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[1] The transport of water volume, salt and heat was calculated using continuous
measurements of currents in the Otranto Strait for a one-year period in 1994–95.
Temperature and salinity data sets, available from five hydrographic surveys, were used to
obtain the seasonal temperature and salinity distributions at the Otranto transect. The
Variational Inverse Method (VIM) was applied to reconstruct spatial distributions of the
de-tided low-pass inflowing current component, salinity and temperature. Errors associated
with estimates of transports are influenced by the data coverage: the higher the spatial
resolution, the smaller the error and vice versa. Volume transport reaches a maximum in
winter and spring and attains its minimum in summer. The obtained volume transport
[�1 Sv (106 m3s�1)] should be considered a lower limit value since in that period the
Adriatic was producing relatively small quantities of deep water due to the inflow of
low-salinity (high buoyancy) waters and relatively mild winters. Comparing the mean
advective heat input and the air-sea heat loss, the same order of magnitude between the
two has been obtained which is satisfactory considering the possible errors of the two
approaches. The relative importance of the eddy heat transport to the total transport is
estimated to be only about 5% and thus it can be neglected in a first approximation. The salt
transport estimates show a net input, suggesting a salinity increase during the period of
study; this was confirmed from the long-term salinity data in the Southern Adriatic.
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1. Introduction

[2] Straits, due to their geometry play a key role in con-
trolling the exchange of water masses and related properties
between adjacent basins. The Strait of Otranto is approxi-
mately 75 km wide and 780 m deep at its narrowest section.
The importance of this strait, through which the exchanges
between the Adriatic and the Ionian Seas and, hence with the
rest of Mediterranean are conveyed, has been evident since
early times [Nielsen, 1912; Pollak, 1951; Wüst, 1961]. In
fact, the Adriatic Sea is a major source of the deep water
(Adriatic Deep Water – AdDW) for the entire Eastern
Mediterranean. The AdDW exits through the Strait of
Otranto and oxygenates the deep layer of the Eastern Med-
iterranean. The quantification of the water exchanges at the
strait section is therefore, key in determining the water, heat

and salt budget of the Adriatic Sea as well as in under-
standing the deep thermohaline circulation of the Eastern
Mediterranean [Pollak, 1951; Roether and Schlitzer, 1991].
[3] The air-sea surface heat exchange of the Adriatic Sea

is negative [Cardin and Gačić, 2003; Artegiani et al., 1997]
and this results in the production and outflow of relatively
cold and dense water both over the shallow northern shelf
and in the deep southern pit.
[4] In the Southern Adriatic the deep water formation

takes place through a winter open-ocean convection (as
summarized in Gačić et al. [2001]). This process is favored
by the presence of the salty water of Levantine origin
(Levantine Intermediate Water; LIW) and by cooling and
evaporation at the surface. The cooling and evaporation is
mainly controlled by the winter climatic conditions at the
air-sea interface, i.e., by the surface heat loss.
[5] The thermohaline properties of the Eastern Mediter-

ranean and the Adriatic Sea have changed over the last three
decades mainly due to the effects of the so-called Eastern
Mediterranean Transient (EMT). During this event, the main
source of the Eastern Mediterranean Deep Water (EMDW)
switched from the Adriatic Sea to the Aegean Sea for the
period of 1987–1995 [Klein et al., 1999, 2000;Manca et al.,
2003]. The maximum outflow of Aegean dense water
occurred in 1992–1994 [Roether et al., 2007].
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[6] During the EMT old mid-deep waters replenished the
horizons of the LIW, diluting it by 30% [Roether et al.,
1998]. This resulted in an inflow of the reduced salt con-
tent waters into the Adriatic. This was a consequence of
what was observed also by Manca et al. [2003] in the
upper 800 m of the Ionian Sea, which is the basin that
delivers the LIW to the Southern Adriatic. Namely, they
estimated that the salinity content in 1995 was lower than in
1987, while in 1999 was higher than in 1995. Manca et al.
[2003] also showed how potential temperature and salinity,
typical of the LIW and of the AdDW in the Strait of Otranto,
evolved in the time interval 1986–1999. According to them,
there was a general tendency of both temperature and
salinity of the LIW to be lower during 1986–1992, with
respect to 1995–1999. The period in between (1993–1994)
was characterized by stagnant low values of its thermohaline
properties. The AdDW temperature, salinity, and density in
the same time period prevalently decreased until 1996.
Afterwards, temperature and salinity tended to increase.
[7] The minimum salinity values in the Southern Adriatic

were observed during 1994–1996 [Cardin et al., 2011]. In
addition, during the same period of time the winters were
milder as indicated by the less intense heat loss over the air-
sea interface [Cardin and Gačić, 2003]. These two con-
comitant occurrences, affected the deep water formation in
the Southern Adriatic. That was evident both from the
observations in 1995 as lower maximum density [Klein et al.,
2000], and from the numerical modeling by reduced density
and reduced outflow [Mantziafou and Lascaratos, 2008].
Moreover, due to the anticyclonic circulation in the surface
layer of the northwestern Ionian Sea bringing into its north-
ern part the low-salinity water of the Western Mediterranean
and Atlantic origin [Borzelli et al., 2009], the dilution of the
Ionian surface waters reached its peak in 1995 [Klein et al.,
1999; Civitarese et al., 2010]. In the period 1988–1994, the
volume of dense water produced in the Aegean Sea
increased, corresponding to an average outflow rate of about
1 Sv [Roether et al., 1996], which is more than three times
larger than the previous output from the Adriatic. After 1997
salinity in the intermediate layer of the Ionian Sea, and con-
sequently in the Southern Adriatic started to increase due to
the reversal of the Ionian circulation from anticyclonic to
cyclonic [Borzelli et al., 2009]. This resulted in an increased
salt supply to the surface and intermediate layers of the
Adriatic Sea that led to the recovery of the Adriatic as a pri-
mary source of deep water for the Eastern Mediterranean
[Klein et al., 2000] as had been before the EMT. Moreover,
as the same authors claim, salinity in the Southern Adriatic
was higher in 1999 than in 1987, before the EMT.
[8] The circulation, thermohaline characteristics and water

masses in the Strait of Otranto have been subject to both
observational and numerical studies. Significant contribu-
tions to observation-based research have been made by
Zore-Armanda [1969a], Vetrano et al. [1996], Gačić et al.
[1996], Artegiani et al. [1997], Kovačević et al. [1997],
Manca et al. [2003] and many others. Recent modeling
studies have been conducted, for instance, by Zavatarelli
and Pinardi [2003] and Mantziafou and Lascaratos [2004,
2008], herein referred to as ML2004 and ML2008. Buljan
and Zore-Armanda [1976] reported the first volume trans-
port estimate across the Strait of Otranto, based on direct
current measurements. They estimated a net outflow of

0.012 Sv. The data set used in the present study was first
analyzed by Vetrano et al. [1996], who assessed mean
monthly and annual water transport and corresponding
standard deviations in the Strait (discussed in more detail
below). They used a distance-weighted averaging technique
for the velocity field interpolation over the entire cross-
section. Subsequently, this data set was also analyzed by
Kovačević et al. [1997], who studied the sub-tidal flow
variability and possible driving forces.
[9] ML2004 performed a comprehensive numerical mod-

eling study (using the Princeton Ocean Model, POM) of the
Adriatic Sea. They described the seasonal variation in water
transport across the Strait of Otranto in terms of monthly
values. Their monthly inflow and outflow transports almost
balance each other, with a net annual exchange equal to
�0.003 Sv.
[10] The total heat balance of the Adriatic Sea consists

mainly of two components: heat exchange through the air–
sea interface and advective heat exchange through the Strait
of Otranto. As far as the air–sea heat exchange in the Adriatic
is concerned, various authors have studied it extensively
during the past two decades using observed air–sea fluxes
based on bulk formulae and modeling: Artegiani et al.
[1997] (using climatological values; National Meteorologi-
cal Centre, NMC, and the May data sets), Maggiore et al.
[1998] (computed from the ECMWF operational analyses
data set); Cardin and Gačić [2003] (applying the bulk for-
mulae to the ECMWF ERA-40 reanalysis data set for a time
period of 1989–1999), Zavatarelli et al. [2002] (by using
two data sets: ECMWF analysis and ECMWF reanalysis for
the periods of 1991–1994 and 1982–1993, respectively).
[11] ML2004 also estimated monthly heat transport from

the numerical model forced by climatological year on the
basis of ECMWF reanalysis data for the period 1979–1994.
ML2008 studied interannual variability of the heat budget
and its influence on the deep water formation in the Adriatic
Sea combining ECMWF reanalysis data (1979–1993) and
analysis data (1994–1999).
[12] According to all these studies, the Adriatic Sea on an

annual basis loses heat across the air-sea interface. Thus,
the surface heat loss should be balanced by the advective
input through the Strait of Otranto. To date the heat advec-
tion through the Strait of Otranto has only been reported
by ML2004, who estimated the monthly advective heat
exchange by means of a numerical model. Thus, estimating
heat transport from direct measurements in our study is a
novel result, aiming at quantification of the contribution of
the advection to the heat balance of the Adriatic. The year-
long measurements along the whole section have not been
performed either before or since.
[13] The salt transport in the Strait of Otranto has not been

estimated so previously. The Adriatic Sea exchanges fresh-
water with the atmosphere in the form of evaporation and
precipitation, in addition to the river runoff in coastal areas.
Freshwater has a noticeable effect on the circulation pattern.
The estimates of evaporation and precipitation are associated
with large uncertainties due to poor temporal/spatial cover-
age of observations, especially over the sea. Hence, it is
important to estimate independently the freshwater transport
through the Otranto Strait using oceanographic observations.
The freshwater budget of the Adriatic Sea that has been
reported by ML2008, ML2004, Zavatarelli et al. [2002],
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Artegiani et al. [1997], Raicich [1996] and Zore-Armanda
[1969b] will be discussed and compared to our estimates in
section 5.
[14] The aim of this paper is to provide the first direct

estimates of the heat, salt and freshwater transport across the
Strait of Otranto based on velocity, temperature and salinity
measurements available from December 1994 through
November 1995.
[15] In this study a variation inverse method (VIM) with

the least squares error minimization technique was applied to
interpolate in an unbiased manner the velocity field used
later for the calculations of water transport. The direct esti-
mate of heat transport through the Strait is compared with
the heat exchange through the air-sea interface calculated
from bulk surface flux formulae. The estimate of oceanic
heat transport, which includes its uncertainties, is a useful
constraint for evaluating and calculating surface heat fluxes
at the air-sea interface, and so it can be applied to validate
ocean and coupled atmosphere-ocean general circulation
models [Bryden and Imawaki, 2001].
[16] We addressed both the mean and eddy heat transport,

the latter due to eddy variability, by decomposing the
velocity and temperature time series into means and eddy
fields. The same approach was not possible for the salt
transport, because of the lack of high-resolution long-term
salinity measurements. The freshwater and salt transports,
however, were estimated using the moored velocities and
salinities acquired during the hydrographic surveys.
[17] The data sets used in this study consist of the current,

temperature, hydrographic profiles and meteorological data,
described in detail in section 2. The methods for interpola-
tion and flux calculations, together with the type of analysis
applied are presented in section 3. The estimates of the
water, heat, salt and freshwater transports are given in
section 4, which is followed by the discussion of results and
conclusions in section 5.

2. Data

[18] The oceanographic data set was acquired in the frame-
work of two scientific programs, namely, ‘Hydrodynamics

and Geochemical Fluxes in the Strait of Otranto’ and ‘Otranto
Gap Experiment’. The measurements were carried out along
the east–west transect in the southernmost part of the Adriatic
Sea at 39�50′N (Figure 1). The transect is about 90 km long
and its cross-sectional area is 48 km2. The data were obtained
from the moored sensors and from the hydrographic surveys.
[19] Currents were measured with the array of sixteen

current meters which had a horizontal spacing of about
10 km and relatively poor vertical resolution. Four different
autonomous self-recording current meters namely NBA-
DNC-2B, EG&G SMART, Aanderaa RCM7 and RDI
75 KHz Acoustic Doppler Current Profiler (ADCP) were
employed. Throughout the study period (December 1994
through November 1995) the currents were measured in
three layers, the surface layer (28–42 m deep), intermediate
layer (300–330 m deep) and near-bottom layers, a few tens
of meters above the seabed. The mean hourly current data
were calculated from the measurements with different sam-
pling intervals (details in Kovačević et al. [1997]).
[20] Some current meters were equipped with a tempera-

ture sensor (Figures 1 and 2). The overall duration of
velocity and temperature (Tm) measurements is shown in
Figure 2. Some gaps in the data set were due to instru-
ment or battery malfunctioning (Figure 2). Only the period
from June 1995 to November 1995 had a relatively good
spatial coverage of Tm measurements.
[21] Five seasonal hydrographical surveys were carried

out in December 1994 and February, May, August and
November 1995. The CTD casts consisted of pressure,
temperature (T) and salinity (S) profiles (Figure 1). The
horizontal resolution was about 6–7 km, hence more closely
spaced than the current meters, while the vertical resolution
was about 1 m.
[22] To calculate the air–sea heat fluxes, meteorological

data such as mean sea level pressure, total cloud cover, wind
speed at 10 m above the mean sea level, air temperature, dew
point temperature at 2 m above the mean sea level, and skin
temperature were used. These data were derived from the
European Centre for Medium-Range Weather Forecasts
(ECMWF) ERA-40 Reanalysis data set. The data were
downloaded on a Gaussian grid with 0.25� � 0.25�

Figure 1. Schematic diagram of measurement locations in the Strait of Otranto: stars and circled stars are
the positions of the current and both current-temperature recording sensors, respectively, while dashed
lines indicate hydrographic profiles. The current measurements were carried out from December 1994
through November 1995 and the hydrographic surveys were performed in December 1994, February,
May, August and November 1995.
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resolution in latitude and longitude (interpolated by the
ECMWF system from the original data on a 0.5� � 0.5�
grid) for the same period of the analyzed moored measure-
ments at 6-h intervals (00.00, 06.00, 12.00, 18.00 h GMT).

3. Methodology

3.1. Air-Sea Heat Exchange

[23] The air-sea heat exchange over the entire Adriatic Sea
was calculated as:

QNet ¼ QS þ QB þ QL þ QH ð1Þ

where QNet is net heat flux, QS is solar radiation, QB is
backscattered (long-wave) radiation, QL is latent heat flux,
and QH is sensible heat flux. On the right-hand side the first
term of this equation is calculated by using Reed’s [1977]
formula, the second applying May’s [1986] formula and
the last two terms (turbulent fluxes) by using Kondo’s
[1975] formula. Throughout the text we will use the sign
convention that a negative value implies an upward heat flux
or heat loss from the sea into the atmosphere.
[24] Each term of equation (1) was computed for every

grid point covering the Adriatic Sea. The daily value of solar
radiation was calculated as an integral from sunrise to sun-
set, while the instantaneous values of the long-wave radia-
tion and turbulent heat fluxes were calculated every 6 h and
averaged to obtain mean daily values. The daily net heat
fluxes at each grid point were determined by adding the solar
radiation to the daily mean long-wave and turbulent fluxes
[Cardin and Gačić, 2003]. The average monthly net heat
fluxes were obtained by averaging in time and space over the
entire Adriatic Sea.

3.2. Current Meter Data Treatment

[25] The hourly velocity data were first de-tided. The K1,
O1, M2 and S2 tidal constituents were removed by applying
a harmonic analysis of the T-Tide toolbox [Pawlowicz et al.,
2002], based on Foreman [1978]. In addition, in order to
remove the effect of other high-frequency fluctuations
including inertial oscillations (with an �18.5 h period), low-
pass filtering of the hourly de-tided current data was

performed by applying a symmetric digital filter with 33
weights [Flagg et al., 1976].
[26] Gaps in the velocity time series were filled by

applying multivariate linear regression models to adjacent
(temporally and spatially) current measurements. First, the
correlation between the current data at nearby locations was
examined for the common time intervals. Then simultaneous
adjacent data sets with higher correlation were selected to
reproduce the missing data. The coverage of reproduced
current data is shown in Figure 2. The Root Mean Square
Error (RMSE) between the reproduced and measured data is
on average less than 5 cm s�1.
[27] The current measurements were carried out along a

transect aligned in the east-west direction, so the northward
component of the currents (u), which is perpendicular to the
cross-section, was used for further calculations of volume,
heat and salt transports.

3.3. Reconstruction of the Current, Temperature
and Salinity Fields

[28] As shown in Figure 1, both the current meter mea-
surements and hydrographic profiles have relatively sparse
distribution over the cross-sectional area. To calculate the
volume, heat and salt transports, the observed data fields had
to be adequately interpolated on a high-resolution grid cov-
ering the cross-section, using an unbiased method.
[29] Reconstruction of the cross-section flow was carried

out by applying the Variational Inverse Method (VIM)
[Brasseur, 1991; Brasseur et al., 1996; Troupin et al., 2008,
2010] to the de-tided, low-pass filtered north velocity com-
ponent. The corresponding errors are computational errors
influenced by the data coverage, i.e., the higher the spatial
resolution, the smaller the error and vice versa. This error can
be considered due to the uncertainty of the reconstructed data
field. Implementation of VIM was carried out through the
DIVA (Data-Interpolation Variational Analysis) software
(developed by the Geohydrodynamics and Environmental
Research group GHER, University of Liège, Belgium).
[30] The T and S data sets, available from five hydro-

graphical surveys, were used to reconstruct the temperature
and salinity fields regarded as representative of December
1994 and February, May, August, and November 1995. The
reconstructed fields of velocity, T and S were discretized in

Figure 2. Schematic diagram of duration of the measurements across the Strait of Otranto. Solid line,
dashed line and dotted line stand for current measurements, interpolated current data and temperature
measurements, respectively. The vertical gray stripes show the hydrographic survey time.
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cells centered on a regular grid of 500 m � 25 m in the
horizontal and vertical directions, respectively.
[31] Time series of Tm data were available only at a few

current meters (Figure 2). Consequently, this data set could
not be considered for reconstruction of the temperature field
over the entire section and subsequent calculations of heat
transport. However, these few Tm data were used to deter-
mine, at least partially, the time varying eddy heat transport,
as will be discussed later on.

3.4. Volume, Heat, Salt and Freshwater Transport

[32] The volume, heat, salt and freshwater transports
across the section are calculated as:

V ¼
ZZ

udxdz ð2Þ

HA ¼
ZZ

rCpqvdxdz ð3Þ

ST ¼
ZZ

rSudxdz ð4Þ

F ¼
ZZ

ru 1� Sð Þdxdz ð5Þ

where u, dx, dz, r, Cp, q, and S are current velocity normal to
cross-sectional area (m/s), horizontal and vertical dimen-
sions of a grid cell (m), seawater density (kg/m3), specific
heat capacity (J kg�1 �C�1), potential temperature (�C) and
salinity (�10�3), respectively. Following Wijffels et al.
[1992] we can separate the velocity, temperature, and
salinity fields into section averages v; S; q , and spatially
varying anomalies, v ′(x, z), S ′(x, z), q ′(x, z), such that

v ¼

ZZ
v x; zð Þdxdz

ZZ
dxdz

; v′ x; zð Þ ¼ v x; zð Þ � v ð6Þ

and similarly for q, and S. Neglecting density variations, we
estimate then (3), (4), and (5) as:

HA ¼
ZZ

rCpqvdxdzþ
ZZ

rCpq′v′dxdz

¼ rCpqv
ZZ

dxdzþ rCpq′v′
ZZ

dxdz ð7Þ

ST ¼
ZZ

rS vdxdzþ
ZZ

rS′v′dxdz

¼ rCpSv

ZZ
dxdzþ rS′v′

ZZ
dxdz ð8Þ

F ¼ rv
ZZ

dxdz� rvS
ZZ

dxdz� rv′S′
ZZ

dxdz ð9Þ

The above equations (7)–(9) are used for estimating the
monthly values across the section. To estimate the monthly

heat/salt transport, the potential temperature/salinity field
derived from T and S (CTD surveys) and the corresponding
monthly velocities (moorings) were inserted into the first
term on the RHS of equation (7). However, the temporal
variability over a monthly period remained unresolved.
[33] Similar considerations can be done for time varying

fields also, but the adequate time series from the moorings are
available only for temperature Tm and not for salinity. Thus,
we can estimate only the heat time varying component.
[34] The expression of the instantaneous heat transport

across a transect (equation (3)), in its full form, can be
decomposed as [Jayne and Marotzke, 2002]:

HA tð Þ ¼
ZZ

rCpqvdxdz ¼
ZZ

rCp
�q�vdxdzþ

ZZ
rCp

�qv′dxdz

þ
ZZ

rCpq′�vdxdzþ
ZZ

rCpq′v ′dxdz

ð10Þ

where the [�] stands for the time average and [′] stands for
the time-dependent deviation from average (eddy compo-
nent). On the right-hand side, the first term is advection due
to the time-averaged velocity and temperature. The second
and third terms represent the contribution of the temporal
variation in velocity and temperature, respectively. The
fourth term is the cross-product of velocity and temperature
anomalies, and represents the eddy heat transport. By defi-
nition of temporal averaging, the second and third terms
vanish. Therefore, in a simple form the total mean heat
transport over a desired period is:

rCp

ZZ
qvdxdz ¼ rCp

ZZ
�q�vdxdzþ rCp

ZZ
q′v′dxdz ð11Þ

Therefore, the contribution of eddy heat transport to the
total heat was examined taking into account measurements
of both current and temperature Tm from the mooring
instruments.
[35] The required hourly Tm time series concomitant with

the velocity v are only available for some periods on a subset
of the current meters (Figure 2). For a point-wise measure-
ment, omitting the constant factors, equation (11) can be
written as:

Tmv ¼ Tm �vþ Tm′ v′ ð12Þ

and, after including the constant factors, r and Cp, expressed
in Wm�2.

4. Results

4.1. Air-Sea Fluxes

[36] The average monthly values of solar, long-wave and
turbulent fluxes (equation (1)) and corresponding temporal
variations (standard deviations) are calculated for the whole
study period, from December 1994 through November 1995
(Figure 3). The solar radiation flux is the largest compo-
nent with mean annual value of 124 � 82 (std) W m�2

while maximum and minimum heat gains occur in July
and December, respectively. The longwave radiation flux is
almost constant during the year with an average of �73 �
21Wm�2. The average turbulent fluxes are�15� 28Wm�2
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and �71 � 65 W m�2 for sensible and latent heat fluxes,
respectively.
[37] The mean monthly net fluxes (Figure 3) indicate that

the maximum heat gain and heat loss occur in July and in
November, respectively, ruled by the solar radiation term.
Spring and autumn are transitional seasons. The average
heat flux for the whole period of study is estimated as�36�
153 (std) W m�2.

4.2. Velocity Field

[38] The velocity interpolation over the entire section was
performed for each month of the study period. Vertical dis-
tribution of the north current component (u) is illustrated
here for the four months in 1995 corresponding to the CTD
casts available for the heat/salt transport calculations. There
is a permanent northward flow (inflow) on the eastern side
(Figure 4). This extends to the mid channel and from surface
to intermediate depths (�400 m). During February 1995 and
May 1995, the inflow occupies the whole water column
close to the eastern flank with currents being weaker in the
bottom layer. The speed of the mean inflow varies between
12 cm s�1 in May 1995 and 30 cm s�1 in August 1995.
[39] In the central part of the section a two layer system is

present for most of the time, with inflow in the upper layer
and outflow in the lower layer, both of the magnitude of
about 2 cm s�1. An outflowing current with magnitudes
between �2 and �14 cm s�1 prevails over the western slope
and in the deep portion of the channel.
[40] The velocity error distribution is highly dependent on

the spatial resolution of the measurements (Figure 5). The
minimum errors are around the measurement points and the
maximum errors are in the areas with poor data coverage.
The zone with high error in the lower layer of the channel is
located within the outflow region, with lower error in the
inflow region.

4.3. Temperature and Salinity Fields

[41] The five monthly distributions of potential tempera-
ture (derived using T) and salinity (S) are considered typical
for the season. Thus, December 94 represents autumn 94,

February 95 winter, May 95 spring, August 95 summer and
November 95 autumn again. Only the four 1995 distribu-
tions are illustrated (Figures 6 and 7).
[42] A seasonal variation of temperature is evident par-

ticularly in the upper thermocline layer (Figure 6). Temper-
ature excursions throughout the year are between 12�C and
21�C. In spring, the surface layer gains heat and a thermo-
cline starts to form and persist during summer. The ther-
mocline layer vanishes in late autumn (November 95). In the
interior of the section, temperature is less variable. Warmer
waters (>14�C) are found along the eastern flank from sur-
face to mid depths (400 m), and cooler waters (<13.4�C)
lean against the western continental slope (Figures 4 and 6).
[43] Seasonal variations in salinity (Figure 7) are evident

principally in the surface layer (few tens of meters) mainly
on the western shelf. During summer, salinity pattern is quite
irregular.
[44] Higher temperatures on the eastern side are coincident

with a core of high salinity S > 38.75 [Manca and Giorgetti,
1998], indicating inflow of the Levantine Intermediate
Water (LIW) between 200 and 300 m. In contrast, on the
western side, there is a lower temperature and lower salinity
throughout the water column. In addition, a signal of low
temperature (�13.2�C) with salinity of �38.63 is present on
all sections over the western slope in the bottom layer of the
strait; this corresponds to AdDW [Manca and Giorgetti,
1998; Manca et al., 2002]. A detailed description of the
thermohaline characteristics of the water masses in the Strait
of Otranto is found in Gačić et al. [1996].

4.4. Volume Transport

[45] The monthly average volume transports and
corresponding errors are reported in Table 1. The maximum
average inflow takes place in December 1994 with 1.24 �
0.05 Sv and the maximum outflow occurs in August 1995
with 1.39 � 0.34 Sv. The average annual net transport is
equal to �0.04 � 0.28 Sv, which is the difference between
an inflow of 0.90 � 0.04 Sv and an outflow of 0.94 �
0.32 Sv. The monthly inflow and outflow transports are
even more unbalanced. This can be due to the low spatial

Figure 3. Mean monthly components of air-sea heat fluxes of the Adriatic Sea from December 94
through November 95. QS, QB, QL, QH and QT are solar (short wave) radiation, backscattered (long-wave)
radiation, latent heat flux, sensible heat flux and total (net) heat flux, respectively.
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resolution of the current measurements especially in the
outflow region.
[46] The errors of the inflow transports are usually less

than 10%, while the errors of outflow transports are larger,
30–50%. Consequently, the higher error of the outflow
results in higher error in the net transports.

4.5. Heat Transport

[47] The heat transport due to advection through the
Strait of Otranto for five periods is presented in Table 2.
The maximum amount of imported heat, 18 TW (1 TW =
1012 W), occurred in November 1995 and minimum of

10 TW in May 1995. The only heat export of 10 TW occurs
in August 1995. The average quantity of the heat transport
for the period of study is equal to 8.844 TW, corresponding
to the net inflow (gain) of heat. In the steady state con-
ditions, this should be balanced by the equivalent amount
of 64 W m�2 of the heat loss across the air-sea interface.
The latter is obtained dividing the average heat transport of
the 8.844 TW by the area of the Adriatic Sea which is
�138600 Km2. The total heat transport is mainly due to the
mean velocity and temperature over the section, but the
contribution of the spatially variable flow and temperature is
consistent, amounting to 20–30% of the total heat.

Figure 4. Average monthly reconstructed north current
component (u) for (a) February 95, (b) May 95, (c) August
95 and (d) November 95. Solid isolines with positive values
stand for northward current and dashed isolines with nega-
tive values stand for southward currents. Units are cm s�1.
Dots are the positions of the current recording sensors.

Figure 5. Errors associated with the average monthly
reconstructed north current component (u) using VIM for
(a) February 95, (b) May 95, (c) August 95 and (d) November
95. The dashed isoline indicates zero current (shear zone).
Units are cm s�1. Dots are the positions of the current record-
ing sensors.
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[48] As seen in Figures 4 and 6, the inflowing waters on
the eastern side are generally warmer than the outflowing
waters on the western side. Moreover, the inflowing waters
in the upper layer are warmer and saltier than in the lower
layer. To examine the role of the different layers in the total
heat transport, the cross-sectional area is divided into two
main parts. The upper layer extends from the sea surface
down to 300 m depth and the lower one from 300 m depth to
the bottom. We do not expect that there is necessarily a mass
balance within each layer (as we do expect it for the whole
section), so we adopt the approach suggested by Hall and
Bryden [1982] and Talley [2003]. According to them, the
contribution to the total heat transport was evaluated using a

term “temperature transport” that denotes the heat advected
within the area where the mass balance is not conserved. The
temperature transport is then considered both with the inflow
and with the outflow within each of the two layers. In order
to establish which is the mechanism more relevant for the
temperature transport (horizontal or vertical-overturning) the
following calculations have been performed. In the upper
layer the inflow/outflow weighted temperatures (tempera-
ture transport divided by volume transport) are 15.23�C
and 14.65�C respectively, while in the lower layer they are
13.84�C and 13.47�C. The weighted temperatures of the
upper and lower layers are 15.66�C and 13.43�C. So, the
differences between the inflow and outflow in the upper
and lower layer are 0.58�C and 0.37�C, respectively, while
for the whole section the difference between the upper and

Figure 6. Potential temperature distribution in (a) February
95, (b) May 95, (c) August 95 and (d) November 95. Dashed
lines indicate hydrographic profiles. Units are degree of
centigrade.

Figure 7. Salinity distribution in (a) February 95, (b) May
95, (c) August 95 and (d) November 95. Dashed lines indi-
cate hydrographic profiles.
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lower layers is 2.23�C. This shows that the contribution of
the overturning circulation to the temperature transport is
more relevant than the horizontal circulation (Figure 9).
[49] From the CTD based temperature (T), taken as rep-

resentative of the monthly distribution we cannot deduce
anything about the possible contribution due to the weekly
(eddy) variability (equation (11)). To quantify this time
varying component, simultaneous time series of hourly
currents (v) and temperatures (Tm) from the moorings are
required. However, these data are available for a limited time
period and for restricted locations only. The selected time
series and corresponding heat fluxes (as in equation (12)) are
reported in Table 3. Within each period time averaged
velocities and temperatures were calculated, as well as the
respective time varying anomalies, that contribute to the
eddy variability at each location. Moreover, the synthetic
time series composed of the diurnal and semidiurnal tidal
constituents (K1, O1, M2 and S2) of both velocity and
temperature was used to estimate the possible tidally corre-
lated contribution to the total heat flux. As evident from
Table 3, contribution of the diurnal and semidiurnal tidal
constituents is negligible. It is at most 1% at the shelf break
(station M2) in the surface layer. At this point we can argue
that the eddy variability is due prevalently to the low fre-
quency motions across the strait. The estimated contribution
of the time varying eddy heat flux to the total heat flux
(Table 3) ranges from 0.1% to 5.9%. It is more evident in the
surface layer of the eastern and western flanks (stations M1,
M2, M3, M6), while in the central and deep portions of the
section it is less than 1%.
[50] Therefore, neglecting of the eddy heat transport has

little effect on the net heat transport based on the assump-
tions we adopted, i.e., that instantaneous temperature dis-
tributions are considered representative for a monthly time
interval. In other words, the calculated heat transport using
average monthly current data and seasonal hydrographical
data can be considered as a reliable estimate of the total heat
transport. However, the annual cycle of monthly values has
significant excursion, probably comparable to the monthly
air-sea heat flux, which with the available five monthly
values we are not capable to reproduce correctly. Our

expectation is that the average value from the five monthly
data is overestimated, because we include most of the
months with the heat gain, and only one, August, with the
heat loss through the section.

4.6. Salt Transport

[51] The calculated total salt mass transports have positive
values (salt gain) for four out of five monthly periods, that is,
December 94, February, May and November 1995 (maxi-
mum gain) (Table 4). The salt is lost in August 1995. Almost
entire salt mass transport is due to the mean velocity and
salinity distribution, and the spatially variable contribution is
negligible. The average annual salt mass transport (obtained
as the mean of the five values) is equal to 3.177 Mkg s�1,
which would correspond to a salinity increase of about
2.5 (psu) of the entire Adriatic Sea for the period of study in
the absence of any fresh water gain. However, even a real-
istic freshwater gain cannot compensate for such a high
value. The same considerations about the possible incom-
plete annual cycle represented only by the five monthly
values with prevalent gain, as for the heat transport, are valid
also here.

4.7. Freshwater Transport

[52] The freshwater budget shows net export for four out
of five periods (Table 5). A decisive role in the case of the
freshwater transport across the section is due to the spatially
variable distribution of velocity and salt, which is of almost
the same magnitude but of the opposite sign with respect to
the mean velocity and salinity distribution. On a yearly
basis, as a mean of the five monthly values, negative net
transport (outflow) of freshwater prevails through the Strait
of Otranto. This amount,�0.001 � 0.019 Sv is equivalent to
0.177 m yr�1 of fresh water loss across the section (obtained
by expressing the total volume of freshwater outflow in a
year, 0.001� 10�6 m3 � 3600� 24� 365 s, and dividing it
by the Adriatic Sea area of 138600 km2), and is associated
with a large error.

5. Discussion and Conclusions

[53] The circulation, as well as water, heat, salt and
freshwater transports across the Strait of Otranto, and air-sea
heat fluxes over the Adriatic Sea were studied using current,
temperature, salinity and meteorological data collected in
1994 and 1995. The direct method was applied to data sets to
estimate the transport values.

Table 1. Volume Transport Through the Strait of Otrantoa

Period
Inflow
(Sv)

Outflow
(Sv)

Net Transport
(Sv)

December 94 1.24 � 0.05 1.12 � 0.34 0.12 � 0.28
January 95 1.15 � 0.05 1.17 � 0.33 �0.02 � 0.25
February 95 1.17 � 0.03 0.98 � 0.29 0.19 � 0.29
March 95 1.02 � 0.06 1.04 � 0.28 �0.02 � 0.29
April 95 0.66 � 0.11 0.82 � 0.24 �0.15 � 0.25
May 95 0.73 � 0.10 0.60 � 0.25 0.12 � 0.27
June 95 0.79 � 0.08 0.84 � 0.27 �0.05 � 0.28
July 95 1.17 � 0.10 0.85 � 0.26 0.32 � 0.26
August 95 1.10 � 0.03 1.39 � 0.34 �0.30 � 0.25
September 95 0.730� 0.00 0.89 � 0.32 �0.16 � 0.28
October 95 0.96 � 0.05 1.27 � 0.35 �0.32 � 0.29
November 95 0.81 � 0.07 0.57 � 0.33 0.24 � 0.27
Dec 94- Nov 95 0.90 � 0.04 0.94 � 0.32 �0.04 � 0.28

aUnits are in Sv (106 m3 s�1). The mean values for months and for
the whole period are obtained from average monthly velocity field, and
average velocity for the period of December 94 – November 95, respec-
tively. Bolded months are used to calculate the heat, salt and fresh water
transports.

Table 2. Heat Transport Through the Strait of Otranto for
December 1994, February, May, August and November 1995a

Period
Total Heat

(TW)

Heat Due
to the Mean v
and q (TW)

Heat Due to the
Spatially Variable v

and q (TW)

December 94 10.831 � 0.780 6.895 3.936
February 95 15.784 � 0.820 10.838 4.946
May 95 9.735 � 0.785 6.800 2.936
August 95 �10.329 � 0.782 �17.139 6.810
November 95 18.196 � 0.794 14.273 3.923
Dec 94- Nov 95 8.844 � 1.792 4.333 4.510

aUnits are Tera Watts (1012 W). The mean values for the whole period are
obtained by averaging five monthly values.
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[54] The main features of the flow field are, as already
described [Kovačević et al., 1997] the horizontal counter-
clockwise shear in the strait, with inflow (northward) to the
east and outflow (southward) to the west, and a two-layer
system in the central deep portion with inflow in the surface
and outflow at the bottom layer.
[55] The monthly volume transport across the Strait of

Otranto (Table 1) shows a seasonal variability: both inflow
and outflow are generally larger in winter (January,
February, March), smaller in spring (April, May, June), and
more variable in summer (July, August, September) and
autumn (October, November, December).
[56] Annual average values in our study are 0.90 Sv �

0.04, 0.94 Sv � 0.32 and �0.04 Sv � 0.28, for the inflow,
outflow and net volume transports. Vetrano et al. [1996]
estimated the average annual volume transport as inflow of
1.15 Sv � 0.53 (standard deviation), outflow of 1.16 Sv �
0.53 (standard deviation), and net of �0.01 Sv (their results
have been rounded to two decimal places to be comparable
with our results). They ascribed the uncertainty, i.e., the size
of the standard deviation, to the variability over a yearly time
interval from the daily values, while in our case the uncer-
tainty is explained in terms of errors attributed to the inter-
polations over a regular spatial grid due to the uneven spatial
coverage (Table 1).
[57] The numerical values of the monthly volume trans-

port shown by ML2004 (their Figures 9a and 9b) were
kindly provided by A. Mantziafou (personal communica-
tion, 2009), and together with the values from our study and

from Vetrano et al. [1996] are reported in Figure 8. There is
a general agreement between our and Vetrano et al. [1996]
monthly fluctuations. There are notable differences with
respect to the behavior of the annual cycle of ML2004.
Namely, they reported the maximum volume transports in
spring and minimum in autumn, while in our case, the
maximum occurred during winter and minimum during
spring. The inflow and outflow transports in ML2004 bal-
ance each other on a monthly basis, and the net annual
exchange is equal to �0.003 Sv. We point out that their
study is based on climatological forcing for the period 1979–
1994 while our study refers to a specific year.
[58] The obtained volume transport estimates should be

interpreted in terms of interannual and decadal variability of
the AdDW formation rate. It depends on the winter air-sea
heat exchange and on the salt inflow into the Adriatic [Klein
et al., 2000; Gačić et al., 2010] as a preconditioning process.
As a result, this variability affects the volume exchange
between the Adriatic and the Ionian. We have already
mentioned that the study period covers only one year of
measurements, from December 1994 to November 1995.
During that period the basin was characterized by relatively
weak winter air–sea heat loss and by the presence of low-
salinity waters. Both yielded to a weak convection and to a
small dense water production rate. Thus, our estimates can
be considered lower bounds of the volume exchange rate.
[59] The air–sea net annual heat flux and corresponding

temporal standard deviation are estimated as a heat loss of
36 � 153 W m�2 for the study period. The associated large

Table 3. Point-Wise Heat Flux: Total, Time Averaged, Eddy and Tidal (Diurnal + Semidiurnal) Flux at Six Locations and for Selected
Time Intervals in the Strait of Otrantoa

Location Start
Duration
(day)

Total rCpqv
(MW/m2)

Time Averaged rCpqv
(MW/m2)

Eddy rCpq′v′
(MW/m2)

Eddy Cont.
(%)

Tidal rCpqtvt
(MW/m2)

Tidal Cont.
(%)

M1 (surface) 27/08/1995 83 �14.0348 �13.2131 �0.8216 5.8543 �0.0012 0.0089
M1 (bottom) 27/08/1995 83 �1.6240 �1.6441 0.0201 1.2354 0.0000 0.0007
M2 (surface) 17/05/1995 116 �0.9212 �0.8997 �0.0215 2.3339 �0.0086 0.9335
M2 (bottom) 17/05/1995 185 �1.1566 �1.1621 0.0055 0.4718 0.0056 0.4851
M3 (surface) 10/02/1995 105 �0.9478 �0.9761 0.0284 2.9943 0.0000 0.0036
M3 (mid layer) 27/08/1995 83 �0.8807 �0.8905 0.0098 1.1159 0.0000 0.0037
M3 (bottom) 27/08/1995 83 �3.3668 �3.3867 0.0198 0.5892 0.0000 0.0000
M4 (bottom) 20/05/1995 182 �1.9556 �1.9660 0.0104 0.5309 0.0001 0.0035
M5 (surface) 12/02/1995 52 9.5764 9.5610 0.0154 0.1608 0.0000 0.0001
M5 (mid layer) 17/05/1995 187 0.4192 0.4191 0.0001 0.0127 0.0000 0.0002
M5 (bottom) 17/05/1995 187 �1.6795 �1.6921 0.0126 0.7485 0.0000 0.0008
M6 (surface) 27/08/1995 83 15.7691 15.2809 0.4883 3.0963 �0.0028 0.0178
M6 (mid layer) 27/08/1995 83 1.1952 1.1969 �0.0016 0.1369 0.0000 0.0000
M6 (bottom) 27/08/1995 83 0.9098 0.9101 �0.0004 0.0391 0.0000 0.0000

aUnits are in Mega Watts (106W) per m2. Eddy/tidal contribution (Cont.) is a ratio of the eddy/tidal to the total heat transport � 100, as a percentage.

Table 4. Salt Mass Transport Through the Strait of Otranto for December 1994, February, May, August and
November 1995a

Period
Total Salt Mass Transport

(�106 kg s�1)

Contribution Due
to the Mean v and S

(�106 kg s�1)

Contribution Due to the
Spatially Variable v and S

(�106 kg s�1)

December 94 4.931 � 0.559 4.887 0.043
February 95 7.757 � 0.558 7.716 0.041
May 95 4.934 � 0.551 4.833 0.101
August 95 �11.715 � 0.549 �11.848 0.133
November 95 9.981 � 0.562 9.909 0.072
Dec 94- Nov 95 3.177 � 0.556 3.100 0.078

aUnits are Mega kg s�1 (106 kg s�1). The mean values for the whole period are obtained by averaging five monthly values.
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standard deviation corresponds to the intraannual variability.
Artegiani et al. [1997] estimated a range of heat loss
between 19 W m�2 and 21 W m�2 while evaluation by
Zavatarelli et al. [2002] was between 17 W m�2 and 19 W
m�2. ML2004 calculated the mean annual air–sea heat
exchange for the Adriatic Sea based on 1979–1994 ECMWF
climatology (except for sea surface temperature) as a heat
loss of 24 Wm�2. Simulating the interannual variability for
1979–1999 period, ML2008 calculated 15 W m�2 of the
heat loss in 1995. Cardin and Gačić [2003] estimated an
annual average heat flux equal to �30 W m�2 for the year
1995. They reported a minimum of �41 W m�2 in 1991 and
maximum of +2 W m�2 in 1994, while the average for the
entire period 1989–1999 was �18 W m�2. These results
demonstrate the high interannual variability of the surface
heat flux in the Adriatic Sea, while our study has focused
only on a specific period (from December 1994 through
November 1995).
[60] The direct estimate of the Otranto Strait heat trans-

port, which should balance the air–sea heat exchange, is
equivalent to 64� 13 W m�2 of heat input into the basin. As
shown in Figure 9, this heat input is mostly due to the con-
tribution of the overturning circulation, rather than the hor-
izontal circulation, to the temperature transport.

[61] From the monthly heat transports reported in ML2004
we calculated an annual heat gain of 2.92 TW which is
almost three times less than our result of 8.844 TW. If we
compare individual months, we observe that our values are
at least two-three times greater than theirs, except in May,
when they are quite similar (Table 2) (as shown in ML2004,
Figure 9b). These differences might originate from the dif-
ferent approach and/or data sets used.
[62] Comparing the surface heat loss over the basin which

is 36 � 153 W m�2, and the direct estimate of the heat
transport equal to 64 � 13 W m�2, which should balance
each other, we see that these two independent estimates
agree in sign but not in magnitude. The balance requires
either surface heat loss be doubled or heat transport halved.
However, bearing in mind the different approaches and
methodologies used for estimating the two fluxes (also
called ‘meteorological’ and ‘oceanographical’ approaches),
the difference in numbers is not so surprising. We consider
that the crucial difference is due to the fact that five months
of direct measurements do not simulate the correct annual
cycle. By analogy with the air-sea fluxes, we miss the per-
iods with prevalent heat loss across the strait: we have it
only in August 95. So, the more realistic estimate should be
<64 W m�2. The air-sea flux estimate is associated with

Table 5. Freshwater Transport Through the Strait of Otranto for December 1994, February, May, August and
November 1995a

Period
Total Freshwater
Transport (Sv)

Contribution Due
to the Mean v
and S (Sv)

Contribution Due to the
Spatially Variable v

and S (Sv)
Equivalent

Freshwater (m)

December 94 �0.001 � 0.021 0.042 �0.043 �0.023
February 95 �0.002 � 0.021 0.039 �0.041 �0.033
May 95 �0.001 � 0.018 0.099 �0.101 �0.023
August 95 0.003 � 0.018 0.136 �0.133 0.056
November 95 �0.002 � 0.019 0.069 �0.072 �0.046
Dec 94- Nov 95 �0.001 � 0.019 0.077 �0.078 �0.177

aUnits are Sv (106 m3 s�1). The mean values for the whole period are obtained by averaging five monthly values. The last column
represents the equivalent freshwater height over the Adriatic Sea area. Its value for the entire time interval is obtained from the
corresponding total freshwater transport.

Figure 8. Comparison of average monthly volume transport from this study (black bars), Vetrano et al.
[1996] (gray bars), and ML2004 (white bars). The latter is climatological annual cycle of 1979–1994
(upper time scale). Positive/negative values refer to the inflow/outflow across the section.
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high standard deviation (�153) due to the large annual
deviation. As reported in Bryden and Imawaki [2001],
estimates of air–sea heat fluxes by applying bulk formulae
are also associated with large uncertainties, up to about
�30 W m�2. On the other hand, the error associated with the
direct estimate in our study (�13 W m�2) is smaller.
Because all of this, these two numbers are unlikely to be
equal, and this inequality opens a critical discussion on the
advantages and disadvantages of each approach.
[63] The apparent disagreement between the air–sea and

advected heat fluxes has other possible causes, besides the
meteorological or oceanographical approaches: selection of
different data sets and different versions of bulk formulae
result in different estimations for the air–sea heat fluxes
[Cardin and Gačić, 2003]. Moreover, the meteorological
parameters are associated with uncertainties, and some of
them are under or over-estimated. In addition, both meteo-
rological and current fields suffer from relatively coarse
spatial resolution.

[64] On an annual time scale, the advected heat should be
balanced by the air–sea heat loss but on a shorter time scale
imbalance might be expected due to intraannual variation of
heat content of the Adriatic Sea and due to seasonal cooling
or warming. Consequently, they do not necessarily balance
each other at time scales shorter than a year.
[65] The contribution of the eddy heat transport to the total

heat transport is less than 6%. Hence, by calculating the
monthly heat transport from averaged current and tempera-
ture distributions, we assessed the major part of the total heat
transport due to advection (Table 3).
[66] The salt transport through the Strait of Otranto has

been quantified for the first time. The result shows a net salt
input into the Adriatic Sea (Table 2), which corresponds to
the salinity increase equivalent to 2.5 (psu) in the course of
one year. As we discussed in the case of temperature, the
mechanism of salinity transport across the strait in two layers
was determined. Again, the overturning circulation with the
weighted salinities of 38.95 and 38.67 for the upper and

Figure 9. Average heat transport through the Strait of Otranto for (a) upper 300 m layer and (b) lower
layer. Black, gray and white bars stand for inflow, outflow and net heat transport, respectively. Units
are in Tera Watts (1012 Watts).
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lower layers respectively, contributed more to the salinity
transport than did the horizontal circulation. However, even
though the tendency, that is, the salt input is plausible
(increase of salt may justify inter-annual variability in
salinity, as it will be discussed in the following), the value is
too large.
[67] The direct estimate of fresh water transport through

the Strait of Otranto in our study was equivalent to 0.177 m
yr�1 loss across the section (Table 5). This water loss should
be balanced by E � (P + R) within the basin, that is, the
difference between evaporation (E) and fresh water gain
[precipitation (P) + riverine discharge (R)]. We consider, as
in the case of the heat balance, that five monthly values are
probably not sufficient to simulate well the annual fresh-
water cycle. Nevertheless, if we compare individual monthly
values expressed in m (Table 5) with the climatological ones
form Artegiani et al. [1997], our values are consistently
smaller by a factor of 2 or 3, and our August 95 value is
positive. Comparison with the analogous climatological
monthly values from ML2004 (calculated by ourselves from
their monthly freshwater budget in m/year) is satisfactory for
December, February, May, and November: our/ML2004
data are thus �0.023/�0.032, �0.033/�0.031, �0.023/
�0.028, and �0.046/�0.029, respectively. There is a dis-
crepancy for August, +0.056/�0.007.
[68] So, looking at the section, the Adriatic Sea imports

salt and losses freshwater. On a longer run, this would cause
a salinity increase within the basin. If we consider steady
state conditions for salinity, there should be a freshwater
gain over the Adriatic Sea through the river runoff, precipi-
tation and evaporation budget, of about 18 m yr�1 to balance
the estimated salt input. Obviously, this is not a realistic
value, it is ten times larger than the climatologically deter-
mined freshwater gain of 1.14 m yr�1 [Artegiani et al.,
1997] and hundred times larger than the estimate we
obtained (0.177 m yr�1). Our result is compared to {Evap-
oration (E) – [Precipitation (P) + River (R)]} based on
numerous previous studies. ML2004 and ML2008 report
gain of 0.6 m yr�1, estimated both as climatological value
and specific value for 1995. Zavatarelli et al. [2002] esti-
mated a fresh water gain of 0.85 m yr�1 using the ECMWF
reanalysis. Artegiani et al. [1997] estimated 1.14 m yr�1

associated, however, with a large error in precipitation
and river runoff. Raicich [1996] evaluated fresh water gain
from 0.65 to 1.10 m yr�1 using different data sets, while
Zore-Armanda [1969b] estimated a value between 0.48
and 0.56 m yr�1. Relatively low value from our estimate
might be again caused by an inefficient annual cycle
obtained from only five monthly data.
[69] Turning back to the salt content, Cardin et al. [2011]

carried out a study on the variability of water masses in the
Southern Adriatic for the period 1990–2009 using data sets
from 36 hydrographic surveys. They found that salinity and
temperature in the Southern Adriatic show prominent annual
and decadal variability. Salinity in the layer 200–1000 m
of the Southern Adriatic may vary up to 0.14. So, a con-
sideration of a nonsteady state condition for salinity is quite
realistic also for our yearly interval. The salinity (as well as
temperature) underwent a decrease during the first half of
the 1990s with a minimum in 1995. On the other hand as
mentioned in the Introduction, the salinity reduction coin-
cided with milder winters in the Southern Adriatic. Cardin

and Gačić [2003] studied the winters of the period 1989–
2000. The 1993–1994, 1994–1995, 1995–1996 and 1996–
1997 winters show positive air-sea heat flux anomalies
(milder winters) for the Southern Adriatic. Due to the low
salt content in the intermediate layer and warmer winters,
the dense water formation in the Adriatic was rather weak.
Subsequently, the positive salinity trend was responsible for
the recovery period of deep water formation in the Adriatic
Sea [Klein et al., 2000]. Our measurements were carried out
in the period when the inversion of the salinity trend had
taken place, becoming positive, which is consistent with our
salt gain, but the magnitude of our increase is one order of
magnitude larger than the maximum range observed. This
shows that the salinity transport is the most critical issue
of our analysis. More appropriate observations, with even
finer spatial resolution across the whole section, preferably
for a long time interval, would be necessary to ascertain this
part of analysis.
[70] Finally, as suggested by Bryden and Imawaki [2001],

we corroborate that the direct estimation of heat transport can
be used as a constraint to validate air–sea heat fluxes.
Therefore, by considering the heat advection (from direct
measurements) as a reference, one can tune the bulk formulae
to modify the estimation for the air-sea heat fluxes or select a
more appropriate meteorological data set. We are, neverthe-
less, aware that the observational set up of the oceanographic
measurements we had at our disposal was not entirely ade-
quate for quantifying heat and salt transfer between the
Adriatic and the adjacent Mediterranean, especially not for
closing the annual budget. This is however, the first attempt
and hopefully not the last one. The experience of our study
should help in projecting future observational efforts to study
the variability of the heat and salt transport into the Adriatic,
and their role in the formation of deep Adriatic water and its
spreading to the Eastern Mediterranean.
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