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a b s t r a c t

Sub-tidal outflow of the Adriatic Water through the Strait of Otranto (Adriatic Sea) was studied

analyzing long-term measurements obtained by means of three bottom-mounted Acoustic Doppler

Current Profilers (ADCPs) that were deployed in the core of the density-driven deep current in the layer

�100 m thick just above the sea floor. Sub-tidal currents showed vertically uniform variability with

prevailing southward long-term mean flow. However, inversions on weekly scales were rather

frequent. The central mooring showed the strongest southward flow and an increase in current speed

with depth, suggesting that it was positioned close to the outflowing dense water core. Cross-

correlation of the two current components between different moorings shows vector rotation in the

opposite sense between the central and outermost moorings. The rotary spectra confirmed this result

and revealed that this phenomenon is mainly associated with a weekly timescale. Mean and total

kinetic energy calculations showed that the central mooring was the most energetic, confirming that its

position was the closest to the outflow core. At the central mooring the mean kinetic energy contri-

buted to a major extent to the total kinetic energy and its relative importance decreased with the

distance from the bottom. Additionally, bottom water transports were calculated. Their large inter-

annual and seasonal variability is discussed. The largest outflow on a seasonal scale occurred in late

winter and early spring while on an interannual scale it was mainly a function of winter climatic

conditions. The most important result obtained from the empirical orthogonal function (EOF) analysis is

that the correlation between the station at the sill and different moorings at the Otranto transect varied

in different years and seasons. This suggests that the vein changed its equilibrium depth as a function of

the outflowing water density.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The Strait of Otranto is a 70-km-wide and �800-m-deep
connecting channel between the Adriatic and the Ionian Seas
(Mediterranean). The Adriatic Sea is a semi-enclosed basin,
shallow to the north and deep to the south (Fig. 1), whose unique
communication with the adjacent sea is through the Strait of
Otranto.

The general circulation in the Adriatic basin is cyclonic (Orlić
et al., 1992) and includes a rather weak and broad northwestward
ll rights reserved.
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current (the Eastern Adriatic Current—EAC) along the eastern
coast and a fast and coastally confined southeastward current
(the Western Adriatic Current—WAC) along the western coast.
According to Poulain (2001), the WAC exports freshwater in the
surface layer and dense water below it to the Ionian Sea. The
surface portion of the WAC is formed in the northern Adriatic and
is principally due to the Po River, whose mouth is located in the
northwestern part of the basin and whose mean annual discharge
is 1500 m3 s�1 (Raicich, 1994). The bottom portion of the WAC is
a density-driven current, consisting of dense water (the North
Adriatic Dense Water—NAdDW) which is formed during winters
in the northern part of the basin (Malanotte-Rizzoli, 1991).
Another characteristic dense water, namely Adriatic Deep Water
(AdDW), formed by the NAdDW contribution and by the vertical
convection in the deep South Adriatic Pit (Vilibić and Orlić, 2001),
exits the Adriatic Sea at the bottom, pressed against the con-
tinental margin of the western flank of the Otranto Strait (Gačić
et al., 1996).

The Southern Adriatic is considered one of the three sites of
dense water formation of the Mediterranean Sea (Tsimplis et al.,
2006). The contribution of the AdDW to the formation of the
Eastern Mediterranean Deep Water (EMDW), and its competition
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Fig. 1. Bathymetric chart of the Adriatic Sea. The Strait of Otranto (heavy

rectangle) is expanded showing the four mooring locations for current meters.

Table 1
Depths of the shallowest (s) and deepest (d) measurement levels (common to all

deployments) during the two projects. When current meter data are available

(depth in parenthesis), that time series is used as deepest level.

MATER
(m)

Station depth
(m)

VECTOR
(m)

Station depth
(m)

V2
s 412

601
470

584d 537 545 (567)

V3
s 706

850
720

870d 831 825 (–)

V4
s 860

986
898

1003d 877 963 (986)

M7
d 821/845 850 – –
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with the Cretan Deep Water, has recently been a subject of
scientific interest in the framework of the Eastern Mediterranean
Transient (Roether et al., 2007). An exhaustive description of the
Adriatic circulation and forcing mechanisms can be found in
Cushman-Roisin et al. (2001).

The Ionian Sea is a deep (up to 4000 m) and wide basin, which
receives salty and warm waters from the easternmost part of the
Mediterranean and fresher and relatively colder waters from the
Western Mediterranean. The EAC brings Levantine Intermediate
Water (LIW) and Ionian Surface Water (ISW) into the Adriatic Sea
(Gačić et al., 2001).

The Strait of Otranto therefore permits the import of salt and
heat into the Adriatic along the eastern flank and the export of
dense cold waters along the western flank towards the abyssal
portion of the Ionian. The surface separating the outflow from the
inflow at the Otranto section is sloped and intersects the sea
surface closer to the western coast. Therefore, both vertical and
horizontal shears in the flow field are present in the Strait of
Otranto (Kovačević et al., 1999; Gačić et al., 1996; Ferentinos and
Kastanos, 1988; Astraldi et al., 1999).

Superimposed on the average current pattern there is synoptic,
inertial and tidal variability (Gačić et al., 1996). Tidal variability
will be analyzed in a separate paper. However, the tidal currents
are weak (�2 cm/s) and thus do not represent a significant
contribution to the signal.

The synoptic time scale variability is due to mesoscale eddies
of 20–30 km in diameter, which rotate counterclockwise and
travel from the Adriatic Sea to the Ionian (Ursella et al., 2011).

In this paper a detailed analysis in the frequency and time
domain from weekly to seasonal scales of the outflowing vein of
the AdDW at the Strait of Otranto is presented. The flow was
studied by means of three bottom-mounted Acoustic Doppler
Current Profilers (ADCPs) deployed in the core of the outflowing
density-driven current in the strait (Fig. 1).

The manuscript is organized as follows: in Section 2 we
describe the mooring configuration, the data treatment and
time-series analysis carried out on the available data sets. In
Section 3 the mean bottom circulation and variance are discussed,
while cross-correlation and rotary spectra are described in
Section 4. Section 5 summarizes kinetic energy results, while
volume transports are discussed in Section 6 and EOF analysis and
relative considerations in Section 7. Finally, conclusions are given
in Section 8.
2. Data and methods

2.1. Moorings arrangement and deployment

The mooring section is situated to the south of the �800-m-deep
sill of the Strait of Otranto, which separates the 1200-m-deep South
Adriatic Pit from the Northern Ionian. The mooring section extends
from the western continental shelf and slope to an �1000-m-deep
trough, and it ends well before the sea floor ascends abruptly toward
the eastern boundary of the strait. Initially, a total of three moorings
were deployed in the Strait of Otranto in the period 1997–1999,
within the framework of the Mediterranean Targeted Project
II—MAss Transfer and Ecosystem Response (MTP II-MATER project),
and subsequently in the period 2006–2007 in the framework of
the VulnErabilit�a delle Coste e degli ecosistemi marini italiani ai
cambiamenti climaTici e loro ruolO nei cicli del caRbonio mediter-
raneo (VECTOR) project. On both occasions the moorings were
placed across the strait in the westernmost portion of the cross-
section, with measurements covering just the bottom layer several
tens of meters thick.

The MATER experiment was aimed at determining the location
of the AdDW vein in the Strait of Otranto and understanding the
AdDW outflow variations within the pre-conditioning phase, the
vertical convection phase and the spreading (post-convection)
phase of the dense water formation in the Southern Adriatic
(Manca et al., 2002). Indeed, the measurements in the first
6 months of the MATER project were used to determine the most
appropriate position for the current meters in studying the spatial
and temporal evolution of the vein; these results then helped in
positioning the moorings during the remaining 22 months of the
MATER project and during the VECTOR project (Fig. 1).

MATER moorings were positioned over the western slope, at
depths of 600 m at V2, 850 m at V3 and 980–990 m at V4. They
were equipped with RDI Broad Band (BB) 150 kHz ADCPs at
stations V2 and V3, and RDI BB 300 kHz at station V4. The
150 kHz ADCPs were configured to measure 40 cells of 5 m each,
while the 300 kHz ADCP was set to measure 20 cells of 5 m each.
Effectively, the ADCPs registered the currents within �160 m at
stations V2 and V3 and �50 m at V4 (Table 1), with a vertical
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resolution of 5 m and a sampling rate of 30 min. MATER moorings
were deployed five times and the data cover the period from mid-
March 1997 to the end of June 1999. In this work only deploy-
ments for which the current meter positions were the same are
used, i.e. from the beginning of September 1997 to the end of June
1999. Moreover, current data from station M7, placed over the sill
(Fig. 1) �115 km to the north of the Otranto section and collected
between May 1998 and April 1999, are also used. The mooring,
positioned over the bottom at �850 m depth, was equipped with
an Aanderaa recording current meter (RCM) during the first
(March–August 1998) and last (March–May 1999) deployment
phases, and with an RDI BB 150 kHz ADCP in between. The
sampling rates were set to 20 and 30 min for RCM and ADCP,
respectively. In the present work, just the deepest available time
series at M7 are used in the analysis and they were obtained from
either ADCP or RCM (Table 1). The complete description of data
analysis and results can be found in Manca et al. (2003).
A description of MATER mooring arrangements and schedule is
detailed in Ursella et al. (2007).

VECTOR moorings were equipped with Aanderaa RCM models 9
and 11, located 17 m above the seabed, a conductivity–
temperature sensor (CT) SBE37 2 m above the current meter, and
an upward-looking ADCP 10 m above the CT. At station V2 the
ADCP was an RDI BB 300 kHz, while at V3 and V4 the instrument
was an RDI BB 150 kHz. The RCM 9 current meter at station V4 was
also equipped with a turbidity sensor. The sampling interval was
set to 30 min for the current meters and the turbidity sensor and to
15 min for the ADCPs and the CTs. The sensor accuracy of
temperature was 0.002 1C and of conductivity was 0.003 mS/cm.
The 150 kHz ADCPs were configured to measure 38 cells while for
the 300 kHz model the number of cells was 30. In both cases the
cells were 5 m thick. Effectively, the ADCP measurements covered
layers of �100 m at station V3, 80 m at V2 and 60 m at V4
(Table 1). VECTOR moorings were deployed on 16 November
2006 and were recovered on 15 April 2007. During this period,
the RCM 11 current meter at station V3 did not work. The mooring
at station V4 was redeployed until the end of January 2008. Ursella
et al. (2008) have described in more detail the mooring arrange-
ment, locations and measurement characteristics.

2.2. Mooring data processing and analysis

For all the analyses considered herein, each ADCP cell was
treated as an independent time series, and each measurement
phase (between deployment and recovery) was separately ana-
lyzed. ADCP and RCM current meter series were treated in the
same way, using the same data analysis procedure. Data pre-
processing and intercomparison revealed that a problem with the
VECTOR ADCP gyro-compass occurred at station V4: a constant
heading was observed in the record and the collected currents
were not properly projected into the east and north directions.
In order to use these data, it was assumed that at each time step
the current of the deepest ADCP cell had the same direction as
that of the RCM current meter data located �20 m below. In this
way, the true heading of the instrument, varying with time, was
computed. By rotating the currents in the upper cells by the
calculated heading angle and by decomposing them, corrected east
and north current components were obtained. Quality control was
carried out, removing spikes and bad data, while missing data for
periods lesser than 6 h were linearly interpolated. As shown by the
rotary spectral analysis, the four main peaks in the variance, in order
of importance, are: the low-frequency signal, the diurnal tidal
component K1 (0.0417 cph), the inertial signal (�0.059 cph) and
the semi-diurnal tidal component M2 (0.083 cph). As we are inter-
ested in the low-frequency variability, harmonic analysis (Foreman,
1978) was applied and tidal constituents with signal-to-noise
ratio41 were subtracted. Harmonic analysis calculations were done
using the MatLab programme t_tide (Pawlowicz et al., 2002). Finally,
a low-pass filter with cut-off period at 33 h (Flagg et al., 1976) was
applied in order to remove inertial oscillations, thus obtaining sub-
inertial non-tidal flow, from now on referred to as sub-tidal flow.

Sub-tidal MATER velocity time series from different deployment
phases were then merged in order to obtain for each common
depth a unique time series lasting 22 months. In order to compare
MATER and VECTOR data sets, common ‘‘seasons’’ were identified
and three periods of 6 months each for the MATER data were
selected, i.e. 1 Nov 1997–30 Apr 1998, 1 May 1998–31 Oct 1998
and 1 Nov 1998–30 Apr 1999. These are referred to in the text as
period I, period II and period III, respectively. The VECTOR period
(1 Nov 2006–30 Apr 2007) is termed period IV. Periods I, III and IV
are representative of the flow in the conditions of the winter-like
season, while period II represents the summer-like season.

The northward component of the velocity is referred to as the
v-component and the eastward one as the u-component. Due to
the orientation of the Otranto section, the v-component is
perpendicular to the measurement transect.

2.3. CTD data and processing

The conductivity–temperature–depth (CTD) data subset along
the Otranto section used in this study belongs to the data sets
collected during the oceanographic campaigns of the projects
MATER and VECTOR. Details about the data from MATER are
reported in Manca et al. (2002). CTD data of the VECTOR project
were collected according to the common protocol (Manca and
Russo, 2007) and elaborated afterwards as described in Bensi and
Küchler (2009). Potential density with reference to the surface
pressure (0 dbar) is derived from pressure, temperature and
salinity profiles averaged every dbar along the water column, by
applying standard algorithms (Fofonoff and Millard, 1983). The
expression ‘density’ is hereinafter used to denote potential
density excess (sea water potential density—1000) in kg/m3.
3. Mean bottom circulation and variance

The time series of the low-pass currents show vertically
uniform behaviour over the entire measurement layer (see
Table 1 for extreme cell depths). As an example, time series of
low-pass velocity components for all measurement cells at the
three stations during period IV are presented in Fig. 2. Prevailing
southward flow (negative values of the v-component) character-
ized the current pattern at all the three stations and was strongest at
mooring V3. Various events on weekly scales occurred in the time
series, often causing inversions in the prevailing southward flow.

Time averages of velocity components and speed, and their
standard deviations at each measurement depth (Fig. 3, for VECTOR
data only), show that the mean southward flow was almost uniform
vertically and was strongest at mooring V3. In addition, from
standard deviations one sees that inversions of the prevailing
southward currents at that mooring were rather rare. The average
values of both components increased in absolute value with depth
at V3 and V4.

As currents present an almost uniform vertical structure, in the
following discussion only the two extreme cells at each mooring
will be taken into account and compared.

Principal axes analysis (Preisendorfer, 1988) of the sub-tidal flow
at the three stations for the deepest cell are depicted in Fig. 4.
It shows that major axes were aligned along the isobaths. We report,
but do not show here that at the innermost station close to the
continental margin (V2) they were strongly polarized over the
whole measured layer and minor or major axes almost coincided



Fig. 3. Time average of current components (u, red; v, blue) and speed (green) with standard deviation for each measurement level at V2 (left panel), V3 (central panel)

and V4 (right panel), derived for period IV. The sea bottom is indicated by a thick line.

Fig. 2. Time series of ADCP u (grey) and v (black) current components for all the measurements cells at V2, V3 and V4, for period IV (see text).
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along the vertical. In addition, at the outer stations (V3 and V4), the
major axis was aligned with the isobaths only at the bottom cell.
At the uppermost cell the major axes were tilted with respect to the
isobaths. Also, at the station V3 minor and major axes decreased
with depth, while they increased at V4. This probably indicates that
V3 was located in the core of the AdDW, where the currents were
more coherent and less variable just near the bottom.

Basic statistics on the current components in the Strait for the four
periods, at the deepest and shallowest measurement levels, shows
clearly that in the mean current the v-component prevailed over the
u-component (Table 2) at V2 and V3 for all periods and at V4 for
period IV only. The average of the v-component was always negative
(i.e. currents directed to the south), except at station V4 during
periods I and II. It reached its maximum negative value (�9.3 cm/s)
in the bottom cell at station V3 during period IV. The average flow
magnitude in terms of mean speed was always higher at V3, and
ranged between 6 and 11 cm/s. Mean speeds at V2 and V4 were
lower and ranged between �3 and 7 cm/s. For all three moorings
mean speed was higher during periods III and IV. The maximum
speed of the sub-tidal flow at V3 during the four time periods
ranged between 17.3 and 36.9 cm/s, and was always in the
southeastward direction, parallel to the mean flow. Its absolute
maximum (36.9 cm/s) was found at the deepest cell during period
III. The maximum speed at V2 during the four time periods
(14.2–32.9 cm/s) was predominantly in the southward direction.
Only during period IV at the shallowest level it was associated
with a rotational event (in November 2006) and directed north-
eastward. The orientation of the maximum speed at V4 (within



Fig. 4. Mean current vectors and variance axes from the deepest ADCP cells at V2

(grey), V3 (thick black) and V4 (thin black), derived for the four periods defined in

the text: I (a); II (b); III (c); and IV (d). The ellipse semi-axes correspond to one

standard deviation along the major and minor variance directions. For the nominal

depths of the ADCP cells see Table 1.
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the range 12.9–24.2 cm/s) was the most fluctuating one. It was
mostly southwards, especially at the deepest level (as during
periods II, III and IV). At both levels it was northwards during
period I, while at the shallowest level it was oriented north-
westward (period III) and eastward (period IV), probably coupled
to some rotational events. The flow in the bottom layer at M7 had
speed similar to V3, with a maximum of �32 cm/s (period III),
oriented southward. In general, both mean and standard deviation
were greater during periods III and IV.

Several vertical sections of density at Otranto are shown as
snapshots within the time interval 1998–2007 in Fig. 5.
A 29.18 kg/m3 isopycnal is highlighted in accordance with
Manca et al. (2003), who defined the AdDW vein as the zone in
the bottom layer with potential density429.18 kg/m3. However,
the 29.17 kg/m3 isopycnal is also highlighted, with the intention
of indicating the fluctuating nature, in both time and properties,
of the dense waters. In fact, until February 1999, bottom waters
produced in the south Adriatic and outflowing through the
Otranto section were lighter than previously (Manca et al.,
2002). In February 1999, due to a severe winter, the AdDW
produced almost reached a density of 29.18 kg/m3, outflowing
at Otranto in April–May (Manca et al., 2003).

In Fig. 5, areas enclosed by the measurements are denoted by
the uppermost and lowermost ADCP cells, which almost coin-
cided at V2 and V3 for MATER (periods I, II and III) and VECTOR
(period IV). At V4 during MATER the effective coverage was much
shallower than the expected AdDW vein while during VECTOR it
was well within the vein. It is evident that V3 was within the
AdDW vein all the time. The maps presented indicate that the
AdDW vein changed its spatial extension, both horizontally and
vertically. Laterally it sometimes reached the bottom of V2 (as in
November 2006), and quite often extended to the bottom at V4.
The thickness of the AdDW layer also varied, with minima in
March 1998 and February 1999 and a maximum in April 2007.
These snapshots of the density distribution hint that the AdDW
vein fluctuates in time and space, and probably also in density
maximum, but we do not have elements to ascertain the scales of
its temporal variability in terms of area and intensity of the flow.
Most probably, these scales are similar to the weekly low-
frequency flow variability scales but also to seasonal and inter-
annual scales. They might be related to the intensity of the AdDW
formation in the Southern Adriatic and its post-convection
spreading. Taking into account the schemes in Fig. 5 and mean
flow in Table 2, however, some points can be put forward. On the
slope side, at V2, the flow was predominantly southward and less
intense than at V3 but, according to the density maps, it was
characterized by water usually less dense than the typical AdDW.
V3 was evidently the most representative location of the core of
the AdDW. V4 was outside the AdDW layer during periods I, II and
III and within it during period IV. The location of station V4
roughly delimited the easternmost extension of the AdDW vein,
with less intense flow than at V3.
4. Cross-correlation coefficients and rotary spectra

In order to estimate to what extent the flow at the three
moorings for different periods is spatially coherent we calcu-
lated cross-correlation between all pairs of current components,
choosing only the uppermost and the lowermost ADCP cells of
each mooring. From the autocorrelation function, the integral
timescale was calculated (Emery and Thomson, 2001) and the
degrees of freedom for each time series were obtained. With the
actual large number of degrees of freedom, all the correlation
coefficients40.22 are significantly different from 0 at the 95%
confidence level.

Table 3 shows that for each mooring the correlation between
the two extreme cells is high (40.6), confirming that the sub-
tidal flow within the measured part of the water column has
a vertically uniform structure. Generally, high negative correla-
tion coefficients were between the v-components at stations V3
and V4 (Table 4) while for the same station pair the correlation
coefficients were highly positive between u-components. This
suggests current vector rotation in opposite senses at the two
moorings. On the other hand, the correlation was low between
moorings V2 and V3 except during period III, when a high positive
correlation occurred between the two current components for the
mooring pair V2 and V3, showing that at the two stations the
current vectors rotated in the same sense. These features imply
the passage of south-westward travelling eddies (Ursella et al.,
2011). The fact that for periods I and II the correlation between V2
and V3 was low probably means that the eddies did not influence
mooring V2. The correlation coefficients, re-calculated for period IV
and taking the RCM current meter as the ‘‘deepest cell’’ at V2 and
V4, are similar to those obtained in Table 4, indicating a coherent
near-bottom layer. Correlation coefficients between data at station
M7 and Otranto show a significant correlation in the meridional
direction only at station V4 during period II and at station V3
during period III, suggesting a connection between the bottom
outflow from the Southern Adriatic and the deepest central part of
the Otranto channel.



Table 2
Top: means (/ S) of v- and u-current components (cm/s) with standard deviation. Bottom: mean (/ S) and maximum values for velocity speed (sp) in cm/s and direction of the maximum speed (a) in degrees. a is referred to

the trigonometric system. All quantities are calculated at the shallowest (s) and deepest (d) levels of the three measurement stations, for each defined period (see text).

Period I Period II Period III Period IV

/uS /vS /uS /vS /uS /vS /uS /vS

V2
s �0.2771.53 �1.9973.58 �0.3971.65 �1.3672.80 �0.8472.38 �4.3476.10 0.0472.89 �2.4876.01

d �0.1271.51 �2.4174.44 �0.1871.53 �1.8673.09 �0.7972.31 �5.5377.30 0.1772.01 �3.3775.56

V3
s 1.3174.70 �4.4876.60 0.6772.83 �4.6874.28 1.9975.78 �7.4677.86 2.0177.35 �5.2178.18

d 2.9672.78 �5.9974.06 2.9371.55 �6.4872.99 3.5074.99 �8.3276.14 3.7174.72 �9.3076.14

V4
s �1.0873.00 0.0974.24 �0.4472.77 0.2973.98 �0.6474.08 �0.4675.17 �1.5174.70 �2.2874.29

d �1.0472.88 0.0374.12 �0.4772.67 0.2073.98 �0.6674.06 �0.4875.31 �1.8673.73 �4.7274.69

M7
s – – – – – – – –

d – – 5.9374.79 �2.3074.10 2.4375.36 �5.8177.03 – –

Period I Period II Period III Period IV

/spS spmax a /spS spmax a /spS spmax a /spS spmax a

V2
s 3.6472.45 14.17 �96 2.7972.19 14.45 �82 5.9575.18 27.36 �104 5.7374.22 22.36 47

d 4.4172.89 15.36 �100 3.1072.40 17.95 �94 6.7876.61 32.95 �93 5.5074.01 27.98 �97

V3
s 7.8675.06 26.10 �56 6.1573.31 18.70 �53 10.2577.07 35.62 �69 10.8475.88 29.84 �65

d 7.2973.96 23.90 �40 7.3472.85 17.27 �65 9.9876.66 36.86 �49 11.3575.59 31.63 �52

V4
s 4.6272.61 13.87 116 4.2272.44 13.01 �106 5.6773.44 20.18 138 5.9873.49 15.92 12

d 4.4772.52 13.71 106 4.1672.44 12.91 �106 5.7873.46 20.94 �110 6.6074.25 24.22 �148

M7
s – – – – – – – – – – – –

d – – – 7.8174.40 26.78 �15 9.4075.42 31.93 �82 – – –
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Fig. 5. Selected vertical distributions of density along the Otranto section during the time interval 1998–2007. Isopycnal steps are 0.5, 0.05 and 0.01 kg/m for the density

intervals 28–29, 29–29.1 and 29.1–29.5 kg/m, respectively. The dotted/dashed line points to the isopycnal 29.17/29.18 kg/m. Triangles refer to the uppermost ADCP cells

from MATER (open) and VECTOR (filled) deployments. Similarly, inverted triangles refer to the lowest ADCP cells. Vertical lines denote the CTD profiles. A polygon indicates

the area commonly covered by current measurements for MATER (periods I, II and III) and VECTOR (period IV) mooring design. Circles in the insert map show the position

of the CTD casts, while crosses denote the locations of the three moorings.
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In the recent paper by Ursella et al. (2011) a rotary spectral
analysis was applied to the deepest ADCP cells of the VECTOR
data, using windows of 4096 points (�43 days) and an overlap of
2048 points. It showed the low-frequency rotation (frequency of
0.004 cph, which is equivalent to a time period of �10.5 days) in
opposite senses at V3 and V4, as obtained from the cross-
correlation pattern (Table 4). On the other hand, the rotary
spectra at the innermost station V2 did not show any statistically
significant peak, and the variance distribution was generally
symmetric around zero frequency. In addition, there was a second
peak at 0.002 cph (�21 days) at V4.
In order to maintain spectral resolution and confidence levels,
and as the sampling rate was half that of the VECTOR data, the
rotary spectra for the MATER data were calculated using half the
window and overlap intervals used for the VECTOR ones. For all
three periods the spectra at Otranto show features similar to
those obtained from the VECTOR data (in Fig. 6 only spectra for
period III are shown). There are two main peaks: one at a period
of 7–10 days (0.006–0.004 cph) and another one at 15–21 days
(0.0028–0.002 cph). The first one presents asymmetry around
zero frequency at V3 and V4, while the other one is symmetrical
except during period II. For the peak at 7–10 days, the variance



Table 3
Correlation coefficients for MATER (I, II and III) and VECTOR (IV) periods between

the shallowest (s) and the deepest (d) current components v and u (in parenth-

eses) at the same moorings.

Period I Period II Period III Period IV

V2 s–d 0.89 0.86 0.93 0.93

(0.66) (0.70) (0.70) (0.87)

V3 s–d 0.90 0.84 0.93 0.89

(0.84) (0.64) (0.91) (0.88)

V4 s–d 0.97 0.97 0.98 0.86

(0.97) (0.95) (0.98) (0.95)

All correlation coefficients are significantly different from 0 at the 95%

confidence level.
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distribution at the outer mooring (V4) shows the predominance
of counterclockwise motion while at the central mooring (V3)
clockwise rotation prevailed. At the innermost station (V2), on the
other hand, the levels of variance at the clockwise and counter-
clockwise part of the spectrum are almost equal, confirming the
strong polarization of current variability. The variability at 7–10
days has been studied in detail in the paper of Ursella et al.
(2011), in particular for the VECTOR data set, and it has been
associated with the passage of cyclonic and anticyclonic eddies at
the mooring section, with their centre passing between stations
V3 and V4, closer to V3. For this reason the eddies and, therefore,
the variability at 7–10 days, were observed mostly at V3. The
cyclones are bigger (radius of �15–18 km) than anti-cyclones
(radius of �10 km) and they travel faster and at greater depths,
affecting principally the outermost stations. Moreover, cyclones
entrap denser waters. These eddies are thought to generate
downstream of the Otranto sill and propagate southward follow-
ing the isobaths at the equilibrium depth. The variability at 15–21
days was principally seen at station V4 during periods I, II and III
but it was not so evident during period IV. The spectra of M7
show the same peaks in frequency but the clockwise motions, in
particular at the 21-day variability, are more pronounced. The
presence of the 21-day peaks at both M7 and V4 hints at the
connection between the variability at the two stations, even if it
remains difficult to explain the origin of these motions.

Correlation coefficients calculated for period IV, between prin-
cipal axes of currents and thermohaline properties (Table 5), show
high positive values between density and the minor axis at V4,
indicating across-strait (almost coincident with minor axis) motion
and variability at the outermost station, with the minor component
increasing with increasing density. The correlation between major
component and density was highly negative at V2 and V3, but at
V2 the correlation was mainly due to temperature, while at V3
both temperature and salinity contributed. At V3, some correlation
between density and minor component is also found.
T
a

b
le

4
C

o
rr

e
la

ti
o

n
co

e
ffi

ci
e

n
ts

b
e

tw
e

e
n

cu
rr

e
n

t
co

m
p

o
n

e

p
ro

je
ct

s.

(a
)

T
O

P
P

e
ri

o
d

I

V
2

4
1

2
m

V
3

7
0

6
m

V
2

4
1

2
m

1

V
3

7
0

6
m

0
.0

1
(0

.0
4

)
1

V
4

8
6

0
m

0
.1

1
(0

.0
4

)
–

0
.3

9
(0

.4
3

)

(b
)

B
O

T
P

e
ri

o
d

I

V
2

5
3

7
m

V
3

8
3

1
m

V
2

5
3

7
m

1

V
3

8
3

1
m

0
.0

9
(–

0
.0

2
)

1

V
4

8
7

7
m

0
.2

1
(0

.0
1

)
–

0
.4

0
(0

.3
6

M
7

,
8

2
1

–
8

4
5

m
–

–

C
o

rr
e

la
ti

o
n

co
e

ffi
ci

e
n

ts
th

a
t

a
re

si
g

n
ifi

ca
n

tl
y

d
if

fe
5. Kinetic energy

The total kinetic energy (TKE) and the mean kinetic energy (MKE)
have been calculated from low-pass data for the four study periods.
TKE is defined as Si (ui

2
þvi

2), where the summation is over the total
number of available data in the time series; TKE is the sum of MKE,
i.e. the kinetic energy of the mean flow, defined as (/uS2

þ/vS2),
and eddy kinetic energy (EKE), defined as Si(ui�/uS)2

þ(vi�/vS)2.
Generally, TKE and MKE (Fig. 7) were larger at the central mooring
(V3) than at the other two stations for all four periods. In almost all
situations MKE was larger at the bottom cell than at the uppermost
one. Also, it is evident that the mean flow contributed greatly to the
TKE at station V3, in some situations by 450%. The flow variance,



Fig. 6. Rotary power spectra of current data from the deepest ADCP cell of each mooring during period III, for frequencieso0.01 cph (periods4�4 days): V2 (grey, 537 m

depth), V3 (thick black, 831 m depth) and V4 (thin black, 877 m depth); 95% confidence level is indicated.

Table 5
Correlation coefficients between CT properties (T—temperature, S—salinity,

D—density) and minor (m) and major (M) principal axes components at the

bottom cells, at different moorings during period IV.

BOT T S D

V2, 545 m
m �0.03 0.08 0.07

M 0.43 �0.03 �0.52

V3, 825 m
m 0.26 0.18 �0.29
M 0.48 0.40 �0.49

V4, 963 m
m �0.51 �0.22 0.54
M �0.09 �0.11 0.07

Correlation coefficients that are significantly different from 0 at the 95% con-

fidence level are presented in bold.
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proportional to the EKE, reached its minimum at all stations in period
II, i.e. for the summer-like season. The maximum TKE was always at
the central location. This, together with density distribution (Fig. 5),
suggests that the core of the outflowing bottom water vein was
positioned around station V3 and was highly variable. Almost equal
values of TKE at V2 and V4 were found for periods I and II. Negligible
MKE was seen at V4. On the other hand, during period III the TKE and
also the MKE were larger at V2 than at V4. The mean values for the
velocity components at V2 during this period were negative (Table 2),
thus indicating a south-westward mean flow. This may suggest that
the vein was shifted westwards but this is not confirmed by CTD
measurement (Fig. 5). The explanation may be found when consider-
ing that mid-February (the time of CTD casts) was not the period of
outflow of the recently formed AdDW, whose signal was observed as
pulses later, in March–April (Manca et al., 2003; Ursella et al., 2007).
However, this outflow was included in the energy signal of period III
(Fig. 7). In period IV the TKE and MKE were higher at V4 than at V2,
just near the bottom, indicating that the vein was shifted eastward, as
confirmed by CTD data, but also that the measured portion of the
water column at V4 was inside the outflow. Finally, TKE at M7 was
highest during period III and similar to the one at V3 during period II.

From the monthly TKE and MKE values (Fig. 8) it is again
evident that station V3 (Fig. 8b) was always more energetic, by
a factor of 2–3 with respect to the other two moorings, reaching
a value of almost 150 cm2/s2 in March 1999 at the uppermost cell.
As a function of time, the station maxima in both TKE and MKE
were found during winter/spring 1999 at V2 (Fig. 8a) and V3
(Fig. 8b), and during autumn/winter 2006–2007 at station V4
(Fig. 8c). Also, periods of maxima in TKE were always coincident
with the maximum negative value of the v-current component
(maximum outflow from the Adriatic), particularly for the lower-
most cell at V4 during period IV. For almost all months MKE
was stronger at the deepest cell, although this was not the case for
the total energy. Moreover, at the three stations winter 1998 was
the least energetic while winters 1999 and 2007 were the most
energetic ones, even with different intensities. In addition,
at station V4 during the part of the 2008 winter energy levels
were low.

In general, at the central mooring the MKE contribution to
TKE prevailed in the bottom cells while EKE, i.e. the difference
between TKE and MKE, prevailed in the upper ones, indicating a
pulsating behaviour of the AdDW vein dimensions, as also seen
from density sections (Fig. 5).
6. Volume transports

The aim of this study was also to estimate transports asso-
ciated with the outflowing bottom water and to study their
temporal variability. Low-pass velocity data were linearly inter-
polated on a grid with steps of 200 m horizontally and 5 m
vertically, within a region common to all the data sets. This zone,
with an area of 2.84 km2, is depicted in Fig. 5. Monthly means
for the velocity components were calculated at each point. The



Fig. 7. Total kinetic energy (black) and mean kinetic energy (grey) at V2 (a), V3 (b), V4 (c) and M7 (d) for the four periods described in the text. The left bar indicates the

uppermost cell and the right bar the lowermost one.
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v-component, which is perpendicular to the transect, was then
used to calculate volume transport. Monthly means of the
v-component were almost always negative over the common
area or at least over its major portion. This is documented, from
monthly means of v-velocity components at extreme cells, in the
top panels of Fig. 8a–c. In particular, at station V2 values were
almost always negative while at V4 some inversions in sign,
especially during the MATER periods, were observed. The outflow
was in general concentrated at the central station (V3), just over
the seabed, especially during winter/spring periods such as
February–May 1999. During other periods the outflow was
weaker and spread across the whole bottom section.

These characteristics in the velocity field indicate that even if
station V3 was located just in the core of the AdDW, the vein
changed its extension and position along the slope during
different periods of the year and different years, as also suggested
from the density sections (Fig. 5).

The time series of monthly bottom volume transports is depicted
in Fig. 9. The transport was negative with maximum absolute values
occurring in winter/spring 1999, in particular in March when it
reached a value of �0.27 Sv (1 Sv¼106 m3/s). The minimum was
found in October 1997, when it was �0.03 Sv. During the winter
months of 1998 there was no strong outflow of AdDW but the
outflow increased in spring/early summer 1998. In contrast, in
winter 1999 consistently strong outflow was observed, due to cold
winter conditions and therefore strong production of AdDW (Manca
et al., 2002), and it was maintained until June. Finally, in winter
2007 the outflow was significant but not as strong as in 1999. These
interannual fluctuations in the water outflow may be explained in
terms of different climatic conditions and bottom waters of varying
thermohaline properties and densities. In order to illustrate inter-
annual variations in outflow, in Fig. 10 transports for each month
but different years are plotted together. The month with the largest
interannual variability was March, for which transport ranged from
�0.07 Sv in 1998 to �0.27 Sv in 1999.

The daily and weekly transport fluctuations were prominent,
and sometimes they even induced a reversal in sign for a few
days. As an example, daily values of VECTOR transports have been
plotted (Fig. 11), together with the monthly mean (thick line).
They show high variability, ranging from ��0.45 to �0.12 Sv,
with pulsations with a periodicity of �10–15 days. Maximum
excursions in the daily mean transport were found in December
2006.
7. Empirical orthogonal functions (EOF)

The EOF analysis is a technique that permits decomposition of
a data set in terms of orthogonal basis functions. These functions are
associated with different temporal and spatial patterns, accounting
for a certain portion of the total variance. This technique has been
widely used in oceanography (Kundu and Allen, 1976; Preisendorfer,
1988) in trying to infer different contributions in the signal. The EOF
analysis enables identification of coherent correlation structures
over the timescales of interest, but it does not carry significant
dynamic information (Artale et al., 2006). In particular, Kovačević
et al. (1999) used this technique to investigate variability in the flow
across the whole strait and connection with the Southern Adriatic. In
the present work, the first type of EOF was calculated considering
stations V2, V3 and V4, using low-pass u- and v-current components
during the four periods, including only three cells at each mooring,
i.e. the deepest, the shallowest and an intermediate one. The system
has nine degrees of freedom and therefore nine possible modes. We
present only the first three of them that account for 495% of the
total variance. In the following, this analysis will be called ‘‘across-
strait EOF’’, and only results for the v-component will be discussed
in detail. The second type of EOF analysis was performed using the
deepest data at the sill (M7) together with those at the strait during
common periods, and this one will be called ‘‘along-strait EOF’’. In
this case the system has 4 degrees of freedom and the three most
energetic modes that will be presented, account for about 90% of the
total variance. Correlation between the Adriatic outflow over the sill
and in the bottom of the Strait of Otranto was thus studied and
compared during the two periods.

7.1. Across-strait EOF

Table 6 reports the EOF eigenvalues for each mode, each period
and the three cells at each mooring. The first mode accounts for
between 53% and 58% of the total variance and is characterized by



Fig. 8. (a) Station V2. Upper panel: monthly mean of u-component (grey) and

v-component (black) for the uppermost (solid line) and lowermost (dashdot line)

levels. Lower panel: monthly TKE and MKE for the uppermost (left bar) and

lowermost (right bar) level. TKE is indicated in black for the uppermost cell and in

white for the lowermost level, while MKE is depicted in grey; (b) same as (a) but at

station V3; and (c) same as (a) but at station V4.

L. Ursella et al. / Continental Shelf Research 44 (2012) 5–19 15
an out-of-phase variability between V3 and V4 and in-phase
oscillations between V2 and V3. Power spectra (not shown) of
the first mode show prominent peaks at �7–10 and at 21 days
during the three MATER periods, with slight predominance of the
peak at 7–10 days during periods I and III. During period IV the
variability was only at the 10-day period. These spectral character-
istics and in-phase or out-of-phase variability between stations
suggests that this mode is associated with the passage of eddies
(variability of �10 days), in particular prominent during period IV,
as documented by Ursella et al. (2011). As reported in Fig. 12,
eigenvalues of the u-component were in phase at the outermost
stations while eigenvalues of the v-component were out of phase
at the same stations. The amplitudes had two peaks with values
between 30 and 50 cm/s on the 8–9 and 21 December 2006 (period
IV) and this has been shown to be the signature of two cyclonic
eddies travelling south-westward (Ursella et al., 2011). During the
MATER periods this mode is only partly represented by the eddy
variability and is probably a mixture of phenomena with similar
spatial structures but different timescales.

The second mode accounts for between 21% and 29% of the
variance; it is associated with the in-phase variability at the three
moorings during periods I and II at intervals 410 days, with
higher values at station V2. During the last two periods the mode
was characterized by an out-of-phase variability between V2 and
V3, without a particular frequency signature.

Finally, mode 3, which accounts for �10–19% of the total
variance, was characterized by an in-phase variability between V3
and V4 with a peak at 21 days for periods I and III, and a large, but
not energetic, peak encompassing 7 and 21 days for the other two
periods. This mode probably represents the fluctuations in the
outflow of dense waters (AdDW) in the bottom layer, principally
at the 21-day period, which can be associated with mesoscale
variability having spatial scales larger than the eddies described
in Ursella et al. (2011). The ten-day variability occurring in this
mode during periods II and IV could be explained in terms of
mesoscale eddies similar to those discussed in Ursella et al.
(2011) but whose centre does not cross the line connecting V3
and V4.
7.2. Along-strait EOF

The results of the along-strait EOF analysis are presented in
Table 7. The first mode during period II (summer-like period)
accounts for 46% of the total variance. It demonstrates in-phase
variability at M7 and V4 (in accordance with correlation coeffi-
cients) and out-of-phase variability at V3. Its typical periodicity is
21 days This mode demonstrates a connection between the flow
at the sill and the deepest part of the strait, probably related to
the late-spring AdDW outflow oscillations. The second mode
(24%) shows in-phase variability at V3 and M7 together with an
out-of-phase variability at V4 and M7. This mode might be related
to the passage of eddies in the strait, having a shorter period of
oscillation (�8 days) which is consistent with eddy phenomena
(Ursella et al., 2011). Finally, the third mode (18%) accounts for
the variability at station V2 at periods of �21 days.

The spatial patterns of the modes during period III (winter-like
season) were rather different from period II. On the other hand,
their power spectra were rather similar, with two prominent
peaks at 7 and 21 days; the shorter periodicity was slightly
predominant in the first mode, while the longer one seemed to
be somewhat more important for the other two modes. The first
mode, which accounts for 45% of the total variance, describes the
in-phase variability of stations V2, V3 and M7. In contrast with
the previous period, a high correlation between M7 and V2 (the
shallowest station of the strait) was found, probably indicating
lighter waters exiting from the Southern Adriatic during that
winter, as already suggested by the correlation coefficients. The
second mode (28%) principally explains the variability at station



Fig. 10. Monthly volume transports during different years, grouped by month.

Fig. 9. Monthly time series of volume transports across the common area indicated in Fig. 5. Winter months are indicated in grey.
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M7. Finally, mode 3, which accounts for 16% of the total variance,
describes in-phase variability between stations V4 and V2.
8. Conclusions

The aim of this paper is to give a detailed description of the
AdDW outflow in the Strait of Otranto and prevailing time scales of
its variability at sub-tidal frequencies. This outflow is evident in
the form of the bottom density-driven currents located at the base
of the western continental slope in the strait. Therefore, continuous
measurements of the current profile were carried out at a transect
located to the south of the sill at the western portion of the strait.
In addition, currents were also measured at the sill bottom.

At the innermost mooring the flow was highly polarized due to
the topographic control of the adjacent continental slope. At the
two deepest locations the flow variability was more circularly
shaped.



Table 6
Eigenvectors and explained variance for the first three modes calculated with an across-strait EOF analysis on the v-current component at the three measurement stations V2,

V3 and V4.

Period I Period II Period III Period IV

Variance
accounted

Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3
53% 27% 17% 58% 21% 17% 56% 23% 19% 57% 29% 10%

V2
u �0.01 0.42 �0.28 �0.04 0.53 �0.06 �0.32 �0.41 0.02 �0.24 �0.49 0.08

i �0.01 0.51 �0.30 �0.04 0.59 �0.06 �0.36 �0.46 0.02 �0.23 �0.53 0.13

l 0.01 0.55 �0.29 �0.05 0.60 �0.02 �0.40 �0.47 0.00 �0.21 �0.54 0.14

V3
u �0.61 0.14 0.32 �0.43 �0.01 0.47 �0.46 0.39 �0.25 �0.52 0.29 0.26

i �0.53 0.15 0.22 �0.42 0.01 0.48 �0.43 0.36 �0.20 �0.49 0.26 0.23

l �0.37 0.11 0.10 �0.28 0.01 0.32 �0.37 0.24 �0.16 �0.39 0.21 0.15

V4
u 0.27 0.26 0.44 0.43 0.04 0.36 0.16 �0.14 �0.53 0.24 0.01 0.38

i 0.26 0.26 0.44 0.43 0.07 0.39 0.16 �0.14 �0.54 0.23 0.00 0.52

l 0.26 0.26 0.45 0.42 0.07 0.40 0.15 �0.15 �0.55 0.27 0.01 0.63

The quantities were calculated considering the ADCP cells at each mooring, i.e. the uppermost one (u), the intermediate (i) and the lowermost one (l). All the eigenvectors

at each cell are reported.

Fig. 11. Daily volume transports during the VECTOR period (black line), with superimposed monthly mean (grey line).
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Currents showed strong low-frequency variability with time-
scales of �10 and 20 days. The variations were vertically
coherent over the studied layer, �100 m thick just above the
sea bottom, with a tendency for the current vector magnitude to
increase with depth. This pattern was more prominent at the
central mooring, i.e. the one situated presumably close to the core
of the outflowing AdDW vein. High vertical coherence of sub-tidal
variations was confirmed from calculations of the cross-correla-
tion function between time-series of the v-current component
along the same vertical. Cross-correlation between different
moorings showed that between the two outermost moorings
the correlation had rather high absolute values, with negative
values between v-components and positive ones between
u-components. This suggests current vector rotations in opposite
senses at the two moorings. The rotary spectra confirmed the
prevalence of the counterclockwise rotation at the outer mooring
and a clockwise rotation at the central one. As confirmed in
previous studies (Ursella et al., 2011), these rotational events are
manifestations of the southward passage of either cyclonic or
anticyclonic eddies over the study transect and have timescales of
�10 days. The 20-day variability was particularly evident at
station V4 and at the station over the sill, but its origin is not
yet understood. In Ursella et al. (2011) baroclinic instability was
invoked as a possible mechanism for the eddy formation. Future
research and analysis of the present data set is needed to estimate
the importance of the vertical velocity shear, that reaches
the largest values at the two outer locations, in generating the
baroclinic instability and the eddy formation.

Correlation calculations between thermohaline properties and
the two current components showed that at the two innermost



Table 7
Eigenvectors and explained variance for the first 3 three modes calculated with an

along-strait EOF analysis on the v-current component at the four measurement

stations (across the section and at the sill).

Period II Period III

Variance
accounted

Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3
46% 24% 18% 45% 28% 16%

V2 �0.06 0.18 0.98 �0.72 0.32 �0.49

V3 �0.32 0.46 �0.002 �0.55 0.11 0.31

V4 0.69 �0.46 0.19 0.18 �0.27 �0.81

M7 0.64 0.74 �0.11 �0.38 �0.90 0.10

All quantities are were calculated considering the deepest cell at each mooring, for

the available periods (see text).

Fig. 12. Interpolated eigenvectors for the first mode concerning the across-strait EOF analysis of the u- (a) and the v- (b) current components at the three moorings V2, V3

and V4 during period IV. The quantities are calculated considering the uppermost, the intermediate and the lowermost cells at each mooring (indicated by dots). The

corresponding time series of the amplitudes for the u- and v-current components are plotted in (c) and (d), respectively. The two events, signature of the two eddies, are

indicated.
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stations strong outflow events (sudden southward flow increases)
were concomitant with an increase in water densities due to the
water temperature decrease. On the other hand, at the outermost
station the cross-isobath flow is responsible for advecting the
higher density water (related to the temperature decrease) into
the deepest part of the study area.

Total kinetic energy as well as mean kinetic energy reached
their maxima at the central mooring. Kinetic energy as a function
of time showed rather large interannual and seasonal variability,
reaching its maximum in late winter/early spring associated with
dense water spreading from the Southern Adriatic. Interannual
variability is presumably due to the intensity of the winter cool-
ing and subsequent dense water spreading.

Daily and monthly volume transports showed substantial
seasonal and higher frequency variability. The maximum value
associated with the outflow was recorded in March 1999 and was
0.27 Sv. On the other hand, the minimum transport was just
0.03 Sv and occurred in October 1997. These differences can be
explained both in terms of the interannual variability of the
intensity of the winter convection and in terms of the seasonal
emptying of the South Adriatic bottom water reservoir.

EOF analysis showed high coherence across the measurement
transect at temporal scales of �10 days. In addition, bottom
water flow at the sill location was highly coherent with moorings
of the Otranto section at the same timescale. However, the maxi-
mum coherence of the sill bottom flow with currents at the
transect in one measurement period was with the two deepest
moorings while in the other it was with the mooring closer to the
continental slope. The varying spatial coherence between the sill
and the transect flows is interpreted in terms of the changing
density of the outflowing AdDW. Consequently, the position of
the vein changes as a function of its equilibrium depth.
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Poulain, P.-M., Artegiani, A. (Eds.), Physical Oceanography of the Adriatic Sea:
Past, Present and Future. Kluwer Academic Publishers, Dordrecht/Boston/London,
pp. 111–142.
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