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[1] A 2-year deployment of high-frequency radio current meters along the Italian coast of
the northwestern Adriatic is used to characterize the surface tidal currents. In the middle of
the basin, the M2 and K1 currents oscillate along the basin axis, but become more circular
toward the Italian coast. Comparisons with a 3-D finite-element nonlinear numerical
model of the tides show a good agreement for phases in the middle of the basin, although
modeled currents amplitudes are overestimated. However, modeled phases lag observed
phases by up to 50� (1.7 hours) for M2 and 100� (6.7 hours) for K1, and modeled
amplitudes are underestimated, in a 10–20 km wide strip along the Italian coast. This
shallow (< 30 m deep) region is stratified by low-salinity surface water from the Po,
and laterally sheared by the Western Adriatic Current, both absent from the model but
possibly affecting tidal propagation. The model may also incompletely parameterize
the combined effects of bottom friction and vertical mixing of momentum.
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1. Introduction

[2] The Adriatic tides have been interpreted as co-oscil-
lations with the Ionian and Mediterranean seas, forced
through the straight of Otranto [Defant, 1914; Cushman-
Roisin and Naimie, 2002; Janeković and Kuzmić, 2005] (see
Cushman-Roisin et al. [2001] for a review). The semidiur-
nal tide consists of two oppositely traveling Kelvin waves,
one incoming from the Ionian Sea along the eastern coast,
the other traveling back along the western coast after
reflection at the northern end of the Adriatic. Their super-
position results in an amphidrome centered on the basin axis
[Taylor, 1921]. The diurnal tide is attributed to a topographic
wave propagating across the Adriatic Sea [Malačič et al.,
2000]. The four major semidiurnal (M2, S2, N2, K2) and the
three major diurnal (K1, O1, P1) constituents exhibit similar
intra-group behavior, patterned after the M2 and K1

responses [Janeković and Kuzmić, 2005].
[3] While the observed tidal elevation patterns are well

explained theoretically, relatively little is known about tidal
currents due to scarcity of observations. They are weak, less

than 15 cm/s, compared to baroclinic and wind-driven
currents reaching 50 cm/s [Orlić et al., 1992; Poulain,
2001; Ursella et al., 2006]. Separating them is difficult,
especially for short time series typical of shipboard ADCP
and moored current meter observations.
[4] From year-long repeated ADCP surveys, Ursella and

Gačić [2001] confirmed the interpretation of the M2 pattern
as a superposition of Kelvin waves, and the K1 pattern as
resulting from a topographic wave. Their vertically-averaged
tidal patterns differ between winter and summer, suggesting
that baroclinic tides were not entirely removed by vertical
averaging. Cushman-Roisin and Naimie [2002] found good
qualitative agreement between these observations and their
3-D finite element model.
[5] Moored current meters deployed in the northern

Adriatic between 44�N and 45�N by Michelato [1983] have
been used to benchmark several models. Cavallini [1985],
using a spectral model, reported good agreement for the
orientation of the M2 ellipses, but overestimated their major
axis amplitude by 2.3 cm/s on average.Mosetti [1986], using
a semianalytical model, also found good agreement, consis-
tent with the Kelvin wave description of M2. Cushman-
Roisin and Naimie [2002] were able to reproduce both
amplitudes and orientations, except at two shallow stations.
[6] Finally, Janeković and Kuzmić [2005] validated the

predictions of their 3-D finite element model with current
meter observations at 9 locations in the northeastern
Adriatic. There was good agreement for the semidiurnal
currents, but the diurnal currents were generally over-
estimated.
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[7] We present here the harmonic analysis of 2-year time
series of currents from high frequency radio (HFR) current
meters deployed along the Italian coast between the Po delta
and Pesaro. The observed surface tidal currents are com-
pared with the numerical model of Janeković and Kuzmić
[2005]. The experimental setting and numerical model are
described in sections 2 and 3, respectively. Tidal currents are
described and compared in section 4, followed in section 5
by a brief description of low-frequency currents to provide
the mesoscale context for tidal propagation. The differences
between model predictions and observations are discussed
in section 6 and summarized in the conclusion. The data
processing techniques are described in the appendices.

2. Experimental Setting

[8] Three HFR’s were deployed from October 2002 to
October 2004 along the Italian coast of the northwestern
Adriatic, south of the Po delta (Figure 1), to monitor the
surface circulation during the multi-investigator DOLCE-
VITA experiment (Dynamics of Localized Currents and
Eddy Variability in the Adriatic [Lee et al., 2005]). The
FMCW (frequency-modulated continuous-wave) Doppler
radios were operated at 16 MHz with 100 kHz chirp width,
yielding a range resolution of 1.5 km [Gurgel et al., 1999].
A chirp length of 0.34 s, averaging time of 11.6 min and
repeat cycle of 1 hour were programmed, each site trans-
mitting while the others were quiet.
[9] HFR’s infer the radial current component from the

Doppler-shift of radio waves back-scattered by surface
gravity waves of half their electromagnetic wavelength

(Bragg scattering), or 9.35 m at 16 MHz. Slower wave
speeds in shallow water introduce a negligible error (less
than 1 cm/s in water deeper than 5 m). Vector currents were
estimated on a 5-km Cartesian grid by least squares fitting
zonal and meridional components to radial measurements
from at least two sites within a 5 km search radius. Poorly
constrained estimations were discarded (see Appendix A).
[10] The northernmost site at Faro di Goro, the southern

mouth of the Po (44�47.40N, 12�23.70E), was operated in
beam-forming mode with a linear array of 16 receive
antennas oriented at 46� clockwise from north, yielding an
azimuthal resolution of �7 degrees [Gurgel et al., 1999].
The intermediate site at Punta Marina, Ravenna (44�26.80N,
12�17.60E), and the southernmost site at Monte San Bartolo,
Pesaro (43�56.60N, 12�50.60E), were both operated in
direction-finding mode with 4 receive antennas in a square
array.
[11] The transmit antennas array formed a beam toward

the ocean, and a null in the direction of the receive antennas,
to reduce the direct path energy. This also reduced the range
away from the beam axis, as seen in Figure 1. Ranges
increased by �10 km at night, presumably due to diurnal
variations of ionospheric propagation and absorption. This
resulted in periodically missing observations at long ranges.
While this does not affect the least squares analysis of
constituents not synchronous to S1, it biases that of S2 and
K1, which differs from S1 by only 1 cycle/year (see Table 1),
and the estimation of power spectra. To alleviate this
problem, missing data segments shorter than 16 hours were
interpolated (see Appendix B). Temporal coverages of the
individual sites and of the vector currents estimations are
shown in Figure 2. Data were recorded about 80% of the
time.
[12] Data quality can be visualized by the correlation

between radial currents from pairs of sites. As shown in
Appendix C, the correlation should approach -1 along the
baseline joining the two sites, where the radials are in
opposite directions, and +1 far offshore, where the radials
are almost collinear. If along-baseline and across-baseline
current components were uncorrelated with equal variance,
the correlation pattern would follow that of the cosine of the
angle between the two sites. This relationship is well
verified for pairs of sites including the beam-forming radio
in Goro (Figure 3, top and middle), but degrades for the pair
of direction-finding sites (Figure 3, bottom), reflecting the
lower reliability of the direction finding method.

3. Numerical Model

[13] The finite element model of Janeković and Kuzmić
[2005] is based on the 3-D, nonlinear, shallow water
equations [Lynch et al., 1996] with no stratification. The

Figure 1. Bathymetry of the northwestern Adriatic (gray
lines, in m) and the limits of 50% data coverage, thick lines
for nighttime (10pm to 5am UTC) and thin lines for daytime
(6am to 9pm UTC). The maximum nighttime/daytime
ranges are 102/90 km for Goro, 69/54 km for Pesaro, and
58/52 km for Ravenna. The locations of the HFR’s (circles),
EuroSTRATAFORM (triangles) and ACE (squares) moor-
ings are indicated.

Table 1. Periods (in Days) Corresponding to the Frequency

Difference Between Pairs of Diurnal (Upper Triangle) and

Semidiurnal (Lower Triangle) Tidal Constituents

O1 P1 S1

13.7 182.6 365.3 K1

S2 14.8 14.8 14.2 O1

N2 27.6 9.6 365.2 P1

K2 13.7 182.6 9.1
M2 S2 N2
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