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ABSTRACT

The main aim of this work is to show the potentialities of an X-band radar system about the detection of the
coastal upwelling phenomenon. This is made possible by means of the estimation of the sea surface current,
which moves from the coastal areas toward the open sea for wind-induced upwelling events. The study presents
the results of the X-band radar data processing for a system installed at Capo Granitola (southwestern Sicily). In
particular, the radar data acquired in three different periods—namely, 5-6 November 2013, 8-9 February 2015,
and 6 March 2015—indicated upwelling events. The occurrence of these events was confirmed by independent
information derived from in situ wind data provided by a meteorological station and the analysis of the satellite-
derived sea surface temperature (SST) and chlorophyll-a (Chl-a) concentration.

1. Introduction

Coastal upwelling of deeper waters to the sea surface
layer is a hydrological phenomenon with significant
impact on the marine ecosystem (Smith 1968; Gill and
Clarke 1974). The coastal wind-induced upwelling phe-
nomenon consists of the replacement of the sea surface
water, transported offshore due to the stress of the wind,
with the water coming from the sea bottom. As upwelled
water is colder and richer in macronutrients (nitrates,
phosphates, and silicates) compared to the water usually
present on the sea surface, the upwelling phenomenon
has a significant impact on the marine environment be-
cause is able to boost both the primary and fish pro-
duction in coastal Mediterranean areas generally
characterized by highly oligotrophic conditions (Agostini
and Bakun 2002; Garcia Lafuente et al. 2002; Patti et al.
2004, 2008, 2010).

This paper is focused on the northern sector of the
Strait of Sicily, where often a lower surface water
temperature regime along the coast can be interpre-
ted as a signature of the occurrence of upwelling
events. Therefore, the difference of sea surface tem-
peratures between an upwelling (coastal) zone and the
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surrounding (offshore) areas can represent a parame-
ter suitable for detecting and characterizing the up-
welling phenomenon. In particular, sea surface
temperature variations can be observed from thermal
satellite imagery, but the effectiveness of this remote
sensing technique is limited by the weather conditions
(clouds coverage). The same limitation also arises for the
estimation of phytoplankton abundance (another indicator
for the upwelling phenomenon), which can be derived by
satellite-based imagery of chlorophyll-a concentration.

This paper shows the potential of an X-band radar
system to detect an upwelling phenomenon through
monitoring the sea surface current fields. In fact, one of
the most significant effects of the wind-induced up-
welling phenomenon is that sea surface current flows
from the coastal areas toward the open sea. The main
advantage of X-band radar systems relies on the capa-
bility to perform continuous time and all-weather mea-
surements of the sea surface current, so as to monitor the
upwelling phenomenon in real time. To confirm the re-
liability of the wave radar system to detect an upwelling
phenomenon, a comparison is presented with indepen-
dent information in terms of sea surface temperature
variations, chlorophyll-a concentration, and an upwell-
ing index based on wind data.

The paper is organized as follows. In section 2, the
wind-induced coastal upwelling phenomenon is explained
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FI1G. 1. Map showing the site of X-radar installation in the Strait
of Sicily (Capo Granitola). The black line represents the
northwest—southeast orientation of the southern Sicilian coastline,
whereas the black arrow shows the direction of dominant winds
(westerlies) able to induce coastal upwelling events in the area.

by Ekman’s theory and the applied upwelling index is
introduced. Section 3 reports briefly the X-band radar
data processing exploited to estimate the surface cur-
rents. The outcomes achieved through the X-band radar
system and their comparison with independent in-
formation provided by wind data and satellite-based ob-
servations are presented in section 4. Conclusions end
the paper.
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2. Offshore Ekman transport and its effect on the
study area

The ocean surface water’s net movement under the
direct action of the wind (Ekman transport) is deflected
by effects of the earth’s rotation in a direction 90° to the
right in the Northern Hemisphere (Ekman 1905).

On the Mediterranean Sea, the prevailing westerly
winds produce offshore-directed Ekman transport,
resulting in coastal upwelling off the southern sides of
the bigger islands (Bakun and Agostini 2001; Agostini
and Bakun 2002). In particular, several authors have
reported a semipermanent coastal upwelling regime
reinforced by local winds at the southern coast of Sicily
(e.g., Salusti and Zambianchi 1985; Piccioni et al. 1988;
Lermusiaux 1999; Robinson et al. 1999; Warn-Varnas
et al. 1999; Lermusiaux and Robinson 2001; Molcard
et al. 2002; Astraldi et al. 2002; Sorgente et al. 2003;
Béranger et al. 2004; Poulain and Zambianchi 2007
Patti et al. 2010). Therefore, because of the northwest—
southeast orientation of the southern coast of Sicily,
winds from the northwest produce offshore transport in
the upper layer, which can be considered an indicator of
the amount of water upwelled along the coast (Mann
and Lazier 1991). Therefore, for the southern coast of
Sicily (see Fig. 1), when the wind direction is from the
northwest, the combination of Ekman transport along
the y axis (Q,) with the Ekman transport along the x axis
(Q,) is a good indicator of upwelling intensity (enrich-
ment processes). The opposite (downwelling) occurs
when the wind direction is from the southeast.
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FI1G. 2. 2D cut of the 3D radar image spectrum relevant to a sea patch with local bathymetry

equal to 17 m and surface current amplitude equal to U = 0.1 ms
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FIG. 3. Bathymetry map estimated during a previous measurements
campaign.

Ekman transport components are evaluated accord-

ing to Bakun (1973) and are defined as follows:

T =T
X

21000; Q.=
, T

0, = 1000, (1)

where O, and Q, are the Ekman transport components
along the x (zonal) and y (meridional) axes, respectively
(m*s~' km™'); p = 1025kgm~? is the water density; f is
the (latitude dependent) Coriolis factor (s ™!); and 7, and 7,
are the wind stress components (Nm™2,i.e., kgm™'s72)
over the sea. Wind stress 7, and 7, values were calculated
starting from the hourly instantaneous zonal () and me-
ridional (v) components of wind values (ms™') using the
following equations:

T =p Cuvu*+v*, 7. =p Covuz+v?, (2)
X a~d y a~d

where p, =1.2kgm3(air density) and C; =2.4 X 1073
(drag coefficient).

The analytic expression of the upwelling index (UT) is
given by the following formulation:

Ul=Q sinf + Qy cosf, 3)

where 6 =¢ — m/2 and ¢ is the northwest-southeast
coastline orientation with respect to north. In particu-
lar, for the investigated area (Capo Granitola harbor,
see Fig. 1) ¢ is equal to 146°.
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FIG. 4. Flowchart of the inversion procedure employed to
reconstruct the sea surface current field from radar data.

The upwelling index UI represents the module of
the projection of vector Q =(Q,, O,) along the di-
rection perpendicular to the coastline and gives an
indication of the wind-induced upwelling (negative
values) or downwelling (positive values) events. For
the sake of simplicity, in the graphs reported in the
results section (section 4), the opposite of UI was used
instead, and in the case of easterlies, the time series Ul
values were set to zero; in this way, positive values of
Ul indicate a wind regime inducing upwelling (west-
erlies) and zero values represent wind directions not
inducing upwelling.

The wind data used to calculate the upwelling index
were collected by the meteorological station of the In-
stitute for Coastal Marine Environment of the National

TABLE 1. Measurement parameters of the wave radar system.

System parameters Value

Antenna rotation period (At; s) 2.42
Spatial spacing of the images (Ax and Ay; m) 5.0
Minimum range (m) 250
Maximum range (m) 2309
Number of images per sequence (N) 32
Antenna height over sea level (m) 15
View angular sector (°) 110
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FIG. 5. Sea surface current fields that occurred at Capo Granitola during
the periods (a) 1400-1900 UTC 5 Nov 2013, (b) 0030-0900 UTC 6 Nov 2013,

(c) 8 (1600 UTC) and 9 (2200 UTC) Feb 2015, and (d) 02001640 UTC 6 Mar
2015.S.
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TABLE 2. Mean surface current speed (ms™) and wind values (ms™) for the considered observation times.

5 Nov 2013 6 Nov 2013 8 and 9 Feb 2015 6 Mar 2015
Time U Wind Time U Wind Time U Wind Time U Wind
1400 0.44 14.8 0030 0.59 8.0 1600 0.12 3.8 0210 0.13 4.6
1430 0.45 15.2 0100 0.55 8.9 1800 0.13 0.3 0240 0.14 4.6
1500 0.45 15.2 0130 0.64 9.8 2000 0.10 2.4 0310 0.12 3.0
1530 0.46 14.8 0230 0.56 6.7 2300 0.10 4.6 0340 0.12 3.0
1600 0.47 12.5 0400 0.59 8.5 0500 0.16 4.2 1510 0.14 7.2
1630 0.47 12.5 0430 0.61 7.2 0600 0.21 2.4 1540 0.10 7.2
1700 0.50 11.6 0500 0.64 7.6 1100 0.24 5.6 1610 0.13 11.1
1900 0.60 14.0 0900 0.45 54 2200 0.13 8.2 1640 0.11 11.1

Research Council [L’Istituto per I’Ambiente Marino
Costiero (IAMC) del Consiglio Nazionale delle Ricerche
(CNR)] located in Capo Granitola, Sicily, when avail-
able, or otherwise by the meteorological station of
Mazara del Vallo, at about 10 km from the experiment
site (data available at http://www.sias.regione.sicilia.it/
frameset_rete_new.htm).

3. X-band radar for upwelling detection and
monitoring

X-band radars are gaining interest in the last decades
because they are inexpensive and because of the wide
scope of their application capabilities. In fact, the anal-
ysis of radar data allows us to retrieve useful information
about the sea state, as for instance the direction, the
period and the wavelength of the dominant waves, sig-
nificant wave height, as well as surface current and ba-
thymetry fields. The opportunity to estimate the sea
current fields from radar data comes straight from the
Doppler shift they cause on the wavenumber—frequency
spectrum of the sea signals.

The propagation mechanisms of the sea gravity waves
are indeed ruled by the dispersion relation

w(k) = v/g|k|tanh(k|h) + k- U, “4)

which also defines the w — k (spectral) domain where the
sea energy concentrates. In Eq. (4), k= (k;, k,) repre-
sents the wave vector (whose magnitude k = 27r/A is the
wavenumber, where A is the wavelength), w is the an-
gular frequency related to the wave period T by
(w=27/T), g represents the acceleration due to gravity,
h is the bathymetry value, and U = (U,, U,) is the sea
surface current.

Therefore, according to Eq. (4), a change in the sea
current value turns into a linear drift of the spectral
support of the sea signal, as shown in Fig. 2, where a 2D
cut of the radar image spectrum measured from the
radar in Capo Granitola is depicted. Therefore, the
reconstruction of a sea current field can be carried out
by estimating the dispersion relation from the 3D
spectrum relevant to a sequence of radar images. In last
three decades, several current and bathymetry mea-
surements algorithms have been developed: least
squares (LS) (Young et al. 1985), iterative least squares
(ILS) (Senet et al. 2001), normalized scalar product
(NSP) (Serafino et al. 2010a,b) and polar current shell
(PCS) (Shen et al. 2015). In particular, in Huang and
Gill (2012) the first three algorithms (LS, ILS, NSP)
were compared with one another and an ADCP under
low state. Among the three current algorithms used,
the NSP method provided the best results in terms of
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FIG. 6. Time series of wind speed and direction that occurred at Capo Granitola on (top) 5-6
Nov 2013 and (bottom) 4-10 Nov 2013.
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F1G. 7. Time series of wind speed and direction that occurred at the Mazara del Vallo meteorological
station during the periods (top) 8-9 Feb 2015 and (bottom) 5-6 Mar 2015.

estimation accuracy and noise robustness. Moreover,
in order to take into account the spatial nonuniformity
of the surface current and bathymetry of the radar
data acquired in the coastal area, several improved
“local” inversion procedures have been developed
(Senet et al. 2008; Hessner et al. 2014; Ludeno et al.
2014a). Herein, we adopt the ‘“local method” based
on the NSP method (Serafino et al. 2012; Ludeno et al.
2014a,b, 2016).

In particular, the NSP method is founded on the
maximization of the normalized scalar product be-
tween the amplitude of the radar spectrum, here
denoted with |F;(k, )|, and the following character-
istic function:

G(k,w, U, h) = 8(w — \/gk| tanh([k[/2) —k - U), (5)

which accounts for the local support of the dispersion
relation. Accordingly, the NSP estimates U of the sur-
face currents arise from the following equation:

. (|1F,(k, w)|, G(k,w, U, h))

U = argmax, ,
/P, P

where (|Fi(k, w)|, G(k, w, U, h)) denotes the scalar
product between the functions F;(-) and G(+), having a
power equal to P, and Pg, respectively. It is worth noting
that the component U estimated from the radar spectrum
represents a weighted mean current over the upper layer
of the ocean (Stewart and Joy 1974). In particular, it is
defined as the summation of the tidal current U’, the
current associated with ocean circulations U, the wind
drift current U¢, and the wave-induced current UY
(Young et al. 1985), U=U'+ U+ U+ U". (6)
Moreover, the NSP method allows for, in principle,
the joint estimation of the surface current and ba-
thymetry values. In this work, we assume a priori in-
formation about the sea depth, which is provided by

(6)

external data estimated during a previous measure-
ments campaign (see Fig. 3). Nevertheless, a local
estimation procedure based on the spatial partitioning
of the radar images into partially overlapping patches
allows us to benefit from NSP accuracy even in a
coastal zone. However, the patch’s extent does not
infer the resolution of the sea surface current esti-
mates, since the spatial details of the retrieved current
maps depend on only the overlap between two con-
tiguous patches. The flowchart of this estimation
procedure is depicted in Fig. 4.

4. X-band radar monitoring results in relation to
wind- and satellite-based data

The radar was installed on the top of a building at a
height of 15m above sea level and located at the fol-
lowing coordinates: 37°34'19.70”"N, 12°39'33.45"E; see
Fig. 1.

The marine radar deployed for the measurements
is a Consilium X-band radar equipped with a 9-ft-long
(2.7m) antenna and is able to transmit a peak power of
25 kW with horizontal transmit and horizontal receive
(HH) polarization. The marine radar was connected
to the data processing and visualization unit, which
incorporates an analog-to-digital (AD) converter for
the received signal. The images were stored using a 13-
bit unsigned integer format, on a Cartesian grid with
1024 X 1024 pixels. The wave radar system provided
the estimates of the characteristic sea state parame-
ters with a 30-min interval. Several details of the ac-
quisition system are given in Table 1. Herein, we
present the temporal sequence of the sea surface
current fields that occurred at the Capo Granitola site
during three different periods (5-6 November 2013, 8-
9 February, and 6 March 2015) and that are depicted in
Figs. Sa—d, respectively. These reconstructions clearly
show that in the considered periods, the surface
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Fi1G. 8. Time series of upwelling index (a) from 4 (0015 UTC) to 14 Nov (1315 UTC) 2013,
(b) 8 (0000 UTC) and 9 Feb (2300 UTC) 2015, and (c) 5 (0000 UTC) and 6 Mar (2300 UTC) 2015.

current flows from the coastline toward the open sea
with an angle of about 45° with respect to the wind
direction (west-northwest) according to Ekman’s up-
welling theory. The average intensity (in the range
0.10-0.64ms ™ '; see Table 2 and Figs. 6 and 7) is consistent
with the observed wind forcing (Pugh 1987), which was
lower in the two events that occurred in 2015 compared to
the November 2013 event. This behavior has been in-
terpreted as an indicator of the occurrence of upwelling
events.

It is worth noting that for the study area, the major
contribution in the Eq. (6) is given by wind drift U?. In
fact, in the Mediterranean Sea, the currents associ-
ated with ocean circulations U® are relatively weak,

especially along the coast and the tidal current U’
(Sorgente et al. 2003; Bonanno et al. 2014). The wave-
induced currents U" have a significant effect on the
surfzone, that is, the nearshore zone where the waves
come onto the beach (Michaud H. et al. 2012); anyway,
our radar data do not cover the nearshore zone.

Since no independent measurements of sea surface
currents (i.e., current measurements provided by other
sensors) were available for the considered period, the
possible presence of an upwelling phenomenon has been
inferred by independent information provided by the
measurement of the surface wind and the analysis of the
sea surface temperature and the chlorophyll-a concen-
tration satellite-based fields in the neighborhood of the
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FIG. 9. SST 3-day average composite images for the period 3—10 Nov 2013. Box limits are (top) 32°-38°N, 12°~16°E, and (bottom) 37°30/—
37°40'N, 12°30'-12°50'E; N stands for the number of pixels, gray pixels stand for the land, and black pixels are for the cloud cover.

experiment site. As shown hereafter, these independent
observations provide evidence of a coastal upwelling
phenomenon that occurred at Capo Granitola during
the period 4-10 November 2013. Because of cloud cov-
erage, for the periods 8-9 February 2015 and 6 March
2015, the occurrence of upwelling events was inferred by
using wind data only. The next subsections show how the
in situ wind data and the satellite-derived outcomes
provide evidence of the upwelling phenomenon during
the three considered periods.

a. The wind field data

Winds prevalently blow from northwest-north-northwest
due to the typical weather conditions observed in the
Mediterranean Sea, as observed in several papers (Piccioni
et al. 1988; Korres et al. 2000; Zecchetto and Cappa 2001).

The local trend of the wind field in the neighborhood
of the experiment site could be observed from the ane-
mometer data collected by the meteorological station of

3-5 NOV 2013

4-6 NOV 2013

5-7 NOV 2013

15 128 126 1266 137 1% 128

N=15
Chl-a=0.5965

N=22
Chl-a=0.1475

N=22
Chl-a=0.1475

the CNR-IAMC in Capo Granitola, when available,
otherwise from the nearby meteorological station of
Mazara del Vallo. In particular, the top panel of Fig. 6
reports the wind speed and direction observed at the
Capo Granitola station on 5-6 November 2013, whereas
the bottom panel shows the time series of the wind field
that occurred in Capo Granitola on 4-10 November
2013. Figure 7 reports the time series of wind speed and
direction collected by the Mazara del Vallo meteoro-
logical station during the periods 8-9 February 2015 and
5-6 March 2015.

These wind data represent crucial information for the
correct interpretation of the surface current maps ob-
tained during the upwelling period. As can be observed
from the time series of Fig. 6, a sharp increase in the
westerly wind intensity (up to 10-15ms~') occurred
during 5-6 November 2013. A similar pattern was ob-
served on 8-9 February 2015 and on 5-6 March 2015 but
with lower wind speed values (Table 2; Fig. 7).

6-8 NOV 2013

7-9 NOV 2013
Ay ' :

8-10 NOV 2013

¥
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Chl-a=0.5856

FIG. 10. Chl-a concentration 3-day average composite images for the period 3-10 Nov 2013, where N is the number of pixels, gray pixels
stand for the land, and black pixels are for the cloud cover.
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Figure 8 shows the hourly UI values during the pe-
riods 4-10 November 2013, 89 February 2015, and 5-
6 March 2015, respectively. It is worth noting how the
highest UI values (corresponding to westerly wind pat-
terns) are consistent with the offshore-directed sea sur-
face current estimated by X-band radar (Figs. 5a—-d);
a lower sea surface current speed occurred for the two
2015 events as expected due to the reduced wind forcing
compared to the upwelling event that occurred in
November 2013 (Table 2).

b. SST and Chl-a in the Strait of Sicily

Sea surface temperature (SST) and chlorophyll-a
(Chl-a) concentration satellite-derived data used herein
have been obtained from the Moderate Resolution Im-
aging Spectroradiometer (MODIS) aboard NASA’s
Aqua satellite, distributed as a level 3 standard mapped
image product (Feldman and McClain 2006). Because of
cloud coverage, satellite data were available only for the
upwelling event that occurred in November 2013.

Specifically, 3-day composite images for the period
3-10 November 2013 were downloaded from online
(http://oceancolor.gsfc.nasa.gov/cgi/13) in Hierarchical
Data Format (HDF). These images have 4320 X 8640
pixels and a pixel spacing of about 4km X 4km. From
each downloaded image, the average SST and pigment
concentration values were obtained for the area in front
of the Capo Granitola station. The time behavior of the
SST and Chl-a concentration (related to phytoplankton
biomass) are shown in Figs. 9 and 10, respectively. Both
parameters can be considered a signature of the effect of
local favorable winds in the reinforcement of the up-
welling regime in the study area.

Concerning the SST, an average temperature drop of
about 2° (from 21.79° to 19.74°C) was registered in the
considered area between 5 and 6 November 2013, while
anincrease of 0.45 ug L' (from 0.14 t0 0.59 ug L") was
observed in the Chl-a concentration on the same days.
The evolution of both parameters (SST and the con-
centration of Chl-a) is consistent in providing evidence
of the occurrence of a coastal upwelling event. This
event was partially driven by the wind, since changes in
SST and Chl-a were preceded by a consistent westerly
wind pattern (about 24-h long) in the study area. Actu-
ally, in this season and in this area, subsurface waters are
colder than the surface ones and also richer in macro-
nutrients (nitrates, phosphates, silicates), which support
the development of the phytoplankton biomass. So,
coastal upwelling is expected to induce a decrease in
SST and an increase in Chl-a concentration. In conclu-
sion, the derived satellite data highly support the hy-
pothesis of the occurrence of an upwelling event, most
probably reinforced by favorable winds.
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5. Conclusions

This study has shown the capabilities of X-band radar
systems to detect the coastal upwelling phenomenon
through the local monitoring of sea surface current
fields. The latter opportunity could support many ap-
plications in marine ecology and fisheries science, since
the coastal upwelling is closely related to primary pro-
duction and, indirectly, to fish growth (Basilone et al.
2004) and fish biomass at sea (Levi et al. 2003; Patti et al.
2004). To investigate the relationship between the sea
current estimated by the X-band radar and this impor-
tant phenomenon, this study has analyzed the wind and
sea temperature fields observed at Capo Granitola at the
time of X-band radar observations. Future works will
focus on the monitoring of the whole life cycle of the
upwelling process.
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