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The Gulf of Pozzuoli, a marginal sub-basin of the Tyrrhenian Sea, has a
longstanding tradition of bivalve mollusk farming. Despite its historical
importance, the area faces significant anthropogenic pressures, particularly
from the decommissioned industrial site at Bagnoli. Seasonal monitoring data
indicate peaks in mussel contamination by polycyclic aromatic hydrocarbons
(PAHSs) in late autumn and early winter. This study analyzed the oceanographic
and meteorological dynamics driving PAH contamination in 2016, when elevated
PAH concentrations were recorded at one farming site. A combination of in situ
measurements, satellite observations, numerical model outputs, and Lagrangian
simulations was used to examine sea surface circulation, wind patterns, wave
dynamics, and particle transport pathways. Contamination events were
consistently preceded by approximately one week of northwestward surface
currents, likely facilitating pollutant transport from Bagnoli to the farming area.
Southerly waves exceeding 1.2 meters in height and periods longer than 8
seconds were recorded prior to contamination peaks, suggesting wave-
induced resuspension of PAHs from sediments. These hydrodynamic
conditions coincided with prevailing southwesterly winds. The findings support
the hypothesis that specific meteorological and oceanographic conditions
enhance PAH transport from Bagnoli to the mussel farms, posing risks to
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aquaculture and public health. Based on previous and current data, the study
provides robust conclusions on PAH pollution in the Gulf of Pozzuoli and offers a
rationale for improving monitoring and management strategies to mitigate
contamination risks in vulnerable coastal areas.

KEYWORDS

coastal marine environment, sea surface circulation, Gulf of Pozzuoli, lagrangian
transport simulations, mussel farming, PAH contamination, Thyrrenian sea

1 Introduction

The Gulf of Pozzuoli (GoP) is a small bay located in the
northwestern area of the Gulf of Naples (GoN) (Figures la, b)
within the southern Tyrrhenian Sea (TYS). Connected to the GoN
via a 2 km wide and 100 m deep passage (De Maio et al., 1982), despite
its small extension, the GoP holds significant historical and
contemporary importance. Since ancient Roman times, it has served
as a pivotal harbor for naval activities and a primary hub for bivalve
mollusk farming. In the last century, it has also accommodated large
industrial facilities that used the sea for the transportation of materials,
until the eventual establishment of the Napoli and Salerno harbors and
the decommissioning of industrial operations in the 1980s. The
adjacent GoN extends along the continental shelf of southern Italy,
covering approximately 900 km> with an average depth of 170 m
(Carrada et al., 1980). The region stretches southwestward towards the
open sea. Spanning 195 km from the town of Monte di Procida to the
promontory of Punta Campanella, the GoN physiographic unit
includes the coastline from the town of Pozzuoli (Phlegraean coast)
to the town of Sorrento. Water exchanges with the open sea are
somewhat limited by the presence of Procida, Ischia, and Capri
islands. The Campania region Coastal System (CCS, de Ruggiero
et al, 2016; Figure 1a) hosts fragile ecosystems, including several
marine protected areas, facing significant anthropogenic pressures.
The presence of major urban centers (e.g. Naples and Salerno) adds to
these challenges, highlighting the importance of sustainable
management practices to mitigate environmental impacts.

In the GoP, a floating row system is used to farm bivalve
mollusks, with a predominant focus on the high production and
trade of the Mytilus galloprovincialis species. Thanks to their
filtration-based feeding mechanism, mussels efficiently accumulate
and concentrate substances dissolved in water in their tissue,
including contaminants (Vaezzadeh et al., 2017). This makes
them excellent bioindicators for assessing environmental
pollution. Nevertheless, for food safety purposes, mussels
intended for human consumption undergo systematic monitoring
by health authorities to ensure that the levels of pollutants are lower
than the limits set by legislation.

Polycyclic Aromatic Hydrocarbons (PAHs) are widespread
environmental contaminants (Rubailo and Oberenko, 2008),
primarily generated by the incomplete combustion of organic
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materials and industrial processes (Murphy and Morrison, 2002).
In the Gulf of Pozzuoli, PAHs are mainly introduced through
maritime traffic, port activities, shipbuilding and maintenance,
industrial emissions, and urban discharges, all contributing to the
contamination of marine sediments (Bjorseth and Ramdahl, 1985).

PAHs can easily bioaccumulate in organisms and can
concentrate within various environmental matrices (Abdel-Shafy
and Mansour, 2016; Oliva et al., 20205 Srogi, 2007) due to their low
water solubility, low volatility, and high octanol/water partition
coefficients (Sverdrup et al., 2002). While hundreds of PAH
compounds exist in the environment, in the 1970s, the United
States Environmental Protection Agency (USEPA) designated 16
unsubstituted PAHs as priority pollutants due to their elevated
toxicity (Baumard et al., 1997; Srogi, 2007; Wise et al., 2015). In
2005, the European Community (EC) established a list of 15 + 1
priority PAHs, primarily in response to food-contamination issues,
which included 8 PAHs from the USEPA list (Wenzl et al., 2006).
Benzo(a)pyrene (BaP), classified by the International Agency for
Research on Cancer (IARC) as carcinogenic to humans (Group 1,
IARC dlassification (IARC, 2010), exemplifies the toxic potential of
certain PAHs, with others recognized as probable (2A) or possible
(2B) carcinogenic to humans, based on demonstrated
synergistic actions.

In marine environments, PAHs originate from atmospheric
deposition, contaminated sediments, industrial discharges, urban
runoff, wastewater, and fossil fuel-related accidents (Douben, 2003;
Yim et al, 2005). The contribution of atmospheric PAHs to aquatic
environments is influenced by several factors, including precipitation,
wind direction, and intensity, which can transport contaminated
sediments to seawater, contributing to pollution (Guigue et al,, 2017;
Csanady, 1973; Lipiatou et al, 1993). Seasonal variations in solar
radiation also play a role in the degradation of PAHs, with
ultraviolet light absorbed by the upper water layer significantly
contributing to their breakdown (Mill et al., 1981; Zhang and Tao,
2008). Due to their hydrophobic nature, PAHs readily bind to
suspended particles and accumulate in sediments, where they persist
longer than in the water column (Readman et al., 1984; Masood et al,,
2018; Cerniglia and Heitkamp, 1989). Under certain conditions, such
as changes in water temperature or current patterns, these compounds
can be remobilized, becoming bioavailable once again (Sun et al.,, 2018).
Additionally, phytoplankton and zooplankton contribute to the PAH
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FIGURE 1

(a) Campania coastal system and CROM model domain (b) Zoom in the GoN (c) Bathymetric map of the GoP. The red dot corresponds to the
position of the Lucrino mussel farm. The blue dot is the position of the Bacoli weather station. The green triangle is the position of MEDA A (d)
Schematic sediment transport (orange — Arienzo et al,, 2017) and sea surface circulation (lightblue — Castagno et al., 2020) at the Bagnoli Bay from

previous studies; (e) Computational grid of the CROM model in the GoN.

levels in the water column, as they can carry hydrophobic compounds
within their bodies and fecal pellets (Kowalewska and Konat, 1997;
Prahl and Carpenter, 1979). PAHs are known for their slow
biodegradation, and they tend to accumulate in the fatty tissues of
organisms, posing significant health risks through trophic transfer,
particularly via seafood consumption (Binelli and Provini, 2003;
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Martorell et al, 2010; Kronenberg et al, 2017). To mitigate these
risks, the European Union has established maximum limits for PAHs
in food products. The first regulation, Commission Regulation (EC) No
1881/2006 (Commission Regulation (EU) 1881/2006, 2006), set
maximum limits for PAHs in food, which was later amended in
2011 by Regulation EU 835/2011, identifying benzo(a)pyrene (BaP),
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benz(a)anthracene (B(a)A), benzo(b)fluoranthene (BbF), and chrysene
(CHR) as indicators for the presence of 16 EU priority PAHs.
Furthermore, Regulation EU 2023/915 established specific maximum
limits for PAHs in bivalve mollusks as food products, including 5.0 pg/
kg for BaP individually and 30.0 pg/kg for the sum of BaP, BaA, BbF,
and CHR. BaP is used as an environmental risk indicator due to its
stability in the environment and significant carcinogenic potential,
which poses a serious threat to living organisms and is a primary
concern in seafood safety.

This study investigates the high pollution events in mussels
farmed in the Lucrino site of the GoP recorded during 2016 when
greater availability of in situ data and validated model outputs
(Gifuni et al., 2022) are available for this small area. Sea and weather
conditions and dynamics are discussed through the analysis of
available in situ oceanic and atmospheric data, as well as through
outputs from a high-resolution circulation model tailored to the
region (de Ruggiero et al., 2016, 2020).

The primary aim of this paper is to identify and examine
potential oceanic and atmospheric circulation patterns associated
with contamination episodes, with the final goal of providing a
comprehensive understanding of the abiotic factors influencing
mussel farming activities. These findings could be integrated into
a broader forecasting framework aimed at supporting local
governments and farmers in predicting pollution events, building
upon recent advancements in this field (Montella et al., 2020).

The paper is organized as follows. In the “Materials and
Methods” section, we provide a detailed overview of the study
area, the methodology employed for measuring PAH
concentrations and the meteo-marine data utilized for
environmental analysis. In the “Results” section, we present an
analysis of in situ data for each pollution event, alongside scenarios
derived from simulations of transport driven by sea surface
currents. In the “Discussion” section, we interpret the findings in
the context of environmental dynamics and pollutant transport
mechanisms. Finally, in the “Conclusions” section, we summarize
the key findings and their implications for monitoring and
management strategies.

2 Materials and methods

2.1 Study area

The GoP extends from Nisida island to Bacoli town, covering an
area of approximately 33 km? in the northwest part of the GoN
(Figure 1c), with an average depth of about 60 m and a maximum
depth of 110 m (Somma et al., 2016). The bay is positioned within the
tectonic system of Campi Flegrei and it defines the northern boundary
of a volcanic caldera. Its geology is characterized by dynamic features
due to ongoing volcanic activity, as evidenced by submarine gas
emissions and bradyseismic movements. Additionally, human
activities have contributed to the degradation of both the natural
landscape and the archaeological heritage of this valuable area.
Notably, in 1854, the first chemical production plant was built in
Bagnoli (Figure 1c). By the early 1900s, the area had developed as a
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focal point for industrialization in Italy, causing the establishment of
large-scale industrial facilities engaged in several activities, ranging
from steel production to cement and asbestos manufacturing. The
obvious environmental hazards posed by industrial activities in the
Bagnoli site led to a decommissioning phase for the entire industrial
complex, which had become the second-largest integrated steel plant in
Italy. Steel production ceased definitively in 1990, and the industrial
facilities were completely dismantled in the early 2000s (Romano
et al,, 2004).

Presently, this area is undergoing remediation through a
government project. The remediation efforts started in 1996 and
were extended to include the marine sediments along the coastal
area adjacent to the brownfield site in 2001 (Albanese et al,
2010). The long industrial activity spanning decades has caused
serious environmental damages that persist. Additionally, the
intense maritime traffic associated with port and industrial
operations has contributed to marine pollution. The extent of
environmental degradation is significant, prompting rising
concerns about the spread of contamination throughout the
entire GoP (Armiento et al., 2020).

2.1.1 Marine dynamics of the Gulf of Naples and
the Gulf of Pozzuoli

Previous studies have attempted to delineate oceanic circulation
patterns in the GoP to better understand the distribution and fate of
contaminated sediments (Bonamano et al., 2021; Arienzo et al., 2017).

Nevertheless, as the GoP is part of the larger GoN, interactions
between their circulation patterns may occur. Within the CCS, the
GoN is likely the region most impacted by human activities, placing
significant pressure on its marine ecosystem (Buonocore et al,
2010). These activities range from extensive urban development and
intensive tourism to industrial zones lining the coast, leading to the
potential discharge of sewage, industrial effluents, and
hydrocarbons (Tornero and Ribera d’Alcala, 2014). Moreover, the
GoN serves as a vital hub in the Mediterranean for both touristic
and commercial marine traffic (De Pippo et al., 2008). Furthermore,
the complex local oceanic circulation amplifies the effects of human
activities on the marine environment, facilitating the dispersal of
marine litter and pollutants originating from coastal sources,
thereby posing an additional threat to the fragile local ecosystems
(Tacono et al., 2021; Gifuni et al., 2023; Cesarano et al., 2023). Water
circulation within the GoN is closely linked to the local wind regime
and/or to the large-scale flow of the TYS (Carrada et al., 1980).
Although traditionally described as a large cyclonic motion (Millot,
1999), circulation within the TYS is highly complex and presents
pronounced seasonal variability (e.g., Rinaldi et al., 2010; Krauzig
et al., 2020; Tacono et al., 2021).

Various remote and local factors influence circulation within
the GoN (see Figure 2). The primary remote forcing is attributed to
the southern TYS, as its circulation patterns play a significant role in
steering water mass movements within the basin (Gravili et al.,
2001; Pierini and Simioli, 1998). On the other hand, wind is the
main driver of sea surface dynamics, exhibiting the highest spatial
and temporal variability (Moretti et al., 1976-1977; De Maio et al.,
1985; Menna et al., 2007).
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FIGURE 2

(a) Sea surface circulation in the GoN detected by HF radar measurements during NE wind; (b) Sea surface circulation in the GoN detected by HF
radar measurements during SW wind; (c, d) Sea surface circulation in the GoN detected by HF radar measurements during the daily alternation of
breeze winds. The two maps show the circulation fiel: at 06:00 GMT (c) when the flow is mainly directed offshore; at 18:00 GMT (d) when the flow
is reversed; (e) Schematic circulation in the GoN as driven by north-westward Tyrrhenian current (red curve line). The green circle is the anticyclonic
structure (modified from De Maio et al,, 1983); (f) Schematic circulation in the GoN as driven by a south-eastern Tyrrhenian current (red curve line).
The green circles are the anticyclonic and cyclonic structure (modified from De Maio et al., 1983).
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The basin-scale circulation often shows complex patterns,
including cyclonic and anticyclonic vortices, jet streams, convergence
and divergence zones, and other oceanic structures (Cianelli et al,
2011). To describe this circulation, we present (Figure 2) a set of four
sea surface circulation patterns observed by a CODAR HF (High-
Frequency Coastal Ocean Dynamics Applications Radar) radar system
in the GoN since October 2004. This system enables real-time, synoptic
monitoring of the surface current field at the basin scale. The CODAR
system is managed by the Universita degli Studi di Napoli
“Parthenope” on behalf of the Centre for the Analysis and
Monitoring of Environmental Risk (see Menna et al., 2007; Cianelli
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et al, 2011 for further details). Over the years, the observations
accumulated have also received strong feedback by modelling results
(Gravili et al,, 2001; Grieco et al,, 2005) leading to a better
understanding of the basin’s circulation dynamics.

As reported by Menna et al. (2007), during winter prevailing
winds typically blow from the NNE-NE direction, with speeds
reaching 8-10 m/s and occasional gusts from the SW exceeding
10 m/s. Under these conditions, an offshore-directed jet current is
observed, as illustrated in Figure 2a. Conversely, when winds blow
from the SW, currents predominantly flow towards the inner part of
the basin, as depicted in Figure 2b.
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During spring and summer, atmospheric conditions are
characterized by alternating NE and SW winds, with a dominant
breeze regime (Perusini et al., 1992; Menna et al., 2007; Cianelli
et al,, 2011), resulting in a daily alternation between sea and land
breezes. In response, the GoN is characterized by a synchronous
clockwise rotation of the surface current field, as shown in
Figure 2c, d.

When the remote forcing of the TYS circulation is dominant,
two divergent scenarios can be outlined (De Maio et al., 1982; De
Maio et al., 1983; de Ruggiero, 2013). When the primary coastal
current of the TYS flows northwestward (Figure 2¢), an intense flow
enters the GoN from the Bocca Piccola, nearly parallel to the Bocca
Grande, and moves toward the island of Ischia. At the basin scale, a
cyclonic vortex prevails, while an anticyclonic structure forms in the
Gulf of the town of Castellammare di Stabia (in the southeastern
part of the GoN). This pattern is most observed during winter and
autumn (de Ruggiero et al.,, 2020). By late spring, circulation within
the GoN intensifies, with surface currents reaching up to 20 cm/s,
fostering an anticyclonic pattern across the entire coastal area of the
GoN, except in the GoP sector. In late spring, circulation within the
GoN intensifies, producing surface currents of up to 20 cm/s and an
anticyclonic pattern across the entire coastal region, except in the
GoP sector.

When the Tyrrhenian coastal current shifts southeastward
(Figure 2f), the surface circulation pattern in the outer GoN shows a
cyclonic structure, while prominent anticyclonic gyres form in the Bay
of Naples (situated in the northeastern sector of the basin) and the Gulf
of Castellammare di Stabia (de Ruggiero et al., 2020).

In this broader dynamic context, the GoP emerges as a semi-
enclosed sub-basin whose circulation patterns are less understood
due to limited in situ data at the basin scale. Recently, hydrographic
measurements and numerical modeling (Castagno et al., 2020) have
been used to analyze water mass properties, providing insights into
the variability of the eastern GoP. Their findings reveal the presence
of a persistent anticyclonic (clockwise) circulation system
(Figure 1d) driven by local wind stress curl, with a lesser
influence from the large-scale forcings.

In the GoP, sedimentary dynamics are largely driven by
granulometric subpopulations, with fine and very fine sands playing
a key role (Arienzo et al, 2017; Figure 1d). Fine sand is generally
mobilized by a westward longshore current in shallow nearshore waters
(depths <10 m) and by a cyclonic (anticlockwise) circulation between
Bagnoli Bay and the GoP, while very fine sand tends to follow an
offshore east-west transit axis relative to the Bagnoli brownfleld site
(Figure 1d, Arienzo et al, 2017). This dynamic sedimentary regime
contributes to the redistribution of contaminants originating from local
sources. In particular, elevated concentrations of PAHs in both surface
and bottom sediments have been documented near the Bagnoli site
(Tornero and Ribera d’Alcala, 2014; Qu et al,, 2018), and monitoring
data from shellfish production in the GoN identified the nearby
Lucrino site as showing the highest frequency of samples exceeding
regulatory limits for both BaP and total PAHs, with a clear seasonal
pattern (Esposito et al, 2017; 2020). Additional studies on marine
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sediments (Albanese et al., 2010; Bergamin et al., 2003; Romano et al,,
2004; Arienzo et al., 2020) confirmed widespread contamination by
heavy metals, PAHs, polychlorinated biphenyls (PCBs), and total
hydrocarbons (HC) in proximity to Bagnoli. While high levels of
PAHs and PCBs have been attributed to past industrial activities
(Albanese et al, 2010), the elevated concentrations of heavy metals
are mainly linked to natural hydrothermal enrichment processes
associated with the volcanic activity of the Campi Flegrei caldera.

2.2 PAH concentration in farmed mussels

Coastal ecosystems, recognized for their vulnerability to pollutant
accumulation, particularly highlight PAHs as the primary class of
pollutants (Akinsanya et al., 2018; Sharifi et al, 2022). Given the
paramount importance of protecting public health, maintaining
pollutants at acceptable levels in mollusks is a top priority. Campania
Region coastal farms are regularly subjected to chemical monitoring to
assess the concentration of four PAHs in the soft tissue of mussels
(Mytilus galloprovincialis).

Monitoring in the farming sites is carried on using the method
described by Esposito et al. (2017) for the determination of PAHs
concentration. In particular, mussel samples were collected by
authorized personnel at the shellfish farming plants, constituting
a pool of approximately 1 kg of commercial-sized specimens.
Mussels were randomly collected along the longline, which
extends approximately 3-4 meters below the surface, ensuring a
representative sampling across different depths. Then, samples from
farms located in the Lucrino site of the Gulf of Pozzuoli are
transferred on ice to the Istituto Zooprofilattico Sperimentale del
Mezzogiorno (IZSM) laboratories, where they were dissected.
Sampled mussels were selected and characterized by similar
maximum valve length (5-7 cm), weight (3-5 g) and age (9-11
months old). Soft tissue from 20 to 40 specimens were individually
wrapped in aluminium foil and stored at —20°C until analysis
performed after 5-6 days. The analyses were performed using a
HPLC method developed by Serpe et al. (2010), in compliance with
the Regulation EU 836/2011 (Commission Regulation EU 836/
2011, 2011; Commission Regulation (EU)835/2011, 2011) that does
not require analyses on water or sediment samples but only in the
final edible product (i.e., mussel tissues), nor separate sampling at
difterent depths or the analysis of interstitial water samples for food
safety purposes.

The procedure involved homogenizing mussel tissues,
saponification, extraction with cyclohexane, and purification
using Sep-Pak silica cartridges. Extracts were analyzed by HPLC
using a specific column and gradient elution program with an
acetonitrile/water mobile phase. PAH peaks were identified by
comparing retention times with standards, and concentrations
were determined using an external standard method. The method
was fully validated, with a quantification limit of 0.2 pg/kg and
recoveries ranging from 50% to 120%, as required by
EU regulations.
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2.3 Meteorological data

Wind speed and direction data are used in this study to describe
the local atmospheric forcing on ocean circulation in the GoP area.
These data have been collected by the Bacoli weather station (blue dot
in Figure 1c) and made available through the Campanialive network
(https://www.campanialive.it/). Bacoli weather station collects the
following values: temperature, humidity, heat index, sea-level
pressure, wind, and ultraviolet (UV) radiation index. This station,
located in the western part of the GoP (40° 47’ 31.38” N, 14° 4’
40.11” E) at 3 m above sea level, provides weather data at 10-minute
intervals and is the only station in the area that operated
continuously throughout 2016. Additionally, the synoptic
meteorological conditions during the pollution events of 2016
have been described using the NCEP Climate Forecast System
Reanalysis, with a spatial resolution of 0.5° x 0.5°. Finally, in situ
rainfall data from two automatic weather stations, located in
Pozzuoli and Nisida island, have been analyzed to investigate the
potential role of rain as a source of PAHs in the GoP.

2.4 In situ oceanographic data

In situ oceanographic data gathered by the “MEDA A” platform
have been used to characterize water mass properties and dynamics
along the coastal region of the GoP. This platform is managed by
the Anton Dohrn Zoological Station of Naples (SZN). It is located
in the bay of Bagnoli (40° 48.550" N, 014° 09.300” E) on a seabed of
approximately 19 m depth (Figurelc). The “MEDA A” consists of
an elastic beacon equipped with automatic instruments for
continuous acquisition of meteorological and seawater parameters
and dynamics. Data are transmitted to the ground station in real-
time using both a broadband Wi-Fi bridge and the GSM network.
Instruments on the elastic beacon include an automatic weather
station, a multiparametric profiling probe, and an acoustic doppler
current profiler. Given the limited completeness of the ‘MEDA A’
dataset, data from the Bacoli weather station were used as a
substitute. For water column data, all available records from 1st
January 2016 to 6th December 2016 have been used. Sea current
data were acquired by an upward-looking 600 kHz Acoustic
Doppler Current Profiler (ADCP), positioned on the seabed (at
about 18.5 m) and connected to the “MEDA A”. The ADCP probe
records current direction and intensity, wave direction, height and
period. Current data are recorded at 15-minute intervals, while
wave data are collected every hour.

Speed profiles obtained by the ADCP are acquired with a vertical
resolution of 50 cm, using 49 bins with a thickness of 50 cm each. The
ADCP operates at a frequency of 600 kHz. The center of the first bin
is 1.6 m from the transducer. The transducer itself is positioned 50 cm
above the seabed due to the structure it is mounted on, meaning that
the center of the first bin is located at 2.1 m from the sea bottom. The
31st bin, positioned at 1.4 m from the sea surface, is chosen as a
reference for surface values of current direction and intensity. Water
column physical properties data are collected using a CTD
multiparametric probe moving along the water column from the
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surface to 15m depth. This probe provides data on temperature,
salinity, depth, dissolved oxygen, chlorophyll-a fluorescence, and
irradiance at a temporal resolution of 5 minutes. Upon reviewing
the 2016 dataset, it was decided to focus on the CTD data collected at
15 m depth, as this depth had the highest number of samples, with
more than 80% of the 145,000 data points. Additionally, this depth is
important for understanding the physical properties of seawater near
the seabed, which play a key role in sediment resuspension and
contaminant transport processes near the Bagnoli industrial site.

2.5 Ocean model outputs

In situ data in the GoP are very few, with “MEDA A” being the
only fixed-point observation. Therefore, this study relies on model
outputs to provide a basin-scale description of water mass properties
and dynamics across the GoP and GoN areas in 2016. The model data
used in this work are produced by the high-resolution Campania
Regional Ocean Model (CROM, de Ruggiero et al., 2016), based on the
Princeton Ocean Model (POM; Blumberg and Mellor, 1987; Ezer and
Mellor, 2004; Giunta et al., 2007; Mellor and Yamada, 1982). CROM
numerically solves the primitive equations using finite differences on
Arakawa staggered grids with vertical sigma coordinates, including free
surface computations, thermodynamics, and turbulence closure sub-
models. The CROM domain (Figure 1a) spans from 40.00° N to 41.43°
N latitude and 13.00° E to 15.36° E longitude, covering the Campania
coastal region and a buffer zone for smooth nesting with the larger-
scale NEMO-OPA Mediterranean model (Madec, 2008; Oddo et al.,
2009), from which CROM receives initial and boundary conditions.
The horizontal grid is regular latitude-longitude with 1/144° resolution
(Ay = 772 m, Ax = 579-591 m), while the vertical grid consists of 40
sigma levels refined near the surface and intermediate layers. In
previous studies, model-data comparison has been conducted across
different subregions of the CCS, using a combination of both satellite
and in situ observations. Over the entire domain, altimeter data and
satellite-derived turbidity distributions were used to evaluate the model
capability in simulating the surface dynamics and the coastal variability
of the region (see e.g., de Ruggiero et al., 2016). Moreover, in the GoN,
this comparison was further complemented by high-frequency radar
measurements and in situ data, allowing for a more detailed validation
of both surface and subsurface processes. These studies indicate that the
model is capable of realistically reproducing basin-scale circulation
patterns, including wind-driven structures (de Ruggiero et al, 2016,
2020), as well as more localized features. Further validation with ADCP
and CTD measurements collected at two nearshore sites (Gifuni et al.,
2022) confirms the model’s ability to capture the main temporal
variability and vertical structure of coastal currents and water
properties, despite the inherent challenges of simulating dynamics so
close to the coast.

CROM is forced by momentum, heat, freshwater, and radiative
fluxes at 5 km resolution, derived from the non-hydrostatic SKIRON/
Eta atmospheric modelling system (https://forecast.uoa.gr/en/,
accessed on 27 April 2017) developed by the National and
Kapodistrian University of Athens, using classical bulk formulae
(Napolitano et al,, 2014). While SKIRON/Eta adequately captures
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basin-scale dynamics, its spatial resolution limits the representation
of local winds in the GoP, leading to a systematic underestimation
of wind intensity, as supported by Gifuni et al. (2022) and
qualitative comparisons with Bacoli weather station observations.

To improve local wind forcing, SKIRON/Eta outputs were
blended with Bacoli station measurements (see the blue dot in
Figure 1c for the location), assumed representative for the entire
target area (black box in Figure 3: 40.76°N-40.83°N, 14.06°E-14.18°
E). The SKIRON-simulated wind was replaced within this box by a
spatially uniform field from Bacoli observations, with a weighted
blending zone (red box in Figure 3a) extending 20 model grid points
outward to ensure smooth transition and avoid discontinuities.
Within this buffer zone, the wind field was computed as a weighted
sum of modeled and observed winds, using the Hann function
(Equation 1):

W(d):%<1+cos(m%)) ford < R (1)

where d is the distance from the boundary of the black box, and
R is the relaxation distance defining the width of the transition. This
function ensures that the observed wind has full weight at the
boundary of the target area (W =1 at d = 0) and smoothly fades to
zero (W = 0 at d = R), avoiding artificial discontinuities.

The final wind components (Uadj, Vadj) were then computed
according to the following Equations 2 and 3:

Uadj = WxUobs + (1 — W)«Ucrom (2)

Vadj = WxVobs + (1 — W)xVcrom (3)

2.6 Lagrangian transport simulations

To investigate the transport pathways of contaminants in the
coastal environment, forward Lagrangian transport simulations
were conducted using the General NOAA Operational Modeling
Environment (GNOME) as the modeling tool (Beegle-Krause, 1999;
2001; Zelenke et al,, 2012). The simulations were driven by the
Eulerian surface current fields produced by the CROM and forced
with the blended wind field. GNOME applies a mixed Eulerian-
Lagrangian approach to simulate the particles’ advection
(Lagrangian Elements, LEs) driven by time-varying surface
currents and/or wind forcing, using a forward Euler integration
scheme (equivalent to a first-order Runge-Kutta method). Particles
are modeled as passive tracers, and transport is constrained to a
single surface layer, neglecting vertical motions and shear. In
GNOME, the displacement (Ax, Ay, Az) at time t of a generic
passive tracer (identifled by its spatial coordinates) is calculated
using Equation 4 (Zelenke et al.,, 2012):

At v
, Ay =
111,120.00024

o
111,120.00024
Ax =

*At, and Az=0 (4)
cos ()

where At =t — t; is the time elapsed between time steps i (set to
15 minutes), y is the latitude in radians, and 111120.00024 is the
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distance in meters per degree of latitude (assuming 1 arcminute
equals 1 nautical mile everywhere). (Ax, Ay) are the 2D longitudinal
and latitudinal displacements at the surface layer z, while (u, v) are
the zonal and meridional components of the surface current field
provided by CROM.

Diffusive processes were also included in the transport
equations, using GNOME’s random walk algorithm. The
horizontal diffusion is represented as (Zelenke et al., 2012) using
Equation 5:
o°C

+ Dy* a—yz (5)

oC 0’ C
ot Proe
Where C is the concentration of the material and D,, D, are the
horizontal diffusivity coefficients.
Considering the diffusive processes, the calculation of the zonal
(Ax) and meridional displacement (Ay) of the i-th particle is
computed according to the following Equation 6:

T
dx 6% m,(:nn *At
AX _ 111,120.00024

cos ()

>

D
6% 10,000 *At

R ] (6)
111,120.00024

:dy

GNOME then calculates the horizontal displacements using the
diftusion coefficient D, and at each time step, it randomly selects dx
and dy from a uniform distribution ranging between -1 and 1.

Following Uttieri et al. (2011), the horizontal diffusion was set
equal to 10* cm?/s, a typical value for coastal areas (Okubo, 1971).
Regarding particle beaching, GNOME automatically checks
whether the new particle position is located on land or in water.
The beaching algorithm traces the entire line on the bitmap between
the old and new points to ensure that the particle does not skip over
land and instead stops it at the first land cell encountered.

Based on the analysis of observed meteo-marine conditions for
each event, we hypothesize that PAH-bearing sediments are
resuspended during high-energy wave events and subsequently
transported by surface currents from Bagnoli to the Lucrino
mussels farm (red point in Figure 1).

To simulate this process, 4000 virtual particles were randomly
released within the Bagnoli coastal zone (see the black dots in
Figure 3b). Releases were triggered one day after each peak wave
event to account for a time lag between sediment resuspension and
the onset of transport. Supplementary Table 1, provided in the
Supplementary Material, summarizes each simulation experiment’s
timing and duration (in hours).

To account for uncertainties in the simulated current field, a
30% error estimate was applied to both the along-current and cross-
current components. This approach enables the calculation of both
a best-guess trajectory (based on the unperturbed current field) and
a corresponding minimum regret trajectory that captures the range
of plausible transport pathways under uncertain conditions.
Simulating the minimum regret solution helps assess transport
outcomes that are less probable but potentially more harmful
than the best-guess scenario.
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(a) Target area (black box) and the surrounding buffer zone (red box) used for the computation of the blended wind field. (b) Initial particle

distribution adopted for Lagrangian transport simulations.

2.7 Satellite data

Understanding surface circulation patterns in the GoP and in
the GoN is crucial for analyzing transport dynamics in the study
area. To complement the “MEDA A” and CROM surface
circulation datasets for each pollution event in 2016, we
incorporated satellite-derived chlorophyll-a (CHL) concentration
data covering the study area. While CHL data do not provide a
direct measurement of surface currents, they offer valuable
qualitative insights into hydrodynamic patterns, as chlorophyll
distribution is influenced by water mass movements, mixing
processes, and frontal dynamics (Mattei and Scardi, 2022; Dohan,
2017; Forget and Andre, 2007). This makes it a useful indicator of
surface circulation features.

Satellite CHL observations have been widely used to study
oceanographic processes and assess surface circulation patterns.
In this study, CHL satellite data provided an additional
observational component to evaluate the consistency between
modeled circulation fields and features visible in ocean
color imagery.

For this purpose, we used the Mediterranean Sea, Bio-Geo-
Chemical, L4, monthly means, daily gap-free and climatology Satellite
Observations product (Product ID: OCEANCOLOUR_
MED_BGC_L4_MY_009_144) from the Copernicus Marine
Environment Monitoring Service (CMEMS, https://
marine.copernicus.eu/). This dataset provides daily, gap-free CHL
concentration data at a 1 km spatial resolution and a Level 4
processing level, ensuring high-quality, temporally consistent
estimates for the Mediterranean Sea (Volpe et al., 2018, 2019).
The dataset was accessed through CMEMS and is available at
https://doi.org/10.48670/moi-00300.

This choice was driven by the limited availability of higher-
resolution satellite data (Levels 1 and 2), which are significantly
affected by cloud cover, particularly during the winter months.
While Kd490 (the diffuse attenuation coefficient at 490 nm) could

Frontiers in Marine Science 09

have been a valuable proxy for sediment transport in this study, its
spatial resolution and temporal coverage during the period of
interest were insufficient for our analysis. Consequently, we opted
to rely exclusively on CHL data for comparison with observed sea
current patterns.

Satellite data were processed, analyzed, and visualized using
MATLAB and SeaDAS, a specialized image analysis package
developed by NASA for processing, displaying, analyzing, and
ensuring the quality control of ocean color data.

Supplementary Table 2, in the Supplementary Material,
summarizes all the data used in this study, including their type
and availability.

3 Results

As previously described, the GoP is a relatively small bay located
in the northwestern part of the GoN. Among other contaminants, the
levels of PAHs in mussels from the Lucrino farming site (Figure 1)
show a marked seasonality (Figure 4), potentially attributed to
seasonal variability in wind and sea surface current patterns
(Esposito et al., 2017). Therefore, PAH concentrations may be
influenced by hydrodynamics within the GoN (Perugini et al,
2007a), as well as by seasonal variations in biotic and abiotic
factors governing PAH metabolic processes and bioaccumulation
(Perugini et al., 2007b). Numerous studies in other coastal areas in the
Mediterranean Sea (Balcioglu, 2021; Tepe et al,, 2022), as well as at a
global scale (Reddy et al., 2005; Zhang and Tao, 2008; Koudryashova
et al,, 2019; Miura et al.,, 2019; Recabarren-Villalon et al., 2021) have
shown seasonal variability in PAH contamination. The monitoring
results from 2014 to 2022 (Figure 5) confirmed the trend already
verified in past years, with high PAH levels in the winter period and
close to zero in the spring and summer seasons. In particular, in 2016,
over a total of 15 samples, only 4 were found to have levels exceeding
the legal limits established by the legislation. High contamination
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FIGURE 4

BaP concentration levels (upper panel) and sum of 4PAH concentration (lower panel) in Mytilus galloprovincialis, tissues from Lucrino farm in 2016.
The red dotted line indicate the PAHs legal limit. Dates refer to each PAH concentration analysis performed on samples mussels.

events were observed only during late autumn and early winter
mussel sampling, specifically on the following dates: 25th of January,
17th of February, 22nd of November, and 14th of December. Figure 5
shows the variability of BaP and the sum of the four PAHs collected
in mussel tissues throughout 2016.

This area is still characterized by a notable lack of in situ, depth-
resolved oceanographic data, limiting the understanding of local
circulation patterns.

The data collected by the ‘MEDA A’ CTD probe were used to
analyze the physical characteristics of the ocean. The temperature-
salinity diagram of Figure 6 shows that their values during the
contamination episodes did not differ significantly from those of the
month. Seasonal patterns emerged from our analysis, with colder
and saltier water masses prevalent in winter (minimum
temperature: 14.24°C, maximum salinity: 38.19 PSU), and less
cold, less salty water masses during summer months (maximum
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temperature: 27.82°C, minimum salinity: 34.10 PSU). The least salty
mass of water (green in the T-S diagram) corresponds to the early
May period. This freshwater is justified by the relative increase in
rainfall, with peak amounts reaching 27.2 mm recorded by the
Pozzuoli weather station. The sea current data collected by the
‘MEDA A’ ADCP were used to examine the physical dynamics of
the water column. Hovmoller diagrams illustrate the daily averages
of zonal (u) and meridional (v) components of the sea currents,
spanning depths from 1.4 m to 18.5 m. The Hovmoller diagram
(Figure 7a) for the entire year provides a comprehensive overview of
the oceanographic conditions preceding each sampling event.
Notably, before high PAH contamination events in late autumn
and early 2016, the entire water column exhibited a negative zonal
component (u) and a positive meridional component (v), indicating
westward transport. This pattern suggests a potential accumulation
of pollutants in the western area of GoP, where mussel farms are
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located. During the summer of 2016, the same north-westward
pattern was only found in the surface layers. The absence of the
same combination of conditions throughout the water column
suggests that pollutant transport mechanisms differ significantly
between winter and summer. During the warmer months, the sea
surface circulation suggests that pollutants may not be effectively
transported to deeper layers or across broader areas. In winter,
however, prolonged and intense wind activity leads to the
intensification of wind-induced currents, enhancing the transport
of pollutants along the coast and potentially leading to localized
contamination. In contrast, during summer, the lower intensity
wind-induced currents likely reduce pollutant dispersion,
decreasing the risk of contamination beyond legal limits.
However, the risk remains, as even under more stable conditions,
pollution can still occur, although it is less frequent or intense. The
seasonal behavior of sediment transport aligns with the typical
development of the mixed layer during different seasons at mid-
latitudes (Cianelli et al., 2011).

In addition to current velocity, the ADCP also recorded wave
height, direction, and period. The wave data (Figure 7b) reveal that,
prior to pollution events, wave heights were generally higher, with
peak wave periods (T},) longer than 8 s and a predominant direction
from the south. In particular, significant wave heights (H)
exceeding 1.2 m consistently preceded the most significant PAH
contamination episodes. These wave conditions indicate enhanced
hydrodynamic forcing capable of mobilizing surface sediments. To
quantify the potential for sediment resuspension, wave-induced
bottom shear stress (T,) was estimated using the Soulsby (1997) and
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Nielsen (1992) formulation, based on ADCP-measured wave
parameters (Hy = 1.2 m, T = 8 s) and a representative site depth
of 19 m. Assuming a wave friction factor appropriate for sandy
seabed (f¥ = 0.04), the calculated 7, (~2.9 Pa) clearly exceeds the
critical shear stress for fine sand resuspension (tc¢ = 0.05-0.1 Pa).
This quantitative evidence confirms that the wave energy thresholds
required to trigger sediment resuspension were surpassed,
supporting the role of wave dynamics in enhancing PAH release
into the water column and increasing their bioavailability. These
findings align with the unified sediment transport framework
proposed by Van Rijn et al. (2007), which emphasizes the
combined effects of currents and waves in controlling sediment
mobilization and transport dynamics. The predominance of fine
sand in the study area, as documented by Arienzo et al. (2017),
justifies the use of these Tc values and supports the application of
this framework to interpret sediment resuspension and
contaminant dynamics at the Lucrino site.

In this section, we describe the atmospheric pattern and the
ocean properties before and during each high PAH concentration
event, aiming at identifying any recurring pattern in marine-
weather conditions that might contribute to the presence of high
PAH levels in the area. To this goal, stick diagrams of the observed
wind and sea currents have been obtained, using meteorological
data from the Bacoli station and oceanographic data collected from
the “MEDA A” in Bagnoli. Furthermore, to gain a broader large-
scale view of marine conditions during the investigation periods,
ocean model data and satellite observations have been analyzed.
The sea surface current fields simulated by CROM in the GoN and
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FIGURE 6

Potential temperature-Salinity (8-S) diagram for the 2016. The
colorbar indicates the days of the year. Data were collected at a
depth of 15m from the "MEDA A" CTD probe.

GoP were analyzed since one week before the mussel sampling dates
that recorded a higher PAH concentration (hereafter referred to as
the pollution event). Analyses for each event are presented and
discussed below, providing insights into the complex interplay
between atmospheric dynamics, oceanic currents, and pollution
events in the region.

25" January pollution event

The PAH levels measured on 25 January 2016 were 11.8 pg/kg
for BaP and 52.7 ug/kg for the sum of the four PAHs. Wind data of
the entire month indicate a single episode of strong SSE winds
(around January 20), with peak speeds reaching 10.8 m/s,
approximately one week prior to the pollution event. This is
evident in Figure 8a where, the arrows indicate the direction the
wind is pointing at. This convention is applied to similar diagrams
(Figures 7-10) for wind and current data. On a larger scale, from
January 18th to 22nd, the study region was affected by an
atmospheric weak trough, resulting in a northeastern flow
associated with minor precipitation events. Specifically, a brief
rainfall episode occurred on the 21st, attributed to the passage of
an instability line (i.e., a non-frontal band of convective activity).
Following this, a gradual rise in atmospheric pressure was observed
as a high-pressure system migrated into the Central Mediterranean
basin, ensuring stable meteorological conditions until 25th January.
During this period, northerly winds still prevailed, except on the day
25th, when winds shifted from the northwest due to the presence of
the anticyclonic area.

ADCP data (Figure 8b) indicates that sea currents were
predominantly directed towards SW-WSW during January 2016,
with a temporary change in current direction about ten days before
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the pollution event. The Hovmoller diagram derived from ADCP
data (Figure 8c) provides crucial insights into the currents
preceding the pollution event. Approximately ten days before the
event, across all the analyzed depths, the zonal component (u) was
observed to be negative, while the meridional component (v) was
positive, indicating a prevailing movement of sea currents towards
the NW. During this timeframe, the zonal component reached its
maximum negative value (- 0.089), while the meridional
component reached a maximum value of 1.1 cm/s. Figure 8d
illustrates the mean current during this period, recorded at 0.06
cm/s.

The analysis of model outputs shows a southwestward current
in the central and offshore areas of the GoN (Figures 8e, f) one week
prior to the pollution event. Moreover, the satellite CHL maps
(Figure 8g) reveal a lower concentration in the Bocca Piccola area of
the GoN, which aligns with the circulation pattern described by
CROM that shows an entering flow from Bocca Piccola. This
confirms that despite the model’s limitations in near coastal
coverage, it might still capture significant circulation patterns
affecting the distribution of CHL and, potentially, other particles.

17" February pollution event

The PAH levels measured on 17 February were 17.8 ug/kg for
BaP and 68.4 ug/kg for the sum of the four PAHs. Large-scale
atmospheric circulation analysis shows that during the period from
10th to 13th February, the Central Mediterranean area was affected
by a western flow, embedded in a wide trough that embraced a large
part of Central and Northern Europe. This led to several moderate
rainfall episodes in the study area, especially on February 11th and
13th. On the 14th, a notable meridional oscillation of the polar front
occurred over the western Mediterranean basin, triggering a
southern and mild flow over the Italian Peninsula. Such
meridional flow caused additional weak rainfall events on the
14th and 15th February. In the subsequent days, the Rossby wave
evolved to the cutoff stage between the Balearic Islands and
northern Africa, leading to warm advection over Southern Italy
without generating significant precipitation events.

The local wind data analysis (Figure 9a) indicates that strong
SSE-S winds were observed one week prior to the pollution event,
with peaks reaching a maximum of 16.9 m/s.

In this scenario, the sea surface current pattern at the “MEDA A”
site (Figure 9b) exhibited more variability compared to January.
However, the current field is directed towards NE in both the surface
and immediate subsurface layers. Below approximately 4 meters, a
predominant direction towards NW was observed. (Figure 9¢). During
this period, the zonal component of the current reached a maximum
value of 0.6 cm/s, while the meridional component reached a
maximum value of 0.4 cm/s. The resulting mean current intensity
was reported as 0.6 cm/s (Figure 9d).

The sea surface circulation simulated by CROM one week
before the pollution event (Figures 9e, f) shows a flow mainly
directed towards the eastern area of the GoP.

The CHL concentration map (Figure 9g) shows a minimum
concentration near the Gulf of Castellammare di Stabia that could
be associated with the presence of a gyre that is consistent with the
Eulerian current field simulated by CROM.
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22"¢ November pollution event

The PAH levels measured on 22°¢ November were 8.3 pg/kg for
BaP and 35.2 pg/kg for the sum of the four PAHs. In situ wind data
(Figure 10a) showed a variable regime with relatively weak winds
throughout the month, except for the week preceding the pollution
event during which winds peaked at a maximum of 11.6 m/s,
blowing from the SE-SSE.

Frontiers in Marine Science

Initially, the meteorological conditions were modulated by a
high-pressure area until the 17th. Subsequently, a wide trough
formed over Western Europe, affecting the western side of the
Mediterranean region between the 20th and the 22nd of November.
This meteorological configuration led to a warm southeastern flow
over the Tyrrhenian Sea, determining a rise in air temperature. As
for the rainfall, from the 15th to the 22nd of November, no
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FIGURE 8

(a) Stickplot diagram for wind data in January 2016; (b) Stickplot diagram for sea surface current data recorded by the ADCP probe in January 2016; (c)
Homoller diagram for sea current data in January 2016; (d) Mean current velocity map; (e) Daily map of surface current simulated by CROM one week
before the pollution event on 25th January zoomed in GoP. The arrows indicate the direction and intensity of the sea surface currents; (f) Daily map of
surface current simulated by CROM one week before the pollution event on 25th January over the GoN; (g) Daily Level 4 CHL maps at 1 km of spatial
resolution to describe the conditions of the enquired area about a week before the pollution event on 25th January.

precipitation events occurred in the investigated area. Regarding sea
surface currents, variable patterns were observed during the first
two weeks of November, as shown by the stickplot diagram in
Figure 10b. Then, after the 13™ of November, intense currents
directed towards SSW-SW persisted for a continuous two-week
period. Around ten days before the pollution event, sea currents
were towards the NW, as illustrated by the Hovmoller diagram in
Figure 10c. During this period, the zonal component of the current
reached a maximum value of 0.2 m/s, while the meridional one
reached a maximum value of 0.2 m/s, resulting in a mean current of
0.06 cm/s (Figure 10d).

The sea surface circulation simulated by CROM one week
before the pollution event showed a southwestward current in the
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central and oftshore areas of the GoN (Figure 10e, f). Additionally,
the satellite CHL maps (Figure 10g) revealed a lower concentration
in the Bocca Piccola area of the GoN and a higher concentration
near the coast, which aligns with the circulation pattern described
by CROM that showed a flow entering from Bocca Piccola. This
suggests that, despite the model’s limitations in coastal areas, it still
provides valuable insights into the circulation patterns that
influence the distribution of CHL and, potentially, other particles.

14"™ December pollution event

The PAH levels measured on 14™ December were 8.5 ug/kg for
BaP and 30.9 pg/kg for the sum of the four PAHs. From the 8th to the
10th of December, the atmospheric conditions in the study area were
modulated by a high-pressure system, which determined stable
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(a) Stickplot diagram for wind data in February 2016; (b) Stickplot diagram for sea surface current data recorded by the ADCP probe in February
2016; (c) Homoller diagram for sea current data in February 2016; (d) Mean current velocity map; (e) Daily map of surface current simulated by
CROM one week before the pollution event on 17th February zoomed in GoP. The arrows indicate the direction and intensity of the sea surface
currents; (f) Daily map of surface current simulated by CROM one week before the pollution event on 17th February over the GoN; (g) Daily Level 4
CHL maps at 1 km of spatial resolution to describe the conditions of the enquired area about a week before the pollution event on 17th February.

Log(Chlorophyll concentration) [log(mg/m?)]

14°E

weather, light winds and an absence of precipitation events. On the
11" of December, a wide trough affected Eastern Europe and the
Balkan Peninsula, weakening the high-pressure system. Consequently,
a weak low-pressure area formed over the Ligurian Sea, driving a
moist western flow over the investigated area, leading to light rainfall
around the 11th and 12th of December. In the following days, the
synoptic configuration was characterized by an anticyclonic area over
the Central Mediterranean region and Central Europe, along with a
trough elongated from Eastern Europe to the Eastern Mediterranean.
Stable weather conditions prevailed over the study area, associated
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with moderate northeastern winds. Prior to the pollution event, strong
SE-SSE winds were locally observed, with peaks reaching 16.1 m/s, as
shown in the stickplot diagram in Figure 11a. Unfortunately, current
data were only collected until December 6™ by “MEDA A”, limiting
the discussion of the current pattern for the entire month.
Nevertheless, the observation period included the week before the
pollution event on December 14th. Analysis of sea surface currents
(Figure 11b) indicated that they were predominantly directed towards
the SSW-SW direction. The Hovmoller diagram (Figure 11c) showed
that the period preceding the pollution event was characterized by a
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(a) Stickplot diagram for wind data in November 2016; (b) Stickplot diagram for sea surface current data recorded by the ADCP probe in November
2016; (c) Homoller diagram for sea current data in November 2016; (d) Mean current velocity map; (e) Daily map of surface current simulated by
CROM one week before the pollution event on 22nd November zoomed in GoP. The arrows indicate the direction and intensity of the sea surface
currents; (f) Daily map of surface current simulated by CROM one week before the pollution event on 22nd November over the GoN; (g) Daily Level
4 CHL maps at 1 km of spatial resolution to describe the conditions of the enquired area about a week before the pollution event on 22nd

November.

20' 25'

14°E

column of water with a negative zonal component (u) and a positive
meridional component (v). During this period, the zonal component
reached a maximum value of 9.7 cm/s, while the meridional
component reached a maximum value of 9.6 cm/s. The average of
the prevailing directions of marine currents is represented
in Figure 11d.

The sea surface current simulated by CROM one week before
the pollution event (Figures 11e, f) showed a flow mainly directed
towards the eastern area of the GoP. This flow aligns with the
observed CHL patterns (Figure 11g), indicating a high
concentration of CHL in the GoN, where the entering flow is
consistent, and a lower CHL concentration in the GoP.
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3.1 Simulated transport scenarios

Once the atmospheric forcing acting on the study area before
and during the pollution events, along with the corresponding in
situ current measurements, have been described, we present here
the results of the Lagrangian transport simulations conducted to
identify potential sources of PAHs (Polycyclic Aromatic
Hydrocarbons) observed in mussels from the Lucrino farm.

This section reports the outcomes of forward Lagrangian simulations
designed to test the hypothesis that the Bagnoli site may act as a source of
PAHs. For specific details regarding the timing and duration of each
simulated scenario, please refer to Supplementary Table 1.
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(a) Stickplot diagram for wind data in December 2016; (b) Stickplot diagram for sea surface current data recorded by the ADCP probe in December
2016; (c) Hovmaller diagram for sea current data in December 2016; (d) Mean current velocity map; (e) Daily map of surface current simulated by
CROM one week before the pollution event on 14th December zoomed in GoP. The arrows indicate the direction and intensity of the sea surface
currents; (f) Daily map of surface current simulated by CROM one week before the pollution event on 14th December over the GoN; (g) Daily Level
4 CHL maps at 1 km of spatial resolution to describe the conditions of the enquired area about a week before the pollution event on 14th

December.

Figure 12 displays the spatial distribution of particle trajectories
corresponding to each pollution event. The maps combine particle
density plots based on the ‘best guess’ trajectories (shown in
grayscale) with the minimum regret solution (pink area in
Figure 12), which incorporates uncertainty in surface current
simulations. Density maps were generated by dividing the domain
into 50 m bins and computing a two-dimensional histogram based
on the number of particles traversing each bin throughout the
simulation period, thus highlighting the predominant transport
pathways and zones of higher particle accumulation. The pink-
shaded area represents the uncertainty envelope of the modeled
currents; within this area, there is a 90% probability that the
particles will be found (Zelenke et al., 2012).
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Across all four scenarios, forward simulations demonstrate that
particles released near Bagnoli can reach the Lucrino mussel farm
(indicated by the red dot in Figure 12), although the extent and
intensity of this transport vary depending on the specific event. For
January 2016 (Figure 12a), the particle plume disperses broadly
toward the northwest. Lucrino is located at the plume’s edge,
suggesting only limited exposure during this event. For February
2016 (Figure 12b), the best guess trajectories are confined to the
northeastern Gulf of Pozzuoli, without directly impacting Lucrino.
Nevertheless, when accounting for model uncertainty (pink area),
the simulations indicate a potential for particle transport to the
mussel farm, highlighting a non-negligible risk. For November 2016
(Figure 12c), a dense and well-defined plume extends westward
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Results of Lagrangian simulations for four high-PAH contamination events: (a) January, (b) February, (c) November, and (d) December 2016. The red
dot marks the location of the Lucrino mussel farm. The grayscale shading represents the particle density map obtained considering the 'best guess’
solution. The pink-shaded areas indicate the potential spread of particles under uncertain current conditions, obtained by introducing a 30% random

perturbation to both the both along- and cross current directions.

from Bagnoli, with a significant accumulation of particles around
the Lucrino mussel farm.

Finally, for December 2016 (Figure 12d), a broader plume is
observed, extending toward Lucrino and reinforcing the potential
for contamination transport under suitable conditions.

Overall, the simulation results align with field observations and
strongly support the hypothesis that, under specific atmospheric
and oceanographic conditions, contaminants resuspended near
Bagnoli can be advected toward the Lucrino mussel farm,
contributing to the observed PAH concentrations.

4 Discussion

The seasonal behavior of PAH contamination levels in mussels
farmed in the GoP reveals periodical events exceeding legal limits
during the late autumn and early winter period (Figure 5). Due to
the limited availability of in situ along-depth oceanographic data,
the analysis was focused on 2016, a year for which both
observational and model outputs were more extensively available.
This choice was not driven by exceptional environmental
conditions, but by data availability. As shown in Figure 5, similar
seasonal contamination events were recorded in multiple years,
supporting the representativeness of the selected period.

This study addresses a critical gap in the understanding of PAH
transport mechanisms in the Gulf of Pozzuoli by integrating in situ
observations, satellite data, and numerical models, including forward
Lagrangian particle tracking simulations. While previous research
documented contamination patterns, the use of Lagrangian

Frontiers in Marine Science

18

simulations to explicitly link pollutant sources—particularly the
Bagnoli industrial site—with contamination events at mussel farms
represents a novel contribution for this region. This integrated
approach allows a more detailed and dynamic understanding of
how seasonal meteorological and oceanographic conditions drive
pollutant mobilization and accumulation, advancing the state of
knowledge in Mediterranean coastal pollution studies.

Our results support the hypothesis that seasonal meteorological
and oceanographic variability drives PAH contamination in
mussels. We examined meteorological and marine conditions to
explore the relationship between wind regimes, sea currents, water
mass properties, and contaminant transport mechanisms. This
approach aims to improve understanding of the physical
processes that concentrate pollutants in the coastal zone and
inform targeted mitigation strategies.

Our findings highlight that pollutants resuspended from the
heavily polluted coastal area of the Bagnoli site may be transported
to the Lucrino mussel farming site, where they could be trapped due
to the coastal morphology and inshore currents. The interaction
between sea currents and PAH is strongly influenced by the peculiar
properties of PAHs. As previously assessed, they can be considered
as passively transported substances in the marine environment,
primarily influenced by ocean currents, winds, and turbulent
motions. These hydrophobic pollutants are characterized by slow
environmental degradability with a strong tendency to bind to both
organic and inorganic particulate matter suspended in the water
and to finally accumulate in the sediments. Accordingly, winds and
currents create areas of high concentration in the coastal regions of
the GoP, when water column dynamics (i.e. during winter) facilitate
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the concentration of suspended materials, and thus PAHs. Analysis
of current patterns during the four recorded pollution events in
2016 showed predominantly westward flow approximately one
week before pollution events. The Hovmoller diagram (Figure 7a)
reveals a consistent negative zonal (u) and positive meridional (v)
current component during late autumn and early winter, indicating
northwestward transport. In contrast, during summer, similar
patterns are confined to surface layers, suggesting a seasonal
modulation of transport dynamics. These current distributions
support the hypothesis that resuspended pollutants from Bagnoli
site are advected toward Lucrino, where the coastal morphology and
circulation patterns facilitate their accumulation. Low-energy
conditions promote deposition of PAHs onto sediments, while
energetic events, such as storms or strong currents, can resuspend
these particles into the water column (Sun et al., 2018). This cycle of
deposition and resuspension influences the bioavailability of
contaminants to mussels.

Wave dynamics play a crucial role in sediment mobilization and
pollutant release at the study site. ADCP measurements showed
consistently elevated wave activity prior to contamination events,
with conditions favoring sediment resuspension as indicated by the
estimated bottom shear stresses exceeding known critical thresholds
for fine sands. This hydrodynamic forcing likely facilitates the
remobilization of PAH-bound particles from the seabed,
increasing their availability in the water column and uptake by
benthic organisms such as mussels.

Moreover, the interplay between wave-induced forces and wind-
driven currents appears to be key in shaping the timing and
magnitude of contamination episodes. Seasonal variations in
current intensity modulate this process, with stronger currents in
winter enhancing pollutant dispersal, while calmer summer
conditions reduce—but do not eliminate—the risk of contamination.

In support of this hypothesis, the Regional Agency for
Environmental Protection of Campania (ARPAC) conducted an
environmental survey in 2021 on marine sediments in the GoP (De
Maio et al, 2021- sampling activities report). The results of their
analyses revealed similar PAH compositions in sediments sampled at
Bagnoli and Lucrino. These findings suggest a common contamination
source and support the transport pathway.

Forward Lagrangian transport simulations reinforce this
conclusion. Under specific wind and current regimes typical of late
autumn and early winter, particles released near the Bagnoli site can
reach the Lucrino mussel farm. In particular, the November and
December 2016 scenarios highlight a significant and well-defined
particle plume reaching the Lucrino site, in agreement with the
observed high PAH concentrations in mussels. Even in cases where
the best-guess trajectories did not directly reach the farm (e.g., February
2016), the inclusion of uncertainty through the minimum regret
solution reveals a possible exposure pathway.

The Lagrangian transport simulations presented in this study
further strengthen this hypothesis. In all four pollution events
analyzed, forward simulations show that particles released near
the Bagnoli site can be advected toward the Lucrino mussel farm,
although the extent of the transport varies depending on the
meteorological conditions.
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These results, in conjunction with sediment data and
hydrodynamic conditions, confirm that under specific
atmospheric and oceanographic conditions, contaminants
originating from Bagnoli site are not only mobilized but also
effectively transported toward Lucrino site, where they
can accumulate.

5 Conclusions

This study demonstrates that seasonal meteorological and
oceanographic conditions, particularly wind patterns and sea
currents during late autumn and early winter, play a decisive role
in the transport and accumulation of PAHs in farmed mussels. The
combined analysis of in situ data and Lagrangian transport
simulations identifies the eastern part of the Gulf of Pozzuoli,
specifically the Bagnoli coastal area, as the dominant source of
contamination. The simulations consistently show that, under
specific hydrodynamic conditions, contaminants resuspended
near Bagnoli can reach the Lucrino mussel farm, aligning with
the spatial distribution of contamination observed in mussel tissues
and sediments. These findings highlight the need for targeted
pollution management strategies that account for seasonal
variations in local meteorological and oceanographic conditions.
With the identified link between wind-driven circulation and PAH
exposure, high-resolution weather and ocean forecasting could
serve as a predictive tool for mitigating contamination risk.

By coupling multi-source observational data with advanced
modelling and Lagrangian particle tracking, this study fills a
significant knowledge gap concerning the physical drivers of PAH
contamination in the Gulf of Pozzuoli. The identification of specific
meteorological and oceanographic conditions that enable pollutant
transport provides a foundation for developing targeted monitoring
and management strategies. These findings not only enhance the
understanding of pollutant dynamics in this specific coastal system
but also offer a transferable framework for similar environments
facing anthropogenic contamination challenges.

Based on the findings of this study, several targeted
management and monitoring recommendations are proposed to
effectively mitigate PAH contamination risks. These include
enhancing monitoring throughout the year, with particular
attention to late autumn and early winter when contamination
levels tend to rise, and integrating meteorological, oceanographic,
and chemical data to support early warning systems.

Notably, the demonstrated link between PAH transport and
meteo-oceanographic conditions suggests that high-resolution
weather and ocean forecasts could serve as powerful tools for
preventive management of mussel farming operations. Forecast-
based strategies could allow for timely mitigation actions—such as
temporary harvesting suspensions, enhanced sampling, or
operational adjustments—during high-risk contamination periods.
Additional recommendations include targeted sediment
remediation or stabilization measures in heavily contaminated
coastal areas, such as the Bagnoli site, to reduce the availability of
PAHs for resuspension. Expanding monitoring parameters to
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include key physical variables—such as wave dynamics, current
measurements, and turbidity—would enhance our understanding
of the mechanisms governing pollutant resuspension and transport.
Finally, incorporating long-term environmental data, including
precipitation and runoff trends, is essential to improve risk
assessments and support sustainable aquaculture management in
the GoP and similar coastal systems.

Future studies should implement higher-resolution coastal ocean
model, potentially nested with CROM and forced with higher-
resolution atmospheric fields. Moreover, incorporating 3D particle
tracking tools will enable capturing vertical transport and small-scale
circulation effects more accurately, improving the fidelity of pollutant
dispersion simulations. Additionally, integrating a water quality model
such as WaComM++ (Water quality Community Model Plus Plus)
(Giunta et al.,, 2005; Montella et al., 2016; Galletti et al., 2017; Di Luccio
et al, 2017; Montella et al., 2023; Montella et al., 2018; Sanchez-Gallegos
et al,, 2021), optimized using artificial intelligence algorithms (De Vita
et al., 2022a, 2022), could significantly enhance our capacity to simulate
and forecast contaminant behavior in complex coastal systems.

Upcoming field efforts will include expanded in situ campaigns
involving current measurements, CTD profiling, turbidity monitoring,
and water sampling conducted across multiple seasons. Long-term
rainfall trends will also be evaluated. Combined with increased
chemical monitoring in mussels, these steps aim to deepen our
understanding of the coupled physical-biogeochemical mechanisms
that drive contamination in coastal environments like the GoP.

The seasonal patterns of PAH contamination observed in the
GoP reflect trends documented across the Mediterranean
(Balcioglu, 2021; Tepe et al, 2022) and globally (Reddy et al,
2005; Zhang and Tao, 2008; Koudryashova et al., 2019; Miura
et al., 2019; Recabarren-Villalon et al., 2021). As demonstrated in
this study, common meteo-oceanographic forcings are central to
these phenomena, highlighting the importance of continuous
monitoring and integrated modelling approaches to support
environmental risk mitigation and sustainable aquaculture
practices in vulnerable coastal systems.
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