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Abstract

Abstract

The water transport and advected heat through the Strait of Otranto are computed
applying a new methodology to the historical data set. According to the previous
oceanographic studies, the Adriatic Sea annually loses heat through the air-sea interface.
This heat loss should be balanced by the heat advected across the Strait of Otranto. Direct
current measurements for almost one year (from December 94 through November 95),
and five seasonal oceanographic campaigns are used in this study.

The current data are measured at sixteen locations at different depths; near surface,
intermediate depths and near bottom. The measured current data are detided and low pass
filtered in order to remove tidal and inertial oscillations. A variational inverse method
based on a variational principle and a finite element solver is used to reconstruct the
current field across the Strait section from sparse measurements.

The mean water flow across the strait consists of an inflow on the eastern side and an
outflow on the western side, while there is a two layer structure in the central part. The
latter has an inflow in the surface layer and an outflow in the bottom layer.

The mean monthly, seasonally and yearly water transports and corresponding errors
are calculated. The mean annual inflow and outflow water transport rates are estimated as
0.90+0.04 Sv and -0.94+0.31 Sv and the net transport is equal to -0.04+0.32 Sv. Thus, on
a yearly time interval, the inflow and the outflow are practically compensated. These
estimations of water transport are in agreement with previous studies.

The seasonal heat flux is estimated by using the data collected during the
hydrographic surveys conducted in December 1994, February, May, August and
November 1995. The results show a net heat advection into the Adriatic Sea on a yearly
basis. The estimated values of advected heat and the corresponding errors, applying two
different methods are 2.93+0.35 TW and 2.5+0.35 TW, which are equivalent to heat gain
of 21.3£2.5 Wm™ and 17+2.5 Wm™ for the whole basin. These values are compared to
the calculated heat loss of -36+152 (std) Wm™ by means of bulk formulas over the
Adriatic Sea.

Salt transport is calculated by using salinity and current data. The average annual salt
transport is estimated as an inflow of salt equal to 0.05x10° Kgs'. The average annual
fresh water budget is estimated as -0.002 Sv which is equivalent to fresh water gain of
0.45 m/year for the entire Adriatic Sea. The import of salt and gain of fresh water are in
agreement with the fact that the Adriatic Sea is a dilution basin.
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Chapter One
Introduction

The circulation of the Adriatic Sea is an important component of the oceanographical
and climatological issues of the basin and its surrounding environment. This circulation is
driven by various types of forcings (Poulain and Raicich, 2001): wind stress, freshwater
runoff, air-sea fluxes (surface buoyancy fluxes), and exchange through the Strait of
Otranto.

All of these characteristics are addressed by many authors in the literature; however
the exchanges of water, heat and salt through the Strait of Otranto has not been studied
comprehensively so far.

There is an agreement among the authors that firstly, the Adriatic Sea loses heat on an
annual basis and has a negative heat balance (Artegiani et al. 1997, Cardin and Gaci¢
2003, Zavatarelli and Pinardi 2003) and secondly, in contrary with whole Mediterranean
basin, the Adriatic Sea gains significant fresh water and is a dilution basin (Artegiani et
al. 1997, Raicich 1996 and Gaci¢ et al. 1996).

The heat transport can be calculated by several methods. The most frequently used
methods by oceanographers are (Bryden and Imawaki, 2001):

i) Traditional method, which estimates the air-sea heat exchange by applying bulk
formula to surface observations over a specified area, and consequently deduces
the transported heat by the sea to balance the air-sea flux.

i1) Direct method, in which the transported heat is calculated from current velocity and

temperature measured over a cross-sectional area at the open boundary.
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Traditional method can be applied to any particular area, but its inability to identify
biases in the sea surface observations or estimation of fluxes over a large scale area are
the main weakness of this method (Bryden and Imawaki, 2001).

The direct method for estimating heat transport does not contain complicated
calculations, but this method can only be applied to locations where high quality
measurements of currents and temperature are available. In other words this method
depends on the knowledge of circulation of the area. This method can be used to verify
the heat estimation using air-sea heat exchange as well.

The air-sea heat exchange over the entire Adriatic basin is studied comprehensively by
means of bulk formulas and/or numerical models (for details see chapter two). Almost all
of the findings show a varying range of negative annual average of surface heat flux. This
implies that considering steady state condition, there should be some sources of heat to
balance this heat loss for the Adriatic Sea. The only possibility for this process is
importing heat by means of advection through the Strait of Otranto. On the other side
since the Adriatic Sea gains fresh water (for more detail see chapter two), there should be
a net outflow from Strait of Otranto to the lonian Sea. So to complete this puzzle, there is
a necessity to perform a detailed study on transport (including water, heat and salt) across
the Strait of Otranto.

In this research work on one hand, a detailed study on the flow field in the Strait of
Otranto as well as water volume transport and its variability is carried out. On the other
hand, heat transport across the Strait of Otranto by means of advection is estimated and
compared with calculated air-sea heat exchange for the same period. Finally the salt
transport is calculated to estimate the fresh water gain.

The mean monthly, seasonal and annual water volume exchanges are calculated using
direct current observations across the Strait of Otranto. Currents are measured in the
framework of projects “Hydrodynamics and Geochemical Fluxes in the Strait of
Otranto”, and “Otranto Gap Experiment”, OGEX for almost one year (from December
1994 through November 1995) along a transect in the southernmost portion of the Strait
of Otranto. To calculate a net transport and to prevent the effect of tides and high-
frequency oscillations, the detided and low-pass filtered current data are used.

Two different methods are used to reconstruct the current field in the Strait of Otranto
and consequently transport calculations. The first is a variational inverse method (VIM),
and the second is a classical geostatistical interpolation method, Kriging with considering
relevant parameters. These two results are compared with previous studies.

The VIM technique is applied to reconstruct the temperature field. The seasonal
advected heat fluxes are calculated by combining evaluated water transport and
temperature data, derived from seasonal hydrographic observations and temperature time
series measured by current meters. Five hydrographic cruises are carried out throughout
the current measurement period across the Strait of Otranto.

The air-sea heat exchange for the same period is calculated by means of bulk

formulas. The European Centre for Medium-Range Weather Forecasts ERA40
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Reanalysed data set is used in this calculation. The mean monthly, seasonal and annual
air-sea heat exchanges are obtained.

The results from calculations, air-sea heat exchange and advection through the Strait
of Otranto, are compared on a seasonal and annual basis.

To provide an estimate of the fresh water budget of the Adriatic Sea, the seasonal and
annual transport of salt, across the Strait of Otranto is calculated. This is done by using
water volumes and salinity data derived from hydrographic observations.

This thesis is organized as follows: chapter one contains introduction; in chapter two
background of study is presented, chapter three describes materials and methods, and

chapter four includes the discussion on results and conclusions.

Adriatic Sea

Adriatic Sea is a semi-enclosed basin located in the northern part of the central
Mediterranean between Italy on the western and Croatia, Albania and Greece on the
eastern side. It is elongated in the north-west south-east between 12-20 E and 40-46 N
(Fig.1). Dimensionally the Adriatic Sea can be considered as a rectangle with an average
of 800 km length by 180 km width, with a varying bathymetry.

The Adriatic Sea is classically divided into three sub-basins in the longitudinal
direction. The northern part which is the shallowest part has an average bottom depth of
35 meters. The middle part has an average depth of 140 m and the southern part which is
the deepest part has maximum 1200 m depth.

The volume and surface area of the Adriatic Sea are estimated as 35000 km® and
138600 km? respectively (Cushman-Roisin et al. 2001).

The Adriatic Sea is connected to the Ionian Sea and Eastern Mediterranean through
the Strait of Otranto. This strait has minimum width of 75 km and sill depth of 800 m
(Figurel.1). This strait has a very important effect on the dynamics of water exchange
between the Adriatic Sea and the lonian Sea and consequently on the circulation and heat
balance of the Adriatic Sea.

Since the study of the current dynamics and transport through the Strait of Otranto is
essentially connected to the circulation of Adriatic Sea, a basic description of circulation
of Adriatic Sea is presented (Poulain and Chushman-Roisin 2001).

The circulation of the Adriatic Sea includes northward current on the eastern side
called Eastern Adriatic Current (EAC) which enters through the Strait of Otranto (a
complete citation of publications is presented in Cushman-Roisin et al. 2001). This
current is a combination of two different water masses; in the surface layer the Ionian
surface water (ISW) and in the intermediate layer the Levantine Intermediate Water
(LIW). The ISW follows the eastern boundary; at the north of the South Adriatic Pit
(SAP) it diverges into two branches. One part circulates in the SAP and the other part
continues to enter into the Mid Adriatic Pit over the Palagruza sill (Figure 1.1) and some

part of it enters into the northern Adriatic.
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Northern Adriatic

Mid Adriatic Pit

South Adriatic Pit

Palagruza Sill

Figure 1.1. The Adriatic Sea and current system. The green ellipse depicts the study zone, Strait
of Otranto. The arrows show schematically the current systems, red for surface currents, yellow
for mid depth currents and blue for deep currents.

The LIW follows the eastern boundary and circulates in the SAP and only small part
of it enters the mid Adriatic.

These inflowing currents should be balanced by an outflow. The outflow is combined
by the two current systems. A surface current on the western side of the Adriatic called
Western Adriatic Current (WAC) which is a near surface current and exits through the
western flank of Strait of Otranto. The other current is a dense water outflow on the
western boundary of the bottom layer named Adriatic Dense Water (ADW, also called
Dense Water Outflow Current, DWOC) which is originated from SAP, Mid Adriatic pit
and some contribution from the North Adriatic.

The current system is enriched by a number of sub-basin and mesoscale features, such

as meanders and eddies.
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Chapter Two
Background

The scientific investigations in the Adriatic Sea are reported since 16" century. Buljan
and Zore-Armanda (1976) reported numerous historical oceanographic studies in the
Adriatic Sea. In these studies various phenomena such as tides, temperature, salinity,
density, colour and transparency of sea water have been examined. Frederic Grisogono
1528, Nikola Sagorevi¢ 1574, Roger Bacon 1591, Mark Antony Dominis 1642, Rugjer
Boskovi¢ 1747-48 are some of those who have reported their investigations. The
oceanographic cruises and research works were developed from nineteenth century.

Intensive scientific researches on oceanographic and climatological aspects of the
Adriatic basin were carried out by surrounding countries in second half of the last
century.

The results of related researches to this study are summarized as follows.

2.1. Experimental studies

The study of circulation pattern in the Strait of Otranto, water masses and their
exchanges are reported by several authors in 1970s and 1980s.

Zore-Armanda (1969) demonstrated descriptively the circulation of the Adriatic Sea
and the Strait of Otranto and their seasonal variations, however without any quantitative
values of exchanges. In this scheme the current system is as follows: there is an inflow of
eastern Mediterranean water in the intermediate layer (~300 m depth) into the Adriatic
Sea. This inflow is compensated by an outflow in surface layer in addition to the outflow

of the Adriatic winter water in the bottom layer into the lonian Sea.
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Buljan and Zore-Armanda (1976) illustrated the circulation in the Strait of Otranto
composed of three layers, namely, surface, intermediate and bottom layers. The water
volume exchange through the Strait of Otranto was calculated corresponding to these
three layers. The quantities of this estimation are presented in table 2.1. To provide a net
exchange through the Strait, evaporation and fresh water inflow to the Adriatic Sea are
considered as well. An outflow of 0.012 Sv (Sverdrup, 10° m’s™) is estimated as net

exchange.

Table 2.1. Water exchange in the Strait of Otranto (Buljan and Zore-Armanda 1976)

Layer Inflow (Sv) Outflow (Sv)
Surface 0.062 0.061
Intermediate 0.182 0.090
Bottom - 0.095

E-P 0.002 -

Total 0.247 0.259

Ferentinos and Kastanos (1988) explained the circulation in the Strait of Otranto using
direct current measurements for the period of September-October 1979 (32 days) on five
stations distributed across the strait. According to this study a northward flow in surface
layer and mid-water depths over the eastern coast is obvious. There is southward flow
over the western flank which occupies the whole water column and extends as far as mid-
channel. There is a two layer system with the inflow in the surface and the outflow in the
bottom depths at the centre of the strait.

Kastanos and Ferentinos (1991) found similar results by analysing NOAA satellite
thermal images of the period 1980 to 1986 and current data described in the former study
at the Strait of Otranto (September-October 1979).

A similar result of the two layer system for the circulation was found by analysing the
direct measurements on two moorings in the Strait of Otranto for periods of June 1988,
March and May 1990 by Leder et al. (1992).

Current data from direct measurements for a couple of weeks (October-November
1985) in the western half of strait section along with hydrographic data were analysed by
Michelato and Kovacevi¢ (1991). They perceive a southward flow of Adriatic water over
the western continental shelf, a northward flow of lonian water in the surface layer as
well as Levantine intermediate water (LIW) at intermediate depth in the central part of
strait, and a southward flow of Adriatic Deep Water (ADW) at the bottom.

Orli¢ et al. (1992) performed a review study using the already measured data including

current measurements and hydrographic data. According to their findings the circulation
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in the Strait of Otranto agrees with previous results addressed by other authors. Further
more an estimation of water exchange through the Strait of Otranto for winter and
summer period is evaluated (Table 2.2).

Table 2.2. Water exchange in the Strait of Otranto (Orli¢ et al. 1992)

Season Layer Inflow (Sv) Outflow (Sv)

Winter Surface 0.153 0.057
Intermediate 0.252 0.141
Bottom - 0.154
Total 0.405 0.352

Summer Surface 0.026 0.116
Intermediate 0.226 0.096
Bottom - 0.064
Total 0.252 0.276

A detailed study of water exchange in the Strait of Otranto is carried out by Vetrano et
al. (1996). This was performed on the data set which is used in the present study. The
currents were measured for a long term (from December 94 through November 95) on 16
stations distributed across the strait. The water transport rates were calculated by applying
a geostatistical interpolation method (weighted inverse distance) to the current data and
integrating the fluxes over a regular grid. Water transport rates and corresponding
standard deviations for two periods December 94 to April 95 and May 95 to November
95 as well as for whole period of study were calculated (Table 2.3). The high temporal
variation of transport rates are shown by associated standard deviations. An outflow of
0.006 Sv is estimated for the observations period.

Table 2.3. Water exchange in the Strait of Otranto (Vetrano et al. 1996)

Period Inflow (Sv) Outflow (Sv)
Dec 94 — Apr 95 1.36 + 0.58 1.25+0.54
May 95 — Nov 95 1.00 £ 0.43 1.09+£0.51
Dec 94 — Nov 95 1.152 £0.529 1.158 +£0.530
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Poulain et al. (1996) used the former current data and studied the circulation and total
inflow and outflow rates for February and May 1995 (Table 2.4).

Table 2.4. Water exchange in the Strait of Otranto (Poulain et al. 1996)

Period Inflow (Sv) Outflow (Sv)
February 1995 1.67 £0.26 1.32+0.51
May 1995 0.65+0.27 1.01 £0.38

Gacic et al. (1996) depicted the circulation and thermohaline properties in the Strait of
Otranto using the same long term direct current measurements of Vetrano et al. (1996)
and hydrographic data derived from six CTD surveys, and once more confirmed the
circulation pattern in the Otranto region.

Artegiani et al. (1997) performed a comprehensive study on the air-sea interaction and
water mass structure of Adriatic Sea. They used a variety of data sets; National
Meteorological Centre, NMC data set covering 1980-1989, Hellerman and Rosenstein
(1983) data set, and May (1986) data set for period 1945-1984, to calculate average
monthly annual air-sea heat exchange. The bulk formulas were applied to calculate the
heat fluxes. The annual surface heat loss of Adriatic Sea on a long term basis is estimated
as -19 Wm™. By using May data set the average annual heat loss is estimated as -22 Wm
?. Furthermore an average of 1.14 m/yr gain of fresh water by the Adriatic Sea is
estimated.

Adriatic Sea surface heat fluxes were calculated using European Centre for Medium
Range Weather Forecast (ECMWF) operational data analysis by Maggiore et al. (1998)
for the period 1991-1994. The calculations aimed at estimating climatological annual

values of total surface heat fluxes and the interannual variability (Table 2.5).

Table 2.5. Surface heat fluxes of the Adriatic Sea (Maggiore et al. 1998)

Year 1991 1992 1993 1994

Q, (Wm?) 25 21 -26 4

Cardin and Gaci¢ (2003) carried out a study to analyse the heat exchange through the
air-sea interface over the Adriatic Sea. The ECMWF ERA-40 reanalysis data set for the
period of 1989-1999 was used to calculate the average monthly and annual heat fluxes by
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means of bulk formulas (Table 2.6). In addition a more detailed study on contribution of
northern Adriatic and southern Adriatic to the total heat exchange is performed. The
obtained results are compared to previous studies.

Table 2.6. Surface heat fluxes of the Adriatic Sea (Cardin And Gaci¢ 2003)

Year 89 90 91 92 93 94 95 96 97 98 99

QWm?) | 21 -11 41 -18 -16 2 30 -36 28 30 -32

Many other authors performed studies on circulation and current pattern and /or water
exchange through the Strait of Otranto. For more detail refer to Artegiani et al. (1993),
Manca et al. (2002), Manca et al. (2001), Manca and Giorgetti (1998), and Poulain (1999).

2.2. Modelling studies

In addition to experimental studies, recently developed high performance computation
systems and numerical models, have been used to model the Adriatic Sea circulation.

The first modelling study on the Adriatic Sea was carried out by Malanotte et al. 1983.
In this study which is limited to northern Adriatic Sea the circulation is examined.

Drakopoulos and Lascaratos (1999) applied POM model on a coarse resolution (1/4
degree) to study the whole Mediterranean Sea. They obtained some estimations of
exchange through the main straits of Mediterranean Sea. The estimations for exchange
through the Strait of Otranto are 0.44 Sv, 1.3 TW and 0.01 psu Sv for water transport,
heat and salt transport respectively.

Zavatarelli et al. (2002) studied the climatology of seasonal variability of general
circulation of the Adriatic Sea applying POM. They made estimations of surface heat
fluxes as well as fresh water budget of the Adriatic Sea. The annual heat budget is -17
Wm™ for ECMWF analysis data set and -19 Wm™ for the ECMWF reanalysis data set.
The annual mean fresh water budget is estimated as a gain of 0.85 m/yr for ECMWF
reanalysis data set and 1.18 m/yr for ECMWF analysis dataset.

Zavatarelli and Pinardi (2003) applied three models, namely, Ocean General
Circulation Model (OGCM) for the whole Mediterranean Sea with 12.5 km resolution,
Adriatic Intermediate model (AIM) for the whole Adriatic Sea with 5 km resolution and
North Adriatic Sea Model (NASM) with 1.5 km resolution. Circulation system and some
estimates of outflow through the Strait are provided. The southward transport rate for the
Strait of Otranto is estimated as 1.36 Sv and 1.27 Sv for winter and summer respectively.
Annual heat loss and fresh water budget is estimated as -11 Wm™ and 1.20 m/yr

respectively.
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Mantziafou and Lascaratos (2004) performed a comprehensive numerical study on
circulation and deep water formation in the Adriatic Sea. They implemented the
Princeton Ocean Model (POM) on a high resolution (1/20 degree) grid using the
ECMWEF reanalysis data set for the period 1979-1994. the estimated the mean monthly
water volume and heat transport rates through the Strait of Otranto as well as the air-sea
heat exchange as shown by the Figure 9a-b in their paper. Numerical values (personal
communication by Mantziafou and Lascaratos) are presented in Table 2.7. The average
annual net heat transport across the strait is estimated as 2.92 TW which is equivalent to a
heat gain of 21 Wm™ over the Adriatic Sea. They present an estimation of fresh water
gain for the basin equal to 0.6 m/yr.

Table 2.7. Water and heat exchange in the Strait of Otranto (personal communication by
Mantziafou and Lascaratos). Units for heat are in Tera Watts 10" W.

Month Inflow (Sv) Outflow (Sv) Net-flow (Sv) H,e (TW)
January 1.3321 1.3392 -0.0071 0.90
February 1.485 1.4918 -0.0068 2.49
March 1.9457 1.9505 -0.0048 5.96
April 2.335 2.3364 -0.0014 8.38
May 2.3706 2.3727 -0.0021 8.82
June 1.9204 1.9235 -0.0031 4.39
July 1.7527 1.7569 -0.0042 -0.38
August 1.5035 1.5053 -0.0018 -1.48
September 1.1984 1.1969 0.0015 0.05
October 1.1400 1.1404 -0.0004 2.18
November 1.2339 1.2389 -0.005 2.05
December 1.1766 1.1826 -0.006 1.64

The average monthly heat exchange through the air-sea interface is computed (Table
2.8). The mean annual heat loss of -24.36 Wm™ for the whole Adriatic Sea is estimated.

To study the deep water formation in the Adriatic Sea for the period 1979 to 1999,
Mantziafou and Lascaratos (2008) used the POM model with a 10 km grid. The annual
surface heat exchange of the Adriatic Sea as well as total water transport at the Strait of
Otranto is estimated for the study period. The surface heat exchange and total water
exchange at Strait of Otranto for the year 1995 are -15 Wm™ and 1.1 Sv. The annual air-
sea heat flux is estimated between -6 Wm™ and -34 Wm™ for the period 1979-1999.

10
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Table 2.8. Total heat fluxes for the Adriatic, 1979-1994 (Mantziafou and Lascaratos 2004)

Month Q, (Wm?)
January -202.17
February -125.31
March 8.26
April 95.48
May 141.69
June 150.23
July 138.00
August 89.36
September -7.66
October -126.21
November -213.71
December -240.29

Almost all of these experimental and numerical studies have tried to explain the
circulation, water and heat transport, fresh water budget and air-sea exchanges of the
Adriatic Sea. As it is declared in most of the studies to close this problem it is important
to estimate the water transport in the Otranto Strait as well as advected heat and salt
transport to validate the previous results. Therefore in this study the attempt is to compute
water, heat and salt transport across the Strait of Otranto using available temperature and

salinity data as well as current measurements.
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Chapter Three
Materials and Methods

3.1. Data

Various data sets are used in this study, which can be categorized as follows:
=  Current data
= Temperature data
= Hydrographic data
= Meteorological data
These data sets are acquired from different observations or pre-processed data sets.

Current data

Currents are measured at 16 measuring points spatially distributed across the Strait of
Otranto. The stations are positioned along an east-west direction in the southernmost part
of the Adriatic Sea at 39° 50° (Figure 3.1). The observations were carried out in the
framework of “Hydrodynamics and Geochemical Fluxes in the Strait of Otranto” (OP)
and “Otranto Gap Experiment” (OGEX) for the period from December 1994 through
November 1995.

The currents are measured in three layers, namely near surface layer with 28-42 m
depth, intermediate layer with 300-330 m depth and near bottom layers in few tens of
meters above the sea bed. The mean hourly current data time series are calculated from
measurements with different time intervals (for more details refer to Kovacevi¢ et al.
1997, Vetrano et al. 1996 and Gaci¢ et al 1996).
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Figure 3.1. Schematic diagram of mooring arrays across the Strait of Otranto.

With merging the measurements, the long-term time series of current data is obtained
for three layers; surface, intermediate and bottom layer. Because of the malfunctioning of
instruments or batteries, there are some gaps in the data sets. Figure 3.2 shows the

current measurement durations on each station across the Strait of Otranto.
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Figure 3.2. Schematic diagram of duration of current measurements across the Strait of Otranto.

Temperature data

Most of the instruments used to measure currents were equipped with a temperature

sensor. Hence, the temperature is measured simultaneously with currents. Consequently,
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time series of temperature are available at the same time of current data but only for the
period June 95 to November 95. The temperature data are gappy as well as the current
data.

Hydrographic data

Hydrographic data consisting of the pressure, seawater temperature and seawater
salinity (calculated from electrical conductivity) are available for five realizations in
December 94, February, May, August and November 95.

The profiles of density, potential density and potential temperature are calculated
using measured data by means of standard algorithms of UNESCO (Fofonoff and Milard
1983).

The seasonal hydrographic surveys were carried out in the framework of the Otranto
Project (94-95) and OGEX (Otranto Gap Experiments) project.

Meteorological data

The surface heat fluxes were calculated by means of bulk formulas using 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.

Since direct measurements of meteorological parameters on a wide range and long time
are difficult to be performed, they are derived from European Centre for Medium-Range
Weather Forecasts (ECMWEF) ERA-40 Reanalysis data set. These data are available on a
Gaussian grid by 0.25°x0.25° resolution in latitude and longitude (240 total grid points),
for the considered time period (from December 94 through November 95) at 6-hour
intervals (00/06/12/18 GMT).

3.2. Methodology

The air-sea heat exchange for the study domain is calculated applying bulk formulas,
Reed (1997) for solar radiation flux, May (1986) for longwave radiation flux and Kondo
(1975) for turbulent fluxes (latent and sensible).

Since the current data are available on only 16 points on the cross sectional area, to
calculate the water transport with a reasonable precision, it was necessary to reconstruct
the current field over the transect. This is done by applying two different methods; first a
variational inverse method (VIM) and second a geostatistical interpolation method
namely Kriging.

The water volume transport is calculated using the data, which were available on a

regular grid, extracted from reconstructed current fields.
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The temperature and salinity fields over the cross section are reconstructed by
applying VIM to hydrographic data. Subsequently, the heat and salt transport rates are
estimated.

The eddy heat transport is calculated using temperature and current time series

measured simultaneously to evaluate the contribution of eddies to heat transport process.

3.2.1. Air-Sea Heat Fluxes

The air-sea heat exchange over the entire Adriatic Sea is calculated by the general

formula:

QNet =Qs +QB +QL +QH (3.1)

where Qs is solar (short wave) radiation, Qg is backscattered (long-wave) radiation, Q. is
latent heat flux and Qy is sensible heat flux. Each term of this relation is calculated by

means of bulk formulas.

Short wave (solar) radiation

The solar radiation is calculated using Reed’s (1977) formula:
Q; =(1+0.00196-0.62C)Q,, (1-) 3.2)
in which the parameters are: 0 is solar noon altitude in degree, C is cloud coverage

(tenths), Qo is clear sky mean daily insolation and a is ocean surface albedo.

Longwave (backscattered) radiation

Long wave radiation flux Qg is computed by means of May’s (1986) formula:

Q, =[6T,*(0.4—-0.05\/e, )+ 40T, (T, - T,)(1-0.75C**) (3.3

where 6 = 5.68 x10*Wm?K™* is Boltzmann constant, T, is air temperature (K), T is sea

temperature (K), e, is atmospheric vapor pressure (hPa) and C is cloud coverage (tenths).

Latent heat flux

Latent heat flux is calculated using Kondo’s (1975) formula:
Q, =L,p,c,wle_,(T.)-0.01Ue_,(T,)]0.622P," (3.4)
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where L, is latent heat, p, is density of moist air, cg is turbulent exchange coefficient, w is
wind speed (ms™), ey is saturation vapor pressure (hPa), T, is sea temperature (K), U is
relative humidity, T, is air temperature (K) and P, is atmospheric pressure.

Sensible heat flux

Sensible heat flux is calculated using Kondo’s (1975) formula:
QH = paCthW(Ts _Ta) (35)

where p, is density of moist air, ¢ is turbulent exchange coefficient, c, is specific heat
capacity, w is wind speed (ms™), T is sea temperature (K) and T, is air temperature (K).

Each term of Eq. 3.1 is computed by means of explained formulas on the grid points.
The daily values of solar radiation calculated as an integral from sunrise to sunset. The
longwave radiation and turbulent heat fluxes are calculate calculated at every 6 hours and
averaged to obtain mean daily value. Adding the solar radiation to these mean
components, the daily net heat fluxes as determined at each grid point (Cardin and Gaci¢
2003). The average monthly net heat fluxes are obtained by averaging on a monthly time
scale for the entire Adriatic Sea. Figure 3.3 illustrates the mean monthly values of the
four flux components.

The solar radiation flux is the largest component with mean value of 12482 Wm™

(Standard deviation). The maximum and minimum heat gains by solar radiation occur in
summer and winter respectively.
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Figure 3.3. Mean monthly components of heat fluxes of the Adriatic Sea from Dec94 through Nov95.
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The longwave radiation flux is almost constant during the year with an average of -
73421 Wm™. The average turbulent fluxes are -15+28 Wm™ and -71+65 Wm™ for latent
and sensible heat fluxes respectively.

The mean monthly net fluxes show an obvious seasonal variability for the study
period (Figure 3.4). The maximum heat gain and heat loss occur in summer and in winter
respectively. The spring and autumn are transitional seasons. The average heat flux for
the whole period of study is estimated as -36+153 (std) Wm™.
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Figure 3.4. Mean monthly net heat fluxes of the Adriatic Sea from Dec94 through Nov95.

3.2.2. Current Data Pre-processing

The measured current data consist of a mean current modulated by atmospheric, tidal,
inertial and some high frequency oscillations. In this study the attempt is to calculate the
mean water transport rate through the Strait of Otranto; therefore, it is necessary to
remove the effect of mentioned oscillations from current measurements. To complete this,
number of pre-processing procedures is performed.

Statistical Analysis

A basic statistical analysis to evaluate the statistical characteristics of the current data
is performed. The result of this process is summarized in Table 3.1. The calculations are
performed for the entire period of measurements on each station.
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The north component (v) is much greater than east component (u) almost everywhere
as the result of topographic influence, except at the M4 in the intermediate and bottom
layers.

The values of calculated standard deviations for time series are grater than the mean
values of current components, except for northward component of currents on surface
layer of M5 and M6. This means that the amplitudes of temporal variation are higher
than the corresponding mean flow.

A horizontal anticlockwise (cyclonic) shear is evident, such that there is a dominant
inflow on the eastern flank in the whole water column, while on the western flank there is
a dominant outflow in the whole water column. Furthermore, a vertical shear is evident
through the water column in the centre of channel (M4). In the surface layer, the flow is
northward while there is stronger outflow in the bottom layer.

Table 3.1. Statistics of current measurements at the Strait of Otranto.

Station Instrument  Water Dur. Upyg Std(u) Vavg Std(v)

Depth (m) Depth(m) (Days) (cm/s) (cm/s) (cm/s)  (cm/s)
M1 (surface) 28-42 120 207 -11.7 14.7 -20 21.3
M1 (bottom) 95-115 120 248 2.2 7.5 -6.3 12.6
M2 (surface) 33-56 132 203 -4.0 9.6 -7.5 11.8
M2 (bottom) 105-117 132 283 -1.0 8.3 -3.6 9.7
M3 (surface) 40-41 660 305 -0.9 6.1 -2.8 7.4
M3 (mid depth) 300-330 660 345 -0.3 3.1 -2.5 6.4
M3 (bottom) 606-630 660 388 0.1 2.6 -4.9 8.0
M4 (surface) 59-74 915 348 -0.8 6.0 1.5 5.5
M4 (mid depth) 306-307 915 348 -0.2 5.7 -0.2 4.9
M4 (bottom) 870 915 348 1.1 5.8 -4.8 5.7
MS5 (surface) 40 1028 53 -6.3 9.0 16 8.7
MS5 (mid depth) 295-300 1028 213 -0.4 1.7 1.2 2.8
M35 (bottom) 1000-1019 1028 239 -0.9 32 -2.4 5.1
MG6 (surface) 39-58 950 349 -7.5 8.4 17.1 16.4
M6 (mid depth) 290-315 950 349 -0.8 2.3 43 5.7
M6 (bottom) 890-940 950 184 -0.3 0.9 1.7 4.1

Spectral Analysis

As already discussed, the measured currents are composed of a mean current and
various oscillations. The contribution of each oscillation to measured current can be
detected by applying a spectral analysis to data. Spectral analysis is used to partition the
variance of a current time series as a function of frequency. A complex Fast Fourier
Transform (FFT) is used to obtain the power spectrum of the measured currents and

distribute the total variance over a range of frequencies. The Nyquist frequency (the
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highest frequency that can be resolved by the sampling) is fy=1/2At, that with a 1 hour
sampling interval is equal to 0.5 cph.

The application of the rotary spectrum analysis to the (u, v) components of current
data, enables a separation of the energy into clockwise or negative sense (indicated by
negative frequencies) and counterclockwise or positive sense (indicated by positive
frequencies) of current vector rotation. The rotary spectral analysis is applied to all data
sets. Each data set is divided into 256-size with 50% overlapping segments and FFT is
performed. To reduce the side lobes of spectrums, a Hamming window is applied.

The results of spectral analysis show contribution of various frequencies (Figure 3.5).
A low frequency oscillation with ~10 days time scale is dominant in all measurements.
This oscillation prevails over the other high frequency oscillations except at station M2,
which is located on the shelf break. At shelf break, the K1 component of tidal oscillation
prevails over the others. The prominence of low frequency signal in the negative sense
during the most of the time shows an anticyclonic rotational motion associated with this
oscillation.

The inertial motion with period of 18.5 h in the negative sense of rotation is evident.
This oscillation is significant in the surface layer and toward the open sea. Inertial
oscillation prevails over other ones (even low frequency oscillation) at centre of channel
at stations M3 and M4.Figures 3.5a and 3.5b show the spectrum of currents on station M3
in the surface layer for period of June-August 95 and on station M6 in the intermediate
layer for period of September-November 95.
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Figure 3.5. Rotary spectrum of hourly currents at a) M3, in the surface layer for June-August 95 and
b) M6, in the intermediate layer, for September-November 95. Vertical error bar denote the 95%
confidence level. Negative frequencies refer to the clockwise motions, while positive frequencies
refer to the counterclockwise motions. The area below the curve corresponds to total variance.
Vertical dashed lines indicate the tidal and inertial frequencies.
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The semidiurnal (M2 and S2 component) and diurnal (K1 and O1 components) tidal
oscillations have significant contribution to current variations but one order of magnitude
smaller than low frequency. The diurnal tidal oscillation prevails over the semidiurnal
one. The asymmetric distribution of diurnal and semidiurnal frequencies around the zero
frequency (with higher energy in negative sense of rotation) indicates a clockwise
rotational tidal motion except in the intermediate and bottom layer at the eastern side

where the tidal motion is rectilinear (Figure 3.5b).

Harmonic Analysis

The spectral analysis revealed that the tidal motion has some contribution to the
current variations. Harmonic analysis of the hourly time series provides more detail on
the diurnal and semidiurnal tidal currents. A harmonic analysis based on Foreman 1978 is
applied to hourly current data sets (Foreman 1996). The T-Tide toolbox (Pawlowicz et al.
2002) is applied to perform the harmonic analysis. The results of this analysis show that
the most significant tidal constituents are K1, O1, M2 and S2.

The amplitudes of major axis of tidal current ellipse are equal to 0.9 cm/s, 2.8 cm/s,
1.2 em/s and 1.0 cm/s for O1, K1, M2 and S2 respectively. The diurnal constituent K1
has larger values of amplitude with respect to the other constituents almost everywhere
for the whole period of study. Furthermore, this constituent (K1) displays an amplitude
one order of magnitude larger (>10 cm/s) at western shelf break zone (Station M2).

To calculate non-tidal currents, the effects of constituents with signal-to-noise ratio
greater than one are removed.

Once more by applying a rotary spectral analysis to de-tided current data sets the

elimination of tidal effect is confirmed (Figure 3.6).
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Figure 3.6. Rotary spectrum of hourly nontidal currents to verify the removing of tidal effects, at a)
M3, in the surface layer in summer 95 and b) M6, in the intermediate layer, autumn 95.
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Low pass filtering

As it is obvious the tidal effect is removed but still there some high frequency and

inertial oscillations in the current data.

As shown by the result of the spectral analysis of the de-tided data there are still some

high frequency fluctuations and inertial oscillation with 18.5 h period (Figure 3.6). To

eliminate these oscillations, low pass filtering on the hourly current data is performed. A
symmetric digital filter with 33 weights PL33, (Flagg et al. 1976) is used to eliminate the
inertial and other high frequency oscillations (Figure 3.7).
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Figure 3.7. De-tided (red) and low pass filtered (blue) north-south current component at M4.

Linear interpolation

As already mentioned the current data time series include gaps, because of

malfunctioning of instruments or batteries. These gaps are filled by applying multivariate

linear regression models to adjacent points and simultaneous current data measurements.
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Figure 3.8. Filling of gappy data at station M2 in the surface layer. a) correlation between currents
at surface and bottom layers, b) reproducing of current data at surface layer (red) by using current
data at bottom layer (blue) and surface layer with gap (green).
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First the correlation of common part of current data on nearby points was examined
(Figure 3.8a). The simultaneous adjacent data sets with higher correlation were selected
to reproduce the missing data (Figure 3.8b).

As the trends of current data in the nearby points are similar, the reproduced current
data obey the same trend. Furthermore, the RMS error for the common part of the
reproduced data and measured one is checked.

3.2.3. Reconstruction of Current Field

To calculate the water transport through the Strait of Otranto the north-south
component of detided, low pass filtered current data is used, since it is perpendicular to
the east-west section.

The current data are measured on sixteen measuring points (Fig. 3.1). The resolution
of measurements is too coarse to calculate the transport rates directly by using measured
current data. To calculate the transport rate accurately, the current field has to be
reconstructed on the domain (vertical cross section of the Strait of Otranto) with finer
resolution. For this purpose, two regular grids with two different cell dimensions of
2000 mx50 m and 500 m x25 m were set up on the cross section of the Strait.

Reconstruction of the current field is carried out by using two different methods, a
Variational Inverse Method VIM, (Brasseur 1991 and Beckers et al. 2008) and a Kriging
method (Van Beers 2005). The results of the two methods are compared.

Variational Inverse Method (VIM)

The variational inverse method is introduced by Sasaki (1960) as a numerical
variational analysis for the objective analysis of meteorological fields. During the last two
decades, this method is improved and is applied in the oceanographic fields as well
(Sasaki 1970, Wahaba and Wendelberger 1980, Brasseur 1991, Roussenov and Brasseur
1991, Brasseur et al. 1996, Brankart and Brasseur 1996, Brankart and Brasseur 1998,
Rixen et al. 2000, Rixen et al. 2005).

Let us consider @(x,y) as field of interest and a finite set of Ny non-regular data dy (in
time or space) given at location (Xy,yx) in the study domain. We are seeking the unknown
function @(x,y) over the domain in such a way that:

o(x,,y ) =d, k=1..,N, (3.6)
Given constraints (Eq. 3.6) at finite number of observation points, this mathematical

problem is undetermined. The undetermination of this problem can be removed by using

a variational formulation. The corresponding functional may be written as:

min J{o(x, y)|= || 1S[o]+ D[o]idxdy (3.7)
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the integral extends over the cross-sectional area of strait €Q.

The first term in Eq. 3.7, S[@] is partial differential operator (smoothing operator):

0] 5] A ol e

The first contribution in the variational principle, S[¢], is a measure of local curvature
(roughness) of the surface defined by the function ¢. To deal with sharp frontal
discontinuities the first derivatives are considered in the operator as well. This operator is
invariant with respect to any rotation of the reference frame. The coefficients a; and ay
penalize the field and its gradient.

The second term, D[¢], is the distance between the observed data value and the

reconstructed field at location (xy,yx):

Ny 2

Dlo]= 2 mlo0x.y) - J3x-x08(y -y @9)
which is introduced to minimize the distance between the observations and the solution.
The weights on the data p are dimensionless and are determined according to quality of
data, and 6 is the classical Dirac function.

As the data assimilation is performed by means of a least square approximation (Eq.
3.9), the concept of exact inversion will be ignored. The oceanographic observations are
representative of the whole spectrum of the marine processes and involve errors. Hence,
the estimation does not precisely correspond to the data. Consequently, some misfit
between the data and reconstructed field is allowed.

The minimization of Eq. 3.9 is performed by using a finite element method. A finite

element mesh is generated over the cross sectional area of Strait of Otranto (Figure 3.9).
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Figure 3.9. Finite element mesh generated over the Strait of Otranto.
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The domain Q is divided to N, elements. The solution is a combination of calculated
field on each element (Beckers et al. 2008):

J[(P]=ZZL((Pe) (3.10)

Solution on each element is a combination of shape functions of third order
polynomials. Connectors guarantee the continuity of solution from one element to the
other:

o, (r,)= qus(re) (3.11)

where . are connectors and r. is the position in a local coordinate system. By combining

and some manipulating:

Ndc

J.(q.) =q. K.q, —2q.Tg, + > nd, (3.12)
i=1

where K. is the local stiffness matrix and g is a vector, which depends on local data.
On the whole domain:

Nge
J(@) =q"Kq-2q,Tg, +> nd, (3.13)
i=1
The minimum is fulfilled if:
q=K"g (3.14)
and the final solution is:
o=T,()K 'T,(r)d (3.15)

where T, and T, are transfer operators from data to finite element grid and from solution
to grid, respectively, and,

g=T,(rd (3.16)

The corresponding error of solution, which is due to data coverage and noise on data,

can be evaluated by:

e’(r)=&’(r)-T,(r)K'T, (r)g(r) (3.17)

where &’ is variance of the error on measurements.

Implementation of Variational Inverse Method (VIM) is carried out through the DIVA
software (developed by Geohydrodynamics and Environmental Research group GHER,
University of Liege, Belgium).

The average annual, seasonal and monthly current fields over the cross sectional area
of Strait of Otranto are reconstructed. The discrete data of solution and error field are

transformed to a regular grid by 500 mx25 m dimensions (Figures 3.10 and 3.11).
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Figure 3.10. Average seasonal reconstructed v current component using VIM for a) winter 95, b)
spring 95, ¢) summer 95 and d) autumn 95. Positive values stand for northward current and
negative values stand for southward currents. Units are cm/s.
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As it is evident, the distribution of error is correlated to spatial resolution of
measurements. The minimum errors are around the measurements and the maximum
error values are in the area with poor data measurements. Overlapping the shear line (zero
current line) demonstrates that the zone with high error in the lower layer of channel is
located in the outflow region rather than in the inflow part. This implies that the
constructed inflow currents are more confident with respect to outflow currents.

Kriging method

A Kriging method is applied to non-tidal, filtered time series of current data to
interpolate data to the centre of cells of a regular grid by 2000 m*x50 m dimensions.

Kriging (developed by D. G. Krige) is a geostatistical exact interpolation technique
that considers both the distance and the degree of variation between known data points
when estimating values in unknown areas. A kriged estimate is a weighted linear
combination of the known sample values around the point to be estimated. Applied
properly, Kriging allows the user to derive weights that result in optimal and unbiased

estimates:

f)(xo)zzmlwi(x)di anwi =1 (3.18)
i=1 i=l

where d; is observations, w; is weights and D is demanded field.

It attempts to minimize the error variance. In Kriging, a crucial role is played by the
variogram: a diagram of the variance of the difference between the measurements at two
input locations. To select the weights w; the criterion is minimal mean-squared prediction

error defined as:

e’(x,) = Var[D(x,) —d(x)] (3.19)

The time series of hourly interpolated current data on each grid cell and consequently
corresponding standard deviations are computed. The average annual, seasonal and
monthly current field are determined by calculating the time averaged current for each
cell. The mean seasonal current field is given in Figure 3.12.

The characteristics of the current field resulting from Kriging method are very similar
to those derived by means of VIM, except that VIM provides a smoother solution.

The stability of current system in terms of ratio of mean to standard deviation is
calculated for the whole domain (Figure 3.13).
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Figure 3.12. Average seasonal reconstructed v current component using Kriging method for a)
winter 95, b) spring 95, ¢) summer 95 and d) autumn 95. Positive values stand for northward

current and negative values stand for southward currents. Units are cm/s.
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A permanent northerly inflow on the eastern side is evident for the whole period of
study. This inflow is extended horizontally from eastern boundary to mid channel and
vertically from surface to intermediate depths (~400m). During spring and summer, this
inflow occupies the whole water column close to western slope but currents are weaker in
the bottom layer. The maximum intensity of mean inflow current varies between 12 cm/s
in autumn and 24 cm/s in spring. The examination of stability of this current system
shows a stable core of inflow current on the eastern side (Levantine Intermediate Water,
LIW).

An outflow with less intensity with respect to inflow, occupies the whole water
column on the western shelf and slop as far as mid channel. The intensity of current
decreases toward the central part of channel. A more intense outflow current is present for
the most of the time on the western slope and deep portion of the central channel
(Adriatic Dense Water, ADW). The stability of outflow currents shows stable core on the
bottom of the strait and western slope (ADW) for most of the study period. On the
western shelf, there is a quasi-stable outflow of fresh water of the Adriatic Sea to lonian
Sea.

Along the shear line the currents are less intense and unstable due to variability of
current in this area.

In both methods, the current field is reconstructed using sparse measurements. The
vertical resolution (<1000 m) of measurements is much higher than horizontal one
(~12000 m). The accuracy of reconstructed current data on each point can be influenced
by the correlation of the measured data used for.

Cross validation procedure in the VIM is performed in order to estimate the
correlation function (and optimization of other parameters) of the examined fields. The

mathematical structure of correlation function is (Brasseur et al. 1996):

K(r):(%)Kl({) (3.20)

where 1 is Euclidian distance, L is correlation length and K1 is modified Bessel function
(Abramowitz and Stegun, 1964). The choice of this correlation model results from the
mathematical structure of the variational method (Brasseur et al. 1996).

With dividing the complete data set of the current measurements into 5 and 10 days
intervals and applying the cross validation procedure the each subset of data the L is
calculated and finally the optimized value of L is chosen according to minimum error.

The optimized correlation length for the current field is estimated as ~10 km. The
CTD data are measured with two different resolutions, namely 3 km and 7km. The

optimized value of L for the CTD data are estimated as ~2 km and ~5 km.
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3.2.4. Water Volume Transport

To estimate the water transport across a vertical section, normal current velocity data
(to cross section) is required. The transported water volume is calculated by:

v = [[vdA (3.21)

where v is current velocity normal to area (ms™) and A is the cross sectional area (m?).

The continuous reconstructed current field by means of VIM is discretized on the cell
centre of a regular grid by dimensions of 500 mx25 m. The transported water volume is
calculated by spatially integrating the product of the current velocity and cell dimensions
over the cross section. The average monthly transport rates and corresponding errors
(computational error) for the period of study are estimated (Table 3.2).

Table 3.2. Average monthly water transport through the Strait of Otranto based on VIM results
and corresponding errors. Units are in Sverdrup 10°m’s™.

period Inflow (Sv) Outflow (Sv) Net-transport (Sv)
December 94 1.24+0.05 1.12+0.34 0.12+0.32
January 95 1.15+0.05 1.17+0.33 -0.02+0.32
February 95 1.17+0.03 0.97+0.29 0.19+0.32
March 95 1.02+0.06 1.04+0.28 -0.02+0.32
April 95 0.66+0.11 0.82+0.24 -0.15+0.32
May 95 0.73+0.10 0.60+0.24 0.12+0.32
June 95 0.79+0.08 0.84+0.26 -0.05+0.32
July 95 1.17+0.09 0.85+0.26 0.32+0.32
August 95 1.10+0.03 1.39+0.34 -0.30+0.32
September 95 0.73+0.00 0.89+0.32 -0.16+0.32
October 95 0.96+0.05 1.2740.35 -0.32+0.32
November 95 0.81+0.07 0.56+0.33 0.25+0.32

The seasonal water transports subsequently are used for calculating the seasonal heat
transport. The seasons are as following; January- February- March as winter, April-May-
June as spring, July-August-September as summer and October-November as autumn
(Table 3.3).
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Table 3.3. Average seasonal and annual water transport through the Strait of Otranto based
on VIM results and corresponding errors. Units are in Sverdrup.

period Inflow (Sv) Outflow (Sv) Net-transport (Sv)
Winter 95 1.09+0.05 1.06+0.32 0.03+0.32
Spring 95 0.70+0.11 0.75+0.24 -0.05+0.32
Summer 95 0.97+0.04 1.01+0.30 -0.04+0.32
Autumn 95 0.89+0.06 1.01+0.35 -0.12+0.32
Dec94- Nov95 0.90+0.04 0.94+0.31 -0.04+0.32

The monthly transport rates show a seasonal variation. The maximum average inflow
transport takes place in December 94 with 1.24+0.05 Sv and the maximum average
outflow transport occurs in August 95 with 1.39+0.34 Sv. The average annual net
transport rate is equal to -0.04+0.32 Sv, which is difference of an inflow of 0.90+0.04 Sv

and an outflow of 0.94+0.31 Sv. This value is in the range of estimated error and has
negative sign.
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Figure 3.14. Average monthly inflow (red) and outflow (blue) rates across the Strait of Otranto
calculated based on VIM results and corresponding errors. Units are in Sverdrup.

The VIM method provides the distribution of the calculation error over the field of

study. This enables us to calculate the error of transport rates associated to each cell and
for integrated estimations as well.
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As it is evident, the calculated errors of the inflow transport rates are almost always
less than 10%, while the corresponding errors of outflow transport rates have large values
30%-50% (Figure 3.14). This is due to low spatial resolution of current measurements in
the lower layer of the central part of the cross section, which is mostly located in the
outflow region. Consequently, the higher error on outflow influences the net transport
rates and finally these estimations are associated with high errors (Figure 3.15).
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Figure 3.15. Average monthly net-flow rates across the Strait of Otranto based on VIM results
and corresponding errors. Units are in Sverdrup.

By Kriging method, the hourly time series of interpolated current data in the centre of
each grid cell and consequently corresponding water fluxes are computed. The time series
of water transport for whole cross section is calculated by spatially integrating the cellular
transport at each time step. By integrating the northward (positive) and southward

(negative) currents over the cross section, the hourly inflow and outflow time series of
transport rates are calculated.

Vi (D) = ” Vi, (X2, t)dxdy, v, >0 (3.22)
Ain

V..t = J.J‘ V. (X%,z,t)dxdy, Vo <0 (3.23)
Aout

where Viy, Vout, Ain, Aout,Vin and voye are inflow, outflow transported water volumes, area
of inflow region, area of outflow region and inflow and outflow current velocities. The
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monthly, seasonal and annual mean values of transport rates are calculated by averaging

the time series on monthly, seasonal and annual time scales:

o T
Vi = [ Vi(bdt (324
T 0

_ 15
Vout == J; V. (Hdt (3.25)

The average daily transport rates (based on Kriging current field reconstruction) show
a synoptic and seasonal variation (Figure 3.16). The winter and summer 95 situations
coincided with mainly inflow transports and spring 95 with mainly outflow transport. The
autumn consists of both inflow and outflow transports.
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Transport rate (Sv)
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Figure 3.16. Average daily transport rates across the Strait of Otranto. Units are in Sverdrup.

The average monthly transport rates are calculated from daily values (Table 3.4). The
standard deviations of transport rates as a measure of their temporal variability are
calculated. The standard deviations of transport rates are of the order 10 Sv except for
November 95, which has larger standard deviation (10™'Sv).
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Table 3.4. Average monthly and annual water transport through the Strait of Otranto, interpolated
by means of Kriging method and corresponding standard deviations. Units are in Sverdrup.

period Inflow (Sv) Outflow (Sv) Net-transport (Sv)

December 94 1.44+0.08 -0.98+0.09 0.47+0.11
January 95 1.36+0.05 -1.07+0.08 0.29+0.09
February 95 1.34+0.06 -0.97+0.07 0.37+0.09
March 95 1.14+0.06 -1.09+0.06 0.05+0.09
April 95 0.64+0.04 -0.98+0.06 -0.35+0.07
May 95 0.71£0.05 -0.85+0.07 -0.14+0.08
June 95 0.81+0.04 -0.89+0.06 -0.08+0.07
July 95 1.23+0.05 -0.91+0.05 0.32+0.07
August 95 1.28+0.05 -1.21+0.05 0.07+0.07
September 95 0.83+0.03 -0.85+0.06 -0.02+0.07
October 95 1.13+0.06 -1.08+0.07 0.04+0.09
November 95 0.97+0.1 -0.58+0.11 0.39+0.15
Dec94- Nov95 1.05+0.07 0.94+0.08 0.10+0.11

The values of inflow and outflow transports, calculated based on results of two
methods (Kriging and VIM) obey the same fashion, temporally and spatially. The
estimations by two methods are of the same order of magnitude, while the magnitude of
transport rates calculated based on VIM is smaller than those based on Kriging. This is
due to more smooth solution provided by VIM (Figure 3.17). Furthermore, the annual net
transport rate resulted from Kriging interpolation method is one order of magnitude
greater than one resulted from VIM and of the opposite sign.

The spatial characteristics and variation of the transport across the Strait of Otranto,
based on two methods (VIM and Kriging) are similar (Figures 3.18 and 3.19).

According to mass conservation principle, the inflow and outflow transports have to
balance each other and the net water transport rate should be in the range of fresh water
budget (10° Sv). While here the results for net transport rates show large values, which is

mainly due to computational errors.
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Figure 3.17. Comparison between average monthly transport rates calculated based on
reconstructed current filed applying VIM and Kriging. Units are in Sverdrup.

An important question, which arises here is, whatever these average net monthly
(seasonal) water transport rates have any effect in the Adriatic Sea level? In other words,
the net inflow and outflow of water causes increase or decrease of sea level, however
according to mass conservation principle this is not the case. Therefore, the inflow and
outflow transport rates should balance each other in such a way that the net transport rates
are in the order of fresh water budget (10° Sv). This hypothesis will influence the
estimation of heat and salt transport rates that will be discussed in detail in the next part.
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Figure 3.18. Average seasonal water transport rates for a) winter 95, b) spring 95, ¢) summer 95 and
d) autumn 95 calculated from reconstructed current field by means of VIM method. Positive values
stand for inflow transport and negative values stand for outflow transport. Units are n’/s.
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Figure 3.19. Average seasonal water transport rates for a) winter 95, b) spring 95, ¢) summer 95 and d)
autumn 95 calculated from reconstructed current field by means of Kriging method. Positive values stand
for inflow transport and negative values stand for outflow transport. Units are in Sverdrup.
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3.2.5. Reconstruction of Temperature Field

The temperature data are available from two sources. As mentioned already the
temperature of seawater is measured on current measurement locations. Time series of
temperature for the period of June 95 to November 95 are available. Because of
instrumental problems temperature data on M3 station is valid only in the surface layer.
On M4 (mid of the channel) temperature is measured only in mid layer depth.

Applying the variational inverse method to data to reconstruct the temperature field
across the cross sectional area of Strait of Otranto presents not reliable results.
Consequently, this data set was not useful to reconstruct the temperature field and
afterward calculations.

The other set of temperature data is available from five hydrographic surveys (Figure
3.20) for December 94, February 95, May 95, August 95 and November 95. The
measurements performed during each campaign over a two days interval are considered

representative for the appropriate season.
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Figure 3.20. In situ temperature (blue) and potential temperature (red) profiles across the Strait of
Otranto for a) December 94, b) February 95, ¢) May 95, d) August 95 and e¢) November 95.

The VIM method is applied to potential temperature data to reconstruct the field.
Seasonal potential temperature field show a higher temperature on the eastern side from
surface to mid depths, where the inflow of water into the Adriatic Sea is observed. Lower
temperatures are on the western side, where the outflow from the Adriatic Sea occurs. In
addition, a signal of cold waters is present in all seasons in the bottom of the channel to
the west corresponding to the Adriatic Dense Water.

The solution is discretized over a grid with dimensions of 500 m x 25 m (Figure 3.21).
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3.2.6. Advected Heat Transport

The heat transport in the sea is transport of internal energy, which is a part of the total
energy (Taylor 2001). The transport of total energy per unit mass across a section is:

IpEudA = I(U +%C2 +@+ap)pvdA (3.26)

wherein the left hand side, p, E, u and A are density, total energy, current velocity and
cross sectional area respectively and in the right hand side the first term is internal
energy, second term is kinetic energy, third term is potential energy and the last term is
work done by pressure force. The internal energy (heat) for the Adriatic Sea is composed
of: heat gain (or loss) through the surface by air-sea heat fluxes, the heat generation (sink
or source) inside the basin and the advected and diffused heat through the Strait of

Otranto:

or _ :

pC, (E +uVT)=V.(kVT -Q, ) +q (3.27)

where C,, T, u, Qu, q and V are specific heat capacity, temperature, current velocity,
surface heat flux, energy source/sink term and gradient operator respectively.

On a long time (annual) scale, we can assume that the change of the heat content is

zero, that is, there is no net temperature increase or decrease (the system is in thermal

equilibrium). We can also neglect small contributions from the geothermal sources and

heat diffusion. Therefore, we can represent the heat balance as following:

pC,G.VT +VQ,,, =0 (3.28)
or in a simple form after integrating Eq. 3.28:
QA +qurf ~ O (329)

where Qg is the air-sea heat flux and Q, is the advective heat flux. Integrating the first

term over the Strait of Otranto and the second term over the surface of the Adriatic Sea

gives:
Ay 0y X 0
[[Qudrdd=-] [Q, dxdz (3.30)
Lo do xo—H

where A, A;, @y and @, are the longitudes and latitudes of the region (surface area of the
Adriatic Sea) and x and H are the dimensions of cross sectional area of Strait of Otranto.
This equation implies that if there is a net gain (or loss) of heat through the surface of the
sea in some region, there must be some net advection of heat out of (or into) that basin by

the sea circulation in order to maintain thermal equilibrium.
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The left hand side of Eq. 3.30 is calculated by means of indirect method (bulk
formula) and the right hand side is what is calculated by using current and temperature
data set:

H, = HpCpevdxdz (3.31)

where H, is advected heat flux, and (x, z) are dimensions of vertical transect.

The advected heat is calculated by spatially integrating the product of seasonal
average current (based on VIM), potential temperature, seawater density and specific heat
capacity of seawater over the cross section of the strait. The quantities of imported and
exported heat into and from the Adriatic Sea are calculated. The net transported heat is
estimated for each season. The heat transport calculation processes is performed for
December 94 individually and for four seasonal periods (Table 3.5).

The heat transport across the strait shows seasonal variations with maximum amount
of imported heat of 73.69+0.32 TW into the basin in December 94 and minimum heat
inflow into the basin by amount of 41.24+0.51 TW in Spring 95. The maximum and
minimum exported heat from the basin is equal to 62.85+0.71 TW and 40.96+£0.59 TW in
December 94 and Spring 95 respectively (Figure 3.22a).

Table 3.5. Average seasonal (including Dec. 94) heat transport through the Strait of Otranto.
The contributions of upper and lower layer to the whole heat transport are presented. Units are
in Tera Watts (10" 2W).

Period  Layer H,, (TW) Hou (TW) H,o (TW)
upper layer 63.631 26.395 37.236
Dec-94  Lower layer 9.6881 36.147 -26.459
Total 73.69+0.32 62.85+0.71 10.83+0.78
upper layer 51.080 25.519 25.560
Win 95  Lower layer 12.806 31.444 -18.638
Total 64.21+0.41 57.25+0.70 6.96+0.81
upper layer 25.187 12.190 12.997
Spr95  Lower layer 15.848 28.572 -12.725
Total 41.24+0.51 40.96+0.59 0.27+0.78
upper layer 47.369 16.714 30.655
Sum 95  Lower layer 12.880 41.899 -29.019
Total 60.55+0.39 58.91+0.66 1.64+0.76
upper layer 51.561 12.790 38.771
Aut95  Lower layer 4.4063 44.347 -39.941
Total 56.25+0.29 57.42+0.72 -1.17+0.77

The average net heat transport has a maximum and minimum equal to 6.96+0.81 TW
and -1.17+£0.77 TW for winter 95 and Autumn 95 respectively. The average net annual
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heat transport is estimated to be 2.93+0.35 TW of import of heat, which is equal to
2142.5 Wm™ heat gain for the whole basin. This heat gain must be balanced by heat
exchange Qs With the atmosphere.

The distributions of temperature in figure 3.21, show higher temperature associated
with high variability in upper layer (including thermocline layer) especially upper 200 m
and lower temperature associated with lower variability in lower layer. This may
influence the different contribution to the heat transport of these two layers. To examine
this hypothesis the cross sectional area is divided into two main layers. The upper layer
extends from sea surface down to 200 m depth and the lower layer extends from 200 m
depth to bottom.

The heat transport rates are calculated for the two layers (Table 3.5). The results show
that the inflow of heat into the basin in the upper layer is several times (1.5 to 12 times)
greater than inflow of heat in the lower layer, while the outflow of heat in the upper layer
is smaller than in lower layer. Consequently, as represented in Figure 3.22, the upper
layer has larger contribution to heat transport into the Adriatic Sea (heat gain) and
considering the net heat transport, only inflow of heat occurs in this layer. The lower
layer has larger share to the heat transport from the Adriatic Sea (heat loss) and the net
heat transport rates are negative which means that only outflow of heat occurs in this
layer.

It should be noticed that the higher error values associated with water transport rates
affect the estimated heat transport rates. This is mostly due to the larger errors associated
to the outflow water transport and consequently outflow heat transport. Since the net heat
transport rates are the difference of two large numbers (inflow and outflow of heat) with
associated errors, the errors of the net heat transport rates are higher due to propagation of
error.

As already discussed in §3.2.4 if we consider that the inflow and outflow of water
transport rates should balance each other, then the procedure of heat transport will be
changed as follows:

First, we consider a strong hypothesis, which is assuming that the inflow transport
rates of water with small errors are perfect estimations (or more reliable with respect to
the outflow rates). Second, we consider no changes in the Adriatic surface height on a
monthly basis (mass conservation), and finally we use the average monthly water
transport rates to calculate the heat transport rates.

According to the second hypothesis (mass conservation for the Adriatic basin), the
inflow and outflow should balance each other on a monthly scale. Therefore, we can
adjust the outflow transport rates with inflow transport rates since the inflow as it is
shown, has much smaller errors. The heat transport is only due to difference in
temperature in the inflow and outflow regions. Consequently, the modified form of Table
3.3 for the months necessary for the heat transport calculation is (H.L. Bryden, personal

communications) given in Table 3.6.
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Figure 3.22. Average seasonal (including December 94) heat transport through the Strait of Otranto for
a) whole cross section, b) upper 200 m layer and c) lower layer. Units are in Tera Watts (10'* Watts).
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Table 3.6. Adjusted average monthly water transport through the Strait of Otranto based on
VIM results and corresponding errors. Units are in Sverdrup.

period Inflow (Sv) Outflow (Sv) Net-flow (Sv)
December 94 1.24+0.05 1.24+0.34 0.0+0.32
February 95 1.17+£0.03 1.17+0.29 0.0+0.32
May 95 0.73+0.10 0.73+0.24 0.0+0.32
August 95 1.10+0.03 1.10+0.34 0.0+0.32
November 95 0.81+0.07 0.81+0.33 0.0+0.32

Hall and Bryden (1982) reported a method to calculate the heat transport rates as
production of average water transport rate and average potential temperature of inflow

(outflow) over the related cross sectional area (inflow/outflow):
HA = pCpVin(éin _6out) (332)

where Vi, @m and 6out are inflow water transport rate, average potential temperature of
inflow and outflow regions respectively. In this method, the heat transport is only due to
difference of temperature between inflow and outflow currents. The advected heat fluxes
by means of this method are reported in Table 3.7.

The results of this method have some differences with previous one (Table 3.5). In this
method, the monthly water transport rates are combined with potential temperature data
to calculate the heat transports, while in previous one the seasonal water transport rates
have been used.

The average net heat transport rates are estimated with different values. The maximum
heat inflow is during August 95 (summer) with 3.3 TW and minimum heat outflow is
1.73 during May 95 (spring). The annual average transported heat is equal to 2.35 TW of
heat inflow, which is equivalent to a heat gain of 17 Wm™ over the Adriatic Sea surface

for the period of study.

Table 3.7. Adjusted average seasonal (including Dec. 94) heat transport through the Strait of
Otranto. Units are in Tera Watts (10" °W).

period H;, (TW) Houe (TW) H,e (TW)
December 94 70.65 68.88 1.77
February 95 66.99 64.35 2.64
May 95 41.81 40.08 1.73
August 95 65.80 62.50 3.30
November 95 47.97 45.64 2.33
Dec 94- Nov 95 58.64 56.29 2.35
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3.2.7. Eddy Heat Transport

The heat transport across a vertical transect is well estimated by 3.30. However, the
temporal variability of temperature field remains unresolved by seasonal hydrographic
surveys. To overcome this problem the time series of temperature measurements are
required. As mentioned in §3.1 and §3.2.5, the temperature time series are available for
period June 95 to November 95 for upper layer of the Strait. Therefore, the eddy heat

fluxes can be calculated using:

”pCPGdedZ = ”pCﬁdedz - J.J.pCPG’V’dxdz (3.33)

where the left hand side is the total heat flux, the first term on the right hand side is
average over a certain period and prime stands for deviation from average. For a point

wise measurement, Eq. 3.33 can be written as:
Ov=0v+0'v (3.34)

Applying this relation to temperature and current measurements for a time interval, we
can examine the contribution of eddy heat transport to total heat transport. The
contribution of eddy heat transport to the total heat transport is calculated for the period
September 95- November 95 using available data sets which are mainly in the surface and
intermediate layers. As it is shown in Table 3.8, this contribution ranges from 0.1% to
5.9%. Therefore, neglecting the eddy heat transport cannot affect largely net heat
transport. Hence, the calculated heat transport using average monthly current data and
seasonal hydrographic data can be considered as a good estimate of the total heat
transport.

Table 3.8. Point-wise total, time averaged and eddy heat transport and the contribution of
eddy heat transport to the total heat transport through the upper layer of the Strait of Otranto
from Sep95 through Nov95. Units are in Mega Watts (10°W).

period Hioe (MW) Hayy (MW) Heaay (MW) Cont. (%)
M1 (surface) -13.89 -13.07 -0.82 5.9
M1(Mid layer) -13.71 -13.89 0.02 1.3
M2 (surface) -1.55 -1.53 -0.02 1.1
M2(Mid layer) -2.00 -1.99 0.01 0.4
M3(Mid layer) -0.72 -0.73 0.01 1.2
M5(Mid layer) 0.31 0.31 0.00 0.4
M6 (surface) 15.38 14.85 0.53 3.5
M6(Mid layer) 1.13 1.13 0.00 0.1
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3.2.8. Salt Transport

The salinity data are available from five hydrographic surveys in December 94,

February 95, May 95, August 95 and November 95 (Figure 3.23).

To calculate the salt transport, the salinity data have to be available on a regular grid

as current data. The VIM method is applied to salinity data to reconstruct the field and the
solution is discretized over a regular grid with 500 mx25 m dimensions (Figure 3.24). As
it is evident, there is a core with high salinity (s>38.75) on the eastern side in the

intermediate layers, which is coincident with inflow currents most of the year and a lower

salinity area on the western side coincident with the outflow of surface water into the

Ionian Sea.

The salinity and seasonal current data are used to calculate the quantity of salt

transport using:

$=10"[[psvdxdz (3.35)

where S, p, s, v are transported salt amount, seawater density, in situ seawater salinity and

current velocity respectively.
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Figure 3.23. Salinity profiles across the Strait of Otranto for a) December 94, b) February 95, c) May
95, d) August 95 and e) November 95.
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The average seasonal and annual transported salt through the Strait of Otranto are
calculated (Table 3.9). The average net salt transport shows a seasonal variation with
maximum import of salt into the basin by amount of 1.39+0.55 MKg/s (10° Kg/s) during
winter 95 and maximum export of salt from basin by amount of -4.78+0.55 MKg/s during
autumn 95. The average annual net salt transport is estimated as -0.87MKg/s.

Table 3.9. Average seasonal (including Dec. 94) salt transport through the Strait of Otranto.
Units are in Mega Kg/s (10°Kg/s).

Period Sin (MKg/s) Sout (MKg/s) Spet (MKg/s)
December 94 49.26+0.22 44.33+0.51 4.93+0.56
Winter 95 43.33+0.24 41.95+0.49 1.39+0.55
Spring 95 27.93+0.35 29.64+0.41 -1.71£0.54
Summer 95 38.52+0.27 40.14+0.47 -1.62+0.54
Autumn 95 35.46+0.19 40.24+0.51 -4.78+0.55

The average net salt transport rates are negative for spring, summer and autumn 95

and are positive for winter 95 and December 94 (Figure 3.25).

%0 B Sin (MKg/S)

| Sout (MKg/S)

O Snet (MKg/S)

Mega Kg/s

-50
December 94 Winter 95 Spring 95 Summer 95 Autumn 95

Figure 3.25. Average seasonal (including December 94) salt transport through the Strait of
Otranto. Units are in Mega Kg/s (10° Kg/s).
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Similar to the method used to calculate the heat transport using adjusted volume
transport rates, we can calculate the salt transport. The average salt transport across the
Strait of Otranto can be estimated using:

Snet = Vin (§in _gout) (336)
where Vi, S;, and Sou are inflow water transport rate, average salinity of inflow and
outflow regions respectively. The average water transport and associated average salinity
are calculated and the salt transport is estimated as production of them. As the case of
heat transport, the salt transport is due to the salinity difference between inflow and

outflow regions.

Table 3.10. Average seasonal (including Dec. 94) salt transport through the Strait of Otranto
calculated using adjusted water volume transport rates. Units are in Mega Kg/s (10°Kg/s).

Period Sin (MKg/s) Sout (MKg/s) Spet (MKg/s)
December 94 49.33 49.30 0.03
February 95 46.57 46.54 0.03
May 95 29.10 29.04 0.06
August 95 43.81 43.73 0.08
November 95 32.30 32.24 0.05

The calculated salinity net transport rates (Table 3.10) are at least two orders of
magnitudes smaller with respect to the earlier results (Table 3.9) and they are positive
(salt gain) for all seasons.

The salt transport has a maximum of 0.08 MKg/s in August 95 and a minimum of 0.03
MKg/s during December 94 and February 95. The average annual salinity transport is
equal to 0.05 MKg/s, which is equivalent to increasing of 0.05 of salinity of the Adriatic
Sea for the period of study if there will be no fresh water gain.

3.2.9. Fresh Water Budget

The fresh water budget can be estimated using oceanographic data measurements by
calculating the difference between total mass (water mass + salt) and salt transport
(Talley 2003). The total mass transport is calculated by:

M = ”pvdxdz (3.37)
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The seasonal (including December 94) mass transport through the Strait of Otranto is
given in Table 3.11.

Table 3.11. Average seasonal (including Dec. 94) mass transport through the Strait of
Otranto. Units are in Mega Kg/s (10°Kg/s).

Period M;, (MKg/s) M, (MKg/s) M, (MKg/s)
December 94 1277.714 -1151.261 126.454
Winter 95 1122.973 -1088.495 34.478
Spring 95 720.382 -767.291 -46.909
Summer 95 995.667 -1041.235 -45.568
Autumn 95 915.395 -1041.269 -125.874

By subtracting the transported salt quantities from the transported total mass, the fresh
water budget F, for the Adriatic Sea is estimated as:

F:M—S:Hp(l—s)vdxdz (3.38)

The estimated fresh water quantities (Table 3.12) show a seasonal variation with
positive values (losing fresh water) in December 94 and winter 95 and negative values
(fresh water gain) for the rest of the period of study. The average annual fresh water

budget is estimated as -11.8x10° kg/s, which is equivalent to -2.3 m/yr gain of fresh water
for the entire Adriatic Sea.

Table 3.12. Average seasonal (including Dec. 94) fresh water budget for the Adriatic Sea.
Units are in Mega Kg/s (10°Kg/s).

Period Fpet (MKg/s)
December 94 121.523
Winter 95 33.089
Spring 95 -45.196
Summer 95 -43.948
Autumn 95 -121.094
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Since the fresh water quantities are the difference of large numbers and are sensitive to
error, they are affected by large computational errors associated to the outflow region. To
avoid this problem, according to Hall & Bryden (1982), the equations for mass and salt

budget of the Adriatic Sea can be written as:
pF:pVin +pVout (339)
pVinSin + pvoutsout = 0 (340)

where F, Vi, Vou, Sin and S, are fresh water transport rates, average inflow water
volume, average outflow water volume, average salinity of inflow and average salinity of

outflow regions respectively. Solving the equations for F gives:

— Vin(Sout _Sin) (341)
S

F

out

The result of calculation of fresh water is presented in Table 3.13. The estimated fresh
water transport is different from previous one (Table 3.12) in magnitude and sign. The
recent results are one order of magnitude smaller than former one. Furthermore, the new
estimations show fresh water export in all seasons, while, the previous results show fresh
water gain in December 94 and February 95. The average annual fresh water transport
across the Strait of Otranto is estimated as -0.002 Sv, which is equivalent to 0.45 m/yr
fresh water gain.

Table 3.13. Average seasonal fresh water budget for the Adriatic Sea calculated using
adjusted water volume transport rates. Units are in Sverdrup.

Period Fret (SV)
December 94 -0.001
February 95 -0.001
May 95 -0.002
August 95 -0.002
November 95 -0.001
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3.2.10.Error Analysis

The error analysis is a tool to prove the reliability of the data measurements and data
analysis procedures. The error sources can be divided into two different types:
e Measurement error
e Computational error

Measurement Errors

The geophysical measurements are usually associated with errors (uncertainties) and
spikes. Some of these errors are detectable, such as spikes and random errors, and
consequently can be removed using different error analysis methods. However, some kind
of measuring errors are not detectable, such as systematic errors, which remain within the
data and propagate through the analysing procedure.

To calculate the water volume, heat and salt transport the measurements of current,
temperature and salinity are used. An error propagation analysis reveals that the effect of
uncertainties in measurements is negligible. Therefore, the data are considered as absolute
(with no error).

Computational Errors

The mathematical calculation procedure induces a sort of error called computational
error. The main source of this error is spatial sparseness of data. The computational error
corresponding to VIM is estimated by using analogy to objective analysis (Eq. 3.17). This
estimation presents the distribution of error corresponding to solution on each grid point.

As the results of analysis of current, temperature and salinity are used to calculate the
water volume, advected heat and salt transport, the error of integration should be
calculated. The ordinary error propagation law does not give an unbiased estimation of
integration error. So some hypothesis is considered in order to calculate reliable values.

If we consider that, the result of analysis x” is not exact and is associated with error €*
respect to true field x' (Beckers et al. 2008):

x'=x"'+¢ (3.42)
where we suppose that the analysis is unbiased on statistical average:

<x'>=<x'> (3.43)

To calculate the error variance on the sum (integration) we calculate the expected
square distance with respect to the true sum:

AN =<1"(x" —x")x*-x")"1>=1"P"1 (3.44)

T - . . . :
where P*=< ¢ " > is the error-covariance matrix of the analysis. P* can be evaluated by:
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P*=P-C"(B+R)'C (3.45)

Where P is the covariance matrix (NgyxN,) of the background field between N, grid points
under consideration, B is the covariance matrix (N,xN,) of the background field between
the Ny data points, C is the covariance matrix (N;*N,) of the background field between
the data points and grid points and R is the error covariance matrix (N,;%N,) on the data.
The error field of current, temperature and salinity are used to compute the error of
water volume, heat and salt transport by applying the error propagation equation, as

reported already.
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Chapter Four
Discussions and Conclusions

The subject of heat transport in the Adriatic Sea has remained as a closure problem for
several decades. The heat exchange with the atmosphere was addressed by some authors.
However, the heat transport process by means of currents which takes place through the
Strait of Otranto was not studied to approve the previous studies. As noticed already the
attempt of this study is to perform a comprehensive analysis of oceanographic data and

address the closure problem of heat transport in the Adriatic Sea.
The results of this study can be categorized as following:

e Air-sea heat exchange

e Current pattern and circulation
e  Water transport

e Heat transport

e  Salt transport

o Fresh water budget

The characteristics of circulation and water transport through the Strait of Otranto
were already addressed by some authors (Vetrano et al. 1996, Gaci¢ et al. 1996,
Kovacevi¢ et al. 1997, Poulain et al. 1996). The water transport in this study is calculated
applying different methods and hypotheses and it is compared with previous results.
Since the calculation of heat transport across the strait needed to have knowledge of
circulation, this subject is taken under consideration. The salt transport is estimated as
well as the fresh water budget of the Adriatic Sea.
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Air-sea heat exchange

The heat exchange through the air-sea interface for the time interval from December
1994 through November 1995 is calculated applying bulk formulas to ERA40 reanalysis
data set provided by ECMWF. The selection of applied set of bulk formulas is carried out
with concern previous studies on the heat exchange over the Adriatic Sea and mainly
considering Cardin and Gaci¢ (2003).

The solar radiation is responsible for the heat gain. A seasonal variation with a
maximum of 257 Wm™ in summer and a minimum of 57 Wm™ in winter is evident. The
long wave radiation and turbulent fluxes are responsible for losing heat to atmosphere.

The average annual net heat flux shows a high seasonal variability. Heat gain occurs
only in late spring and summer, while during autumn and winter heat loss occurs. The
maximum net heat gain is equal to 164.5 Wm™ in July 95 and maximum net heat loss is
equal to -213 Wm™ during November 95. The average annual heat exchange is estimated
as -36 Wm™>, and the negative sign means heat loss to atmosphere. This quantity is
associated with a high standard deviation equal to 153 Wm™ which shows its high
temporal variation.

The air-sea heat exchange over the Adriatic Sea is reported by various authors by
means of bulk formulas or modelling (for more details see Chapter two). It should be
noticed that in most of these studies the climatology of long time (5 to ~20 years) is used
to calculate the heat fluxes, while in this study a specific period (from December 1994
through November 1995) is considered.

Artegiani et al. (1997) calculated climatological heat losses of -19 Wm™ and -21
Wm™. Zavatarelli et al. (2002) evaluated a value between -17 Wm™ to -19 Wm™ using
two data sets for the period 1982-1994. Cardin and Gaci¢ (2003) estimated an annual
average heat loss equal to -30 Wm™ for year 1995. Mantziafou and Lascaratos (2004)
calculated the mean annual air-sea heat exchange for the Adriatic Sea (for the period of
1979-1994) as  -24.4 Wm™, and yet again they estimated this quantity as -15 Wm™ for
the period of 1979-1999 (Mantziafou and Lascaratos, 2008).

The comparison of the result of this study (-36+153 Wm™) with previous results
shows that they are in close agreement. The different choice of formula and data sets
results in different heat fluxes (Cardin and Gaci¢ 2003). These results can be confirmed
if in the steady state condition estimation of heat exchange through the air-sea interface
by applying the traditional method is balanced with those calculated by direct method
(Bryden and Imawaki 2001), namely advected heat through the Strait of Otranto which
will be discussed later. This should be stressed that our estimation is based on ocean
observations of v and T is independent of the air-sea heat estimation.

Current Pattern and Circulation

To explain the current system in the Strait of Otranto, a reconstruction of current field

is carried out using measurements at sixteen points. The reconstruction of current field is
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performed by applying two different methods, VIM and geostatistical method (Kriging).
Two methods provide similar results, however, VIM presents smoother field. The VIM
method is a nonlinear method which considers some physical constraints on the studying
fields (Eq. 3.7). The Kriging method is a linear weighted method which applies statistical
principles to interpolate the current on grid cells. Applying this method enables us to
calculate the standard deviation of reconstructed current field on each grid cell which is a
measure of temporal variability of currents, while the VIM method enables to calculate
the computational error of current field on each grid cell.

The average monthly and seasonal current field are reconstructed to calculate the
average monthly and seasonal water transport rates later on. Because of nonlinearity of
VIM the seasonal current field is different from the average of the three months of the
same season.

Owing to lower resolution in current measurements in the lower layer of the channel,
the current field reconstruction is associated with higher error located mostly in the
outflow region (Figure 3.11). The spatial coverage of this high error zone is almost
constant in all months, but the error varies.

The current system across the Strait of Otranto reveals a basin-wide cyclonic
(anticlockwise) shear pattern (Gaci¢ et al. 1996, Kovacevi¢ et al. 1997, and Poulain
1999). A permanent inflow (northward) current system into the Adriatic Sea is evident on
the eastern side throughout the whole period of study. The inflow is extended from
surface to intermediate depths (~400 m) and from eastern coast to mid channel
horizontally, as shown in Figure 3.10. It consists of the surface lonian water and the
Levantine Intermediate Water (LIW). This is reported by Gaci¢ et al. (1996), Poulain et
al. (1996), Vetrano et al. (1996) and Kovacevic et al. (1997). The inflow water masses are
characterized by high temperature and high salinity (Figures 3.21 and 3.24).

On the western coast (including coastal shelf and shelf break to mid channel) an
outflow (southward) current system dominates. It is characterized by lower temperature
and lower salinity with respect to inflowing current system (Figures 3.21 and 3.24). The
outflow consists of Adriatic surface fresh water on the shelf and Adriatic Deep Water
(ADW) at the western slope and bottom layer of the channel. These two current systems
(inflow/outflow) result in a cyclonic shear across the strait (Figure 3.10).

A two layer current regime in the central part of the channel, including an inflow in
the upper layer and an outflow in the lower layer is present. Due to temporal variability of
currents across the Strait, the position of shear line (zero flow) varies as it is shown in
Figure 3.10.

The current system across the strait is modulated with a high variability at synoptic
time scale (~10 days) as addressed by Gaci¢ et al. (1996). The shear zone between the
inflow and outflow currents, is characterized by formation of eddies with the spatial scale
of ~10 km and it takes about 10 days for an eddy to traverse the current meter station in
the Strait of Otranto (Ferentinos and Kastanos 1998). However the spatial resolution of

current measurements is not sufficient to resolve the characteristics of these eddies. The
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intensity of currents and the spatial coverage of inflow/outflow region show a seasonal
variability. The minimum intensity of current in both inflow and outflow regions occurs
in spring While, the autumn situation coincides with maximum intensity of currents in
both inflow and outflow regions. The area of inflow region has its minimum during
winter and autumn which is coincided with high intensity of currents.

The examination of stability of current systems (in terms of ratio of mean to standard
deviation) shows two stable cores (r>1). One is located in inflow (northward) currents
region in the mid depths (~200m) on the eastern side. The other one is located in the
lower layers (~600-800m) in outflow (southward) currents zone in the centre and western
slope of the channel. These two cores are observed during the whole year. The outflow of
the surface waters over the western shelf is more stable in winter and spring only.

Prevailing of standard deviation over the mean current in the main portion of the strait
except stable current cores in the inflow and outflow regions suggests that the temporal
variation of the current has greater amplitude with respect to the mean flow (Civitarese et
al. 1998).

Water transport

The water transport calculations are based on reconstructed current fields applying
two different methods (VIM and Kriging). As the inflow and outflow transport rate
estimations based on two reconstructed current fields (Kriging and VIM) obey the same
fashion, hereinafter only the VIM results will be considered as transport rates unless
otherwise noticed explicitly.

The hourly transport rate time series is modulated by mesoscale and seasonal
variations. The maximum transport occurs during winter and summer and minimum
transport during spring and autumn. The average annual inflow equal to 0.90+0.04 Sv is
compensated by an average annual outflow equal to 0.94+0.32 Sv. The average annual
net transport is an outflow equal to -0.04+0.32 Sv.

This is in agreement with the hypothesis that the Adriatic Sea gains fresh water on a
yearly basis (discussed later on), however it should be kept in mind that this quantity of
net transport rate is within the range of estimated error, while, the fresh water gain is in
the order of 10 Sv.

According to the recent estimated values for the fresh water budget of the Adriatic
Sea, the maximum fresh water gain is equal to 1.14 myr" (Artegiani et al. 1997) which is
equivalent to 0.005 Sv. This number is too small comparing to derived results and can be
considered as zero practically (balanced water exchange). The large estimation for net
transport rate can be due to high temporal variability of transport rates around the mean
value, calculation error and effect of the mesoscale eddies (Civitarese et al. 1998).

The corresponding errors of transport rates (inflow/outflow) are calculated. The inflow
transport estimations are associated with low errors, almost less than 10%, since this

transport is restricted to a smaller area with a sufficient spatial resolution of current
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measurements. On the other hand, the outflow transport estimations are associated with
high errors 30%-50%, as these transports take place in a wider area with poorer spatial
resolution of current measurements with respect to inflow. Therefore, the low spatial
resolution of current measurements and high errors corresponding to this area are resulted
in large values for net transport rates.

As the Kriging method is applied to hourly currents, a time series of gridded data is
available. Therefore, the standard deviation of transport rates in each grid cell can be
calculated as a measure of the temporal variability. The average annual transport rate
based on Kriging method has an inflow equal to 1.05+0.07 Sv and an outflow equal to
0.94+0.08 Sv. The average annual net transport rate is 0.10+£0.11 Sv which is one order of
magnitude larger than the estimation based on VIM and is of the opposite sign (inflow).

By considering the results of two different methods we can find out transport rates and
related errors and variations. These results for water transport across the Strait of Otranto
are in good agreement with previous results. The average monthly exchanges were
calculated by Vetrano et al. (1996) using the same data applying the weighted inverse
method. The inflow and outflow estimations from two studies are in agreement. The
average annual exchange is estimated as an inflow equal to 1.152 = 0.529 Sv, and an
outflow equal to 1.158 £ 0.530 Sv. The net exchange is 0.006 Sv which is in the range of
calculated standard deviation.

B Inflow-Yari @ Outflow-Yari

B Inflow_Vetrano @ Outflow_Vetrano
@ Inflow-Mantziafou B Outflow-Mantziafou

Dec-94
Jan-95
Feb-95
Mar-95
Apr-95
May-95
Jun-95
Jul-95
Aug-95
Sep-95
Oct-95
Nov-95

Figure 4.1. Comparison of the average water transport rates across the Strait of Otranto.
Units are in Sverdrup.
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Mantziafou and Lascaratos (2004) derived average monthly exchange through the
Otranto by means of a modelling study. The derived estimations (personal
communication) show a completely different trend. The maximum exchange takes place
during spring and minimum in autumn. The inflow and outflow transports compensate
each other on a monthly basis. The net annual exchange is equal to -0.003 Sv. However,
this study is based on climatological forcings of the Adriatic Sea. In the Figure 4.1 the
results of this study are compared with the two above mentioned studies.

The other studies reviewed in §2.1, did not offer a complete result on exchange
through the Strait of Otranto, however seasonal or annual estimation are in agreement

with results of this study.

Heat transport

The heat advection into the Adriatic Sea through the Strait of Otranto is estimated for
the first time. This calculation is carried out by applying direct method (Bryden and
Imawaki, 2001) to current and potential temperature data.

Two different set of estimations are calculated for advection heat transport rates. At
first step simply by using the direct measurements. In this method the heat transport is
due to only advection term in the energy equation (Eq. 3.24), so the estimated value for
heat transport is a function of both water transport and difference in potential temperature
between inflow and outflow regions. Because of low spatial resolution current
measurements, calculation errors and influence of eddies, the water transport rates are not
balanced on monthly and seasonal scales. Therefore, the calculated heat transport rates
are partially influenced by this imbalance.

Since the balanced water exchange is a prerequisite for unbiased estimation of heat
and salt exchange through the Strait of Otranto (Bryden and Imawaki 2001 and Civitarese
et al. 1998), the hypothesis of balanced water exchange is considered. This is carried out
by adjusting the outflow transport rates (with larger error) with inflow transport rates
(with smaller error). This means that the heat transport is a function of only temperature
difference between inflow and outflow part.

The first set of estimations reveals that the Adriatic Sea gains heat within the period of
study except autumn 95 (heat loss of -1.17 TW). A significant seasonal variation is
evident. The maximum heat gain of 6.96 TW occurs in winter 95 and minimum heat gain
of 0.27 TW during spring 95. The estimation for average annual heat transport by means
of advection through the Strait of Otranto is equal to 2.93+0.35 TW which is equivalent
to a heat gain about 21+2.5 Wm™ over the basin. Since the outflow water transport rates
are associated to high errors, consequently the outflow heat transports and finally the net
heat transport are affected by these errors.

The role of upper 200 m and lower layers in the heat transport process is assessed by
calculation of heat transport separately. The result of estimation shows that the upper

layer is responsible for importing heat into the Adriatic Sea through out the whole year.
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In other words in all seasons an inflow of heat advection prevails in the upper 200 m
layer. On the other hand the lower layer is responsible for exporting heat from the basin.
The heat is advected out from the Adriatic Sea to the lonian Sea through the whole period
of study.

The second set of estimations (based on balanced water exchange) shows heat gain for
all the seasons. The maximum and minimum heat gains occur in summer and spring
respectively and are equal to 3.30 TW and 1.73 TW. The net heat transport into the basin
is equal to 2.5+0.35 TW, which is equivalent to 17 Wm™ heat gain (with the same order
of errors) over the whole basin.

The difference of estimated heat transport by means two different method is equal to
0.43 TW which is in the order of calculated error. However, the second set of results is
more robust and is considered as final results.

Mantziafou and Lascaratos (2004) calculated the monthly net heat advection through
the Strait of Otranto by spinning POM using climatological forcings. They calculated a
net annual heat transport equal to 2.92 TW (personal communication) which is equivalent
to a heat gain of 21 Wm™. This is in agreement with our findings. However the seasonal
trend is different from finding in this study and it is due to differences in calculation of
mean monthly water transport rates using direct method (this study) and POM.

The eddy heat transport is calculated for upper 200 m of the cross section for a
specific time interval (September 95- November 95). The contribution of the eddy heat
transport to total heat transport is less than 6%. Therefore, by calculating the average heat
transport, the major part of the heat transport is assessed and can be considered as
representative of the total heat transported.

The heat exchange through the air-sea interface should be validated by advection heat
transport. The air-sea heat exchange is calculated as -36+153 (Std) Wm™. The advected
heat through the Strait of Otranto is estimated as 17+2.5 Wm™. The two estimations are
of the same order of magnitude. Comparing these two quantities and having in mind that
the first one is associated to high variability and second one is affected by 20% of error,
confirms the procedure of examination of heat transport process in the Adriatic Sea.

As already discussed the selection of different data sets and different version of bulk
formulas results in different estimations for the air-sea heat fluxes (Cardin and Gacic¢
2003). The direct estimation of heat transport can be used as a constraint for evaluating of
the air-sea heat fluxes (Bryden and Imawaki 2001). Therefore, by considering the
advected heat as a reference one can tune the bulk formulas to modify the estimation for
air-sea heat fluxes.

On an annual time scale the advected heat is compensated with the air-sea heat loss.
However, on a seasonal time scale it is not. This is due to seasonal variation of heat
content of the Adriatic Sea, seasonal cooling or warming. Moreover it can be related to
the fact that the heat advection and surface heat exchange terms (Eq. 3.26) are basically

two different mechanisms in time and space. Therefore, the spatial and temporal scales of
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these processes are different. Consequently they can not balance each other on a short

time scale as monthly or even seasonal scale.

Salt transport

The salt transport through the Strait of Otranto is estimated be means of direct
measurements. Similar to heat transport situation, two different sets of estimations are
resulted.

As the salt transport is due to advection process (diffusion is neglected), it is a
function of water exchange. The first set of estimations for salt transport involves the
influence of large errors and unbalanced water exchange. The estimated annual salt
transport is equal to -0.87x10° Kgs"'. This means the Adriatic Sea exports salt to the
Ionian Sea.

According to the previous results the Adriatic Sea gains fresh water annually. This
means that it is a dilution basin. In steady state condition the salinity of basin is almost
constant in long time scale. So the exporting of salt is not in agreement with this
assumption.

Since the salt transport quantities are small numbers that are calculated by taking
differences of large numbers with some errors, they are very sensitive to errors.
Therefore, the high error associated to outflow transports influences the estimation of salt
transport.

Similar to the case of heat transport, the balanced water exchange is considered to
obtain an unbiased estimation. This assumption (Hall and Bryden 1982), results in more
consistent estimations. In this method the salt transport is due to the salinity difference
between inflow and outflow regions. The estimation for mean annual salt transport is
equal to 0.05x10° Kgs' which is equivalent to increase of salinity of 0.05 yr' for the
whole Adriatic Sea.

This can be considered as a reasonable result, since the source of salt balances the
fresh water gain (dilution), and keeps the salinity of basin in constant, as in a steady state

conditions.

Fresh water budget

Two different quantities for the fresh water budget are estimated by means of the
different water and salt exchange estimations. The first one is equal to 2.3 m/yr. It is
highly affected by large error associated to outflow transport rates. However this
estimation is larger than the other published values. As it is shown, in these results, winter
is associated to positive fresh water budget, while other seasons are coupled with negative

fresh water budgets.
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The second estimation is based on mass conservation hypothesis (Hall and Bryden
1982) for Adriatic Sea on a monthly basis. Therefore, the salt transport is only due to
salinity difference between two parts of inflow and outflow. The average annual fresh
water transport is -0.002 Sv which is equal to gain of 0.45 m/yr for the whole basin.

These estimations are comparable with the finding of authors reported on the fresh
water budget of the Adriatic Sea. Mantziafou and Lascaratos (2008) reported the most
recent one equal to ~0.62 m/yr for year 1995. Mantziafou and Lascaratos (2004) estimate
a climatological fresh water budget equal to 0.6 m/yr. Zavatarelli et al. (2002) reported an
estimation for fresh water budget as 0.85 m/yr using ECMWF reanalysis data set.
Artegiani et al. (1997) estimate 1.14 m/yr, which is associated with high error in
precipitation and river runoff. Raicich (1996) reported estimation for fresh water budget
from 0.65 to 1.10 m/yr using different data sets. Zore-Armanda estimated a value
between 0.48 and 0.56 m/year.
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Suggestions

An experimental study on the phenomena of transport across the Strait of Otranto is
performed. The water, salt, heat and fresh water transport across the Strait of Otranto are
calculated for a specific time interval by applying direct method to the long term
measurements. On the other hand, because of the difficulties of acquiring of long-time
data, the numerical models are very useful to investigate the oceanographic
characteristics. The climatology of Adriatic Sea is studied by means of numerical models
by several authors. The result of these model studies can be verified by experimental
estimations.

This study can be completed by comparing the results of this study with findings of a
numerical model for the same period. It is suggested to run a numerical model for the
same period by using specific forcings of the same period to compare with our results.
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