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[1] In February 2003, we observed the response of the 40 to 50 m deep northern

Adriatic Sea to strong surface forcing by 20 m s�1 winds and 600 W m�2 net upward heat
flux resulting from cold bora winds blowing onto a relatively warm sea through gaps in
the Croatian mountains. Ocean turbulence throughout the water column was observed
with a microstructure profiler and a bottom-mounted, upward-looking, 5-beam, acoustic
Doppler current profiler (ADCP). Microstructure-based dissipation rates (e) were close to
similarity scaling of the surface wind stress. The surface buoyancy flux, related to the
oceanic heat loss, contributed little energy to the turbulence, but led to sustained unstable
stratification. The energy-containing range of the turbulence together with the upper
end of the inertial subrange, with horizontal scales between a few hundred meters and
about 10 m, contained coherent, anisotropic overturning motions aligned with the
low-frequency, barotropic ocean currents which carried stress and showed an asymmetry
between rare, narrow, faster downdrafts and diffuse, weak updrafts. These motions bear no
similarity with Langmuir cells. The turbulence measurements were embedded in surveys
of the mesoscale ocean variability. Part of the observations were set in a front a few
hundred meters wide with little density contrast. As the bora wind relaxed, the front began
to develop a highly stratified ‘‘foot’’ undergoing intense mixing. The paper addresses
problems of beam spreading and instrumental noise in ADCPs.
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1. Introduction

[2] In the recent past, turbulent mixing in the deep ocean,
coastal and estuarine waters, and straits has found increas-
ing and widespread scientific interest far beyond the ocean
turbulence community. There now seems to be a general
awareness of the important role of mixing in the circulation
and dynamics of these waters. Much of the research effort
has been devoted to one of the most difficult topics of fluid
dynamics, stratified turbulent mixing. Herein, we address a
simpler regime that, to our knowledge, has seen limited
attention, shallow unstratified waters subject to strong
atmospheric forcing. We analyze observations of the turbu-
lent velocity field in the �40 m deep wintertime northern
Adriatic Sea, forced by a large surface wind stress, large net
upward surface heat flux tending to induce convection, and
modest bottom shear stress related to wind-driven and tidal
seiche motions. Our observations simultaneously cover the

energy-carrying scales of the turbulence and its dissipation
scale. The measurements span much of the water column
from near the bottom to near the surface. Our velocity
observations resolve low-frequency tidal, seiche and wind-
driven motions, turbulence at periods larger than about
2 min, and surface gravity waves. The analysis addresses
the kinematics and dynamics of the turbulent velocity field
in the physical and spectral domain with focus on the
Reynolds stress and the motions which carry it.
[3] Previously published studies of the Adriatic mixing

were, except for a study of the springtime Adriatic [Peters
and Orlić 2005], limited to the determination of eddy
diffusivities by fitting some simple models to data. Schmidt
[1917] and Gačić [1972] related a one-dimensional heat
diffusion equation to vertical profiles of temperature repeat-
edly taken at a station. Saint-Guily [1965] and Malačič
[1991] minimized the difference between an analytical
solution of the heat diffusion equation and observed annual
cycle of temperature. On the other hand, Zore-Armanda
[1963] combined a theoretical result previously obtained by
Jacobsen [1927] with TS diagrams successively recorded at
a station. Finally, Supić et al. [1997] and Grbec and
Morović [1997] assumed continuity of heat flux across the
sea surface and utilized estimates of the air-sea heat flux as
well as vertical temperature gradients measured at the sea
surface. For the winter season, Malačič [1991] obtained

eddy diffusivities of heat close to 2.5 � 10�4 m2s�1 in the
Gulf of Trieste, while Supić et al. [1997] found values
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varying between 3.0 to 34.5 � 10�4 m2s�1 at three stations
in the northern Adriatic.
[4] The observations discussed herein were taken from the

R/VKnorr in the northern Adriatic Sea southwest of the Istria
Peninsula in January/February 2003. They are part of the
DOLCEVITA Experiment - Dynamics of Localized Currents
and Eddy Variability in the Adriatic - which itself was part of
a larger interdisciplinary setting as outlined by Lee et al.
[2005]. A wide range of physical oceanographic, meteoro-
logical, optical, chemical and biological measurements were
taken from theKnorr. Other than the turbulence observations,
we utilize the surface meteorological measurements.
[5] Observations and instrumentation are described in

section 2, and an outline of the conditions in which the
ocean turbulence evolved, surface forcing, bottom forcing,
and the mesoscale current and stratification fields including
tides and seiches is provided in section 3. The main part of
the paper begins with the analysis of the stratification in
section 4, which is followed by a discussion of the turbulent
dissipation rate in section 5. Before analyzing the structure
of the turbulent velocity field in section 7, an outline of the
‘‘variance method’’ of computing the Reynolds stress and
the turbulent kinetic energy is inserted in section 6. The
special conditions in fronts are briefly addressed in section 8.
The paper ends with summary and discussion, which relates
our findings to results from the atmospheric and polar

literature and LES modeling. For ease of reading, technical
issues with the acoustic Doppler current profiler (ADCP)
are discussed in Appendix A.

2. Observations

[6] Ocean turbulence was observed with two instruments,
a loosely tethered microstructure profiler and an upward
looking ADCP moored on the sea floor as part of the
‘‘Bottom Lander.’’ The ‘‘Shallow Water Microstructure
Profiler’’ (SWAMP) used during DOLCEVITA was first
described by Peters [1997]. The signals from two shear
probes are used to determine the viscous dissipation
rate (e), and a fast FP07 thermistor allows estimating the
thermal dissipation rate (c) [Gregg, 1987]. The local strat-
ification was measured with a suite of SeaBird conductivity-
temperature-depth (CTD) sensors. ‘‘Sets’’ of SWAMP drops
were taken at locations S2-S7 indicated in Figure 1 with
further detail provided by Table 1.
[7] The Bottom Lander was deployed twice, deployments

BL1 and BL2 at locations shown in Figure 1. Further
information on the deployments is provided in Table 2.
The key component of the Lander is a RD Instruments
600-kHz, broadband, 5-beam ADCP. It was mounted on
the Lander with the transducers looking upward from a
height above bottom of h = 1 m. The acoustic bin size was

Figure 1. Sites of Bottom Lander deployments (stars marked BL1 and BL2) and microstructure
profiling (circles marked S2-S7) during the Dolcevita-1 cruise of the R/V Knorr, February 2003. Squares
mark the East Adriatic Coastal Experiment ADCP mooring EACE13 and the city of Senj. Depth
contours from the GEBCO Digital Atlas http://www.bodc.ac.uk/products/bodc_roducts/gebco) are
labeled in meters. The gray lines are the Knorr ship track.

Table 1. Ensembles (‘‘Sets’’) of Microstructure Drops: Mean Time and Position (See Also Figure 1), Approximate Water Depth, and

Number of Good Drop

Ensemble Time, UTC Latitude Longitude Depth Number of Drops

S2 12-Feb-03, 1610 44� 32.490N 13� 57.460E 46 m 4
S3 13-Feb-03, 1217 44� 35.620N 14� 03.260E 46 m 9
S4 13-Feb-03, 1701 44� 40.770E 14� 00.190E 48 m 6
S5 13-Feb-03, 1914 44� 42.410N 14� 00.250E 46 m 6
S6 18-Feb-03, 0655 44� 09,350N 12� 59.820E 48 m 8
S7 21-Feb-03, 0932 44� 54.730N 12� 54.170E 34 m 8
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set to 1 m, and, with a blank interval of 1.5 m, the first bin
was centered at h = 3.9 m. The instrument pinged every 1.25 s
or 1.5 s as listed in Table 2. We recorded every ping, and
thus velocities related to surface gravity waves are resolved.
The internal compass failed during BL1 and BL2, and thus
the Lander heading was estimated by comparisons with

nearby shipboard ADCP measurements. The resulting Bot-
tom Lander current directions are uncertain by ±10�. The
Bottom Lander also carried a Microcat CTD mounted at 1 m
height, recording data every 30 s. Velocity as well as CTD
observations from both Lander deployments are illustrated
in Figures 2 and 3, which show the passage of fronts past

Table 2. Deployments of the Bottom Lander During DOLCEVITAa

Deployment, Time Position Depth Record Length Ping Interval Tilt

BL1: 1423, 11-Feb-03 to 1600, 14-Feb-03 44� 33.0700N, 13� 58.8100E 46.5 m 62 h 1.25 s 6.5�
BL2: 1922, 14-Feb-04 to 1658, 18-Feb-03 44� 11.7280N, 13� 07.9350E 53 m 69 h 1.5 s 1.4�

aTimes are in UTC. Positions are also indicated in Figure 1. The tilt is the deviation from a vertical orientation.

Figure 2. Time series of the Bottom Lander 1 observations: (a) pressure and (b) temperature (T),
salinity (S) and potential density (sq) 1 m above the bottom, raw 30-s data; (c) tilt-corrected center-beam
(vertical) velocity (w5c), and (d) and (e) horizontal velocity components (u, v) 20 m above the bottom,
2-min averages from the bottom-mounted ADCP. Note tidal signals in (a), (d) and (e), and the significant,
�2 cm/s vertical and horizontal turbulent velocities.
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