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The impact of the assimilation of satellite sea surface height, sea surface temperature and surface velocity fields
observed by a set of high-frequency (HF) radars is studied using a three-dimensional ocean circulation model
configured for the southern Tyrrhenian Sea. The studyperiod isOctober–December 2010 covered by a largenum-
ber of data. The nonlinear model is based on the Regional Ocean Modeling System (ROMS) and the data assim-
ilation component on the four-dimensional variational (4D-Var) algorithm.
Assimilation proceeds in a series of 7-day windows, providing an analysis solution in each window.
The assimilation of surface velocity combined with other observations has more utility in recovering the density
fields based on the theory of geostrophic adjustment and a strong impact both on near-surface horizontal volume
fluxes and subsurface flows, constraining surface geostrophic currents in the area not covered by the HF radar
data.
The adjoint of the 4D-Var gainmatrixwas used to quantify the impact of individual observations and observation
platforms on different aspects of the 4D-Var circulation estimates during both the analysis and subsequent fore-
cast cycles. In this study, we focus on the alongshore transport of the surface and intermediatewaters in the east-
ern zone of southern Tyrrhenian Sea. The majority of the observations available during any given analysis cycle
are from HF radar, and on average these data, together with SSH data, exert the largest controlling influence
on the analysis increments of coastal transport. Also, observations from satellite platforms in the form of SST
have a considerable impact on analyses and forecasts of coastal transport, even though these observations repre-
sent a relatively small fraction of the available data at any particular time.
During 4D-Var, the observations are used to correct for uncertainties in the model control variables, namely, the
initial conditions, surface forcing, and open boundary conditions. It is found that correcting for uncertainties in
the initial conditions and only secondarily in the boundary conditions has the largest impact on the analysis in-
crements in alongshore transport.
Finally, we note that both the control vector and the observation impact calculations are a useful way for moni-
toring the performance of the data assimilation system, as well as quantifying the impact of the observations on
the circulation estimates.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

State-of-the-art numerical ocean models are widely used in coastal
oceanography to simulate the three-dimensional circulation of limited
area domains for studies of regional ocean dynamics, biogeochemistry,
geomorphology, and ecosystem processes.

When operated as real-time now-cast or forecast systems, these
models offer predictions that assist decision makers on issues related
to water quality and public health, coastal flooding, shipping, maritime
Tecnologie (DiST), Università
Italy.
mano).
safety, and other applications. The dynamic ocean state estimate provid-
ed by ocean circulation models critically depends on the model bound-
ary conditions, as well as on its capability to resolve the water
parameters, both spatially and temporally.

However, research and development in technology over the last
three decades have substantially improved coastal ocean observing sys-
tems, e.g. by buoys, satellites, moorings, coastal radars, etc. These ad-
vanced ocean observing systems now provide a large volume of ocean
measurements in real-time, addressing the traditional “scarcity” of ob-
servational data in oceanography.

The increasingly available ocean observations are appropriate for es-
tablishing “data assimilation” (hereafter DA) approaches, a series of
mathematical techniques of growing complexity in which observational
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data are dynamically combinedwith numerical models in order to obtain
the best representation of the ocean state. The use of complex DA ap-
proaches provide better results with respect to those obtained by using
only the numerical model or by analyzing the observational data alone
(Anderson et al., 1996). The key point about DA techniques is that oceanic
observations are sparse and numerical models are limited in accuracy;
but if taken together, they may yield a quantitative description of the
state of the ocean that is superior to either models or data alone.

DA can be used at different scales and in various applications to inte-
grate diverse available data sets with dynamical models in order to per-
form more accurate process studies; to provide a foundation for
hypothesis testing and model improvement, including estimating
model and data errors (uncertainty modeling); to initialize ocean
models, or the ocean component of coupledmodels, and assimilate sub-
sequent observations for optimal forecasting; to estimatemodel param-
eters and parameterizations, including forcing and lateral boundary
conditions, and provide the means to assess observing systems, mea-
sure the usefulness of new data, and collect the most useful observa-
tions through adaptive sampling; eventually, to obtain a better
understanding of the ocean.

The assimilation of satellite-derived data can be considered nowa-
days as an advanced and widespread activity (e.g. Dombrowsky et al.,
2009; Lellouche et al., 2013; Pinardi and Coppini, 2010), even in coastal
regions of the Mediterranean Sea, as demonstrated by the works of
Vandenbulcke et al. (2006) in the Gulf of Lions, Korres et al. (2009) in
the Aegean Sea, and Olita et al. (2012, 2013), respectively, in the Sicily
Channel and in the western Sardinian Sea.

In particular, there is a large body of literature dealingwith assimila-
tion of satellite data using variational techniques. The time-dependent
variational method is one DA approach largely applied to studies of
ocean variability on regional and coastal scales, as demonstrated by var-
ious works in literature. Hoteit and Köhl (2006) applied an adjoint data
assimilation in the eastern subtropical North Atlantic using in situ and
satellite data as constraint. Powell et al. (2008) presented the theory
and application results of the incremental 4DVAR assimilation method
in ROMS in the Intra-Americas Sea using remotely sensed surface obser-
vations including sea surface temperature (SST) and sea surface height
(SSH).

Other regional applications of variational technique are those of
Broquet et al. (2009a) to the California Current System as well as the
work of Chao et al. (2009); Kuparov et al. (2009, 2011) to a coastal
ocean model off the western coast of the U.S; Zhang et al. (2010) to a
coast domain in the center of the Mid-Atlantic Bight; Janekovic et al.
(2013) to a coastal domain of Hawaiian islands.

The assimilation of velocity data is a recent phenomenon and is still
evolving, although radar observational systems are potentially one of
the most important data sets for coastal ocean state estimation
(Paduan and Washburn, 2013).

One of the earliest DA studies using high-frequency (hereafter HF)
radar data was reported by Lewis et al. (1998) for the Monterey Bay,
CA, in which a pseudo-shearing stress, defined as the difference be-
tween themodel surface current and HF radar data, was used to correct
the model wind forcing. Breivik and Sætra (2001) reported HF radar
surface current assimilation into a realistic coastalmodel for the Norwe-
gian coast using an optimal interpolation (OI) method. An HF radar DA
study for the Oregon coast was reported by Oke et al. (2002b), which
used a sequential OI scheme based on the physical-space statistical
analysis system (PSAS), and a time-distributed averaging procedure
(TDAP). A representer-based 4-dimensional variational method (4D-
Var) (Bennett, 2002) was used by Kurapov et al. (2003) to assimilate
HF radar data into a simplified ocean model. Paduan and Shulman
(2004) assimilated HF radar data using a PSAS scheme based on data-
dependent velocity covariance functions in the Monterey Bay, CA.

Assimilation of HF radar data using a melding/nudging approach
was reported by Wilkin et al. (2005) for the New Jersey inner-shelf.
Barth et al. (2008) assimilated HF radar surface currents in the West
Florida shelf using an ensemble-based error covariance method. Li
et al. (2008) have used a three-dimensional variational assimilation
(3D-Var) of HF radar data in the Southern California on an operational
basis. A 4D-Var method was used by Hoteit et al. (2009) to assimilate
HF radar data in the San Diego coastal region. More recently, Shulman
and Paduan (2009) reported assimilation of HF radar-derived radial/
total surface currents using PSAS scheme for the Monterey Bay, CA. In
Gopalakrishnan and Blumberg (2012), a surface current observation
system based on HF radar has been developed for the Raritan Bay, NJ,
and the coastal waters of New York and New Jersey. The impact of the
HF radar DA is analyzed by computing the DA skill by comparing
(non-assimilated/assimilated)model solutionswith in situ observations
of three-dimensional currents, temperature, and salinity which have
not been included in the assimilation.

In Yu et al. (2012), the impact of assimilation of sea surface velocity
fields observed by a set of HF radars was studied using a three-
dimensional ocean circulation model configured along the Oregon
coast. The nonlinear model was based on the ROMS and the DA compo-
nent on a system utilizing the representer-based variational algorithm.

Among the Italian coastal zones, the Gulf of Naples (hereafter GoN),
and the surrounding area of the southern Tyrrhenian Sea, represent a
particularly interesting area that is influenced by numerous environ-
mental, socio-economic, and interacting cultural factors (strong anthro-
pogenic impact, intense maritime traffic, the presence of the polluted
Sarno River, tourist and economic activity, and four protected areas).
Thus, pollutant release in this basin may have serious consequences in
terms of the environmental sustainability and management of the
coastal area.

For these reasons, a comprehensive understanding of the coastal cir-
culation in this basin is of fundamental importance for proper planning
and management of the coastal area and for the maintenance and im-
provement of environmental quality in the GoN.

The peculiar dynamics of the GoN qualify the region as a natural
challenging laboratory for testing the skill of coastal ocean models and
data assimilation methodologies.

Herewe proceeded to implement a limited area ROMS (Shchepetkin
and McWilliams, 2005) model in the southern Tyrrhenian Sea and a 4-
dimensional variational data assimilation system was applied in the
model domain using HF radar data, satellite sea surface height (SSH),
and surface temperatures (SST).

The expected goal of this study was to assess the effects of the HF
radar data, together with surface data coming from satellite in the
form of SST and SSH on a coastal modeling system of the GoN area
and surroundings.

In particular, we focus here on the impact of the observations on the
4D-Var circulation which is one of the many capabilities of the ROMS
4D-Var system (Moore et al., 2011c).

As described inMoore et al. (2011c), the observation impact calcula-
tions can be used to quantify the contribution of each individual datum
to thedifference between the background (or prior) and the analysis (or
posterior) of some aspect of the ocean circulation and can also demon-
strate the influence of initialization shocks on the circulation that are as-
sociated with each individual observations.

The observation impact calculations presented here are based on an
adjoint approach and utilize the property of adjoint operators for iden-
tifying the subspace of themodel state vector that is activated by the ob-
servations. While adjoint-based methods have been used previously in
oceanography in attempts to identify optimal observing locations and
observation types (e.g. Köhl and Stammer, 2004; Zhang et al., 2010),
our focus here is on the impact of existing observations on estimates
of the ocean circulation, following the approach originally developed
in meteorology by Langland and Baker (2004), Daescu (2008), Zhu
and Gelaro (2008), and Gelaro and Zhu (2009) and in oceanography
by Moore et al. (2011c).

Our primary focus is thewinter circulation in the vicinity of a coastal
area of the southern Tyrrhenian Sea (namely, the Campania region



Fig. 1. ROMS model domain and bathymetry. The section at 40.5°N as well as the coastal
area considered for the calculation ofmeridional transports are indicated inwhite andma-
genta, respectively. The locations of CTD stations (TYR and GON sections in black and red,
respectively) are shown for reference.
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coasts and the Gulf of Naples), which is related to the circulation of the
southern andmid-Tyrrhenian Sea (Buffoni et al., 1997) and also strong-
ly affected by the local wind stress (Cianelli et al., 2015; Grieco et al.,
2005; Iermano et al., 2012).

In the Tyrrhenian Sea, a basin-wide cyclonic circulation at all depths
is present during winter, characterized by a northeastward flow of Le-
vantine IntermediateWater (LIW) entering theWesternMediterranean
through the Sicily channel, combined with a flow of modified AW com-
ing from the Sardinia channel, which then roughly follows the same cy-
clonic motion (e.g., Astraldi and Gasparini, 1994; Krivosheya and
Ovchinnikov, 1973; Millot, 1987).

A first good dynamical indicator of the autumn/winter circulation
changes is the alongshore transport across a single section, and we use
this indicator here to demonstrate how the available observations con-
tribute to modify the coastal circulation via data assimilation during a
specific period of the year. As a consequence, and with the aim general-
izing the results obtained through the use of a single section, as well as
to focus on the coastal area of the GoN and its surroundings, the average
transport of the intermediate water LIW in a restricted coastal region of
themodel domainwas also considered. The LIW transport has proved to
be an important and dynamically relevant aspect of the circulation in
the study area to assess the impacts of the data assimilation.

A brief summary of the ROMS model and 4D-Var configuration as
well as the sequential strong constraint 4D-Var experiment set-up pre-
sented here and the dataset of observations used is presented in
Section 2. The results of the experiments are presented in detail in
Section 3: an assessment of the surface features together with the im-
pact of observations on the coastal transport during each assimilation
cycle is presented in Sections 3.1 and 3.2. Section 3.3 considers the im-
pact of the assimilation on subsurface and deep layers. A summary of
important results and conclusions is presented in Section 4.
2. Model configuration and experimental set-up

ROMS is a three-dimensional, free-surface, terrain-following ocean
model that solves the Reynolds-averaged Navier–Stokes equations
using the hydrostatic vertical momentum balance and Boussinesq ap-
proximation (Haidvogel et al., 2000; Shchepetkin and McWilliams,
2005). The governing dynamical equations are discretized on a vertical
coordinate that depends on the local water depth. The horizontal coor-
dinates are orthogonal and curvilinear allowing Cartesian, spherical,
and polar spatial discretization on an Arakawa C-grid. The dynamical
kernel includes accurate and efficient algorithms for time-stepping, ad-
vection, pressure gradient (Shchepetkin andMcWilliams, 2003), several
sub-gridscale parameterizations (Warner et al., 2005) to represent
small-scale turbulent processes at the dissipation level, and various bot-
tom boundary layer formulations to determine the stress exerted on the
flow by the bottom.

ROMS is an open-source, ocean community-modeling framework
supporting three different 4D-Var data assimilation methodologies: a
primal form of the incremental strong constraint 4D-Var (I4D-Var), a
strong/weak constraint dual form of 4D-Var based on a Lanczos formu-
lation of the augmented Restricted Preconditioned Conjugate Gradient
(RPCG) algorithm, and a strong/weak constraint dual form of 4D-Var
based on the indirect representer method (R4DVar) (Gürol et al.,
2013; Moore et al., 2011a,2011b).

Ourmodel domain covers the GoN and the adjacent open sea region
extending between 39°–42°N and 12°–16°E with 3 km horizontal reso-
lution and 30 terrain-following vertical levels (Fig. 1).

The model forcing was derived from the global reanalysis output of
the Era Interim dataset (Dee et al., 2011) from the European Centre
for Medium-Range Weather Forecasts (ECMWF). The ocean surface
fluxes were derived using the bulk formulations of Fairall et al. (1996),
and represent the background (or prior) surface forcing in the incre-
mental formulation of 4D-Var.
The model domain has open boundaries at the northern, southern,
and western edges, and at these boundaries, the tracer and velocity
fields were prescribed, while the free surface and vertically integrated
flow were subject to Chapman (1985) and Flather (1976) boundary
conditions, respectively.

The time evolving prescribed open boundary solution was taken
from the daily updated High Resolution Atlantic and Mediterranean
Mercator Ocean dataset product (Lellouche et al., 2013), with a resolu-
tion of 1/12°, and represents the background (prior) boundary condi-
tions in the incremental formulation of 4D-Var.

Prior to DA, the underlying numerical ROMS model was tested with
respect to its skill in simulating the observed ocean structure, under-
standing multi-scale interactions, inferring and modeling the effects of
larger scales in smaller-scale simulations, comparing the benefits of en-
hanced model resolution and model physics to those of enhanced esti-
mation methods.

The efficacy of the model without DA has been explored by way of
model-data comparisons using in particular HF radar data to show
that the nested model reproduces variability on the shelf qualitatively
correctly (Cianelli et al., 2015).

This activity is fundamental for model improvement and is a neces-
sary element of a robust assessment of DA efforts.

Even if our model implementation of southern Tyrrhenian Sea is
nested in a coarse, global product inwhich available observations are al-
ready assimilated, and for that reason, the information it brings is trans-
ferred to our local model through initial and boundary conditions, there
is the necessity to assimilate data also in the high-resolution model.

As discussed in Vandenbulcke et al. (2006), when observations are
assimilated in a regional model, they have a positive impact on the solu-
tion. Even supposing that the global model is approximately correct, a
higher-resolution regional model is generally superior when corrected
using observations and data assimilated, rather than relying solely on
the transfer of information from the global model.

The starting point for the ROMS/4D-Var experiments presented here
was taken from an interannual run performed without any data assim-
ilation from the year 2007 to 2010. Strong constraint incremental 4D-
Var was performed sequentially starting on 1 October 2010, using 7-
day assimilation windows and iteratively adjusting the model initial
conditions, surface forcing, and open boundary conditions.
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HF radar data together with satellite data were assimilated into the
high-resolution implementation of coastal model, and the DA analysis
solution during each assimilation window was compared against the
unassimilated model solution.

To evaluate the impact of 4D-Var data assimilation, two identical ex-
periments are compared : a simulation considered as control run,which
is part of the interannual run from 2007 to 2010 with no DA (hereafter
called free-run), and a DA solution (hereafter called analysis) assimilat-
ing satellite data and surface velocities. The analysis and control exper-
iments have the same initial conditions at the first day (1October 2010)
of assimilation, therefore they are identical with the exception of the
DA.

2.1. Observations

The observations assimilated in the model were collected from var-
ious different instruments and satellite platforms and included the data
described in the following sections.

2.1.1. HF radar-derived surface velocities
The GoN is one of the very few sites along the Italian coast that ben-

efits from the availability of real-time surface velocity data provided by
a system of HF coastal radars (Bellomo et al., 2015; Corgnati et al., in
press).

In 2004, the first core of a network of HF coastal radars was installed
in the GoN, permitting the real-time, synoptic monitoring of the surface
currentfield at the basin scale (Fig. 2). This systemhas been operated by
the former Department of Environmental Sciences, now Department of
Science and Technology, of the Università degli Studi di Napoli
“Parthenope” on behalf of the Centre for the Analysis and Monitoring
of Environmental Risk (AMRA Scarl). The system installed in the GoN
is a SeaSonde type manufactured by CODAR Ocean Sensors (Mountain
View, California, USA). It operates in the 25 MHz band, measuring sur-
face currents relative to the upper 1m of thewater column. The tempo-
ral resolution of the system is 1 h, while the range is approximately
35 km from the coast. The original network installed in 2004 comprised
two remote stations (in Portici and in Massa Lubrense); in this configu-
ration, the spatial resolutionwas 1250m (Menna et al., 2007). In 2008, a
Fig. 2. Typical hourly surface current field of HF radar during the period of
third antenna has been installed in Castellammare di Stabia; this imple-
mentation improved both the spatial coverage and resolution (1000m)
and the system data quality has been thoroughly validated (see,
e.g., Uttieri et al., 2011).

2.1.2. Sea surface temperature data
The sea surface temperature (SST) product used is amerged data set

derived from both microwave and infrared sensors carried on multiple
platforms and provided by the NOAA OceanWatch catalog (http://
oceanwatch.pfeg.noaa.gov/thredds/catalog.html). The microwave in-
struments can measure ocean temperatures even in the presence of
clouds, though the resolution is relatively coarse when considering fea-
tures typical of the coastal environment. These data are complemented
by the relatively fine measurements of infrared sensors.

Blended SST measurements, gathered by Japan's Advanced Micro-
wave Scanning Radiometer (AMSR-E) instrument, a passive radiance
sensor carried aboard NASA's Aqua Spacecraft, NOAA's Advanced Very
High Resolution Radiometer, NOAAGeostationary Environmental Satel-
lites (GOES) Imager, and NASA's Moderate Resolution Imaging Spec-
trometer (MODIS), were available from November 2006 every day as
a 5-day mean product with horizontal resolution 10 km. The latter
were merged with SST data from NASA's Terra Spacecraft provided by
NOAA CoastWatch, and gathered by the MODIS, currently supporting
only daytime imagery. Data were available from March 2000 every
day as an 8-day mean product with horizontal resolution 4.4 km.

2.1.3. Aviso absolute dynamic topography
ADT combines sea level anomaly data (a merged product composed

of SSALTO-Duacs data from TOPEX/Poseidon, Jason-1&2, Envisat, ERS-
1&2, and GFO measurements on a reference period based on a 20-year
[1993–2012] period (Pujol et al., 2013) and the mean dynamic topo-
graphic data estimated by Rio et al. (2013), provided by Aviso and the
Centre National d'Etudes Spatiales (CNES). Data are available every
day with horizontal resolution 1/8° over the whole Mediterranean Sea
(ftp://ftp.aviso.altimetry.fr/regional-mediterranean/delayed-time/
grids/madt/all-sat-merged/h).

ADTwas compared to themodel SSH for the DA period, and calibrat-
ed to ensure that the spatio-temporal mean of ADT and the free-run
the DA experiment, showing its coverage and the model grid (inset).

http://oceanwatch.pfeg.noaa.gov/thredds/catalog.html
http://oceanwatch.pfeg.noaa.gov/thredds/catalog.html
ftp://ftp.aviso.altimetry.fr/regional-mediterranean/delayed-time/grids/madt/all-sat-merged/h
ftp://ftp.aviso.altimetry.fr/regional-mediterranean/delayed-time/grids/madt/all-sat-merged/h
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model are equal. The calibration takes the form of a mean offset to ADT
which is constant in space and time. The procedure for computing SSH
for assimilation basically started from the space and time mean of ADT
over the whole domain, then the same procedure was repeated using
the free-run experiment spanning the same period as the Aviso obser-
vations. The observed space–timemean of ADT from Aviso data was re-
moved and replaced with the space–time mean of the ROMS model.

2.2. 4D-Var configuration

If we denote by z the control vector composed of the initial condi-
tions, surface forcing, and open boundary conditions, then incremental
4D-Var proceeds by minimizing the cost function given by:

J ¼ δzTD−1δz þ Gδz−dð ÞTR−1 Gδz−dð Þ ð1Þ

where δz = z − zb is the control vector increment and zb is the back-
ground control vector; D is the prior error covariance matrix; d = yo

− H(zb) is the innovation vector where yo is the vector of observations;
R is the observation error covariance matrix; H is the observation oper-
ator that maps zb to the observation points; and G is the tangent linear-
ization of H. The increment δz that minimizes J is identified using a
truncated iterative Gauss–Newton method involving sequences of
inner- and outer-loops (Moore et al., 2011a).

Before running ROMS 4D-Var, it is necessary to specify the back-
ground error covariance D for the initial conditions, surface forcing,
and open boundary conditions and the observation error covariance
matrix,R (Moore et al., 2011a,2011b). In this sectionwewill summarize
the choice of parameters for D and R.

Observation errors were assumed to be uncorrelated in space and
time, resulting in a diagonal observation error covariance matrix, R.
The variances along themain diagonal of Rwere assigned as a combina-
tion of measurement error and the error of representativeness.

Measurement errors were chosen independent of the data source,
with the following standard deviations: 0.07m s−1 for HF radar compo-
nents, 0.4 °C for SST, and 0.02 m for ADT.

The background error standard deviations for the unbalanced initial
condition components of the control vector were estimated based on
the variance of the model run for the period 2007–2010 subject only
to surface forcing (i.e. no data assimilation).

Following Broquet et al. (2009a, 2011), the climatological standard
deviation for each calendar month was computed from the model run
for each component of the state vector at every grid point (Moore
et al., 2011a), and these standard deviations used as the background
error standard deviations during the appropriate month of each assim-
ilation cycle.

The temporal variability of the ECMWF surface forcing for the period
2007–2010 was used as the variance for background surface forcing
error, and the open boundary condition background error variances
were chosen to be the variances of the Mercator Ocean fields at the
boundaries.

The decorrelation length scales used tomodel the background errors
of all initial condition control variable components ofDwere 50 km (for
the free surface and tracers) and 30 km (for the 2D and 3D momentum
components) in the horizontal and 30 m in the vertical. Horizontal cor-
relation scales chosen for the background surface forcing error compo-
nents of D were 100 km both for the wind stress and for heat and
freshwater fluxes. The correlation lengths for the background open
boundary condition error components of D were chosen to be 50 km
(for the free surface and tracers) and 30 km (for the 2D and 3Dmomen-
tum components) in the horizontal and 30 m in the vertical.

The surface forcing and boundary condition of the increments δz
were computed daily, and interpolated to each intervening model
time step.
2.3. Sequential strong constraint 4D-Var and experimental set-up

In the experiments presented here, ROMS 4D-Var was run sequen-
tially for the period October–December 2010. Because of the uncertain-
ty in assigning model error, all experiments presented here assume the
strong constraint, although there is nothing to preclude the same com-
putations using the weak constraint instead (i.e. accounting for model
error; Moore et al., 2011a).

In all cases, the control vector δzwas composed of increments to the
initial conditions, surface forcing, and open boundary conditions. The
background initial conditions at the start of each assimilation cycle
were chosen to be the analysis at the end of the previous assimilation
cycle. The background surface forcing and open boundary conditions,
however, are always those taken from the ECMWF and Mercator
datasets, respectively (Section 2).

4D-Var was runwith 1 outer-loop and 15 inner-loops spanning 7-
day assimilation cycles when the cost function J can typically be re-
duced by a factor of about ~3 during each assimilation cycle
(Broquet et al., 2009a,b, 2011; Moore et al., 2011b; Powell, et al.,
2008).

Our focus here is on the circulation of the southern Tyrrhenian Sea,
one of themajor sub-basins of theMediterranean Sea. It has a triangular
shape and a very complex bathymetry and is connected to the other ba-
sins of the western Mediterranean Sea mainly through the Corsica
Channel (north) and a broad opening between Sardinia and Sicily in
the south (Rinaldi et al., 2010).

The fluxes through the straits of Sicily and Sardinia exert an im-
portant control on the circulation. Surface waters of Atlantic origin
(AW) enter the Tyrrhenian Sea off the northern Sicilian coast and
flow northeastward along the eastern boundary of the basin
(Buffoni et al., 1997; Krivosheya and Ovchinnikov, 1973; Poulain
and Zambianchi, 2007) following an overall cyclonic pattern, pro-
ceeding along the western coast of Italy and then entering the Ligu-
rian Sea through the Corsica Channel (Rinaldi et al., 2010). This
surface northward flow is present during the whole year but more
evident during the winter (Astraldi and Gasparini, 1994; Buffoni
et al., 1997) then returns southbound on the western side of the Sar-
dinian Channel and forms a rather stable cyclonic gyre (Poulain and
Zambianchi, 2007).

The challenge for 4D-Var here is to therefore build reliable estimates
of the actual ocean conditions in this dynamic region, particularly dur-
ing the winter season such as the period analyzed in the experiment.

In this case,most of the observations thatwere assimilatedwere col-
lected in real-time from the HF radar system installed in the GoN and
from satellite. The HF radar data are limited to a narrow region
(Fig. 2) while the satellite observations are uniformly distributed in
space and time across the region, which demonstrates the ability of
4D-Var to dynamically interpolate information from remotely sampled
observations.

In order to quantify the impact of the available ocean observations
and data assimilation on the circulation, we considered two measures
of transport as quantitative indicators of the circulation changes that
occur in the southern Tyrrhenian region due to assimilating the obser-
vations: the transport of surface waters (upper 500 m) across the sec-
tion situated at 40.5°N; the average transport of the intermediate
water between 300 and 600 m depth across a restricted coastal region
of the model domain including the GoN and its surroundings. The latter
captures a major pathway of LIW in this region. The section as well as
the coastal area considered for the calculation of meridional transports
are indicated in Fig. 1.

The observation impact calculations presented here can formally
quantify the value of each observing platform during the analysis-
forecast cycles and therefore provide quantitative information
about the observability of the transports associated with the winter
circulation, and the ability of 4D-Var to dynamically interpolate in-
formation from the observations through the model domain.
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3. Results and discussion

3.1. Qualitative assessment of the surface features

The first evaluation of the quality of the analyses and the effect of the
data assimilation was carried out through a qualitative comparison of
the simulated features of the surface circulation with those detected
by independent satellite observations in the form of MODIS
chlorophyll-a data.

We evaluated the impact of the assimilation in terms of the change/
improvement in the reproduction of surface features by comparing the
surface analysis fields with synoptic observations provided by optical
and infrared satellite images. In order to do this, MODIS AQUA and
TERRA level-2 data of chlorophyll-a concentration were used to com-
pare the footprints of mesoscale and submesoscale features with those
of the numerical experiment with and without DA.

The dates selected for this comparison were based on the absence of
cloud cover (limiting the optical and infrared satellite measurements)
and on the ability to emphasize the differences between the experiments.
Fig. 3c shows the daily average salinity fields of the free-run and 4D-Var
analysis simulations for 14 November 2010 compared to the MODIS
chlorophyll-a concentration field for the same date. In this case, we
used an optical product instead of SST to ensure the independence of
the data from the DA experiment used for this qualitative assessment.
Fig. 3. Daily average salinity fields from the free-run and 4D-Var analysis simulations (a and
Themain differences are found in the behavior of the coastal salinity
distribution, detected in the model results by salinity ranging from 37.5
to 38psu. In the free-run simulation (Fig. 3a), the squirts and jets both in
the GoN and its northern coastal area (from 13° to 14.5°E) are not visi-
ble, while they are recovered quite well in the 4D-Var analysis (Fig. 3b).
The satellite image shows the clear signature of submesoscale anticy-
clonic meanders approximately located at 13°E and 41°N, in the GoN
(14.25°E–40.6°N) and also further south (14.75°E–40.3°N). These signa-
tures can also be observed in the 4D-Var analysis which clearly reveals
that the coastal salinity signal is very accentuated and it extends for sev-
eral kilometers offshore reaching almost the island group (13°E–41°N)
at about 70 km from the coast.

The qualitative comparison of free-run and analysis simulations
with independent synoptic satellite data indicates that 4D-Var data as-
similation can recover some of the dynamical features, such as coastal
squirts and meanders, in the GoN portion of the domain and its sur-
roundings that are otherwise absent in the free-run.
3.2. Impact of the observations

The meridional transport across a section is used to better under-
stand how and where the assimilation of satellite and HF radar data,
which should provide information about the submesoscale and
b) for 14 November 2010 compared to the MODIS chlorophyll-a concentration field (c).
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mesoscale circulation, can bring about important changes in the mean
flow interactions.

The 7-day average transport across the section situated at 40.5°N lat-
itude in the upper 500m during each analysis cycle was considered and
used here as a scalar circulationmetric, denoted by I, to quantify the im-
pact of each available ocean observation and data assimilation on the
circulation. The transport section is indicated in Fig. 1.

Fig. 4a shows a time series of Ib at 40.5°N for the background circula-
tion estimate for each 7-day 4D-Var cycle. In this case, the transport
varies smoothly between 0.75 Sv southward at the beginning of exper-
iment and 1.5 Sv northward at the end. The transport crossing the tran-
sect is generally northward with a mean of 0.3 Sv, a standard deviation
of 0.7 Sv, and peak values during the beginning of winter of 1.5 Sv, al-
though at the beginning of experiment (October) I is quite small.

The time averaged alongshore transport Ia of the 4D-Var analyses
across the same section differs quite significantly from the background
estimates Ib.

A time series of the transport increment ΔI = Ia− Ib during each as-
similation cycle is shown in Fig. 4b. Two estimates of ΔI are shown:

In one case, the ΔI was computed directly from the difference be-
tween the analysis and background circulation estimates of the nonlin-
ear ROMS (referred to as NLROMS), while in the other case, theΔIwere
computed using the tangent linear assumption. As shown inMoore et al.
(2011c), invoking the tangent linear assumption leads to

ΔI ¼ dTKT ∂I =∂δzð Þ��zb

where K = DGT(GDGT+R)−1 is the Kalman gain matrix.
The two time series generally agree well duringmost of the time pe-

riod, indicating that the tangent linear assumption is valid during each
7-day assimilation cycle, although there is a significant discrepancy to-
ward the end of November and beginning of December. However, at
this time, the transport changes are small (but not necessarily δz) at
which times the tangent linear approximation is more susceptible to
error. The mean of the alongshore transport increments of Fig. 4b is
comparable to that of Ib in Fig. 4a.

The transport increments made by 4D-Var are largest at the begin-
ning of the experiment and decrease over time.

The transport increments can be decomposed into the individual
contributions from the 4D-Var the control variable increments for the
initial conditions, surface forcing and open boundary conditions. Time
series of the individual contributions to ΔI are shown in Fig. 5 for each
4D-Var cycle. Fig. 5 shows that there are clearly times when the
Fig. 4. (a) Time series of the 7-day average background (prior) transport across 40.5°N. Time ser
curve represents the transport increments computed directly from the analysis and backgroun
using the tangent linear assumption.
increments in the initial conditions dominate, and times when the in-
crements to the boundary conditions are the primary factor controlling
ΔI across 40.5°N. During some cycles, the changes in ΔI associated with
the increments in the initial conditions and boundary conditions oppose
each other, which highlights the complex interplay between the control
variables during the data assimilation process. This situation in not un-
usual and has been observed in other regions (Moore et al., 2011c;
Moore et al, 2015).

The rms over all cycles indicates that on average, the initial conditions
contribute more than the boundary conditions to ΔI across 40.5°N, while
the impact of increments in the surface forcing is generally small.

The contribution of each observing platform to the total transport in-
crement ΔI during each 4D-Var cycle is shown in Fig. 6a. For reference,
the percentage number of observations from each different platform
during every cycle is shown in Fig. 6b. During a typical cycle, almost
93% of the total number of observations take the form of HF radar
data, 5% are satellite SST (daily) and 2% gridded satellite SSH (daily),
so HF radar data constitute the largest fraction of all available
observations.

While on average, HF radar data together with satellite SSH are the
dominant observation platforms controlling ΔI, Fig. 6a reveals that the
situation varies from cycle to cycle. For instance, the impact of SSH ob-
servations on ΔI appears to be greatest at the beginning of the experi-
ment in the October month even though the number of SSH
observations per cycle is constant throughout the experiment. The
large impact of the SSH observations is consistent with the significant
role that the boundary conditions increments play in controlling the
transport (Fig. 5), and this further confirms that the control vector and
observation impact calculations are a usefulway formonitoring the per-
formance of the data assimilation system as well as quantifying the im-
pact of the observations on the circulation estimates. Also, the impact of
HF radar observations on ΔI is almost always prevalent during all cycles
and is very significant, despite the relatively small area in which these
observations are located.

Fig. 6a shows that on average, SSH and HF radar observations exert
approximately the same impact onΔI. The contribution of each observa-
tion platform to the components of ΔI associated with each of the con-
trol variable increments of Fig. 5 are qualitatively similar to Fig. 6a (not
shown).

Through the study of the alongshore transport of surface water
across the single section, we were able to assess that the model is able
to reproduce in a rather consistent way, the value of northward
transport (Fig. 4a).
ies of the analysis (posterior) transport increments are shown in (b) across 40.5°N. The red
d circulation estimates of NLROMS, while the blue curve shows the increments computed



Fig. 5. Time series of the contributions of the 4D-Var increments in the initial conditions, surface forcing, and open boundary conditions to ΔI at 40.5°N.
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These results are in accordance to Astraldi et al. (1990), who demon-
strated a northward seasonal transport in the central–northern
Tyrrhenian Sea with values ranging from 1.4 Sv in winter to 0.2 Sv in
summer.

To generalize the results, a second target area was considered com-
prising the coastal area of GoN and surroundings where data assimilation
has themajor impact (Fig. 3). Specifically, we consider the average trans-
port of an intermediatewatermass, between 300 and 600m depthwhich
is synonymous with LIW.

As already noted, the transport of such intermediate water in the
coastal region of the model domain can be considered as an impor-
tant aspect of the circulation in that area (Astraldi and Gasparini,
1994; Pierini and Simioli, 1998).

The 7-day average meridional transport between 300 and 600 m
across the target area indicated in Fig. 1 was considered and used as a
new diagnostic variable to quantify the impact of satellite and HF
radar data on the circulation resulting from data assimilation.

Also in this case, the two time series of the transport incrementΔI =
Ia− Ib during each assimilation cycle given by NLROMS and the tangent
linear assumption generally agree well during most of the time period,
indicating that the tangent linear assumption is valid during each 7-
day assimilation cycle (now shown).

After decomposed the transport increments of the LIW water mass
into the individual contributions from the 4D-Var control variable incre-
ments for the initial conditions, surface forcing and open boundary con-
ditions, the time series of the individual contributions toΔI are shown in
Fig. 7 for each 4D-Var cycle.

Fig. 7 shows that the increments in the initial conditions dominate
for the entire duration of the experiment and undoubtedly they are
the primary factor controlling ΔI in the coastal area of GoN and
surroundings.

In contrast to the previous case, the increments due to boundary
conditions play a fairly minor role in controlling LIW transport. The
LIW target area is more remote from the open boundaries than the pre-
vious domain-wide transport section which probably accounts for the
lack of sensitivity to the open boundary conditions. This is also a clear
indication that the boundary conditions provided from the coarse
model are not sufficient to ensure the proper couplingwith the regional
model. Hence the need for data assimilation directly in the high-resolu-
tion model, as noted earlier.

In Fig. 8, the contribution of each observing platform to the total trans-
port increment ΔI during each 4D-Var cycle is shown for the LIWmetric.

Also in this case, it can be seen that, on average, HF radar data to-
gether with satellite SSH are the dominant observation platforms
controlling ΔI, even if the situation varies from cycle to cycle as for the
domain-wide transport section. The impact of HF radar observations
onΔI is almost always prevalent during all cycles and is very significant,
despite the relatively small area inwhich these observations are located.

Fig. 8 also indicates that SST observations have a large impact on ΔI
compared to the case of a domain-wide section (Fig. 6).

3.3. Vertical structure

Hydrographic observations of temperature and salinity collected
through CTD samplings were used to evaluate the impact of the assim-
ilation on subsurface and deep layers.

The CTD data were collected during the oceanographic cruise TYR01
conducted on board the R/V Urania in October and November 2010
(Francesco Bignami, personal communication).

In order to partially side-step the space–time issue of mismatches
between the simulated and measured profiles (i.e. the CTD profiles rep-
resent a pointmeasurementwhile amodel grid element can be thought
as a region of about 9 km2), the four grid points surrounding each sam-
pling pointwere interpolated to the CTD profile location to obtain a cor-
responding simulated profile.

The overall impact of the satellite and HF radar data assimilation on
reproducing the water column properties was evaluated by comparing
the salinity and temperature from free-run and 4D-Var analysis with
those collected by CTD during the TYR01 oceanographic cruise.

CTD data were subdivided depending on the area and day of sam-
pling into two different zones: a very wide section including 5 CTD sta-
tions which extends offshore for most of the domain for a total of about
125 km (black points in Fig. 1; hereafter TYR section), and another sec-
tion consisting of 5 CTD stations extending offshore from the interior of
the GoN for about 60 km (red points in Fig.1; hereafter GON section).

One of the interesting questions raised by data assimilation in a
coastal region is how sensitivity spreads from the surface to the rest of
the domain. The sensitivity can propagate as free waves (internal
waves, Rossby waves, and topographically trapped waves, such as
coastally trapped waves) in addition to advection by existing flows
(Hoteit et al., 2009).

As the integration of the adjoint model proceeds backward in time,
the sensitivity spreads out horizontally away from the observed region
and shows obvious interactions with the depth, also far away from the
observation region.

The vertical sections show how information is being transferred
from the surface via the vertical correlations and the dynamics and
how the subsurface density perturbations produce surface pressure



Fig. 6. (a) Time series of the total transport increment ΔI at 40.5°N where the colored bars indicate the contribution of each observing platform during individual 4D-Var cycles. (b) A pie
chart of the number of observations that were assimilated during each 4D-Var cycle.
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gradients, and the gradients modify surface currents and temperature,
according to the momentum equations.

Major improvements were not expected in terms of vertical profiles
because no profile data were assimilated in the analyses. Therefore, the
corrections in the vertical structure of the water column are only a
Fig. 7. Time series of the contributions of the 4D-Var increments in the initial conditions, surface
mass LIW in the coastal area of GoN and surroundings.
function of the SSH and SST corrections and their covariance with T and
S vertical profiles, as prescribed by the vertical background error covari-
ance matrix.

By comparing single T-S profileswith those from themodel, the gen-
eral shape of the profile is normally quite well reproduced by the ROMS
forcing, and open boundary conditions to the average transport of the intermediatewater



Fig. 8. Time series of the average transport incrementΔI of the intermediatewatermass LIW,where the colored bars indicate the contribution of each observing platformduring individual
4D-Var cycles.
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model and also improved in the 4D-var experiment as it can be seen in
Fig. 9. The illustrated individual profile is chosen from the TYR section
and represents its second station (13° 37′ 2.3″–39° 42′ 28.8″); it is char-
acterized by a maximum depth of 2700m of which only the first 500m
are shown (Fig. 9).

The model solution is improved by the assimilation of surface data
above all for temperature profile (green line in left panel of Fig. 9). It is
observed as the surface temperature decreases by more than 1 °C in
the 4D-Var analysis experiment compared to the free-run experiment
and clearly it correctly reproduces themeasured values (black line). Fur-
thermore, the 4D-Var experiment is able to reproduce the thermocline
much better than the free-run experiment while at greater depths it
doesn't highlight particular differences respect to free-run experiment.

On the contrary, the 4D-Var analysis experiment shows very slight
improvements in salinity (right panel of Fig. 9). The main problem
seems to be a systematic bias in the salinity maximum of 38.7 psu,
which is systematically underestimated by both the free-run and analy-
sis simulations, even if in the analysis the salinity range iswider, reaching
higher and more realistic maxima. In particular for the first 50 m of the
profile, it can be seen that both the analysis and the free-run experiments
fail to reproduce both the surface values and the subsurface decrement.

At greater depths, no significant difference between the analysis and
free-run experiments can be found for the salinity.

The shape of analyzed sections is generally improved by the satellite
andHF radar data assimilation, in some cases in a very significantway as
can be observed in the Figs. 10–12.
Fig. 9. Temperature (left) and salinity (right) profiles for free-run (red), analysis (gree
Figs. 10 and 11 show both the field and RMSE comparison between
modeled profiles of free-run and analysis experiments and CTD obser-
vations (temperature and salinity) for TYR section.

The layers between 20 and 100 m are the most critical, as usual for
oceanographic models: at these depths, we found the largest vertical
gradients both in T and S. However, the RMSE does not exceed
0.045 °C for temperature (Fig. 10b) and 3 × 10−3 psu in salinity
(Fig. 11b) both in free-run and analysis experiment.

Furthermore, the most evident improvement in salinity is related
to the correct reproduction of the subsurface salinity increment by
the 4D-Var analysis, neglected in the free-run experiment. It is note-
worthy that the aforementioned improvement by data assimilation
are localized only at deepest stations of the section (while for the
mid-depth stations there is little improvement in salinity by the
4D-Var analysis) (Fig. 11 a–b).

Fig. 12 (a and b) shows the temperaturefield and RMSE comparisons
between the modeled profiles of the free-run and analysis experiments
and CTD observations for GON section.

Along this section, the assimilation of surface data generates a sub-
stantial improvement in the modeled solution and in the reproduction
of temperature section. In particular, the 4D-Var analysis is able to im-
prove the reproduction of thermocline respect to the free-run experi-
ment, even if the thermocline location in the CTD measurement
appears localized between 50 and 70 m, while in the analysis and in
the free-run, it appears deeper (Fig. 12a). In particular, the analysis ex-
periment is able to reproduce the minimum of temperature above
n) and CTD (black) for a single station (13° 37′ 2.3″–39° 42′ 28.8″) of TYR section.



Fig. 10. a: Temperature comparison betweenCTDmeasurements collected along the TYR section (upper panel), free-run (central panel), and analysis (lowerpanel) simulations. The locations of
CTD stations are shown in the reference map of Fig. 1. b: RMSE comparison betweenmodeled profiles and CTD observations of temperature along the TYR section. In the upper panel the CTD
measurements, in the central and lower panels the RMSE of free-run and analysis experiments, respectively. The locations of CTD stations are shown in the reference map of Fig. 1.
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100m in almost all stations of GoN sectionwhichwas absent in the free-
run experiment (Fig. 12a).

Also in this case, the RMSE does not exceed the 0.04 °C in a small
central area of the section (Fig. 12b). In particular, in the second half
of the section corresponding within the GoN, there is a noticeable re-
duction of error from 0.05 °C in the free-run to 0.01 °C in the 4D-Var
analysis experiment. At the two stations inside the GoN, the errors are
confined mainly to the upper 50 m in the analysis while in the free-
run they extend to 100 m, a clear sign of the effect of the influence of
HF radar observations.

Along the GON section, the distribution of salinity follows more or
less what was noted above for the TYR section (not shown).

Summarizing, the vertical sections are generally improved by the
data assimilation (see Figs. 10–12), and in particular for temperature
in a very significant way, even if salinity RMSE appears to be increasing
on the surface and the first 50 m.

It is possible that the present set-up tends to dissipate too much the
minima of salinity by exaggerating diffusion and/or as a result of SSH as-
similation, as noted previously by Olita et al. (2012; 2013).

The impact of data assimilation on the vertical structure deserves
further attention: in particular with respect to the background error co-
variance, and making use of a larger in situ dataset for the validation of
vertical profiles.

4. Summary and conclusions

The objective of the present study was to apply and evaluate the ef-
fects of 4D-Var data assimilation in a regional model of the southern



Fig. 11. a: Salinity comparison betweenCTDmeasurements collected along the TYR section (upper panel), free-run (central panel), and analysis (lower panel) simulations. The locations of
CTD stations are shown in the referencemap of Fig. 1. b: RMSE comparison between modeled profiles and CTD observations of salinity along the TYR section. In the upper panel, the CTD
measurements, in the central and lower panels, the RMSE of free-run and analysis experiments, respectively. The locations of CTD stations are shown in the reference map of Fig. 1.
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Tyrrhenian Sea using different types of data at high spatial and temporal
resolution.

The ocean circulation in the coastal area of the Gulf of Naples and in
the southern Tyrrhenian Seawas simulated by applying 4D-Var to long-
term observational time series of current velocity data (HF radar), satel-
lite sea surface height and surface temperature measurement within a
high-resolution configuration of ROMS.

By assimilating surface currents and satellite data, and comparing
model results to output obtained without assimilation, we were able
to quantify the impact of different data sources also on different depths
that were not directly constrained by assimilation.

In this study, we focused our attention on measures of the along-
shore transport that is strongly controlled by the northward winter
circulation in the study area andwe explored the impact of the observa-
tions on a transport metric.

During 4D-Var, the observations are used to correct for uncertainties
in the model control variables, namely, the initial conditions, surface
forcing, and open boundary conditions.

For instance, results presented here demonstrate that weekly analy-
ses of the alongshore transport along the coastal region are influenced
primarily by uncertainties in the initial conditions and only secondarily
in the boundary conditions. There is, however, considerable variability
from one assimilation cycle to the next, with the initial condition incre-
ments dominating almost entirely throughout the experiment.

The majority of the observations available during any given analysis
cycle are from HF radar, and on average, these data exert the largest



Fig. 12. a: Temperature comparison between CTDmeasurements collected along the GON section (upper panel), free-run (central panel), and analysis (lower panel) simulations. The locations
of CTD stations are shown in the referencemapof Fig. 1. b: RMSE comparison betweenmodeled profiles andCTDobservations of temperature along theGONsection. In the upper panel, the CTD
measurements, in the central and lower panels, the RMSE of free-run and analysis experiments, respectively. The locations of CTD stations are shown in the reference map of Fig. 1.
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controlling influence on the coastal transport during both the analysis
and forecast cycle. Also, observations from satellite platforms in the
form of SSH and, secondly, SST have a considerable impact on analyses
of coastal transport, even though these observations represent a rela-
tively small fraction of the available data at any particular time.

The quality of the analysis was evaluated by considering an inter-
comparison of a free-run and the 4D-Var analysis with an observational
dataset comprising (a) synoptic satellite images for the detection ofme-
soscale features and qualitative comparison with simulations and
(b) independent salinity and temperature profiles, collected at the end
of October 2010.

The assimilation of satellite and HF radar data brings to bear impor-
tant improvements in the simulation of the circulation in the GoN and
southern Tyrrhenian Sea area.
In particular, 4D-Var data assimilation can recover some of the dy-
namical features and it is able to correct submesoscale circulation features
in the formof squirts and jets along the GoN and its northern coastal area.

The impact of the satellite andHF radar data assimilation on the ver-
tical structure is also evidenced and can be understood in terms of wave
dynamics and changes in large-scale pressure gradients, while themore
local influences are most likely associated with horizontal advection.

In the vertical, both salinity and temperature profiles are improved by
the data assimilation in terms of RMSE even if the layers between 20 and
100m are themost critical, as usual for oceanographicmodels because at
these depths we found the largest vertical gradients both in T and S.

At these depths, however, the RMSEdoes not exceed 0.04 °C for tem-
perature and 2 × 10−3 psu in salinity both in free-run and analysis
experiment.
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Considering that no TS profiles have been assimilated in the analy-
ses, it is clear that the quality of the analyses in the vertical is only a
function of the vertical background error covariances.

Therefore, to fix the questionable impact of the surface data on the
vertical structure, future work focus on improving the background
error covariances, and on the assimilation of vertical profiles data.

The limited set of experiments presented represent preliminary
tests of the assimilation system, and much remains to be done. Further
work is needed to adjust the weight and balance of the various controls,
which ought to improve the dynamics of the assimilation results. In ad-
dition, the data assimilated ought to be complemented also with other
types of observations such as subsurface observations which, even
though typically few in number compared to satellite observations,
can have a considerable and important influence on the analysis and
forecast circulations.

Finally, we note that both the control vector and the observation im-
pact calculations are a useful way formonitoring the performance of the
data assimilation system, aswell as quantifying the impact of the obser-
vations on the circulation estimates.

However, the experiments presented here emphasize the impor-
tance and significance of HF radar data assimilation in high-resolution
numerical ocean models and suggest that the ROMS/4D-Var system is
feasible for coastal area applications.

The present study demonstrates the potential applications of highly
innovativemethodologies and instrumentation in order to better assess
the surface circulation, with possible feedbacks on the understanding of
transport processes in critical coastal areas, thus addressing issues of na-
tional and Mediterranean importance.
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