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The coastal area located in front of the Volturno river estuary (the Gulf of Gaeta,

central-eastern Tyrrhenian Sea) was synoptically sampled in seven surveys between

June 2012 and October 2014. Vertical profiles of temperature and salinity were acquired

on a high-resolution nearly-regular grid in order to describe the spatial and temporal

variability of the characteristics of the waters. Moreover, the three-dimensional velocity

field associated with each survey was computed through the full momentum equations of

the Princeton Ocean Model to provide a first assessment of the steady-state circulation

at small scale. The data analysis shows the entire water column to be characterized

by an evident thermal cycle and a vertical thermohaline structure, dominated by three

types of waters: the freshwater of the river, the saltier coastal Tyrrhenian waters, and

transitional waters originating from their mixing. The inflow of freshwater strongly affects

the density distribution, leading to strong temporal variability in the upper layer. Its impact

is more evident in winter, sometimes inducing a vertical temperature inversion. In case of

rainy events, and also in conditions of high vertical temperature stratification, it forms a

surface-trapped layer with high density gradients. These and wind forcing contribute to

the formation of small-scale shallow features, such as longshore currents and cyclonic

and anticyclonic eddies. The latter influence the vertical stratification and modify the

coastal circulation, preserving the transitional waters from the surrounding saltier ones.

Keywords: ocean numerical model, eastern Tyrrhenian Sea, coastal circulation, water masses, hydrology

1. INTRODUCTION

The hydrodynamics of a river frontal zone is a complex issue due to the interaction between
the freshwater of the river outflow and the coastal waters (MacDonald et al., 2013; Horner-
Devine et al., 2015). It influences the sediment balance, the distribution of chemical and physical
parameters, and the nutrient input, making the area a very productive habitat (McLusky and
Elliott, 2004). Furthermore, river plumes constitute a provision of buoyant freshwater which
interacts with coastal currents, representing an important dynamic process that influences the
nearshore circulation (Gan et al., 2009). Several studies have been carried out on sediment,
nutrient, and pollutant dispersal in the river estuary mouth (Wright, 1977; De Pippo et al.,
2003; Bainbridge et al., 2012; Devlin et al., 2012), on circulation near the river outflow (Garvine,
2001; Hetland, 2005, 2010; MacDonald and Geyer, 2005; Kelsey-Wilkinson, 2014), and on

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2020.00293
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2020.00293&domain=pdf&date_stamp=2020-06-03
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:alberto.ribotti@cnr.it
https://doi.org/10.3389/fmars.2020.00293
https://www.frontiersin.org/articles/10.3389/fmars.2020.00293/full
http://loop.frontiersin.org/people/954041/overview
http://loop.frontiersin.org/people/649549/overview
http://loop.frontiersin.org/people/447559/overview
http://loop.frontiersin.org/people/892314/overview
http://loop.frontiersin.org/people/923494/overview
http://loop.frontiersin.org/people/887299/overview
http://loop.frontiersin.org/people/953124/overview
http://loop.frontiersin.org/people/888195/overview


Sorgente et al. Impact of the Volturno Freshwater Inflow

onshore/offshore shifting of the plume due to winds and tides
(Garvine, 1999; Fong and Geyer, 2001; Hetland, 2005; Hetland
and Signell, 2005; McCabe et al., 2009; Cole and Hetland,
2016). The impact of the river on biogeochemical parameters
(Mangoni et al., 2016; Bonomo et al., 2018; Ferraro et al., 2018)
and the hierarchical use of different measurement platforms
(Ferrara et al., 2017) have also been analyzed to support water
quality monitoring.

The Volturno river is the sixth-longest river in Italy and
the longest in the South, with a length of 175 km and an
estimated mean discharge of 40 m3s−1 (Iermano et al., 2012).
It provides the greatest contribution of freshwater to the area.
The nearby Regi Lagni and Agnena channels, the shorter river
Garigliano in the north, and the Lago Patria in the south of
Volturno (Figure 1) also affect the area with their freshwater
inputs. A wide shelf at less than 50 m depth slowly deepens
toward the Tyrrhenian basin through a break at 120m (De Pippo
et al., 2003). In the northern part of the Gulf of Gaeta, the
seabed morphology shows a double order of bars: the first
deeper than 5 m and parallel to the coastline and the second
shallower and transverse to the shoreline (Cocco and Pippo,
1988).

The catchment basin of the river (∼5,550 km2) is densely
populated and is highly affected by agropastoral activities, which
cause microbiological and chemical contamination (Mancini
et al., 1994; Parrella et al., 2003). Knowledge of the connection
between stressors from the land and coastal dynamics is
an important goal of Integrated Coastal Zone Management
(ICZM) and the maintenance of Good Environmental Status
(GES), as required by the current Marine Strategy Framework
Directive (2008/56/CE, MSFD).

De Pippo et al. (2003) and Iermano et al. (2012) describe
the Gulf of Gaeta as constituted by an offshore and a
coastal zone. The former, extending from the shelf break,
is mainly influenced by a northward flow in winter and a
southward flow in summer, linked to the general Tyrrhenian
circulation (Hopkins, 1988; Astraldi and Gasparini, 1994).
De Pippo et al. (2003) also highlight that the coastal
circulation (< 50 m) is influenced by cyclonic and anticyclonic
eddies, coastal morphology, and submerged morphostructures.
Moretti et al. (1977) describe the circulation as also affected
by local winds, which form surface currents up to one
order of magnitude larger than the mean circulation of
the basin.

In this work, we study the spatial and temporal variability
of the waters and the impact of the freshwater inflow on the
marine vertical stratification by means of in-situ hydrological
data from seven synoptical high-resolution surveys (See Table 1).
Furthermore, we provide a first assessment of the steady
circulation using the Princeton Ocean Model (POM) in a purely
diagnostic mode (Ezer and Mellor, 1994; Zavatarelli et al.,
2002).

The hydrological (Conductivity Temperature Depth–CTD)
dataset and the diagnostic numerical model are described in
section 2. Then, the results of the observations and numerical
experiments are discussed and reported in section 3. Concluding
remarks are provided in section 4.

2. MATERIALS AND METHODS

2.1. The Hydrographic Dataset
Seven synoptic surveys, named I-AMICA, were carried out
between June 2012 and October 2014 (Ribotti et al., 2019) (data
freely available at https://www.seanoe.org/data/00591/70324/).
At least three surveys per year were organized in early summer
(June), autumn (October), and winter (February and December),
except for autumn 2013 and summer 2014 (Table 1). During
each survey, 24 CTD profiles of temperature and absolute
salinity (hereafter salinity) were acquired from the surface to
the bottom along five transects perpendicular to the coast
between 40.85◦ and 41.10◦N in latitude and 13.76 and 14◦E in
longitude (Figure 1). A quasi-regular grid, ∼2 km in longitude
and∼3 km in latitude, represents the classic strategy for synoptic
ocean sampling. A Seabird SBE11 plus multi-parametric probe
was used to acquire physical-chemical parameters on board
the R/V Astrea of the Istituto Superiore per la Protezione e
la Ricerca Ambientale (ISPRA). Each survey was performed
in 1 day and under good weather and sea conditions. A
quality check on CTD data has been performed in order
to remove possible spikes along the profiles using SBE Data
Processing software.

2.2. The Numerical Model
The hydrodynamic model is based on the POM, a non-
linear, fully three-dimensional, primitive equation (conservation
of mass, momentum, and energy), finite difference model
that solves the heat, mass, and momentum conservation
equations of fluid dynamics (Blumberg and Mellor, 2013). POM
is designed to realistically represent ocean physics, through
free surface, baroclinic, terrain-following (sigma) coordinates.
The core equations describe the three-dimensional velocity,
temperature, salinity, and surface elevation fields, assuming
hydrostatic and Boussinesq approximation (Mellor and T. Ezer,
1994; Blumberg and Mellor, 2013). Sub-scale processes are
parameterized by eddy coefficients for both momentum and
scalar diffusion through the Mellor-Yamada level 2.5 closure
scheme (Mellor and Yamada, 1982) for the surface and the
bottom mixed layer, which should yield a realistic Ekman
surface and bottom layers on the continental shelf. The
governing equations are numerically solved using the finite
difference method on an Arakawa C-type staggered grid. POM
has been successfully and extensively used for coastal and
estuarine circulation studies, representing well a wide range
of issues such as circulation and mixing processes in rivers,
estuaries, shelves and slopes, lakes, semi-enclosed seas, and
open and global ocean (Wong et al., 2004; Hordoir et al.,
2006; Nekouee et al., 2015; Osadchiev and Korshenko, 2017).
Its simple implementation, the use of an embedded turbulence
closure model resulting in better Ekman and surface layers,
and its computational efficiency are the reasons behind this
modeling choice.

POM was implemented within 40.84 to 41.23◦N and 13.70
to 14.08◦E, with a grid resolution of 1/180◦ (∼600 m). The
model domain is represented by the box in Figure 1. Its spatial
resolution is set based on analysis of the variability of the
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FIGURE 1 | The model domain in the Tyrrhenian Sea (orange square) with bathymetry and CTD casts (red dots).

Rossby radius of deformation (described in section 3.1) so that
it would be possible to resolve the horizontal scale of local
coastal processes.

Themodel is based on a split time step: the external barotropic
mode (two-dimensional) uses a short time step for the time
evolution of the free surface elevation and the depth-averaged
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velocity, while the internal mode (three-dimensional) uses a long
time step to solve the vertical velocity shear through the equation
of continuity, as described in Blumberg and Mellor (2013). Here,
the external time step is set to 2.5 s to satisfy the Courant–
Friedrichs–Lewy condition associated with the surface wave
gravities, while the internal one is set to 25 s. The water column
is discretized into 21 sigma levels with a linear distribution from
the surface to the bottom.

The bathymetry of the model is based on the U.S. Navy
bathymetric database DBDB1 (1’ resolution, ∼2 km). It is
interpolated to the configured grid, and its shallowest depth is
set to 5 m to prevent crowding of sigma levels at the minimum
depth resolved by the model. In order to define the initial state
of temperature and salinity fields in the model, we interpolate the

TABLE 1 | CTD survey name (first column), temporal periods of acquisition

(second column), and wind direction and intensity (third column).

Survey Start-end dates and times Wind

I-AMICA 1 19 June 2012 at 13:31 to 20 June 2012 at 15:23 NW, 1.8 m s−1

I-AMICA 2 22 October at 9:16 to 23 October 2012 at 11:53 NE, 1.3 m s−1

I-AMICA 3 4 February 2013 from 7:09 to 19:28 NNW, 1.5 m s−1

I-AMICA 4 15 June at 12:41 to 16 June 2013 at 11:25 SW, 2.2 m s−1

I-AMICA 5 9 December at 9:31 to 10 December 2013 at 11:55 N, 1.5 m s−1

I-AMICA 6 17 February at 9:03 to 18 February 2014 at 11:22 NE, 1.6 m s−1

I-AMICA 7 1 October at 10:14 to 2 October 2014 at 11:30 SW, 0.8 m s−1

The mean is computed within the domain over the period of each cruise.

FIGURE 2 | TS diagram for all seven surveys from the surface to the bottom,

differently colored.

CTD data through the Objective Analysis (OA) method. OA is a
numerical procedure of optimal interpolation extensively used by
meteorologists (Thiebaux and Pedder, 1988) and oceanographers
(Bretherton et al., 1976; Carter and Robinson, 1979) as an
interpolator and a smoother of sparse observed temperature and
salinity data. The following correlation function (Robinson and
Golnaraghi, 1993) is used for each dataset, as the interpolation is
applied in space and not in time:

f (r) =
(

1− r2

a2

)

exp

(

−1

2

r2

b2

)

, (1)

r2 = (x1 − x2)
2 + (y1 − y2)

2

where a is the zero-crossing correlation scale or the de-
correlation distance (km), b is the decay length scale (km), and
r is the distance between two coordinate points, i.e., (x1, y1)
and (x2, y2). In order to generate a correlation matrix defined
as positive, a and b must satisfy the condition a >

√
2b

(Bretherton et al., 1976). The values of the parameters a and
b in the correlation function of equation (1) are chosen after
an accurate sensitivity analysis (not shown). The smaller the
area of influence of the observations is, the faster the error
increases. The sensitivity test allows us to define a = 15 km and
b = 10 km, consistent with the first baroclinic Rossby radius of
deformation, as discussed in section 3.1. Furthermore, we select
4 influential points chosen as optimal values for OA fields and all
the horizontal OA maps shown in this paper. The interpolated
temperature and salinity are mapped on 32 horizontal levels,
spaced every ∼2 m in the first 30 m depth and every 4 m down
to the bottom (∼50 m), by means of the OA. In each horizontal
level, the fields with a mean error less than 20% are considered.
Successively, each field is vertically interpolated from the zeta to
sigma levels of the ocean model. This procedure is repeated for
each survey to initialize the numerical ocean model.
During the numerical integration, the three-dimensional velocity
field associated with each survey is obtained through the full
momentum equations of POM in a purely diagnostic mode
(Ezer and Mellor, 1994; Zavatarelli et al., 2002). Then the time-
dependent processes remain unchanged from the initial state
of optimally interpolated temperature and salinity fields until
the total velocity (barotropic + baroclinic) field is dynamically
adjusted. The kinetic energy is thus dynamically consistent with
the initial condition and the wind stress field applied. This
methodology is a common practice for the initialization of
regional/coastal models with climatological (Mellor, 1991; Ezer
andMellor, 1992) or quasi-synoptic data for nowcast (Onken and
Sellschopp, 2001; Sorgente et al., 2016) and forecast experiments
(Ezer et al., 1992, 1993; Onken et al., 2005). Running the ocean
model in diagnostic mode, rather than the classical geostrophic
approach, usually gives more realistic results.

At the surface, POM is forced with a no time-dependent wind
stress through the following momentum flux:

KM
∂Eu
∂z

|z=η = Eτ
ρ0
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where KM is the vertical kinematic viscosity, ρ0 is the reference
density for the sea water, η is the surface elevation, and Eτ is the
wind stress. The latter is computed by means of the quadratic
bulk formula presented by Hellerman and Rosenstein (1983),
using a drag coefficient Cd = Cd(Eu,Tair ,Tsst) that is a function of
the wind velocity amplitude (u) and the air (Tair) and sea surface
(Tsst) temperatures. The wind and air temperature fields come
from the ERA-Interim analyses of ECMWF, which have a spatial
resolution of 0.0125◦, while the sea surface temperature (Tsst)
field is derived from the above-described CTD data, optimally
interpolated into the model grid. Zero surface heat and salinity
fluxes are specified at the ocean surface, as they are negligible for
the diagnostic calculations (Ezer and Mellor, 1994). Moreover,
the wind stress field is computed onto the model grid by bilinear
interpolation and averaged over the period of each correspondent
survey. During the numerical integration, the wind stress does
not change in time at each grid point.

The model has two open boundaries, the western and the
southern (Figure 1). Temperature and salinity conditions are
defined by the interpolated observations, while the total velocity
is defined by the following radiation condition:

∂Eu
∂t

+ ce
∂Eu
∂x

= 0

where ce =
√

gH, g is the gravitational acceleration (9.8 ms−2),
and H is the depth. The barotropic velocity is neglected as the

wind was weak during our surveys (Table 1). At the seabed, the
boundary conditions depend on the bottom friction stress with a
spatially variable drag coefficient. This is calculated by assuming a
logarithmic bottom boundary layer, using a non-constant bottom
roughness, as proposed by Nekouee et al. (2015).

3. DISCUSSION AND RESULTS

3.1. Vertical Structure of Temperature and
Salinity
In this section, we describe the characteristics of the waters
involved in the area and analyze their variability in terms of
TS diagram, mean vertical profile, standard deviation (σ ), and
squared Brunt-Väisälä frequency (BVF). The latter is defined as:

N =
√

− g

ρ0

∂ρ

∂z

where g is the gravitational acceleration (9.8 ms−2), ρ0 is the
mean density, and ∂ρ/∂z is the local vertical density gradient
from the observed temperature and salinity fields. The BVF
is representative of the stability of the water column (Osborn,
1980). All of the mean vertical profiles are estimated by taking
the arithmetic average of the observed profiles from 3 m depth
down to the bottom.

FIGURE 3 | Mean vertical profiles and standard deviations (bars) of temperature (A; ◦C), salinity (B; g kg−1), and the squared Brunt-Väisälä frequency [C; (s−2)] in June

2012 (purple line) and June 2013 (blue line).
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The TS diagram (Figure 2) identifies different types of
waters, which are characterized by strong seasonal variability
in terms of density and vertical stability. It shows the typical
transitional waters resulting from turbulent mixing between the
river freshwater (salinity < 34 g kg−1) and the saltier water of the
coastal area (salinity> 37.8 g kg−1). As we are analyzing different
seasons, we define the transitional waters using salinity instead of
the density, as suggested by Budillon et al. (1999).

Two distinct hydrological seasonal conditions are detected:
the summer/autumn and the winter. The former is characterized
by high vertical thermal stratification, with a decrease of
temperature from the surface to the bottom. Temperature is the
main driver of the density distribution along the whole water
column. Inversely, winter conditions present colder and fresher
waters in the upper layer than at the bottom. The buoyant river
freshwater strongly modulates the salinity in the surface layer.
This is a typical trend for coastal areas subject to river outflows
(Fratianni et al., 2016).

During the surveys in June 2012 and 2013 (Table 1), the mean
vertical profiles of temperature, salinity, and squared BVF show
high vertical stratification (Figure 3). The surface temperature
in June 2012 (∼24.1◦C) is higher (∼2◦C) than in June 2013
(Figure 3A). Below, the temperature decreases along the water
column forming a wide thermocline layer down to the bottom.
Here, the temperature is similar during both years (∼15◦C)
and approximates that observed in February 2013 and 2014
(Figure 5A). The salinity (Figure 3B) shows the impact of the

freshwater river plume during the two surveys. The most evident
effect is observed in June 2013, with the formation of strong
vertical stratification. This is characterized by a minimum mean
value at the surface (∼36.6 g kg−1) and strong spatial variability
(σ = 1.8 g kg−1), mainly affecting the halocline down to ∼15
m. In this layer, the salinity increases faster than in June 2012.
Below this depth, the salinity is approximately constant (∼38 g
kg−1), with very low variability, for both years. The high stability
of the waters is well-represented by the mean vertical profile of
the squared BVF (Figure 3C). It ranges between 2 and 4·10−3 s−2,
which are the typical values of the North Adriatic Sea (Fratianni
et al., 2016). These high values indicate low vertical mixing
processes within the pycnocline layer down to∼20m.

An upper isothermal layer down to ∼25 m is observed in
autumn (Figure 4A) due to heat loss at the sea surface and
the turbulent mixing processes. The difference between the
mean temperature profiles in the isothermal layer is ∼1.4◦C,
with higher values in October 2014 than in 2012. Below
the isothermal layer, the temperature profiles for both of the
2 years decrease down to the bottom, with a remarkable
increase in the standard deviation (σ = 1.8◦C at 36 m) in
October 2014. At the bottom, the temperature is higher than
in early summer (∼4◦C) because of the progressive transfer
of heat from the surface during the previous months. The
mean profile of salinity is weakly stratified in the upper layer
(Figure 4B). The minimum surface salinity is the lowest in
October 2014 (S∼37.6 g kg−1). The spatial variability is weak

FIGURE 4 | Mean vertical profiles and standard deviations (bars) of temperature (A; ◦C), salinity (B; g kg−1), and the squared Brunt-Väisälä frequency [C; (s−2)] in

October 2012 (purple line) and October 2014 (blue line).
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(σ < 0.22 g kg−1), with higher values toward the surface.
The salinity is approximately constant (S∼38 g kg−1) along
the water column, with a progressive reduction in the standard

deviation. The presence of the superficial isothermal layer and
the weak vertical stratification of salinity imply low values
of squared BVF (Figure 4C) due to the high vertical mixing

FIGURE 5 | Mean vertical profiles and standard deviations (bars) of temperature (A; ◦C), salinity (B; g kg−1), and the squared Brunt-Väisälä frequency [C; (s−2)] in

February 2013 (purple line), December 2013 (blue line), and February 2014 (black line).

FIGURE 6 | Monthly mean climatology of the surface river runoff for the period 2012–2014. Precipitation is the variable that imposes mm/day to the ERA Interim

surface runoff data.
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from the surface down to the upper layer of the pycnocline
(∼ 25m depth).

For the last three winter surveys, the analysis of mean vertical
profiles shows a wide inverse thermocline, which affects most
of the water column (Figure 5A). The minimum temperature is
observed at the surface, and the lowest (T∼13.5◦C) is in February
2013,∼1.5◦C lower than in February 2014, whereas it is∼16.5◦C
in December 2013. It increases along the water column, forming
a thermal inversion, with cooler waters floating above those that
are warmer in the upper layer. In February 2013, the difference
in temperature between the surface and the bottom is about
+2◦C. The water column is also stratified in terms of salinity,
with its minimum at the surface (Figure 5B). Its lowest value
(S∼36.0 g kg−1) is observed in February 2014, with a high spatial

variability (σ = 1.5 g kg−1) that decreases down to the bottom.
The vertical distribution of salinity preserves the stability of
the water column, highlighted by high values of squared BVF,
especially in February 2014 (Figure 5C), and comparable with
those in June 2013 (see Figure 3C). This isothermal condition
is mainly due to the higher freshwater inflow (Figure 6), while
salinity increases along the water column, and the BVF is nearly
zero below∼15 m.

The Rossby radius of deformation is computed by the CTD
profiles and provides the fundamental horizontal scale of
the dynamic processes in the study area (Gill, 1982; Chelton
et al., 1998; Nurser and Bacon, 2014). Its highest values are
found in early summer (June 2012, R1 ∼16.2 km; June 2013,
R1 ∼15.7 km), when the vertical stratification is remarkable.

FIGURE 7 | OA maps of salinity (g kg−1) at 3 m (A,B) in June 2012 (left panel) and June 2013 (right panel). The fields are not plotted where the OA expected error

exceeds 20%. The contour interval is 0.1 g kg−1. In (B), the salinity below 37 g kg−1 is in correspondence with the three casts in front of the river mouth. It is not

drawn to highlight the other structures. Dots indicate location of casts. In (C,D), the vertical isolines of temperature (in black, contour interval 0.05◦C) and salinity

(colored, contour interval 0.05 g kg−1) are shown for both along the 41◦ 02’ N parallel (red line).
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On the contrary, lower values are found in December 2013
(R1 ∼5.5 km), when a well-mixed upper layer is present.
Intermediate values are found in winter (February 2013, R1 ∼9.4
km; February 2014, R1 ∼7.7 km) and in autumn (October 2012,
R1 ∼11.1 km; October 2014, R1 ∼11.2 km).

3.2. Analysis of the Impact of the River
Plume
The temporal and spatial variability of optimally interpolated
temperature and salinity fields at 3 m are described to study
the impact of the river freshwater plume on the properties of
the waters.

In early summer, the CTD data analysis shows isotherms
approximately parallel to the coast, forming a wide thermal front
(not shown). In June 2012, it separates the offshore warmer

waters from the coastal colder ones, while the opposite occurs
in June 2013. Such an inversion is due to the observed decrease
in the sea surface temperature in June 2013, which is more
intense for the offshore waters. The salinity field is affected by
low spatial variability in June 2012, with a signal of transitional
waters (S∼ 36.9 g kg−1) along the coast (Figure 7A). Freshwater
(S∼ 33.5 g kg−1) is clearly observed downstream in June 2013
(Figure 7B). Here, downstreammeans the direction that a Kelvin
wave propagates (Fong and Geyer, 2002). Strong horizontal
salinity gradients are thus detected between the freshwater core
and the surrounding saltier water, although the surface river
runoff is weak (Figure 6). The reason for this anomaly is probably
the precipitation event that occurred a few days before the survey
(not shown). The vertical distributions of the isohalines and
the isotherms show the impact of the river freshwater plume

FIGURE 8 | OA maps of salinity (g kg−1) at 3 m (A,B) in October 2012 (left panel) and October 2014 (right panel). The fields are not plotted where the OA expected

error exceeds 20%. The contour interval is 0.1 g kg−1. Dots indicate location of stations. In (C,D), the vertical isolines of temperature (in black, contour interval 0.1◦C
in C and 0.05◦C in D) and salinity (colored, contour interval 0.2 g kg−1) are shown along the 41◦ 1’N and 41◦ N parallels (red lines), respectively.
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on the spatial variability of the waters (Figure 7). In June 2012,
isotherms and isohalines move upward toward the coast down to
∼20 m, while below that, they are nearly horizontal (Figure 7C).
There is weak signal of transitional waters close to the river
mouth in the upper 3 m. Vice versa in June 2013, the impact of
the plume is more evident (Figure 7D). The transitional waters
shape a wide surface layer close to the coast, forming a surface-
trapped plume (Chapman and Lentz, 1994). This featuremodifies
the slopes of the isotherms, progressively inverting them along
the water column and inhibiting any vertical mixing between the
transitional waters in the upper layer and the deeper and saltier
waters of Tyrrhenian origin.

In October 2012, the salinity field shows a river plume
characterized by warmer transitional waters (S∼37.5 g kg−1,
T∼22.5◦C) that is located in front of the river mouth and a

progressive increase in salinity offshore (Figure 8A). In October
2014, there is an evident signal of colder transitional waters
(S∼37.3 g kg−1, T∼23.3◦C), slightly upstream of the river
mouth (Figure 8B), separated from the surrounding saltier
and warmer waters. The vertical sections highlight a shallow
(upper 5 m) thermal stratification in October 2012, followed
by a wide isothermal layer to ∼15 m (Figure 8C). Below,
a thin layer of relatively warmer and saltier waters (S∼38.1
g kg−1), located offshore, induces a thermal stratification
down to the bottom, while salinity is approximately constant
(Figure 4). The temperature field is characterized by a vertical
coastal thermal front in October 2014, extending from the
surface down to ∼20 m (Figure 8D). This separates the
offshore saltier and warmer well-mixed waters from the
colder and fresher waters toward the coast. The slopes of

FIGURE 9 | OA maps of salinity (g kg−1) at 3 m (A,B) in February 2013 (left panel) and February 2014 (right panel). The fields are not plotted where the OA expected

error exceeds 20%. The contour interval is 0.1 g kg−1. Dots indicate location of stations. In (C,D), the vertical isolines of temperature (in black, contour interval 0.1◦C
in C and 0.05◦C in D) and salinity (colored, contour interval 0.2 g kg−1) are shown along the 41◦ 02’N and 41◦ 03’N parallels (red lines), respectively.
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FIGURE 10 | Surface Kinetic Energy time series for each survey during the

first 5 days of time integration of the diagnostic calculation. Unit is cm2s−2.

isohalines and isotherms evidence the progressive sinking of
the transitional waters, reaching the bottom close to the river
mouth (∼15 m).

These shape the horizontal and vertical distribution of salinity,
especially during winter (Figure 9), when the surface river runoff
increases strongly (Figure 6). In February 2013, the whole area
is affected by transitional waters (Figure 9A). A wide and colder
core (S∼35.8 g kg−1, T∼13.1◦C) is located in the northwestern
side of the area, while the salinity increases southward and toward
the coast (Figure 9A). In February 2014, the whole area is still
affected by transitional waters (Figure 9B). The salinity presents
lower values (S < 36 g kg−1) downstream along the coast and
offshore, surrounding relatively saltier waters. The halocline is
wider in February 2013 and shallower and steeper in February
2014 (Figures 9C,D), with convergent and divergent small areas
toward the surface. The vertical profiles are gravitationally stable
because the increase in temperature with depth is balanced by the
progressive increase in salinity.

3.3. Steady Circulation Fields
Here, we describe the steady circulation at 5 m (below the
Ekman surface layer) resulting from the diagnostic numerical
experiments. The oceanmodel is initialized by the corresponding
density field synoptically observed and optimally interpolated, as
described in section 2.2. In order to establish a steady state of
kinetic energy, the model is integrated for 10 days (Figure 10).

Low north-westerly winds and small horizontal density
gradients determine a steady circulation characterized by a
wide southern longshore current in June 2012 (Figure 11A).
Maximum velocities (∼8 cm s−1) are detected along the coast
in correspondence of the higher density gradients, especially
close to the river mouth. This current separates the lighter
waters offshore (σt ∼25.25 kg m−3) from the denser toward the
coast (σt ∼25.75 kg m−3). The latter constrain the less dense

transitional waters (σt ∼24.5 kg m−3) in the upper layer between
the surface and 4m depth (not shown). Along the water column,
the velocity quickly decreases across the pycnocline, becoming
zero below it.

In June 2013, the density is strongly affected by the
river outflow with the formation of a small lens of very
light freshwater (σt ∼22 kg m−3) close to the river mouth
(Figure 11B). Around this area, higher density gradients are
detected, corresponding to a small-scale eddy whose dimension
is ∼10 km. This feature is represented by the model as
a shallow (∼15 m) anticyclonic recirculation cell (mainly
baroclinic) and a downstream longshore current, favored by
weak south-westerly winds. This eddy induces downwelling
processes with a vertical velocity of ∼8 mm s−1 in the upper
layer at about 10 m (Figure 11C). This dynamic condition
is consistent with the downward deflection of the isopycnals
(Figure 7D).

In autumn, the circulation is weak (Figure 10). In October
2012, the velocity field is dominated by a small-scale eddy
located offshore and a southward longshore current (Figure 12A)
induced by weak north-easterly winds. The model detects the
eddy as the eastern side of a large anticyclone, whose horizontal
dimension is comparable with the Rossby radius of deformation
(∼15 km). It preserves the less dense transitional waters at the
surface (σt ∼ 26.24 kg m−3) from those surrounding them. The
latter show relatively higher density values (σt ∼26.42 kg m−3)
along the coast. This is due to the rising slope of the isohalines
from 20 m depth toward the coast to the lowest limit of the
halocline (Figure 8C). Here, the density is lower (σt ∼25.95
kg m−3), limited to a small area close to the river mouth.

In October 2014, the wind is negligible, and the current
field shows weak circulation, with higher velocities along the
low density gradients in the north-western side of the domain
(Figure 12B). These horizontal fronts approximately separate the
denser saltier and warmer waters (σt ∼25.90 kg m−3) from
the fresher and colder (σt ∼25.70 kg m−3), directly affected
by the surface river runoff (Figure 6). As described in section
3.2, the temperature of the freshwater inflow destabilizes the
vertical stratification of the water column and causes vertical
mixing associated with weak downwelling processes. The model
detects vertical velocities (Figure 12C) of about 1mm s−1, which
significantly decrease below 10m.

The steady velocity fields in February 2013 and 2014 are
shown in Figure 13. The dynamic conditions in December 2013
are not described, as they are similar to those in February 2013.
In such a period, the steady circulation is the most energetic
(Figure 10). The velocity field is dominated by a relatively
large anticyclonic structure, partially detected on the northern
side of the domain (Figure 13A). Its dynamics preserve the
relatively less dense water offshore (σt ∼27.2 kg m−3) from those
surrounding it (σt ∼27.9 kg m−3). This feature is consistent
with the slopes of the isotherms and isohalines (Figure 9C).
Furthermore, it contributes to the southward current along the
coast, also favored by weak northerly winds. Higher velocities of
∼10 cm s−1 are detected along the density front. The flow moves
westward due to the constraint generated by the denser waters
located in the south of the domain.
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FIGURE 11 | Density and steady circulation at 5 m from the diagnostic numerical experiment using temperature and salinity fields optimally interpolated from the

CTDs of June 2012 (A) and in June 2013 (B). Units are kg m−3 for density (σt ) and cm s−1 for the total velocity, which are not plotted where the expected error of the

OA on the observed temperature and salinity exceeds 20%. Panel (C) shows the vertical velocities and the density contours at 41◦ 02′ N (red line in B).

In February 2014, the total kinetic energy is lower (Figure 10)
and the model gives a different steady dynamical condition
(Figure 13B). The circulation is influenced by weak north-
easterly winds and density gradients induced by the freshwater
inflow from the higher surface river runoff (Figure 6). The
velocity field is dominated by a wide and weak southerly
current system (∼5 cm s−1), meandering around a small
baroclinic cyclonic eddy. The model defines this feature
as about 10 km in diameter and characterized by denser
(saltier) waters (Figure 9B). The detection of this small-
scale eddy is consistent with the slopes of the isotherms
and isohalines shown in Figure 9D. The model detects the
development of vertical velocities (Figure 13C), which induce
an upwelling along the water column, increasing the salinity at
the surface.

4. SUMMARY AND CONCLUSIONS

Seven CTD surveys were carried out between June 2012 and
October 2014 in front of the Volturno river estuary in the Gulf
of Gaeta (eastern Tyrrhenian Sea). During each survey, the area
was synoptically sampled with 24 CTD casts in a nearly-regular
grid (∼2.5 km).

The data analyses show a density field dominated by strong
temporal variability of the thermohaline properties, represented
by three types of waters: freshwater of fluvial origin (S < 34 g
kg−1), saltier water of Tyrrhenian origin (S > 37.8 g kg−1), and
transitional waters created through mixing of the previous two
(34 < S < 37.8 g kg−1).

In early summer, the whole water column is characterized
by a clear thermal stratification. The surfaces of discontinuity
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FIGURE 12 | Density and steady circulation at 5 m from the diagnostic numerical experiment using temperature and salinity fields optimally interpolated from the

CTDs of October 2012 (A) and in October 2014 (B). Units are kg m−3 for density (σt ) and cm s−1 for the total velocity, which are not plotted where the expected error

of the OA on the observed temperature and salinity exceeds 20%. Panel (C) shows the vertical velocities and the density contours at 41◦ N (red line in B).

are predominantly horizontal, inducing conditions of strong
vertical stability between the upper warmer waters and the
colder and deeper saltier Tyrrhenian ones. This vertical condition
inhibits the ventilation of the bottom layer and supports a weak
horizontal dynamic. The stratification increases more in case of
rainy events, like in June 2013, when a surface plume spreads
over the coastal shelf along the direction of the Kelvin wave
propagation. The model results identify this feature as a small
baroclinic anticyclonic eddy that preserves a fresher water core
at its center.

A neutral stratification occurs in autumn and winter. In
autumn, the water column is characterized by a wide superficial
mixed layer over a deeper thermocline, which reaches the
bottom. In this layer, the temperature is higher than that in
the early summer. Since there is no thermal gradient along

the upper isothermal layer, the spatial density distribution is
mainly determined by salinity, which shows higher values than
in the early summer. Vice versa, toward the coast around the
river mouth, the colder freshwater inflow destabilizes the vertical
stratification, followed by the sinking of the transitional waters
down to ∼15 m. This is particularly evident in October 2014,
when a wide river plume is observed slightly upstream.

In February 2014, a stratified salinity along the water column
is evident, increasing in the upper layer due to the higher
freshwater inflow. This preserves the vertical stability of the water
column in the upper ∼15 m, although the temperature profiles
show a weak thermal inversion, with cooler waters floating
above warmer. Such a destabilization of the water column is
compensated by the salinity field. The bottom waters are not
influenced by the transitional waters, retaining the accumulated
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FIGURE 13 | Density and steady circulation at 5 m from the diagnostic numerical experiment using temperature and salinity fields optimally interpolated from the

CTDs of February 2013 (A) and in February 2014 (B). Units are kg m−3 for density (σt ) and cm s−1 for the total velocity, which are not plotted where the expected error

of the OA on the observed temperature and salinity exceeds 20%. Panel (C) shows the vertical velocities and the density contours at 41◦ 03′ N (red line in B).

heat. The upper ∼6 m are characterized by transitional waters
over the whole area, with a clear signal close to the river mouth
and saltier water downstream. The model identifies this structure
as a small-scale cyclonic eddy that induces convergence toward
the surface. Although the surface river runoff in winter is higher,
a clear river plume is not observed near the coast in February
and December 2013. The observations show that the transitional
waters mainly affect the northern side of the domain, across a
relatively large anticyclonic eddy. This is a dynamical mechanism
that preserves the transitional water core offshore.

In conclusion, this study provides evidence of the strong
impact of the freshwater river inflow on the hydrological
conditions at sea. This occurs in the upper layer, modifying the
characteristics along the water column through the turbulent
mixing processes. The transitional waters affect the whole study

area, forming a horizontal layer whose thickness is strongly
correlated to the seasonal vertical stratification and the surface
river runoff. In particular, in October 2014, we observed reduced
stability over the whole domain (Figure 4) and vertical instability
occurring within the surrounding area close to the river mouth
(not shown). Then, the thickness of the transitional waters
increases, reaching its maximum depth of ∼ 15 m. The waters
and the coastal circulation are also modulated by meandering
currents and small-scale eddies as detected by the diagnostic
model. These structures modify the spatial distribution and the
vertical stratification of the waters, preserving the transitional
core from the saltier surrounding waters in the condition of
anticyclonic circulation. The propagation of the anticyclonic
eddies could be considered an important contribution to the
transport of the transitional waters offshore.
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The methodology described in this paper could also
be used to analyze ocean data in order to respond to
environmental emergencies, such as pollutant dispersion. The
measured fields may also be used to determine the initial
condition of the prognostic model, thus improving the
forecast skill.
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