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Quality-controlled current observations from a High Frequency radar (HFR) network deployed in the Ebro River
Delta (NWMediterranean) were combined with outputs from IBI operational ocean forecasting system in order
to comprehensively portray the ocean state and its variability during 2014. Accurate HFR data were used as
benchmark for a rigorous validation of the Iberia-Biscay-Ireland (IBI) regional system, routinely operated in
the frame of the Copernicus Marine Environment Monitoring Service (CMEMS). The analysis of skill metrics
and monthly averaged current maps showed that IBI reasonably captured the prevailing dynamic features of
the coastal circulation previously observed by the HFR, according to the moderate resemblance found in circula-
tion patterns and the spatial distribution of eddy kinetic energy. Themodel skill assessment was completed with
an exploration of dominant modes of spatiotemporal variability. The EOF analysis confirmed that the modeled
surface current field evolved both in space and time according to three significantly dominant modes of variabil-
ity which accounted for the 49.2% of the total variance, in close agreement with the results obtained for HFR
(46.1%). The response of the subtidal surface current field to prevailing wind regime in the study areawas exam-
ined in terms of induced circulation structures and immediacy of reaction by performing a conditional averaging
approach and a time-lagged vector correlation analysis, respectively. This observations-model synergistic strat-
egy has proved to be valid to operationally monitor the complex coastal circulation in Ebro Delta despite the ob-
served model drawbacks in terms of reduced energy content in surface currents and some inaccuracies in the
wind-driven low frequency response. This integrated methodology aids to improve the prognostic capabilities
of IBI ocean forecasting system and also to facilitate high-stakes decision-making for coastal management in
the Ebro River Delta marine protected area.
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1. Introduction

The Ebro River Delta (NE coast of Spain, Fig. 1) is one the largest and
most biodiverse aquatic ecosystem in the western Mediterranean Sea.
The nearshore deltaic area is experiencing severe erosion and reshape
due to both human-induced and natural factors. The former are related
to dam constructions in Ebro River hydrographic basin, leading to a
drastic reduction of sediment discharge and the subsequent surface
loss (Palanques et al., 2002), whereas the latter include a variety of ma-
rine processes (i.e., wave action eroding exposed wetlands) impacting
on the evolution of the delta coast (Palanques and Guillen, 1998).

The freshwater input of Ebro River together with coastal wind-
induced upwelling causes high nutrients concentration, making the
Ebro Delta a highly productive area in terms of phytoplankton and zoo-
plankton (Würtz, 2010). Since the biological connectivity between this
sensitive marine protected area and adjacent ecological regions consti-
tutes a key issue, a number of researches have been conducted to de-
duce transport pathways not only for nutrients, larvae and juveniles
but also for sediments and pollutants (Zelenke et al., 2009). The spread
of chemical and organic contaminants (i.e., agricultural run-off) may
impact dramatically on the local ecosystem if the pollutants recirculate
near the coast rather than dispersing on the open sea (Coulliette et al.,
2007).

The previous considerations underline the necessity of an efficient
coastal management in order to promote the conservation and integrity
of marine ecosystems. The constant monitoring of coastal waters re-
quires an observing network based on disparate cutting-edge technolo-
gies (gliders, satellites, moorings, etc.) that adequately samples the
study domain, in conjunction with an ocean circulation numerical
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Fig. 1. (a) HFR deployed at the Ebro Delta, composed by three sites (red squares). Colored dots denote the temporal coverage in percent of HFR surface current total vectors for 2014.
Isobath depths are labeled every 200 m. Locations of Tarragona buoy (B1) and Tarragona harbour are marked with blue solid squares. Location of Tortosa hydrological station is denoted
by a black solid square. (b) Example of an hourly sea surface temperature (SST)mappredicted by IBI operational ocean forecasting system. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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model with a proper horizontal resolution to capture all the details of
the coastline and the bathymetry (Ngodock et al., 2015).

In this context, a 13.5 MHz CODAR SeaSonde High Frequency radar
(HFR)was deployed in December 2013 (Fig. 1, a) to support marine do-
main awareness and assist decision- and policy-making related towater
quality, maritime safety and mitigation of anthropogenic hazards. This
remote-sensing land-based technology is being increasingly used
worldwide to map the evolving current fields in near real-time over
broad spatial areas. HFR estimations can be used for a wide range of
practical applications such as harbour management, vessel tracking,
search and rescue (SAR) operations and oil spill emergencies (Bellomo
et al., 2015), thereby contributing to the global societal benefit. Nowa-
days, the long-term environmental monitoring of the Ebro Delta is
complemented by 3-D outputs from the Iberia-Biscay-Ireland (IBI) op-
erational ocean forecasting system (OOFS). This regional NEMO-based
application has been providing continuous daily oceanmodel estimates
and forecasts of currents and other physical parameters for the IBI re-
gional seas (Fig. 1, b) since 2011 (Sotillo et al., 2015), first in the frame
ofMyOcean projects and later as part of the CopernicusMarine Environ-
ment Monitoring Service (CMEMS), which represents a quantum leap
in terms of operational capabilities and oceanographic forecasting ser-
vice at European level.

HFR-derived synoptic surface current maps can be optimally com-
bined with ocean circulation models via data assimilation framework
(Iermano et al., 2016; Marmain, 2013; Gopalakrishnan and Blumberg,
2012; Paduan and Shulman, 2004) or blending scheme (Stanev et al.,
2015; Lipphardt et al., 2000), whose usefulness has been previously
demonstrated. In the present work, the attention is focused on the ad-
vantages of usingHFRmeasurements for an in-depth performance eval-
uation of regional models, as reported in prior studies (Cianelli et al.,
2015; O'Donncha et al., 2015; Guihou et al., 2013; Wilkin and Hunter,
2013; Chavanne et al., 2007). HFR estimations improve the model de-
scription by resolving low scale processes in areaswith significant topo-
graphic gradients, whereas model outputs provide a continuous 3-D
quantitative picture with vertical resolution that completes the surface
radar-derived information when the quality data or the spatiotemporal
coverage are poorer. Furthermore, numerical models supplement radar
measurements thanks to the provision of predictive products with
different forecast horizons. Previous studies in the western Mediterra-
nean Sea have reported the benefits of a multi-disciplinary assessment
approach to identify OOFS shortcomings and improve the representa-
tion of local physical processes (Juza et al., 2015a, 2015b; Tonani et al.,
2009; Maidana et al., 1999).

The integrity of HFR data in the Ebro Delta during 2014 was previ-
ously assured by applying a combined quality control methodology
(Lorente et al., 2015) based on the analysis of nonvelocity-based diag-
nostic parameters and the validation against in situ observations from
a point-wise currentmeter (PCM) installed in B1 buoy (Fig. 1-a). The di-
rectional accuracy of HFRwas rated at better than 8°, suggesting that the
radar sites were properly calibrated. The correlation coefficient and
RMSE values emerged in the ranges [0.58–0.83] and [4.02–
18.31] cm s−1, respectively, in accordance with prior results reported
in the literature (Paduan et al., 2006; Kaplan et al., 2005; Emery et al.,
2004). Moreover, the observed consistent concordance between HFR-
derived synoptic surface current patterns and known aspects of the sur-
face deltaic circulation fromhistorical studies gives added confidence to
HFR measurements as a solid benchmark for the rigorous skill assess-
ment of IBI performance.

The present work builds upon Lorente et al. (2015) by integrating
the HFR network with the CMEMS IBI regional predictive model to
properly portray the ocean state and its variability. Observations from
Ebro Delta HFR have been combined with IBI outputs since this syner-
gistic approach can provide a comprehensive characterization of the
highly dynamic coastal circulation and gain from the complementary
nature of both systems. The main objective of this paper is fourfold.
Firstly, to carry out an extensive observations-model (HFR-IBI) compar-
ison aimed at determining the goodness of fit between the two technol-
ogies for deducing surface currents (Kuang et al., 2012). The exhaustive
validation of OOFSs against independent measurements constitutes a
core activity in oceanographic operational centers (Blockley et al.,
2013; Lellouche et al., 2012) since it aids to: i) identify the relative
strengths and weaknesses in the modeling of several key physical pro-
cesses; ii) deepen the understanding of discrepancies in model predic-
tions (Maraldi et al., 2013); iii) compare different versions of the same
OOFS and evaluate potential improvements and degradations before a
new version is transitioned into operational status (Martin, 2011). In
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this framework, an inter-institutional collaboration is in progress to es-
tablish common comparison schemes and skill metrics to deduce both
the consistency and quality of OOFSs. In the present work, emphasis is
placed on the consistency of monthly-averaged gridded outputs, de-
fined as class-1metrics (Hernandez et al., 2015; Hernandez et al., 2009).

Secondly, to verify IBI capabilities in reproducing the prevailing cir-
culation features derived from HFR observations and previously re-
ported in Lorente et al. (2015), namely: the predominant density-
driven southwestward (SW) flow, the Ebro River impulsive-type fresh-
water discharge or the coastal clockwise eddy confined south of Ebro
Delta mouth. In this context, surface eddies in the NW Mediterranean
Sea have been earlier detected and tracked by HFR (Allou et al., 2010),
satellite thermal images (Rubio et al., 2005) and models (Garreau
et al., 2011) in order to understand the genesis of strong-lived vortices
and their subsequent advection. The model skill assessment is com-
pleted with an analysis of monthly-averaged surface current maps and
the exploration of dominant modes of variability in time and space
through both an empirical orthogonal function (EOF) decomposition
and a spectral analysis. Complementarily, eddy kinetic energy maps
have been computed as indicators of intra-annual variability of the
flow around the mean.

Thirdly, to investigate the relative contribution of local wind as one
of the main forcing mechanisms typically associated with estuarine–
ocean exchange and its importance as a predominant driving agent in
EbroDelta shelf (Carrillo et al., 2008;Maidana et al., 1999). The response
of the subtidal surface current field to prevalent wind regimes in the
area is examined in terms of induced circulation structures and immedi-
acy of reaction by performing a conditional averaging approach and a
time-lagged correlation analysis, respectively.

The ultimate goal is to evaluate the potential of CMEMS IBI as a con-
sistent parent forecast system able to propagate the large-scale dynam-
ics into a coastal fine-resolution OOFS through coherent open boundary
conditions (Kourafalou et al., 2015). A downscaling approach is cur-
rently being implemented to operationally monitor the circulation in
Port of Tarragona and the Ebro Delta area (Fig. 1-a) and capture small-
scale coastal interactions which are not always properly represented
in coarser resolution OOFSs. This initiative has been launched within
the frame of SAMOA (Sistema de ApoyoMeteorológico y Oceanográfico
de la Autoridad Portuaria) project, co-funded by Puertos del Estado
(PdE) and 18 Spanish Port Authorities and aimed at putting in place
an integrated suite of high-resolutionmeteorological and coastal hydro-
dynamicmodels in order to produce refined port-scale forecasts and in-
crease the efficiency of marine operations in ports and harbours.

It is worth mentioning that this work is limited to the most surface
layer. Therefore, a variety of factors that can influence the flow pattern
have been excluded from the study. An investigation of stratification, to-
pography and the impact of high freshwater inputs from the Ebro River
deserves a detailed exploration which is beyond of the scope of the
present paper.

This paper is organized as follows: Section 2 briefly overviews the
main oceanographic features of the study area. Section 3 presents the
specific instrumentation and briefly describes the configuration of IBI
OOFS. Section 4 describes the observations-model comparison metrics,
the data treatment and statistical methods used for the data analysis,
followed in Section 5 by a detailed discussion of the results. Finally,
main conclusions are summarized in Section 6.

2. Study area

The circulation in Ebro continental margin is mainly thermoha-
line and characterized by a quasi-permanent barotropic shelf-slope
Fig. 2. Monthly averaged surface velocity fields, based on unfiltered hourly HFR (left) and IB
December 2014. The study area is not uniformly covered since only radar grid points satisfy
one grid point of every two is plotted for visualization reasons.
jet which flows southwestwards. This current, called Liguro-
Provenzal-Catalan current or simply ‘the North Current’, is in geo-
strophic balance with the so-called Catalan front, which is a perma-
nent density front associated to strong salinity gradients (Font
et al., 1988a). Such density front, maintained by Ebro River runoff,
separates two different surface water masses: light coastal and
continental-influenced waters from saltier, and usually warmer,
open sea waters (Salat et al., 2002).

The quasi-permanent SW flow is only altered by clockwise inertial
oscillations (withmaximumoccurrence during thewarm stratified sea-
son) and some short periods of current reversals, related to mesoscale
events like frontal instabilities, meanders, eddies and filaments (Grifoll
et al., 2015; Garreau et al., 2011; Birol et al., 2010; Font, 1990). The in-
tensity ofmean currents is relatively low (10–20 cm·s−1) and increases
in autumn as a result of both the intensification of themesoscale activity
and the local wind variability (Font et al., 1995).

The Ebro Delta is a storm wave dominated coast, with a low-period
mean wave climate (Palanques et al., 2002). The tidal influence in the
continental shelf current field is very weak as expected for a microtidal
and low-energy environment (Jimenez et al., 2002). Themarine circula-
tion near the delta, although dominated by the alongshore large-scale
dynamics, presents a complex structure strongly influenced by the to-
pography (widening of the shelf and the sharp change in the continental
slope direction - Fig. 1-a) - and also by the seasonal variability of the re-
markable Ebro River discharge rates, the changing wind conditions and
the water column thermal stratification (Font et al., 1988b; Salat et al.,
2002). The buoyancy input introduced by large freshwaters fluxes (par-
ticularly during the spring freshet), together with topographic effects,
lead to the development of well-documented hydrographic features
such as anticyclonic eddies on both sides of the delta and reinforce the
shelf/slope front that drives the general circulation to the south
(Carrillo et al., 2008; Salat et al., 2002; Font, 1990).

North of the delta, the flow originated near the river mouth tends to
flow initially northwestward, but the confluence with the main current
and the topographic influence of the lobate delta generate a clockwise
eddy. This coherent vortex traps suspended materials and organic
microcontaminants of industrial origin (coming from the nearing Tarra-
gona industrial area, depicted in Fig. 1-a) that are subsequently
sedimented southward (Font et al., 1987). Therefore, the Ebro river
plume can play a first-order role in the transport and dispersal of an-
thropogenic contamination in the coastal zone.

Thewind regime in the Ebro delta region can be classified into three
groups: (i) northwesterly winds (also called ‘mistral’) are dominant
during the cold season, from October to May (Font, 1990). They are
both the strongest (with velocities up to 100 km/h) and themost persis-
tent winds in the area; (ii) southwesterly winds (‘garbins’), typical of
the summertime and linked to fair weather conditions, are warm,
weak and variable; (iii) onshore winds related to storms generated in
the western Mediterranean basin. They mainly come from the NE
(‘gregal’) and E (‘llevants’).

Although local winds are not directly responsible for the main char-
acteristics of the marine circulation over the Ebro shelf (Font, 1990),
surface current variability can be influenced bywind action if it is strong
and steady enough (Espino et al., 1998). Local winds can develop signif-
icant inertial oscillations in spring (Font et al., 1988a) and contribute
partially to the intensification of the currents during the cold season.
Persistent and high-intensity NW wind jets channeled by the narrow
Ebro valley introduce negative vorticity in the flow south of the Ebro
Delta, reinforcing a local anticyclonic circulation on the shelf and pro-
ducing northwestward currents near the coast (Espino et al., 1998;
Han et al., 1983).
I (right) current data, for (a–b) March, (c–d) May, (e–f) August, (g–h) October and (i–j)
ing a minimum data return of 50% over the monthly record have been considered. Only
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3. Instrumentation

3.1. HF radar (HFR)

A CODAR SeaSonde standard-range HFR system was deployed at
Ebro Delta in December 2013 within the frame of RIADE (Redes de
Indicadores Ambientales del Delta del Ebro) project. The system is
owned by the SpanishMinistry of Agriculture and Environmental Affairs
(www.magrama.gob.es) and currently operated by PdE for scientific
purposes. The HFR network consists of an array of three remote shore-
based sites (Fig. 1-a): Salou (SALO), Vinaroz (VINA) and Alfacada
(ALFA), operating at a nominal frequency of 13.5 MHz with a 90 KHz
bandwidth. Each site provides hourly radial measurements with a cut-
off filter of 100 cm·s−1 and representative of current velocities in the
upper first meter of the water column. Only calibrated (measured) an-
tenna beampatternswere employed by themanufacturer supplied soft-
ware to process radial data used in the present study, with the aim of
maximizing HF radar usefulness for operational applications (Lipa
et al., 2006; Kohut and Glenn, 2003). Ideal radial vectors (not calibrated,
produced with the theoretical cosine antenna pattern) were already
tested in Lorente et al. (2015) but the statistical results (not shown) re-
vealed that theywere not as accurate as calibrated radial data. In regions
of overlapping coverage from two ormore sites, radial currentmeasure-
ments are geometrically combined with the averaging radius set to
6 km in order to estimate hourly averaged total current vectors on a
predefined Cartesian regular grid with 3 × 3 km horizontal resolution.
The maximum horizontal range is set to 80 km and the angular resolu-
tion is 5°.

The hourly HFR data used in this study were collected during
the entire 2014. The radar site overall performances were found
to be consistent, with the three sites up and operational in excess
of 95% of the time. Temporal data coverage was quantified by com-
puting the percent of total possible vector returns at each radar
grid point (Fig. 1-a). Percent coverage decreased rapidly near the
outer edges of the domain where error levels were higher and
quantified by larger Geometric Dilution of Precisions (GDOPs,
Chapman and Graber, 1997), defined as unit-less multiplicative fac-
tors of the noise associated with the geometry of the HFR measure-
ment. Only radar grid points satisfying a minimum data return of
50% over the 2014 annual record were considered in order to
screen out the less reliable data (which usually presented GDOPs
values above 1.5).
3.2. Buoy B1

The spatial coverage of Ebro Delta HFR includes an ocean Seawatch
buoy deployed since August 2004: Tarragona buoy (40.68°N, 1.47°E,
688m depth), hereafter referred to as B1 (Fig. 1-a). This instrument be-
longs to the Spanish deep water buoy network operated by PdE and is
equipped with an acoustic PCM providing quality-controlled hourly av-
eraged current velocity vectors at a nominal depth of three meters. Ac-
cording to themanufacturer (Falmouth Scientific Inc.), the instrumental
error is around 0.5 cm·s−1. A wind speed and direction sensor
manufactured by R. M. Young Company measures mean hourly wind
data (computed from 5 min recording) at a height of three meters,
used here as a proxy for the local open sea wind conditions. It should
be noted that current and wind records were only available from 1
May to 31 October 2014. B1 suffered from brief communication outages
during this period and subsequent short gaps (2−3 h) in data time se-
ries were linearly interpolated.
Fig. 3.Monthly averaged maps of Eddy Kinetic Energy (EKE), based on unfiltered hourly HFR (
and (i–j) December 2014.
3.3. The IBI operational ocean forecasting system

A variety of OOFSs are currently running over the western Mediter-
ranean basin, encompassing CMEMS core model solutions and other
downscaling modeling techniques such as the SOCIB WMOP system
(Juza et al., 2015b). Among the formers, IBI presents the highest hori-
zontal grid resolution (1/36°) whereas theMediterranean Sea andMer-
cator Global Ocean Physics Analysis and Forecast systems have a 1/16°
and 1/12° model configuration, respectively (Tonani et al., 2009;
Lellouche et al., 2012). Since small-scale coastal ocean processes are
not always adequately reproduced by coarser resolution OOFSs, an in-
creased mesh resolution is required to achieve the aforementioned
objectives.

The IBIMonitoring and Forecasting Center (IBI-MFC) provides a real-
time short-term 5-day hydrodynamic forecast (and one day of hindcast
as best estimate) of currents and other oceanographic variables, such as
temperature, salinity and sea level. IBI is based on an eddy-resolving
Nucleus for EuropeanModeling of theOcean (NEMO)model application
(v3.4) that includes high-frequency processes required to characterize
regional-scale marine processes. As previously indicated, such applica-
tion is run at 1/36° horizontal resolution (~2 km) on a Cartesian regular
grid size of 1093 × 1894 points, with a domain extending between
19°W-5°E and 26°N-56°N (Fig. 1-b). The NEMO model (Madec, 2008)
solves the three-dimensional primitive equations in spherical coordi-
nates discretized on an Arakawa-C grid and 50 geopotential vertical
levels (z coordinate), assuming hydrostatic equilibrium and Boussinesq
approximation. Further details about the model configuration and the
skill assessment can be found in Sotillo et al. (2015) and also in Aznar
et al. (2016).
4. Methods

4.1. Observations-model comparison metrics

In order to accurately compare the IBI hindcast product and HFR
data, the two grids must be matched. To this aim, radar estimations
have been bilinearly interpolated on the more refined IBI regular grid
(1/36°). Monthly averaged maps of Eulerian surface currents have
been calculated for HFR and IBI to explore the prevalent circulation pat-
terns during 2014. Eddy kinetic energy (EKE) maps, obtained from the
unfiltered hourly current data, have been computed as indicators of
the flow variance. The mean EKE per unit mass, defined as:

EKE ¼ ∑
N

i¼1

ui−umð Þ2 þ vi−vmð Þ2
h i

2N
ð1Þ

has been determined for each and all of the grid points (Kovačević et al.,
2004), where ui and vi represent eastward and northward hourly veloc-
ity components, N is the total number of observations and um andvm are
the corresponding monthly mean values for each particular grid node.

Spatial patterns of the complex correlation coefficient and its associ-
ated phase (Kundu, 1976), together with scalar correlation and RMSE
between observed andmodeled current components (zonal andmerid-
ional), have been also estimated on a monthly basis. All correlations
cited were significant at the 95% confidence level (Emery and
Thomson, 2001, p. 253), unless otherwise indicated. The main aim has
been to investigate the temporal evolution of radar-model agreement
for 2014 and to understand the potential sources of discrepancies.
left) and IBI (right) current data, for (a–b) March, (c–d) May, (e–f) August, (g–h), October

http://www.magrama.gob.es


67P. Lorente et al. / Journal of Marine Systems 163 (2016) 61–79



68 P. Lorente et al. / Journal of Marine Systems 163 (2016) 61–79
4.2. Characterization of the spatiotemporal variability of surface circulation
field

Rotatory spectral analyses (Gonella, 1972) have been performed for
hourly current data from B1, modeled currents and HFR-derived total
vectors at the grid point (P1) closest to B1 location. The examination
has been conducted for a 6-month periodMay–October 2014 of concur-
rent records in order to identify the dominant modes of temporal vari-
ability. Complementarily, a second grid point (P2) has been chosen to
evaluate spectral variations between near-shore and offshore regions.
To ensure the continuity of the data record, small gaps detected (not
larger than 3 h) in time series have been linearly interpolated. Spectra
have been calculated by dividing time series into successive six day seg-
ments, with a 50% overlap and a Hanning window (Emery and
Thomson, 2001), and subsequently averaged to provide some smooth-
ing. Confidence levels for spectra densities have been derived assuming
a chi-squared distribution for the variance.

Complementarily, a complex Empirical Orthogonal Function (EOF)
decomposition has been used to explore the driving forces and spatio-
temporal scales behind the variability of sea surface currents (Kundu
and Allen, 1976). This method, which reduces the components of the
vector field to a complex scalar, has becomewidespread in order to ex-
tract the dominant modes of variability. The representative spatial pat-
terns (or EOF modes) and their corresponding temporal coefficients or
principal components (PCs, which describe the evolution of the
modes) are determined by using the singular value decomposition of
the covariance matrix.

EOF analysis has been applied to HFR and IBI current velocity
datasets using the raw (unfiltered) hourly time series for the entire
year 2014. Main spatial modes obtained have been interpreted in
terms of physical processes related to the detected spatially coherent
structures. Since EOFs are purely statistical, each EOF mode's signifi-
cance has been evaluated according to the rule of thumb proposed by
North et al. (1982), where only those modes containing a significant
portion of the total variance are considered to properly reproduce the
observed surface current fields. Finally, the standardized PCs associated
with each radar-model EOF mode have been quantitatively compared
by means of linear correlation coefficients in order to assess the level
of agreement.

4.3. Wind-induced circulation

The hourly wind vector dataset registered at B1 buoy during May–
October 2014 has been low-pass filtered (cut off period of 30 h),
depicted and later analyzed at quarterly time-scale by means of rose
plots to deduce the prevailing wind directions over the study area. In
addition, wind measurements have been decomposed into principal
components to infer the main axis of variability. The associated
conditionally-averaged subtidal current patterns under these dominant
conditions have been subsequently extracted with the aim of illustrat-
ing the wind-driven low frequency response. This methodology, based
on the division of specific wind events according to prevalent directions
(within 45° around the variance axis orientation) and speed above a
certain threshold (3 m/s), has been previously adopted in several of
studies (Mihanović et al., 2011; Gačić et al., 2009). Finally, themean cir-
culation fields obtained for HFR and IBI have been qualitatively exam-
ined for four different wind regimes related to the major and minor
axis of wind variability.

Complementarily, the flow response has been investigated by com-
paring the PCs associated with IBI and HFR with the PCs of local wind
(Lana et al., 2016). The correlation coefficient has been also calculated
for thewinds in all directions to determine the angle for which the rela-
tionship is maximized. Finally, the association between wind and flow
Fig. 4.Monthly averagedmaps of zonal (left) andmeridional (right) root mean squared error (R
(g–h), October and (i–j) December 2014.
variability has been studied for wind data and sub-surface currents
measured at B1 and surface velocity estimations provided by HFR and
IBI at the nearest grid point. To this purpose, a time-lagged complex cor-
relation analysis has been used to explore the current response for a 24-
hour interval.

5. Results and discussion

5.1. IBI skill assessment and dominant features of the surface flow

The sequence of monthly averaged currentmaps reveals themoder-
ate resemblance betweenHFR data and IBImodeled currents in terms of
main circulation features in the study-area, in spite of some
distinguishing peculiarities (Fig. 2). Themain discrepancy lies in the ev-
ident underestimation of the intensity of the southwestward flow (the
North Current), which is properly captured in terms of predominant di-
rection during themonths ofMarch, August andDecember (Fig. 2-b, d, j.
respectively). For August, the North Current is absent from themodeled
current pattern and probably displaced to the east, according to the tiny
clockwise eddy and the onset of the current reversal observed in the
eastern edge of the study domain (Fig. 2-f). In the case of October, IBI
clearly fails to capture basic details of the coastal circulation (Fig. 2-h).

During March, the SW shelf-slope jet and the Ebro River impulsive-
type freshwater outflow are clearly evidenced (Fig. 2-a, b), although
higher velocities are detected for HFR. The monthly-averaged freshwa-
ter dischargemeasured at Tortosa hydrological station (Fig. 1-a) during
this month was around 600 m3·s−1, reaching a peak of 1300 m3·s−1

during the first days.
Equally, the confinement of a coastal anticyclonic eddy in the south

of EbroDelta can also be observed in radar andmodeled data. In the case
of the latter, the vortex structure ismore developed inMarch. However,
it presents a similar position, diameter and elongation direction during
May (Fig. 2, c-d). The lifetime of this hydrodynamic feature is rather
alike, formed during January and absent of the monthly picture from
August to December. The steady weakening of both the SW slope flow
and the signal of the Ebro river plume are shown in both datasets.

During August (Fig. 2, e–f), a noticeable current reversal in coastal
areas is observable, presumably due to a well-documented change in
the predominant local wind regime during this stage of the year
(Garreau et al., 2011; Font, 1990). The inversion of the inshore flow is
scarcely influenced by the Ebro River freshwater discharge as it reaches
one of its lowest values during the summertime (150 m3·s−1). Indeed,
in the case of IBI the reversal is more expanded along the shelf and the
aforementioned SW jet is missing from the picture, with a tiny clock-
wise eddy enclosed in a general poleward flow (Fig. 2, f). By contrast,
a pronounced anticyclonic recirculation cell is shown by HFR, detached
from the shore (Fig. 2, e). Such detachment is in accordance with previ-
ous modeling exercises in the NW Mediterranean where a burst of
southeasterlies and northerlies, after a long period of mistral winds, ap-
peared to disengage coastal eddies (Garreau et al., 2011).

The main observations-model differences arise in October (Fig. 2, g-
h): HFR exhibits a fairly homogeneous and intensified SW along-shore
flow, whereas IBI presents a more intricate circulation pattern charac-
terized by two eddies with different vorticity. Moreover, it is notewor-
thy the coastal counter current directed northeastward and the
inversion of the SW slope jet. By the end of 2014, the monthly spatial
patterns become rather uniform, revealing the acceleration of the SW
flow (especially for HFR) until reaching ultimately a peak strength in
December (Fig. 2, i–j). The intense Ebro River outflow is also observable
(as the monthly-averaged value is around 600 m3·s−1), together with
the presence of small-scale coastal meanders.

With regards to the variability of the flow, monthly-averaged maps
of EKE exhibit similar spatial distribution along 2014,with higher values
MSE) between HFR and IBI surface current data for (a–b)March, (c–d)May, (e–f) August,



Fig. 5.Monthly averaged maps of complex correlation between HFR and IBI surface current data for (a) March, (b) May, (c) July, (d) August, (e) October and (f) December 2014. Isolines
represent the phase (in degrees): positive (negative) values denote counter-clockwise (clockwise) rotation of IBI vectors respect HFR vectors. (g) Monthly evolution of spatially averaged
skill metrics (scalar correlation - CORR U and CORR V - and complex correlation - CC - coefficients). Shaded values reveal the standard deviation associated with each metric.

69P. Lorente et al. / Journal of Marine Systems 163 (2016) 61–79
tending to be allocated in areas where themean circulation is strongest
(Fig. 3). In March, a non-uniform dipole-like structure is detected in
both datasets (Fig. 3, a–b), although IBI presents one core more
stretched in the along-shore direction. Peaks of EKE are located in the
Ebro River mouth (NE part of the domain) in the case of observed
(modeled) currents. In May, similar maximum values of EKE are
concentrated on areas adjacent to Ebro deltaic region, despite HFR
(IBI) shows a predominant cross-shore (along-shore) configuration
(Fig. 3, c–d). During August, the peak of flow variance reaches the low-
est value along the coastline due to the weakening of the SW flow and
the barely noticeable Ebro River freshwater discharge rates (Fig. 3, e–
f). By October, a slight increase of EKE is observed in both radar and



Fig. 6. (a) Power spectral density of the rotary auto-spectra of B1 buoy (blue) and HFR
(red) and IBI (green) at the grid point P1 (the closest to B1 location), performed for a 6-
month period May–October 2014 of concurrent records. Clockwise (counter-clockwise)
components are represented by solid (dotted) lines. (b) Power spectral density of the
rotary auto-spectra of HFR (red) and IBI (green) at the near-shore grid point P2. Vertical
dashed lines indicate the frequencies of the diurnal constituent (K1) and the inertial
oscillations (f). Error bars indicate the 95% confidence interval. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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IBI datasets (Fig. 3, g–h), presumably due to the reported increase of the
mesoscale activity in autumn (Font et al., 1995). Finally, a relevant peak
of EKE is detected in the northeast area of the study domain (stronger
for modeled currents) as a result of the aforementioned acceleration
of the SW slope jet (Fig. 3, i–j). A secondary maximum can be observed
close to ALFA radar station, although in the case of IBI is stronger and
clearly detached from the main peak.

The analysis of skill metrics reveals higher RMSE values for the me-
ridional velocity component, with the main radar-model disagreement
generally detected at the outer edges of the study domain (Fig. 4). Par-
ticularly noticeable is that the lowest errors (4–9 cm·s−1) can be found
in the proximity of the shoreline during the summer (Fig. 4, e–f), with
values increasing up to 15–17 cm·s−1 during the spring as a result of
an increase of the freshwater discharge, not fully captured by the
modeled solution (Fig. 4, a–d). This could be attributable to the fact
that IBI includes as runoff forcing in the Ebro River Delta the simulations
from SMHI E-HYPE hydrological model instead of real-time in situ ob-
servations. Significant differences in current speed (RMSE above
20 cm·s−1) are observed during the last part of 2014 (Fig. 4, g–j),
when an acceleration of the SW along-shelf flow is evidenced (Fig. 2,
g–j).

The observed radar-model discrepancies are in the range 7–
26 cm·s−1, with spatially-averaged RMSE values around 13 and
16 cm·s−1 for the zonal and meridional velocity components, respec-
tively. Albeit relevant, they are in accordance with some RMSE values
previously reported in the literature, ranging from 10 to 28 cm·s−1
(O'Donncha et al., 2015), from 8.8 to 21.5 cm·s−1 (Ren et al., 2015) or
from 5 to 30 cm·s−1 (Yu et al., 2012). Furthermore, O'Donncha et al.
(2015) found that mean RMSE across Galway bay equalled
23.8 cm·s−1 for December 2011. By contrast, lower scalar RMSE values
(8–14 cm·s−1) have been also stated in other prior works (Cosoli et al.,
2013).

Monthly-averagedmaps of complex correlation (CC) reflect an over-
all higher HFR-IBI agreement in areas close to the shoreline, with the
correlation coefficients and the associated veering angles close to 0.8
and 0°, respectively, during the first part of 2014 (Fig. 5, a–d). Both pa-
rameters usually lie in the ranges of [0.3, 0.8] and [−10°, 10°], respec-
tively, although lower values of the CC coefficient can be found for
October and December (Fig. 5, e–f). The observations-model concor-
dance generally decreases at the outer edges of the domain, especially
toward the NE where higher uncertainty levels (i.e., higher GDOP
values) are found in radar estimations (Lorente et al., 2015; Lorente
et al., 2016). The CC coefficient drops to [0.3–0.5] and the related (abso-
lute) phase can reach 20° in areas near the borders of the spatial cover-
age (Fig. 5, d). The monthly evolution of spatially-averaged metrics
(Fig. 5, g) demonstrates a mean CC coefficient around 0.5 for March
(Fig. 5, a) and a closer HFR-IBI match during April–August as illustrated
by CC values reaching 0.6 (Fig. 5, b–d). By the onset of autumn, a de-
crease in model skill is observable since correlation coefficients fluctu-
ate around 0.3 for October (Fig. 5-e, g), followed by a later recovery in
IBI accuracy during the last part of 2014with CC values above 0.6 in sev-
eral areas of the domain for the specific case of December (Fig. 5-f, g).

The CC coefficient and the associated veering angle are in line with
the available literature on radar-model comparisons. In particular,
Cosoli et al. (2013) and O'Donncha et al. (2015) reported coefficients
in the range 0.2–0.6 and 0.3–0.8, respectively, with the related phase
spanning between° 0 and 20° (absolute value). In terms of spatially-
averaged CC coefficients, Yu et al. (2012) shown a CC coefficient com-
prised between 0.1 and 0.6, similar to the results depicted in Fig. 5-g. Ac-
cording to the results, IBI OOFS is able to capture the observed broad-
scale features and statistically reproduce monthly patterns in terms of
mean and variance despite somemodel drawbacks detected in relation
to the reduced energy content in surface current speeds. Assuming
there are inherent constraints that restrict the observations-model ap-
proach (i.e., sensor limitations, instrumental noise, differences in
depth sampling, small-scale energetic processes unresolved by the
model, etc.), IBI has proven to be a rather consistent OOFS in the
study-area. Some model limitations could be due to the large-scale off-
shore circulation in the entire Mediterranean basin not included in the
present numerical configuration. In addition, the determination of the
skill level necessary for a given application is context specific. Existing
discrepancies between IBI (regional-scale OOFS) and coastal–scale dy-
namics and the spatio-temporal distribution of model errors should be
interpreted according to a variety of factors like the difficulty in accu-
rately simulating both the Ebro River outflow or the inadequate spatio-
temporal resolution of the meteorological forecasts used as forcing
mechanism in a complex coastal region where topographical steering
further impacts on flows (O'Donncha et al., 2015).

5.2. Characterization of the spatiotemporal variability of the surface
circulation

Spectral analyses have been computed for a 6-month period May–
October 2014 (warm stratified season) when B1 buoy was operative
in order to examine power spectral discrepancies in the frequency do-
main between PCM measurements and HFR data and IBI outputs in
the grid point P1 (the closest to B1 location, Fig. 6-a). The three of
them present qualitatively similar characteristics, capturing properly
the dominant features within the diurnal and inertial bands, related to
significantly prevalent clockwise (CW) rotatory motions (solid lines).
Relevant polarized peaks are evident for the three datasets, although
the amplitudes are significantly larger for IBI currents (solid green



Fig. 7. Spatial patterns of the (a–b) first, (c–d) second and (e–f) third EOF dominant modes derived from unfiltered hourly HFR (left) and IBI (right) surface currents for 2014. Current
vectors were plotted in every second grid point for clarity. Variance explained is indicated in the lower right corner of the corresponding panel.
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line). The inertial peak is themost pronounced, pointing out the adjust-
ment of the stratified fluid to the wind driven currents and, subse-
quently, the importance of local wind as forcing mechanism. Indeed,
such amplitude difference in the inertial peak could be attributable
to an overestimation of the modeled wind speed (addressed in
Section 5.4). Offshore oscillations in this frequency band are a common
feature in ocean circulation and their presence in the NW Mediterra-
nean has been previously documented (Schaeffer et al., 2011a; Font,
1990).

Spectral variations between near-shore and offshore regions
have been investigated for a second grid point (P2) using HFR and
IBI estimations (Fig. 6, b). Once more, the prevalence of the positive
rotational motion over the rectilinear ones is evidenced, along with
a strong radar-model resemblance. Both datasets exhibit well-
resolved peaks with similar amplitudes at inertial and diurnal fre-
quencies, highlighting the importance of the land-sea breeze in
coastal circulation. It is also noteworthy that surface currents at P2
present higher energy levels than in P1 (Fig. 6-a), in accordance
with the maximum values of EKE which are generally concentrated
in the vicinity of Ebro River mouth (Fig. 3). Finally, a drop of energy
and later flattening about 10 cpd are common for the CW compo-
nents of the three types of spectra.
By contrast, the counter-clockwise component (CCW, dotted lines)
is much less energetic in both P1 and P2 grid points (especially in the
case of B1 current estimations) and iswhere themain differences in var-
iance distribution between B1 and both HFR and IBI can be found. In P2,
the model underestimation of the CCW component could be explained
in terms of an inadequate representation of the vertical density stratifi-
cation, which plays a relevant role bymodulating thewind-induced cir-
culation and also the development of eddy structures.

5.3. Empirical orthogonal function (EOF) analysis

The EOF analysis (Fig. 7), performed on the unfiltered data set con-
taining relevant high-frequency spatiotemporal variability, confirmed
that the surface current field evolved in space and time according to
three dominant modes of variability, which accounted for the 46.1%
(49.2%) of the total variance in the case of HFR (IBI). According to the
rule of thumb applied (North et al., 1982), highermodeswere not statis-
tically significant.

A year-round overall prevailing SW shelf-slope jet is described by
the first mode (Fig. 7, a–b). The spatially homogeneous pattern,
rather similar to the annual averaged current map (not shown), ba-
sically captures the North Current pathway. EOF-1 represents the



Fig. 8. Time coefficients (PC) of the (a) first, (b) second and (c) and third EOFmode of hourly HFR (blue) and IBI (red) current data set evaluated for the entire year 2014. Time series have
been filteredwith a 20 day runningmean. The corresponding linear correlation coefficient is provided in the upper left corner of each panel. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Low-passed (cut-off period of 30 h) wind rose plots for (a) May–June–July (MJJ) and (b) August–September–October (ASO), showing the predominant propagation directions.
(c) Main axes of variability for hourly wind data registered at B1 buoy. (d) Stick diagram of low-passed hourly-averaged wind vectors for the 6-month study period, with a classification
of intense (N3 m·s−1) wind events according to the main axes of variability.
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Fig. 10. Conditionally-averaged subtidal current patterns derived for HFR (left) and IBI (right) hourly surface data, according to themain axis of wind variability (direction denoted in the
lower right corner).
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21.6% and 26% of the total variance for HFR and IBI, respectively. The
other two HFR (IBI) modes are superimposed onto EOF-1, accounting
for the 15.3% (17.2%) and 4.7% (6%) of the variance, respectively. The
second mode captures the cross-shelf circulation (Fig. 7, c–d), with a
well-defined offshore-directed flow perpendicular to EOF-1. The
third mode adds some heterogeneity to the basic uniform patterns
represented by the first two modes, since it introduces curvature to
the current field (Fig. 7, e–f).
At first glance, EOF-1 (EOF-2) spatial patterns derived fromHFR and
IBI outputs are similar in terms of intensity and direction of current
vectors. Some differences arise in the southern half of the study area
where HFR vectors present a more pronounced meridional (zonal) ten-
dency to the south (east). Themain discrepancies are detected in EOF-3:
although both systems introduce complexity by adding vorticity in the
form of a large (albeit weak) anticyclonic recirculation cell, they do it
in distinct ways. In the case of HFR, a clear divergence of the main



Fig. 11. Comparison of low-pass filtered (cutoff period of 30 h) time series of windmeasured at B1 buoy (blue line) andmodeled (red line) at the grid point closest to B1 location for the
zonal (a) and meridional (c) components. The corresponding best linear fit of scatter plots and the metrics derived are presented for the zonal (b) and meridional (d) components. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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flow is observed in the southernmost part of the spatial domain (Fig. 7,
e), whereas IBI reveals a fully-developed CW eddy, with the associated
core slightly displaced to the south-west part of the domain (Fig. 7, f).

The temporal variation in the strength of these three EOF modes is
represented by their corresponding time coefficients or principal com-
ponents (PCs), shown in Fig. 8. In the case of HFR, PC1 is predominantly
positive except during the May–September period (Fig. 8-a, blue line),
becoming again strongly positive during the autumn and reaching a
peak by December, in clear agreement with the strengthened shelf-
slope SW jet shown in Fig. 2-i. The first principal component of IBI
(red line) is in close agreementwithHFR-PC1 (as highlighted by a linear
correlation coefficient of 0.71) and satisfactorily reproduces the intensi-
fication of the SW flow by December. However, noticeable disparities
can be observed in October and the first fortnight of November when
HFR (IBI) is positive (negative), explaining thus the sharp decrease in
IBI performance previously detected for this month (Fig. 5-e, g). The
negative values of PC1 during summer are in concordance with periods
of current reversals during the stratified warm season earlier reported
(Grifoll et al., 2015; Birol et al., 2010; Font, 1990).

The temporal structure of HFR-PC2 (Fig. 8-b, blue line) reveals a
principal offshore-directed flow through January–March period and
also in late December,which aremonths characterized by both predom-
inant mistral winds and high freshwater discharge rates. Although IBI-
PC2 (red line) is similar and significantly correlated (above 0.6) to
HFR-PC2, the discrepancies found during the last quarter of 2014 can
justify the lower than expected HFR-IBI agreement during this period
(Fig. 5-g). This is especially true for December when a relevant concor-
dance of both PC1 has been evidenced.
Table 1
Statistics of comparison between local wind registered at B1 buoy and modeled wind at
the grid point closest to B1 location, for a 6-month period of concurrent records. Time se-
ries have been low-pass filtered (cut-off period of 30 h). Complex correlation (CC) coeffi-
cient and veering angle are shown. Positive angles indicatemodel winds to the right of the
observed winds. RMS differences between observed and modeled wind speed are also
depicted.

Period (2014) N CC coefficient CC veering (°) RMSE (m/s)

May–October 1472 0.92 12.38 1.27
May 248 0.86 11.99 1.75
June 240 0.96 20.02 0.91
July 248 0.94 15.02 1.62
August 248 0.94 9.84 0.64
September 240 0.83 5.77 0.88
October 248 0.96 12.24 1.38
Lastly, HFR-PC3 (Fig. 8-c, blue line) adds clockwise curvature during
most part of the year (February–September and November), whereas
IBI-PC3 (red line) generally exhibits higher absolute values. The level
of agreement between both PC3 is lower than those obtained for the
two first principal components, with the correlation coefficient below
0.4 and the main differences (in terms of opposite sign) detected for
January, August and December.

An overall acceptable observations-model match can be inferred
from the cumulative and partial percentages of variance retained by
the first three dominant EOFs, which are in accordance with prior per-
centages reported in the literature (Cosoli et al., 2013; Kaplan et al.,
2009). The surface flow patterns derived from the first two EOF
modes and their corresponding principal components present a good
resemblance, with the main disagreement arising from the temporal
evolution of PC3.
Fig. 12. Time-lagged vector correlation analysis between local wind registered at B1 buoy
and the sub-surface currents measured by B1 (blue), HFR (red) and IBI model (green)
current data at the grid point closest to B1 location. The mean veering angle at zero-lag
and the corresponding depth of current estimations are also indicated. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)



Table 2
Correlation coefficients between the principal components (PCs) of the first two EOF
modes of wind (registered at B1) and the first two EOF modes of HFR and IBI. The ampli-
tudes have been filtered with a 1 day running mean.

Currents Principal components WIND (B1)

PC1 PC2

HFR PC1 0.52 −0.28
PC2 0.47 0.67

IBI PC1 0.39 −0.43
PC2 −0.02 −0.14
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5.4. Forcing mechanisms

Low-pass filtered time series of windmeasurements registered at B1
have been depicted on a quarterly basis with the aim of defining the
prevalent wind directions (Fig. 9, a–b). According to the wind roses,
there was an evident change in the local wind regime from spring-
early summer (MJJ, Fig. 9-a) to late summer-autumn (ASO, Fig. 9-b).
During the former period, the wind was primarily from the second (S-
Fig. 13. Comparison of the first principal component (PC1, red line) of HFR (a) and IBI
(b) with the local wind (blue line) projected onto the propagation direction for which
the wind-current relationship is maximized: 145° clockwise from the North.
Comparison of the second principal component (PC2, red line) of HFR (c) and IBI
(d) with the local wind (blue line) projected onto the propagation direction of
maximum correlation: 41° clockwise from the North. The amplitudes have been
normalized by their respective standard deviations and filtered with a 1 day running
mean. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
E) and fourth (N-W) quadrants. During the latter, the predominant
wind directions were by contrast from the first (N-E) and third (S-W)
quadrants, with a remarkable reduction of northwesterly wind events
(the most energetic ones).

Complementarily, the major andminor variance axes have been de-
termined (Fig. 9-c), revealing that themain variability occurs along a di-
rection 99° azimuth containing the 54% of the total energy. This is the
EOF1mode, presumably alignedwith persistent and intense northwest-
erly mistral winds channeled by the narrow Ebro Valley as reported by
Grifoll et al. (2015) and Font (1990), among others. The orthogonal
EOF2mode is oriented 9° clockwise fromnorth and holds the remaining
46% of the variance, capturingmainly the influence of alongshorewinds.
Although a predominance of EOF1 (EOF2) during MJJ (ASO) can be
readily deduced, it is incorrect to assume that mistral winds do not
occur in the second quarter. Wind data registered at B1 have been cate-
gorized into the four different dominant regimes when the speed
exceeded a threshold of 3 m·s−1 and the associated events computed
with the aim of characterizing the typical current patterns (Fig. 9-d).
There was a predominance of alongshore wind events (655), whereas
cross-shore wind episodes (248) represented the 27% of the cases dur-
ing the 6-month study period analyzed.

For northwesterly wind episodes, the average circulation maps pro-
vided by HFR and IBI look alike in terms of direction but clearly differ in
the current speed due to a relevant model underestimation (Fig. 10, a–
b). Intense mistral winds appear to transfer the energy to the upper-
most layer by accelerating and organizing the surface flow to the south-
west, consistentwith Ekman transport to the right of thewinddirection.
Once again,modeled currents reveal a significantly reduced energy con-
tent in spite of capturing the small-scale coastal meander (SW of the
study area) and the reinforcement of both the shelf-slope jet and on-
shore currents in the vicinity of Ebro River mouth.

As response to southeasterlies, the wind-induced circulation to the
NWbecomes noticeable in HFR-derivedmap (Fig. 10, c). The interaction
of the cross-shelf flow on the southern inner shelf with topographic ob-
stacles gives rise to a shift to the right of the coastal flow. The current re-
versal joins the riverine discharges to subsequently close a clockwise
vortex structure by converging with the predominant SW flow. By con-
trast, no evidence of such anticyclonic gyre can be observed in the
modeled pattern (Fig. 10, d), which seems to be more homogeneous
near the shoreline and noisier at the eastern border of the domain.
The coastal currents flowing northeastwards eventually shift to the
right in order to (presumably) join the quasi-permanent shelf-slope
jet to SW, which is absent of the picture and probably displaced to the
east.

In the case of southwesterlywind episodes, only shallow coastalwa-
ters appear to be driven to the NE until merging with the stronger Ebro
River outflow to the east (Fig. 10, e). As a consequence of the conver-
gence of this combined flow with the prevalent SW jet, a small, de-
tached clockwise eddy is generated in the southernmost region. On
the contrary, modeled currents are clearly weaker and fully aligned to
the NE (Fig. 10, f), presenting a strong resemblance with the
conditionally-averaged map shown in Fig. 10-d.

The HF radar-derived circulationmap reveals a reinforcement of the
SW slope jet when northeasterly winds are predominant, with the
inner-shelf flow slightly deflected clockwise according to a classical
Ekman drift and subsequently following the coastline to the south
(Fig. 10, g). However, the modeled pattern presents a rather chaotic
configuration over the core of the study domain (Fig. 10, h). Only coastal
shallow currents appear to be driven by the wind and the SW slope jet
does not seem to be accelerated by wind action.

Since IBI seems to moderately capture the overall circulation fea-
tures associated with wind EOF-1 but not to reproduce the observed
current patterns related to wind EOF-2, potential observations-model
discrepancies have been interpreted in terms of the differences arising
from the 6-month comparison between the observed hourly local
wind (corrected from 3 m recorded height to 10 m standard height)
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and the modeled 10-m three-hourly wind field at the grid point closest
to B1 (2.5 km away), used as forcingmechanism in IBI OOFS (Fig. 11). A
similarmethodologywas previously applied byMuscarella et al. (2011)
in order to assess the accuracy of forecastedwinds in Delaware Bay. The
comparison of low-passed (cutoff period of 30 h) modeled time series
with the local wind registered at B1 reveals a significantly high agree-
ment for the zonal component, with a correlation coefficient (CORR)
of 0.94 (Fig. 11, a–b). However, the level of concordance for the merid-
ional component is lower (Fig. 11, c–d), as reflected by the smaller
(higher) CORR (RMSE) value of 0.80 (1.29 m.s−1). This could presum-
ably explain the observations-model disagreement found when local
winds predominantly blow alongshore (Fig. 10, e–h) as the meridional
component plays a major role for this type of wind regime. In addition,
an overestimation of the localwind is evidenced, according to the slopes
(N1) and intercept (N0.5) values obtained from the best-linear fit of
both velocity components (Fig. 11- b, d).

Regarding themonthly complex correlationmagnitude between ob-
served and modeled wind, the coefficient is above 0.92 during the 6-
month study period (except in May and September, when it drops to
0.86 and 0.83, respectively) and the associated veering angle is notice-
able, with values ranging from 5° to 20° (Table 1). Positive angles indi-
cate model winds to the right of the observed winds. Such deflection
explains the predominantly negative veering (between −10° and
−20°) previously detected in some areas of the study domain when
comparing modeled and observed surface currents, indicating a clock-
wise rotation of IBI vectors respect HFR vectors (Fig. 5, b–e). Likewise,
the monthly RMSE between the wind speeds are also relevant, lying in
the range [0.64, 1.75] m·s−1.

The meteorological forecast used as forcing mechanism in IBI OOFS
has not been employed to analyze the wind-induced circulation over
the entire domain due to the existence of both a wind speed overesti-
mation and also a phase mismatch between the modeled and observed
inertial signal. In this context, a more skillful atmospheric forecast
model with a higher spatiotemporal resolution (i.e., hourly prediction
over amore refined grid) could aid to better represent the coastal circu-
lation in the Ebro Delta. Previous works in the NWMediterranean have
demonstrated the importance ofwindmodel's high spatial resolution to
discriminate topographic structures and better replicate inertial oscilla-
tions and mesoscale activity, whereas the temporal resolution plays a
relevant but secondary role (Cerralbo et al., 2015; Schaeffer et al.,
2011a).

Complementarily, the time-lagged vector correlation analysis shows
the prompt current response to wind forcing (Fig. 12). The correlation
peak is observed between 0-hour and 3-hour time lag, and is followed
by the decay in correlation amplitude, steeper in the case of HFR. A sim-
ilar approach was adopted in Ebro inner shelf by Grifoll et al. (2015),
obtaining a significant correlation peak (0.33) at zero lag between
cross-shelf water transport and cross-shelf wind registered by a buoy.
In our case, an Ekman-like response to the right of the wind forcing is
evidenced by the mean veering angle: 76° (91°) for HFR (B1) measure-
ments representative of current velocities in the upper first meter (at a
nominal depth of threemeters) of thewater column. The increase of de-
flection angles with depth also reveals the development of the Ekman
spiral motion.

In the case of modeled currents, they appear to be poorly correlated
with local wind when all types of wind events are considered, as
highlighted by a correlation coefficient of 0.12. This modeling issue
has been previously documented near other Deltas as the strong
freshwater-induced haline stratification of the water confines most of
the wind momentum input to the surface layer, while the subsurface
current is mostly influenced by the open sea circulation (Bajo et al.,
2014). Since this poor-relationship could be also partially attributable
to an inexact representation of vertical density stratification during
the warm season by IBI OOFS, further research should be undertaken
to shed light on it. Previous works in the NW Mediterranean have
probed that the surface signature of inertial motions in the uppermost
part of the ocean can be easily captured byHFR in the presence of strong
stratification which is confined to the mixed layer (Shrira and Forget,
2015). In this context, the complex correlation of local wind with HFR
current measurements could be used as a proxy of the strength of the
stratification, as previously demonstrated by Kohut et al. (2004) and
Warrick et al. (2007).

Linear correlation coefficients have been computed between the
principal components (PCs) related to the two main EOF modes of var-
iability of local wind at B1 and the first two PCs associated with both
modeled and radar-derived currents (Table 2). The influence of local
wind forcing onHFR PC1mode has been assessed,with a correlation co-
efficient of 0.52 (−0.28) for wind PC1 (PC2). This finding highlights the
impact of energetic northwesterly mistral winds on the predominant
SW flow, by inducing a classical Ekman drift at the sea surface with cur-
rents deflected clockwise with respect to the wind forcing. This wind-
current interaction in Ebro Delta is in accordance with earlier works re-
ported in the literature. Espino et al. (1998) demonstrated such rela-
tionship when winds are strong and steady enough. Grifoll et al.
(2015) stated that the prevalent southwestward along-shelf flow was
induced by the three-dimensional regional response to cross-shelf
winds and the coastal constraint. Similarly, the PC1 of modeled currents
seems to support previous statements as the correlation coefficients are
0.39 and −0.43 for PC1 and PC2 of wind, respectively (Table 2). The
negative correlation coefficients obtained for thewind-current relation-
ship in the along-shore direction reveal that northeasterly wind events
play a relevant role by accelerating the prevalent SWflow,which is even
more evident for IBI currents (−0.43) that for HFR velocities (−0.28).

The high correlation between the principal components can be read-
ily seen in Table 2, with a value of 0.47 (0.67) for wind-PC1 (PC2) and
HFR-PC2, respectively. The relevant accordance of PC2 between wind
and HFR appears to be consistent with Ekman transport to the right of
the wind direction. On the other hand, northwesterly mistral wind
events (PC1) are expected to enforce the prevalent offshore-directed
circulation regime represented by HFR EOF2 (Fig. 7-c) by increasing
the mean speed of the flow. These results are again in good agreement
with Grifoll et al. (2015), who demonstrated the interaction of wind
with cross-shelf transport in shallowwaters of Ebro Delta shelf. By con-
trast, the second principal component related to IBI appears to be barely
correlated with the wind (Table 2), especially when along-shore winds
(PC2) are predominant.

Complementarily, the flow response is examined by comparing the
principal components of HFR and IBI with the wind projected onto
each propagation direction in order to infer the angle for which the cor-
relation coefficient reaches a peak (Fig. 13). In the case of PC1 (i.e., SW
current flow), the maximum correlation is found with winds toward
145° clockwise from the North (i.e., northwesterly mistral winds):
0.65 and 0.64 for HFR and IBI, respectively (Fig. 13, a–b). In the case of
PC2 (i.e., offshore-directed circulation regime), the wind-HFR relation-
ship is maximized when local wind blows toward 41° from the North,
with the correlation coefficient rated at 0.76 (Fig. 13-c). These results
confirm the existence of an Ekman-like response of sub-surface currents
by shifting to the right of local wind. However, the principal component
related to IBI-EOF2 appears to be barely correlated, not onlywith south-
westerly wind events (Fig. 13-d) but with any kind, in agreement with
results gathered in Table 2.

6. Concluding remarks and future work

In this paper, particular emphasis has been devoted to the integra-
tion of a monitoring HFR network and the CMEMS IBI regional predic-
tive model, working in tandem to properly portray the ocean state
and its variability. This observations-model synergistic approach has
demonstrated to be valid to describe the complex coastal circulation
in the Ebro Delta shelf despite the observed model drawbacks in
terms of reduced energy content in surface currents (especially theme-
ridional velocity component) and some inaccuracies in thewind-driven
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low frequency response. Although IBI reproduces reasonably well some
basic features of the monthly circulation patterns in terms of main di-
rection and variance, the model clearly underestimates the intensity of
the southwestward ‘North Current’.

The EOF analysis has confirmed that the modeled surface current
field evolved both in space and time according to three significantly
dominant modes of variability which accounted for the 49.2% of the
total variance, in close agreement with the results obtained for HFR
(46.1%). A relevant observations-model resemblance has been evi-
denced for the three EOF spatial patterns, with similar partial percent-
ages of variance retained by each mode. The detected decrease in IBI
performance during the last quarter of 2014 (especially in October)
has been explained in terms of thediscrepancies arising from thePCs re-
lated to the first two EOF modes, although their annual correlation was
remarkably high (0.71 and 0.62 for PC1 and PC2, respectively).

Although the first two HFR EOFmodes have been found to be signif-
icantly influenced by local wind, only the IBI PC1 appeared to be corre-
lated with the wind forcing. The wind-current interaction was
maximized when the former blew toward SE (NE) in the case of PC1
(PC2) – i.e., when the main flow moves SW (SE), suggesting the exis-
tence of an Ekman-like response of the surface circulation.

Since IBI seemed not to properly reproduce the observed circulation
patterns related to along-shore winds, observations-model discrepan-
cies have been in part attributed to the existence of both a speed over-
estimation and also a phase mismatch between the modeled and
observed winds. This also leads to an inertial peak of higher amplitude
for the clock-wise component of IBI in the frequency domain, as
shown in Fig. 6. Some of the limitations detected in IBI performance
have been also hypothesized to be partially related to the inadequate
spatiotemporal resolution of the wind field used as forcing mechanism
of the surface circulation. This issue has been recently addressed during
the pre-operational implementation of the SAMOA fine-scale coastal
forecasting system, which is nested to IBI and forced with a higher res-
olution atmospheric model (hourly values over a 1/20° horizontal grid),
based onHIRLAM (Cats andWolters, 1996) and provided by the Spanish
Meteorological Agency. Likewise, some IBI system shortcomings could
be also attributable to the large-scale offshore circulation in the entire
Mediterranean basin not included in the present numerical configura-
tion. Notwithstanding, IBI has proved to be an acceptable large-scale re-
gional “father” system, capable to resolve moderately well the
background mesoscale shelf circulation in the Ebro Delta and thus be
able to provide coherent open boundary conditions to nested fine-
resolution coastal models.

A number of primary mechanisms driving coastal dynamics should
be thoroughly investigated in the short-term future since they could
exert significant influence on detected discrepancies. For instance the
land-sea interaction, governed by the intense Ebro River runoff and
the resulting buoyancy-driven circulation, must be evaluated together
with the variability of the freshwater plume extension. The role of the
underlying topography on the surface current variability is also note-
worthy in steeper regions, acting as physical constraint of diverse
coastal processes (Kohut et al., 2004). Therefore, a detailed bathymetry
with the coastal geometry appropriately scaled is crucial for both IBI and
nested OOFSs. Furthermore, an adequate representation of the density
stratification is essential as it acts as a factor modulating not only the
surface current response to wind-forcing but also the development of
eddy structures. In this context, vorticity patterns are expected to have
important consequences in terms of dispersion or retention of biogeo-
chemical materials at local scales (Schaeffer et al., 2011b).

With the advent of new technologies (coastal altimetry, gliders,
argo-floats, etc.), a combined use of multi-platform, multi-scale observ-
ing systems encompassing both in situ (buoys, tide gauges, etc.) and re-
mote (HFR, satellite, etc.) sensors will provide further insight into the
comprehensive characterization of the shelf's surface circulation.
Equally, it will also contribute positively to amore exhaustivemodel ac-
curacy assessment.
Noticeable efforts are in progress in order to define meaningful skill
scores to quantitatively assess the quality and consistency of nested sys-
tem outputs by setting up specific intercomparison exercises on the
overlapping areas at diverse timescales (Bell et al., 2015). In particular,
a future methodology to judge the strengths and weaknesses of OOFSs
and evaluate their ability to out-perform larger scale systems could en-
compass the intercomparison of global configurations (the Mercator
Global system), regional applications (CMEMS IBI) and higher resolu-
tion models at litoral/coastal scales (SAMOA), dynamically embedded
in IBI OOFS.

Finally, the proposed observations-model strategy could be opti-
mized by blending radar data and simulations to get the best surface
current estimates (Stanev et al., 2015) and also by assimilating radar ra-
dial vectors (Marmain et al., 2014; Breivik and Saetra, 2001) on high-
resolution coastal models implemented within the frame of SAMOA
project. In this sense, data assimilation provides the integrative frame-
work for maximizing the joint utility of HFR-derived observations and
coastal circulation models. This approach could enhance predictive
skills and facilitate high-stakes decision-making for coastal manage-
ment and mitigation of environmental risks in the Ebro Delta area.
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