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Abstract: The Gulf of Gaeta, in the western margin of central Italy, is characterized by a coastal
morphology that creates a natural sheltered area in which fine sediment settles. The new port
regulatory plan provides for dock expansions and dredging works that could alter the suspended
particulate matter (SPM) concentration. The present study investigates the dynamics of the Gulf of
Gaeta with a focus on the dynamic processes that affect the fine particle concentration. The study
was conducted through a multidisciplinary approach that involves remote sensing acquisitions
(satellite imagery and X-band radar), measurements in situ (water sampling, wave buoy, weather
station, turbidity station, CTD profiles), and numerical modelling (SWAN and Delft3D FLOW).
The X-band radar system supports the analysis of the dynamic processes of the SPM concentration
providing a large dataset useful for the hydrodynamic model’s validation. The analysis reveals
a strong influence of nearby rivers in modulating the SPM at the regional scale. Short-term high
and low fluctuations in SPM concentration within the gulf are triggered by the local effect of the
main physical forces. In particular, the direction of events and bottom sediment resuspension
play a key role in modulating the SPM concentration while micro-tidal regime does not appear
to influence turbidity in the study area. This approach represents an important tool in improving
the long-term coastal management strategy from the perspective of sustainable human activities in
marine coastal ecosystems.
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1. Introduction

Estuaries and coasts are precious and sensitive environments that have remained strategic points
of human settlement through history, with consequent persistent and intense impacts on coastal
ecosystems [1]. Marine and terrestrial processes constantly affect coastal areas and influence their
evolution over various time scales. Flows and sediments input on a continental shelf depend largely on
the climate of a region and on the characteristics of the local catchment area, which together influence
the hydrology of rivers [2,3]. The terrestrial inputs of material and the interactions between continental
waters and coastal dynamics drive deposition and transport processes that influence ecological
conditions for species reproduction and development. In the Mediterranean Sea, the terrestrial
inorganic inputs are major fertilization sources, especially in the Adriatic and Aegean Basin [4], and the
continental inputs influence food webs and the maintenance of fishing stocks in estuarine and coastal
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seas [5,6]. Rapid land cover changes over wide areas into the watershed also impact water and
sediment fluxes. This has caused a significant shift in ecosystem dynamics, and scientific evidence of
the adverse effects of anthropogenic fluxes are demonstrated by, as an example, a continuous decline
in seagrasses [7,8], which represents a biodiversity hotspot in the Mediterranean Sea [9].

The interactions between terrestrial inputs and circulation forcing was previously investigated
in several coastal sites such as the South Atlantic Bight [10], Mobile Bay [11,12], the Columbia River
Delta [13], the Patos Lagoon [14] and the Black Sea [15]. Numerous studies in Mediterranean coastal
areas focused on the dynamic of SPM discharged by the Rhône [16,17] and Po rivers [18], which are
the main rivers of the Mediterranean Basin. Some studies have assessed coastal areas influenced
by smaller rivers [19,20] that, despite their low flows, can also have a high local impact because
they rapidly bring terrestrial material to the sea. These studies are accomplished through field data
analysis, remote sensing, and analytical and numerical model experiments. Studies conducted in
the Mediterranean Sea primarily focus on the analysis of nutrients, organic matter and contaminants
released; multidisciplinary approaches of the coastal processes that affect the distribution of suspended
particulate matter are currently rare for the Italian coastal area.

Remote sensors have enabled synoptic studies that monitor oceanic and atmospheric phenomena,
such as marine pollution [21], algal blooms [22] and river plume dynamics [14]; however,
their application (in the case of satellite data acquired at visual or infrared spectral bands) is
often limited to cloud-free days and, furthermore, to large-scale patterns due to their low spatial
resolution [23,24]. The radar systems within remote sensors allow measurements of the sea state
and surface currents with accuracy and spatial resolution. The ‘Remocean’ system provides a surface
current estimation using a normalized scalar product procedure developed by Serafino et al. [25],
which has given robust agreement with respect to in situ observations [26] and demonstrates an ability
to resolve turbulent structures observed within the coastal boundary layer [27]. This work is the first
to use an X-band radar system to analyze the hydrodynamic processes and the associated dynamics of
suspended particulate matter.

Sediment flux toward the sea is primarily driven by natural factors (geography, geomorphology,
geology, and climate change) [2] and large-scale human activities such as dams, jetties, and other
coastal constructions. These factors challenge natural processes and alter the sedimentary balance [28].

Previous studies demonstrated that the river plume dynamic is primarily controlled by the
wind intensity and direction [29–32] and tidal action [33–35]. Together with terrestrial inputs,
the resuspension of bottom sediments modulates the turbidity of coastal waters. In shallow, micro-tidal
environments, the resuspension is primarily induced by surface gravity waves; however, in a sheltered
coastal area, wind stress plays a fundamental role in bottom sediment resuspension [36,37].

Marine phenomena, such as flooding and erosion during storm events, represent a natural source
of damage to coastal systems [38] and human properties. In micro-tidal environments, such as the
Mediterranean Sea, storm waves are the principal driver of short-term coastal erosion and flooding and
are the main factor controlling the hydrodynamics that lead to the morphological structure of beaches.
In the Mediterranean Sea, storms originate from the “sub-synoptic lows” triggered by the major
North Atlantic synoptic systems entering the Mediterranean Sea [39]. The study area is located on the
western margin of central Italy and focuses on a gulf with characteristic exposure to meteorological
events. This morphological feature produces a naturally sheltered area that is characterized by the
settling of fine sediments. Humans have long taken advantage of its natural morphology and have
urbanized the surrounding land. There are many marine activities such as those associated with ports
as well as fish and mussel farming. The new port regulatory plan provides for dock expansions and
dredging works that could alter nearby suspended particulate matter (SPM) concentrations.

This study is the first to investigate the dynamic of the Gulf of Gaeta with a focus on the dynamic
processes that affect fine particle concentration within a coastal site. In the analyzed coastal area,
the presence of a river delta is a natural source of siltation that stresses benthic communities [40],
and new coastal works may further enhance the pressure on benthic organisms.
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The study was conducted in a multidisciplinary approach that involves remote sensing
acquisitions (satellite imagery and X-band radar), in situ measurements (water sampling, wave buoy,
weather stations and turbidity stations) and numerical modelling (SWAN and Delft-3D FLOW).
Knowledge regarding the natural fluctuations in turbidity in the study area represents an important tool
for recognizing the effects of human activities on marine environments. This enables a more effective
coastal management strategy that is based on suitable threshold values during dredging activities.

2. Materials and Methods

2.1. Morphological and Sedimentologic Aspects of the Study Area

The study area is enclosed within the coastal stretch between Mt. Circeo (North) and Mt. Procida
(South) in the Central-Eastern Tyrrhenian Sea, Italy, which includes the southern part of the Lazio
region and the northern part of the Campania region (Figure 1). The coastal area overlooks the
archipelago of the Pontine Islands, which extends for more than 30 km parallel to the mainland coast.

The mainland morphology is affected by the Aurunci Mountains with high rocky shorelines in
the north sector and by the alluvional deposits of the Garigliano and Volturno rivers in the southern
sector [41] (Figure 1). The high rocky shorelines are primarily composed of carbonates, and arenaceous
formations occur proceeding south from the Garigliano River [40]. The coastline morphology of the
Gulf of Gaeta, which separates the southern and northern sectors of the study area, is completely
transformed in armor coast, where multiple anthropic activities such as naval traffic and fisheries
persist. The continental shelf shows a maximum extension in the southern sector near the Garigliano
river mouth (approximately 20 km). This shelf narrows proceeding southward and northward
(approximately 10 km) [42]. The Garigliano River drains the territories between the Aurunci mountains
and Mt. Massico, and its coastal plain is delimited northeast by the Roccamonfina volcano [43,44].
Among the southern Italian rivers, the Volturno River has the highest mean flow (approximately
102 m3 s−1), and the mean flows of this river were higher than those of the Garigliano [45]. Fresh waters
from the Garigliano River appear to have a limited influence on a coastal area that extends north from
the river up to the Gulf of Gaeta, while the Volturno River waters are distributed both northward
and southward [40]. The Garigliano river bed load sediments are primarily composed of calcite and
dolomite, whereas the Volturno river bed load sediments have high quartz, feldspar and smectite
contents. Comparable mineral associations were found in the suspended loads of the Garigliano
and Volturno rivers and in the marine environment [40,41]. The sediment distribution of the study
area appears to be strongly influenced by the Volturno and Garigliano rivers. The northern sector
of the study area shows sediment distribution that is clearly influenced by fine materials from the
Garigliano River. The influence of this river extends up to the Gulf of Gaeta, where sediments finer
than those normally found at the same depths are present [40,46]. The mean grain-size within the Gulf
shows values from 0 to 5 phi, corresponding to coarse sand and coarse silt respectively. Furthermore,
the sediment texture is characterized by an eastward decreasing muddy component, from 63% near
Stendardo jetty to 6% near Monte Scauri [47,48]. This gradient reflects the benthic biocenosis structure
which varies from typical muddy bottoms biocenosis to those of mixed-sediment bottoms with a high
detritus content [40].

2.2. Brief Description of Methodology

The aim of the study is to analyze the contribution of main physical forcings on the coastal dynamic
of the Gulf of Gaeta using an integrated approach involving in situ measurements, remote sensing
observations and numerical simulations. The proposed approach/methodology is based on the
following steps:

- An analysis of wave data to determine storm classes and the characteristics of storm waves
(see paragraph 3.1);
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- The reproduction of surface currents and wave fields induced by storm events using numerical
models and comparison with X-band radar measures (see paragraph 3.2);

- An analysis of the pattern distribution of the suspended particle matter (SPM) concentration at
the regional scale based on satellite imagery (see paragraph 3.4);

- An evaluation of the contributions of the physical forcing on the coastal dynamic within the Gulf
of Gaeta (see paragraph 3.5).

The instruments and techniques used in this work are reported in the following paragraphs.
Wave data records were used to define the characteristics of waves in the study area, and statistical

analyses of storms were used to determine the storm classes and the characteristics of storm waves.

Figure 1. Regional view of the study area with a detail of the Gulf of Gaeta (red rectangle) and the
localization of devices installed in the study area. (a) Wave buoy in the Gulf of Gaeta; (b) X-band radar
installed on the lighting pole; (c) Turbidity station installed on the dock.

The circulations induced by the various storm classes were then reproduced by DELFT-3D
numerical models to reproduce historical events in the study area. The ‘Remocean’ X-band radar system
acquired current field and waves data for the reproduced events. A comparison of the surface current
and wave data recorded from radar acquisitions and numerical model simulations enables the dynamic
characterization of the gulf of Gaeta during storm conditions. The structure of the water column
was analyzed during 2013–2017 within the gulf. The satellite imagery collected for 2013–2017 were
analyzed to define distribution patterns at the regional scale of SPM. This was assessed together with
the rains falling in the study area river basins as well as the patterns obtained via satellite imagery to
indicate the regional variability in the SPM concentration. The satellite information regarding the SPM
concentration is validated by monthly water samplings at a location outside the gulf (OG) at a 50-m
depth more than 5 km from the coast (Figure 1). Simultaneous water sampling was also conducted
inside the gulf (IG) at a 10-m depth (Figure 1) to compare the monthly trend of turbidity inside and
outside the gulf along a 4-year timescale. In particular, the time series of turbidity recorded inside
the gulf was analyzed to statistically define the high (H) and low (L) turbidity and to determine their
relationship with the dynamic forcing of the coastal system (wind intensity and direction, intensity of
waves, water level fluctuation and rain).
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2.2.1. In Situ Data acquisitions

To describe the meteorological conditions of the study area, we considered the records of
three weather stations, two located inside the Gulf of Gaeta, respectively, at Gaeta port and at
Stendardo Jetty, and one placed at Ponza Island (Figure 1). The weather stations inside the port
have been operating since 2007 and perform hourly recordings at 10 m above sea level for wind
intensity and direction, rainfall, air temperature, relative humidity, atmospheric pressure, and solar
radiation. The station at Punta Stendardo, which is the property of ISPRA, was in operation from
2010 to 2016 and performed hourly recordings of the intensity and direction of the wind, as well as
atmospheric pressure, relative humidity, air temperature and sea level.

To analyze the storms in the study area, wave data were collected by wave buoys located both
offshore and onshore at the study site (Figure 1). The wave buoy is a TRIAXIS directional wave buoy
moored offshore at Ponza Island in correspondence of 100 m depth. The buoy recorded waves from
1989 to 2008 and was the property of RON-ISPRA (National Ondametric Network-Superior Institute
of Environmental Protection). The offshore wave conditions used for model simulation, which dated
to 2016 and 2017 when the Ponza buoy was missing, were retrieved from a deep water (approximately
600 m depth) grid point of the WAM Model of the Mediterranean Sea Waves Forecasting System of
the Copernicus Marine Environment catalogue. The WAM model developed by HCMR, Greece and
CMCC, Italy, provides statistical parameters of waves with a spatial resolution of 4 km and temporal
resolution of 1 h.

The wave buoy placed nearshore was a ‘Datawell’ buoy deployed into the Gulf of Gaeta at a depth
of 10 m that operated in 2013 and 2014.

To analyze the effect of the tidal excursion on the dynamics of the gulf, we calculated the tidal
component originating from the total sea level record of the Italian Mareographic Network station.
The marigraph station is installed on the quay of the Guardia di Finanza of Gaeta. The station is
equipped with altimetric landmarks. Each benchmark refers to the mean sea level measured in Genoa
by the ancient Thompson marigraph. The high precision altitude refers to the zero established by the
IGM (Military Geographic Institute). Sea level records were analyzed via standard harmonic analysis
with the T-Tide tool [49].

Given the lack of river discharge data of the Volturno and Garigliano rivers as well as small
streams during the study period, we evaluated the run-off contribution to the turbidity of the Gulf
of Gaeta with pluviometric measurements from 25 stations (Figure 1) located in the river basins of
the study area. Because river basins fall into two different Italian regions, we collected data from the
Hydrographic Service of the Latium Region (http://www.idrografico.roma.it/) and from the Centro
Agrometeorologico of Campania (http://www.agricoltura.regione.campania.it/meteo/agrometeo).

To analyze the effect of the fresh water contribution within the Gulf the water column structure
was studied at monthly interval between 2013 and 2017 at single point station within the Gulf of Gaeta
at 25 m depth (Figure 1). All samplings were carried out from a small boat typically around 12:00 a.m.,
using a IDRONAUT-316 plus CTD probe. The sampling rate for the CTD was 10 Hz and was done
allowing the probe to the freefall at an average descendent rate of 1 ms−1. To measure the. The data
were smoothed by kernel function and visualized in ODV software as T-S diagram. Salinity and
density were calculated using EOS 80, UNESCO equation.

To test the optical SPM algorithm applied on satellite imagery and to compare the SPM
concentration between the near-shore and off-shore zones, surface water samples were collected
monthly at the two stations, IG and OG. These samples were then transported to the laboratory for
specific analysis for suspended solid load. The determination was based on gravimetric filtration on
a pre-combusted GF/C filter. The filter was then dried in an oven at 100 ◦C and weighted until the
weight was constant (precision < 0.1 mg). The dried mass was then converted to SPM concentration by
accounting for the volume of the filtered water (mg L−1).

The measure of turbidity was performed by a Cyclops-7™ Submersible Sensor turbidimeter made
by Turner Design (San Jose, CA, USA). The Turbidity Cyclops measures turbidity using an 850 nm light
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source and detects scattered light at a 90-degree angle. The sensor was installed on 27 October 2015 at
a one-meter depth and was powered by a PV panel. The system collected data every 20 min and sent
data via a Wi-Fi connection. The data on turbidity were statistically analyzed and placed in relation to
the dynamic forcing of the coastal system. The data found the best fit with a Burr distribution , through
which the mean, 5th and 95th percentile was calculated. These percentiles were chosen as a threshold
to separate events with H and L turbidity. The H and L turbidity events were filtered from the time
series and aligned with the dynamic factors. The distributions, associated with H and L events, of each
dynamic variable were compared using the non-parametric Wilcoxon signed-rank test to determine
the statistical dissimilarity of the two distributions; Pearson correlation analysis was also performed to
assess the relationship between dynamic factors and turbidity.

2.2.2. Remote Sensing Observations

At the regional scale, the dynamic of SPM was studied through MODIS Aqua satellite imagery.
This satellite assesses Earth’s surface every day and provides data available on the NASA EOS Data
Gateway [50] in HDF format. Thanks to a specific processing tool, calibrated reflectance images can
be obtained (http://oceancolor.gsfc.nasa.gov). Level 1A represents scans (MYD01) of counts of raw
radiances and is ordered and downloaded from the NASA site via file transference protocol software.
The SeaWiFS Data Analysis System (SEADAS, Version 6.4 available on seadas.gsfc.nasa.gov) was used
to geolocate, apply atmospheric corrections and finally generate the calibrated radiances file using
a chain-processing dataset (from an L1A level until an L2 product as an ascii map). Atmospheric
correction was carried out using an L2 file generating program, where we applied an aerosol option
mode, which was indicated as a “2-band model selection and MUMM NIR correction”, the modified
algorithm that performs better in turbid waters [51]. The normalized water-leaving radiance of
645 (nLW 645, mW·cm−2·µm−1·sr−1) with a resolution of 250 m, corrected and selected, was our final
product from the ‘Seadas’ elaboration to retrieve a geolocated distribution map of the sea surface area.
The nLW645 spectral data were employed to estimate SPM through the optical algorithm developed
for optically complex coastal waters by Ondrusek et al. [52] in the form of a 3rd order polynomial
Equation (1):

TSM [mg L−1] = 3.8813 (nLW(645))3 − 13.822 (nLW(645))2 + 19.61 (nLW(645)) (1)

At the local scale, an X-band radar system was installed in the Gulf of Gaeta (Figure 1b) in 2015
with the main aim of real-time monitoring of hydrodynamic conditions during storms and providing
information regarding the sea state parameters in terms of sea surface currents and waves. Radar image
analysis was performed by a ‘Remocean’ system, which has in recent years demonstrated the ability to
provide a very robust determination of the currents field and sea state [27,53]. The physical possibility
of extracting information on the sea surface from a radar signal is due to Bragg scattering. In particular,
X-band electromagnetic waves are a few centimeters long and interact with the sea capillary waves,
which ride on the gravity waves. The signal backscattered from the sea surface (clutter) is assessed
by data processing procedures that are necessary to estimate the characteristic sea state parameters,
such as wavelength, direction, period of the dominant wave and the significant wave height as well
as surface current. The methodology of raw data processing is fully described in detail by several
works [25–27,54], and in particular, the determination is performed by the “local method” based on the
normalized scalar product, which has been proven to be the most accurate in obtaining the sea surface
current and bathymetry fields from X-band radar images [25,27,54,55]. Once the radar is installed,
it can operate continuously. However, measurements are significant only when the signal reflected
from the Bragg resonance mechanism is high, indicating significant surface roughness. Due to the
natural sheltering of the coastal site, events with sufficient intensity to produce radar records are not
common, and February 2015 to September 2017 produced 20 storm events lasting from a few hours to
some days. During these events, with meaningful presence of sea waves and local wind, to allow radar

http://oceancolor.gsfc.nasa.gov
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measurements, every image radar was carefully analyzed considering only the part in which the signal
reflected by the mechanism of resonance of Bragg is important (with a sufficient surface roughness).

The radar system, installed in February 2015, is composed of a Marine Sperry X-band radar
radiating a maximum power of 25 kW and equipped with a 9-foot (2.74 m) antenna. The radar antenna
is located at the coordinates of Lat. 41.232612 N, Lon. 13.573088 E at the top of the lighting pole
(15 m above sea level) in front of the sea within the port of Gaeta (Figure 1), and the details of the
acquisition parameters are given in Table 1.

Table 1. Setting of acquisition parameters.

Radar Parameter Title 3

Peak power (kW) 25
Radar scale (NM) 2.48

Antenna rotation (sec) 1.94
Spatial image spacing (m) 4.4

Antenna height (m) 15
View angular sector (◦N) 117

2.2.3. Numerical Simulations

To analyze water circulation patterns induced by storms within the Gulf of Gaeta, mathematical
models included in the DELFT3D package were used. Specifically, DELFT3D-FLOW [56] was used
to calculate currents, and SWAN [57] was used to simulate wave propagation toward the coast.
The governing equations of these models are detailed in Lesser et al. [56] and Bonamano et al. [58].
The DELFT3D-FLOW and SWAN models use the same computational grid built within a rectangular
domain that covers 60 km of the coastal area. Because small errors may occur near the boundaries,
the study area was positioned away from the sides, approximately in the center of the model domain.
The lateral boundaries are located near Terracina in the north and around the Volturno mouth in the
south (see Figure 1). The offshore boundary is positioned at a mean distance of approximately 30 km
from the coastline at a 100-m depth where deep water conditions can be assumed. The governing
equations of DELFT3D-FLOW and SWAN were solved on a finite difference curvilinear grid with
approximately 7000 elements. To limit computational requirements, a different resolution was applied
in the model domain extending from 50 × 50 m in the Gulf of Gaeta to 1 × 1 km near the seaward
boundary. The comparison between the model results with the sea state parameters (currents and
waves) measured by the X-band radar system within the gulf of Gaeta was performed during storm
events that occurred between 2015 and 2017.

In DELFT3D-FLOW, Neumann boundary conditions were applied on the lateral boundaries in
combination with a water-level boundary on the seaward side, which is necessary to ensure that
the solution of the mathematical boundary value problem is well posed. In the vertical direction,
10 sigma layers with higher resolution near the surface were considered to better reproduce the sea
currents in the first layer of the water column and to ensure sufficient resolution in the near coastal
zone. The hydrodynamical simulations lasted 72 h using a time step of 60 s. The day before the
sampling period was used as a spin up time to reduce the noise that was introduced through the initial
conditions. The wind drag coefficient was assumed to linearly depend on wind speed, varying from
0.00063 at 0 m/s to 0.00723 at 100 m/s. Because the sea bottom within the Gulf of Gaeta is primarily
composed of mud sediments, the bed roughness is uniform in the space with a Chezy value equal to
60 m1/2 s−1 [59]. To solve the horizontal moment equations and to obtain the best correlation between
the modeled results and measured data, horizontal background eddy viscosity and diffusivity were
set to 1 m2 s−1 [60]. To account for the turbulence effects and to determine vertical viscosity and
diffusivity, the K–e turbulence model was used [61].

In SWAN, the spectral action balance equation was resolved including the contributions of bottom
friction, whitecapping and depth-induced breaking in wave energy dissipation terms. Specifically,
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bottom friction was parameterized using the JONSWAP formulation with a coefficient of 0.067 m2 s−3,
whitecapping was based on a pulse-based model [62] and depth-induced breaking was calculated
using the Battjes and Janssen [63] model with a breaking parameter of 0.73. The hydrodynamic
conditions of the study area are primarily controlled by wind and wave forcing because vertical
variations of temperature and salinity within the Gulf of Gaeta are very small during the simulated
periods. Tidal forcing has also been neglected because the maximum astronomical tide does not exceed
0.2 m during the simulation days according to the data recorded by the Italian Mareographic Network
station. Given the proximity of the Gaeta Port weather station to the zone monitored by radar and
the lack of another anemometer in the study area, DELFT3D-FLOW was fed with the wind speed and
direction was measured by the Gaeta station. The wave effects were included in the DELFT3D-FLOW
simulation by running a SWAN model every 30 min in on-line mode. Along the sea boundaries,
the model was forced with the JONSWAP wave spectra [64] obtained from wave parameters calculated
by a WAM model at the offshore site (Figure 1). The WAM model results are included in CMEMS
(Copernicus Marine Environment Monitoring Service), which provide freely available hourly wave
parameters at a 1/24◦ horizontal resolution covering the entire Mediterranean Sea.

DELFT3D-FLOW and SWAN results were compared with the magnitude of velocity components
in the surface layer, the directional wave spectra and statistical parameters as measured by the
radar system using the correlation coefficient (R) and Bias and Root Mean Square Error (RMSE),
which provides a measure of the discrepancy between the predicted and measured data.

3. Results

3.1. Analysis of Storms

The wind records at Ponza and Gaeta port (Figure 2a,b) are dominated by wind from the northeast
(NE) and west (W), while at Punta Stendardo the prevailing directions involve eastern and western
sectors (Figure 2c). Inside the gulf, W and northwest (NW) winds are side-shore and offshore, while the
NE and southeast (SE) directions are nearly perpendicular to the coastline.

The wave records of a 20-year time series of the Ponza Island buoy show prevailing western
events (Figure 3a). The morphology of the Gulf of Gaeta and the presence of Ischia Island constrain the
propagation of waves from a small southeast (SE) sector that determine a local wave climate inside the
gulf that shelters the coast from the main western events. This behavior is highlighted by the records
of the wave buoy inside the gulf (Figure 3b) where the waves are less intense and exclusively come
from eastern and southeastern sectors, due to wave refraction.

The storm events on the Ponza dataset were selected using the methodology of Mendoza et al. [65]
available for the Mediterranean Sea. A storm is defined as an event when the wave height exceeds the
threshold of two meters for more than 6 h. The storm events, coming from a directional sector between
120◦ N and 300◦ N, were extracted from the wave buoy time series of Ponza. The selected storm
events from the Ponza dataset have an annual mean frequency of 10% and are distributed seasonally
throughout the year with a decreasing trend proceeding from winter toward summer (31% in autumn,
38% in winter, 25% in spring and 6% in summer). The distribution of storm directions shows a nearly
unimodal shape and do not show significant seasonal behavior [66].

In the western Mediterranean Sea, the cyclogenesis area is essentially composed of sub-synoptic
lows, which are triggered by the major North Atlantic synoptic systems as affected by local
orography [39]. The typical situation is characterized by a low-pressure system that develops in
the Gulf of Genoa, with synoptic northerly flow impinging on the mountain ranges and being funneled
between the Alps and Massif Central [67]. Moreover, cyclogenesis over different areas can consecutively
occur as the result of the same synoptic system crossing central Europe. Especially in winter, there is
a prevailing south-eastward direction of the cyclone track that extends through Italy down to the
Albanian and Greek coasts. This synoptic condition contributes to limiting the wavefield’s seasonal
variability in the study area and identifies semi-permanent forcing [66]. These forcing are associated
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with the strong westerly winds channeled by the Strait of Bonifacio and induced circulation features
such as the North Tyrrhenian Cyclone and North Tyrrhenian Anticyclone [68]. Storm classes are
determined by a statistical approach using k-means clustering algorithms. The clustering aims to
group multivariate wave data into n number of classes in an optimized manner such that dissimilarity
between cluster groups is maximized. K-means are currently one of the principle cluster methods used
to characterize wave climates for coastal engineering applications [53,69,70]. K-means algorithms finds
the optimal Voronoi cells in uni- or multi-dimensional datasets for k-clusters and returns a centroid for
each cluster. Voronoi cells take the form of irregular polyhedra, and describe the multi-dimensional
space occupied by each cluster. Voronoi cells are determined by minimizing the sum of dissimilarities
(squared errors) between each object and its corresponding centroid. The centroid is not an actual
observation in the dataset; rather, it is an average value which acts as the central reference point for each
cluster. The dataset used for the clustering process does not consider summer events, which are rare
and differ from typical storms. Once storm events were selected, k-mean clustering was performed on
Tp/Dir, which are the parameters primarily influenced by the generation source of waves, while wave
height was not used because it is less variant across all directional sectors. The best fit of k-means
clustering recognizes two well-defined groups (Figure 4a,b) in which silhouette values were maximized.
The first group has a well-defined peak characterized by dominant western events and is named the
Western Class (WC), while the secondary group is characterized by less frequent southerly direction
events (SDC). This secondary group corresponds to the orientation of the opening sector of the gulf.
In this group, multiple small peaks are present in the distribution and the wave field is separated by
a Gaussian Mixture Model (GMM) to decompose multiple wave geneses [71]. The analysis of SDC
reveals three clusters separated in terms of direction (Figure 4c).

Figure 2. Wind records at Ponza and Gaeta. (a) Wind rose obtained by records at Ponza island; (b) Wind
rose obtained by records at the port of Gaeta; (c) Wind rose obtained by records at Punta Stendardo;
(d) Records of the sea level station where the line plot represents the tidal component analyzed from
sea level records (the lack in the line plot corresponds to a period of missing data), and the histogram
represents the distribution of the total sea level records.
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Figure 3. Wave records of Ponza and Gaeta. (a,b) refer to significant wave height (SWH) (Hm0, m);
and (c,d) refer to the peak wave period (Tp, second).

Figure 4. (a) Result of k-mean clustering (red and blue crosses) overlapped with the histogram of storm
directions; (b) Silhouette plot to evaluate the goodness of k-means clustering; (c) Gaussian mixture
model result for sub-clusters 1, 2 and 3.

The wave field originating from single classes is analyzed in the form of joint probability density
(JPD) functions (Figure 5) to highlight the characteristics of classes. The wave field of the main
two classes (Figure 5a) produced by storms highlights the genesis of different waves with characteristic
wave periods. The WC events are characterized by a larger probability of longer waves (8.2 s) with
respect to the SDC events (6.7 s). The GMM clustering of SDC (Figure 5b) events highlight that the
characteristics of waves produced during these storms are similar, suggesting that differences are
only constrained by the incident angle of waves that drive different coastal circulations. On this basis,
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4 different classes (WC and the three sub-classes of SDC) were recognized and respectively named the
Western Class (WC), Southwestern Class (SWC), Southern Class (SC) and Southeastern Class (SEC),
and the dynamic induced by these events is described through the numerical model simulations and
X-band radar records.

Figure 5. JPD functions of SWH, Hm0 (m), and peak period, Tp (s), for each cluster. (a) The two main
classes determined by k-means; (b) The three sub-classes of the 2nd class obtained by GMM. Plots show
the probabilities of the joint occurrence for each wave field, as determined by clustering. Contours of
joint occurrence are given for every 10% increment in probability density.

The wave parameters associated with the maximum JPD probability (red contours of Figure 5) of
each storm class are reported in Table 2.

Table 2. Characteristics of storm classes.

Parameters WC
SDC

SWC SC SEC

Dir (◦N) +/− StD 259◦ +/− 16◦ 223◦ +/− 3◦ 185◦ +/− 19◦ 134◦ +/− 6◦

Hm0 (m) 2.3 2.2 2.2 2.2
Tp (second) 8.2 6.7 6.7 6.7

Frequency (%) 68 7.5 18 6.5

3.2. Coastal Circulation Induced by Storm Classes

The study area is protected by coastal morphology to prevailing western events, and measurement
capability has many important limitations. Nevertheless, during the operating period of the X-band
radar, four storms belonging to storm classes were recorded. In particular, four periods were
simulated (13–15 October 2016, 5–6 November 2016, 19–20 December 2016 and 10–12 September
2017), representing historical events that are substantially closer to the centroid conditions of storm
classes. The comparison between model results and radar records involve both surface currents and
wave spectra and derived statistical parameters (significant wave height, SWH).

The wave spectra quadratic mean of the model and radar show good agreement (Figure 6) for
all storm classes with slight discrepancies in WC events. The SWH comparison conducted for the all
events shows tight correlation (R = 0.87; RMSE = 0.34 and BIAS = −0.35) between the measured and
model data.
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Figure 6. Comparison between directional wave spectra quadratic mean of the model (black line) and
radar (dotted black line) for each storm class (SEC, SC, SWC, WC).

The contour fill map of the RMSE and average RMSE and BIAS highlight the discrepancy between
the radar measurements and the model results in different storm classes for the surface currents
(Figure 7). The statistics show good correspondence between radar acquisitions and model results,
especially for SEC and SC classes. When the waves approach the coast more obliquely, in the cases of
SWC and WC classes, there is a greater discrepancy, especially for the x component.

For the SEC, an event of two days (19–20 December 2016) occurred with a maximum SWH,
offshore from the Gulf, of 2.1 m with a peak period of 9 s (Figure 8a). This event had a constant easterly
wind with an average intensity of approximately 8 ms−1. Radar measurement (R) corresponding to
the peak of the event (Figure 8c) showed a westward current with an increasing gradient proceeding
southward. The numerical model result (M) (Figure 8b), which is the result of the combined effect
of wind and waves, had correspondence with R and highlights that the flow was primarily directed
westward, entering with a slight rotation within the gulf. The maximum intensity on the surface layer
was 0.23 ms−1, and maximum values were observed in correspondence with Monte Scauri and Punta
Stendardo as well as in the central portion of the gulf. Waves that propagate inside the gulf have SWH
of 1 m and Tp of 7.9 s. The wave spectrum covers a wide range of directions from 140 to 180◦ N with a
peak placed at 160◦ N that differs from offshore incident waves by approximately 20◦.

An event belonging to SC occurred on 13–15 October 2016, during which a maximum SWH,
offshore from the Gulf, reached 2.8 m and a 7.5-s peak period was observed (Figure 9a). During this
event, the wind came from the ENE and ESE directions with an average intensity in a range of
4–8 ms−1. R measurements in correspondence with the peak of the event (Figure 9c) show currents
with an intensity of approximately 0.07–0.15 ms−1 that progressively rotate while approaching the
coast parallel to the shoreline. The M result (Figure 9b) shows currents directed toward the NW that
rotate approaching nearshore following the morphology of the gulf. The maximum intensity of the
surface currents is observed in correspondence with Monte Scauri and Punta Stendardo (0.24 ms−1),
and their magnitude generally decreases when entering the gulf. Waves that propagate inside the gulf
have SWH of 0.6 m and Tp of 7.2 s. The wave spectrum covers a wide range of directions from 140 to
190◦ N with a peak placed at 170◦ N.
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Figure 7. (a) RMSE contour fill map of components x and y of velocity computed for the different
storm classes; (b) Average statistical indexes for each storm class.

Figure 8. Cont.
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Figure 8. Hydrodynamic conditions induced by a SEC storm. (a) Wave and wind conditions during the
storm, black line of wind speed plot represents the average velocity, dotted lines indicate minimum and
maximum velocity, vectors indicate wind direction; black line of wave plot indicate significant wave
height, (SWH), red line peak period, (Tp) and black vectors indicate wave direction; (b) Hydrodynamic
conditions reproduced by the numerical model (M) in the Gulf of Gaeta at the time step indicated by
the dotted vertical line; (c) Radar records (R) of currents and waves at the same time step.

An event belonging to SWC occurred on 5–6 November 2016, during which a maximum SWH,
offshore the Gulf, reached 2.6 m and there was a 7.6-s peak period (Figure 10a). R measurements
highlight a current with an intensity between 0.05 and 0.2 ms−1 that is oriented southerly in the
presence of wind from the west (Figure 10c). The modelled nearshore flow on the western side of
the gulf proceeds southerly and proceeding toward east the currents turn eastward (Figure 10b).
Waves that propagate inside the gulf have SWH of 0.5 m and Tp of 7.8 s. In this case, the wave
spectrum covers a range of directions from 160 to 190◦ N with the peak placed at 180◦ N.
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Figure 9. Hydrodynamic conditions induced by SC storm. (a) Wave and wind conditions during the
storm; the different lines are the same defined in caption of Figure 8; (b) Hydrodynamic conditions
reproduced by a numerical model (M) in the Gulf of Gaeta at the time step indicated by a dotted
vertical line; (c) Radar records (R) of currents and waves at the same time step.

Figure 10. Hydrodynamic conditions induced by SWC storm. (a) Wave and wind conditions during
the storm the different lines are the same defined in caption of Figure 8; (b) Hydrodynamic conditions
reproduced by a numerical model (M) and recorded by X-band radar (R) in the Gulf of Gaeta at time step 1.
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An event belonging to WC occurred on 11–12 September 2017 during which a maximum
SWH, offshore the Gulf, reached 3.4 m and there was a 9-s peak period (Figure 11a). During this
event, the wind spread from the NW and W with an average intensity in a range of 2–8 ms−1.
R measurements corresponding to the peak of the event (Figure 11c) show currents with an intensity
of approximately 0.08–0.2 ms−1 oriented toward the east that progressively rotate to the SE moving
eastward. The numerical model result (Figure 11b) agrees with the R measurements highlighting a
flow oriented from west to east with an intensity of approximately 0.04–0.2 ms−1 with the maximum
located in the nearshore zone. Waves that propagate inside the gulf have SWH of 0.6 m and Tp of 8.5 s.
The wave spectrum has a bimodal shape and covers a wide range of directions from 270 to 120◦ N
with the peak placed at 240◦ N.

Figure 11. Hydrodynamic conditions induced by WC storm. (a) Wave and wind conditions during the
storm; the different lines are the same defined in caption of Figure 8; (b) Hydrodynamic conditions
reproduced by a numerical model (M) in the Gulf of Gaeta at the time step indicated by a dotted
vertical line; (c) Radar records (R) of currents and waves at the same time step.

The ability of the different storm classes to trigger sea-bed sediment resuspension has been
evaluated from the model considering the maximum bed shear stress (Figure 12) in correspondence
of the peak of the events, belonging to the different storm classes. To select the bed shear stress
threshold useful to describe the resuspension occurrence, two sediment sizes (0 and 5 phi) according
to the characteristics of the seabed within the gulf have been considered (as previous described in
paragraph 2.1). The theoretical bed shear stress thresholds for coarse sand and coarse silt have been
retrieved from critical shear stress table of USGS [72]. The bed shear stress computation used in the
model is referred to the Fredsoe formulation as reported by Soulsby et al. [73]. The storm classes
SEC, SC and SWC can trigger resuspension within the gulf especially in the nearshore sector of the
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eastern side of the gulf where the bed shear stress reaches the threshold of motion of sandy fraction.
In proximity of Stendardo jetty the shear at the bed is not enough intense to cause resuspension. On the
contrary, WC events are not able to trigger resuspension within the gulf except at east of Formia port
where starts the movement of coarse silt fraction.

Figure 12. Maximum bed shear stress during events belonging to the different storm classes (SEC, SC,
SWC, WC). The black and dotted lines indicate respectively the theoretical bed shear stress threshold
for coarse sand and coarse silt retrieved from critical shear stress table of USGS [73].

3.3. Analysis of CTD Profiles

The T-S diagrams obtained during 5-years (2013–2017) monthly CTD profiles show the relative
influence of salinity and temperature on the density structure of the water column at the sampling point
within the gulf (Figure 13). Salinity drive the density structure of the upper layer (Figure 13a) especially
during Autumn and Winter period when minimum values were recorded 34–35 psu (Figure 13b).
This process is variable during the year; in winter it reaches 7 m depth while in summer involve only a
thick surface layer. On the contrary, in all the seasons the temperature influences the density structure
of the deeper layer below 10 m depth where the salinity is constrained between 37.5 psu and 38 psu.

Figure 13. Temperature-Salinity (T-S) diagram of the subsurface coastal water within the Gulf of
Gaeta, the symbols are colored by depth (a) and month (b). The grey line represents the contours of
density anomaly.
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3.4. Regional Assessment of SPM Concentration

The outside gulf (OG) samples were compared with the suspended solid concentration extracted
from satellite-derived SPM. Water sampling on the OG stations indicates a good correspondence with
SPM determined from MODIS imagery processing, as demonstrated by a statistical index obtained in
comparison (Figure 14b). The time series of sampling performed inside and outside the gulf indicates a
value of SPM concentration ranging from 0.1 to 11 mg L−1 and an average value of between 4 mg L−1

and 8 mg L−1. A systematic gap of turbidity of approximately 1–2 mg L−1 is also visible inside the
gulf, as is a clear seasonal fluctuation that involves both sampling stations.

Figure 14. (a) TSM obtained by MODIS imagery analysis (black triangles) in the OG station and water
sampling results in the OG station; this trend is reconstructed by Lowess smoothing (black and blue
lines); (b) Linear regression between TSM derived by MODIS acquisitions and water sampling; the grey
area represents 95% confidence; (c) Water sampling results on the IG (red triangles) and OG stations
(blue triangles); this trend is reconstructed by Lowess smoothing (red and blue lines).

To evaluate the contribution of continental inputs on SPM distribution within the study area,
the total available pluviometric records from the stations of Figure 1 were correlated with the SPM
concentration acquired by a turbidimeter placed within the gulf of Gaeta. Figure 15a shows the
agreement (R = 0.64; p-value < 0.01) between the monthly mean of rain and SPM concentration.
Rainfall monthly mean is computed considering all pluviometric stations within the catchment area
(Figure 1) and represents the continental inputs contribution. To characterize the water turbidity
condition along the coastal area, the SPM concentration was extracted from three points of satellite
imagery (cross mark on pattern 1 of Figure 15c), respectively, in front of the Volturno and Garigliano
river mouths and within the Gulf of Gaeta. The distributions of SPM concentration (Figure 15b)
highlight the decreasing trend of turbidity moving from the Volturno River to the Gulf of Gaeta.

The regional variability in the suspended particulate matter concentration can be assessed using
EOF analyses, which provide a compact description of the spatial and temporal variability of data
series in terms of statistic modes, where most of the variance of the spatially distributed parameters
can be observed in the first few orthogonal functions [74]. The distribution patterns were reconstructed
starting from a time series of MODIS imagery collected from 2013 to 2017 (n = 630). The time series was
analyzed through the EOF while selecting components that describe 90% of the variance. The results of
the EOF analysis suggest that the variance on the study area at the regional scale is dominated by the
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variability of the river plume of the Volturno River, which appears to be the primary factor that controls
the turbidity level on the coastal area. The three patterns of Figure 15 represent 90% of the variance
(Figure 15b) and can be attributable to a seasonal dynamic of the plume (pattern 1 of Figure 15a) as
well as to a contribution of other coastal rivers such as the Garigliano (patterns 2–3 of Figure 15a).
As observed from the three observation points, the three patterns highlight an along-shore gradient.

Figure 15. Result of EOF analysis; (a) Evolution of monthly average rain and turbidity; (b) Wilsker
Box-plot of SPM concentration extracted from satellite imagery (three observation points, crosses on
pattern 1 of panel c; (c) Contour fill map of the three components; (d) Cumulative sum of the variance
explained by the three components.

3.5. Analysis of the Response of Local Turbidity to the Main Physical Forcing

The analysis aims to detect the possible relationship, at the local scale, between the H and L
levels of the SPM concentration recorded within the gulf as well as the dynamic factors. The dynamic
factors used for the analysis are: SWH recorded by radar, the wind speed and direction measured by
meteorological station, sea-level collected by marigraph and precipitations collected by pluviometers
within the catchment area. Moreover, the bed shear stress computed by model which is the result of
combined action of wind and waves has been considered. The distributions of the dynamic factors
associated with the high (H) and low (L) level of the SPM concentration were statistically compared
in pairs using the Wilcoxon signed-rank test. The analysis acknowledged statistical dissimilarities
between the distributions associated with L and H for all considered dynamic factors. Furthermore,
the results uncover important evidence: only intense rain events (Figure 16b) are associated with
H events, while nearly all the L events are associated with scarce precipitations. Tides within the
Gulf of Gaeta (Figure 3d) show a semi-diurnal tidal cycle with a range of maximum 0.2 m, and the
distribution of sea level shows a mode of approximately −0.05 m. Distributions in sea level highlight
the asymmetry of H events toward a high stand of the sea, and the distribution of sea level shifts
toward a negative value during L events. The difference between the two distributions involves
the water level exceeding the range of the tidal excursion. The wind direction (Figure 16d) shows
that events coming from SE (onshore) occurs more frequently during H, while events from the NW
(offshore) are more frequently associated with L. The distributions of wind speed (Figure 16e) show
that intense wind (wind speed > 6.5 ms−1) is always associated with H events, while weak wind is
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more frequently associated with L events. Figure 16f shows how H corresponds with greater wave
intensity, while L indicates calm seas. Lastly, distributions of modelled bed shear stress (Figure 16g)
highlight the correspondence of high value to H turbidity while transparency condition occurs always
below 0.08 Nm−2.

Figure 16. (a) Histogram of turbidity data (grey bars) and Burr distribution (black line), dotted lines
indicate the 5th and 95th percentile of data; (b) Histogram of rain associated with the 5th (white bars)
and 95th (blue bars) percentile of turbidity; (c) Histogram of sea level associated with the 5th and 95th
percentile of turbidity; (d) Histogram of wind direction associated with the 5th and 95th percentile
of turbidity; (e) Histogram of wind speed associated with the 5th and 95th percentile of turbidity;
(f) Histogram of significant wave height associated with the 5th and 95th percentile of turbidity;
(g) Histogram of bed shear stress associated to 5th and 95th percentile of turbidity.

These data were confirmed by correlation analysis in which statistical correspondence was found
between turbidity and dynamic factors except for wind speed, as reported in Table 3. The SWH,
sea level, wind speed and direction correlation analysis were performed each 20 min while the
comparison with rainfall was carried out hourly.

Sea level, SWH, bed shear stress and rain show direct correlation, demonstrating that positive
set-up, wave intensity, bed shear stress of currents and rain favor an H level of turbidity. Wind direction
shows an inverse correlation, demonstrating that westerly and northwesterly winds (270–330◦ N) that
blow offshore in the study site correspond to L turbidity with respect to those events from the east and
southeast (90–160◦), which are linked to an H level of turbidity.

Table 3. Pearson correlation analysis results between turbidity and dynamic factors.

Dynamic Factors R p-Value

Sea Level (m) 0.62 <0.01
SWH (m) 0.46 <0.01

Bed shear stress (Nm−2) 0.73 <0.01
Rain 0.75 <0.01

Wind direction (◦N) −0.47 <0.01
Wind speed (m/s) −0.06 0.54

4. Discussion

The coastal morphology of the Gulf of Gaeta is naturally sheltered from the prevailing events,
which causes a generally weak hydrodynamism within the gulf, as demonstrated by the fine particle
sediments of the seabed [13,39]. The coastal dynamic of the area and the main conditions that affect the
suspended particulate matter (SPM) distribution are poorly understood. Nevertheless, the multiple
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coastal conflicts among natural resources and human activities warrant detailed investigations into
the coastal dynamic processes that drive the accumulation and dispersion processes of contaminants.
This study was the first to investigate the dynamic of the Gulf of Gaeta with a focus on the dynamic
processes that affect fine particle concentrations within a coastal site. The study was conducted
using a multidisciplinary approach that involved remote sensing acquisitions, in situ measurements
and numerical modelling. Because high energetic events are the main factor responsible for coastal
processes on a short time scale, the storms in the coastal area were classified using a clustering
procedure. The hydrodynamic conditions in the study area are tightly linked to the regime of
storms, which trigger different patterns of circulation within the gulf [75]. The analysis of the
storm reveals four classes (South-East Class, SEC; South Class, SC; South-Western Class, SWC and
Western Class, WC) that are characterized by the presence of different waves with characteristic wave
periods. The effect of these storm events on the hydrodynamic and wave fields within the study area
was reproduced using DELFT3D-FLOW and SWAN. A comparison with X-band radar acquisitions
highlighted a tight correlation between the predicted and measured data, both in terms of surface
currents (x and y components of velocity) and wave parameters (wave spectra and SWH). Nevertheless,
the discrepancy was higher in the western events (SWC and WC) as the models were forced with wind
and wave data coming from a single point, which is not adequate to represent the high spatial variability
of the meteomarine conditions due to coastal and continental morphology. Data from atmospheric
and wave models at high spatial resolution will be used to feed DELFT3D-FLOW and SWAN and
thus improve the predictive performance of the models. The model results show that southern events
(SEC, SC, WSC) promote resuspension within the gulf and circulation favor the accumulation of water
masses on the coast. These events that perpendicularly impact the coast are responsible for the largest
waves entering the gulf, and positive sea level set-up, especially for SEC, is linked to high turbidity
phenomena as well as the triggering of resuspension processes, as widely observed in other coastal
sites [76–78]. In contrast, the WC conditions are not able to trigger resuspension and the circulation
cause a displacement of water masses in the offshore zone. west (W) and north-west (NW) events
moving surface water masses away promote greater transparency and water renewal [79]. In the short
term, local variations may be explained by peaks in wave height or fluvial input, and wind direction
plays a primary role in modulating the turbidity of the water, as observed in other sheltered coastal
sites where wind is a primary factor for circulation and suspended sediment concentrations [37,38,80]
and also controls the movement of the river plume [75]. The analysis of SPM derived from MODIS
imagery as well as the correspondence between rain records and turbidity reveal the primary influence
of the nearby river controlling the distribution of SPM at the regional scale. The distribution patterns
observed by the EOF analysis can be considered long-term distribution influenced by the time-average
river load and by the balance between convergent residual circulation and the spreading effects of
horizontal dispersion [81]. The near-bed residual current causes a net flux of SPM and accumulation of
fine sediment in a narrow coastal strip of several km [82]. The first pattern of EOF shows that the area
influenced by the river plume extends northwestward, rounding Punta Stendardo. The transport of
sediments coming from the Volturno and Garigliano rivers over Punta Stendardo was demonstrated by
previous mineralogical and radionuclide investigations, highlighting a preferentially SE-NW transport
of sediments that was also confirmed by more recent hydrological measurements [83]. These sediments
can reach the northern beaches up to Monte Circeo [84]. Water sampling at inside gulf (IG) and outside
gulf (OG) stations indicate an average SPM concentration in a range of 4-8 mg L−1. The results highlight
a constant gap of increasing turbidity within the gulf between OG and IG and can be explained by
the combined effect of multiple factors including also human activities within the gulf, which may
increase the suspended solid matter supply. In the long term, changes in the soil use can be related to
an increase in the fine fraction supply [85–87]. The dynamic of the gulf leads to a favorable area of
accumulation of fine sediments coming from the mainland especially during the prevailing western
events. Precipitation in the Western Mediterranean is strongly influenced by cyclones and global
atmospheric patterns, in particular during winter, by the North Atlantic Oscillation (NAO) [88,89].
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The association between the structural characteristics of cyclones and NAO was demonstrated by
Trigo et al. [90] and during the last fifty years the cyclones have decreased in the Western Mediterranean
Sea and in the same way, the Mediterranean average winter precipitation [91]. This condition influence
both the dynamic processes induced by storms within the gulf and the river discharges with an impact
on the sedimentary balance of the coastal zone. Since each storm type is potentially caused by different
large scale synoptic pressure system, climate change may induce long-term variation to circulation
patterns. The fresh water advection within the gulf is confirmed by the water column investigations
which highlight the main role of salinity on the variations of the water column density structure in
the surface layer. Minimum salinity values occur during autumn and winter season, period with
maximum precipitation and consequent run-off. The surface layer salinity is constantly less than
deeper layer which agree with general characteristics of Tyrrhenian basin where the salinity ranges
between 38.2 psu and 38.4 psu [92]. The dynamic of the river plumes is affected mainly by density
structure and the vertical mixing of SPM is slow especially in stratified waters and in low energy
environment as the sheltered coastal area [81,93] where mixing factors are weak. This condition is also
confirmed by the results of previous studies on the effect of fish farming within the gulf, which limits
the dispersion to 1 km upstream [94–96]. Future developments will concern the implementation of
a water quality model in the study area as well as a balance between resuspension and settling of
particles can be developed. A direct estimate of the sedimentary river contribution will be carried out
as well as an analysis of the salinity distribution along the study area that will allow to analyze in
more detail the estuarine dynamic processes.

5. Conclusions

In this multidisciplinary approach, we investigate the coastal dynamics of the Gulf of Gaeta.
The X-band radar system supports the analysis of the dynamic processes of the SPM concentration
providing a large dataset useful for the hydrodynamic model’s validation. The Gulf of Gaeta is
subjected to natural siltation, which is fed by the river contributions. South-eastern winds push
the plume towards the Gulf of Gaeta, and the coastal morphology favors retention of the SPM.
Short-term high and low fluctuations in SPM concentration within the gulf are triggered by the local
effect of wind induced circulation and wave intensity. In particular, the direction of events and
bottom sediment resuspension play a key role in modulating the SPM concentration in the study area.
Microtidal excursion play a minor role on turbidity variation in this area, while fluvial discharge,
wind direction and wave height result to be more important. In the short-term, sediment handled
during dredging activities can alter the SPM supply within the gulf, and while the fine particles have
a greater probability to remain confined during events from the south, western events favor a faster
dispersion. Consequently, the results of our study highlight the need to link SPM concentration to the
meteorological conditions that can amplify or dampen the local concentrations of material handled
during dredging activities. The multidisciplinary approach hereby presented can be transferred to
other coastal areas to improve coastal management strategy. The adopted methodology leads to
long-term observation of coastal dynamic processes which is a fundamental issue in the climate
change perspective.
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