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• The correlation between HF currents,
CHL-a and SST satellite data is proposed.

• High temporal HF radar data is used to
resolve the main oceanographic fea-
tures.

• Correlation maps allow to disentangle
how sea current-driven CHL-a and SST
affect biological and ecological
processes
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Chlorophyll-a (CHL-a) and sea surface temperature (SST) are generally accepted as proxies for water quality.
They can be easily retrieved in a quasi-near real time mode through satellite remote sensing and, as such, they
provide an overview of the water quality on a synoptic scale in open waters. Their distributions evolve in
space and time in response to local and remote forcing, such as winds and currents, which however have
much finer temporal and spatial scales than those resolvable by satellites in spite of recent advances in satellite
remote-sensing techniques. Satellite data are often characterized by a moderate temporal resolution to ade-
quately catch the actual sub-grid physical processes. Conventional pointwise measurements can resolve high-
frequencymotions such as tides or high-frequencywind-driven currents, however they are inadequate to resolve
their spatial variability over wide areas. We show in this paper that a combined use of near-surface currents,
available through High-Frequency (HF) radars, and satellite data (e.g., TERRA and AQUA/MODIS), can properly
resolve the main oceanographic features in both coastal and open-sea regions, particularly at the coastal bound-
aries where satellite imageries fail, and are complementary tools to interpret ocean productivity and resource
management in the Sicily Channel.
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1. Introduction
Understanding the abiotic processes that may generate and main-
tain species occurrence in a focal area is a recognized essential baseline
for designing interventions to mitigate biodiversity loss, inform adap-
tive strategies for a sustainable use of biological resources and more
simply explain biotic interaction (Mellin et al., 2016; Bauer et al.,
2018). As widely reported in literature, remote sensing of environmen-
tal data provides valuable insight into the understanding of processes
driving spatial and temporal changes in productivity at sea
(Behrenfeld et al., 2006). These data include for instance sea surface
temperature (SST), chlorophyll-a (CHL-a) and sea surface currents.
However, there is still a poor understanding of the mechanisms that ul-
timately are responsible for productivity hotspots in the oceans. This
knowledge become crucial in a context of multiscale interactions
among anthropogenic and climate stressors and to inform future evi-
dence-based sustainable marine resources management strategies
(e.g., Pikitch et al., 2004; Dietz et al., 2007; Halpern et al., 2008;
Piroddi et al., 2017). The call for sustainability has become mandatory
in the last decade recognizing the importance to collect and integrate
abiotic and biotic data to disentangle potential resilient ecosystem func-
tions and provision (e.g. seafood) to be preserved without threatening
socio-economies (Westman, 1977; MA, 2005; Fisher et al., 2009). Man-
agement strategies built-up on the knowledge of the driving abiotic in-
teractions may ensure a more tailored planning process more
regionalised and spatially explicit as required in the context of theMed-
iterranean Sea where and when activities such as fishery, aquaculture
and tourism are essentially sustained by trophic conditions generating
shared productivity hotspots which driven mechanism are unknown
(Sarà et al., 2011; Pranovi et al., 2013; Ramírez et al., 2017). To identify
the abiotic mechanisms and drivers that generate the species occur-
rence patterns can be time and resources demanding given the difficul-
ties encountered in collecting, processing, modeling and validating
physical data (Mellin et al., 2016). For this reason most of the manage-
ment actions in place into the Mediterranean Sea have been based on
predictions of oceanographic effects on the local trophic conditions
and ecological responses at local scale, often performed onmean condi-
tions of hydrodynamic regimes (e.g., monthly, annually; Levi et al.,
2003; Bellido et al., 2008; Bacha et al., 2010; Agostini and Bakun,
2002; Martín et al., 2012; Basilone et al., 2013; Giannoulaki et al.,
2013; Quattrocchi et al., 2016; Harrison et al., 2017).

As resulting from the gap of a more regionalized knowledge of the
acting abiotic variables and the physical driving mechanisms, rules
and legislation mostly designed for other environmental contexts,
such as for the Northern European countries (e.g., Common Fishery Pol-
icy, CFP; Frost and Andersen, 2006; Lado, 2016), were applied in the
Mediterranean Sea resulting inadequate where rather the use of higher
resolution data is strongly recommended when dealing with biological
and ecological processes (e.g., at least daily-averages or much better
hourly; Montalto et al., 2014; Lado, 2016; Sarà et al., 2013). We can
use a medical analogy and later translate it into the biological oceanog-
raphy and ecology: the “actual patient care should be highly individual-
ized, and patient treatment should not be based on the results of broad-
scale generalizations, without considering the patient's history, risk fac-
tors and other medications” (lit.; Helmuth et al., 2014).

A broad-brush approach could be appropriate if high resolution data
lack, but the present-day technology offers dramatic improvement of
the temporal and spatial resolution of many types of data needed to
feedmore tailored regional management strategies based on high reso-
lution environmental data layers. The Malta-Sicily Channel (hereafter
referred as MSC; central Mediterranean Sea) represents a good cross-
border example: the large local productivity (Fig. 1) supports one
among the largest fishingfleet in theMediterranean basinwith high ag-
gregation values of fishing pressure in proximity to productivity
hotspots (Eigaard et al., 2016). This area is also under significant pres-
sure from intense marine traffic that includes commercial vessels,
tankers (La Loggia et al., 2011), oil and gas extraction plants
(Mangano and Sarà, 2017) making it highly vulnerable: a tailored man-
agement of local shared resources is urgent. A number of topographic
andmesoscale to sub-mesoscale oceanographic features, such as fronts,
vortices and upwelling regions, both contribute in controlling the local
trophic conditions and maintaining high levels of biodiversity
(Lermusiaux and Robinson, 2001; Béranger et al., 2004). This region
can be considered as an ecological source and sink for many pelagic
and demersal species (e.g., anchovy, young tunas, mackerel, red mullet
etc.; Fiorentino et al., 2003; Levi et al., 2003; Sarà and Sarà, 2007;
Falcini et al., 2015; Consoli et al., 2016) feeding primarily both Italian
and Maltese local socio-economies.

This research focuses on the following points: i) characterizing the
surface circulation in the MSC region; ii) characterizing the relationship
among surface currents andwater quality variables; and, iii) identifying
thepossible causes of the large productivity supporting local economies.
For these tasks, we analyze surface current data collected through a net-
work of High-Frequency (HF) radars deployed in the MSC area, sup-
ported by an EU Italian-Maltese Transnational Programme (Cohesion
Policy 2007–2013), and satellite data products such as MODIS SST and
CHL-a maps available from the OceanColor web portal (http://
oceancolor.gsfc.nasa.gov/), managed by NASA. While the initial CA-
LYPSO objective was to gather data for sea safety purposes, the unprec-
edented resolution in space and time (3 km and 1 h, respectively) of the
near-surface circulation was seen as also useful to provide information
to disentangle the interaction among oceanographic factors. This will
also be important when building the basal information to tailor dynam-
ically the resource exploitation management (downscaled) plans.

2. Materials and methods

2.1. Study area

Currents contribute to dispersion, transport or retention of nutrients,
fish larvae and ichthyoplanktonic products of primary importance in the
MSC (Lafuente et al., 2002). In first approximation, circulation in the
MSC can be described as a two-layer system: i) the upper layer, having
an approximate thickness of about 200m, is occupied by the eastwards
flow of AtlanticWater (AW); ii) the deep layer is occupied by the saltier
Levantine IntermediateWater (LIW) (Rinaldi et al., 2014). Before enter-
ing the MSC, the AW splits into two main branches, one flowing to the
Tyrrhenian Sea along the northern boundary of Sicily, and a second
branch flowing into the Sicily Channel. This second branch also splits
following two preferential pathways, namely the Atlantic Ionian Stream
(AIS) meandering close to the Sicilian coast, and the Atlantic Tunisian
Current (ATC) along the northern coast of Tunisia. AIS and ATC show a
seasonal pattern in which the ATC is more pronounced in winter and
the AIS is prevalent during summer periods. Additionally, the AIS is
closely associated with semi-permanent mesoscale vortex features in-
cluding the intermittent northward extension of the AIS (NAIS) at the
Ionian shelf break, which is most likely driven by the surface density
contrast between waters of the Sicilian and the Ionian basins
(Béranger et al., 2004; Savini et al., 2009). A schematization of the
main circulation features is provided in Fig. 1.

2.2. The CALYPSO radar network: description and validation

The radar network consists of SeaSonde HF radars, deployed in the
southeastern part of the Malta-Sicily Channel. Two stations were set
up initially in the Malta archipelago at the Sopu Tower (station code:
SOPU) and at Ta′Barqat (site code: BARK). The area initially covered
was ~4000 km2 (~2400 km2 of which measured at least 70% of the
time). In August 2012 a third station (site code: POZZ) was added on
the Sicilian side at the Pozzallo Harbor in August 2013, which signifi-
cantly extended the spatial coverage in the area (Fig. 2, right panel).

http://oceancolor.gsfc.nasa.gov/
http://oceancolor.gsfc.nasa.gov/


Fig. 1. Simplified vue of the summer circulation in the Sicily Chanel (SC) (Guichoux et al., 2016).Main features include: Atlantic Ionian Stream(AIS), Adventure BankVortex (ABV),Maltese
Channel Crest (MCC), Ionian Shelf Break Vortex (ISV), Medina Gear (MG), Messina Rise Vortex (MRV), Ionian Front (IF).
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The area increased to ~8400 km2 (~3850 km2 of which measured at
least 70% of the time).

HF radars exploit the Bragg scatteringmechanismof a radio frequency
signal from rough surfaces tomeasure the components of sea-surface cur-
rents moving towards or away from the transmitter system. In the pres-
ence of Bragg-matching waves in the oceans – that is, ocean waves with
exactly half thewavelength of a transmitted radio signal– reflection is co-
herent and generates a strong sea echo return that can be analyzed to de-
termine the distance, direction and velocity of the reflecting surface, from
which the radial component of the current can be determined. This pro-
cess is known as Bragg scattering (Crombie, 1995), and provides the
ocean current velocity in the direction of the transmitter (or radial veloc-
ity). The reconstruction of sea-surface vector currents from radial veloci-
ties is possible when two or more HF radar stations transmit towards the
same portion of the ocean (intersection of light grey areas in Fig. 2 left
panel), the signals overlap and some geometrical constraints are satisfied.
The basic procedure for mapping radial velocities to total currents is de-
scribed in Gurgel (1994). Error sources in HF radar currents (HFc) are var-
ied and occur both on radial currents and surface velocitymaps (cm s−1).
HF radar measurements have been extensively validated in the past, and
uncertainty levels of radial and surface current maps are well-known in
magnitude and origin (Paduan and Rosenfeld, 1996; Laws et al., 2000;
Emery et al., 2004). In particular, uncertainties can be partly explained
as “true” measurement errors (instrumental noise or interferences), or
associated to intrinsic geophysical variability related to the different sam-
pling strategies (for instance, horizontal and vertical current shears;
Chapman and Graber, 1997; Kohut et al., 2012).
Fig. 2. The three HF stations of the CALYPSO network (SOPU-white, BARK-green and POZZ-oran
of the two HF stations and the TDA of the three HF stations (September–December 2013, righ
referred to the web version of this article.)
Radar currents in the MSC area were validated and compared to
more conventional sampling methods, such as Lagrangian buoys
(drifters) and vessel-mounted current meters. Drifters were standard
holey-sock (Surface Velocity Project) SVP-type drifters, with a holey-
sock sail centered at 10 m below the surface and were deployed at se-
lected locations in the MSC region during multiple deployments (De-
cember 2012; June, September and October 2013). Additionally,
current profiles were acquired at selected locations within the radar
coverage over a 2-days period, using a ship-mounted, downlooking
1MHzSontekAcoustic Doppler Current Profiler (ADCP). Vertical resolu-
tionwas set to 1m, and the sampling frequency to 1 Hz. The accuracy of
surface current measurements provided by the CALYPSO monitoring
network was found consistent (average rms ~ 11 cm s−1) with those
from similar installations performed elsewhere (e.g., Cosoli et al.,
2010; Kalampokis et al., 2016). The comparison of the radar radial ve-
locities to the radial component of the drifters provided scalar correla-
tion coefficients, r (−), in the range [−0.03, 0.70], with root mean
square, rms (cm s−1), differences in the range [6.5, 24.45] (Gurgel,
1994; Poulain et al., 2009). For the zonal component rwas typically be-
tween [0.25, 0.79], rms differences between [8.3, 12.1], and improved
for the V component, as correlation was found between r = [0.27,
0.89], with rms differences in the range [6.6, 9.7].Moreover, comparison
of HF current velocities with ADCP velocities measures over the upper
bin cell (3.5 m depth), revealed very good agreement in term of both
magnitude (r ~ 0.92) and direction (r ~ 0.90).

As expected, the comparison between radial components of drifter
velocity versus the radar radial velocities provides ametrics (correlation
ge dots); the temporal data availability (TDA) from January to August 2013 (central panel)
t panel). (For interpretation of the references to color in this figure legend, the reader is
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coefficient r) which spreads over a relatively large range. Low and
even negative values are observed; poor correlation depends on a vari-
ety of sources, noise level, range to the radar receiver and poor signal-
to-noise constraints, pointing errors, and by the different sampling
depths.

Differences between the datasets arise partly from the sampling
strategies, and partly from the radar system performances (including
signal-to-noise decay over range; external noise sources; bearing deter-
mination errors). HFR data quality is controlled in first instance by sig-
nal-to-noise-ratio (SNR), which typically decays over range; thus, far
ranges are more prone to having poorly constrained Doppler lines,
which often causes radar measurement errors. At far ranges, the radar
cross section (i.e., the dimension of the scattering patch in the ocean)
also increases, which in turns determines and increased current vari-
ability that the drifter does not capture. Errors in the determination of
the direction of arrival of the signal also contribute to a bias in radar cur-
rents; this contribution is extremely difficult to quantify because it can
be different for different range cells and angular settings. Typical values
are in the range±10° but cases are documented inwhich bearing deter-
mination errors are as large as 40°.

Differences between the datasets arise partly from the sampling
strategies, and partly from the radar system performances (including
signal-to-noise decay over range; external noise sources; bearing deter-
mination errors).

The different data sampling strategies act at various levels and intro-
duce a geophysical “noise”, that is, processes unresolved at the radar
sampling scales as discussed for instances in Chapman and Graber
(1997). Indeed, radar currents arewide-area averages over some square
kilometers cross-section, they are averaged over time and are represen-
tative of ≈1 m depth (at a working frequency of 13.5 MHz), whereas
ADCP are point wise measurements at metric vertical resolution and
drogued SVP drifter currents used here are representative of 15 m
depth.

Cosoli et al. (2010) showed that a large portion of the radar vs. in situ
current differences in the shallow-water region offshore the Venice la-
goon (northern Adriatic Sea) is explained by the wind-driven vertical
shear. For the MSC region, the lack of temperature, salinity and wind
data with the required temporal and spatial resolutions prevent from
a similar quantification. However, even if over a limited number of
points, ADCP current profiles provided a preliminary estimate of the
vertical shear, which allowed explain some radar-drifter differences in
terms of the Ekman-type dynamics. In this sense, the better comparison
metrics found for December 2012 deployment is explained in terms of
barotropic structure of the water column during the winter period and
the lack of summer seasonal stratification.

Finally, it is worth noticing that validation metrics greatly improved
when the zonal andmeridional velocity components of the surface cur-
rent vectors were compared to drifter velocities. Indeed, r was in the
range [0.53, 0.94] and [0.4, 0.9] for the U and V components, respec-
tively, with rms in the range [9.1, 13.9]. These values are consistent
with those found in literature andprovide a quite robust support this re-
search findings.
2.3. Satellite data: MODIS SST and CHL-a products

CHL-a and SST images were retrieved from the OceanColor web por-
tal (http://oceancolor.gsfc.nasa.gov/),managed by NASA. The 8 days ag-
gregated “Level 3 Binned product”was selected in order to remove the
bias induced by clouds on higher-frequency product output (1-day av-
erage). A total of 46 Level-3 Binned product images (i.e., 8-day long pe-
riods), available during the 2013,were compared to theHFc data for the
same time frame. The Level-3 Binned product is obtained by Level-2
products accumulated over a 8 days temporal window and it is repre-
sented in a global equal-area grid with standard bin sizes (of 4.6 km in
the present case).
2.4. Data preprocessing and analysis methods

2.4.1. Pre-processing of HFc fields
Hourly HF data were interpolated on a regular latitude-longitude

grid and time-averaged over temporal scales compatible with the re-
mote-sense data products (e.g., 8-days averages for the comparison
with CHL-a/SST MODIS products). To avoid biases from missing radar
observations, a 70% threshold was applied to the temporal data avail-
ability at each HF radar pixel; no temporal interpolation was applied
to HF radar while a bicubic interpolation was applied to fill spatial
gaps in the radar domain.

2.4.2. Assessment of kinetic energy variables
Total Kinetic Energy (per unit mass), or TKE, Eddy Kinetic Energy

(EKE) and the absolute value of the products between temporal fluctu-
ations u' v' (ReS, per unit water density)fields forHFcwere computed as
follows:

TKE ¼ 1
2

u2 þ v2
� �

cm2 s−2ð Þ; ð1Þ

EKE ¼ 1
2

u02 þ v02
� �

cm2 s−2ð Þ; ð2Þ

ReS ¼ u0∙v0� ��� �� cm2 s−2ð Þ; ð3Þ

where, u' and v' are deviations from the time-averaged zonal, u, andme-
ridional, v, velocity components (u and v). The kinetic energy of mean
flow (MKE) can be derived as MKE = TKE − EKE. Minima and maxima
in EKE can be associated with energy source or dispersion areas, while
ReS indicates how energy transfer is mediated by the turbulence. Aver-
ages and fluctuations are computed over a 8 day window to match as
closely as possible the temporal coverage of SST/CHL-a data. Time series
of spatial averaged kinetic energy variables were finally compared to
spatially-averaged maps of SST and CHL-a in order to determine their
correlation.

2.4.3. Spatial correlation analysis between HFc, CHL-a and SST
Spatial correlation maps between sea surface current and CHL-a

(and SST) were determined using a 5 × 5 pixels moving computing ker-
nel. A linear multiple correlation model between the two horizontal
components of surface currents (u, set as variable X1; v, set as variable
X2) and the CHL-a (SST) variables (set as variable Y) was fitted to the
data within the moving kernel. The sign of u and vwere assumed posi-
tive according to the actual sea current magnitude and direction. The
resulting correlation coefficient, r, was associated with the center pixel
of the moving kernel. This approach allowed highlighting areas in
which significant spatial covariance exists between the surface velocity
components, and the selectedwater quality indicator (pigment value or
SST).

2.4.4. Spatial correlation analysis between principal components (PC)
A Principal Component Analysis, PCA (Preisendorfer, 1988) was ap-

plied to time series of CHL-a, SST and HFc in order to extract the domi-
nant spatial patterns for these variables. Following Richards (1999)
eigenvalues and eigenvectors were computed from the covariance ma-
trix. Principal components (PCs) were extracted for CHL-a, SST and HFc
using a moving temporal window of different sizes: 32, 64 and 96 days
(4, 8, and 12 layers of 8 days averaged data, respectively). The first PC
(PC1) of both CHL-a and SST (CHLPC1 and SSTPC1, respectively) was
then compared to the correspondent PC1 of HFc (HFcPC1) to determine
the spatial correlation pattern between spatially-distributed variables,
as described in the next section. The spatial correlation analysis is then
carried out similarly to that explained in the previous section. In partic-
ular, a simple linear regressionmodelwas applied as it involves two var-
iables: using CHLPC1 (or SSTPC1) and HFcPC1 as inputs.

http://oceancolor.gsfc.nasa.gov/
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3. Results

3.1. Sea surface currents variability

The sequence of monthly-averaged currentmaps in theMSC (Fig. 3)
confirms the presence of an energetic jet, associatedwith the AIS, in the
central part of the Channel, with average currents reaching 30–
40 cm s−1, directed towards SSE as exiting into the Ionian Sea.
Additionally, it shows a persistent mesoscale anticyclonic (clockwise)
eddy, bounded by the AIS current. This circulation scheme presents a
seasonal pattern in which the AIS flow shifts closer to Malta during
summer, while it is displaced from coast in winter and the mesoscale
vortex reverse the coastal mean flow to a NW direction. Similarly to
the jet, the mesoscale cyclone follows the AIS seasonal modulation
and shifts zonally in the MSC, as also confirmed by the tracks of the
drifters deployed in December 2012. The drifter tracks for this
deployment (not shown here) evidenced that this eddy almost
occupied the entire channel and trapped the drifters in its interior
(with a permanence time ranging from 4 to 40 days).

3.2. Kinetic energy analysis

The kinetic energy analysis is important as the areas characterized
by low sea current energy are trapping zones inwhich the SST consider-
ably increases and the CHL-advection is drastically reduced. Conversely,
during periods in which the AIS jet is evident (Fig. 4) maxima CHL-a
(and minima SST) values correspond to areas where TKE is very high.

The link among current kinetic energy and water quality variables is
of particular interest when the Ionian Shelf Break Vortex (ISV) occurs
within the radar coverage. As example, the ISV was clearly observable
between December 2012 and January 2013. Spatial distributions of
TKE, EKE and ReS at different temporal aggregation windows (30, 15, 6
and 1 days; Fig. 5) show the vortex in the area. Of course, the vortex
eye acts as a trapping area.
january

may june

february

octoberrebmetpes
Fig. 3. Sequence of streamlines derived bymonthlyHFc for the time period January–December 2
red (highest monthly HFc). (For interpretation of the references to color in this figure legend, t
Values of TKE ~150 cm2 s−2 were observed at the center of the eddy
feature (Fig. 5), and are up to one order of magnitude smaller than
values observed in the boundary regions where the AIS is predominant
(TKE ~1100 cm2 s−2). Similar results were found when comparing EKE
and ReS in the interior and at the borders of the mesoscale eddy: spa-
tially-averaged values were ~40 and ~130 cm2 s−2 for EKE inside and
outside the vortex respectively; values for spatially-averaged ReS were
~70 cm2 s−2 (in the interior domain) and 240 cm2 s−2 outside the
vortex.

The temporal evolution of spatial-domain averaged TKE, EKE, ReS,
CHL-a and SSTwere compared for the entire 2013 year (Fig. 6) to deter-
mine the presence of a correlation. This analysis revealed that water
quality (CHL-a and SST) and sea current kinetic variables are mutually
related. Kinetic energy variables allow describing the radar currents
temporal evolution. TKE is larger during winter (January–February)
and fall in autumn(October–December); on the contrary, TKEminimum
values characterize the springer–summer period. Radar EKE and ReS
show higher values in January–April period and lower values in May–
October period. Some higher-frequency components, occurring on a
monthly time scale, are evident in the radar EKE data, that appear also
in radar ReS, although with a much smaller amplitude then those ob-
served through EKE. The time evolution of CHL-a and SST appear to be
negatively correlated each other (r ~ −0.84, with SST preceding CHL-a
with a time-lag of 8–16 days approximately). This is particularly clear
from April, when SST is increasing and reaches its maximum amplitude
in August (~25 °C), whereas, on the opposite, CHL-a firstly decreases in
April reaching its minimum value early in September (~0.06 mg m−3).
The comparisons between CHL-a and EKE and ReS reveal a good agree-
ment. SST and TKE are inversely correlated (r ~−0.7 with SST preceding
TKE with a time-lag of 88 days). A lower time-lags (of 40 days) charac-
terizes the SST vs. EKE and SST vs. ReS regressions. CHL-a is positively cor-
related to TKE, EKE and ReS (r ~ 0.74, ~0.65 and ~0.58 respectively). The
time-lag between CHL-a and TKE is reduced to 40 days; no time-lag is
found between CHL-a and EKE, or CHL-a and ReS.
march april

july

november rebmeced

august

013; the rainbow color ramp is qualitative and it spans from blue (lowest monthlyHFc) to
he reader is referred to the web version of this article.)



Fig. 4.Maps of TKE (left panel), SST (central panel) and CHL-a (right panel) during a period (e.g., 17 to 24 November 2013) showing a clear AIS shift within the Calypso radar coverage.

820 F. Capodici et al. / Science of the Total Environment 628–629 (2018) 815–825
3.3. Spatial correlation analysis between HFc, CHL-a and SST

Upwelling events are frequently occurring along the Sicilian coast
and are clearly detected by SST and CHL-a maps. A macroscopic effect
of the AIS in the channel is to detach the CHL-a maxima from the
coast and advect themoffshore or in a SSE direction along its path. In ad-
dition, the AIS jet is a cold current, thus, SST spatial patterns are ex-
pected to be correlatedwith the sea surface current spatial distributions.

As expected, a high spatial correlationbetweenHFc andCHL-a (or SST)
is found, especiallywhen theAIS shift is inside the Calypso radar coverage
(Fig. 7), and in particular, often close to the AIS jet edge (Fig. 8).
3.4. Spatial correlation analysis between principal components (PC)

A clear evidence of the spatial correlation between HFc currents and
water quality variables is observable using the principal component
Fig. 5. Spatial distributions of time-averaged radar currents and correspondin
analysis. The first principal component, PC1 of CHL-a, SST and HFC,
were examined at different temporal windows, as a time lag between
HFc andwater quality variables can occur even at themesoscale. Results
showed high positive and negative contiguous correlation areas. CHLPC1
vs. HFcPC1 showsmaximum r ~ 0.95 using a temporalwindow of 32 days
(T32, monthly scale; Fig. 9); SSTPC1 vs. HFcPC1 is characterized by maxi-
mum r ~ 0.97 at 64 days temporal window (bi-monthly scale; Fig. 10).
Both correlation patterns for CHLPC1 vs. HFCPC1 and SSTPC1 vs. HFcPC1
showed a spatial distribution characterized by fringes where very high
positive correlation areas are encircled by areas characterized by very
high negative correlations and vice versa; this result needs to be further
investigated.

4. Discussions

The correct choice of observation scale to disentangle and observe
the role of physical oceanography in supporting local mechanisms of
g TKE, EKE and ReS at different aggregation scales (30, 15, 6 and 1 day).



Fig. 6. Time series of spatially-averaged (TDA N 70%) TKE, EKE and ReS from radar currents (upper andmiddle panels), and corresponding time series of spatially-averaged of CHL-a and SST
data. The time period spans from January to December 2013; over-imposed lines refer to 40 days moving averages.
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production should be integrated as layer of primary knowledge when
applying combined approach (from climate research, physical oceanog-
raphy, biogeochemistry, biogeography, and trophic ecology with eco-
nomical information) to multi-sectorial management of ecosystems
(sensu Bauer et al., 2018). The detailed statistical analysis performed,
within this research, on a novel dataset that comprises sea-surface cur-
rents, CHL-a and SST in the Malta-Sicily Channel, generated spatiotem-
poral downscaled data. These data represent a knowledge baseline
crucial to depict and partially explain abiotic drivenmechanisms having
effect on bio-ecological process and to integrated when applying inte-
grated approach to inform management measures to may help man-
agers to resolve potential resource management conflicts among
counterparts. By integrating this baseline with biological data (e.g., lar-
vae abundance) it may be possible to track patterns of variability gener-
ated by physical and biogeochemical parameters (e.g., trapping areas
and correlations among kinetic variables) that would otherwise have
Fig. 7. HFc velocity vectors (black arrows) overimposed to SST (left panel) and to CHL-a (right
coverage.
been lost withmore conventional analysis approaches. The understand-
ing of associated biological (at individual level e.g. physiology and be-
havior) and ecological processes (at community and population
levels) might also improve the ability to detect local ecosystem resil-
ience phenomena and promote a more sustainable exploitation of ma-
rine resources (sensu Sustainable Development Goal 14: Conserve and
sustainably use the oceans, seas and marine resources; Cormier and
Elliott, 2017; Singh et al., 2017). The knowledge of physical driven
mechanisms could also help to plan maritime activities in a more adap-
tive and proactive way also addressing new research avenues in fisher-
ies science (Cash et al., 2003; Barange et al., 2014; Hoegh-Guldberg and
Bruno, 2010; Tommasi et al., 2017; Miller et al., 2017). The high resolu-
tion data provided in the present analysis allowed a spatial and tempo-
ral explicit contextualization of processes generated by specific
oceanographic events that may influence the management choice in a
context of dynamical adaptation (e.g., Miller et al., 2017). HF radar
panel) spatial distributions, during a period in which the AIS is within the Calypso radar



Fig. 8.Maps of spatial correlation between HFc velocity versus SST (left panel) and CHL-a (right panel) during a period in which the AIS shifts is within the Calypso radar coverage.
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currents evidenced the dynamics of main circulation features, such as
the AIS jet in the central part of the Channel and themesoscale cyclonic
eddy, and provided details on their seasonal variability, the energy bal-
ances and the zonal shift between within the MSC region. The gathered
evidence may be integrate both phenomenological (i.e., envelope
models, ecological niche models or correlative species distributions
models; Wiens et al., 2009; Cheung et al., 2013b) and mechanistic
(Kearney and Porter, 2009; Sarà et al., 2013; Montalto et al., 2014)
models commonly used to predict the distribution of marine species
under current and future scenarios of environmental change (Cheung et
al., 2013a; IPCC, 2014; Blanchard et al., 2017). They utilize basal quantita-
tive data to derive spatially and temporally-explicit predictions of future
species distributions and areas of potential reproductive vulnerability.
Thus, within the Mediterranean Sea context, their ability essentially de-
pends on the data quality and quantity of (i) basal food-web variables
such as chlorophyll-a as a proxy of marine ecosystem productivity and
as an expression of food availability for secondary consumers (Sheridan
and Bickford, 2011; Maureaud et al., 2017) and (ii) water mass tempera-
ture which is a main driver of organismal metabolism (Kooijman, 2010)
above all in ectotherms such as most marine species.

The availability of high-resolution data (e.g., CHL-a and SST) may
provide more elements for a correct resource management reducing
Fig. 9.HFcPC1 (upper panels), CHLPC1 (central panels) and r of the CHLPC1 vs. HFcPC1 relationship (
selected temporal windows (within the brackets periods encompassed within each temporal w
the risk of planning and exert human activities at sea when harsh cli-
mate events occurs (Payne et al., 2016). Extreme events are expected
to increase in frequency in the future and downscaled information
may help, as for example, in regulating the fishing pressure selectively
reducing the likelihood to incur in resource collapse and the consequent
rebounds on local economies (Whitney et al., 2017; Blanchard et al.,
2017).

The correlations among variables here detected (evident correlation
between currents versus CHL-a and SST suggesting the importance of
current advection in controlling their spatial distributions) will have
stronger potential implications in the MSC one among the Mediterra-
nean geographic area wheremany pelagic species such as European an-
chovies (Engraulis encrasicolus) and other similar small pelagic species
such as the Sardina aurita and European pilchard (Sardina pilchardus)
spend most of the lifespan, from eggs to adults (Martín et al., 2012;
Falcini et al., 2015). The length in days of larval stages and the total re-
productive outputs of these species are strongly influenced by the
oceanographic patterns (Olivar and Shelton, 1993; Lloret et al., 2000)
which control the local food availability (e.g., floating organisms, i.e.,
plankton; Falcini et al., 2015) and thermal profiles of upper parts of
the water columns exploited by larvae, juveniles and adults (Martín et
al., 2012; Quattrocchi et al., 2016). Such life history traits are reference
lower panels) calculated using amoving temporal window (size 32 days – T32) during the
indow are indicated).



Fig. 10.HFcPC1 (upper panels), SSTPC1 (central panels) and r of the SSTPC1 vs. HFcPC1 relationship (lower panels) calculated using amoving temporal window (size 64 days – T64) during the
selected period.
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points to estimate the stock reproductive potential and improve the un-
derstanding of stock dynamics; fecundity represents the first input-
driver of the population dynamics and when coupled with Lagrangian
physical-biological models allow us to predict species dispersal, the
identification of likely sink areas at finer spatial resolution (Falcini et
al., 2015) and the persistence degree of wild populations. Persistence
is an essential component of predictive forecasts of future status of com-
mercial stocks (Munroe et al., 2012), and one of the most important
population traits for the efficient creation of dynamic ecosystem-
based management plans. Many biological events are efficiently cross-
controlled in ectotherms by temperature and food availability (here
expressed by CHL-a) such as, the planktonic larval duration time
which sensitively changes with temperature as predicted from meta-
bolic theory (O'Connor et al., 2007) and with the amount of food
which when available over the half-saturation threshold (Holling,
1959; Sarà et al., 2013) can buffer stressful effects due to temperature
change.

CHL had a temporal trend related to EKE and ReS and inversely corre-
lated to SST. The spatial correlation analysis allowed quantifying the
agreement between patterns of currents andwater quality variables, sug-
gesting the importance of relationships between these common patterns
and phytoplankton transport at surface. The spatial correlation analysis
repeated on CHLPCA1, SSTPCA1 and HFcPCA1 (at monthly, bi-monthly and
seasonal scales) highlighted high positive and negative correlations
(characterized by higher absolute values at the intermediate scale, r ≈
0.97). Both CHLPCA1 vs. HFcPCA1 and SSTPCA1 vs. HFcPCA1 correlations
showed an interesting spatial distribution characterized by fringes that
needs to be further investigated.

The here highlighted peculiar swirling areas (characterized by min-
ima TKE, EKE and ReS values in their eyes), nevermeasured before in this
area with such a high precision in the space and time, play the crucial
role as a “trapping zone”with significant rebounds on biology and ecol-
ogy of species spending the life span there. Such trapping zonemay help
in explaining why the MSC zone is particularly rich in pelagic species
gametes and the high temporal resolution data may help in improving
spatial management providing spatiotemporal variable dynamic mea-
sures (Giannoulaki et al., 2013; Bonanno et al., 2014). The MSC is not
only the most fished area in western Mediterranean Sea but also it is
an important hot spot of biodiversity (Médail & Quézel, 1999) whereas
the risk of accidental oil spill may be high. Indeed this area hosts the
second largest oil container harbor in Europe (Augusta, Southern Sicily),
the largest oil traffic route in the world (Galgani et al., 2011) and a large
number of oil drilling platforms (Mangano and Sarà, 2017). Amonitoring
network as that based on our HF system, which allows the online acqui-
sition of high-resolution oceanographic data will be crucial to prevent
risks on contaminants and to predict the effects of accidental oil spills as
well as coastal sewages. Indeed, once spilled, oil often reaches and fre-
quently accumulates on coasts and intertidal habitats, which are crucial
for the provision of benefits to humans and themost likely andnegatively
affected (Sarà et al., 2013; Mangano and Sarà, 2017).

5. Conclusions

The search of spatial correlation betweenHFc and CHL-a and SSTpro-
vided valuable information as the HFc patterns that can help to deter-
mine and forecast particular conditions of nutrients (e.g., CHL-a) or SST
fronts determining favorable conditions for fishing within the MSC
and to potentially help in accurately planning human activities at sea
avoiding contamination risks. This kind of high resolution datasets
allowed to explore possible oceanographic drivers and constraints that
have ultimate biological and ecological implications. The possibility to
maintain over time devices to collect this types of high-resolution
data, can allow a correct monitoring of basal physical variables affecting
ecological dynamics. Thus, helping managers and decision makers to
suggest and inform tailored measures and strategies in agreement
with the reality and not on “averaged” pictures of the environmental
variability as often happens as for example in a context of fishery man-
agement reducing the existing gap between scientists and decision
makers.
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