To represent realistecolcotaisoml | pmdcea sk
GEBCO bathymetry was applied. Particles
above zero were considered beached, hal
penetratlidMamdhemati cally, this is expressete
@ VROE Qo @i @ ™
3y .  wpi 60 &
5 €M1 0 Qi
This formulation ensures that once a p
fixed at the previous time step, effecti:’
at | and points, the model reproduces real
unphysical scenarios where particles wou
vel ocities are given in linear units (m
(degrees |l atitude and | ongitude) was app
suf ace:
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Yo @yo ——f — 0o

a €& — t pX

wheba&ndare the meridionagpi antheohameves:
secoYeds ,p7hli i s the Eafd B6sherapgdausicheadl at |
180cdonverts radians %0 tdeergm eaecsc,o0 unhtisl ef otrh et
of meri dians toward the pol es. This for

respect the curvature of the Earth and t|

Particle density was evaluated on a str

with each grid cell spanning approxi mat el

This discretization allows quantitdative

transport pathways while balancing spati
Il n the first scenario, particles were a

derived from alti meExper iLMersteal | mwletli mir s
sea | evel heights and) .veTloe ipgaretsi oMi & ha dSW¢
i n this case reduces to:

4 4

® & pyY

whedeepr dshgesnd St sophace vel otchd yalptriomd tdre

Il n the second scenari o, t he effect of \
t he SO Ti ved surWiacke dcatra ewtese obtained

reanalysis product, which was |l ocally <co
we at fitea.tA osipatially weighted approach wa
reanalysis and station wind dat a, meanin
Pacansewsahki on were given greater influenc

values gradually @dPing..n alfhda ¢ fearrstulreerd aaw asymo
across the Gulf of Naples and avoided di s
si mul &Atwiiomnda.ge factor of 3% was applied t
wind at 10 rheet @rd fheiotplethttomgti pagr PAHI es (|
St ol zenbacHhaerteebh bt ed)i hicd wald neggs St okes dr i

strLheese not explicitly i ncludesdnduc etdh e
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dynami cs, particularly those aixuuagaieatted
i nteractions, can play an i mportant rol e
not be resolved by the available hydrodyn
wee therefore desi gneand odrinsdoel nat oo niphoen ecn
transport, acknowl @ad gidngeftfreatt s wanag cont
di spersion and represent a source of un
Mor eoveruyl attheed spiamt i cl es represent small,
wavienduced drift components are not expli
The simul at,ifooncsu,s tome rterfaonrsepor t driven by
wi Aachduced dri ft.

The tot al adwaeehbti annedcdl|bygi vectorially

currents -andutbd wehdcity scaled by the
® ® | o pw

whed e epr egsheentsguead atcreepbctcty tphevaldteidmetyr
ando i s thiendwimaeld velocity at 10 m|height

T™toThe surface current field implicitly i
forcing, while the windage term accounts
partiThblkeedg.ot al ' inear velocity was then
(degrees | atitude and | ongitude) using t|

T p ty

Ya WO t CTI

o, . D p ty

ae e - t ¢Pp

This formul ation ensures that t he comb

forcing is properly represented on the c

For each osicernargirma,ngfi an simul ations we.|
di fferent seasonal conditiome n(ana2hi2a4y E
February, Apri |l Jul vy, and O€tebbern)yy) Tha
extended to 60 days-PA6l envnotmmassati e twe:
mus s el samples (24 Pamuwarcyeandeié¢ Febeas

every 12 hours, with 150 particles per r
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for Wlaeg 60 mul ati on

each

mai ntaining

representative

compibhat fooal

and -dOa y0 GrGubPsear mmeacrl iezse § ¢

sidet &abhli ¥ nconfi

Napl es moldietld isrdge r si on

I n summary, t
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we |l | as Peei 3cul eantaod

areas and Mount Vesuvi us

di stributi on

adopted

zone b(ex) wused
neaurface PAH

Seaso Rel e
(day

Winter 1
Spring 1
Summer 1

1

Aut umn

Ja
Ap
Ju
Oc

Tabl®Ret3aifl #ach

t Thhee Asneaal faip pCeoaarsst d a

rebllect i athe paad

f owi t hgOaegnuBfafrecre b 8 S

for the compuRarttiioml ed el

residues from mariti me tr a:

End Dur at
(day (hour
29 Fe 1440
30 Ap 720
30 Ju 720
30 Oc 720

Lagrangi an
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18000
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3.5C8mparison between Lagrangian model.i

The two Lagrangian model i nyy GANPMEoaaldes
Par d slhsare t he same fundament al formul at i

trajectories within a prescribed velocit?

However, they differ Ssubstantially 1in
physical parameterizati on, providing com

dynamics within the Gulf of Napl es.

GNOME, applied to the 2016 contsaamlineati o
mo d e | t o si mivelram et rtahnes pohrdr tof passive tr

undererhdrgdhy wave condit-densvedtsuouefaes ot

bl endedf wehds, i ncorporating a stochasti ¢
turbulent processes. The model thus capt:
suprid diffusion typical of nearshore enyv

Il n contrast, Parcel s, applied to the 2
driven ®Wh&WOEBd geostrophic currents and
Ssitu wind measurements. 't wasndagnfmoglerl e
assumatngt hd spati al and tempor al resol uti
explicitly reaoil akiTlmetsyosoalfé guration all
seasonal-draindenwithrdansport pathways wunder r

Toget her , t he two appr oascchaelse pfrroavmedweo ra
assessing pollutant transport and potent |

Whil e GNOME was appl iHed mt o niemveftoir@atd

processes, and Parcels was i mplemented t
tempor al scales, these differences refl e
studyr rtahtahne i ntrinsic | imitations of the
the i dentification of persistent circul atl

bet ween source and receptor areas.

l't is i mportant to emphasize that both
sense: they are intended to identify pl
connectivity bet ween sour ce and recepto
contamiomamtr atoinons. The compl emen®Bary sc
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| ocal nearshore processad ewistelas GNOME c an «
Parcepsovide a more robust mechani stic
all owing key features of exposure and a

despite enharenhitesncn the velocity field:
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Chapter IV

4 . RESULTS

4  llocaoldbiased apprododohe6

Due tgemdseadr ci ty of a cerstoil viealu sqQ ¢ edaenpotc
observations in the Gulf of Pozzwuoli, th
year 2016, for which a relatively compre
combined i n sirtoum MEDBsOWWeeameomgtrsa pfhi ¢ st ati o
from the CROM circulation model and sat
opportunity to investigate the coupled |

hydrodynamics in driving PAH transport.

The rationale for focusing on 2016 is t
at the Lucrino site shows a cdbaghseataoras
in |l ate autumn/ ear | yzewiont evra | asadsnrdeomv s(porfitr
paetrtn t hat per si292 Ercaadt vas2@l4eady s
i n eardbdiees (Perugini et aBecoBdO méepb; 2BS4
had access to a corresponding set of obs
first, i ntegrated analysis of atmomsgpher.i

botd @awmer dynamics:

T Chemical mo h btohantuissée:l 1 sampl es were col
20&at t he Lfucofi mhakinlenuary, 17 Februa
and 14 Dexecadhkad t he Tiemgeals rAiHe d i onfi t Ba
sum of the four priinorRitgy PAHs are rep

T i tu hydrography: MEDR <gAaasttiso afdr pmo vii
t empeirsatl uns8)t yi n((fTor mati on.

! Searrent and wave measurements: ADCP
componenuasn d znoenngildo wenmlt heal it &@8nfeml. 4
and simultaneous waveO papeaaketpersi ofdvaT

direction). Ho v malvleerragdeidiagrr atmtse owh alaa
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gav e a -rdeespotlhved view of the circulation
Wave time series ansdhodwn edcnt iFoinga.ll st at |

T Meteorology: wind time seriesaruesreodn t he
to build stick diagrams and to relat
response.

T Numeri cal mod el and satellite product
circulation model and satellite I mage.:
hi #WH sampling to obtain a synoptic
surface transport pathways.

This conmbalntaho wgnh not equi v ayleeanrt,- tdoe pa h
resolved obsedeoemabloeadal ancrobvosk process an

observed mussel contamwaeathen ¢thodidemande
et al.. 2025)
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4 1Muss el conitramd hla@ i on

The monitoring record confirms the se

previous studies: PAH concentrations in
winter and drop to neafisluynmenrdegli @t aaibtl @ dt
al . ) .20lln7 2016, out, ofods sampl es eveaed

occurring on 25 Januayayn,d 114 Peltreundbrey, 2t
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contamination peaks
conditions and to test transport
= = B(a)P limit
- (a)P limi B(a)P
17,8
15
o)
~ 11,8
S~
o) 10
= 85
8,3
5——————217- ———————————————————————————————————
2,6
23 2,0
06 04 %% 04 04 45 o2
0
o 20 ’D\ ’b‘ "D& Q« N * 3 & S Q @) QA @0
,5@ /Q@ ’Q Q Q ba @’b @’b ,5\3 » yg 9_;6 o) ’e S
A U A A R I A A S I A T AN
Sampling date
i — = J4PAH limit —e—%4PAH
70
& :‘Q‘
52,7/ \
—
o) 50
=
Fs) \
40 \ 35;2
= e 30,9
30 i A, e e = MR, TR
“‘b s
20 18,2
N 113 105 /
b TN 38 2 28 a0 21
P @ @ @ & @S YRS S
RAIR S N I S o\ G\ O RS AN - A S OV
PR GG N N @ T T W

Sampling date

provi drae tc@aaseea nsa gurda pehsi

and res.:

Fi guZBeaPL concentrationtlheewml cf (4PAKrc prane

(Il ower panel)

and Obutesd nidi

on

concentrat.

gal l opr
t

in Myt.i/|
i wertAcH'l € g al [
analdmnsuisss epesr.f or med

us
mi

6 2

ovinciald@
Dat es r e

on sampl



4 2Hydrographic context: temperature, S:

MEDA A CTDiSdatiaalgg @3ni, idi cat e pronounce
variability in water massées. cWilndteear asnadmp
waters (observed minimum temperature 14.
while summer is dominated by warmer and
27.82 AC, minimum salinity 34.10 PSU).

coinst ent wi t h a regi onal freshwater I Ny
(maxi mum daily rainfalliPR27a2dmmsrecci hée
salinity dbusitegr am. tBeadJonal devel opment
et al . ,tRe1¢teraaindal stratification infer

understanding why transport pat hways an

mar kedly between the warm and cold seasol

25

200

20 22

~
<%
S

Day of the year [days]

Potential Temperature 6 [°C]

15 50

34 35 36 37 38

Salinity [PSU]

Fi gu3Rotlenti al-SakmpSe)r adigager am for the 201
i ndi cates the days of the year. Data wer ¢
A" CTD probe.
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e

c

c

c

4 3l1Seaircent s,anwavée physical precursor

vent s

ADCPRBerived Hovmel | er du)agarmdns memf i dti loen ¢
omponents (dbB8.1% meapsovildel a -rcelsecdrv ewdi e
il rcul ation( Fodg)Tiwvloe dfi sltli ncteam egi mes emer

T Winter contaminati on event s: i n t he

winter PAH peaks, the entire water co
(westward) and positive méri deonala
northwestward displsacemeirstx tdaednpdtend t esn g |

tran

t
h

suggests gdtrri ooregn . vainrdd o r barotropic r
sporting pollutants from the decc
e

western GoP mussel far ms. Mo d el sur f
observatingnst,hes hdoewiel opment of nort hw
about one week before the contaminati

T Summer conditions: the northwestward
|l ayers during summer ; deeper |l ayers |
l i mited vertical i nfluence of surface
probabil inty torfanesfpfoifixto eatl &S A#Hs me mit o t h
feeding | ayer and across broader area:

Wave measurements recorded by the ADCF
ontaminaThenwpéed& kdpaytedv e a l that , prior to

wave heights were generally higher, with

a

c

- n u o

-~

predominant di Be ghiwavceh nho@h gdhtesesdadu tnhg. 1
onsi stently preceded the most significa
onditions indicate enhanced hydrodynami
edi meontgsuuanti fy the potenti alnduocre ds ebdoitme
hear Bwaessesti mat®dulussbiyng( 1t9n9%7) and Ni
ormul ation,-measedednwAUEP phr'&Emet esr)s a(nd
epresentative site depth of 19 m. Assur
ansdeya B@=d 0. 04), Ul e Pcad! cculeaatreldy exceeds t
tress for fineidds ali@oPiafsuSThmessigqunan(t i t at

onfirms that the wave energy threshol ds
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were surpassed, supporting the role of w.
the water column and increasing their bi
uni fied sedifnreanmhe wtor & n sprocgosed by Van |

emphasi zes the combined effects of curr

mobilization and transport dynamics. The
as documented by Areisehrez au sedivoafll utehge2sel @ ) s u p
t he appfl itchaits ofnr mamewor k to interpret sedi

dynamics asité@ae Lucrino
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4 4At mospheric forcing and synoptic coni

Met eorol ogi cal records from the Bacoldi

patterns described above coincide with e

sout hwest sector. Stick diagrams from wi |
the tempooherence between wind increases
surface flow pattermisgstlS8d)gdhss i ckont amir m
epi sodes appear to be driven by synopt.i
sustained sortaoeowesteahgport in the GoP ¢
capable of mobilizing bottom sedi ments.

41 BBvelmased dmal Y2DilH

To better under st and t he physical me
contamination of masdcetl si lodbd earnveeldy 3ins 2f0dlrt

evewas conducted. This approach integrat:
modeéri ved information to reconstruct the
hi # AAH sampling and to assess their causa

four tcki xomd ami nation episodes (25 Januar

December ), tdaaogh ar edgrsedenrct hydrodynamic a

For each event, time series of wind and
and satellitewecrhed ogxegrhiyndd . ma$Ptsi ckpl ot s a
provi derde sbbd prteld i nsights into current ev

were used to -sadeaelng i §ywyndpmhtei cl-sabrogrec e nf§r a mé w
all owed the idenpiatiteavsam| pf tbhbeurcoiumpd |
sout herly winds, enhanced wave acdivity,

that colrlieetithel yeduspensacomt amidnatdeeé cd e d

toward the Lucrino mussel far m.
The following sections describe, i n ch
events, highlighting the iInternmpmltey ewvetl wd ¢

and nearshore circulation Tkhkepoasubile poe
in this sectionFonava nlagen egulalli.si{&d 2i5n .

6 7



25 January pollution event

The PAH | evels measur edep/nk @ 5f ara nBilaaR ya rt
eg/ kg for the sum of the four PAHs. Wi nc
episode of strong SSE winds (around Janue
appr oexliymnaotne week prior to thEi gawlhleuwtei on
the arrows indicate the direction the wi/|

similar (f8i ggr @ma8fftoorm wii nd and current dat

from January 18th to 22nd, t heaet nsotsupdhye rri e
trough, resulting in a northeastern fl ow
Specifically, a brief rainfall epi sode o
an instabilifyohiaée bpand. ofatomame@gt it \he sa
gradual rise in atmospheprespueessryestwams
i nto the Central Medi terranean basin, en

25t h January. During this peaggdgtodgn ntord h2!

when winds shifted from the northwest du

ADCP (d&t¥ ) hdicate that sea currents w
towaN\Wbsur i ng January 2016, with a tempora
ten dayspbolelforeott.heThe Hovm°l |l er diagram
(Fisgptovides cruci al i nsights into the
Approxi mately ten days before the event,

component (u) was observed to be negati v

positiatei, pgewaicl i ng movement of sea curr
this timeframe, the zonal component reac
cm)ywhil e the meridional component reachec

Fi il |l ustrates the mean cuwirtemta dwual wneg
006 cmhe. anal ysis of model outputs shows
and offshore aFebgsflpf ohbew&elN prior to
Moreover, the sate)eveal CHLI onaprs ¢ domge it r
Piccola area of the GoN, which aligns wit
that shows an entering flow from Bocca Pi
l i mi tations in nemairghdoassttialll ccoavpetruargee , s iig
pattertnsngaftfheec di stri buti on of CHL and, p
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- = = Pollution event

(a) WIND (b) SEA SURFACE CURRENT
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Fi guxeae) 1Stickplot diagram for wind data i
for sea surface current data recorded b
Hovm°l |l er diagram for sea current data i
map ; e) Dai lcye maupr refnt ssrnfmal ated by CRONMN
poll ution event on 25th January zoomed it
intensity of the sea surface currents; f
CROM one weekl Ibetfioaomre d@wventpoon 25th Januar
Level 4 CHL maps at 1 km of spati al res

enquired area about a week before the pol
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17 February pollution event

The PAH | evels measured on 17th Februa
Og/ kg for the sum -staltbdeaf masplPHisc diarm«
shows that during the period from 10th t
area wadvyafafweseern fl ow, embedded in a

part of Central and Northern Europe. Thi:

the study area, especially on February 11
oscil Itahtei oo loafr front occurred over the w
asouthern and mild flow over the I1Ttalian
additional weak rainfall events on the 1:¢

the Rossby wave evolved to the cutoff ste
Afaoa, | eading to warm advection over Sout
precipitation events.

The | ocal wind 6aat andinadtys $Stviidn dgss tlw eorne
observed one week prior to the pollution
16. 9 m/ s.

I n this scenario, the sea surfa@e curr.
exhibited more variability compared to J:
towar ds NE in bot hhiemmeaeli aue f sawudbsantdace
approxi mately 4 meters, a predomi nant di
16c) . During this period, the zonal <compon
of 0.6 cm/s, while the meridional compon

The resulting mean cur 06e nctm/igdt\eFnisgi tly was

The sea surface circulation simul ated

evento6e(Fi)g shows a flow mainly directed t

The CHL concenteglats momwsnagp riFnigmum conce
Gulf of Castell ammare di Stabia that cou

t hat i s consistent with the Eulerian cur |
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= = = Pollution event

(@) WIND (b) SEA SURFACE GURRENT
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Fi guacae) 1St i ckpl ot diagram for wind data i
for sea surface current data recorded b
Hovm°l |l er diagram for sea current data i
ma p ; e) Dairlffymcmagpuofenstuu simulated by CR
poll ution event on 17th February zoomed i
intensity of the sea surface currents; f
CROM one weepkolbleuftoiroen tehveent on 17t h Febru
Level 4 CHL maps at 1 km of spatial res

enquired area about a week before the pol
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22 November pollution event

The PAH |l evels measured on 22nd Novemb.
Og/ kg for the sum of the TadgurshPAld. al nvag
regime with relatively weak winds throu
preceding the pollution event during whi
bl owing f$®HE t he SE

I nitially, the meteorologicpressundet aoi
until the 17th. Subsequently, a wide trol
western side of the Mediterranean regi on
Thiest enor ol ogi cal configuration |l ed to a w
Sea, determining a rise in air temperatur
of November, no precipitation events occ.!
surface currents, vari able patterns wer.
November, as shown by t7/he $héeonokpldt edi &
November, intense cur¥rStVe mptesr sdisrteecdt €eb rt cawer
week period. Around ten days before the
t he NW, as illustrated by. tbher iHhy mPhil £r p
zonal component of t he curr eem/ts ,r evaltihlea t:
mer i di onal noanxe nruera cvhemindu®ga of ePQu 2t i ng i n a

06em/ s  (dF)i.g 1

The sea surface circulation simul ated

event showed a southwestward current in
(Fieg, ). Additionall vy, t Mge) sraetveelalietde aClh
concentration in the Bocca Piccola area
the coast, which aligns with the circul at

fl ow entering from Bocca Picdaell'as ITihmist at
i n coastall larperaosv,i diets svtal uabl e 1 nsights

i nfluence the distribution of CHL and, pt¢
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= = = Pollution event

@ WIND (b) SEA SURFACE CURRENT

05 Nov 09 Nov 13 Nov. 17 Nov 21 Nov 26 Nov 30 Nov 05 Nov 09 Nov 13 Nov 17 Nov. 21Nov 26 Nov 30 Nov
©
Zonal componem (u) -
1w § 1 S T
—_ 1 s
g :
‘E‘ 60 : ‘ y 1
B ow |
& | .05
a uw |
i B - d Pozzuoli Bay
05 Nov 09 Nov 13Nov  17Nov 21 Nov 26 Nov 30Nov
Merldlonal component (v
190 ———
E : .
£ 690 | X
g s 1 | .
SR : -
1w - 1 & S :
05 Nov 09 Nov 13 Nov 17 Nov 2INov  26Nov  30Nav
e 15" November th
m.( ) (f) 15" November (9) 15t November —
£
=)
02 E
[«
2
°o =
S
02 £
=
Q
g
-04 ]
=
-06 &5
<]
0.8 2
RS
g
1 a3

Fi gumae) 1St i ckpl ot diagram for wind data i

for sea surface current data recorded b

Hovm°l |l er diagram for sea current data I
map ; e) Dairlffymcmapgpuofenstuu simulated by CR
poll ution event on 22nd November zoomed |
and intensity of the sea surface current.
CROM one week befvemée tome 2R2mldl Woivember o0V e
Level 4 CHL maps at 1 km of spati al res

enquired area about a week before the pol
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14 December pollution event

The PAH | evels measured on 14t h Decemb
Og/ kg for the sum of the four PAHs . Fro
atmospheric conditions i n t hper esstswdye asryesa
which det er miemagdhest,aldli ght winds and an a

On the 11th of December, a wide trough
Peninsul a, wemrkeans inrge tshyestheam.h Cpnesgueat |
area formed overitwvheglLiagwmoi an Sestern fl
ar ea, |l eading to light rainfaldl around t
days, the synoptic configuration was <cha
Centr al Medi t eCe rathnrealn Ewrgo per, aaaldong wi t h
Eastern Europe to the Eastern Mediterrane
the study area, associated with moderat e
event, -SSEowgn&&l Wwgrebkecved, with peaks
shown in the BsBhi @8pgl dnf di Bgnammel vy, cCurr e
collected until December 6th by AMEDA A0
pattern for the entire mont h. Neverthele
before the pollution yyviessntofonsd®dacembeacéd
18) indicated that they were -PWedliormé mtaind d

The Hovmel | eB )disualovwed (tFh gt 1t he peri od pr
was characterized by a zohamncompwaeertr

positive meridional component (v). Durin
a maximum value of 9.7 c¢cm/ s, while the m
value of 9.6 cm/ s. The averagecafrrehes p

represented8i.n Figure Fig 1

The sea surface current simulated by CF
(Fi8g, L) showed a flow mainly directed to
flow aligns with theS8pbsderevatdi CgLapht gbr
of CHL in the GoON, where the entering

concentration in the GoP.
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= = = Pollution event

(b) SEA SURFACE CURRENT
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map ; e) Dairlffyscmapgpuofenstuu simulated by CR
poll ution eventzoomelddtm BodPe mTdre arr ows
and intensity of the sea surface current.

CROM one week bnrefeovreentt hoen ploditlhutDeoc e mber o
Level 4 CHL maps at 1 km of spati al res

enquired area about a week before the pol
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4. 1L &gr angian transport simulations

Once the atmospheric forcing over the s
event s, together with the corresponding
presented, we report here the results o
ai med tatf yiidheggn potent i al sources of PAHs (
observed in mussel sThfesemdti Rgnbgc¢tricnai mat
intended to reproduce the exact observe

transport ehehtwawst bonhbBe observed cont ami

This section presents the outcomes of ¢
that the Bagnoli area may act as a pri ma
timing and duration sefe dadi esilmul ated sci

FiPillusheaseatial distribution of par!H

event. The maps combine particle density
(shown in grayscarleeg)r ewwi tsho ltuhtel omi n(8pmunnk s |
which accounts for uncertainty in the su

constructed by dividing the deamanem siimthna '
hi stogram of the number of particlngs pas
thereby highlighting the dominant transp
accumul ati esnh.ad®lle apiemk represents the un
modelkcluedent s, with a 90% probability the
region (Zelenke et al ., 2012) .

For addentahrei os, forward simulations in
BagnoFliddp ah te€achucrino musse9 ,f arhmu(grhe d
extent and intensity of this transport v
2016 @Ea&)i,g.the particle plume disperses [
Lucrino | ocated at the plumebés edge, sug

(Fi9%.),1the best estimate trajectories re

Pozzuol i, not directly impacting Lucringc
included (pinknareayeatha pomehnatiial for
far m, I ndinegtingg bdhenaomnms k.

For Novemberc 201&6 ddafmenelavepl ume ext en

from Bagnol i, resulting in significant p
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far m. I n Deceridb)er 20Bhb60dderg. pllume develc
Lucrino, further supporting thfeavokradblhe

oceanic and meteorological conditions.
Overall, the simulation outcomes are

strongly support the hypothesis that, un

conditions, contaminants resuspended nee

Lucrino muestldi hbatrimpg to the observed PAL

|t i s i mportant t o acknowl edge the m
simul ations, including the representatio
parameterization, and nearshore processe:

mi xi ngomiihred ugweesosf aredtmi ni mum regret
capturing the range of plausible transpol
these | imitations,0 namelpy i hiteé piaddoenu tmirafmilt w &
transporthpatbWwhkryisfyemnwi malast al convergence
sedi-menhe PAHs to reachdtéemalLocrobosmysa:
consistently supported across multiple si

To provide a systematic quantitative s
events anal yz4sdu mma r2i0zleés, tThaeb Ineai n met eor G
conditions, current characteristics, i nf

Lagrangian transport simulations.
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January 2016

February 2016

Very Heavy

Heavy
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8.00'
November 2016

& 14°E 10'
8.00'
December 2016

Medium

Light

Very Light

14°E 10 12z i I
8.00'

@ 14°E o
8.00°

Figu9a®edults of Lagrangi apAP AHi ncwlnataino msat
events: (a) January, (b) Febrwuary, (c) N
mar ks the | ocation of the Lucrino mussel
particle Heasney mapsbdering thehabedt g
areas 1indicate the potenti al spread of |
obtained by introducing a 30% random per

current

directions.
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BaP Domin Win Wav: Pea Mai n Me an Sourc Main mod

EPAH wind max hei ( Wave curre¢ Curre out c ome
( h)s peridirecMagnit
H (cm/ ¢

11. 8 SSE 10. >1. > 8 N W 0. 06 Contami NW pl ume
52. 7 (ent.i marin Lucrino m
wat e sedi miexposur e ¢
col un frame I'i mited

Bagnol
17.8 SSiB 16. >1. > 8 N E 0.06 Cont ami Direct i
68. ¢ (surf marinunlikely i
NW sedim¢ Lucrino r
(bel o frame under unc
m) Bagnol envelop
8.3 SESSE 11. >1. > 8 NW 0.06 Contami Dense plu
35. ¢ (enti mar i n Bagnol i I
wat e sedi me Lucrino;
col un frame accumul a

Bagnol
8.5 SESSE 16. >1. >8 NW 9.7 Contami Broad pl ur
30. ¢ (enti marin toward Luc
wat e sedim¢ transport

col un frame

Bagnol

TablSumMmary of contamkhthdadé imorded Ve mtgs out cor

4. Fithal consider abhavend amprndaec model

The analyses presented in this chapter
modledsed approaches for studgnanlgoseodt@amas
systems soaBhWhsl|l ¢heh& 2016 simulations p
the main hydrodynamic drivers of PAH di
uncertainties remain, particul ar-4d yalceonce

circul ation pantftleurennsc et hpaotl Isuttraonntg Idyi siper si

As already dedscesbetd hesa Idiedii tcattiean p,r 0jj
| aunahemtgo expand the current understandi
contamination i n rWs stehlrso ufgahr niehde iinnttelhge af
physical, and biological measur ement s.

Wit hhAepproccio Multidisciplinare alla Con
Al l evat.i nel T@GMI fCoAr a,ji e sPitoxz zaucodanogr aphi c f
have been conducted so far, strategical
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campaigns combine measurements of hydrod)
par amet elr3no rmictrmrsisng stations throughout

data include current profiling using a N
with a SEABI RD SBE 19plus V2 multiparam
salinity, f | uoorxeysgceemn,c eanddi tsgmolbiveidt yv) , an
sampling via Niskin bottles and grab sam

The monitoring campaign provided addit

status of the Lucrino area. Specifically
daluminum (Al), vanadium (V), chromium (
(Co), (Nitkekopper (Cu), zinc (Zn), arsen
(Cd) , |l ead (Pbd waandanat gaiedmi U)ot h mus:
gal l oprovinciali s, expr eswealdvuilnrOgag edr )
together wstheoxidaomaekers in gildl ti1ss

ariability among the sampl ednviopesmdimitla

Vv
di fferences and exposure gradients withi]

The observed bi omar lsecral e e vppansaehs | any

i ndependent | ine of evidence supporting

stress responses in certain ropes corres
ret entuispre,nsn e, and nearshore convergenc
and Lagrangi an simul ations. Thi s i ntegr

strengthens the mechanistic understandin
farlm. shoul d ber ,nottheat, dxoiwkeasti ve stress |

physi ol ogical responses and ar e not sp
I nter pn étea tehfemmeef | ta< o b o noaft hemi c al anal ys
physical transport di agnostics, all owi ng
sources and transport mechani sms.

The i ntegrated analysis of bi oaccumul
physi ol ogi cal stress responses reveal ed
compositi on, beahcacvu mwlnmautsiscen s , and activat

mecham demgi cting a diffuse exposure scen
ant hropogenic pressure characterizing thi

8 0



Ultimately, this integrated eahksearl watiiomnn
obserwwansbnained modeling framework capa
transport and biogeochemical i nteracti on:
anmumer i cal simul ations, t h eb assMIdC A opurnodjaet
for understandi ngGoRAWH dryenparneiscesn tisn at hkeey ¢

effective environment al management and r |
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4 . Regi onal -balsteidmeatprpy 026 8 4

The altasnedrwpproach focused on- the vy
resolution satellite observations and La
di spersion of PAHs across the broader Go
Lucrino rmussTeli sf aapproach ai med -las ecdo mpl
analysis by examining contamination patt

emi ssions, i1dentified through chemical al

The year 2024 has been selected in or
altimery data collected by the SWOT missi
2024.

The 2024 investigationdaombehed four coc

T Chemical mAntbobai ng:f 18 mussel sam
t hroughout 2024 at thé24udeanoar gi Ban
February) exceeded the | egal PAH | i n
of the four prioinint yZ0DBABewachemiepal
anal ysescoanvfaiirlneebdl & hat t he PAHs det e
events were predominantly associ at ec
i mportance of maritime activity as &

T Meteor VWil od yfi emdtshRa dNaarpsitvedstyi ons and E
reanal ysi s, used to characterize t he
surface At wamspgrt factor of 3% was afj
simulations to account for-beheiwegfe
particles. This integration all owed
of ocean cudrewts amdfwi smghe rcindr@a mi n:

T Satellit&easti omehirg: vel ocity fields
Surface Water and Ocean Topography
by multimission gridded L4 altimetr"
higlkesolution information on mesosca
patterns, supporting the identificat

1T Lagrangi anFermwalrdtipamsicle tracking
t he Parcel s Pyt hon tool box. Partic

| ocati ons characterized by hi gh ma

8 2



di spersion across the GoN toward th

were advectakrbweal tgiemsttryoyphi c velo

of wind forcing was included as desc
Thi s approach all ows, for t he first
met eorol ogical, and oceanographic evi denct

cont ammeaehannsms at t hael triehgeisoenga If rlaemeeMo.r k'
compl ements bheeZdObhBdamgdels, extending th
connectivity to surface transport dynami
wi dd i ven advection.

Four-month si mul ations were conducted to

T JaniuRebyruary (winter), encompassing t
event s;

T April (spring), marking the onset of

T July (summer ) , characterized by mi n

atmospheric forcing;

T October (autumn), reflecting the tran:

epi sodic wind event s.

Each simulation was perforfmerdsitun dvehri cthy
particles were advected by geenthrmaopglkidc
alti metconwhere wind forcing from ERAS5 (I
was added with a 3 % wisnddagaeef actidnt .t o r

The following sections describe the o
hi ghlighting t he domi nant transport pa

correspondence with observed contaminati

4. 2.1 Mussel contaminations in 2024

During the 2028i4n ftikeé dGelafmpaf gRozzuol i,
analyzed as part of the multidisciplinar

contaminazione da idrocarburi Tnhead rneistuilltis

8 3



showed a cl ear pgrediBdidi4dB®n)ce fofl |iowdErd by z
17.5%) and vidndd)uymwhV, e2.04 her el eiment s,
0. 7 %) , arsignkw) (Askea@. Pb) , cadmium (Cd)

(e and molybdenum (Mo), were present a
di stribution is consistent with values r
| agoon environments, where Fe and Zn typ
al ., elbare;, & al ., 2022; 2Balr7r)e. et al ., 2(

Vanadievamshddyht |l y higher percentages t ha

noinndustrial environments, aligning with
fuel combustion and intense maritime tr al
Gillio Mei2zb&2 0t. @&Aln.al ysi s of mussels acro
that Fe, Zn, and V remai nié&@%wi ZhG%,1 6\W:n s i
2i4 %) , indicating a stable cont-édenpearade mtn

bi olancw!| ati on.

These met al profiles mirrored the diss
waters, where B8R %  anelamt é&di3f8d) (5 afmod 27
and FelefYer(nmean a 13%), with all T2%.her e

The concoreckanctei slsautew and wat er compart me
reliably i ntegrate environment al contam
persistehbatpdr pr élsGRAM, (ARPHALL | SPRA, 2017

Naval emi ssions emergedoasami saghbsfipar
V, nickel (Ni), aodc®AHisn wpbitchspé$temscar
cellular | evel to induce oxidative stres
pol l utants are transportedritvearsiuthacéua

from-thiagdhf i c zones, highlighting the comb
| ocal sources. These results provide &es
i ngdtur i al |l egacy and contemporary maritim
i ntegrated monitoring frameworks to capt

semincl osed coast al systems.

8 4
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Sampling date

Fige@OBaP concentration | evels (upper pan
(l ower panel) in Mytilus gall o4 oVhecnad.i
and Obueesd nldiittmd e PAHs | egal i mi t . Dat e

concentration analdnsuisssepdesr.f ormed on sampl

42 Bvelmased dmal2yRi4ds

Adet ai l-bdsedeanhal ysis was carried out t
drivers and transport mechanisms | eading
far m. The approach i ntegrated Lagrangi
oceanographionsogbaedvahemical moni t-oring.
tracking experiments wer e perfor med und
geostrophic circul ation, Faonrd e(aicih), siinntullu
connecti wetey dmtag smiedld vy | i-k& h y(@rsuosusrecle f ar n
pat hwagsedandhi gh arrival probabilwernye and
generadt eetdhe end of t he r undepoosgua ntni fayl ot
coas.tline
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The combined analysis,aod beajcdchgr maps
assessment of how different circul ation
pat hways, near,amar ep od emvt @ rad e nccoeast al depc

c o mptarepesad t erns with the observed cont ami |

Winter evdhebrndamwaz@24)

The PAH | eveld4 amaaswr @bk g2 f er42BaP an
eg/ kg for the suyumownf 1lt4h & efbocwrarRdgivepd 1 e st
81 ed/ kfghe aliasnedrliagrangian simulations
di stinct transport patterns ddptehnedi fnigr sotn
scenarilp, (Whgre2particles were advected
derived f-emmanScwdlr al ti metry, particl e ma

trajectories extending easPwatdcla¢ ®ng e ma:

argely confined within the coast al and

-

etention and @ccumalratiicohaptgcesnst he Po

Il n contrast, when wind forcing was add
changed subs?®antThael [iync(lFuisgi.on2 of t he win
convergence al ong t heansgtotnbsehgonr ec d a satn sgprod
the Lucrino mussel farming area. These g
southerly winds (mean direction & 210A,
period (see w2nmdher awsedi melgigne Z2uring th
domi nated by persistent southerly to sou
showing the highest persistence, foll owe:q
but al so sustained owse,r prudduepibrneg iceounc e :
forcing toward the northern Gul f. Their
coast al convergence and onshore advectio
ar ea. Such conditions, c 0 U mlud fdhat waornehd tthhee
advecti onomtfanPiAntHat ed materi al toward the
and | ate January, coinciding with the co
on 24 January and 14 February 2024.

By the end of February, particle di spec¢
suggesting a weakening of wind ingulufnce

8 6



circulation. Overall, the winter simulat
wi dd i ven advection in promoting poll utan

under typical seasonal conditions.

The connectivity and bedad) nfgurptrioedbrabgs U

these resul t-csef irneevde atl ri args pwoerltl pat hways f
zones toward the Lucrino area and | ocal:i
spati al coherence bet ween mo d e b a totud rprug s
reinforces the | ink between hydeobdgnami oc
probability di3gdt)r icluagarolnys i(IFliwsst.r a2t e t he
enhancingtcohet alet epati ownl|l YnderenItheo c(OF
beaching is confined to a |imited sector
transport driven solely by geostrophic <c
forcing)( pirgppduxes a pronounced increase
northern coast, particularly near Lucrin

prevaiSIWmwg ns duFéembmgudmaynwuawlyi ch promoted
and favoredmpdolat at amtg ade shoreline. Ove
that the combined action of currents and
and retenfciomn amf n@Aeéld materi al near the

contaminati om puasksse |ldédtiectueeds iduring wint

8 7
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Figu3 €om®nectivity and beachingiFpbolhabiyl i
2024 sin@b)atComsecti vity maps s taewairng gt h
particles reaching the Lucwiumo emus g e@lr cfi al
and (b) combined geos(tidpplCiocrasdomdindg f
probability maps at the end of the si mul
stranding all iomeyd etrh e( ex)wlag d rarnedn t Idy s nadu r r e |
scen&rilmgy.s i ndicaeeptbobabieli ty of partic
or coastal grid cells.

Spring event (April 2024)

The al-hasnedrlyagrangian simulations for
weaker and more |l ocalized transport dyn
reflecting the more stable and subdued ci
Result®othremeharios indicate | imited di s
accumul ation near the Lucrino mussel far.
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Il n the firs4,spamdnicd eCSFirgl eased from
remained relatively confined tnhornotung h(oluQ
April), dispersion extended modestly tow

di spersed furt hgert hoef frsdhrotrlee rann dGuallfonc oa st

transport toward the Lucrino area. The
of fshor e, and no convergent structures e
patterns align with thaceeakramldatuinesn r ak
spring.

When wind forcindg waparntnicd lua edli gergsi @n
particularly during the second half of

out hward and eastward across the central

7]

the nearshore areas. ITdregelluycru maf fseecctteod,

(7]

i gnificant accumul ation near the mussel

The April wibndi ndseat(d&s gpr&vailing sou
direction & 229A, mean speed 2.6 m s 1),
those observed in winter. The SW directi
significantly | oweernt sanfdr osne ctohned aNB acnodmpko
the more variable and transitional at mos

sout hwesterly breezesl g avheds.t haAs asynept

i nduced onliyfimanomnsodo particle trajec
of fshore. These moderate and intermittent
consistent with the absence of PAH excee

Overalll, the April simul ationbeaeveagl
particles toward the Lucrino mussel farmnm
accumul ation align with chemical monitor
cont aom nexents are primarily associated
winds, which were not present during the

The connectivity and beabath) ngomfriobmbi h
results, showing that particles released

confined offshore, with negl i giéadbl)e tTrhda rss
vi sual evidence reinforces t he l ow ri sk

prevailing spring circulation and wind c:¢
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Undegetose copbeankty scema), obdd&ddhgi.n® occur
i n t he northeastern sectors of t he Gul f

Castell ammar e, refl ecting weak nearshor e
circulation. When wi ®d) ,f oparitnigc lies iarcd urde
the northern Gulf coast s, including both
and Punta Campanell a. This indicates t ha
parti clieonr eatcéemoss mul tiple coast al sect ol
near Lucrino remains negligible.

Notabl vy, particles advected by combine
Piccol a, confirming the | imited I mpact C

t hough weaker than in winteen adgéactigban
coastiadl epaditstri buti on under spring circu
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FiguerGonmnecti vity and beachprigl2probmabl &1t i
(i) Connectivity maps shhewirngqgt parpgnach b
the Lucrino mussel -tarmenonnhdeor ¢ahggenbyr
geostrophic aifmdl) wCordr €soprocn chigngnéices cai ngh ¢
end of the simulation, representing the
coastline wu-oadky 6&noiy -pddysrnedn tsrceemtar i os . Col

the relative probability of gpraird iccelel sa.r r i

Summer event (July 2024)

The altasnedriagrangian simulations for
di fferent transport conditions compared

absence of PAH contamination observed in

I n the first scenari o, where particles
derived famnmaBtWOITmetHyli 6Epergsi @8n remai ned
| argely confined to the centr al sector

di spl ayed aimparetflregaexnttwarld earsitent ati on, wi
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the coastline and no significant accumul

tempor al evolution indicated a gradual
activity, refl ecdanerggyt hei rsctualba tei oann dr elga wn
mont hs.

I n the second scenario, when wind forci

di spersion we8e olthserawad t(i Ping.oX t he wind
broadeisosbbhehst ward spreading, consi sten
(mean direction & 218A, mean speed & 2.4
was haracterized dbyy -Bleaaw zientce msiutlyatarmd , s
agali prevailing but at weak mean speeds

c
n
exhibited wstengceé owcerfrisi ming t hedrdiovneginnan
S
e

wi nd This patt eirmddcead ttor amisnpiomatl awidn dm
di spersed of fshor e, preventing any sign
persistence andmgnent lwe ndlsant aatsere xepfl as n t |
measured in mussels during this period.
Trajectories remained | argely confined
summer <circulation, with no significant

The weak and persistent westerly flow |

pot efnan apol Il utant retention along the nor

Overall, the July simulations indicate

absence of favorable conditions for cont :

farm. These findings are consistent wi t
| owBAH concentrations in mussels during
circulation and weak winds strongly | i miH

The connectivity and beaY%th) nghowapas Vvery
probabil ibteyparafngPArti cles reaching the
scen@aseassurface currents omltyheamdajourirteyl
particles remain dispersed offshké&regs. wi
29ab ) .

Under t henlcoyurgeean@r)i,o b(eRaicd.i n3 occurs
northeastern sector of the Gulf and al ong

transport driven solely by geostrophic ¢
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29 ) , particle retention is further redu
Campanell a, along the Siomdiemdtoi rc@ atshagt ae
winds induce only minor coastal convergert

the Lucrino mussel far m.

These patterns confirm that the combin
we ak , persistent winds strongly | imits
consistent with the very |l ow PAH |l evels
Overastummeheconnectivity maps reinforce t
this season are unfavorable for pollutan

Lucrino.
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(i) Connectivity maps shhewirnqgt parprinach ab
the Lucrino mussel -tarmennhdftor ¢ahggenbyr
geostrophic aifmdl) wCordr sopocndhigngniéices cai ngh ¢
end of the simulation, representing the
coastline u-oadky 6&noi -pddsrnedn tsrceemtar i os . Col

thetretaprobability of particle arrival

Autumn event (October 2024)

The al-hasnedr fagrangian simulations for
transition from the weakl|ly energetic sumr
regi me. Despite the seasonal shift, res
potentoast dlorcant amination transport tow

with the absence of PAH exceedances i n mi

Il n t hsec efniarr§ b, (vphaeyrtei cl es wer e advected
currents, trajectories displayed a predo
9 8



I niti al rel ease point s, particl es wer e
progressively displaced wowhodttéegwebi e

nto the Gul Thefoferabbl motion r-&mal @ed

asinward dHaormwaategriimee dc dryv ¢ hge mtb sfemateu od

orthern coasconfiment e tthes uautsu mn circul :

o S5 T

omi nated by mesoseal ¢eéraddpestapdoopsenes

etention.

-

When the wind field was i ncéar,popartteidc i
trajectories exhibited a markedly differ
eastward across the central Gul f t owar d

of fshore advection during the ultahtweesrt eprary

winds (mean direction & 217A, mean speed
calm periods, slightly increased dispers
trandmoratu.t umn, the atmospheric forcing

transitional regi me, with SW and NE as t
moder ate persistence, these winds altern
the net tmowaemd utmhe coast. As a result, di
of fshore, with weak or transient converg
the absence of contamination peaks i n mu

patterns thaiinndeedr epdo Isluust ant advecti on.

As a resul t, t he Lucrino ar ea remai ne
convergence or stagnation zones capabl e
coast . The simul ated distribution remai n:¢

wi nd ienfonuemecar shore transport.

Overalll, the October simulations highl
near shore contaminati on. Both scenarios
di vergent transport pat hways, consi ster
charact er ivzaerdi abbyl eweeaaks,t er |l y winds and | ow
results confirm that, i n the absence of
currents, t hecardtvencitn aotne d fp &rAtHi cl es t owar
i's unlikeltyudurs emasdrm.e au
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The connectivity maps2abb)r i [Olca otbreat e2 0t2F
transport potenti al undeonltyhesdc¢avma jsice n@k
there is a mini mal probability of particl
' i mited but possible nearshore transport
when wind forcimyg)., spamtciluldeesdt grFe gdi Ber t
ot her sector s, with no connectivity to

variable autumn winds peeyenht shgni drigain:

The beaching proxdbi Futyhmapsuppbgs. t B«
t he camlrengcemray, obd&clygi ng occurs along t
Lucrino, as wel |l as Procida, |l schi a, an

included) ( Fpartid3cle retention shifts towe

of Naples, Capri, Punta Campanella, and t
i ncluding Bagnoli, and Ischia island, wit
patterns align with chemical monitoring
tissues during October 2024. Overall, t

forcing can strongly modify particle traj
|l i kebd of pollutant delivery to sensitiv:

To provide a systematic quantitative o0\
at the Lucrino mussel far m, Tabl e 5 summas
and conditions, i nferred sources, and t

trackiatgi snsnudeintmg@gn8WwWdT al ti metry, with ar
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Peri BaP Domin Wi ni Mai n Sour c Mai n model

EPAH wind spert Curre
direc

Jan 9.0 [/ SISW 3.2 Zonal Nauti cParticles tbapve
2024 fuel northern coast,
transport to Lt
currents al one
retention west
Feb 20.8 SSW 3.2 EastwaNauti cEnhanced conver
2024 wi t h fuel coastal accumul
near sh with wind forci
conver of fshore wianl y
forcing
Apr < |imSWwW 2.6 LimiteNoO Mi nor coastal i
20214 of fdhoexceecl argely offshor
onshor accumul ati on ne
mi xXi ng
Jul < |l imSW 2.4 East No Stabl e summer ¢
20214 northeexceecmini mal offshor
rd transport to Lt
Oct < | i mSWS 2.6 WestwaNoO Of f shore and di
20214 mostlyexceecwind forcing mc
of fsho but does not de

Lucrino

TablSummary of cont a@amat imord ed M @ mtgs oiurt c0
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4. 3 Summary of findings

This chapter combined ¢ &®ssdgao nipo ceante nnoad e
based approach (201®)a samel 0& 4rpe giinovneaslt iagl atti

physical and environment al mechani sms d
faedh i noR h€@odget her , these analyses provi
met eorol ogi cal forcing, hydrodynamic var

genepaltleut ant transport across multiple s

The 2016 | ocal anaisykcailse fpoocersdedn &
ombi naatlilons hoefu measur ement s, numeri cal r
bser vaataiolnasbl e .f offrhitshaappyemarch reveal ed
pi sodes were systematicall yioxesanoigatagpd i
ondi {it)hnes: occurrence ofeasoetr hdgnilwt hamssd

evel opment of northwes(itwhedharaed hoaee c

O o o d o O

apahalcea iosfetdi mgunspearesi on.

These coupled fotcvedsbgenenaenrdeshbpahns

the Bagnolidaokhebowh seuotoe ofd il ewgarcyg ftclha
Lucrino muagelangamam. transport simulation
conditions, particles released near Bagnc
supporting the hypothesis that PAH peaks
advection ofsedomeElmaensaabégsi s al so demon:
seasonalaintiyn aotfi ocnoontwi th events concentrat
vertical mi xi ng and energetic sea states
suppress vertical and | ateral exchanges.

Il n contrast, theb29d aragl pynias ad o a den e

—+

0 inclsdal e acge cul ati on and contempor
particularly those related to markrti me 1
enhanced, aHRASGnewirsydvisala tdhagdratime st udy char a
patterns influencing POANH |da gsrpaemr gsii am  sicm
i ncorporating both geostrophic currents
wi nd regi mes pl ay a dominant rol e i n d
accumul ation of Anafwsescohtwmhdampies si st
further hboghVi dbtdemgbwhet by and sout hwes/
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sufficient persistence to drive effective
are dominated -byvevd abkr esmmzde s htomat favor o
seasonal contrast reinforces the dentr al

modul at i ntgr gorodl@ aurtheentLucr i no ar ea.

The integration of chemical and met al
and ndi ctcketers of head yx eofcccailr r ea@d mbwi & thi oPnA H
contamination peakssouriltieghsiciegnhatriinog ianvau a

sedi ment snd Bamggoilmg m@mari ti me emi ssions.

Comparison between the two framewor ks u
thePGri ses from the interplay between | c
surface tr anWipiolrga tpheoc2@E@sanalysis capt
mobilizatiHer mmcdngharitnati on events, the
| arsgeal e at mosphericmaddt beefinequencygubnat
pol |l ut anTth udse,| itvheer ycont ami nati on of mussel
to a singmebuntechamnher to the superpositi
and drnden adveéeti oad®doRABHSE| these result
i mportance ofscad ep tasnadgrnomeld ltaigpr oaches whel

contaminant pan hlwasyesd | mo assetnd | S y sstietnus,. T
model |l ing,-basned san &Il ¥y $ eper ephreonvsiidvees uan dceans t
poll utant dynami cs, of fering a solid fo

management str dteecgiiensy aaiqgmeadP ud tt uprreo i n t he
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Chapter V

5Di scussi on

This thesis integrates imwodelcloimpd eimeaina
0 a | ocal-hasperdocracdcel analysis (2®0dfg9gd and
anal(y2sO0i@as4 o explain recurrent PAH exceedan

at LuTcadgetoher, these two scales of obser)
o f contaminant dbyPnami ghl iignht it meg tGh e i n
met eorol ogical forcing, hydrodynamic vari

Beyond documenting contsamlaeatiramewoehkht s

(@]

urrent understanding by explicitly [ i n

(@)

ombined action of wind persistampee, fhydr

o]

ctivat iham, troatbhherk gtr ound contamination |

The |l ochlasenddalnal ysi s reveal ed that e
coincide with periods of enhanced southe
devel opment | inking the BagADCRk datoavnf wie
records, and Lagrangian simulations con
sediment resuspension drUi>wdn abnyd -t(iiig e wa tnt
near shore advection as the paogomaami nnaetceh
particles towarWhitlhee smds snelnt f aremuspensi
recognized as a contamination driver in i
direct observational and moidaelrtreng ehwr del

to downstream bioattumal aetbhngae. aqua

Conversely, thbasedi bnamewbt k métcladl epr o\
perspecti veenuhsainncge dSVWETost rophic v-sel bai ti e
weat her data, and Parcels particle track
14 FeRRORkany were | Hfrukdd rteci daetsi aallvect ed
under persistent southerly winds. The s

currents alone are insufficient to repro
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of realistic wind forcing (3 % windage
coast al convergence patterns coursliiskent
previousbaddd nmeettudyi eecéami s etdt t og®peinhe u

demonstratedertihaed sape@dstina@hi c currents,

wind forcing, can successfully -epsbbsgsedcoc
basi ns.

Taken together, t hmesecharisuurhtmo dallp pfoart R
at Lucrino: (i) sediment resuspension an
from Bagnol i, domi nant wunder-deneegetsiuc f &

~—+

rancgfpotael ved PAHs originating froem mar.i

scal e CiTrhciusl sméicadtani sm <conceptual mod el
contamination hotspots persist i n coasta
continuous tpso, | at anetatunpu observed i n S
i ndustrialized coastal systems.
Significantly, wind persistence analys

outherly and southwesterly winds reach

ffective onshor e advection and coast al

S
e
summer sr eagiemecharacter-izeddbwi webkéeamaenhy
cycles), which promote offshore dispersic
explains why PAH exceedances in mussels
season, whaap hbeorti hc aatnnd hy d rf cadvyonearanri sch oa en |

transport and retention.

| mportantly, the dual mechanisms intera
resuspension events provide a particul at
wi dd i ven surfacedeuvurvedtBAHwhi ékebsed at
foll ow combined geoducepdhideci &hd pat hdvays.
highlights the synergisstie pabcecesseoef, | npe

need for integrated monitoring and manag
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51Advant ages,

compl ementary

P

The combi ned met hodol ogi cal

rovi des

exceptional | ocal

Lagrangiantesgmtuthatri avn g ,h

t
Y

mec hani

Such a combe quiedndlocsatlr at egy

b

c

empor al

eaksThi s

sm,

i n S i

Compl emendtahiid yst wmchyd Li mit a

approache

tu

str engbtahsse.d;r e fitnlght2i Ooln6 frmoadn
detaidscaierclu

wave di

as s oc+iva tveenoenr goye teweeemnt shiaggnhd s ubseq

coupling supports

asins wher e hi stori cal

ondi ti on

I n cont
ever agi-a

eatures

common to many

cont a

sedi

me nt res

partiaaotavhyi eomrotiglhobhhaemirmeat
I s -emar toisewdl a

mi nati on co

Medi terranean al

rast, hhrhse@02ppradac mMmetexypands t
mhaSinOefTd vel ocity fiel

and explicitly

t est

trengt hemutnigon hekeastveflaPAHSs.

ds
i ng

Thi s compl ementarity -obetewmd erd

d

t o resao

mar i tin

ramewaodr

regional ,-bacsierdcubaei oal | ows di s tsiornug wies h i
reactivation (Bagnoli -secedc ene natdsv)e c ainan d
emi ssions) , pr oevtiedi maec hma miosrtei cc opripdt ur e o
the Gulf of Napl es.

Despite t hese advantages, S o0ome met hc
acknowledged. Vertical processes are onl
as GNOME (2016) and Parcels (20®2r4)-t wo mul
di mensional .IPmocesfsiegursatcihoms vertical €
floccul ation, and stratification effects

(@]

he guantitative estimati on

ontami nant

i agnost. i

odntpar,tianac

bCoagsequebitl ytythe s

mul ati o

c rather than predictive, ident

xact contamination magnitudes.

Additio
| at form

oast al

nagityuy ¢ dhheeriang e

dgferleiqvueernsc y h ipgohi nt

heterogeneity,
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mi cr odycnoaunhidc spl ay an i mportant solte. daha
and model assumptions I mprliiseks etvheantt s s ommas

undetected without enhanced monitoring ci

Finally, both modelling frameworks are
and numeri cal representation. I n the 201
with Bacold. weat he o e srteapri codnu-saeladseamawahtrii canbsi

within the Gulwhiolfe Piormzubéi 20 2dlerdxvpeedr i 1
geostrophic currents describe only the b
with wind fi el egseotsa racgciaycm é() Eftkbnmarnmmaome dr i f

Therefore, mod el out puts should be int
transport l i kKedtiempodal and ndspvags | alat her

predictions.

520perational Strategies for Mitigation a

The combined evidence from | ocal and
actionable strategies to reduce PAH expo
ti me-waamlimwg system coul d i nt egrraangee |wavad
forecastisd, Lamgd am@p an nowcast-si gl @learctr o
farm managers. Such a system | everages t |
wind episodes.

Compl ementidhgsehki sampvemig of mussel s ar
sedi ment c ol |Ineocdeiholngsd sfko |wiond onigsO (d ayyps caafl tl
resuspension or wind events), woul d enh:
unnecessary r ou ttienrem snainipilgi antgi.o nL omagy al sc
sedi ment remedi ation at sBadpnodblizatifomrmusiol
removal, i n combination with stricter <co

mariti me traffic.

Moreover, wind persistence thdédSholsds i
otonti nWuwi dds) coul d serve as operatior

l ncorporating t hese met eorol ogi cal i ndi
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protocols would all ow eparolnye deotnedd ttii oom so fa

management responses.

Finally, expanded monitori nmgotitnotne g lad a
measurement s, and bi ochemical bi omar ker
endpoints) woul d-l et h&al elRpobagecalo sfubect
exposur edst hrTehsithsod med t mappr oach ensures a
physical transport, chemical presence, a

based dnad&i :1igon

These oper atoawinfadas @d i hci pthbersm n g a g rsahrog it
forecasti ndgr,i veemd dsaavmepni i engdi |y transferabl
aquaculture areas exposed to episodic col

53Research gapsoampeéct st ur e

To further advance mechani stic under
application, sever al research parntbircle eas
sedi ment mo d el &5 o Inwetsita m gc dha gtha | model s w
framewor ks, Laangdr acguphi npgarticl es wi t h S ¢

resuspension processes would reduce wunce

and sedi ment dynamics.

| mpl ementi ng pil ot operational for
nowcasting/forecasting chain is tested oV
chemical sampl ing, would all ow @uamtm f i c
rates. I ntedr atait@an asfsi Wi | atni on techni que
dat d@dsetcs udi ng -addametty pnobHEFr vati ods, and

(@]

ould further enhance predictive accur ac

Futur e research shoul d al so aim to cou

at mospheric emi ssi on i nventories tand bi
represent the full environment al i fe cy
all ow quantification of at mospheric depo
degradation rates, and better conssrain t

mari ne sources.
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Such coupling has been successfudly ap
volatile organnemceamt@amhhaagtetialt, 2025
Ni zzetto et al ., 2016 ; Gioia et al ., 201

source attribution and predictive capaci

54Fi nal synthesis

This thesis demonstratedasbdadt acamps es
regionaldr seerl ILiatger angi an model |- @l epr o
framework for di agnosing PAH contaminat
Lucrino resultitfimomotfhe woupertpposacting pr
advectiownoot almegadcyd sedi mendrsi feam m dBvagmt
of -teelved residues from maritime traffi

southerly winde megi megrgetic wayv

The seasonal modul ati on of wind persi
determining when and how these processes

the dominant atmospheric trigger for coni

Through t he i ntegration of chemical,
numer i cal evidence, this research establ
for source attribution and coast al cont &
paradi gm blse ttranefnkcdo ssdmior i ndustrial/l

providing a scient ibfaisce df omvomnd a toira m gf, o rr efgau

and aquaculture risk mitigation.

More broadly, this work highlights how
chemical and biological evidence can shi

descriptive momadedirmigs K oe pwalowatsison.
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Chapter VI

6Concl usi ons

The findings of this thesis demonstrat
mus s el farm follows a pronounced seasona
autumn and winter across both the 2016 an
refllreetisntter pl ay bet ween meteorological
where persistent southerly wimmds® amd Tikpi g
8 s in 2016) act as recurrent preconditioc
onshore@rTthreassnres p esul ts indicate that PAH e

but predictabl e out c domeea mdg rrepchiira emndn faitg
Two distinct butitaamplpeomdn tpaartyh wsao/usr chea v

T Resuspension of contaminated sedi me
area, foll owed by coast al advectio
hydrodynami c¢c -siitmw!| atbisemrs/,atiions, an
fingerprints.

1 Surface advedtuiedn refsi daetsi ¢tadaanfsfpiocr t
maritime zones under combined infl ue
circulation, demonalttriametdr yblya s2d0d2 R a rS

simul ati ons.

Analysis of wind persistence further
provide the necessary i6Wr awi nds &awodsdistac
onshore advection. Spring and -lsiuvmende rwi nddo
eventasvairsper si on rat her t han accumul at i

transitional regi me with highly variabl e

The integrrads wlhutoiforilgdcsailt ummoalked é i nat iax
regi onalbaasletdi meagryangi an simul ations emer

approach. Local freamaver mecadlamcisdnat s uewne
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strienscisuced resuspension, whislcalreediramalpoa
mari-somece attribution, enhancing predic

identification.

From an operati onadr ipvoenmtr iosfk vmaemwme g & noerrne
feasi b+ etail mee awi nd and wave obserravnaged ons
Lagrangian nowcastrd scko wlodh t aamtiincait p aotne ehviegt

based @g,ampimaly mitigatio-hegealatnd amd uethbD:

I mpact s.

Compl ementary measur es, i ncluding targ
and stricter controls on nautical fuel h .
identified PAH pathways. Beyond the | oc
transf ertahboldeo!| angi c atl h af r aanahmvigimrieegsu e n c y | o

observations widrhi vreeng iloangarl a nsgaitaenl laintael ys e
apprapphioe®t heerclsoesmeid coast al systems aff

contemporary 90l puoivondi mpurcebanifor med

oper atiiognafxapfdeltiyc regul ati on, and aquacul

Future i mplementation of this -rhakaimegvor k
i n coast al management , reducingcooomi @env
risk.
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