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ABSTRACT

The maximum cross-correlation (MCC) technique is utilized to estimate the Adriatic Sea surface currents
in regions characterized by strong horizontal temperature gradients using sequential pairs of sea surface
temperature images from the Advanced Very High Resolution Radiometer data collected between Sep-
tember 2002 and December 2003. A variety of filtering techniques are used to eliminate erroneous MCC-
derived currents resulting in velocity and direction estimates that are spatially coherent in most of the
thermal features observed. The results are compared quantitatively to the currents measured by surface
drifters and high-frequency coastal radars, operating simultaneously in the vicinity of the thermal structures
considered. These comparisons show that surface MCC-derived velocities agree with the typical circulation
pattern generally observed in the Adriatic basin. The MCC velocity estimates agree well with collocated and
cotemporal drifter and radar measurements averaged on the time interval separating the pairs of images.
Since the MCC method provides only estimates of surface currents when thermal features exist and are not
covered by clouds, it is proposed that this technique be used preferably with other measurements of surface
circulation (high-frequency coastal radars, drifters, etc.) to construct more accurate, more frequent, and
more extended circulation maps for scientific and operational purposes in marginal seas such as the Adri-
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atic.

1. Introduction

Estimating the ocean surface circulation, and in par-
ticular measuring the mesoscale surface currents, is a
major goal in oceanography, but this requires a large
amount of in situ data that have to be collected by ships,
moored buoys, and/or by current meters. These data
rarely yield a large geographic coverage and cannot
provide a global observation of the ocean surface cur-
rents. Lagrangian drifters help to increase the geo-
graphical coverage but their sampling is usually not uni-
form in space and time.

The use of remote sensing techniques from the coast
[high-frequency (HF) coastal radars] and from space
(satellites) provides a more complete and frequent view
of relatively large ocean areas. High-frequency coastal
radars are successfully utilized to monitor and to map
the surface circulation, but they are limited to within
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100-200 km of the coast (Paduan and Graber 1997).
Developments in the study of infrared satellite imagery
have made it possible to estimate surface currents di-
rectly from sequential satellite images of sea surface
temperature (SST) patterns. The first technique is
based on a manual feature tracking and visual identifi-
cation of surface thermal features. The displacements
of the SST patterns are computed by observing the
movements of selected features in pairs of sequential
images (La Violette 1984; Vastano and Borders 1984;
Vastano and Reid 1985; Vastano et al. 1985; Svejkovsky
1988). This methodology is rather subjective as it de-
pends heavily on the SST features selected by the op-
erator and on his/her ability to track them in subse-
quent images. The second technique, known as the
maximum cross-correlation (MCC) technique, is more
objective and involves very limited manual interaction
to identify the surface thermal features. It was devel-
oped by Leese et al. (1971) for tracking clouds and was
applied by Emery et al. (1986) to track oceanic meso-
scale features. This procedure was also utilized to com-
pute ice displacements in satellite visible images (Nin-
nis et al. 1986; Collins 1986; Collins and Emery 1988;
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Emery et al. 1991). In the MCC technique, the displace-
ment of features between two satellite images is esti-
mated by computing the cross correlation between sub-
windows of the images. A basic and crucial factor to
ensure accurate results is the use of well-navigated im-
ages because navigation errors can produce erroneous
velocity estimates as reported by Breaker et al. (1994).
To apply the MCC methodology, a primary element is
the identification of SST features in sequential infrared
satellite images.

Validation of the currents estimated by the MCC
technique was performed by comparing the MCC re-
sults to velocity estimates obtained from surface drift-
ers (Afanasyev et al. 2002), drogued drifters (Emery et
al. 1986), and numerical models (Emery et al. 1992),
to geostrophic currents (Emery et al. 1986; Afanasyev
et al. 2002) derived from hydrographic data. In their
study on the eastern Black Sea, Afanasyev et al. (2002)
found a good agreement between the directions of the
MCC currents, those measured by drifters (mean direc-
tion error of 32°), and the directions of geostrophic
currents (mean error of 45°). An error of 11% was
estimated when comparing the magnitudes of the MCC
currents with the drifter results. Studies conducted by
Emery et al. (1986) in the British Columbia coastal
ocean revealed that MCC currents were consistent with
both the velocities of drogued (5-10 m) drifters and
with CTD-derived geostrophic current velocities. Em-
ery et al. (1992) used a quasigeostrophic numerical
model to validate the MCC technique in the Gulf
Stream region. Surface currents simulated by the model
compared well with those computed with the MCC
technique applied to the passive tracer transported by
the model currents when using 12 h or less as the time
interval between the tracer images (the mean and stan-
dard deviation differences are about 1 cm s~ ' using an
8-h time difference).

In this work, we present an application of the MCC
technique to estimate the Adriatic Sea surface currents
in regions characterized by strong horizontal tempera-
ture gradients, where thermal instability features often
develop, using SST values from Advanced Very High
Resolution Radiometer (AVHRR) data collected be-
tween September 2002 and December 2003 during the
Dynamics of Localized Currents and Eddy Variability
in the Adriatic (DOLCEVITA) program. Previous ap-
plication of the MCC technique in the Adriatic area
was made by Borzelli et al. (1999) and Alberotanza and
Zandonella (2004).

Borzelli et al. (1999) used pairs of nighttime images
separated by 24 h, near the end of August 1990, 1991,
and 1992 to compute the surface velocity field in the
central Adriatic Sea, an area characterized by a cold
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F1G. 1. Adriatic Sea and locations of the study areas and radar
sites.

filament directed offshore from the Croatian coast and
crossing the basin toward the Italian side. They found
surface speeds ranging between 10 and 20 cms™'. Al-
berotanza and Zandonella (2004) estimated the sea sur-
face circulation off the Italian coast (near Ancona) by
applying the MCC to two pairs of SST images in Sep-
tember 1997, separated by about 3 and 10 h. They also
used the results of HF coastal radars and found that the
currents estimated by the 2 methodologies were similar
(correlation coefficient near 0.75).

We have chosen to apply the MCC method to two
areas of the Adriatic (Fig. 1), the northern subbasin and
the area off the Monte Conero Promontory (near An-
cona), where complex thermal structures and associ-
ated surface circulation features are prevailing. The
northern Adriatic subbasin is characterized by the up-
per branch of the Eastern Adriatic Current (EAC) that
flows northward along the Croatian coast, the Western
Adriatic Current (WAC) running southward along the
Italian side, and a cyclonic gyre in the northernmost
part of the subbasin (Cushman-Roisin et al. 2001). This
circulation pattern can sometimes be modified by an
anticyclonic eddy located south of the Po River delta
(Malanotte-Rizzoli and Bergamasco 1983; Hopkins et
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al. 1999). The area along the Italian coast, near the
Monte Conero Promontory, was studied in summer
2003 when the WAC reversed its typical southward cir-
culation (Poulain et al. 2004a).

The MCC method is applied to several pairs of sat-
ellite SST images in the above-described regions. After
the elimination of erroneous MCC currents using filter-
ing techniques, the results are compared quantitatively
to the currents measured by surface drifters operating
simultaneously in the vicinity of the thermal structures
considered and by HF coastal radars installed along the
Italian coast south of the Po River delta.

The paper is organized as follows: section 2 provides
a description of the satellite data used to apply the
MCC technique and the drifter and HF radar data used
for validation. In section 3, the MCC method and a
brief account of the procedure limits are reported. The
methodology adopted in this work and the filtering
techniques utilized are described in section 4. Results of
the analysis and comparison between the MCC-derived
currents and drifter and radar data are summarized in
section 5. Discussion and conclusions can be found in
section 6.

2. Data
a. AVHRR data

SST images were produced at Istituto Nazionale di
Oceanografia e di Geofisica Sperimentale (OGS) in
Trieste, Italy, using the AVHRR data transmitted by
the National Oceanic and Atmospheric Administration
(NOAA) polar orbiting satellites NOAA-12, -14, -15,
-16, and -17 and received by a TeraScan receiving sta-
tion system. The data have a nominal resolution of ~1
km and SST was estimated using the Multichannel Sea
Surface Temperature (MCSST) algorithm described by
McClain et al. (1985). In the processing, cloud identifi-
cation was performed by using improved cloud masking
tests, optimized for the Adriatic Sea area (Notarstefano
et al. 2003). This masking procedure was improved to
avoid considering areas of strong SST gradients as
cloudy pixels, such as those along river plumes and
fronts. Typically, a total of 10 images per day were
produced; thus the time interval between successive im-
ages is relatively short (2-3 h).

We selected seven pairs of images in February 2003
and 1 pair in December 2003, with a time difference
ranging between 8 and 12 h (Table 1) for the northern
Adriatic (Fig. 1), and three pairs for the area off An-
cona (covering the period from 17 to 19 July 2003)
separated by about 8 h each. All images were manually
navigated to reduce the error in georeferencing to

Brought to you by ISTITUTO NAZIONALE DI OCEANOGRAFIA E DI GEOFISICA SPERIMENTALE | Unauthenticated | Downloaded 02

NOTARSTEFANO ET AL.

273

TABLE 1. Pairs of AVHRR SST images used for the MCC

analysis.
Time
separation
Date and UTC Satellite (h:min) Area of analysis
2 Feb 2003 1457 NOAA-12 6:33 Northern Adriatic
2 Feb 2003 2130 NOAA-17
7 Feb 2003 0457 NOAA-12 7:52 Northern Adriatic
7 Feb 2003 1249 NOAA-16
9 Feb 2003 1226 NOAA-16 8:06 Northern Adriatic
9 Feb 2003 2032 NOAA-17
18 Feb 2003 1755 NOAA-15 12:16 Northern Adriatic
19 Feb 2003 0611 NOAA-15
20 Feb 2003 1601 NOAA-12 10:07 Northern Adriatic
21 Feb 2003 0208 NOAA-16
23 Feb 2003 1311 NOAA-16 12:24 Northern Adriatic
24 Feb 2003 0135 NOAA-16
25 Feb 2003 0124 NOAA-16 11:25 Northern Adriatic
25 Feb 2003 1249 NOAA-16
17 Jul 2003 0139  NOAA-16 8:14 Off Ancona
17 Jul 2003 0953  NOAA-17
18 Jul 2003 0128  NOAA-16 8:02 Off Ancona
18 Jul 2003 0930 NOAA-17
19 Jul 2003 1241 NOAA-16 7:47 Off Ancona
19 Jul 2003 2028  NOAA-17
25 Dec 2003 1255 NOAA-16 7:37 Northern Adriatic
25 Dec 2003 2032 NOAA-17

about one pixel (~1 km). The automatic navigation
procedure (based on a TeraScan routine) usually pro-
vides a ground location accuracy of about 2 pixels.

b. Drifter data

To compare MCC currents to in situ measurements,
we used drifter data collected from September 2002 to
December 2003 during the DOLCEVITA program.
More than 100 drifter buoys (Poulain et al. 2003; Pou-
lain and Barbanti 2003; Ursella et al. 2004, 2006) were
deployed. Drifters were tracked by the Argos Data Lo-
cation and Collection System (DCLS) carried by the
NOAA polar orbiting satellites (Poulain et al. 2004b).
Drifter positions are estimated from the Doppler shift
caused by the relative motion between the drifter and
the satellite. After editing to exclude outliers, the
drifter position accuracy is 200-300 m. Some drifters
were equipped with a global positioning system (GPS).
For these drifters, GPS positions were recorded at
hourly intervals. They were stored and transmitted
during the satellite overpasses. The geographical loca-
tion accuracy for the GPS drifters is within =10 m
(Barbanti et al. 2005). Using the Argos system on-
board two satellites (which is mostly the case for the
DOLCEVITA drifters), positions are typically sampled
7 times per day (see Ursella et al. 2004), whereas GPS
data are hourly.
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¢. Radar data

HF coastal radars were operated in the northern
Adriatic Sea starting in September 2002 as part of the
DOLCEVITA program. Three Wellen Radar
(WERA) HF radars were installed in Goro, Ravenna,
and Pesaro, Italy (see locations in Fig. 1), to monitor
the surface circulation patterns of the northern Adriatic
basin between about 44° and 45°N. They were operated
near 16 MHz in both beam-forming and direction-
finding modes. For each radar, radial currents were ob-
tained from the Doppler shift of Bragg lines in the spec-
trum data. Maps of radial currents were produced at
intervals ranging between 20 min and 1 h. These radial
maps were combined to produce hourly maps of the
surface currents (bidimensional vectors) on a uniform
grid with 5 km X 5 km spacing in longitude and latitude.
These data were averaged in time with a 4-h-long run-
ning mean. More details on the radar data editing and
smoothing can be found in Chavanne et al. (2007). For
the time periods considered in this study, only the HF
radar from the Goro and Pesaro sites is available. To
assure accurate results, we restricted the data using the
geometry with respect to the sites of Goro and Pesaro.
In particular, we removed data locations whose azi-
muthal differences between the two sites are smaller
than 70° and larger than 110°. In this way, we reduced
the geometric error in the reconstruction of the radar
signal and therefore the error in the determination of
the velocity components.

3. MCC technique
a. Definition

The MCC method computes the movement of ther-
mal features between two sequential infrared images by
searching the maximum cross correlation of the tem-
perature patterns between a subwindow (herein named
template window) of the first image and another one of
the same size moved around a larger subwindow
(herein named search window) of the second image
(Ninnis et al. 1986; Emery et al. 1992). The size of the
template window is chosen so as to contain enough
features for tracking the structure of the current flow.
Several studies have been conducted using this tech-
nique, and a template window size ranging between 20
and 40 km was generally used (Afanasyev et al. 2002;
Barton 2002; Bowen et al. 2002; Emery et al. 1992;
Kelly and Strub 1992; Tokmakian et al. 1990; Wilkin et
al. 2002). The choice of the template window size is a
fundamental parameter. Indeed, if the size is smaller
than the SST features, it is difficult to find the same
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features in the second image. Moreover, the correlation
coefficients remain low and the MCC vectors can be-
come erroneous. In contrast, if the size is too large with
respect to the SST features, the resulting displacement
vectors are smoothed out spatially. The size of the
search window is specified in order to cover an area
corresponding to the largest displacement expected for
SST features, therefore the size of the search windows
will change depending on the image time separation.
The location of the window in the second image that
corresponds to the maximum correlation with the “tem-
plate window” in the first image represents the end
point of the displacement originating at the center of
the template window. The corresponding mean velocity
is defined as the displacement divided by the time in-
terval between the images. By moving the template
window throughout the first image it is possible to gen-
erate a velocity map with a spatial resolution defined by
the size of the window displacement.

b. Limitations

In the MCC analysis, any variation of SST patterns is
considered only due to horizontal surface advection. It
is difficult to establish whether nonadvective mecha-
nisms (mixing, heating, or cooling processes) or vertical
motion (downwelling and upwelling events) are in-
volved in the SST changes. By keeping the time inter-
val between the two images shorter than 12 h it
is more likely that physical processes related to diffu-
sivity cannot strongly affect the SST patterns. Vertical
motion and horizontally patchy heating or cooling
events have to be considered sources of errors that
could alter the SST patterns and it could happen that an
MCC-derived velocity represents a heating/cooling
event instead of a horizontal advection (Emery et al.
1986). Another problem can be that temperature
changes caused by the use of different satellites can
occur from one image to the other (Notarstefano et al.
2000).

Since temperature is generally not conserved in the
upper ocean, in order to apply the MCC technique to a
pair of SST images, Tokmakian et al. (1990) and Emery
et al. (1992) suggest using a time interval of less than 12
h between the images to achieve the best velocity esti-
mation and to minimize errors. For long time intervals
(more than 12 h) MCC velocity vectors cannot show
rotational motions of the circulation patterns, while for
short time separations (3-5 h) the displacement is
smaller, which makes it easier to detect translations in
the rotational motion (Emery et al. 1986). The smallest
velocity that can be resolved with 1 pixel displacement

(~1 km) and a time separation of 1 h is 27.7 cms™ .
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This decreases to 2.3 cms™ ' for 12 h. Another limita-
tion of the MCC technique is the impossibility of de-
tecting currents moving along surface temperature
fronts (Emery et al. 1986).

4. Methods

The choice of pairs of images to use for the analysis
depends on various factors such as the presence of sig-
nificant thermal structures, the percentage of cloud
coverage, and in some cases, the availability of cotem-
poral and collocated drifter/radar data used for valida-
tion.

The template window size we utilize in this work is 25
X 25 pixels and the search window has such dimension
as to include the maximal expected speed of ~1 ms™".
As an example, if the time difference between the im-
ages is 8 h, the size of the search window is 83 X 83
pixels. The template is moved throughout the SST im-
age with steps of two pixels. Computation of the cross
correlation requires that all values in the windows are
used. Since cloud covered pixels are flagged out in the
image processing, correlation is calculated ignoring
these values. Template windows with more than 40% of
masked pixels are not used to ensure robust statistical
results. Moreover, template windows within which the
standard deviation of the SST is less than 0.4°C are
discarded because they are considered to lack substan-
tial thermal features.

A further step is to filter the MCC velocity vectors to
eliminate erroneous estimations. Faulty vectors can be
produced, as previously mentioned, because of the non-
advective motion processes that can cause the SST
changes and when the MCC analysis is strongly affected
by masked cloudy pixels and land.

a. Filtering the MCC-derived vectors

In this work we partially applied the filtering tech-
nique proposed by Barton (2002). The first filter con-
sists of setting a correlation coefficient cutoff level, be-
low which MCC vectors are rejected. Thermal features
that are horizontally advected can modify their patterns
due to vertical motion and heat diffusion. Therefore,
the cross-correlation coefficient between the template
and the window of the same size within the search win-
dow is expected to be always less than one. A maximum
cutoff value of 0.8 is used in our analysis.

The second filter is based on the reciprocal tech-
nique, according to which displacement vectors are
compared to their reciprocal. The couple of images are
swapped and the template window is now in the sec-
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ond image, centered at the end of the original MCC
vector, while the “search window” is now in the first
image. The selected reciprocal vector is the one cor-
responding to the maximum cross-correlation coeffi-
cient. Vectors pass the test if the end of the reciprocal
vector is within three pixels of the original starting lo-
cation, both in the north-south and east-west direc-
tions.

The third filter is the nearest neighbor comparison,
based on the assumption that currents are broad fea-
tures with some continuity in speed and direction (Bar-
ton 2002). Thus, neighboring vectors must respect cer-
tain conditions to pass this filter and to be considered
good vectors. Following Barton (2002), a good vector
must have an amplitude ranging between 0.5 and 2
times that of neighboring vectors and a relative direc-
tion within 50°. Since an MCC vector can have a mini-
mum of zero and a maximum of eight neighbors, it
passes the nearest neighbor filter if it respects the fol-
lowing conditions:

e a vector with two or three neighbors must agree with
two of these neighbors;

¢ a vector with four or five neighbors must agree with
three of these neighbors;

¢ a vector with six or seven neighbors must agree with
four of these neighbors;

» a vector with eight neighbors must agree with five of
these neighbors.

The fourth filter eliminates vectors if the distance
between the center of the template window and the
location of the SST gradient maximum is larger than 3/8
of the template window diagonal. In this way, we con-
strain the MCC vectors to be located close to the cor-
responding tracked thermal feature. In addition, vec-
tors corresponding to displacements of the same order
of magnitude as the image spatial resolution (~1 km)
are removed.

Finally, it was required that a few vectors be manu-
ally removed at the end of the filtering process, because
they were distinctly erroneous. In particular, we re-
jected three vectors produced from the MCC analysis
of the image pairs on 17 July 2003 (off the Monte Con-
ero Promontory area).

b. Drifter trajectories and HF radar velocities used
to compare with MCC-derived vectors

To validate the MCC-inferred surface currents, we
compare vectors produced by this technique with those
computed from the drifter trajectories. The drifter po-
sitions were interpolated at the times of the two images
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F1G. 2. AVHRR SST image for 1255 UTC 25 Dec 2003 (NOAA-16) with superimposed
MCC-derived velocity vectors (black arrows), drifter trajectory segments over the same time
interval (black segments with a white circle at the last position), and radar mean surface
current vectors (gray arrows). Drifters that are used for comparison have a black circle at the
last position. Land- and cloud-masked pixels are shown in white. The gray color scale is set to
enhance the thermal features. Temperature is in degrees Celsius.

and the middle position was defined. The distance be-
tween this point and the middle position of the MCC
displacement vector (the mean of the start and end
positions) was computed. The comparison was made
when this distance is at a minimum and less than 5 km.
The mean drifter velocity was estimated by differenc-
ing the drifter positions interpolated at the image
times, divided by the time interval between the two
images.

The validation was also done using hourly radar mea-
surements averaged over the time interval separating
the pair of images. The comparison analysis was then
executed following the same procedure explained
above for the drifters.

5. Results

a. Northern Adriatic

Eight pairs of images are used to describe the surface
circulation pattern of the northern part of the Adriatic
basin. A pair of images was acquired on 25 December
2003 (Fig. 2) and seven pairs during February 2003
(Figs. 3-9). Between 18 and 25 February, they are char-
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acterized by the cold plume of the Po River extending
south of the Po mouth and developing in the northeast-
ern direction. The SST pattern is also dominated by the
cold WAC, along the Italian coast. The warmer surface
water pool, south of the tip of the Istrian Penin-
sula, flows westward and approaches the WAC. Insta-
bility features are striking on the thermal front separat-
ing the cold (to the north) and warm (to the south)
waters.

The directions of the surface currents estimated by
the MCC method are consistent with the typical circu-
lation pattern observed in the northern Adriatic subba-
sin. They show the anticlockwise rotation of the warm
feature south of the Istrian Peninsula and the north-
eastward propagation of the cold plume that is part of
the northernmost cyclonic gyre of the basin (Cushman-
Roisin et al. 2001; Lee et al. 2005). Vectors are spatially
coherent over these thermal features exhibiting typical
speeds of about 10-20 cm s~ ! (over the cold tongue and
in the thermal front rooted off the Istrian Peninsula).
Along the Italian coast, in some images (Figs. 2,4,5,9),
the MCC vectors indicate the usual southward flow of
the WAC. MCC vectors located north of the Po River
mouth show the southward flow along the Italian coast
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FI1G. 3. Same as Fig. 2, but for 1457 UTC 2 Feb 2003 (NOAA-12).

that is part of the northern cyclonic circulation. In some the MCC analysis. However, the majority of the vectors
areas (see area south of Istria Peninsula on 2 February; agree with the circulation generally observed in this
Fig. 3) velocity vectors are less spatially coherent, prob-  portion of the northern basin.

ably due to the persistent cloud coverage that affects Validation statistics, including the number of vector
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FI1G. 4. Same as Fig. 2, but for 0457 UTC 7 Feb 2003 (NOAA-12).
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F1G. 5. Same as Fig. 2, but for 1226 UTC 9 Feb 2003 (NOAA-16).

pairs, the mean, and the standard deviation of the ve- difference is defined as the drifter (radar) velocity mi-
locity differences in both the zonal (1) and meridional nus the MCC estimate.

(v) directions, are listed in Tables 2 and 3 for the com- The pair of images on 9 February (Fig. 5) pro-
parison with drifter and radar data, respectively. The vides the best validation result using drifter values:
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FIG. 6. Same as Fig. 2, but for 1755 UTC 18 Feb 2003 (NOAA-15).
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FiG. 7. Same as Fig. 2, but for 1601 UTC 20 Feb 2003 (NOAA-12).

the mean difference of the zonal (meridional) ve-
locity component is —1.6 = 1.7 (1.8 = 3.3) cms .
The best mean difference of 4.1 = 4.2 (0.6 £ 1.7)
cm s~ !, using radar data, in the zonal (meridional)
direction was found by applying the MCC technique
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to the pair of images on 23-24 February (Fig. 8). On
the contrary, there is a weaker agreement for the
pair of images on 25 December (Fig. 2) and on 17
July (Fig. 10) using radar and drifter values, respec-
tively.
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FI1G. 8. Same as Fig. 2, but for 1311 UTC 23 Feb 2003 (NOAA-I16).
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F1G. 9. Same as Fig. 2, but for 0124 UTC 25 Feb 2003 (NOAA-16).

b. Off the Monte Conero Promontory The sequence of images on 17 July 2003 exhibits an
unusual situation for the Italian side of the Adriatic Sea

We choose three pairs of images in July 2003 (Figs. (Fig. 10). Indeed, the WAC has reversed its circulation
10-12) to describe the particular circulation pattern de- pattern flowing northward due to a sustained southeast-
veloped in the central Adriatic area off the Monte Con-  erly wind (sirocco) and a contemporary low discharge
ero Promontory (near Ancona). rate of the Po River, as reported by Poulain et al.

TABLE 2. Statistics of the surface velocity differences in the zonal (1) and meridional (v) directions for the comparison between
MCC-derived and drifter data. The difference is defined as the drifter velocity minus the MCC estimate.

Figure No. No. of Mean and standard deviation of velocity differences (cm s™')
corresponding vector

Pair of images to statistics pairs u v

7 Feb 2003 0457 4 1 -1.1 -7.3

7 Feb 2003 1249

9 Feb 2003 1226 5 5 —-1.6 £1.7 1.8+33

9 Feb 2003 2032
18 Feb 2003 1755 6 2 -12=03 —49=x22
19 Feb 2003 0611
20 Feb 2003 1601 7 6 -14 31 -32=*69
21 Feb 2003 0208
23 Feb 2003 1311 8 2 57x43 —48=*2
24 Feb 2003 0135
25 Feb 2003 0124 9 2 -35+02 13*+47
25 Feb 2003 1249
17 Jul 2003 0139 10 2 —-8.6 12 11 =25
17 Jul 2003 0953
18 Jul 2003 0128 11 2 33+96 -114 £ 19
18 Jul 2003 0930
19 Jul 2003 1241 12 1 7.2 10.8
19 Jul 2003 2028
Total — 23 —-0.8 £3.1 -11=x59
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TABLE 3. Same as Table 2, but for radar data.

Figure No. No. of Mean and standard deviation of velocity differences (cms™")
corresponding vector

Pair of images to statistics pairs u v
25 Dec 2003 1255 2 11 -9.6 =28 —-113+24
25 Dec 2003 2032

2 Feb 2003 1457 3 22 313 -5*3

2 Feb 2003 2130

7 Feb 2003 0457 4 1 -13 -125

7 Feb 2003 1249

9 Feb 2003 1226 5 7 42 *05 -25*0.6

9 Feb 2003 2032
18 Feb 2003 1755 6 10 —3.8£38 —4.8 49
19 Feb 2003 0611
20 Feb 2003 1601 7 19 —-1.5=*37 -62*19
21 Feb 2003 0208
23 Feb 2003 1311 8 9 41x42 0.6 1.7
24 Feb 2003 0135
25 Feb 2003 0124 9 18 1.9+19 62 *+26
25 Feb 2003 1249
Total — 97 0x16 -32*15

126
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FiG. 10. Same as Fig. 2, but for 0139 UTC 17 Jul 2003 (NOAA-16).
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Fi1G. 11. Same as Fig. 2, but for 0128 UTC 18 Jul 2003 (NOAA-I6).

(2004a). As a result, an exceptional upwelling event has
developed off the Italian coast, bringing cold water to
the surface separated by a strong horizontal thermal
gradient from the warm open sea.

The MCC analysis reveals that the currents near the
coast (in both relatively cold and warm waters) are
northwestward and can have speeds reaching 30-35
cms ™' off the Monte Conero Promontory. These re-
sults are quite consistent with the drifter measure-
ments. The pair on 17 July, even if the agreement be-
tween the MCC-derived and drifter velocities is the
weakest, confirms that the MCC method estimates ad-
equately the surface currents in terms of direction
and speed in an area characterized by strong dynamic
current reversal. North of the Promontory, the
MCC currents are weaker and directed in the south
and southwest (onshore) directions. They correspond
to the cyclonic development of an instability feature
protruding from the coastal cold zone (Poulain et al.
2004a).
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In the second pair of images (Fig. 11) on 18 July the
circulation pattern rotates cyclonically and the WAC
starts to flow southward. The MCC vectors cross the
thermal gradient features north of Ancona, as it is also
clearly displayed by a collocated drifter. The pool of
cold water is now moving in the south direction with a
speed of 15-20 cm s~! according to both drifter mea-
surements and MCC-derived values. The mean differ-
ences between the results obtained by the two tech-
niques are 3.3 = 9.6 and —11.4 = 19 cms~ ! for the
zonal and meridional components, respectively.

The last pair of images on 19 July reveals that the
southward circulation along the Italian coast has been
completely reestablished and the upwelling event is
almost over (Fig. 12). Surface MCC-derived velocities
over the cold pool off the Monte Conero Promontory
are about 20 cm s~ !, and a mean difference of 7.2
and 10.8 cm s~ ! for the zonal and meridional compo-
nents, respectively, is found with respect to the drifter
values.
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F1G. 12. Same as Fig. 2, but for 1241 UTC 19 Jul 2003 (NOAA-I6).

6. Discussion and conclusions

Sequential pairs of satellite SST images, produced
from AVHRR data, were used to estimate surface cur-
rents in two areas of the Adriatic Sea. The MCC tech-
nique was applied to the image pairs using a 25 X 25
pixel template window and a search window large
enough to be able to track thermal features moving
with a maximal speed of 1 ms™".

Filtering techniques were applied to the MCC-
derived velocity vectors to discard results obtained by
erroneous feature tracking. The various tests were ef-
ficient to remove erroneous MCC vectors and to pro-
duce accurate maps of the surface circulation in which
the velocity and direction estimates are coherent over
short distances (a few kilometers). In particular, the
threshold of 0.8 for the minimum cross-correlation co-
efficient removes many erroneous vectors related to
nonadvective processes that affect the SST patterns.
The reciprocal technique was an essential and powerful
filter to reject a large number of faulty vectors. The
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nearest neighbor comparison was a useful method to
filter velocity vectors that are spatially and artificially
incoherent over a short distance. Finally, by discarding
vectors whose distance from the location of the maxi-
mal temperature gradient is more than 3/8 of the tem-
plate window diagonal, we guaranteed that the com-
puted displacements corresponded to the thermal fea-
ture tracked. The final product of the filtering
techniques is a selection of good MCC-derived vectors.
Indeed, both the resulting velocity and direction esti-
mates are spatially coherent in most of the thermal fea-
tures. However, vectors appear less spatially coherent
when the MCC analysis is computed with a window
containing cloudy pixels (e.g., on 2 February 2003 in the
northern Adriatic; Fig. 3).

Drifter position data were interpolated on the times
of the images while HF coastal radar data were aver-
aged over the time interval separating the images. A
comparison was performed between the velocity com-
ponents derived from the drifters and radars and those
estimated by the MCC technique.
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Our results show that surface MCC-derived veloci-
ties agree with the typical circulation pattern generally
observed in the Adriatic basin. In general, MCC veloc-
ity estimates are quite consistent with collocated and
cotemporal drifter and HF radar measurements, as was
also reported by other authors (Afanasyev et al. 2002;
Emery et al. 1986; Alberotanza and Zandonella 2004).
On average, surface MCC-derived velocities are
slightly overestimated with respect to the correspond-
ing radar and drifter values: the zonal velocity compo-
nent is larger by 0.8 + 3.1 cms™! with respect to the
drifter measurements; the meridional velocity compo-
nent is larger by 3.2 + 1.5 cm s~ ! with respect to the
radar measurements and by 1.1 = 5.9 cm s~ ' with re-
spect to the drifter measurements. The zonal velocity
component is in good agreement with the radar results
(0 + 1.6 cm s™1). These differences are small consider-
ing that an image navigation error of 1 pixel produces
an error of about 3 cm s}, using a time interval of 10 h,
in the MCC velocity estimates. Considering each image
pair, the largest mean values of the difference between
radar (drifter) and MCC-derived velocity are —9.6 =
28 and -11.3 = 24 cms ' (-8.6 = 1.2 and 11 + 2.5
cm s~ ') for the zonal and meridional components, re-
spectively. The corresponding smallest mean values,
obtained from the difference between radar (drifter)
and MCC-derived velocity, are 4.1 = 4.2 and 0.6 = 1.7
ecms ' (—1.6 = 1.7 and 1.8 = 33 cms™ ).

The relatively large discrepancy (as long as —11.4 =
19 cm s~ ') between MCC-derived and drifter velocity
obtained for the pairs of images from 17 to 19 July
(southern area of study) can be explained by consider-
ing that a drifter does not run along a straight line but
follows the more complex pattern of the surface cur-
rents (including rotational motion), while vectors rep-
resent rectilinear translations. Moreover, the time sepa-
ration between the images is 8 h and, during this lapse
of time, some drifter trajectories appear rather twisted,
although they display a general flow similar to the MCC
vector estimates. Despite these problems, there is a
good qualitative agreement between the MCC and the
drifter displacements.

The application of the MCC technique in the Adri-
atic Sea presented in this paper is very successful for
specific cases when strong thermal features can be
tracked in sequences of satellite images. However, this
method might not be adequate to monitor continuously
(daily) the sea surface circulation since it requires sev-
eral essential conditions (good image navigation, clear
sky condition, and presence of thermal features) that
are not generally satisfied simultaneously to produce
reliable results.

Hence, it is encouraged that the MCC method in
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marginal seas, such as the Adriatic, is used in conjunc-
tion with other techniques to estimate the sea surface
circulation on a routine operational basis. For instance,
a careful integration of MCC results with the data of
HF radars and surface drifters could provide the best
description of the surface currents. Care must be taken,
however, when merging the different velocity datasets
because of their varying specific natures (they might
not correspond to measurements at exactly the same
depths, they might represent averages on different time
and space scales, etc.). All these datasets are generally
“gappy” in both space and time and only their combi-
nation would yield velocity fields with extended geo-
graphical coverage at regular time intervals in a given
sea area.
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