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Abstract in this work we investigated the predictability of the wind-induced sea surface transport in
coastal areas. The wind fields predicted by two state-of-the-art meteorological models, namely ECMWF and
SKIRON, were used as forcing for a hydrodynamic and particle-tracking model applied to reproduce a set of
observed drifters trajectories in a coastal area of the Mediterranean Sea. A set of anemometric data derived
by in situ measurements were also adopted as model forcing to reproduce the observed drifter paths. This
approach provided a baseline that was used as a reference for evaluating the effects of the predicted wind
accuracy on the numerical model solution. The accuracy of the simulation results obtained using, as model
forcing, the observed wind data was fair and suitable for most of the operational oceanographic purposes.
It decreased when using the wind data predicted by the two meteorological models. In particular, the
results obtained using ECMWF data were about 3 times more accurate than the ones obtained using
SKIRON ones. The uncertainties were strongly dependent on the range of observed wind speed classes with
a different behavior depending on the type of adopted wind data. Finally, the amplification of the errors in
predicting the sea surface transport generated by the inaccuracies of the predicted wind fields was
quantified.

1. Introduction

The Lagrangian transport or material transport is the transfer of quantities along the motion of some carry-
ing fluid. This process is of fundamental importance for many different branches of the geophysical fluid
dynamic [Ottimo, 1989; Samelson and Wiggins, 2006; Lin, 2013]. In oceanography, the Lagrangian transport
refers to the advection of quantities dispersed or dissolved in the water column due to the combined action
of marine currents, winds, and waves. Its estimate plays a fundamental role in many applications including
search and rescue missions (SAR), management of oil spills emergencies, accident localization via backward
tracking of the floating debris, estimate of larval, and sediment transport for fishery and coastal manage-
ment. These are just some of the activities for which establishing the origin or the fate of a given water
mass is essential to enhance the understanding of the investigated processes [Doos et al., 2011].

The transport at the sea surface can be measured by Lagrangian current meters, generally known as drifters,
which are floating and water following instruments that provide direct and localized information of the surface
transport [Davis, 1985]. As an example, in many SAR missions, drifters are deployed at the last known position
with the hope of identifying the ocean currents in the region at the incident time [Brushett et al., 2016].

While the measurement of the sea surface transport is carried out using drifters [Poulain, 2001], its forecast-
ing is performed following a numerical approach commonly based on the use of coupled ocean and
particle-tracking models. Although the process is very complex, since the motion of particles advected by
the ocean currents is typically chaotic [Griffa et al., 2004], in recent years considerable improvements have
been achieved to numerically reproduce it [Ozgokmen et al,, 2001; van Sebille et al., 2009; Lumpkin and Elipot,
2010; Huntley et al., 2011].

The increase of the models resolutions, the availability of data assimilation techniques as well as the use of
specific dynamical system methods to compute the Lagrangian transport greatly improved the accuracy of
the numerical predictions [Olascoaga et al., 2006]. In fact, trajectory models have proved appropriate for
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analyzing the ocean circulation [Blanke et al., 2001; Speich et al., 2002; Drijfhout et al., 2003; Doos et al., 2008]
and as a support to maritime and pollution accidents [Foreman et al., 2005; Sayol et al.,, 2014] and they also
have been useful in the biological context [d’Ovidio et al., 2009; Cermeno and Falkowski, 2009; Serra et al.,
2010].

Many authors tested the models accuracy by means of a direct comparison between observed and pre-
dicted trajectories [Johnson and Pattiaratchi, 2004; Caballero et al., 2008; Beg Paklar et al., 2008; Spydell et al.,
2015]. Specific sensitivity analyses were carried out to define the role of the numerical model parameteriza-
tions on changes in the accuracy of the sea surface transport prediction. The importance of a correct repro-
duction of the surface velocity shear as well as of the wind drag and Stokes drift contribution to the total
transport was also analyzed [Furnans et al., 2008; Edwards et al., 2006; Carniel et al., 2009].

In coastal areas, if astronomical tides are weak and no intense estuarine processes occur, the wind is often
the main forcing the surface water circulation. This is the case of many coastal areas of marginal seas at the
midlatitudes as the subbasins of the Mediterranean Sea [Cucco et al., 2006].

The wind and the other meteorological quantities (e.g., thermal fluxes and air temperature) used to perform
oceanographic predictions are generally provided by atmospheric numerical models operating within oper-
ational weather prediction systems.

The role of these forcings in simulating the oceanographic processes has been widely investigated mainly
for open oceans and for specific variables such as sea surface temperature, wind waves height, and sea level
[Cavaleri and Bertotti, 1997; Manca et al., 2002; Zavatarelli, 2002; Wakelin and Proctor, 2002; Signell et al.,
2005; Brenner et al., 20071].

Only recently, few studies evaluated the effects of the uncertainties in the predicted wind fields on the
accuracy of the sea surface transport forecasting [Beg Paklar et al., 2008; Lebeaupin Brossier et al., 2011;
Brushett et al., 2011; Lebeaupin Brossier et al., 2012]. In all these studies, the accuracy of the numerical predic-
tions was determined by comparing the simulations results obtained using, as model forcing, different pre-
dicted wind data sets, with observed drifter trajectories. Under no circumstances, the sea surface transport
was previously reproduced using observed wind data as model forcing. Such an approach would allow to
define a baseline to be used as a reference when evaluating the effects of the accuracy of the predicted
winds on the numerical model solution.

In this work we investigated the predictability of the wind-induced sea surface transport in a coastal area of
the Mediterranean Sea, namely the Gulf of Oristano (see Figure 1). An ocean and particle-tracking model
was implemented and used to reproduce the wind-induced water circulation and the sea surface transport
in the area. The adopted numerical tool consisted in a three-dimensional hydrodynamic and a particle-
tracking model based on the finite elements method particularly suitable for shallow water environments
(SHYFEM) [see Umgiesser et al., 2004].

The wind data predicted by two different weather prediction systems were tested as model forcing. More
precisely, two state-of-the-art atmospheric numerical models were employed: the atmospheric prediction
system of the European Centre for Medium Weather Forecast (ECMWF) based on a global hydrostatic
numerical model and the SKIRON prediction system [Kallos, 1997; Papadopoulos et al., 2001], based on
regional nonhydrostatic model.

The surface transport was measured during two field campaigns by deploying Lagrangian drifters in the
Gulf under moderate and intense wind conditions. In the survey area a specifically implemented wind mea-
suring system provided surface wind speeds and directions derived by in situ measurements. These data
were used as model forcing and the obtained results compared with observed drifters trajectories in order
to define a baseline to be used as a reference when evaluating the predictability of the sea surface trans-
port. This reference was used to quantify the uncertainties in the numerical prediction arose when using, as
model forcing, the wind data sets produced by the two weather prediction systems.

The paper is organized as follows: a brief description of the Oristano Gulf including the morphological and
oceanographic features is reported in section 2; the wind measuring system and the two weather prediction
systems are described in section 3; the experimental and the numerical approaches followed to measure
and to predict the surface transport are illustrated in section 4; in section 5, the observed Lagrangian
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Figure 1. Geographical setting: (a) location of the Oristano Gulf in the Western Mediterranean Sea and (b) geographical and bathymetric
features of the Gulf. Red dots indicate the position of the anemometric stations (Stz. 1-9).

velocities and trajectories are compared with the ones computed using the observed and the predicted
wind fields as model forcing; finally, the errors in predicting the sea surface transport using different meteo-
rological data set are quantified and discussed.

2, Site Description

The site selection was driven by the objective of minimizing the contribution to the sea surface transport of
the other meteo-marine forcings except the wind, such as the tides, the thermohaline forcings, and the
wind waves action. The Gulf of Oristano (see Figures 1a and 1b), located along the West Sardinian coastline,
in the Western Mediterranean Sea, approximately between 8.4°E and 8.6°E and 39.7°N and 39.9°N, was eval-
uated as particularly suitable for this purpose. It is a semienclosed basin connected to the Sardinian Sea by
a 9 km wide opening between two rocky capes. It covers a surface of approximately 50 km? with maximum
water depth of about 25 m and an average value of about 12 m.

The offshore circulation is mainly characterized both by low-energetic anticyclonic gyres generated
by the baroclinic instabilities of the Algerian current system and by the absence of intense thermoha-
line currents along the continental margin [Millot, 1999; Olita et al., 2013]. A wide and relative shallow
area characterized by water depths ranging between 30 and 150 m extends up to 15 km offshore
the Gulf strongly reducing the possible influence of the open sea circulation on the bay hydrodynam-
ics [Cucco et al., 2006].

The freshwater sources, with an yearly average lower than 5 m*® s~', are characterized by torrent like

regimes and do not contribute to the generation of any horizontal density gradients able to influence the
Gulf hydrodynamics [Cucco et al., 2006].

The tidal forcing is negligible, being the amplitudes very weak, around 0.15 m [Ferrarin and Umgiesser, 2005;
Cucco et al.,, 2012a; Umgiesser et al., 2014], and not producing any remarkable pressure gradient along the
basin [Cucco et al., 2006].

The wind waves, mainly from north-west and south-west, are sheltered by the presence of the two capes,
with the consequence that most of the basin is not exposed to the direct wave action [De Falco et al., 2008].
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Furthermore, the wind waves from north-west, the most frequent and energetic, are partially dampened in
the relative shallow water areas (around 25 m depth) extending offshore the Gulf and by the presence of
the Mal di Ventre island with an extended shallow bank located 15 km offshore and north-west of the Gulf
[Simeone et al., 2014].

The wind climate is characterized by three main regimes: wind from north-west (Mistral wind), from
south-east (Sirocco wind), and from south-west (Libeccio wind). The Mistral wind is the most frequent
(~45%) and strong, followed by Libeccio (~15%) and Sirocco (~25%). The yearly mean speeds vary
between 7 m/s for Mistral, 5 m/s for Sirocco, and 6 m/s for Libeccio regime [Ferrarin and Umagiesser,
2005].

Most of the time, the water circulation inside the Gulf and the induced surface transport are promoted by
the direct action of the wind. In particular, due to the absence of strong bathymetric gradients and to the
relative large mouth of the bay, any remarkable tilting of the sea surface generated by the wind action and
able to promote the seiches phenomenon was not found [Cucco et al., 2006].

3. Wind Measurements and Predictions

Assuming the wind is the main meteo-marine forcing the water circulation in this coastal area, the numeri-
cal prediction of the sea surface transport is strongly dependent on the predictability of the adopted wind
fields.

With the aim of evaluating this dependency, we considered a Wind Measuring System (WMS, hereafter) pro-
viding direct measurements of the wind speeds and directions for the Oristano Gulf area and two different
Weather Prediction Systems (WPS, hereafter), based on different meteorological models, both delivering
short-term predictions of the main meteorological parameters, including the wind. In the following, the
description of the three systems is reported.

3.1. The Wind Measuring System

The WMS of the Oristano Gulf has been developed under the framework of the Italian flagship project RIT-
MARE (http://www.ritmare.it) and consists of five three-components anemometers located along the Gulf
coastline (see Figure 1, Stz. 1-5) and of four standard cup anemometers located inland (few km from the
coast, sites 6-9). The inland instruments are part of the weather network of Sardegna Clima Onlus (http://
www.sardegna-clima.it). All the anemometer propellers were calibrated before installation. The acquisition
process is continuous at a sampling rate of 1 Hz. The inland stations provide the wind speed and direction
as well as the air temperature and the atmospheric pressure.

The anemometers are located at different altitude, varying between 2 and 93 m above the sea level. The
conversion of the measured wind speed to the wind speed at 10 m was performed using a boundary layer
model derived from the boundary layer theory [Monin and Obukhov, 1954]. This requires, besides the wind
speed, the stability conditions essentially expressed by the air-sea temperature difference. The air tempera-
ture was provided by the WMS, whereas the sea surface temperature was obtained from satellite data fur-
nished by the Operational Sea surface Temperature and sea Ice Analysis system (OSTIA) [see Stark et al.,
20071

Ad hoc interpolation procedure based on two-dimensional method developed by Brocchini et al. [1995],
already tested for similar application in the Venice Lagoon [Zecchetto et al.,, 1997], was used to regrid the
scattered wind data (red dots and vectors in Figure 2a) over a regular mesh with 0.01° grid size covering
the whole Oristano Gulf (black vectors in Figure 2a). This specific interpolation method, suited to grid spa-
tially sparse observations, and the configuration of the anemometer positions almost surrounding the Gulf
allowed to realistically estimate the wind fields in the area.

The WMS data were already used with success in previous studies as, for instance, in Zecchetto et al. [2016],
where the wind fields produced by the WMS were compared with the wind fields extracted from Synthetic
Aperture Radar satellite images in the Gulf. The two data sets were compatible in terms of both temporal
and spatial variance confirming the WMS data as realistic proxy of the surface winds in the basin. We refer
to this study for a detailed evaluation of the WMS data.

CUCCO ET AL.

PREDICTABILITY OF TRANSPORT AT SEA 5850


http://www.ritmare.it
http://www.sardegna-clima.it
http://www.sardegna-clima.it

@AGU Journal of Geophysical Research: Oceans

10.1002/2016JC011643

b)

10 m/s
—
Wind Speed

39.9
6°6¢
Ex)

PN NN N NN N N
DN NN NN
DN N
NN NN NN NN NN NN

398

PO D S /A/A/‘/./M——"’\'\\

8'6€
Ex

B T

A
(A

307
6t
397

Figure 2. The 10 m wind field in the Oristano Gulf: (a) as estimated by the WMS, red dots and vectors refer to the anemometers positions
and measured wind; (b) as predicted by ECMWF, blue stars and vectors refer to the mesh nodes and predicted wind vectors, and as
predicted by SKIRON, black dots and vectors. All data refer to the 06:00 A.M. of 24 July 2014.

The WMS operates since January 2014 delivering, in real time through a Web interface, hourly maps of wind

fields over the Gulf and surroundings. A detailed description of the system and adopted methodology can
be found in Zecchetto et al. [2016, 2016a].

3.2. Weather Prediction Systems

Two different types of WPS and predicted wind fields were considered: the one developed and maintained
at the European Centre for Medium-range Weather Forecasts (ECMWF) in Reading, UK, and the one devel-
oped and maintained at the National and Kapodistrian University of Athens, GR, known as SKIRON forecast-
ing system [Kallos, 1997]. The two WPS differ for several aspects including the type of numerical model, the
model spatial resolution, and the covered domain.

ECMWEF uses a global atmospheric model (T1279 model version) based on the hydrostatic approximation
with a horizontal spatial resolution of 0.125° and 137 levels for the vertical discretization. Wind fields at
10 m as well as several other atmospheric variables are predicted daily within a forecasting time lag of 10
days and variable time steps (1, 3, and 6 h). The ECMWF is established to be the reference WPS in the Mete-
orological Scientific Community at European level [Lynch, 2008] and their predicted data set are widely
used as input data for most of the European oceanographic prediction systems.

SKIRON is based on a dynamical downscaling [Giorgi, 2006] of the ETA/National Center for Environmental
Prediction (NCEP) model initially developed by Janji¢ [1984]. It is a nonhydrostatic model applied to a
domain covering the whole Mediterranean Sea and part of the North Atlantic basin [Kallos and Pytharoulis,
2005]. The mesh horizontal spatial resolution is 0.05° and the vertical domain is discretized by 45 verti-
cal levels stretching from surface to 20 km. Initial and lateral boundary conditions are provided by
NCEP/GFS (http://www.nco.ncep.noaa.gov/pmb/products/gfs). Wind fields at 10 m and other meteoro-
logical variables are predicted daily with hourly frequency and within a forecast interval of 5 days. The
SKIRON meteorological products are widely used in Mediterranean countries for different purposes

spanning from oceanography to meteorology [Kogak et al., 2012; Agiiera-Pérez et al., 2012; Alves et al.,
2015].

As an example, in Figure 2b, the ECMWF and SKIRON mesh nodes and predicted wind vectors are reported
with different colors for the Oristano Gulf sea surface area for the 24 July 2014, 06:00 GMT.
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4, Sea Surface Transport: Measurements and Predictions

Numerical modeling techniques, based on coupled hydrodynamic and particle-tracking models, are widely
used to reproduce and predict the sea surface transport due to the combined action of surface currents
and wind forcing.

The high-resolution ocean and particle-tracking model SHYFEM [Umgiesser et al., 2004] was implemented to
simulate the basin water circulation and the sea surface transport promoted by the wind only. Two field
campaigns were carried out to measure the effective transport by releasing a set of drifters when moderate
and intense winds were forcing the basin water circulation. These Lagrangian measurements were per-
formed during July 2014 and January 2015, under a set of different wind conditions representative of the
local anemometric climate.

In the following, the drifters data collected during the field campaigns as well as the numerical approach
followed to predict the sea surface transport are described.

4.1. The Lagrangian Measurements

The GPS-equipped mini drifters MDO3 (http://albatrosmt.com/mini-drifter-buoy-md03) based on the Global
System for Mobile communication (GSM) were used. Each drifter was equipped with a temperature sensor
and a plastic drogue for a total weight of 2 kg and a length of 45 cm with the neutral buoyancy level located
at around 8 cm from the top. Drifter positions and water temperatures were recorded at 5 min intervals and
communications occurred each 30 min via Short Message System (SMS). The adopted configuration was
particularly suited for short-term experiments aimed to measure the surface circulation in coastal waters
[Quattrocchi et al., 2016]. A total of 16 drifters were released in the Gulf during an overall period of 20 days, 7
days in summer, between 23 and 30 July 2014, and 13 days in winter, between 17 and 30 January 2015.

In Figure 3, the paths followed by the whole set of drifters are reported for both experiments. Most of the
trajectories were confined in the northern and central part of the Gulf with a spatial coverage including

450000 25000 460000 450000 255000 460000
a) o — b)
Ul
\\
z _ e g ¢
§u I §u X £
,/'/\
i
%H S | £
3 ﬂ% :?H / z
\{
|
: o :
§u / Hé i / g
/ /
/
. -
| \ \1
\ B \ £
0 : ke — |
N 3
J
\ A‘/ \
\ .

Figure 3. The paths followed by the drifters released in the Gulf during the two experiment: (a) summer period and (b) winter period.
Colored dots indicate drifters initial positions. Dashed line indicates missed data due to GSM communication problems. The geographical
reference system is expressed in meters following Gauss projection in order to facilitate the comparison between speed and distance units.
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WIND SPEED CLASSES AND LAGRANGIAN MEASUREMENTS DISTRIBUTION

Frequency [hours]

Wind Speed [m/s]

Figure 4. Frequency of observed wind speed classes during the two experiments (WS_tot), during the summer experiment only (WS_sum)
and during the winter experiment only (WS_win). LM_tot indicates the duration of the Lagrangian measurements in relation to each
observed wind speed class.

both the shallow and the deep parts of the basin. The average ratio between each path length and the total
displacement from the initial position was 0.71 indicating, for most of trajectories, a quasi-linear path.
Trajectories lengths varied between 1.1 and 26.6 km with average length of 5.1 km. The observed maximum
displacement from the initial release was 10.1 km and the average value for the whole set was 3.2 km.

In Figure 4, the distribution of the measurements duration (LM_tot) is reported as a function of the wind
speed measured by the WMS. A total amount of 336 h of Lagrangian observations were obtained, character-
ized by a minimum and a maximum time interval spent in water for the whole set of drifters, of about 4
and 78 h, respectively.

During the two investigated periods, the winds were representative of the local anemometric climate
[Ferrarin and Umagiesser, 2005], with speeds varying between 1 and 13 m/s (see WS_tot in Figure 4) and
directions varying between northwest, southeast, and southwest. In particular, in the summer experiment
the wind directions varied between the southeast, southwest, and northwest, corresponding to Sirocco,
Libeccio, and Mistral regimes, with speeds ranging between 1 and 7 m/s (see WS_sum in Figure 4) whereas
during the winter experiment, the wind was mainly from northwest, corresponding to Mistral regime, with
observed speeds up to 13 m/s (see WS_win in Figure 4).

The surface water temperatures measured by the drifters varied between 24 and 26°C during the summer
experiment and between 13 and 15°C during the winter period. The maximum spatial variations were mea-
sured in summer period with maximum differences in temperatures of 0.7°C and with an average variations
of 0.4°C computed along a distance of about 5 km. In winter the spatial variation was lower, around 0.1°C
computed for similar distances.

4.2. The Numerical Prediction

The three-dimensional finite element hydrodynamic model, SHYFEM [Umgiesser et al., 2004], was adopted
to reproduce the Oristano Gulf wind-induced water circulation. The model, already used with success, for
reproducing the main hydrodynamics in the Gulf and surrounding lagoons system [Ferrarin and Umgiesser,
2005; Cucco et al., 2006; Magni et al., 2008; Cucco et al., 2012a; Coppa et al., 2013; Umgiesser et al., 2014;
Ferrarin et al., 2014; Quattrocchi et al., 2016] resolves the shallow water equations integrated over each layer
in their formulations with water levels and transports.

The simulation of the drifter trajectories was carried out using a particle-tracking module coupled off-line
with the hydrodynamic model, which computes the sea surface transport due to the marine currents and
wind contribution [Cucco et al., 2009, 2012b; Melaku Canu et al., 2015; Cucco and Umgiesser, 2015].

A description of the solved equations system is reported in Appendix A whereas the adopted numerical
treatment is reported in Umgiesser et al. [2004].

4.2.1. Model Setup

The model domain was selected between 7.8°E and 8.6°E and between 39.2°N and 40.5°N, including the
Gulf of Oristano, the surrounding coastal areas and part of the western Mediterranean Sea (see Figures 5a
and 5b).
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Figure 5. Finite element mesh adopted for the numerical simulations: (a) the total domain and (b) the zoom for the Oristano Gulf.

A finite element mesh composed of 45,065 nodes and 88,229 triangular elements with a spatial resolution
varying between around 20 m for the Gulf coastal areas and few km for the far field was used for the hori-
zontal discretization (see Figures 5a and 5b). The vertical direction was defined by 45 z-levels with layer
depths ranging between 0.5 and 200 m following an ad hoc step distribution.

The reduced extent of the interest area, its confinement in relation to the overall mesh width, and the
assumptions made allowed us to set the whole model borders as closed boundaries with full slip conditions.

A scale analysis was carried out to evaluate the weights of the main forcing terms in the momentum equa-
tion for the specific numerical experiments (see Appendix B). The obtained results suggested that the baro-
clinic pressure gradients could be neglected.

Regarding the tides, in Quattrocchi et al. [2016], a similar numerical experiment was performed to reproduce
the surface transport in a lagoon connected to the Oristano Gulf, and the results revealed that the tide was
not producing any remarkable contribution to the local hydrodynamic compared to the one produced by
the wind action.

The density vertical distribution was set as homogeneous and the GOTM turbulence closure model [Burchard
and Petersen, 1999] was used to reproduce the momentum transfer between the layers without any constrain
related to the buoyancy variability along the vertical. The use of un-stratified model setup is generally accept-
able in the case the domain of interest is not affected by estuarine processes [Spydell et al., 2015]. Furthermore,
the basin water depth was shallow enough and the wind speeds during the two investigated periods were
strong enough to consider the water column as homogeneous.

Therefore, the wind was set as the only external forcing promoting the Gulf water circulation. In particular,
only a restricted part of the model domain, corresponding to the area covered by the WMS interpolation
grid (see Figure 2a) was subjected to the wind drag action.

The particles-tracking model, implemented on the same unstructured mesh, used, as input data, the current
fields computed at 0.5 m and the hourly data of measured or predicted wind fields. The wind wave Stokes
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drift contribution to the surface transport was neglected being the Gulf mostly sheltered by intense wind
waves.

The hydrodynamic model time stepping was subjected to Courant criterion and set to be variable in time,
whereas a 300 s constant time step was selected for the particle-tracking model, being it not subjected to
time step constraining [Cucco et al., 2009].

4.2.2. Simulations Setup and Lagrangian Metrics

The model was run to simulate the drifters trajectories using, as forcing, the three different types of wind
fields previously described: those derived from the WMS data and the ones predicted by ECMWF and
SKIRON.

For each type of wind forcing, two different simulations were carried out to reproduce the water circulation
and the drifters trajectories inside the Gulf during the two measuring periods. The duration of each simula-
tion run was about 30 days including a spin-up time of 10 days, established to be enough to damp out the
noises due to the imposed initial conditions, set as a no motion state. The obtained current fields computed
at 0.5 m depth along with the wind fields data were used as input for the particle-tracking module to repro-
duce the 16 drifters trajectories.

In the reference scenario (WMS scenario, hereafter), the hourly fields of wind speeds and directions derived
by the WMS anemometric data were used as model forcing. For the other two scenarios (ECMWF and
SKIRON scenario, hereafter), the wind data were obtained by concatenating the first 24 h forecast fields of
each daily ECMWF/SKIRON run, so to keep the forecast time lag always between 1 and 24 h.

A linear interpolation was used to compute, at each simulation time step, the wind speed components at
the nodes of the SHYFEM model mesh (see Figure 5) starting from the hourly data estimated and predicted
at the WMS and WPS grids points (see Figure 2).

For each simulation run, at each observed drifter position, 225 numerical particles were released and their
trajectories computed. The number of released particles was established on the basis of a statistical proce-
dure [Cucco et al.,, 2012b]. For each scenario, a total of 907,200 numerical trajectories were computed.

As an example, in Figures 6a and 6b, the observed trajectories along with the paths obtained from the WMS
scenario are reported for two selected drifters experiments (the 5th and the 14th of Figure 3). Red lines rep-
resent the observed trajectories, green lines the average trajectories computed for each group of particles
released at each observed drifter position, and, finally, the black lines the average trajectories computed for
the first group of particles released at the drifters starting positions.

The accuracy of the simulations results was estimated throughout the comparison between the observed
and the computed horizontal components of the Lagrangian current velocities. A total of 328 observed
velocities were obtained from the whole set of observed drifters trajectories. The observed velocities were
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Figure 6. Observed and simulated trajectories for two different drifters releases: (a) the 5th and (b) the 14th of Figure 3. Red lines represent
the observed trajectories, green lines represent the average trajectories computed for each group of released particles and gray lines rep-
resent the average trajectories followed by the groups of particles released at the drifters starting positions.
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computed at hourly frequency and for each drifter trajectory, as the distance covered by each drifter divid-
ed by the time.

Furthermore, a degree of predictability of the computed trajectories as a function of the forecasting time
lag was defined. From simulations results, at hourly frequency, the distances between the average position
of each group of numerical particles and the corresponding drifter location were estimated obtaining the
Trajectory Absolute Error (TAE), which is defined as

TAE() =/ (4= + (g —)) m

nd

with x and y corresponding to the components of the drifter positions at the time t and the subscript d and
m indicating observations and numerical particles, respectively. The average was performed for the whole
set of released particles nd. Then, the ratios between the computed TAE and the corresponding drifters
paths lengths were calculated obtaining the Trajectory Relative Error (TRE), defined as

TAE(t)

P ) )
2 /06X (YY)

TRE(t)=

with X and Y the components of the drifter positions along the trajectory and p indicating the last position
at time t. Under different acronyms, both TAE and TRE are found in literature as common functions to esti-
mate the performances of particle-tracking models [Griffa et al., 2004; Yaremchuk et al., 2013; Berta et al.,
2014; Brushett et al., 2016].

TAE is expressed in meters, whereas TRE is a positive and nondimensional number. In particular, TRE =0
corresponds to a perfect match between the observed and the computed trajectories, TRE = 1 corresponds
to a difference between the predicted drifter position and the observed one equal to the total observed
path length.

The TRE and TAE values were grouped on hourly basis considering a prediction time lag ranging between
1 and 24 h from the release, obtaining the evolution of the model accuracy as a function of the forecast
time lag.

5. Results and Discussion

In Figure 7, the observed and computed trajectories are reported for the whole set of experiments and for
all the three scenarios. For the sake of clarity, only the average paths obtained by the groups of particles
released at each drifter initial position are reported.

In the WMS scenario, for most of the experiments, the computed trajectories (gray lines in Figure 7) repro-
duced satisfactorily the drifter paths (red lines in Figure 7). Qualitatively, all the computed paths followed
the same directions of the measurements without any noticeable divergence from the observed trajecto-
ries. On the contrary, the paths obtained from ECMWF and SKIRON scenarios (black and blue lines in Figure
7) were not always in agreement with measurements.

For each scenario, the accuracy of the simulations results was evaluated by both comparing the observed
and the computed Lagrangian velocities and by estimating the TRE and the TAE.

The results obtained from the WMS scenario were considered as the reference and compared with those
from the other scenarios to estimate the influence of the predicted wind data sets on the model accuracy.

5.1. Observed and Computed Sea Surface Currents

In Table 1, the average and maximum values of the observed and computed Lagrangian current velocities
are reported. The current speeds observed during the two experiments were on average 0.11 m/s with a
peak value of 0.53 m/s measured during the winter period (see AVG, and MAX,, in Table 1).

In the WMS scenario, the average current speed was similar to the observed one with a value of 0.09 m/s. In
the ECMWF scenario, the average predicted current speed was also similar to the observations with a value
of 0.08 m/s, whereas when using SKIRON wind data as model forcing, the computed value was lower,
around 0.05 m/s.
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Figure 7. Observed and simulated trajectories of the whole set of released drifters. For sake of clarity the paths are illustrated using four
different panels without any separation between winter and summer measurements. Red lines represent the observed trajectories. Gray
lines represent the WMS scenario results; black lines and blue lines refer to scenario results obtained using ECMWF and SKIRON wind data,
respectively. The paths represent the average trajectories followed by each group of particles released at each drifter starting positions.
Gray colors represent a proxy of the Gulf bathymetry, which is depicted in detail in Figure 1b.
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Table 1. Statistics of the Lagrangian Current Speeds, Expressed in
m/s?

AVG, AVG AVG,, MAX, MAX,

For all the scenarios, the maximum Lagrangian
current speeds were generally underestimated
with respect to the observations (see MAX; and
MAX,, in Table 1). This was probably due to the

OBS 0.11 0.10 0.12 032 0.53
WMS 0.09 0.09 0.10 0.24 0.19 vertical shear of the near-surface velocities, diffi-
ECMWE 0.08 0.09 0.08 023 0.21 cult to model by the commonly adopted numeri-
SKIRON 0.05 0.04 0.07 0.11 0.24

?OBS, as derived from the drifters measurements; WMS,
ECMWEF, and SKIRON, as estimated from numerical simulations
using different wind data forcing; AVG, average values; MAX,
maximum values; subscript t, computed for both measuring

cal approach.

Considering the summer period, characterized
by lower wind speeds and variability, the accura-
cy of the numerical predictions increased for the

periods; subscript s, computed for the summer measuring period;
subscript w, computed for the winter measuring period.

WMS and ECMWEF scenarios, with both the aver-
age and maximum values similar to the observa-
tions (see AVGs and MAX; in Table 1). On the other hand, a reduction of the model accuracy was found for
the SKIRON scenario.

During the winter period, characterized by higher wind speeds and gustiness, the accuracy of the model
results decreased for all the three scenarios, with slightly better results in reproducing the maximum speed
values when using SKIRON wind data (see AVG,, and MAX,, in Table 1).
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Figure 8. Scatterplots of observed and simulated Lagrangian velocity components: Figures 8a and 8b refer to WMS scenario results; Figures 8c
and 8d refer to ECMWF scenario results; Figures 8e and 8f refer to SKIRON scenario results; w and s refer to winter or summer measurements.
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In Figure 8, the scatterplots
of the modeled and
observed Lagrangian hori-
zontal velocities are

Table 2. Comparison Between Observed and Modeled Drifters Horizontal Velocities®
WMS ECMWF SKIRON

Uobs_Umod Vobs_vmod Uobs_Umod Vobs_vmod Uobs_Umod Vobs_vmod

Bias —0.003 0.0005 0.004 —0.011 0.015 —0.002 reported for all the three

P 0.66 0.72 0.59 0.62 0.36 0.21 P

RMSD 0.063 0.055 0.068 0.067 0.079 0.087 scenarios. The black and

> s e Oy ez 0z 025 blue triangles distinguish
U and V, drifters velocities components; subscript obs, computed by drifters measure- the winter measurements

ments; subscript mod, estimated by simulations results; Bias expressed in m/s; p, Pearson from the summer ones.

correlation; RMSD, centered root mean square error expressed in m/s; S, skill score.
In Table 2 the Pearson cor-

relation p, the Bias, and the centered root mean square error (RMSD) between the three scenarios results
and the observations are reported for the velocity horizontal components.

In all the three scenarios the bias was negligible with values around 1 cm/s. For both WMS and ECMWF sce-
narios, p was generally fair indicating a general agreement between the modeled and the observed data
sets. The highest correlation, around 0.7, was found, as we expected, for the WMS scenario.

On the contrary, when using SKIRON wind data, the accuracy in reproducing the horizontal Lagrangian
velocities was low, with p varying between 0.2 and 0.4. This was confirmed also by the RMSD, with the high-
est discrepancies, corresponding to values higher than 0.08 m/s, found for the SKIRON scenario, whereas
RMSD around 0.06 m/s were found for the other two scenarios.

In Figure 9, the Taylor diagrams [Taylor, 2001] are reported to summarize the model performances in the
three different scenarios. When using SKIRON wind data (blue triangles in Figure 9), the model performan-
ces were not satisfactory. In fact, in addition to the low p and high RMSD (see Table 2), high discrepancies
were also found for the Standard Deviations (STD), with relative differences between the computed and
observed velocity components around the 50%. Significantly higher accuracies were found for WMS and
ECMWEF scenarios (gray stars and black squares in Figure 9), which, along with the higher p and low RMSD,
the computed STD generally underestimated the observed ones by values ranging between 5 and 20%.

Considering the low differences in RMSD, the skill score S [Taylor, 2001] was estimated for the three scenari-
0s (see Table 2) confirming the best model performance, with S, = 0.65 and S, = 0.67, for the WMS scenario,
followed by ECMWF with S, =0.57 and S, = 0.62, and, finally, by SKIRON scenario, with the worst accuracy
evidenced by S values always lower than 0.3.

5.2. Observed and Computed Trajectories
In Figure 10 the TRE and TAE are reported for the three scenarios as a function of the prediction time lag,
varying between 1 and 24 h.
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Figure 9. Taylor diagrams for the (a) x and (b) y component of the Lagrangian velocities. Gray stars refer to WMS scenario results. Black
squares refer to EMWF scenario results. Blue triangles refer to SKIRON scenario results. Red dots refer to the observations.
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a) TRE -Trajectory Relative Error - using WMS wind data b) TAE -Trajectory Absolute Error - using WMS wind data
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Figure 10. TRE and

Hours

TAE as a function of the forecast time lag computed for each forcing scenario. Red dashed line indicate average values, shaded area corresponds to the standard

deviations. Figures 10a and 10b refer to WMS scenario results; Figures 10c and 10d refer to ECMWF scenario results; Figures 10e and 10f refer to SKIRON scenario results.

In the WMS scenario, the average TRE (red dashed line in Figure 10a) increased with the time within the first
3 h up to a value of 0.41 then slightly decreasing down to 0.17 at the 24th hour. On the other hand, the
average TAE (Figure 10b) increased almost linearly up to a maximum average displacement (red dashed
line) of about 1.9 km at the eighteenth hour and settling around 1.6 km at the 24th hour.

When using ECMWF wind data (see Figures 10c and 10d), the highest average TRE was found after the first
4 h with a value of 0.52. Then, the TRE decreased with the prediction time down to 0.27 at the 24th hour.
The TAE increased almost linearly up to a maximum average displacement of 2.8 km found at the 24th
hour.

In the SKIRON scenario (see Figures 10e and 10f), the average TRE increased during the first 3 h reaching a
peak value of 0.63 then reducing to 0.2 after the first day of prediction. The TAE increased up to a maximum
average displacement of about 2.4 km at the nineteenth hour of prediction then slightly decreasing to val-

ues of about 2 km.

In Table 3 a summary of the average values of both TRE and TAE computed at the 1st, 6th, 12th, and 24th
hour from the initial release are reported for each scenario. For similar applications, using surface current
fields measured by HF radars in coastal and shelf areas, the estimated TAE at the 24th hour ranged between
3.5 and 7 km [Ullman et al., 2006; Abascal et al., 2009a; Molcard et al., 2009; Berta et al., 2014]. If compared
with the results obtained from the three scenarios, the estimated model accuracy was largely satisfactory
with an average displacement, after 1 day from the release, varying between 1.6 and 2.9 km (see Table 3).

As for the previous analysis, an accuracy index was defined to rank the three scenarios. The average of the
TRE computed within the first 6 h from the release (TRE6) was selected. The choice of this time interval was
made being the Lagrangian predictability time scales always associated, in literature, with values lower than
24 h [Sammari et al., 1995; Bauer et al., 1998; Berta et al., 2014].

The obtained values distinguished the WMS scenario results as the most accurate, with a TRE6 = 0.39, fol-
lowed by the ECMWF scenario, with a TRE6 = 0.47 and, finally by SKIRON scenario, with a TRE6 = 0.59.
Hypothesizing the drifters following linear trajectories characterized by homogeneous and constant
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displacement velocities, the ob-

Table 3. Uncertainties of Model-Predicted Trajectories in the Three Scenarios® . Lo .
) tained TRE6 values indicated maxi-

Err. Typ 1st 6th 12th 24th TREg L.
mum deviation angles between the

WS TAE 131 823 1362 1656 039 simulated trajectories and the hypo-

TRE 035 039 032 0.8 : ) ype
ECMWF TAE 162 956 1632 2890 047 thetical reference paths of 21° in

TRE 0.47 0.46 0.38 0.27 the WMS, of 24° in the ECMWF and
SKIRON TAE 202 1118 1956 1998 0.59 o .

e G 5 W - of 30° in the SKIRON scenario.

°TAE, TRE, trajectory absolute error, expressed in meters (see equation (1)) and The comparison of the three scenar-
trajectory relative error (see equation (2)), computed for the WMS, ECMWF, and ios results and the consequent
SKIRON scenarios at the 1st, 6th, 1.2tf.1, and 24th hours from the release; TRE6, ranking of the model performances

averaged TRE values computed within the first 6 h from the release. R
have proved to be independent

from the adopted model parame-
ters setup. A sensitivity analysis of the accuracy of the simulations results in relation to the use of different
set of model parameters values was carried out and the results reported in Appendix C. The analysis indicat-
ed that the changes of the model parameters values within their typical ranges of variation affect similarly
the accuracy of each scenario results, thus confirming the robustness of the followed approach and the con-
sistency of the previous evaluations.

5.3. Trajectories Predictability

The skill score S and the TRE6 analysis confirmed, as we expected, the WMS wind fields as the most efficient
forcing for predicting the Lagrangian surface currents and the drifters trajectories in the Gulf, followed, with
a slightly lower accuracy, by the ECMWF predicted wind data and, finally, by the SKIRON wind data set, char-
acterized by the highest discrepancies with the observations.

The two approaches used to define the model accuracy provided, qualitatively, similar results. Nevertheless,
the differences between the model accuracy in the three scenarios were not equally estimated by S and
TRE6 values. In particular, the S analysis, comparing the horizontal components of the observed and pre-
dicted velocity fields, separately, can provide only an indicative evaluation of the model accuracy in repro-
ducing the Lagrangian current fields. On the other hand, the TRE6 analysis, based on the direct comparison
of the observed and predicted drifter paths, is more suitable to provide a comprehensive overview of the
model error in reproducing the surface transport. Furthermore, for operational purposes, as the ones related
to the maritime safety or to the sea-ecosystem integrity (e.g., search and rescue or pollution mitigations
operations), one of the most useful information to include when providing a prediction is the area or ray of
uncertainty which is basically expressed by the TRE [Thompson et al., 2003].

Therefore, considering the TRE6 as a more useful and intuitive proxy of the model accuracy, we found that
the WMS scenario was in mean 1.2 times more accurate than the ECMWF scenario and 1.48 times more
accurate than SKIRON scenario.

In WMS scenario, the errors in reproducing the observed trajectories can be generated both by the adopted
numerical approximations and by the phenomenological assumptions made, excluding other meteo-
marine forcings except the wind [Beg Paklar et al., 2008].

In particular, the results of the scale analysis reported in Appendix B excluded the nonreproduction of the
baroclinic pressure gradients and of the tidal contribution as a main source of errors for the numerical simu-
lations. In addition, even the influence of the open sea general circulation on the local surface transport was
considered as negligible.

Therefore, if the WMS wind data are considered as a proper proxy of the real wind in the Gulf area (see sec-
tion 3.1 and Appendix C), the main source of errors in the WMS scenario can be associated to the numerical
reproduction of the ocean surface boundary layer, specifically to the adopted model vertical discretization
and parameterization of the vertical energy fluxes. In fact, as suggested by Carniel et al. [2009], the accurate
reproduction of the density stratification at the ocean surface, fundamental for modeling the transfer of
momentum from the atmosphere to the ocean, is one of the major factor affecting the predictability of the
surface transport at sea.

We also investigated the role of the wind variability within the Gulf as a potential factor influencing the accu-
racy of the model results. A numerical simulation was performed using, as wind forcing, the time series of the
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a OBSERVED WIND SPEED CLASSES vs TRE6 wind speeds and directions obtained
o . from the spatial averages of the WMS
. TRE§6 obtained using ECMWF wind data Wlnd ﬁelds. The accuracy Of the
@ TREG obtained using WMS wind data obtained results, with a TRE6 = 0.41,
was only slightly lower than the one of
the WMS scenario but always higher
than the accuracy of the ECMWF and
SKIRON scenarios (see Table 2). This
indicated that the reproduction of the
spatial features of the wind fields in the
Gulf is important but not fundamental
for an accurate reproduction of the sea
surface transport in the area. As a con-
1 2 3 4 5 6 7 8 9 10 11 12 13 sequence, it follows that the role of the
Observed Wind Speed [m/s] different mesh spatial resolution of the
b) ) OBSERVIIED WIND SIIDEEDICLASSES vs TRE6 . two WPS was important mainly for
the prediction of the temporal variability
of the wind speeds and directions more
than for the reproduction of the wind
spatial variability within the Guilf area.

70 % of measurements

0.8

TRE6

. TRES obtained using SKIRON wind data

0.8 @ TRE6 ined using WMS wind data

Comparing the ECMWF and SKIRON
scenarios, when using the ECMWF
wind data, the model accuracy was
generally higher for prediction time
lags lower than 16-18 h. On the con-
trary, an inverse behavior, with higher
accuracy for SKIRON scenario and low-
T 2 3 4 5 6 7 8 9 10 1 12 1 er for ECMWF, was detected for tem-

Observed Wind Speed [m/s] poral intervals higher than 18-20 h
(see Figures 10c-10f and Table 3).
These differences can be only related

TRE6

Figure 11. TRE6 as a function of the observed wind speed classes. (a) Comparison
between ECMWF (red bars) and WMS (gray bars) scenario results; (b) comparison . .
between SKIRON (black bars) and WMS (gray bars) scenario results. to the differences in the accuracy of

the adopted wind fields. Considering
that most of the drifters trajectories lasting more than 20 h were observed during the winter experiment,
which was characterized by higher wind speeds, the variability of the TRE6 was investigated with respect to
the wind speed classes.

For each scenario, the TRE6 was computed in relation to 12 selected wind speed classes varying between 1
and 13 m/s. In particular, the TRE6 values, estimated for each prediction time lag, were grouped in relation
to the observed wind speed measured at the time of computation. Then, for each observed speed class, the
average TRE6 was calculated.

In Figures 11a and 11b, the set of values obtained from ECMWF and SKIRON scenarios (red bars for ECMWF
and black bars for SKIRON) were compared with ones from the WMS scenario (gray bars).

As we expected, for WMS scenario, the TRE6 was the lowest for all the considered wind speed classes. It
ranged between 0.47 and 0.19 with a low variability, around 0.08 of STD, but with a marked decreasing
trend for speed classes higher than 8 m/s. These latter values only slightly influence the overall average
TRE6 being most of the measurements included between 2 and 6 m/s (see Figure 4) of wind speeds. This is
in line with the results obtained by other studies expecting a better match between model results and
observations for higher current speeds [Thompson et al., 2003; Spydell et al., 2015]. In fact, as stated by
Yaremchck et al. [2013], the higher the background flows the lower the horizontal shears which is a dynami-
cal condition favoring the numerical reproduction of the sea surface transport.

In ECMWF scenario (Figure 11a), the TRE6 ranged between 0.61 and 0.39 with a standard deviation of 0.06.
The TRE6 varied homogeneously in relation to the wind speeds, with slightly higher values found for the
lower wind speed class.
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On the contrary, for SKIRON scenario (Figure 11b), the TRE6 strongly decreased with increasing wind speeds.
The values ranged between 0.78, for wind speeds comprised between 1 and 2 m/s, and 0.27 for wind
speeds higher than 12 m/s, thus indicating a strong dependency of the model accuracy on the speed clas-
ses, when using SKIRON wind data.

In Figure 12, the relative differences between the TRE6 computed for ECMWF and SKIRON scenario and the
TRE6 computed for WMS scenario (TRE6_RD) were reported for each wind speed class. The TRE6_RD com-
puted by the following equation:

TRE6RD"" = (TRE6"" —~TRE6"™*) /TRE6™®, 3)

with superscript WPS indicating the SKIRON or ECMWF scenario data, allowed to remove the systematic
errors due to the inaccuracies of the hydrodynamic and trajectory model and to quantify only the errors
generated by the type adopted wind forcing.

Despite the previous evaluations based on the TRE6 analysis, the behavior of the TRE6_RD with respect to
the observed wind speed classes highlighted the presence of trends for both scenarios (see Figure 12).

In SKIRON scenario (black dashed line in Figure 12), the tendency of the accuracy to increase with the mea-
sured wind speeds was found. The TRE6_RD decreased from around 80% for low speed values to around
5% for wind speed classes between 11 and 12 m/s, to increase again up to around 40% for the highest
wind speeds. On the other hand, for ECMWF scenario (red line in Figure 12) the trend was the opposite with
less relative increments in the model errors found at lower wind speeds and higher for high wind speed
classes. In this case the TRE6_RD ranged between around 40% at low wind speeds and around 100% at the
highest values.

Therefore, for wind speed classes between 1 and 6 m/s the use of ECMWF wind data was preferable for
reproducing the drifters paths in the Gulf then, between 6 and 8 m/s both WPS produced similar errors in
the model results and, finally, for wind speeds higher than 8 m/s the use of SKIRON wind data increased the
model accuracy.

Considering the type of adopted wind forcing as the only source of model error, the Vectorial Differences
(VD) between the hourly fields of observed wind data and the hourly fields of predicted ones were estimat-
ed for both WPS data sets following the equation:

VDWPS — <\/{(waps_wxwms)2+ (Wyvps _Wy/Ms> 2} > ’ )
np

with wy and wy the computed (super-

script WPS) and observed (superscript

OBSERVED WIND SPEED CLASSES vs TRE6 RELATIVE DIFFERENCE (TRE6_RD) WMS) Wlnd Speed COmpOnentS, and n

" I I TR;EG(WMé)vsTl;EG(ECI;IIWF) '_ p the number of nodes of each WPS
ool TREG(WMS) vs TREG(SKIRON) == ] reduced domain (see Figure 2). The VD
quantifies the uncertainties of both

the modules and directions of the pre-
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wh A %8 £y F is reported as a function of the wind
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Figure 12. TRE6_RD as a function of the wind speed classes. Red line indicates observations increasing in the case of
the TREG relative differences between ECMWF scenario results and WMS scenario . .

results. Black dashed line indicates the TRE6 relative differences between SKIRON ECMWF and decreasmg in the case of
scenario results and WMS scenario results. SKIRON.
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OBSERVED WIND SPEED CLASSES vs PREDICTED WIND SPEED & DIRECTION ACCURACY These differences can occur from a
6 T T T T . .
Wind data - ECMWE WPS number of reasons and their exact iden-
Wind data - SKIRON WPS === tification is beyond the scope of this
5 paper. Nevertheless, the SKIRON WPS,
characterized by a higher spatial resolu-
alos ’\o" . o / tion and by taking into account the
— ", o v, Pl .
T “ . “\‘,« "‘,". ‘&.«‘ * ", / nonhydrostatic processes, was probably
g bt Vg ‘A L / more efficient in reproducing the oro-
3 a1y,

graphic effects on the wind generation

processes. In particular, the Mistral wind,
2 —\\/ which characterizes the most intense
N events during the winter experiment, is
influenced, at subbasin scale, by the
interaction between the synoptic scale

flow and the orography. As for other
Figure 13. Average amplitude of Vectorial Differences (VD) between WMS vector typical intense wind regimes, as the
fields and predicted data in relation to the wind speed classes. Red line refers to . L. .
the VD between WMS and ECMWF wind fields; black dashed line refers to the VD bora in the Adriatic Sea, the positive
between WMS and SKIRON wind fields. effects on oceanographic modeling of

higher-resolution atmospheric forcing
was recognized by many authors [Pullen et al., 2003; Kuzmi¢ et al., 2006]. However, as stated by Beg Paklar et al.
[2008], the use of higher spatial resolution in atmospheric forcings not always ensures a better accuracy of the
simulated winds. This is mainly due to the negative effects generated by the nesting procedure that can reduce
the precision of the results and that was evidenced by the overall lower accuracy of the SKIRON data set.

1 2 3 4 5 6 7 8 9 10 1" 12 13
Observed Wind Speed [m/s]

On the other hand, the ECMWF WPS, characterized by lower spatial resolution and by the absence of nest-
ing procedure, was less accurate on reproducing the peak speeds but more accurate in reproducing the
evolution of the meso-scale phenomena, which dominates the low and medium wind speed ranges charac-
terizing most of the investigated periods.

While the variability of the TRE6_RD (see Figure 12) and of the VD (see Figure 13) in relation to the wind
speed classes was coherent, the switch between higher and lower accuracies between the two scenarios
was not exactly predicted by these two data sets. This revealed the impossibility of defining a simple trans-
fer function linking the errors in predicting the sea surface transport and the errors in predicting the wind
fields, which could be valid for all the wind speed classes.

Nevertheless, considering the intervals of wind speed between 1 and 6 m/s, characterizing most of the
drifters measurements, the TRE6_RD and the VD varied coherently in both scenarios. For these intervals, the
two data set were compared one each other in order to quantify the amplification of the error in reproduc-
ing the sea surface transport generated by the uncertainties in the predicted wind fields. Simple linear cor-
relation between the TRE6_RD and the VD data sets revealed that to an error of 1 m/s in the predicted
wind, as estimated by the VD, corresponded a reduction of the accuracy in the sea surface transport predic-
tion, as estimated by the TRE6_RD, of about the 15% with a variability of =3%.

6. Concluding Remarks

The accurate prediction of the wind-induced sea surface transport in coastal areas using numerical model-
ing techniques is strongly dependent on the accuracy of the adopted wind forcing. The use of wind data
set obtained from different weather prediction systems can promote an increase or a reduction of the tra-
jectories prediction accuracy.

We tested two different weather prediction systems, ECMWF and SKIRON, using the predicted wind data as
forcing for a hydrodynamic and particles-tracking model applied to reproduce a set of observed drifters tra-
jectories in a specific coastal area of the Mediterranean Sea, the Gulf of Oristano.

The simultaneous implementation of a wind measuring system, constituted by a set of anemometers locat-
ed along the coastline and in the mainland, allowed to estimate the real wind fields in the Gulf. Although
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the wind fields derived from the anemometric data are still an estimate of the real winds in the Gulf, they
represent a proper proxy [Zecchetto et al., 2016].

The observed anemometric data were used as a reference data set for testing the accuracy of the hydrody-
namic and particle-tracking model results when using ECMWF and SKIRON wind as forcing. In similar stud-
ies, this type of evaluation was generally carried out without an a priori estimate of the systematic errors of
the numerical model, therefore without the possibility of correctly quantifying the errors generated by the
type of adopted wind forcing [Beg Paklar, 2008; Brushett et al., 2011; Brushett et al., 2016].

Specific Lagrangian metrics (TRE and TAE) were defined to estimate the accuracy of the different model
configurations in reproducing the observed drifter paths in relation to different forecasting time lags.

The results revealed that the model accuracy using the observed wind data (WMS scenario) was suitable for
most of the operational oceanographic purposes, such as the ones related to the maritime safety or to the
sea-ecosystem integrity. This reference was used to quantify the discrepancies of the model results from
the observations produced by the use of ECMWF and SKIRON wind data as model forcing.

The accuracy of the model results using the predicted wind fields decreased between 1.2 and 1.5 times with
respect to the reference scenario. In particular, ECMWF data were generally more efficient as model forcing to pre-
dict the drifters trajectories, with results about 3 times more accurate than the ones obtained using SKIRON data.

The analysis also demonstrated that the accuracy of the simulation results using the wind data predicted by
the two WPS was strongly dependent on the observed wind speed intensities. For wind speed classes
higher than 6 m/s, the use of SKIRON data was promoting the accuracy of the model solutions, whereas for
lower wind speed classes the ECMWF data were preferable as model forcing.

The increments of the errors in the model solutions in relation to the wind speed class were highly variable
for both ECMWF and SKIRON scenario. The values ranged between 5 and 100%, therefore evidencing the
difficulty of defining the most efficient wind data set in absolute.

Although an error transfer function between the prediction of the sea surface transport and the prediction
of the wind, valid for all the speed classes, could not be assessed, nonetheless, for wind speeds lower than
6 m/s, characterized by a coherent behavior between TRE6_RD and VD, and including most of the Lagrang-
ian measurements, it could be defined. In fact, for such speed intervals, the amplification of the errors in
predicting the sea surface transport produced by a discrepancy of the predicted wind data of 1 m/s was
estimated to be around the 15%.

In ocean modeling, various procedures, including simple or constant multiplicative factors or more complex
linear regression functions, are often used to correct the systemic bias of the numerical results from the
observations [Brenner et al., 2007; Durrant et al., 2013]. The obtained results revealed that no fixed rules act-
ing directly on the wind forcing could be assessed as a proper solution to improve the accuracy of the
numerical prediction of the sea surface transport in coastal areas.

Concluding, due to the uncertainties of the operational atmospheric models in reproducing a realistic wind
field at coastal scale [Accadia et al., 2007; Zecchetto and Accadia, 2014], the implementation of a wind measur-
ing system would be always desirable for ocean model applications in coastal seas. In fact, the measured ane-
mometric data can be adopted both for evaluating the accuracy of the atmospheric forcings used to make
the ocean predictions and for an efficient calibration of the numerical ocean model itself. Finally, the proposed
approach, based on the implementation of a wind measuring system, Lagrangian observations and numerical
reproduction of the sea surface transport, is highly replicable and it can be adapted to different coastal areas,
providing significant benefit for the understanding of primarily wind-driven coastal dynamics.

Appendix A: The Hydrodynamic and Particle-Tracking Model

SHYFEM is a three-dimensional hydrodynamic model based on the finite element method which resolves
the shallow water equations integrated over each layer in their formulations with water levels and trans-
ports. It uses finite elements for horizontal spatial discretizations, z-layers for vertical discretizations, and a
semi-implicit algorithm for integration in time.

It accounts for barotropic, baroclinic, and atmospheric pressure gradients as well as wind drag and bottom
friction, nonlinear advection, and vertical turbulent processes. The solved equation system reads as
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where [ indicates the vertical layer, (U, V) the horizontal transport components in x and y directions for
each layer, Adv* and Adv’ the advective terms, p, the atmospheric pressure, g the gravitational acceleration,
f the Coriolis parameter, { the water level, po the standard water density, p=po+p’ the water density, h, the
layer thickness, H, the depth of the bottom of the layer /, A, the horizontal eddy viscosity. For the computa-
tion of the vertical diffusivities and viscosities, the General Ocean Turbulence Model (GOTM) described in
Burchard and Petersen [1999] was used.

Wind and bottom friction terms, corresponding to the boundary conditions of the stress terms (4, 1), are

defined as
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ghottom —cp oy \/W
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b — 2 2
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with Cp as the wind drag coefficient
set to 2.9%X1073, Cg the bottom fric-
a) . TRIIE - Trajectorly Relative E'rror - using YVMS wind dlata tion coefficient set to 2.5X1 0—3’ pa the
0sl i air density (w,, w,) the wind velocity
L 08k components, and (u;, v;) the bottom
Eoal R velocity components.
oz 1  The hydrodynamic model is coupled
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Figure A1. TRE computed for (a) WMS, (b) ECMWF, and (c) SKIRON scenario as a (A4)

function of a forecasting time lag varying between 0 and 6 h. Dashed black lines
describe the variability of TRE obtained from a subset of selected simulations h he Euleri lociti
characterized by different combination of the model parameters values. Red con- where u,, v, are the Eulerian velocities
tinuous lines refer to TRE computed from the simulations results using the set of computed by the hydrodynamic mod-
model parameters values maximizing the accuracy of the WMS scenario results. el for the first vertical |ayer. Wy, W, are

Va=Ccvh +Cywy,
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the wind velocity components measured by the WMS or computed by the two WPS; C. and C, are the
water current transport factor and the wind drift factor set to 0.9 and 5X1073, respectively.

The horizontal components of the turbulent diffusive velocities, uy and v4 were computed using a random
walk technique on the basis of the Fischer et al. [1979] study, with turbulent diffusion coefficients obtained
using the Smagorinsky formula [Smagorinsky, 1993].

The adopted numerical method for solving equation (A3) is based on the finite elements and it is not sub-
jected to any constrain for the selection of the proper computational time step.

Appendix B: Scale Analysis

A simple-scale analysis was performed to evaluate the weight of the baroclinic contribution on the total
momentum for the addressed case study.

We assumed that the differences in the Gulf water densities were generated by water temperature gra-
dients only, being the freshwater inputs negligible (see section 2), and that the differences between the sur-
face temperatures were representative of the temperature differences along the whole water column,
which is acceptable for shallow water areas relatively isolated from the open sea dynamic (see section 2).

Following the approach proposed in Umgiesser et al. [2004], the wind stress term (A) and the baroclinic pres-
sure gradients term (B) in equation (A1) were integrated over the total water depth H, obtaining, along the
x direction

T Cppaw?

A=—= B1
PR (B1)

B=Z"———==2— B2

2 pdx 200 (62)

with p the vertical average water density, AT the spatial difference of the water temperatures, L the charac-

teristic length scale, « the thermal coefficient of expansion with a typical value of 21074, Cp the wind drag

coefficient set to 2.9%X1073, p, and p the air and water density, w the wind speed, and g the gravitational
acceleration.

The two terms A and B were compared one each other for the summer experiment, characterized by the
highest differences in T and by the lower wind intensities (see section 4.1). We obtained that the momen-
tum induced by a wind speed of 5 m/s, the typical summer speed intensity, acting on a water column of
12 m, corresponding to the average Gulf depth, was around 8 times more intense than the baroclinic contri-
bution generated by a difference in temperature of 0.4°C measured by the drifters over a distance of 5 km
(see section 4.1).

Considering that the wind is a surface forcing, its relative contribution to the sea surface transport should
be even an order of magnitude higher than the value obtained assuming it as acting homogeneously along
the whole water column.

Therefore, for both summer and winter experiments, the contribution of the baroclinic pressure gradients in
the momentum equation was negligible.

Appendix C: The Model Sensitivity Analysis

A sensitivity analysis was carried out to define the role of the numerical model parameterizations on the tra-
jectories prediction accuracy. A set of numerical simulations were performed to reproduce the drifters tra-
jectories using, as forcing, the three different types of wind data as described in section 4.2.2.

At each model run, the values of Cp in equation (A2), C,, and C. in equation (A4), which are the main model
parameters influencing the reproduction of the sea surface transport, were changed within their typical
ranges of values, corresponding to 21073 and 3103 for the Cp, to 1X 102 and 1X 102 for the C,, and
to 0.8 and 1.2 for C. [Castanedo et al., 2006; Abascal et al., 2009b; Wang and Shen, 2010; Cucco et al., 2012b].
The results obtained from each model run were compared with measurements and TRE (see equation (2))
and TRE6 (see section 5.2) computed.
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In Figure A1, the TRE computed for each forcing scenario is reported for the first 6 h of predictions and for a
subset of selected simulations performed during the sensitivity analysis. Specifically, black lines in Figure A1
refer to the TRE obtained from a total of 27 simulations characterized by a combination of parameters val-
ues varying among the minimum, the maximum and the average of each range. In addition, the red contin-
uous lines in Figure A1 indicate the accuracy of the model results obtained using the combination of
parameters values minimizing the TRE6 in the WMS scenario, corresponding to Cp=2.9x1073, C.=0.9, and
Cw=5X%10"3, and that have been considered for the discussion.

For WMS scenario, TRE6 varied between 0.39, as computed from TRE values individuated by the red line in
Figure Ala, and 0.56 for the worst case with average values of 0.44. In EMCWF scenario, TRE6 varied
between 0.47 and 0.65 with average value of 0.53, whereas in SKIRON scenario, TRE6 varied between 0.59
and 0.69 for the worst case, with average of 0.63.

For ECMWF and SKIRON scenarios (Figures A1b and A1lc) the differences between the minimum TRE6 and
the one computed from TRE values indicated by the red lines are negligible, being around 10>, Therefore,
the combination of parameters values increasing the accuracy of WMS scenario results produces similar
effects even for ECMWF and SKIRON scenarios.

The sensitivity analysis highlighted the coherent behavior between the increments of the TRE and TRE6 in
the three scenarios in relation to the different combination of the model parameters values. As a conse-
quence, the differences between the accuracies of the simulations results in the three scenarios are basically
independent from the adopted parameterization. This behavior is due to the deterministic essence of the
adopted numerical model and confirms that the WMS wind data are proper proxy of the real winds in the
Gulf and that the ECMWF and SKIRON wind data sets are basically less accurate reproductions, indepen-
dently from the adopted numerical model setup.

In this study, the values of the model parameters were set to maximize the accuracy of the simulation
results in order to efficiently highlight the errors generated by the adopted type of wind forcing.
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