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PREFACE 

This book is the outcome of a NATO Advanced Research Workshop on 
"The Eastern Mediterranean as a laboratory basin for the assessment of 
contrasting ecosystems" that was held in Kiev, Ukraine, March 23-27, 1998. 
The scientific rationale of the workshop can be summarized as follows. 

The Eastern Mediterranean is the most nutrient impoverished and 
oligotrophic large water body known. There is a well-defined eastward trend in 
nutrient ratios over the entire Mediterranean that starts at the Gibraltar Straits 
and, through the western basin, proceeds to the Ionian and Levantine Seas. 
Supply of nutrients to the entire Mediterranean is limited by inputs from the 
North Atlantic and various river systems along the sea. The unique feature of 
the Mediterranean is the presence of an eastward longitudinal trend in available 
nitrate/phosphate ratios. This apparently induces a west-to-east variation in the 
structure of the pelagic food web and trophic interactions. In this context the 
Mediterranean, and in particular its Eastern basin, provides probably a unique 
platform to explore the hypotheses related to the suggested phosphate-limitation 
on production and to the shift between "microbial" and "classical" modes of 
operation of the photic food web. 

The major exception of the overall oligotrophic nature of the Eastern 
Mediterranean is the highly eutrophic system of the Northern Adriatic Sea. 
Here, during the last two decades the discharges of the northern rivers 
(especially of the Po), together with municipal sewage, have led to a very 
marked increase of nutrients and subsequent imponent eutrophication events. 
The northern Adriatic eutrophic ecosystem occupies the entire continental shelf, 
-600 km long, and is very similar to the Black Sea northwestern shelf 
ecosystem, even though not as extreme. The crucial assessment of the degree of 
eutrophism of the Northern Adriatic shelf has been the objective of a major 
programme supported by the European Union, with field work that extended 
from February 1993 to June 1995, the ELNA project (Eutrophic Limits of the 
Northern Adriatic, T.S. Hopkins, 1996). It must be pointed out that 
eutrophication and pollutant transports are a major concern in all of the coastal 
areas of the Eastern Mediterranean in particular all along the northern Turkey 
coastline of the Levantine basin. It is important to identify the differences and 
similarities of the nature of eutrophism and trophic-dynamic characteristics of 
these regions within the framework of the large-scale oceanography of the 
entire Eastern basin. 

The above ongoing research activities comprising extensive field work and 
modeling efforts clearly demonstrate the unique feature of the Eastern 
Mediterranean as a laboratory basin of contrasting ecosystems, from extreme 
eutrophic (Northern Adriatic) to extreme oligotrophic (Levantine basin) and 
from ecosystems driven by river inputs (Northern Adriatic) to ecosystems 
driven by wind forcing and deep water formation processes (Levantine basin). 

The specific objectives of the ARW were: 
1) To assess the state-of-the-art knowledge of the contrasting ecosystems 
of the Eastern Mediterranean on the basis of ongoing 
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national/international programmes and from the phenomenological as 
well as the modeling perspective. 
2) To identify the major environmental issues, both on the regional and 
basin scale, in relation to eutrophication, transport of pollutants and 
health of the system. 

The papers collected in this volume address these objectives in detail and 
constitute the most up-to-date synthesis of the state-of-the-art research in the 
considered basins. 

Primary support for the Workshop was provided by NATO under the 
auspices of the Scientific Affairs Division, NATO Science Programme and 
Cooperation Partners, and we thank Dr. L.V. da Cunha, Director of the 
Division. It is with particular pleasure that we thank Prof. Evgeny 
Nikiforovich, of the Institute of Hydromechanics of the National Academy of 
Sciences in Ukraine, Chairman of the local organizing Committee, for his 
invaluable assistance in all the organizational phases before, during and after the 
Workshop and for providing a friendly environment to foster interactions and 
future collaborations between scientists from NATO and from Partner 
Countries. We also thank Ms. Lisa McFarren, secretary to Prof. Malanotte­
Rizzoli at MIT for her assistance in the production of the publicity material and 
documents for NATO. Finally, special thanks are due to all the contributors to 
this volume who provided an exciting forum for discussion and the excellent 
series of lectures that make this book a stimulating record of events. 

Paola Malanotte-Rizzoli 
Valery N. Eremeev 

October 1998 
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1. Abstract 

The thermohaline circulation of the Eastern Mediterranean underwent a dramatic change 
between 1987 and 1995. In 1987 the "engine" of the Eastern Mediterranean "conveyor 
belt" was the convective cell of the Southern Adriatic, while in 1995 the active 
convection region moved to the Aegean Sea. This change actually started as early as 
1991. The phenomenological evidence of the POEM programme shows that in 1987 the 
source of Levantine Intermediate Water (LIW) mass was the Levantine basin and the 
bottom water mass was formed in the Southern Adriatic. In 1991 all the 
intermediate/deep water masses on the horizons Cie = 29.00 to 29.18 kg/m3 were formed 
inside the Aegean sea, from which they spread out into the entire Eastern Mediterranean 
through the Cretan Arc Straits. 

In the last decade the Eastern Mediterranean has been the object of the 
multinational collaborative programme P.O.E.M. (Physical Oceanography of the Eastern 
Mediterranean) sponsored by UNESCO, IOC and CIESM. Under this programme a 
series of general hydrographic surveys was carried out by the RIV of Greece-Israel-Italy 
and Turkey in the period 1985-1987, culminating in POEM-AS87 in which the German 
RlV Meteor covered the entire Eastern Mediterranean with a basin-wide station network. 
In 1987 the regular CTD surveys were implemented by a transient-tracer survey (I). The 
observational dataset collected in these surveys was intercalibrated, pooled and 
distributed to all the participating scientists in a series of UNESCO sponsored workshops. 
The joint analyses and interpretation led first to a group paper summarizing the new 
findings that included extended modeling results (2); second a special issue of Deep-Sea 
Research was devoted to this POEM-Phase 1 research (3). Recently, the entire POEM­
Phase 1 dataset has been revisited for the Ionian sea with an in-depth complete reanalysis 
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that has led to important new findings (4). These include the first detailed definition of 
the upper thermocline circulation in the Ionian sea, with the discovery of the strong Mid­
Ionian Jet (MIl) crossing the basin interior in north/south direction and then becoming 
the Mid-Mediterranean Jet (MMJ); and the first definition of the pathways of the 
intermediate LIW and of the Eastern Mediterranean Deep Water (EMDW). 

In 1990 POEM evolved into POEM-BC (Biology and Chemistry) a fully interdisciplinary 
programme, with the major overall objective of establishing the phenomenology of the 
90's for the chemical and biological parameters together with a reassessment of the 
phenomenology of the physical properties, contrasted to that of the 80's, (POEM-Phase 
I). The first interdisciplinary multi-ship general survey of the entire basin was carried 
out in October 1991, POEM-BC-091, followed by a more restricted survey in April 1992 
(the Ionian basin only) and a final basin-wide survey by the RIV Meteor in January 1995, 
with a second transient tracer network of stations. This was part of the LIWEX 
experiment aimed to investigate the successive phases of the LIW formation and 
concentrated in the Northern Levantine region of the Rhodes gyre during the successive 
months, February through April 1995. The analysis of the Meteor cruise, including the 
transient tracer observations revealed a very important, dramatic change in the deep 
thermocline circulation, the Eastern Mediterranean "conveyor belt". Specifically, in 
1987 the driving engine of the deep, closed thermohaline cell was the Southern Adriatic, 
where deep convection leads to the formation of the Adriatic Deep Water (ADW) that 
exists from the Otranto Straits, becomes EMDW and spreads throughout the eastern 
Levantine in the bottom layer. General upwelling to the intermediate transitional layer 
(below 1,000 m) provides the return pathways to the Southern Adriatic closing the cell 
(I). In winter 1995 the situation was completely different: the engine of the deep 
thermohaline circulation was now the Aegean sea, with deep, denser water masses exiting 
from the Cretan Arc Straits, spreading throughout the entire basin and pushing to the 
west, while simultaneously lifting, the less dense EMDW of southern Adriatic origin (5). 

We present here the first observational evidence that this dramatic change in the 
Eastern Mediterranean circulation actually started in 1991 and involved not only the deep 
water mass pathways but the intermediate ones as well, specifically the LIW origin and 
pathways. This evidence is based on the first joint analysis of the POEM-BC-091 
general survey. This analysis revealed first that the upper thermocline circulation (upper 
-250 dbar) was actually extremely similar in the 80's and 90's. Most important the MU, 
emanating from the Atlantic Ionian Stream (AIS) entering the Sicily Straits, is quite 
strong, crossing the Ionian interior from North to South and surrounding a general 
anticyclonic region in the Southwestern Ionian both in the 80's and 90's. Recent results 
based on drifter observations confirm the persistence of the MIl from the 80's throughout 
1995-96 (6). 

On the other hand, a dramatic change is observed from 1987 to 1991 in all the 
intermediate and deep water mass pathways. In 1987 the LIW was formed in the proper 
Levantine basin, entered the Cretan passage south of Crete, with a major branch 
proceeding directly to the Sicily Straits and successive branches "peeling off' and being 
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veered northward by the anticyclonic gyres of the Ionian interior. The LlW pathway on 
its typical horizon, the isopycnal surface (Js = 29.05 kg/m', is shown in Fig. I. This 
behavior is observed consistently on all the isopycnal surfaces from 29.00 to 29.15 kg/m'. 

In 199 I all the water masses on the horizons of (Js = 29.00 to 29.18 are formed 
inside the Aegean Sea, they exit from thc Cretan Arc Straits, and spread into the Ionian 
interior "blocking" the traditional LIW route from the Levantine. In Fig. 2 we show the 
LIW on the horizon (Js = 29.05 kg/m' exiting from the Western Cretan Arc Straits with 
the major branch reaching the Straits of Sicily, and a second branch spreading northward 
along the Greek coastlines after being veered anticycionicaIly by the Pelops gyre. An 
important homogenized anticyclonic recirculation region is present in the Ionian interior. 
On the other hand, LIW on the horizon 29.10 kg/m3 (and on all the deeper horizons), 
shown in Fig. 3, does not reach the Sicily Straits. The intrusive tongue exiting from the 
Aegean Sea recirculates entirely anticyclonically all around the Ionian interior, which is 
filled by a homogenized water mass with S - 38.87. 

Thus the change in the deep thermohaline circulation observed in Winter 1995 (I) 
actually started before 1991, with the deep convecti ve processes leading to 
intermediate/deep water mass formation now occurring in the Aegean Sea. The October 
1997 situation with the massive salty tongues spreading out from the Aegean through the 
Cretan Arc Straits persisted until 1995. The primary cause of this shift in the convective 
"engine" of the basin from the Southern Adriatic to the Aegean is not yet definitely 
studied. 
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Abstract. This paper provides a survey of the oceanographic data holdings in the Ukrainian institutions for 
the Mediterranean Sea. So, the Ukrainian marine centers hold hydrological, hydrophisical, hydrochemical, 
hydrobiological, hydrometeorological, and other Mediterranean data collected for more then 40 years from 
about 500 cruises and 17.000 oceanographic station. 

1. Introduction 

In Ukraine, activities aimed at the establishment of a national system for 
compiling, transfer, storage, analysis and dissemination of oceanologic data and 
information are being conducted in the framework of the project "National Bank of 
Oceanologic Data". This project is one of several specific research projects of the 
National program for the study and use of resources of the Azov Sea - Black Sea 
basin and other World Ocean regions. Financial support is provided by the Ministry 
of Science and Technologies of the Ukraine (fig. I). 

... . .............................. , .. ," ......... -. ",. 

.PrQje¢t4.NanQ .... Q ... kQfO~~Ql()gitQ3ta';. .. • ...• 

.. ........u~der~~~tri~~~7:~:lr;b~i:~;ftheUkraine 

Sevastopoi 

IGS 
Kiev 

MHI 
the leading institution of the project 

Sevastopoi 

Odessa 

UkrSCES 
Odessa 

! MB of UkrRHMI I 
! Sevastopoi i 
I , 

SSRIMFO 
Kerch 

Figure 1. Participants of the project "National Bank of Oceano logic Data" 
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The leading institution of the project is 
• Marine Hydrophysical Institute (MHI) of the Ukrainian National Academy of 

Sciences (Sevastopol). 

Other participants of the project are: 

• Institute of Biology of Southern Seas (IBSS) of the Ukrainian National 
Academy of Sciences (Sevastopol); 

• Institute of Geological Sciences (IGS) of the Ukrainian National Academy of 
Sciences (Kiev); 

• Ukrainian Scientific Center of the Ecology of Sea (UkrSCES) of the Ministry of 
Nuclear Safety and Environment of the Ukraine (Odessa); 

• Southern Scientific Research Institute of Marine Fisheries and Oceanography 
(SSRIMFO) of the State Committee of Fisheries of the Ukraine (Kerch): 

• Marine Branch of Ukrainian Research Hydrometeorological Institute (MB of 
UkrRHMI) of the State Committee of Hydrometeorology of the Ukraine 
(Sevastopol); 

• Odessa Branch of the Institute of Biology of Southern Seas (OB of IBSS) of the 
Ukrainian National Academy of Sciences (Odessa). 

The conception and principles of constructing a national distributed oceanologic 
information system have been developed, which included the foundation of four 
oceanologic data centers: 
• oceanographic and satellite data at MHI; 
• nonliving marine resources at IGS: 
• living marine resources at SSRIMFO; 
• marine environment pollution at Ukr SCES. 

In framework of abovementioned project the first version of the data catalogue 
on sea environment and resources was developed in the Ukraine on the basis of data 
provided by all marine institutions referred to above. To date, the catalogue 
comprises information about 550 data sets: 45 sets pertaining to marine geology and 
geophysics, 75 to marine biology and living resources, and 15 to marine 
environmental pollution. The rest of the sets contain hydrophysical, chemical and 
meteorological data. 

The oceanologic data for the Mediterranean Sea are being stored in the archives 
of the following Ukrainian institutions. 
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2. Marine Hydrophysical Institute (MHI) 

MHI research vessels accomplished measurements in the Mediterranean Sea 
during 48 cruises (in total, there were 176 MHI cruises in all the regions of the 
World Ocean). Most of the stations were located in the Eastern part of the sea 
(the Aegean and Levant Seas), in the Alboran Sea and in the Gulf of Lions. It was 
made about 1600 stations. The measurements were conducted from 1968 till 1994 
during all seasons (fig. 2). The following parameters were measured: 

• temperature and salinity (Nansen bottles, MBT, CTD); 
• currents (moorings); 
• meteorological data: 
• actinometric data; 
• chemical parameters (dissolved oxygen, pH, alkalinity, phosphate, 

nitrate, nitrite, ammonium, silicate); 
• hydrooptical parameters (Secchi disk depth, vertical profiles of spectral 

transparency, color index, scattering function, radiance index spectra, 
bioluminescence) ; 

• radioactivity (Sr-90, Cs-134, Cs-137, Ce-144, Rn-222); 
• biological data (chlorophyl1, primary production, phyto-, zoo-, and 

ichthyoplankton, squid, etc.). 

Biological data were obtained by scientists of the Institute of the Biology of 
Southern Seas and were kept there. Additional measurements were made in some 
cruises, for example, continuous measurements of the fine structure of temperature 
in the surface layer. 

MHI has a special reference database including all information about RlV 
cruises (time, scientific staff, types of measurements, used instruments, coordinates 
of stations). 

Brief information about cruises and measurements in the Mediterranean Sea 
is shown in Table 1. Cruises ofRiV "Mikhail Lomonosov" (ML), RlV "Academic 
Vernadsky" (A V) and RlV "Professor Kolesnikov" (PK) are listed in the table. 
During these cruises the measurements were done in the basins of the Black Sea 
(BS), the Mediterranean Sea (MS) and the Atlantic Ocean (AO). The main types 
of the performed researches are indicated in the table: M - Meteorology, A­
Actinometry, C - Chemistry, B - Biology, 0 - Optics, CTD - CTD-casts, MBT -
Mechanical Bathytermographs, OSD - Nansen's bottles. The total number of 
stations in the Mediterranean Sea is shown in the last column. 

Regretfully, only a part of the data collected by the research vessels after 
1983 is stored in a computer readable form. The data from the previous years are 
being kept in the form of tables, punched cards, reports, etc. For the present 
moment, only about 20% of the data have been transferred onto modem data 
carriers. 
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TABLE 1. Cruises of the MHI's Research Vessels in the Mediterranean Sea 
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3. Institute of Biology of Southern Seas (lBSS) 

Research vessels of lESS carried out measurements in the Mediterranean Sea during 
63 cruises. The measurements were made by research vessels " Akademik 
Kovalevsky" (1958-1990) and "Professor Vodyanitsky" (1977-1989) at 
approximately 1000 stations in the Aegean, Ionic, Adriatic, Tyrrhenian and Ligurian 
seas. The following parameters were measured: 
• temperature and salinity (Nansen bottles, MBT, CTD); 
• currents; 
• chemical parameters; 
• hydroacoustics; 
• bioluminescence; 
• primary production; 
• phyto-, zoo-. bacterio- and ichtiyoplankton; 
• ichthyology: 
• phyto- ,and zoobenthos; 
• sanitary hydrobiology; 
• radioactive and chemical hydrobiology. 

Brief information about cruises and measurements in the Mediterranean Sea 
is shown in Table 2. Cruises of RlV " Akademic Kovalevsky "(AK), and RIV 
"Professor Vodyanitsky" (PV) are listed in the table. The main types of the 
performed researches are indicated in the table: H-Hydrology, C- Currents, He -
Hydrochemistry, Ha - Hydroacoustics. Bl - Bioluminescence, P - Primary 
production, Ph - Phytoplankton, Bp - bacterioplankton, Zp - zooplankton, Ip -
ichtiyoplankton, I - ichthyology, Pb - phytobenthos, Zb - zoobenthos, S - sanitary 
hydrobiology, R- radioactive and chemical hydrobiology. 

TABLE 2. Cruises of the IBSS 's Research Vessels in the Mediterranean Sea 
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TABLE 2 (cont.) 

~_,,,:;,,;""~iI_. 
Al .11 II - ~5.01.72 • 
AKl70 07.05.72 - 16.07.72 • • • • 
~ 28.08.72 -22,OJ. 72 • • • • • 
AKl72 17.07.73 - 05.10.73 • • 
AKl74 21.04.74 - 29.06.74 • • • • • 
A'!·J}2 23.08.74 - 28.10.74 • • • • • 
AKl76 07.06.75 - 04.08.75 • • • 
AKl78 07.09.75 - 20.11.75 • 
AKl82 06.09.77 - 05.11.77 • • 
AKl83 IS.03.78 -17.05.78 • • 
AKl87 18.08.79 -17.10.79 • • • • • 
AKlS9 20.03.80 - 03.06.80 • • • • • 
AKl90 12.08.80 26.10.80 • • • 
AJ(j95 08.09.83 .28.10.83 • • • • • 
AKl96 10.11.83 ·30.12.83 • • • • • • • • • 
AKi97 11.05.84 ·23.07.84 • • • • • 
AKl98 24.08.84 13.10.84 • • 

AKlIOO 25.06.85 - 24.08.85 • • • • 
AKlIOI 11.09.85 - 10.11.85 • • • 
AKl102 12.04.86. - 27.05.86 • • • 
AKl103 25.07.86 - 08.09.86 • • • 
AKlI04 11.10.86 - 28.11.86 • • • • 
AKlI05 03.06,87 -j!j.07.87 • • 
AKlI07 29.08.87 - 13.10.87 • • • • 
AKlI09 03.11.87 - 18.12.87 • • • • 
AKl111 22.07.88 - 05.09.88 • • • 
AKl112 22.09.88 - 05.11.88 • • 
AKl114 28.04.89 - 12.06.89 • • • • 
AKl115 29.06.89 - 18.08.89 • • • 
AKl116 08.09.89 - 28.10.89 • • • • • 
AKl118 25.06.90 ·09.08.90 • • • • 
AKlI19 31.08.90 ·20.10.90 • • • • 

PV/1 18.12,76 ~.03.77 • • • 
PV/3 14.10.77 - 28.11.77 • • 
PV/6 27.07.79 ·30.10.79 • • • • • 
PV/7 23.11.79 - 06.02.80 • • • • 
PV/9 16.08.80 ·09.10.80 • • • • • • 
PV/11 15.11.81 - 15.02.82 • • • • • • 
PV/12 26.06.82 - 01.06.82 • • • • • 
PV/15 31.05.83 - 14.08.83 • • • • 
PV/7 05.06.84 - 13.09.89 • • • • • 

PV/19 15.05.85 - 29.07.85 • • • • 
PVI22 07.12.86 -11.12.86 • • • 
PV/27 15.07.88 - 13.09.88 • • • • • • • 

PV/28-1 27.04.89 - 21.06.89 • • • • • • • 
PV/28-2 08.07.89 -31.08.89 • • • • • • 
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Only 10% of data are kept in the institute archives, other data are kept by the 
principal investigators. An inventory of data is currently being prepared. All data 
are still stored in form of tables and reports. For loading in a database the data have 
to be checked and transferred onto modem computer carriers . 

4. Institute of Geological Sciences (IGS) 

IGS (Department of Modem Marine Sediments Genesis) has the following 
materials on Geology and Geochemistry of the Eastern Mediterranean Sea: 
I) Experimental data from 

cruise rlv "Faras el Bahr" (1969); 
cruise 19 rlv "Akademic Vernadsky" (1978-1979); 
cruise rlv "Gidrolog" (1981); 
cruise 24 rlv "Professor Kolesnikov" (1989-1990) 
cruise 31 rlv "Professor Kolesnikov" (1993 -1994), 

represented with columns of: 
• bottom sediments; 
• bottom surface samples; 
• Aeolian and water suspension; 
• porous waters. 
2) Analytical materials: 
represented with the results of granulemetrical analysis, mineralogical analysis, 
chemical analysis for determination of CaC03, Si02, Carg and Fe, Mn, Ti, Na, K, Cr. 
Cu, Zn, Ni, Cd, Zr, Co, V, Mo mikroelements, as well as emission spectral, atomic 
absorption, Roentgen fluorescent, neutron activation, chromatographic and other 
kinds of physical analysis. 

The analytical base includes about 500 analyses. 
3) IGS possesses materials on bottom sediments from the Nile Estuary, the Abu-Kyr 
Bay, the Levant Sea, the Aegean Sea and Izmir Bay. 
4) On the base of the data obtained, a monograph and about 10 articles were 
published, lithological (on sediments types), geochemical (on elements), 
geoecological (landscape-geochemical) maps, as well as sections and profiles were 
constructed. 

A part of the obtained materials is not brought into concrete data bases, nor 
systematized, nor digitized. Including into the National data bank on Marine 
Geology and Geophysics in a state ready for application by users needs additional 
financing and serious development. 

5. Ukrainian Scientific Center of the Ecology of Sea (UkrSCES) 

Research vessels of UkrSCES carried out measurements in the Mediterranean Sea 
during 334 cruises: 
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o 310 cruises of RlV type "Passat"; 
o 24 cruises of RlV "J. Gakkel" and "Y. Parshin" . 

For RlV type "Passat" the measurements were performed from 1968 up to 1992 
during all seasons. 8000 stations had been made. The following parameters were 
measured: 
• temperature and salinity (Nansen battles, MET. CTD); 
• currents; 
• meteorological data; 
• aerological data; 
• chemical parameters (dissolved oxygen, pH, alkalinity. phosphates, nitrates. 

ammonium, silicates); 
• pollution data: 
• MARPOLMON pollution data (oil slicks, tar bulls. dissolved oil); 
• microlayer data (chemistry, pollution); 
• hydrooptical parameters (Secchi disk. depth); 
• radioactivity (Sr-90, Cs-134, Cs-137, Ce-144, Rn-222) in the atmosphere. 

For RlV "J. Gakkel" and "Y. Parshin" the measurements were performed from 
1978 till 1992 in 24 cruises. More than 3400 station had been made. 
The following parameters were measured: 
• temperature and salinity; 
• currents; 
• meteorological data; 
• chemical parameters; 
• pollution data; 
• MARPOLMON pollution data; 
• hydro optical parameters; 
• radioactivity in the atmosphere. 

Additional special measurements were made in cruises, for example. 
continuous measurements of the fine structure of temperature in the surface layer. 
UkrSCES has a database including information of RlV cruises (time, types of 
measurements, used instruments). Only part of the data collected by research 
vessels after 1976 is stored in a computer readable form. The data are being kept in 
the form of tables, cards, reports, etc. Only 15% of the data up today have been 
transferred onto modern carriers. 

6. Southern Scientific Research Institute of Marine Fisheries and Oceanography 
(SSRlMFO) 

Research vessels of SSRlMFO carried out measurements in the Mediterranean Sea 
from 1959 till 1984 during 8 cruises. The following parameters were measured: 
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• temperature - 339 stations; 

• salinity - 325 stations; 

• dissolved oxygen - 286 stations; 

• phosphates - 228 stations; 
• silicates - 230 stations. 

The Mediterranean Sea was not of the main scientific interest for SSRlMFO 
and all the data are still stored in the form of tables. For loading into a database 
these data have to be checked and transferred onto modern computer data carriers. 

7. Marine Branch of Ukrainian Research Hydrometeorological Institute (MB of 
UkrRHMI) 

In 1973-1990 research vessels of State Oceanographic Institute (SOl) conducted 
investigations in the Aegean Sea and Eastern part of Mediterranean (table 3). 

The main goals were to explore exchange of pollutants between the Black Sea 
and Mediterranean Sea and to specify balance of contamination substances. Staff 
from Marine Branch of Ukrainian Research Hydrometeorological Institute (former 
Sevastopol Branch SOl) took part in 16 cruises mentioned above. Nowdays these 
data of amount about 1200 stations are stored in an archive of Marine Branch. List 
of variables includes: 

• temperature; 
• salinity; 
• currents; 
• O2 , pH. P04, P, N02, N03. Si, As, Cu, Hg, Cd, Ag, Hg, Pb, Cr, Co, Zn, 

Se, Au, Sb. Cs, Ba: 
• oil hydrocarbons and detergents. 

TABLE 3. Research cruises carried out in the Aegean Sea and Eastern Part of Mediterranean 
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8. Odessa Branch of the Institute of Biology of Southern Seas (OB of mSS) 

Research vessels of thc OB of IBSS carried out measurements in the Mediterranean 
Sea during 65 cruises. Most measurements were made in the Aegean Sea from 1972 
up to 1990. The following parameters were measured: 
• temperature and salinity: 
• currents: 
• waves; 
• Secchi disk and Forel Ule color scale; 
• chemical parameters (dissolved oxygen, pH, alkalinity, phosphates, nitrates, 

organic nitrogen, ammonium, silicates, organic carbon); 
• pollutants in particulate and dissolved forms; 
• primary production, phytoplankton pigments; 
• benthic organisms; 
• phyto-, zoo-, and ichtyoplankton; 
• microbiological parameters; 
• biochemical parameters. 

Only 10% of the data have been transferred onto modern carriers, the other data 
are being kept in the form of tables and reports. 

9. Conclusions and recommendations 

The Ukrainian marine centers (MHI, IBSS, IGS, UkrSCES, SSRIMFO, MB of 
UkrRHMl, OB of IBSS) hold hydrological, hydrophysical, hydrochemicaL 
hydrobiological, hydrometeorological, and other Mediterranean data collected for 
more than 40 years from about 530 cruises and 17 040 oceanographic 
stations (table 4). 

TABLE 4 . Number of oceanographic cruises and stations of the Ukrainian marine centers 

Unfortunately, only a part of these data (about 15-20%) is now presented in a 
computer readable form, the other data are kept in a form of tables, reports, 
punched cards, etc. The great part of these data is at risk of being lost to future 
because of media degradation. The sole copies of manuscript data could be easily 
lost affected by the environment conditions or accidents, for instance, by fires. 
Additionally, manuscript data are hardly used by researchers who require data in 
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digital form with all pertinent meta-data in order to perform the most 
comprehensive studies possible. To meet the requests, it is necessary to make 
the Mediterranean data available both for the national and international 
scientific communities in a common exchange format, on modern computer data 
carriers, as well as to prevent any obstacles for further using of the data. 

Creation of the more precise and full Mediterranean data catalogue is planned 
in Ukraine for the current year in the frames of "National bank of Oceanologic 
data" project mentioned above. But to convert analog and tabular Mediterranean 
data into modem digital forms, to carry out the quality control of these data, to 
merge them into national and international databases, the Ukrainian marine 
centers need financial and technical support. 
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The study of a persistent warm core eddy in winter 1993 and 
the water mass formation in the Eastern Mediterranean Sea. 

ALEXANDER I. KUBRYAKOV, NAUM B. SI:lAPIRO 
Marine Hydrophysicallnstitute, Ukrainian National Academy of 
Sciences, Sevastopol, Crimea 

Abstract. Survey data from the second leg of the 31 cruise of RIV "Professor 
Kolcsnikov" covering December 6-\9 1993 are analyzing to study a persistent warm 
core eddy located to the southeast of the Cyprus. Although the survey has been carried 
out in winter, vertical distribution of temperature and salinity has the most likely typical 
summer-fall character. The core of the eddy consists of warmer and saltier water than 
the environment and is characterized by an isothermal, isohaline lens of water wedged 
between the seasonal and permanent thermoclines. The eddy has no apparent signal at 
the surface, the maximum signal occurs near the base of the thermos tad at the depth of 
400 m approximat"ly. The signal is shifted a little to north at the depth of 1 00 m 
compared with deeper levels. Possible mechanisms for the generation of the eddy are 
suggested. Some speculations about mechanism formation of intermediate water masses 
are discussed, being based on multi-layered three-dimensional model of ocean 
circulation with isopycnal coordinates. Finally, the most favorable conditions for 
formation of the Levantine Intermediate Water masse are indicated. 

1. Introduction 

The 31 cruise of RIV "Professor Kolesnikov" went through November 1993 - January 
1994. The program of the cruise had included investigation of regions of the Black Sea 
and the Izmir Bay, which are traditional for us at the last time, and very interesting from 
oceanographic point of view the region of Eastern Mediterranean Sea - Levantine 
Basin. 

The multinational program Physical Oceanography of the Eastern Mediterranean 
(POEM), which has been ongoing since 1985, has provided a totally description of the 
basin-wide circulation [7,8,11-14] and its variability, which are formed by processes of 
three predominant and interacting scales: basin scale, subbasin scale and mesoscale. In 
particular, the circulation in the Levantine Basin consists of a complex system of 
subbasin scale gyres interconnected by being possessed of various intensity and 
meandering currents. And the Levantine Basin is the source of the saline and warm 
water mass which spreads at intermediate depths over entire Mediterranean Sea and is 
the major contributor to the salty and warm Mediterranean outflow into the Atlantic 
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Ocean. The data collected during POEM reveal one feature which is a persistent or 
recurrent warm core eddy located to the southeast of the island of Cyprus. This eddy, 
called the Cyprus eddy [1-3], is one of several warm core eddies which comprise the 
subbasin scale Shikmona gyre [12]. 

In the following discussion we present results obtained from observation data of the 
Cyprus eddy during the cruise, then we discuss some our speculations about formation 
of intermediate water masses. 

2. Observation of the Cyprus eddy 

The main goal of the second leg of the 31 cruise of RlV "Professor Kolesnikov" was 
the study of the Shikmona gyre. The data for this study consist of CTD profiles from 
the survey conducted during December 6-19 1993. Measurements were made with a 
CTD-zond "SHIK-03" designed and made in Marine Hydrophysical Institute. The 
accuracy of this probe is 0.02 DC and 0.02 practical salinity units (psu) through 
temperature and salinity respectively, and resolving ability is 0.005 °c and 0.001 psu. 
The casts were made to a depth of 700 m or 1000 m. The survey includes 55 stations 
and consists of 3 zonal and 1 meridional sections. Fig. I shows the locations of these 
stations. Typical station spacing ranged from 8 to 10 miles. The survey was enough 
wide, with good resolution and has carried out in winter period during strong storms 
and navigational troubles. 
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Fig. 1. Locations of the stations sampled during December 1993 
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In Fig. 2 we present the mean temperature and salinity profiles on the polygon. 
Although the survey has been carried out in winter, these profiles have the most likely 
typical summer-fall character and consist of four water masses: high salinity and warm 
Levantine Surface Water (LSW) in the the upper mixed layer of 50 m depth 
approximately, formed probably by excessi ve evaporation and wind mixing in the 
summer; low salinity Atlantic Subsurface Water (ASW) up to ISO m associated with 
entering water at surface through the Gibraltar Strait (Lacombe and Tchernia, 1972); 
high salinity and warm Levantine Intermediate Water (LIW) up to 400 m associated 
with the subduction processes; and low salinity and cold Deep Water (DW) below 600 
m formed in the Adriatic [8,16]. 
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Fig. 2. Mean profiles of temperature (a) and salinity (b) on the polygon. 

Fig. 3 shows the horizontal distribution of temperature and salinity at the surface and 
the 100 m depth. At the surface the temperature varies from 18.0 DC to 20.8 DC 

(,1. T=2.8 DC) and salinity varies from 39.37 to 39.54 psu (L1 S=0.17 psu ). Note, we 

do not see any surface signal of eddy here. The range magnitude of temperature 
variability at the 100 m depth is the same (15.8 - 18.4 DC, ,1. T=2.6 DC), but salinity one 
is more larger (38.98 - 39.40 psu, L1 S = 0.42 psu). And here we can see the signal of 
the eddy in the region of 34° 25'E. In Fig. 4 the horizontal distribution of temperature 
and salinity at the 400 m and 1000 m depths is presented. We see distinctly the signal 
caused by eddy in state of warmer and saltier water not only at the 400 m depth but at 
the 1000 m also. The coordinates of the center of the signal are 34° Nand 34° 25'E 
approximately. Note that this signal is shifted a little to south compared to the depth of 
100m. 
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In Fig. 5 the temperature and salinity profiles from the stations at the center and at 
the edge of the eddy are showed. We see the presence of warmer and saltier water in 
the center of eddy from 100 m to 700 m at least. The distinctive feature of the center 
profiles is the nearly isothermal and isohaline layer extending from 150 m to nearly 350 
m, so called thermostad. The maximum horizontal temperature and salinity contrasts of 
2-2.2°C and 0.15-0.20 psu respectively occur in the layer 300-500 m, that is deeper than 
the earlier data showed [3]. 
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Fig. 5. The profiles of temperature (a) and salinity (b) of the stations at the 
center (C), eastern (£) and southern (S) edge of the eddy. 

The characteristics of the thermostad can be seen good in the zonal sections of 
temperature, salinity and density (Figs. 6, 7 and 8, respectively). The core of the eddy 
consists of a lens of water trapped between the 15.5°C and 16.5°C isotherms (Fig. 6) 
and the 39.1 psu and 39.2 psu (Fig. 7). This lens appears as a broadening layer which 
separates the seasonal thermocline above and the permanent thermocline below. The 
core is isothermal but the surrounding water column is in the smooth transition zone 
between the seasonal and permanent thermocline. This water mass is just Levantine 
Intermediate Water. 

Let us note, at that place when the lower boundary of eddy is most concave, the 
lower boundary of seasonal thermocline is convex just above. And it seems to be that 
the axis of eddy is a bit of sloping. We see the same picture still better at the meridional 
section (Fig. 9). The isotherms are most concave in the vicinity of 34° N from 350 m 
and deeper, and they are convex just above. From 140 m and upper, the isotherms are 
concave to the north of 34° 12'N and therefore the signal of eddy appears to more north 
at the depth of 100m (Fig. 3). 
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We can good look around the configuration of the eddy at the picture of bedding of 
the isothenn surface of the 15.0°C and the isohaline surface of thc 38.9 (Fig. 10). We 
see here the nearly regular inverted cone. 

Fig. 10. The isosurfaces of the 15.0 °C temperature (a) and the 38.9 psu salinity (b). 

To estimate the dynamics of the eddy the geostrophic velocities have calculated 
which present a balance between the pressure gradient and the Coriolis force. These 
velocities have been calculated by dynamic method relative to the reference level (or 
level of no motion) of 700 m. We have adopted this level because the most of casts 
have been made to a depth of 700 m. The change of this reference level has not 
practically affected on the results of calculations. In Fig. II the distribution of 
meridional component of geostrophic velocity is shown along the three zonal cross­
sections. As might be expected, the position of main flows corresponds to the eddy 
position. At the central and southern sections (Fig. 11 b,c) there is the southward flow 
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Fig. 11. Zonal cross-sections of geostrophic velocity: (a) -northern; (b) - central; (c) -
southern. Positive values indicate northward flow and negative values are 
southward. Reference depth is 700 m. 

to the right from 34u45' E and the northward now to the left. The maximum velocities 
attain 20 cmls. At the northern section (Fig. lla) the line of zero velocity is shifted to 
the west and is located at 33° 50'E approximately. 

It is difficult to make a certain conclusion about mechanism of formation the Cyprus 
eddy on the basis of this cruise data. It is possible will agree with opinions of Brenner et 
af. [2] that the existence of a eddy can be caused by meandering of the Mid­
Mediterranean Jet under its bifurcation around the Cyprus or to be a consequence of 
nowing of the Eratosthenes seamount. Besides, in our opinion, there is one more 
reason: the existence of the Cyprus eddy can be stipulated for int1uence of the bottom 
relief, namely presence rather deep-water hollow (H > 2 km), on the larger Shikmona 
gyre, more exactly on periphery currents of the Shikmona gyre. The presence of the 
hollow results in occurrence of local peculiarity in of the Shikmona gyre that is 
individual core with anticyclonic eddy. 

3. Some speculation about formation of intermediate water masses 

The investigations of the POEM group [13] are a clear indication that the Levantine 
Intermediate Water is formed in the centers of anticyclonic eddies. To describe the 
mechanism of the formation thermostad and the surface signal of such eddies Brenner 
et at. [2] have used one-dimensional model. Also Lascaratos et al. [6] have used the 
one-dimensional model to examine how the formation of the LIW is controlled by the 
preconditioning of the hydrography and the surface fluxes. Such models simulate the 
subsurface low salinity water only with a parameterized horizontal advection because 
this process is substantially three-dimensional. And besides, the one-dimensional model 
can not take into account other effects connected with the three-dimensional circulation, 
in particular with the presence of eddy. 
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We shall describe briefly mechanism of formation of intermediate water masses, 
being based on original multi-layered three-dimensional model of ocean circulation 
with isopycnal coordinates [9,15]. The model was used to study the subduction 
processes in the Atlantic Ocean and the Black Sea. 

According to this model the ocean water column consists of the upper mixed layer 
(UML) and internal layers possessing appointed density values. Internal layers do not 
exchange water with each other. The water can penetrate only to the UML from the 
close lower layer or from the UML to one. Evolution of the UML occurs through two 
regimes: entrainment and subduction. When the entrainment takes place the UML 
captures water from underlying layer. The subduction is the process when water leaves 
the UML and becomes a part of underlying layer. So the water of underlying layer 
acquires the properties - temperature, salinity, potential vorticity - which formed earlier 
in the UML. It is important that the water from the UML comes only to certain internal 
layers, so the density of incoming water correspond to appointed density of the internal 
layer. Thus different water masses can be formed which have the same density but 
rather any (up to the state equation) temperature and salinity. As further this water 
spreads in the internal layer, it actually represents intermediate water mass. Note one 
more , we consider the water mass has been formed after it had left the UML and 
actually entered the main thermocline. Some of this subducted water may be 
reentrained into the UML in the following winter. 

The regime of evolution of UML depends on alignment of fluxes of buoyancy 
through sea surface, mechanical energy expended on mixing and advection. We'll 
display the conditions which promote the formation of intermediate water masses. For 
our goal it is quite enough to consider only two equations of the model: the equation of 
turbulent kinetic energy balance and the continuity equation. The equation of turbulent 
kinetic energy balance in the UML (traditionally, in local and stationary approximation, 
see [10]) is 

where h 
B = aBo + e 
Bo 

{l' a-
a] < 1, 

is the thickness of the UML; 
is the effective buoyancy flux; 
is the buoyancy flux through sea surface; 

ifBo > 0; 

ifBo<O; 

(1) 

e is the background dissipation of turbulent energy in the UML; 
,1b=bo -b l ; 

bo , bl are buoyancy in the UML and underlying layer respectively; 
m = 1.25 is empirical constant; 
u. is dynamic friction velocity proportional to wind speed; 
We = min (W, 0) :s; 0 is the entrainment velocity, when W < 0; 
Ws = max (W, 0) ;::: 0 is the subduction velocity, when W> 0; 
W is the normal velocity through the base of the UML, so that W = We + Ws . 

The continuity equation is integrated over the UML 
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where U, V are components of total stream in the UML; 
W" = (Precipitation - Evaporation) is normal water velocity through sea surface. 

(2) 

The buoyancy flux Bo is connected with heat flux A" and salt flux R" by relation 

Bo = aAo + {3Ro 

ab ab 
where a = ~ > 0; {3 = -< 0 - are coefficients of the thermal expansion and the aT as 
haline contraction respectively. The heat flux can be presented as [4] 

and salt nux equals 

where A > 0; T" is the effective air temperature; To and So are the sea surface 
temperature and salinity respectively. 

As it follows from the equation (I) of turbulent kinetic energy balance (neglecting of 
the background dissipation t:), if B" < 0 then the entrainment will take place only. For 
example, it will because of strong cooling of sea surface (Ao < 0, and a I A" I > 
{3Ro) or because of strong evaporation (R" > 0; I {3R" I > Mo). If Bo > 0 then the 
entrainment can occur as well as the subduction. 

Thus, the condition Bo > 0 is the necessary condition of formation of intermediate 
water masses. 

We accept the finite-difference approximation (numerical analogue) of equations 
(1), (2) in form 

(3) 

(4) 

. aU av 
Here, dlV(VUML ) = -a + -a ,I'll is time step, index n specifies a time moment. 

x y 

We believe that functions at the n moment of time are known. When the subduction 
takes place, the thickness of the UML can be found from equation (3) directly 
(hereafter the background dissipation t: is neglected) 

2 3 
h"+l = mu. 

B" 
(5) 
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So, the necessary and sufficient condition of occurrence of subduction (at Bo > 0, of 
course) can be easy got from equations (4) using (5) 

(6) 

We can see from (6) that increase of B, weaker intensity of winds and convergence of 
currents in the UML promote subduction. If the cooling takes place (;C < 0), then Bo 
can be more zero (Bo > 0) only because of intensive precipitation (Ro> 0). In this case 
the fresh and cold water will be formed at the sea surface which will fall into 
appropriate underlying layers later. Such situation is possible in ocean at northern 
latitudes, but hardly it takes place in the Mediterranean Sea. A situation is more 
pertinent for Mediterranean Sea, when intensive heating CAo > 0) and evaporation 
occurs. Though the evaporation does not promote that buoyancy flux would be 
positively, but it results to incrcase of surface water density, so getting warmer, but 
becoming heavier (due to salting) water will gradually fill surface layers to form the 
intermediate water masses. Thus, the surface water with high salinity (due to 
evaporation) can penetrate inside to the sea only owing to intensive heating (Ta » To) 
of the sea surface, i.e. in the spring. If the heating is insufficiently intensive and the 
entrainment takes place, the following picture will: the water at the surface layer is more 
salty, but the underlying layer with original small salinity is deeper (but with the greater 
density, of course) and again more salty water is still deeper. 

Because of intensive heating the water will come to subsurface layers from the 
UML, which have bccn formed in thc UML earlier, when the entrainment took place. 
The entrainment can occur, for example, in winter, when the strong cooling is, the 
bottom of the UML is deepening, the water is involved to the UML from the 
thermocline and is mixed by convection. The layer of local minimum of salinity is not 
present in winter; temperature and salinity are constant through depth up to the bottom 
of the thermocline. 

Thus, the mixing of waters occurs at any time of a year, but renewal (formation) of 
intermediate water masses, i.e. the incoming of the appropriate waters to thennocline, 
occurs only owing to subduction process, which takes place in certain season and 
evidently at certain locations. 

The relation between divergence and vorticity can be illustrated if, for example, we 
adopt the quasi-stationary motion equations without nonlinear inertial members and 
with non-geostrophic approximation dynamics made conditionally by Rayleigh friction. 
In this case the relation looks like 

f . div(v) = -r' rot(v) (7) 

Here, f is the Coriolis parameter, V is the horizontal velocity, r is the friction 
coefficient. As since rot(v) < 0 in the anticyclonic eddy, then div(v) > O. Let the 

ocean consists of the three layers: the first is the UML, the second is the main 
thermocline, where the eddy is located, and the third is a motionless layer. (Note, the 
nonlinearity in the pressure gradient can be kept in this case). The equation 
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diver) = 0 (8) 

follows (in the "rigid lid" approximation) from the continuity equation of the whole of 

thc water column, here V = VUML + V MT are the sum of total streams in the UML and 

the main thermocline respectively. The relation 

(9) 

results from (8). If the eddy is axis-symmetrical, then in the center of the eddy the sign 

of the total stream divergence div(V,Io,fT) coincides with thc sign of the velocity 

divergence div(v) . Therefore, in the center of the anticyclonic eddy diver MT) > 0 and 

just above, into the UML, diveruML ) < 0, i.e. the convergence takes place, which 

promotes the subduction and, as though, engages the water from the UML. So our 
reasoning explain the fact, received from observation data, of preferable formation of 
intermediate water masses into anticyclonic eddies. 

The quantitative description of thermohaline circulation and processes of formation 
of intermediate water masses requires realization of special numerical experiments. 
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INTRASEASONAL LARGE-SCALE ANOMALIES OF THE 
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For studying the intraseasonal sea surface temperature anomalies in the Mediterranean Sea caADS data 
were used, which are analyzed in terms of characteristics specific to sqJarate seasons of the year. A method of 
local Lyapunov coefficients calculated from the changes of the SST anomalies during one-month time intervals 
was applied. It was found that the coefficients change during a year in such a manner, that maximal values occur 
in the spring and autumn. That means that SST anomalies are growing in th~ periods of a year and are decaying 
in the intermediate intervals. The spatial distributions of the growing and decaying anomalies with relation to the 
annual cycle of SST in the Mediterranean Sea are discussed. 

1. Introduction. 

In the World Ocean intraseasonal variations of the sea surface temperature, defined 
as oscillations occurring in separate seasons or months of the year with spatial scales 
exceeding a thousand kilometers and temporal scales being of the order of a month, 
represent an important aspect of the atmosphere-ocean circulation. As an example, 
they may be related to the longer-period interannual anomalies, such as El­
Nino-Southern Oscillation [1]. Physical mechanisms responsible for the generation of 
intraseasonal SST anomalies include both the local processes of the atmosphere-ocean 
interaction due to variability of thermal fluxes, and the verticaUhorizontal advection 
connected with the large-scale inhomogeneities of temperature and current velocity 
fields. The study of such anomalies calls for the use of state-of-the-art numerical 
models for the air-sea interaction. 

For the inland seas, such as the Mediterranean, the study of intraseasonal SST 
anomalies seems to be a less complicated problem. SST anomalies there having spatial 
scales of the order the dimensions of the sea, are coupled only with the processes of air­
sea interaction and the variability of sea circulation, but not with the horizontal 
advection from adjacent regions. There are vast literature about Mediterranean weather 
and climate components, that can effect on SST, such as pressure [2], atmosphere 
circulation in general [3,4], rainfall [5]. Some results on decadal time scales were 
obtained for SST itself in [6,7,8]. 

This study presents the results of processing of SST data from the widely-known 
COADS dataset [9]. The method applied to study nonlinear systems by means of the 
finite-time Lyapunov coefficients was used to interpret observational data, rather than 
to scrutinize the theoretical hydrodynamical model. As a result, some characteristic 
parameters describing the temporal evolution of the SST anomalies and their spatial 
distribution were computed, similar to the local Lyapunov coefficients and 
eigenvectors. The behavior of these characteristic parameters during the annual cycle 
is discussed. 
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2. Methods of Analysis and Data. 

To study the dynamics of a nonlinear system, such as the ocean-atmosphere system, 
known method for evaluating Lyapunov characteristic exponents is used. Assume, that 
we are analyzing an evolution of the system, described by the autonomous differential 
equation [10] in n-dimensional space 

dxldl == F(x), x == (Xl, ... ,Xn ) (I) 
We take the arbitrary particular solution of this equation, trajectory Xo(t), and 
determine the behaviour of trajectories x(/), close to this trajectory. This could be done 
by linearization (1) in relation to small deviations I; == x - Xo: 

d'f,/dt == A'I; (2) 
where A 'if == 8F;l8x; at x == Xo is the Jacobian matrix of the map F(x). Integration of the 
equation (2) from t to t+1'gives solution 

1;(t+1') == A(t,1')I;(t) (3) 
The eigenvalues of matrix A define the compression and stretching factors in the 
directions of the respective eigenvectors for real eigenvalues, and the angular rotation 
velocity in the respective planes for complex-conjugate pairs of eigenvalues. Generally 
matrices A"'A and AA"', where'" indicates transpose, rather then matrix A proper are 
considered to define Lyapunov exponents. It can be shown [Ill that these matrices 
defines a coupled eugenvalue problem such that 

A*A Ss == A/ sS. AA'" 11, == A/11s (4) 
where As 2 are eugenvalues of those matrices. They determine the local, or finite-time 
Lyapunov lllunbers As which characterize the exponential loss of correlation between 
the two close trajectories. Alongside As local Lyapunov exponents A,== 1/ rlnAs are 
considered. 

Orthogonal eugenvectors Ss, termed the "local Lypunov vectors", evolves to 
orthogonal vectors As11s during time interval (I, t+ 1) (sometimes they are named 
"optimal disturbances" [12]). A small sphere of radius li centered at point Xo(t) 
elongates into an ellipsoid centered at point Xo(t+ 1) with the principal axes liAs, 
directed along 11s. All above mentioned values are defined only locally in state space 
and in time and depends on t and T [13]. At infinite time limit local Lyapunov 
exponents become usual (global) ones. It is well known that even one positive global 
Lyapunov exponent means the developing of instability and leads to the deterministic 
chaos because of the exponential scatterring of close trajectories in the respective 
direction. 

Let us consider the description of the interrumual large-scale variability of SST, 
using the conception of Lyapunov exponents. It is well recognized that SST has a 
pronounced rumual cycle forced by external periodic excitation, so the equation (1), 
describing the SST dynatnics, is not autonomous. Hence, the linear equation (2), which 
describes the local dynatnics of SST anomalies in relation to the rumual cycle, is not 
autonomous either, and matrix At is a periodic function of time. During months with 
positive Lyapunov exponents, instability is developing, and the state of the system is 
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changing. During steady months, when all As are negative, the anomalies are 
exponentially decreasing. The value and the sign of the anomaly, which developes 
during unstable months, depends on the previous state of system, which depends on the 
decreasing during the months of stability. Thus, a chaos on the interannual scales may 
be generated. 

The existence of positive local Lyapunov exponents during certain seasons is very 
important in terms of dynamics. However, it is impossible to evaluate these exponents 
theoretically using primitive equations for the ocean-atmosphere system, because of the 
complexity of this problem. Thus, the detection of unstable directions via analysis of a 
dataset is of interest beyond all doubt, because it permits to explain qualitatively the 
generation of interannual variability in the ocean-atmosphere system. 

The data used in this study have been taken from the known COADS dataset and 
consist of the mean monthly SST over the Mediterranean Sea during 45 years (1945-
1989) [9]. The spatial resolution is lOxia, and the real dimension of state space is 
high, number of squares for the Mediterranean Sea is N=252 (in [14] data from 
COADS Release 1 were used). To reduce the dimension of the problem, prior to the 
analysis, the data were subjected to a truncated empirical orthogonal functions (EOF) 
expansion. 

The distribution of variance in state space varies during a year, and the optimal 
basis has to be choosen separately for every season. We have used the EOF-basis, 
constructed for each pair of the consecutive months t and t+ 1 (t=1, ... ,12). The basis, 
constructed for the whole year, in contrast to the bimonthly one, has not yielded any 
positive results, because of the strong seasonal variations of SST variance over the 
Mediterranean. 

In general, from dynamical point of view the EOF -basis has physical meaning only 
for systems described by certain linear stochastic equatuions, but for nonlinear 
deterministic systems it loses the sense. However in small part of phase space of high­
dimensional nonlinear system the behavior of trajectories can be considered as linear 
in corresponding tangent space. At low enough level of excitation trajectories 
effectively employ and fill some low-dimensional subspace of entire tangent space. Due 
to this filling local EOF -basis, constructed using this small part of phase space, is 
representative and complete one in this local tangent subspace. Another part of phase 
space can have another local basis due to curvature of cloud of trajectories. In terms of 
SST clymatic system this mean that during different seasons different forms of 
anomalies are developing. 

For every t= 1, ... ,12 construct the matrix of SST anomalies, including months t and 
t+1, with dimension NX2m, where Nis the number of points in a physical space, m=45 
is the number of years. After the singular value decomposition of this matrix we 
obtained EOFs a/ti, principal components bpi and eigenvalues ai. This decomposition 
converges fast enough, and some first leading eigenvectors describe a sufficient part of 
the initial data variance and yield a good reproduction of the large-scale patterns of 
SST anomalies. Therefore, we will consider hereinafter reduced data 
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(5) 
i=1 

where n is the dimension of EOFs basis in state space, which is small enough (n< <1',,'). 
In this new basis, we have m points for the current month t I;i/ = bpi and m points for 
the following month 1+1 1;,/+1 = bp+m•i (p=l, .... m, i=l, ... ,n). For convenience above 
mentioned entities are shown in Fig. 1. 

Figure 1. Sdtematic diagram representing the trajectory of a dynamical system in whidt there is an nearl'eriodic 
annual cycle. The heavy-line trajectory is the normal annual cycle. Cross sections of the attractor by planes at the 
two consecutive months t and t+l, spanned by two leading EOFs., are shown. Points F,'p and F,"', indicate 
intersections of the trajectory with these planes. Lyapunov vectors l;; ' .. l;; " and the vectors A\TJ'" A.'2TJ'2 are on 
these planes. 
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Thus, further in instability analysis '( equaled I month is considered and 
dependence on t is denoted by superscript. To construct a linear map f",+l=A''f,/, the 
least-squares fit method is used. For every i=l, .... n, the equation 

~tl=! A;/~/ (6) 
j=l 

defines the n-dimensional hyperplane in (n+ I)-dimensional vector space 
yi=(~tl '~l t, ... ,~,,'). Usually in linear regression analysis the noise is added to the right­
hand side of (6) and its variance is minimized. It implies that the SST data for the 
precede and following month, that is f,,' and f,,'+l, are known exactly, but the regression 
connection between them is only approximate due to the many real physical factors not 
taken into account and described as the noise. We assume, that regression equation is 
valid exactly, but there are data errors (measrements errors, gaps and so on), and yi are 
inexact values. This difference is rather essential. The first method is used in the 
parameter estimating in linear stochastic models, where noise has dynamical meaning. 
The second method is used for Lyapunov exponents estimating in numerical 
simulation of differential equations, where the noise reflects errors of numerical 
scheme [10]. So we have to find a minimum sum of squares of deviations in direction 
normal to hyperplane (6) 

Si(A;/) = f (~iPt+l -! A;/~/)2 [1+! (A;/ir1 (7) 
pol j~l j~l 

The minimization of Si, relative to A;/, is equivalent to the diagonalization of the 
covariance matrix of vector yi 

. m .. 

Rj / = L Yjp' YsP' (8) 
p~l 

which has n+ I eigenvalues rqi, ranged in the decreasing order, and n+ I orthogonal 
eigenvectors Ziq (q=l,.. .. n+ 1). The hyperplane, spanned over the first n eigenvectors, 
i.e. orthogonal to the last eigenvector Zin+1, is defined by the equation 

i i _ i 1+1 ~ 
(z n+J.Y) - Z n+l,l ~i + L...- (9) 

j~l 

Comparing it with (6) one can obtain the value ofA;/ 
A;/ = -Zin+1,t+l Izin+1,1 (10) 

To estimate confidence intervals, we took the typical least-squares fit sample value of 
variance A;/ 

n yi 
d-(A ..t) = _ n+! 

J) ; i 
m (trK - rn+!) 

(11) 

where rin+l is orthogonal to the hyperplane residual variance, that is equal to the 
minimum of Si in (7); trRi is the trace of matrix Ri in (8) or the total variance of yi. 

The explained variance, (trRi-rin+l) is shared equally between all n components ~t, 
because their initial variances are nearly the same. 
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Assuming a normal probability distribution for ~t, we obtain for the large m normal 
distribution for A/, with 95o/0-e0nfidence interval: 

A/±2a(A;/) (12) 
The knowledge of a(A /) permit to find out whether significant growing 

components of vector ~t exist and whether there is a significant relationship between 
them. The local Lyapunov vectors r:;/s provide the spatial distribution of evolving 
modes, reconstructed from EOF space to the physical domain 

(13) 
i=1 

The spatial distribution of disturbances in physical space, which initially 
corresponded to the Lyapunov vectors, after the one-month interval of evolution is 

ATs/' =! aid T/s/ (14) 
;=] 

Thus, the Lyapunov analysis has proven to be an easy-to-use method to extract 
unstable patterns from observational data. It should be emphasized however, that this 
method for the study of SST anomalies instability requires that such a basis be 
choosen, which would describe satisfactorily the spatial variability of anomalies. For 
example, to analyse the whole World Ocean, it is necessary to retain a large number of 
EOFs, since the areas of instability can be localized in physical space. Otherwise, the 
SST decomposition in small areas can prove unsuitable due to the low percentages of 
leading EOFs, because of the presence of various meso-scale processes in the field of 
SST anomalies, having noisy character. Therefore, it is necessary to find a compromise 
between the number of EOFs for the description of geographical features of SST and 
the growth of errors of the A / estimating. 

3. Spatial and Temporal Distribution of Intraseasonal Anomalies. 

Table I lists the total variances of SST anomalies for a two-month interval and 
contributions of the leading EOFs (in percent) to them. For comparison, it also shows 
the total variance and EOF contributions for a yearly time interval. As it is seen, the 
changes of a/ during a year are rather significant. For instance, for the first EOF, al 2 
varies from 36 to 62%, and for the second one from 18 to 38%. Thus for analysis of 
SST intraseasonal anomalies in the Mediterranean Sea, it was sufficient to be restricted 
by the first three leading EOFs determined for the successive two-month time intervals. 
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TABLE 1. Variances for every pair of consecutive months elu+! (OC)2, percentages 
of the frrst three EOFs a/ and their sum a/+a/+a/. In the last row are the same 
on a ~earl~ basis. 

t,t+ 1 el,,!;!! {oq2 a!2{%) a/~%) a/~·/.) a!2+a/+ a3\%) 
\-2 0.175 41.3 28.1 9.1 78.5 
2-3 0.149 46.0 23.5 7.5 no 
3-4 0.222 49.0 26.9 5.5 81.4 
4-5 0.361 54.6 23.4 7.1 85.1 
5-6 0.485 58.3 20.1 6.3 84.7 
6-7 0.518 61.6 18.3 6.1 86.0 
7-8 0.494 60.7 20.4 6.4 87.5 
8-9 0.463 53.4 26.3 6.0 85.7 
9-10 0.485 47.3 31.6 6.0 84.9 
10-11 0.519 46.1 31.6 6.8 84.5 
11-12 0.421 41.6 33.5 8.5 83.6 
12-1 0.272 35.6 38.1 8.3 82.0 
Year 0.381 49.7 26.6 7.0 83.3 

Fig.2 shows the spatial distributions of SST anomaly variance and of the leading 
EOFs for the two-month basis, as well as for the yearly basis. The first EOF has the 
same sign all over the sea for both the two-month and the one-year intervals; the 
second EOF changes its sign between the western and the eastern part of the sea. The 
third mode and the higher modes have, naturally, a finer structure, however, we will 
not consider them here, due to their small contribution to the total variance. Further, 
our results will cover the decomposition into two leading EOFs for every two-month 
interval, and only for comparison the third EOF will be taken into account in some 
cases. 
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Figure 2. Left fragment : distribution of SST anomali~ variance (squar" root of it) lOr ev"ry month / ~ L .. . 12 
and (bottom) tOr the whole year. Right fragment: leading two EOFs for every pair of consecutive months I. /+ I 
and (bottom) for the whole year. 

The matrix AI and the results of its transformations are displayed in Tab. 2. We 
include 95% confidence intervals for AI]] and A122 , the two largest Lyapunov 
coefficients, with their 95% confidence interval, and the leading Lyapunov vectors Sst 
and the vectors 11/. The diagonal elements of matrix A'ij and coefficients A/I , taken 
from Tab.2, are also shown in Fig. 3. Note, that diagonal elements of At!! indicate the 
change of the given EOF, and the non~agonal ones (#j) indicate an interaction 
between the EOF, having number i , and the EOF, ha"ing number j, that is, an 
interaction between different EOFs. 



41 

TABLE 2. Elements of the matrix At and Lyapunov coefficients X, with the 95% confidence interval in brackds. 
Components of the first Lyapunov vectors [,t, and corresponding vectors TIt, are in the last two colunms. 

t,t+ 1 A; I (95%) A;2(95%) A: 2 A~I A: A; (95%) 
I 

;11 
I 

;12 
I 

'711 
I 

'712 
1-2 0.57 (0.14) 0 .56 (0.13) 0.04 0.06 0.610.51 (0.14) -0.74 0.67 0.73 0.68 
2-3 1.59 (0.15) 1.10 (0.16) 0.22 -0.65 1.860.86 (0.16) 0.90 0.43 0.82 0.57 
3-4 1.34 (0.14) 1.73 (0.21) 0.40 -0.32 1. 77 1.38 (0.17) O.oI 1.00 -0.22 0.98 
4-5 1.79 (0.16) 2.10 (0.21) -0.24 -1.83 3.151.05 (0.19) 0.79 -0.62 0.49 -0.87 
5-6 1.\ 7 (0.\5) 1.\0 (0.21) -0.39 -0.47 1.570.71 (0.18) 0.75 -0.67 0.72 -0.69 
6-7 1.08 (0.16) 1.00 (0.22) -0.48 -0.61 1.59 0.49 (0.19) 0.76 -0.66 0.71 -0.70 
7-8 0.84 (0.15) 1.29 (0.17) -0.08 0.49 1.410.80 (0.16) 0.49 0.87 0.24 0.97 
8-9 0.83 (0.12) 1.43 (0.21) 0.20 0.45 1.570.70 (0.17) 0.45 0.89 0.35 0.94 
9-10 1.23 (0.21) 1.12 (0.19) -0.14 -0.35 1.43 0.93 (0.20) 0.81 -0.59 0.75 -0.66 
10-11 1.01 (0.15) 0.99 (0.18) 0.12 0.37 1.250.76 (0.17) 0.76 0.65 0.68 0.73 
11-12 0.57 (0.12) 0.89 (0.15) O.oJ 0.15 0.890.55 (0.14) 0.30 0.95 0.22 0.97 
12-1 0.81 ~0 . 17~ 0.64 ~0 . 14~ 0.26 -0.03 0.84 0.59 ~0.16~ 0.36 0.93 0.54 0.84 

Fig.3 shows, that the maximum growth of SST anomalies in spring occurs in April­
May and during autumn in August-September, whereas in the interim, in the winter 
and summer, the anomalies decay. It is of interest, that the growth and the decay of 
anomalies is accompanied by a change in the relationship between diagonal and non­
diagonal elements of the matrix At ij, which implies change in the relationship between 
different EOFs during the evolution of anomalies. 

]~4=~IY 

:rL\'~I~ 

fL ,r +-., 
~ i=f . 
l 2' 3 4 '!!!I (0 ;0 • , to 11 ' 2 

Figure 3. Diagonal elements of the matrix At: At" and At22 and maximum Lyapunov coefficient X, for every t. 
Bars indicate the 95% confidence interval. 

In Fig.4 a spatial distribution of the leading Lyapunov vectors, determined 
according to the equation (13), is shown for the two most distinctive months of a year. 
Fig.4 also shows the spatial distribution of vectors TIll , determined according to the 
equation (14). It is seen from Tab. 2, that the growing SST anomalies in April are 
formed mainly by the second EOF (the ratio between the first EOF and the second one 
is 0.49 to 0.87) This implies, that the unstable growing SST anomalies in the western 
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and eastern parts of the Mediterranean Sea have the opposite signs (Fig.4). The 
decaying SST anomalies in December, conversely, are basically generated by the first 
EOF. Thus, these anomalies all over the Mediterranean Sea have the same sign. 

2.0 

L5 

1.0 

0.5 

0.0 

Figure 4. Spatial distributioo of LyapWlov vectors [,', (left) and the vectors TJ', (rigJJ.t) lor two months: December 
(t ~ 12) and April (t = 4). 

It is worth to emphasize, that behaviour of the first Lyapunov vector is chaotically 
enough during a year according to the last two colounms of Tab.2. However for the 
three lines in Tab.2 (3-4. 4-5, 7-8), corresponding to the maximal gro~th of anomalies. 
the Lyapunov vector consists of the second EOF mainly. This variability of the 
Lyapunov vector is in accordance with the complex redistribution of variance between 
EOFs during a year. According to Tab.l, the total variance clt,/+l has two local minima 
and two local maxima, the share of the first EOF cfl has one minimum and one 
maximum, the share of the second EOF has four local minima and four local maxima. 
Lyapunov vectors describe the linear part of this complex redisribution of variance. 
that reflects on their shape. Our main conclusion affirms that during above mentioned 
months linear evolution consists of strong growth of the second EOF, though we have 
no reasonable explaination for this fact in addition to the mention on its connection 
with ocean-atmosphere interaction. 

There is one important question, connected with the low frequency trend in SST. It 
is known from literature [7], that the Mediterranean SST has significant trend for the 
COADS period moreover the trend is different for different seasons and for different 
parts of the sea. We also estimated the trend for every point separately for each month 
of a year and found that results are in accordance with known ones. Trend is stronger 
in summer, reaching 20% of total root-mean-square amplitude. Next important 
question appears on this stage. The behaviour of the montly anomalies (matrix At in 
our case) may depend on the climatic (averaged over several years) trend of the SST. 
Then 'we must choose time intervals having constant climatic characteristics and 
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estimate the matrix At sepatately for each such interval. Otherwise one can remove the 
climatic trend as an additive term and consider the residual as a stationary process. 
Apriori, there are no objective reasons to prefer any variant. Practically, it is rather 
difficult to select the time intervals without the climatic trend over the whole sea, that 
is why the second variant was choosen. All results were recalculated for such detrended 
data, starting with the EOF expansion and finishing to the Lyapunov vectors. Results 
left unchanged within confidence intervals. Naturally, the variance decreases on 10-
20% depending on season. One can conclude, that the behaviour of the SST anomalies 
for intraseasonal time scales doesn't depend essentially on low-frequecy climatic 
trends. 

4. Relationships between SST and Local Heat-Flux Anomalies. 

Both changes in the heat fluxes through the surface and the horizontal and vertical 
advection determine SST anomalies. For the open ocean conditions over large spatial 
scales (>1000km meridionally, and >3000km zonally), SST anomalies are dominated 
by the local changes in the heat fluxes, in comparison with advective influences [15]. 
In the extratropics, over monthly and intraseasonal temporal scales, the contribution of 
net solar and infrared fluxes to the total anomalous heat budget is small [16]. Thus, in 
the extra tropical regions of oceans, latent and sensible heat fluxes are the major 
components in producing monthly thermal anomalies. Note that latent and sensible 
monthly flux anomalies are correlated (cooler air is usually drier), so that they usually 
reinforce [16]. 

It is of interest to consider changes in the Mediterranean SST anomalies on 
intraseasonal time scales in relation to local heat-flux anomalies. We use a highly 
simplified slab-model of the well-mixed upper ocean: 

dAT AQ (15) 
dt PwC pwh 

and the bulk formulas for latent and sensible sea-air heat fluxes: 
Q=PaU[LCE(q/at-qa)+CpaCH<.Tw-Ta)] (16) 

where u is scalar wind speed; Pa, qa. Ta and Cpa are density, specific humidity, 
temperature, and specific heat at constant pressure of air at the observation level, Pw 
and C pw are the same for the water; q.,.:at and T ... denote the saturation specific humidity 
and sea surface temperature respectively; L is the latent heat of evaporation of water; 
CE and CH are the transfer coefficients, respectively, h is the depth of the slab. 

In this one-dimensional description of the mixed layer temperature, horizontal 
temperature advection and horizontal and vertical mixing have been omitted, so that 
only the effect of the anomalous sensible and latent heating I1Q on the SST anomaly is 
considered. 

Separating all the quantities in (16) into climatic quantities, denoted by an overbar, 
and anomalous monthly quantities, denoted by 11, 
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tJ.Q=PaU[LCE(l1qwsat -tJ.qa)+CpaCJrt:tJ.Tw-tJ.Ta)) 
dropping small terms and supposing that anomalous temperature 
differences are correlated especially in extratropics (16], 

(17) 
and humidity 

sat _ (0 sal J _ { oq sal) tJ.qw - _q_ tJ.Tw, tJ.qa -r -,- _ tJ.Ta 
oT _ - or T-T 

T-T~ - a 

(18) 

where r r:::;q)q;at is climatic mean relative humidity, one can use only two 

fundamental surface variables tJ.Tw and tJ.Ta to obtain the anomalous flu.x tJ.Q. 

dtJ.Tw+atJ.T =btJ.T, (19) 
dt w a 

where 

P ii' I ( oq sal) l 
a= a 1 LC -- +C C I, 

p,..Cpwh L E 0[' T~T. pa H J 
_ paii' r J oq3GIJ 1 (20) 

b - Pw C pwh L LC Erl or T=t, +C paC H J 
Next, we test the equation (19), using the dataset for Tw and Ta. A finite-difference 
approximation of the equation (19) can be obtained by means of integration over the 
time interval M for constant a and b: 

tJ.TwH-M =atJ.Twl + PtJ.TaH-M + rtJ.Tat , (21) 
where 

a=exp( -aM); (23) 

The monthly averaged values over the time interval tJ.t=lmonth are in equation (21). 
The equation (21) was tested using, as above, the EOF-basis, constructed for each pair 
of the consecutive months t and t+ 1, Results of the least-square fitting of the regression 
coefficients a and P for the first EOF are listed in Tab.3. The contribution of the two 
parts of the equation (21), that is atJ.T,/ and PtJ.TaM\t, to the total variance of EOF for 
the month given (in percent) is also given in Tab.3. The third term rtJ.Tat on the right­
hand side of the equation (21) gives negligible contribution to the variance explained 
and is not significant As one can see, the regression coefficients a and P for the first 
EOF have a pronounced annual cycle, having extreme values in June-July: a=0.21, 
[J=0.85 (92% of the explained variance) and in December-January: a=0.48, [J=O.26 
(56% of the explained variance). Parameters for the second EOF have a similar annual 
behavior. 
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TABLE 3. Variances of sea surface and air temperature anomalies, 
coefficients a and f3 for the frrst EOF, and variance explained for every pair 
ofmooths t, t+ I. 

t,t+ 1 dt+l{Twl dt+l(Tal a f!. VaT. expl. 

1-2 0.127 0.894 0.497 0.212 66.9 
2-3 0.170 0.596 0.403 0.362 73.6 
3-4 0.274 0.546 0.435 0.550 84.2 
4-5 0.448 0.736 0.364 0.699 84.2 
5-6 0.521 0.712 0.235 0.831 89.8 
6-7 0.514 0.595 0.207 0.853 92.3 
7-8 0.473 0.569 0.198 0.773 91.0 
8-9 0.452 0.697 0.167 0.645 85.8 
9-10 0.518 0.819 0.185 0.689 82.5 
10-11 0.521 0.961 0.426 0.545 83.2 
11-12 0.321 0.822 0.463 0.234 62.4 
12-\ 0.223 0.757 0.480 0.259 55.7 

The parameter r== l/a== -MIln(a) has a simple physical meaning: it determines the 
time of adjustment of the upper sea to the external forcing. For instance. for the first 
EOF, r = l.36 month in January and r == 0,61 month in June. In winter, the upper 
mixed layer is deeper, and specific humidity is less. As a result. despite the stronger 
mean wind, the adjustment time is larger than in summer. Choosing the characteristic 
monthly values ~ = 10°C, Ii = lOm/s, for winter, and r:. = 25 Q C, Ii = 5m/s, for 

summer, from (20), we can obtain reasonable estimates of the mixed layer depth: h = 

43m for winter and Ii = 15m for summer. 
The annual variations of the adjustment time, referred to above, give a reasonable 

explanation of the variations of monthly SST anomalies. In summer, f:.Tw responds to 
the changes of f:.Ta sufficiently quickly, and according to the equation (19), LlTw has 
enough time to approach LlTa, In reality, the variances of f:.Tw and f:.Ta are almost 
equal in summer (Tab.3). In winter f:.Tw has insufficient time to adjust to the anomalies 
f:.Ta and, as a result, the variance of !l.Tw is significantly lesser than that of f:.Ta. It is of 
interest, that in winter, the percentage of the variance of f:.Tw, explained by the 
equation (21), decreases up to 60-70%. That means, that a significant contribution to 
the SST anomalies is given by the other heat balance components, neglected in 
equation (19). Also, it means that the highly simplified slab-model ceases to be valid. 

The values of fJ given in Tab.3 vary in the annual cycle in accordance with the 
speculations given above. Because of r: < 1:" following the equation (20), in winter, 
b<a, and b>a in summer. For the second EOF, the yearly variations of the parameters 
obtained, by and large are the same, and the rather small unexplained variance of f:.Tw 

in summer also corresponds to equation (21). 
In this section we gave a simple interpretation of the SST anomaly variance 

increase during a spring, obtained in the previous Section. There SST anomalies were 
considered as an autonomous system, having the behavior locked to the annual cycle. 
Some features of this behaviour, namely the spring variance increase, is explained by 
the change of mixed layer depth. Note, that we did not have all the data sets nesessary 
for deriving the total heat balance of the upper sea layer. That is why model (19) is 
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rather simplified, but, nonetheless, it satisfactorily governs monthly SST anomalies, 
especially, in summertime. The principal purpose of this analysis is to give evidence of 
the local origin of intraseasonal SST anomalies revealed during springtime. Being 
local in space and time, the nature of forcing of these anomalies, consistent with the 
simple equation (19), indicates atmospheric processes as the source of these 
oscillations. 

5. Summary. 

We have presented the results of analysis of monthly SST data with a purpose of 
identifying intraseasonal anomalies in relation to the annual cycle. The main results 
can be summarized as follows: 

There are periods in a year, when large-scale anomalies in the Mediterranean Sea 
are growing. The most unstable anomalies occur in April, and the less unstable ones in 
August-September. In the intermediate months in December and June, the anomalies 
are decaying. 

Spatial distributions of the growing and decaying anomalies are different. The 
growing disturbances have the form similar to the second EOF, and the decaying ones 
are reminiscent of the first EOF. 

The relationship between monthly anomalies of sea surface temperature and 
atmospheric temperature corresponds to a simple equation of regression with the 
coefficients varying in a yearly cycle. 
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The Eastern Mediterranean (EM ED) is connected with the open ocean through three 
different sills and a wide buffering basin such as the Western Mediterranean. It is in fact 
almost completely enclosed by land, with the exceptions of the Sicily Channel and the 
very shallow connections of Bosphorus with the Marmara Sea and the more recent one 
with the Red Sea, which dates I 869. Though, it is a large basin with a maximum depth 
of more than 5000 m. Because of these characteristics, many relevant processes took 
place in the past and others are occurring today. To quote a few, the frequent changes in 
the pelagic system ([ 1] and references therein), the introduction of exotic species 
through the Suez Canal [2], the recent changes in thermohaline circulation [3] and their 
implications. Many topics have been thoroughly analyzed in this workshop and 
elsewhere. Instead, we will comment on some basic features of the pelagic realm, and 
the main forcings that make the area as it is now and eventually differentiate one region 
from another. Our contribution will mostly focus on inputs and internal transfers, which 
indeed cover only partially the functioning of an ecosystem. However, we think that 
these basic processes deserve attention and our aim is to promote a discussion on them. 
Moreover we will restrict our comments to the EMED proper, i.e. Adriatic and Aegean 
Seas will be excluded, whenever possible, from our analysis. 
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2. Background 

The EM ED is generally perceived as an extremely impoverished area for what 
biological production concerns. [n a schematic report, Azov [4] called it a "marine 
desert" and ranked the EMED among the most oligotrophic regions of the world ocean. 
This statement holds true in terms of both average standing stocks (e .g. chlorophyll a, 
mesozooplankton numbers) and fluxes (e.g. primary production, fish catch). Though, 
this status is part of the recent (on geological time scale) history of the EMED. 
Because of its character of sem i-enclosed sea, EM ED as well as the whole 
Mediterranean, underwent dramatic changes in the past, to such an extent that the 
general features we are going to sketch in this contribution can only refer to the present 
EMED. 
Numerous geological records document oscillations 
ecosystem and the present oligotrophic 
condition seems to be an exceptional status 
in the history of the basin. This is 
considered by Rohling [I] who analysed 0 
the Pleistocene-Holocene period of EMED 
history, mostly on the basi s of deep-sea 
cores sampled in the basin. It is well know 
that the strongest signal found in the 
EMED sediments is the recurrence of 
layers of anoxidized carbon, to be related 
with deep-water an ox ia. These layers are 100 
termed 'sapropels ' and were firstly 
discovered during the Swedish Deep Sea 
Expedition ([5], in [I D. Sapropel 
formation , and associated deep anoxia. can 
be due either to a decrease in ventilation of 
deep layers or to a significant increase of 
primary production in the surface layer, or 
both . The ongoing discussion has not yet 200 
completely solved the problem of which 
atmospheric and ocean dynamics can better 
explain the observed anoxic crises. 
Nevertheless, the evidence of frequent 
eutrophic periods of the EMED IS 

indisputable. 
The layering of strata of different 300 
characteristics is shown in Fig. \ , where the em 

in the functioning of the EMED 

neoglob. 
o 60 % 

) 

29,800--

recurrent periods of higher exported Figure I - Downcore neogloboquanidrinid 
production are indicated by highest peaks percentages in one core from North Levantine 

basin compared with sapropel occurrence (dark 
of foraminifer abundance. The last sapropel and shaded stacked bars) . Time reference 
crisis (the top dark bar in Fig. \) probably reponed on the left. (Redrawn from [I)) . 
ended 6000 years B.P. It is quite 
fascinating to think that 6000 years ago (4000 B.C.) the EMED was much more turbid 
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in the surface layer than today, and t~is was the EM ED that the most advanced 
Neolithic civilizations, spread along Mediterranean coasts and islands, experienced. A 
few centuries later, Kurgan invasions from the Caspian regions would have given origin 
to the Indo-European phase of western culture, unfortunately destroying significant part 
of the heritage of the pre-existing cultures [6, 7]. A different perception of the Sea could 
probably be traced in old traditions of Mediterranean populations. 

3. Present status 

The present EMED claims for a Secchi disk world record (53 m) [8], which reinforces 
the widespread view of a basin with an extremely low production. 
It is well known that the high variability of autotrophic processes precludes any simple 
estimate of yearly primary production at basin scale, even in quasi-steady state 
environments, such as subtropical systems. With the advent of CZCS satellite 
observations, a better synopticity was obtained. However, the primary productivity 
models based on chlorophyll fields and incident light are still inadequate. Several 
attempts have been conducted to obtain estimates of annual primary production for the 
EMED. Different approaches have also been utilized and in the following table are 
reported the results of these studies. 

TABLE I. Estimates of annual primary production in the EMED pelagic system 

Total production New Production Method Source 
(gC 'm" .y") (g C . m·2 • y~') 

(18.2) 6.0 Phosphorus Budget [9] 
20.3 11.0 In situ data andf ratio [10] 

(36.4) 12.0 Oxygen utilization [II] 
95.4 (31.5) CZCS data series [12] 

<11.5 <4.7 Coupled 3D model [13] 

The table deserves a few explanatory comments. 
The values in parentheses have been calculated assuming an f ratio of 0.33, which is 
probably high for the EMED [12] but has been an outcome of some of the papers listed. 
Bethoux data [9], [11] include Adriatic and Aegean Seas, because of the method used. 
The estimates are generally in good agreement toward the low values, the only 
exception being the analysis based on the CZCS data. For such analysis, it is very 
critical, besides the algorithm used also the depth of the active photic zone. This might 
be the case in the Antoine and co-authors' estimate [12], but such a value cannot be 
ruled out unconditionally. 
The first value by Bethoux [9] is based on the hypothesis that all the surface inputs of 
phosphorus are transferred to the intermediate layers by biota, i.e. he computed the 
export production. Apart from ignoring the upward flux of nutrient, what he was clearly 
aware of, input data used are quite uncertain, especially for the runoff, and no 
atmospheric contribution is considered. Bethoux revisited his estimate using the oxygen 
consumption at a basin scale, from which he also determined the upward flux of 
phosphate in the surface layer [11]. The approach relies very much on good water flux 
data and on the assumption that oxygen is utilized in a Redfieldian ratio. Our 
unpublished data collected in the EMED in the framework of the POEM-BC 
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international program show that the latter assumption is not strictly applicable. [n 
addition, the deep water volume formed each year (0.75 Sv) is high at least by a factor 
of two if Adriatic Sea is the only source considered [[4], [15]. One would then take that 
value as an upper bound. 
The estimate by Dugdale & Wilkerson [10] also supports this conclusion, but they base 
their results on very few in situ measurements taken in their regional context. 
[s it possible to reconcile the two extremes in the estimates? 
A tentative way is to assume that the f ratio in the basin is very low, say 0.1 as also 
considered by Antoine and co-authors [12J. This in turn would confirm that export 
production is very small in the basin, and that most of the carbon fixed is recycled in the 
surface layer. Such being the case, even a new production of 109 C . m-1 . y-I would 
correspond to a total production of 100 g C . n,-2. y-I, which is in fact the value given by 
Antoine and co-authors. This picture would not contradict the transparency of the 
waters because pigmented protists would always be in small numbers. [n addition, this 
is the way most of the ocean works [16]. 
The only result against this preliminary conclusion is the independent estimate, 
unfortunately limited to the Ionian Sea, derived by using a General Circulation Model 
coupled with an ecological, nitrogen based, model by Civitarese et al. [13]. Their total 
production estimate is I J.5 g C . m-2 . y'l and for the new production 4.7 g C m-2 y-I. 
Crise et al. (this volume) reported that a further implementation of the model also shows 
a general decrease of biomass, and presumably production, from the [on ian to the 
Levantine basin. Their estimate for the Ionian should then be lowered to have the 
average for the whole EMED. The reason for this discrepancy can reside in a strong 
underestimation of the consumption term, which is not explicitly commented in the 
paper. But it would be very interesting to try another estimate introducing a relevant 
consumption term in the upper layer. 
Having this picture in mind, low export production but relatively high total production, 
the question arises on what are the dominant factors for this. 

4. How the system works 

[n the News section of an early 1998 issue of Science, it is reported: '"Nutrients are 
scarce in the Mediterranean, compared with the rest of the world ocean, because the 
sea's main input comes from the surface waters in the Atlantic, which flows in through 
the Straits of Gibraltar" [[7J. 
This sentence synthesizes the basic paradigm of the Mediterranean oligotrophy. i.e. the 
dominance of an inverse estuarine circulation. [s that statement absolutely tenable? 
We do not think so or, at least, we think that the above statement can be very 
misleading. 
l3ecause the EMED is an inverse estuary in respect to WMED, the stronger oligotrophy 
of the former is used as a support to the general argument. 
We made a quantitative comparison of different sources of nutrients (namely nitrogen) 
to sustain new production in the EMED proper. 
Numbers are reported in Table II. 
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TABLE II. Sources of Dissolved Inorganic Nitrogen to the upper layer of the EM ED proper 

Origin 

Sicily Channel 
Otranto Strait 
Atmosphere 
RunotT 
Eddy ditTusion 

Upward nux 

Input value 
(Mmolf') 

55000 
-19000 
12600 
10000 

8000-;-J 60000 

180000 

Source 

This study 
[18] 
[19] 
[9] 
This study 

l20] 

Notes 

1.4 Sv mean surface transport 
Inflow = 39000; Outflow=20000 
DIN = 0.5TN 

K,=1.5-;-JO m'·d-'; a[N]laz=]j+lO mmol·m-' 

L'.[NO,]=4.0 flmol·dm-l 

For the fluxes at the Strait of Otranto, the water transports have been determined by 
interpolating current velocities at 5 mooring locations. This method does not take into 
account recirculation at scale smaller then the sampling grid. 
The atmospheric input includes only the inorganic part, but the organic could also be 
utilizable by organisms. 
Runoff data exclude the Adriatic rivers, because their real contribution to the EMED is 
much better determined at the Strait of Otranto. 
For the eddy diffusion, we took the most reasonable range of both Kv and the nutrient 
vertical gradient. 
Our value for surface flux at the Sicily Channel is slightly different from the one used 
by Bethoux (7%) and we did not take into account this difference. 
There are no data for vertical advection (e.g. upwelling). The indirect estimate of 
upward-downward flux given by Bethoux [20] has to be considered the sum of both 
processes. Interestingly, our values for internal vertical flux are quite in agreement on 
the upper side. 
To summarize the outcome of the table, it is evident that the other sources contribute 
much more than the Atlantic Water input at the Sicily Channel. 
This water mass has for sure a low nutrient load. But this happens for most of the 
tropical and subtropical oceans, where it is not the advective term that drives the system 
but all the others. If surface Atlantic Water were richer in nutrients, then Mediterranean 
sea surface waters would be correspondingly richer. But this cannot be considered as 
the cause for Mediterranean oligotrophy; it is just the cause of Mediterranean not being 
eutrophied by lateral advection. In our opinion, the EMED oligotrophy is due to modest 
terrestrial contribution to the open sea and a quite low upward flux of nutrients, because 
of restricted areas of upwelling and weak vertical nutrient gradients. This last aspect is 
quite relevant, because is one of the terms that determine the eddy diffusivity. In the 
EM ED the gradient is small because the main nutricline is generally deep (300-400 m) 
[21] [22]. 
Apart from mesoscale activity which has a shorter time and space scale, most of the 
studies recently conducted in the basin have confirmed that in the areas where sub-basin 
structures are weaker or absent, the distribution of autotrophic organisms resembles 
very much a Typical Tropical Structure. Where gyres are permanent or semi-permanent, 
the vertical dynamics enhances vertical fluxes in different ways, thus increasing the 
potential biomass load of the system. 
This has been observed in the cyclonic Rhodes Gyre as well as in the anticyclonic 
Cyprus Gyre, and in many other structures of the Levantine or the Ionian [22]. 
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The only difference with the global ocean we can see is in the different scale of 
mesoscale dynamics [23] and in the fact that variance in the velocity field is higher than 
the average term. This should cause a higher variability in time and space of primary 
production processes. And this might be the reason why when comparing bacterial 
consumption and primary production the latter is apparently not sufficient to support the 
former [24]. Single episodes of short duration could explain the gap, as in most of the 
Tropical Ocean. 

5. Trophic interplay in the upper layer 

The trophic structure in oligotrophic oceans is typically represented by an inverted 
biomass pyramid [25, 26], with heterotrophic organisms having a dominant role in the 
pelagic system, also by controlling autotrophic populations [27]. In such environments, 
the trophic pathway is dominated by the microbial loop, which mainly comprises 
cyanobacteria, heterotrophic bacteria and protozoa. The available information on 
pelagic compartments in the open EMED seems to support this scenario. The 
autotrophic populations are dominated by picoplankton [28-30], which can account for 
more than 60% of total chlorophyll a in the 0-50 m layer [31]. In the offshore Ionian 
Sea, the phytoplankton community is mainly composed by nanoflagellates, naked 
dinoflagellates and coccolithophorids [29]. However, the complete size structure of 
pelagic communities and the nature of trophic interactions between organisms, as well 
as the role played by protozoans and metazoans in the pelagic food webs have still to be 
assessed for the EMED. A better knowledge of the taxonomy, biology and behaviour of 
organisms is necessary for a better depiction and understanding of their role in the 
pelagic food webs. Only very recently, basic infonnation on the biology and feeding 
behaviour has been acquired for a small oceanic copepod [32] that dominates the 
mesozooplankton assemblages in the EMED epipelagic waters in autumn [33]. 
Some features recently recorded in the plankton distribution in the EMED suggest that 
some functional aspects in the pelagic domain differ at sub-basin scale. The presence of 
meso-scale oceanographic features clearly affects plankton distribution and dynamics 
when the physical forcing is strong and persistent in time [34]. The Rhodes Gyre highly 
contributes to increase the biological activity in the area southeast of the Rhodes island 
[21], [33], [34], [35]. The Cyprus Eddy, a quasi-stationary, persistent warm-core eddy 
southeast of Cyprus, constitutes a site of deep phytoplankton blooms and enhanced 
productivity [36-38]. 
During the POEM-BC synoptic cruises conducted in autumn 1991 in different EMED 
regions, copepods accounted for the highest mesozooplankton abundances in the first 
300 m of the water column everywhere in the basin [34]. However, the relative 
contribution of other taxonomic groups to total numbers seemed to indicate regional 
differences in the structure of the pelagic food webs. High abundances of 
appendicularians co-occurred with low numbers of chaetognaths. Due to the different 
ecological features of these animals, their presence suggests alternative paths in the 
energy flow in the pelagic communities. Appendicularians occurred second after 
copepods in a rank order of abundance only in the westernmost part of the Sicily 
Channel and in the Rhodes Gyre, the two more productive areas in the open EMED 
[34]. Appendicularians trap small organisms such as pico- and nanoplankton in their 
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pharyngeal filters. They are also important consumers of pac and may remove 
colloidal DOC in the water at high clearance rates [39]. They are frequent in the diet of 
some larval and adult fish and contribute to the direct transformation of short-lived 
microbial carbon into long-lived harvestable resources [40]. Appendicularians' 
discarded houses are important sources of particulate organic aggregates, which become 
enriched microcosms [41] and play important role in the midwater carbon flux [42]. The 
trophic scenario in the open waters of the Sicily Channel and in the Rhodes area was 
likely based on short food chains at high turnover, since appendicularians have been 
suggested to mediate a substantial energy flow from DOC to fish [39]. By contrast, the 
structure of mesozooplankton communities in the Ionian Sea and at the neighbouring 
stations of the Cretan Passage and the Cretan Sea showed a higher contribution of 
chaetognaths to total zooplankton, a feature that differentiated the area from other 
regions in the basin. Chaetognaths feed mainly on copepods [43] and represent the most 
important predators in zooplankton assemblages collected with nets. Their relevance in 
the Ionian Sea was not easily explainable on the basis of the available information 
regarding that region. However, it did strongly suggest that the energy flow was there 
mainly channeled through a more complex food web, implying longer carbon recycling. 
In the pelagic environment, both the organism distribution and their trophic interactions 
result from complex biological and hydrographic dynamics at various spatial and 
temporal scales. For this reason, we are still far from achieving a coherent picture of the 
fluxes through the food webs in a patchy environment such as the EMED. Moreover, 
for this basin we still lack data on distribution, life cycles and rate processes of 
zooplankters such as heterotrophic protists, ostracods, gelatinous organisms (among 
others). For example, the vertical distribution of micrometazoans has been only very 
recently studied in the EMED (Levantine Sea), by sampling with fine nets (0.05 mm 
mesh size), which have not been traditionally used in oceanic deep waters [44]. 

6. The Deep Conversion Cycle 

The problem of how deep pelagic commumties receive food supplies has always 
puzzled biological oceanographers. This is particularly true for oligotrophic 
environments where the combined effect of high rate of recycling and generally low 
primary production in the upper layer prevents high flux of usable carbon to reach the 
bathypelagos. Likewise, the vertical distribution of organisms in mesopelagic and 
bathypelagic realms has frequently risen questions, because of discrepancies often 
observed among fluxes, metabolic needs and biomass. The EMED could be a case of 
study in this respect. Scotto di Carlo and co-authors [45] compared zooplankton 
abundances in the Tyrrhenian Sea (the Mediterranean sub-basin for which vertical 
distribution data where available) with other tropical and SUbtropical regions and 
concluded that Mediterranean was very similar to those as regards the vertical trend. In 
addition, deep-sea fauna abundance appeared to be strongly related to surface primary 
production, at least according to the scanty data available at time. They also proposed a 
quantitative description of abundance versus depth, fitting the data with a negative 
exponential function ofthe latter, as reported below: 

log]O N = a· z + b 
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where N is the number of individuals per cubic meter, z the depth in meters and a and b 
are constants with typical values in the order of -0.0006 +-0.0017 and 1 +2, respectively. 
For the Tyrrhenian Sea, the coefficients had the following values: a = -0.0010; b = 

1.5803. Using the same function, Weikert and Tinkhaus [46] derived the coefficients 
for the Levantine Sea (a = -0.00107; b = 1.52624). Thus they concluded that Levantine 
basin was definitely poorer than Tyrrhenian Sea which, in turn, Scotto di Carlo et al. 
[45] considered the poorest in the Western Mediterranean, at least for deep zooplankton 
abundances. 
Both papers assumed that the slopes of the regressions could be considered as a measure 
of the rate of vertical flux of organic material reaching the depths. This in turn would 
imply a similar relation, i.e. an exponential decrease, for vertical flux of organic 
material that would maintain a steady supply to the bathypelagic fauna and, eventually, 
to the benthos. 
A few years later, Weikert and Koppelmann [46] revisited the former analyses, using 
better resolved data from other areas and data from the Levantine Sea. They found that a 
power function fitted definitely better the vertical trend. In the logarithmic form the 
expression is: 

loglO N = a ·loglo z + b 

Typical values for a and b are in the order of ~2 + -6 and 10 + 20, respectively. For the 
Levantine Sea, the values are a = -3.101; b = 12.5 (note that N units are ind.· 1000 m-3). 

The relevant difference in the trend is the fact that the number of organisms decreases 
more slowly with depth, i.e. tends toward a more constant value, thus calling for an 
enhanced supply of usable carbon for their feeding as compared to the previous 
findings. The two curves are reported in Fig. 2. 
The authors speculated about the possible explanation of this trend and put forward 
three hypotheses: 1) resuspension of organic matter from the bottom, 2) very specialized 
and more efficient bathypelagic fauna ("new fauna" in the paper), 3) weak pressure by 
predators. 
All the three hypotheses would have ecological implications on the functioning of the 
system. It is evident that the basin cannot support high values of deep biomass. It is 
worth noting that, in their comparison, EMED resulted poorer than NE Atlantic but 
richer than SE Pacific, which appeared to be definitely the most deprived basin in terms 
of deep mesozooplankton. Even if not explicitly declared, the authors implied that the 
vertical flux of particulate carbon might be not sufficient to support the survival of the 
bathial organisms, particularly if an exponential decay in particle flux is assumed. This 
is not the case. According to Betzer [47], also the vertical flux of POC can be fitted with 
a power function similar the one reported above. An additional variable is included in 
the Betzer's relationship, i.e. the surface production. The expression is the following: 

Jog lo F = Jog lo A + a . loglo Z + loglo P 

where F is the vertical f1ux of poe, P is the surface primary production and A, a and b 
are constants. Because of the uncertainty in P, we use the only available value of poe 
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flux for the EMED at 880 m depth [48] and the same Betzer constant a (indeed 
measured values for Fat 200 and 1000 m in the WMED [49] fit very well the Betzer 
equation). The value reported is ~ I g . m-2 .y-' which, by the way, does not have to be 
taken as a lower bound for the flux. 
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Figure 2 - Estimated vertical trend of zooplankton abundance and POC tlux in the 1000-3000 m layer for the 
Eastern Mediterrnean. Large dashed line: exponential fit of zooplankton numbers; fine dashed line: power fit 
of zooplankton numbers; continuous line: power fit of POC tlux. The vertical bars represent zooplankton 
carbon needs (fine dashed) and POC consumed (large dashed) in the depth layers 1050-2250 m and 2250-
4000m. 

By a simple transformation of the above equation we have: 

The resulting vertical trend is reported in Fig. 3 (a = -0.628; FlOoo = 1.01 g . m_2 f'). 
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It is worth noting that POC flux and vertical distribution of biomass follow an 
analogous trend, which could suggest a strict relationship among the two. 
To test the hypothesis that sinking poe would not be sufficient to sustain deep 
mesozooplankters [46], we took into account copepod distribution and physiological 
data available in the literature. According to Weikert and Koppelmann [50], copepods 
represented most of total zooplankton abundances (day samples) in the depth layers 
1000-2250 m and 2250-4000 m (79% and 76% respectively) of the Levantine Basin. 
Since calanoids dominated the copepod fauna in the region and Eucalanidae and 
Lucicutiidae accounted together for about 90% of them, we considered the above 
mentioned copepod families as highly representative of the mesozooplanktonic 
assemblages of the region, as far as the abundance (ind. m-3) is concerned. Starting from 
direct measurements of wet weight of different copepod species [51], we derived: I) 
individual dry weights and carbon content according to conventional conversion factors 
[52], and 2) oxygen consumption for basic metabolism at 14°C according to function 
relating respiration rate and body dry weight of marine zooplankton [53]. The above 
derived individual measurements were: 0.2 mg dry weight, 2.1 /-ll O2 mg dry wrl h-I for 
Eucalanidae, and 0.02 mg dry weight, 3.8 ~d O2 mg dry wrl h-I for Lucicutiidae. 
Assuming a prevailing lipid-based metabolism in deep layers, we derived that the 
carbon requirements of copepods for basic metabolism, i.e. the minimum food 
requirements, were 0.79 ~lg C mg dry wrl h-I for Eucalanidae and 1.43 /-lg C mg dry wf 
I h-I for Lucicutiidae. We applied the above values to Eucalanidae and Lucicutiidae 
abundances obtained from [50], being a\vare that our computations refer to a major 
fraction of mesozooplankton numbers, but do not represent the entire planktonic 
assemblages. 
The results of our estimates are reported in the following table: 

TABLE III. Carbon respiratiun in deep layers or EMED 

Depth range 

(m) 

1050-2250 
2250-4000 

Copepod Respiration 

(flmol 0, . nf; y') 

270 
I.~ 

Copepod carhon 
consumption 

(g C . m·2 . y") 

0.30 
0.019 

Sinking poe 
respired in the 

layer 
(g e . m' . y") 

0.29 
0.18 

Bacterial 
production 

(g e . Ill" . 1"') 

032 
0.23 

The fourth column in Table III includes the presumed local production of poe, i.e. the 
"non sinking" poe [54]. Numbers about bacterial production and turnover times are 
quite controversial. To the best of our knowledge, no data are available for deep layers 
in the EMED. We used the cell counts for the 1000 m depth reported in table 2 of 
Robarts and co-authors [24] and applied the log-log relationship between abundance 
and production of Dufour and Torreton [55] for the layers below 1000 m. 
In more detail, we assumed the abundance of 0.2'108 cells'dm-3 to be representative of 
the 1050-2250 layer and half of this value for the lower layer considered, i.e. a vcrtical 
trend similar to that observed by Dufour and Torreton [55] for oligotrophic areas. The 
production was then derived by the formula (Table I in the paper): 

loglo P = 2.5· (loglo B -1.40) 
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Units are ).lg C . dm-3. h- I and ).lg C . dm-3 for P and B respectively, whereas B is 
computed as N (cells· dm-3) times 20 .10-9 ).lg·celrl. It is worth noting that for the upper 
bathypelagic layer (1200-2250 m), copepod consumption and sinking POC flux are very 
similar, which would not leave too much carbon for bacteria utilization. However, our 
estimates are definitely crude. For the deeper layer, which in the basin is relatively more 
restricted in space, copepod carbon utilization is definitely less than POC flux. For the 
sake of simplicity we do not differentiate between attached and free living bacteria, but 
the table suggest that bacteria production could enter somehow in the carbon utilization 
of copepods. 
We consider even more relevant the following considerations. 
POC respiration accounts for ~ 30 ).lmol O2 • m-3 . y-I as an upper limit, very similar to 
cope pod respiration, which decreases much faster with depth. Assuming a growth 
efficiency of 10% for deep bacteria as compared to the 40% generally in use [56], 
bacteria respiration accounts for ~ 100 Ilmol·m-3fl. It is well established in the 
literature [57], [49] that the difference between potential respiration due to POC is 
significantly less than total respiration and current opinion is that the additional carbon 
to be respired is DOC, at least its labile part. 
Lefevre et al. [49] estimated for the NW-MED organic carbon oxidation rate for the 
depth interval 1000-3500 m to be 9.2 g C . m-2 • tl. By contrast, the oxidizable carbon 
deriving from POC flux as deducible from sediment traps was in the order of 1 g C . m-2 

. y-I. The above authors did not consider bacterial respiration but ETS derived oxygen 
consumption. 
Even considering a possible overestimation of respiration from ETS measurements, it 
appears that most of metabolic CO2 comes from DOC oxidation, whose chemical 
composition and reactivity is far from being determined but whose concentration is 
always higher than 60 ).lmol . dm-3. 
To confirm such a discrepancy, we derived from the literature reasonable values of 
oxygen utilization rate, obtained with different approaches. 
From a parallel analysis of freon and oxygen data Schlitzer et al. [15] reported a value 
of 500 Ilmol·m-3fl. A similar value, 305 ).lmol·m-3f l, can be obtained assuming a 
turnover time of EMDW of - 200 years [14] and an oxygen utilization of 61000 
).lmol·m3 [11] in deep water from the source through the end of the path in the Levantine 
basin. Finally ETS measurements allow an estimated value of 1000 Ilmol·m-3fl for the 
Levantine (M. Azzaro and B. LaFerla, pers. comm.). 
It is quite evident that neither sinking POC flux neither the derived biotic respiration 
(copepods and sampled bacteria) do account for the oxygen utilization rate 
independently measured. They account apparently for no more then 20%. Within this 
scenario (POC falling from sub-photic zone, more or less enriched with bacteria 
scavenged along the path, contributing very little to deep consumption), additional 
pathways have to be hypothesized. 
Taking a 10% efficiency of the respired oxygen which we conservatively assume to be 
in the order of 400 Ilmol·m-3fl, - 250 /lmol·m-3 f l respired by other organisms should 
produce more than 0.2 mg·m-3f l of new biomass. This in turn equals to a virtual flux of 
more than 0.2 g·m-2f l on a layer of 1000 m, a similar amount of what derives from the 
surface. This undetected carbon could be steadily consumed by other components of the 
deep community which sustain a deep conversion cycle at the expenses of DOC. 
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This cycle is sketched in Fig. 3. 
The outlined scheme emphasizes the relevance of DOC to be converted in "new" POC, 
which includes in this cartoon also biomass of higher organisms. We hypothesize that 
bacteria still playa major role in this, but possible additional steps, as in the upper 
layers, have to be taken into account. For example, mesopelagic and bathypelagic 
gelatinous zooplankters (e.g. salps, appendicularians, doliolids) might contribute to 
DOC transformation by rapidly removing and repacking colloidal DOC (> 0.2 )lm 

particle size) [39], and by exporting particles ranging from colloid to picoplankton size 
with fecal pellets and discarded houses [58]. The contribution to the marine carbon flux 
of zooplankters which are not adequately collected with the traditional sampling devices 
has been acknowledged long ago. However, their role in mesopelagic fluxes has been 
only recently assessed, by using a submersible ROV (remotely operated vehicle) [59]. 
In addition, because of the EMED smaller volume as compared with the open ocean, 
and the correspondent faster turnover rate of deep water masses, terrestrial DOC, 
imported at the time of deep water formation, can enhance deep consumption, 
reinforcing the relevance of the boundary in the basin. 

Marine 
Primary Production 

Deep Conversion Cycle 

POC DOC 

Marine 
Primary Production 

~ 
< 

Terrestrial 
Primary Production 

Figure 3 - Schematics ofthe deep conversion cyclc. Different kind of transformations to be imputed to 
diffcrent organisms are not shown for clarity purposes 

Interestingly the DOC to POC conversion is implicitly assumed in numerous papers on 
carbon cycling in the ocean (see [54], among the others) but has never been explicitly 
considered as a significant process for sustaining the whole deep fauna. 
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7. Conclusions 

In this contribution, we addressed only a few among the many problems pertaining to 
the EMED ecological physiognomy. In particular, we focused on its renowned 
o ligotrophy, because this has always been the starting point of any debate on the 
EMED. 
Oligotrophy has not always been the status of the basin. Geological records (and maybe 
also records from human history) demonstrate that past climate fluctuations caused 
much higher levels of export production than today values. The present EMED is 
oligotrophic, but because of the short (in geological terms) time scales of changes 
taking place in the basin it cannot even be assumed that the next future of the basin will 
be like the present one. 
On the other side, it is apparent that its oligotrophy could be relieved by an increase of 
nutrient input from Gibraltar, but this is much less likely to happen because it should 
involve a change in the general circulation at global scale. So to blame the Atlantic 
Ocean for not being enough generous with the Mediterranean misses the point. EMED 
oligotrophy could indeed be relieved if terrestrial and atmospheric inputs would change 
and/or a general redistribution of nutrient would be forced by modification of the 
thermohaline circulation. By the way this process might be occurring in these years 
because of the recent transient. 
In this scenario, the sub-basin structures playa relevant role but they do not reverse the 
trend. Though, much more has to be investigated about pulses in biological activity and 
also on its internal phase-lags. 
Finally, the EMED gave us the opportunity to address the question of how deep sea 
works. Because of its high boundary to volume ratio, the hypothesized deep conversion 
cycle could have a major role in this basin. 
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Abstract The analysis of vertical distribution of chlorophyll concentration (CHL) in 
deep-water regions of the Mediterranean Sea was carried out on the basis of historical 
data received during 1979 - 1987 in western and eastern parts of the sea. It was shown 
that for a deep-water part of the Mediterranean sea presence of two types of a vertical 
structure: one-modal, satisfactorily described by the Gaussian curve, and quasi­
homogeneaus uniform distribution from a surface up to certain depth and subsequent 
downturn of concentration up to a minimum was characteristic for various regions and 
seasons. Parameters describing both types of vertical CHL distribution in the 
Mediterranean Sea in researched period were computed. Type of a vertical CHL profile 
and the parameters, describing its form, in each particular case in general corresponds 
to character of vertical distribution of pigment in moderate latitudes with expressed 
seasonal variability. 

1. Introduction 

From oceanographic studies carried out in the past twenty years it is clear that the 
mechanisms controlling biochemical cycle arc not uniform throughout the World 
Ocean. Phytoplankton, the major component responsible for primary production in the 
sea, has a principal influence on biochemical cycling from local to global scales. A 
major objective in oceanography today is estimating the mean and the variance of 
primary production on a global basis [IJ. Biological variability is poorly sampled by 
classical shipboard operations and it does not allow more accurate estimations of 
phytoplankton biomass over large scale. 

Satellite observations of ocean colour mode of the CZCS and SeaWiFS provide a 
synoptic view of phytoplankton pigment concentrations of a global scale at high spatial 
resolution with good time coverage. But these approaches are limited to provide 
information only one extinction depth. In the pelagic ecosystems of the ocean most part 
of phytoplankton occurs below this layer. This limitation have to be removed. 

65 
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The first steps in this direction have been done by Platt and co-workers [2]. They 
proposed a generalised chlorophyll profile to be used in models of predicting primary 
production. Morrel and Berton [3] have suggested that the shape of the pigment profile 
be related to the surface biomass and the vertical profile can thus be recovered from 
satellite data. 

The aim of this investigation is to provide mathematical representation of the vertical 
profile of chlorophyll in the Mediterranean Sea. In the present study historical data 
obtained during last years on the vertical chlorophyll distribution in the Mediterranean 
Sea were analysed and parameterised. Such representation can then be implemented to 
existent models to determine of primary production. 

2. Material and methods 

Type definition of vertical chlorophyll distribution in the Mediterranean Sea (depth> 
200 m) (Fig. 1) was carried out on the basis of the analysis of 10 data sets, 
distinguished by number of stations, localisation and time of survey realisation (Table 
1). The data were obtained during cruises of the RN of Institute of Biology of the 
Southern Seas and Marine Hydrophysieal Institute (Sevastopol) from 1979 to 1987 and 
being kept in a databank of a Department of Ecological Physiology of Phytoplankton of 
IBSS (Sevastopol). 

Chlorophyll-a concentration (CHL) was determined either spectrophotometrically 
(SP) according to SCaR-UNESCO [4], or fluorometrically (FLU) according to 
IGOFS-Protocols [5]. In the second case total concentration of chlorophyll-a and 
phaeopigments-a was analysed, because the use of standard spectrophotometrical 
method did not provide separate determination of pigments and phaeopigments. 

The samples of water from discrete depths in a layer from a surface up to 150-200 m 
were collected with plastic flow batometers. For the description of vertical CHL 
distribution profiles having no less than 5 depths were used, that has made 95 % from 
all profiles obtained in cruises. 

For parameterisation of one-modal vertical CHL distribution the Gauss's formula was 
used in the following form [6]: 

C(Z) = Bo + L * exp [ - (Z-Zrri / 2 * cJ1 ] 
(1) 

where the second term on the right-hand side of the equation (1) is a Gaussian curve 
(representing the CHL maximum) superimposed on constant for each separate profile 
background Bo (Fig. 2, A), L - amplitude of a maximum and 0' - reflection of width of 
the maximum background, equal 40'. 



10 15 20 25 30 35 40 

FiJiure 1. Location of data sets (S I - S I 0) for type definition of vertical chlorophyll 
distribution in different regions of the Mediterranean Sea. 

TAB LE I. Arcas of study for type definition of vertical chlorophyll distribution and relevant information 
concerning the cruises. 
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NN Area of study Cruise Month Number of Method of CHL 
year profiles determination 

SI Ligurian and Balearic Seas 7 py*l Dec 1979 20 SP 

S2 Southern Adriatic Sea 12 py Mar 1982 5 SP 

S3 Sicilian Strait 12PY Mar 1982 6 SP 

S4 Balearic Sea 12PY Apr 1982 14 SP 

S5 Alboran Sea 15 PY June 3 FLU 
1983 

S6 Western Ionian Sea 15 PY June 3 FLU 
1983 

S7 Crete-African Strait 15 PY July 1983 2 FLU 

S8 Lcvantine Sea 15 PY July 1983 FLU 

S9 Lcvantine Sea 7 PK Oct 1983 22 FLU 

SID Ionian Sea 17 PK Dec 1987 15 FLU 

*) Abbreviation of R/Y name: PY - Professor Yodynitsky, PK - Professor Kolesnikov. 
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A CHL, mg m- 3 B CHL, mg m-3 
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Figure. 2. Examples of types of vertical CHL distribution in the Ligurian and Bale.lric Seas in 
December 1979 (set Sl). 
A-I-st type (station 8), described with maximal fit (r=0.99. F=230, SEF=0.02); 
B-l-st type (station 7), described with minimal fit (r=0.82, F=3, SEF=O.30); 
C-2-nd type (station Il), 

The calculation of parameters of the equation (1) was carried out with use of a package 
of the applied programs SigmaPlot for Windows. The statistical estimation of 
correspondence of received profiles and computed curves was carried out by the 
program ANOV A. In work we adduce the following parameters of ANOV A: coefficient 
of determination (~), F-relation (F) and standard error of fit (SEF). 

As the integration characteristic of vertical one-modal CHL distribution the integrating 
of CHL in a layer of 0-150 m was applied by use of profile computed according to the 
equation (1). 
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3. Results 

The analysis of vertical Cm... distribution in various deep-water regions of the 
Mediterranean Sea has shown existence of two types of a profile: one-modal, for the 
description of which it was possible to use a Gaussian curve (1-st type), and quasi­
homogeneaus uniform distribution of Cm... (Cq) from a surface up to some depth Zq with 
the subsequent downturn of concentration up to a minimum (2-nd type) (Fig. 2). 

Presence of maximum on Cm... profile (Fig. 2, A and B) was defined by fulfilment of 
conditions (1): 
Cm lCa > 1.3 and Zm =F- 0, where Cm - maximal and C.- average in a layer 0 - Zm 
concentrations, Zn, - depth of a maximum of concentration. The value of 1.3 was taken 
according to results of Bio-optical Expert Group of the TU Black Sea Data Base, 
created in Erdemli (Turkey), which has established an error of Cm... determination by 
SP or FLU equal 30 % from average concentration on the data of repeated 
determinations [7]. 

Fulfilment of a condition (2): 0.7 < C (Z) I Ca < 1.3, where C (Z) - any and Ca the 
average concentrations in a layer O-Zq was the basis for classifying a profile as 2-nd 
type of vertical Cm... distribution (Fig. 2, C). 

The statistical estimation of conformity of parameters of a Gaussian curve to the I-st 
type of vertical Cm... distribution by use of ANOV A has shown, that the statistical 
characteristics can vary in very wide limits. So for example, in the first data set (S 1) F­
relation varied from 3 up to 230 and SEF - from 0.02 up to 0.30 mg m·3 (Fig. 2, A and 
B), but r2 was not lower 0.8 in all investigated data sets. 

The second type of vertical Cm... distribution was characterised by parameters Cq and Zq 

and cm... integrated in a layer 0-150 m (C;). Conformity of Cq and Zq to the second type 
of vertical Cm... profile was estimated only by fulfilment of the condition (2). The 
integrating of Cm... was carried out in this case on really measured concentrations. 

Distribution of both types of vertical Cm... profiles in separate regions of the 
Mediterranean Sea in limits of one month (except for data sets S5 - S8, where the 
researches were carried out on one station during one week) is shown on Fig. 3. 

S1. LIGURIAN AND BALEARIC SEAS, DECEMBER 1979 

In the Ligurian and Balearic Seas in December 1979 approximately identical number of 
vertical Cm... profiles of both types was received. The existence of a maximum on a 
vertical Cm... profiles was marked mainly in the south-western part of region, 
where 
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Figure 3. Location of stalions wilh two Iypes (circles-I-st and squares- 2-nd type) of vertical CHL distribution in 

different regions of Ihe Mediterranean Sea. Figures in circles and squares mean number of station. 
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significant variability of all parameters of a Gaussian curve, surface CHL (Co) and Ci 

was observed (Table 2). Co and Cm changed approximately in 7-8 times. Width of 

maximum peak changed from 36 up to 136 m and depth of a maximum - from 32 up to 

53 m. C j changed from 14.3 up to 85.0 mg m-2 

Table 2. The characteristic of vertical CHL distribution in the Ligurian and Balearic Seas in December 1979. Co 
(mg m·3) and Cj (mg m·2) - surface and integrated CHL accordingly; Bo. L. z.. and cr- parameters of the I-st type 
profile; l. F and SEF - statistical parameters of ANOVA; Cq and Zq - parameters of the 2-nd type profile of CHL. 

1-st type 2-nd type 

N st. Co Bo L z.. cr C r2 F SEF N st. Cq Zq C 

0.21 0 0.32 33 30 20.7 0.93 9 0.05 10 0.21 30 13.0 

2 0.12 0.05 0.25 53 33 26_9 0.94 11 0.04 11 0.17 55 14.8 

3 0.1 0.06 1.69 48 10 51.4 0.98 26 0.05 12 0.49 25 27.1 

4 0.1 0.05 0.32 32 9 14.7 0.95 6 0.06 13 0.17 20 8.2 

5 0.12 0.07 0.25 52 15 19.5 0.91 6 0.05 14 0.16 60 16.7 

6 0.19 0.01 0.68 48 14 25.3 0.95 7 0.13 15 0.16 50 13.9 

7 0.3 0 1.09 48 34 85.3 0.82 3 0.30 16 0.12 70 11.1 

8 0.08 0.03 0_54 51 22 33.8 0.99 231 0.02 17 0.1 50 7.3 

9 0.04 0.01 0.27 46 19 14.3 0.99 76 0.02 18 0.1 75 9.4 

19 0.09 65 6.4 

20 0.17 50 10.8 

For the second type of a profile there was a smaller variability of CHL - Cq changed 

from 0.09 till 0.49 mg m-3 and C j - from 6.4 up to 27.1 mg m-2, but at the same time 

width of quasi-homogeneous uniform layer of CHL changed from 20 up to 75 m. 

S2. SOUTHERN ADRIATIC SEA, MARCH 1982 

On five stations in a researched part of the Adriatic Sea in March 1982 only uniform 
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vertical distribution of CHL was received. The concentration of pigment of 0.08-0.18 

mg m-3 was observed from a surface up to 38-100 m (Table 3). C j changed from 6.9 up 

to 24.4 mg m-2 . 

Table 3. The characteristic of vertical CHL distribution in the southern Adriatic Sea in March 1982. 

Abbreviations are the same as in Table 2. 

N sl. Cq z., C; 

0.18 94 24.4 

2 0.08 62 6.9 

3 0.08 100 9.4 

4 0.1 100 11.7 

5 0.15 38 11.1 

S3. SICILIAN STRAIT, MARCH 1982 

In the Sicilian Strait in March 1982 mainly uniform CHL distribution with significant 

variability of Zq was received (Table 4), In two vertical profiles with one-modal CHL 

distribution small increasing of concentration in a maximum on depths 9 and 26 m in 

comparison with a surface was observed. On the average C; in both cases were close 

and changed from 11.0 up to 36.4 mg m-2, 

Table 4. 'Ole characteristic of vertical CHL distribution in the Sicilian Strait in March 1982. Abbreviations arc 
the same as in Table 2. 

I-sttype 2-nd type 

N sl. Co Bo L z, .. cr C; r2 F SEF N sl. Cq z., C; 

0.15 0.05 0.25 9 6 11.0 0.94 17 0.03 3 0.22 85 22.0 

2 0.24 0.05 0.35 26 18 22.9 0.82 5 0.07 4 0.31 46 23.3 

5 0.34 46 36.4 

6 0.16 23 11.0 
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S4. BALEARIC SEA, APRIL 1982 

The mosaic picture of vertical CHL distribution was observed in the northern Balearic 
Sea in April 1982 like that was there in December 1979. On polygon with the sizes 2° 
x 2° approximately identical number of vertical CHL profiles with the maximum on 
depth 23-50 m and with uniform distribution of high concentration up to 18-36 m was 
received. Significant differences of CHL in a surface layer on stations with a different 
type of vertical profiles were also observed (Table 5). Co of I-st type profiles varied 
from 0.11 till 0.54 mg m-3, whereas Cq- from 0.68 up to 1.06 mg m3• An the same time 
C of both types of profile differed insignificantly and changed from 15 up to 72 mg m-
2 

Table 5_ The characteristic of vertical CHL distribution in the Balearic Sea in April 1982. Abbreviations are the 
same as in Table 2. 

I-st type 2-nd type 

N st. Co Bo L z.., (f Ci r' F SEF N st. Cq ~ Ci 

1 0.11 0.08 0.18 46 9 15.7 0.82 3 0.05 7 0.89 18 26.5 

2 0.24 0.03 0.35 23 28 23.9 0.82 3 0.08 8 1.03 31 49.2 

3 0.54 0.05 0.83 31 40 72.0 0.83 7 0.03 9 0.75 36 59.2 

4 0.19 0.18 0.7 33 11 46.2 0.91 9 0.08 10 0.68 18 31.4 

5 0.25 0 0.96 50 28 64.7 0.96 9 0.08 11 0.79 36 70.2 

6 0.15 0.02 0.22 50 40 22.4 0.86 6 0.Q3 12 0.87 36 63.2 

13 0.98 21 55.4 

14 1.06 21 40.6 

S5-S8. ALBORAN SEA, WESTERN IONIAN SEA, CRETE-AFRICAN STRAIT 
AND LEV ANTINE SEA, JUNE-JULY 1983 

In summer months on all repeated stations in investigated regions of the Mediterranean 
Sea vertical CHL profiles with a well expressed maximum on depth of 70-108 m were 
received. The concentration in a maximum differed from surface on all stations on the 
average in 6 times. On the contrary, insignificant distinctions of parameters of repeated 
profiles and high values of the statistical characteristics of ANOV A r2 and F were 
observed (Table 6). 



74 

Table 6. The characteristic of vertical CHL distribution in the Alboran Sea, western Ionian Sea, Crete-African 
Strait and Levantine Sea in June-July 1983. Abbreviations are the same as in Table 2. 

Set Date Co Bo L Z. (f C ;Z F SEF 

S5 8.06 0.01 0.01 0.23 92 23 14.5 0.96 50 0.02 

10.06 0.07 0.07 0.27 102 28 28.3 0.91 16 0.05 

13.06 0.08 0.08 0.27 108 19 24.5 0.99 624 0.01 

S6 20.06 0.07 0.08 0.3 113 27 30.2 0.95 24 0.04 

24.06 0.09 0.1 0.23 108 25 28.8 0.97 46 0.02 

27.06 0.12 0.1 0.28 104 21 29.5 0.98 91 0.02 

S7 19.07 0.1 0.15 0.6 70 5 30.0 0.95 31 0.04 

26.07 0.12 0.16 0.8 77 5 34.0 0.92 20 0.09 

S8 30.07 0.08 0.07 0.35 85 23 30.0 0.98 119 0.02 

S9. LEVANTINE SEA AND CRETE-AFRICAN STRAIT, OCTOBER 1983 

On all stations of investigated region of the sea and strait vertical CHL profiles with 
one-modal distribution of pigment were received. The peak of CHL with the maximal 
concentration of 0.2 - 0.7 mg m·3 was on depths from 78 up to 116 m (Table 7). Width 
of peak changed from 50 to 120 m. In most cases high values r2 and F were received. 
The integrated concentration changed in a range of 12.0-32.0 mg m,2. 

S 10. IONIAN SEA, DECEMBER 1987 

In the Ionian Sea in December 1987 also one-modal vertical CHL distribution was 
received on all stations. Unlike the previous region the peak of a CHL maximum in 
the Ionian Sea was expressed much more poorly (Table 8). The relation of CdCo on 
the average for region has made 2.8, whereas in the Levantine Sea in October 1983 it 
was 5.1 In the Ionian Sea the widest range of variability of CHL maximum depth was 
received: from 28 up to 101 m. C changed from 13.9 up to 25.4 mg m,2 and 
insignificantly differed from concentration in the Levantine Sea in October 1983. 

The monthly average changes of parameters of the I-st and 2-nd types of vertical 
profiles and C j in various regions of the Mediterranean Sea for all period of research are 
shown in Tables 9- 11. In various seasons in the Mediterranean Sea very high 
variability of all parameters of both types of vertical CHL profiles, even in limits of 
separate region for one month, was received. So for example, in the Ionian Sea in 
December 1987 z." varied from 28 up to 101 m (Table 9). The minimum value of z." 
equal 9 m was received in Sicilian Strait in March 1982, which differed from the 
maximal one, received in the Levantine Sea in December 1982 more than in 10 times. 
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C j could change in a range of 14.3 - 85.3 mg m-2 (data set Sl) and 13.9 - 25.4 mg m-2 

(SlO) in case of one-modal vertical CHL distribution. 

Table 7. The characteristic of vertical CHL distribution in the Levantine Sea and Crete-African Strait in October 
1983. Abbreviations are the same as in Table 2. 

N st. Co Bo L z.. C; cr ~ F SEF 

0.07 0.08 0.63 85 35.4 15 0.99 388 0.02 

2 0.08 0.07 0.44 94 25.7 14 0.99 169 0.02 

3 0.07 0.07 0.46 93 33.2 20 0.98 97 0.05 

4 0.04 0.08 0.48 94 33.2 18 0.98 100 0.03 

5 0.05 0.07 0.71 101 35.2 14 0.99 90 0.Q4 

6 0.06 0.04 0.18 86 17.3 26 0.85 10 0.04 

7 0.06 0.08 0.45 96 30.8 17 0.97 46 0.04 

8 0.07 0.05 0.43 86 26.7 18 0.92 16 0.07 

9 0.06 0.08 0.41 116 39.8 32 0.84 9 0.09 

10 0.08 0.08 0.38 91 24.0 13 0.98 44 0.03 

11 0.07 0.05 0.27 85 26.6 29 0.98 44 0.02 

12 0.07 0.08 0.28 95 28.4 24 0.95 12 0.04 

13 0.07 0.05 0.2 92 22.2 31 0.89 8 0.04 

14 0.06 0.06 0.29 93 27.3 26 0.97 29 0.03 

15 0.08 0.07 0.26 98 26.9 26 0.91 11 0.05 

16 0.07 0.04 0.38 90 32.7 29 0.97 32 0.03 

17 0.07 0.08 0.36 113 3\.5 23 0.88 5 0.13 

18 0.21 0.08 0.27 78 25.7 21 0.97 19 0.03 

19 0.08 0.08 0.37 93 30.2 20 0.97 22 0.03 

20 0.13 0.14 0.5 112 36.0 12 0.85 6 0.07 

21 0.07 0.07 0.44 99 30.0 18 0.99 67 0.02 

22 0.1 0.01 0.53 90 24.1 17 0.98 62 0.04 



76 

Besides in the Ligurian and Balearic Seas and the Sicilian Strait simultaneously with a 
I-st tipe profiles, having maximum on 32-53 m, there were the stations with uniform 
CHL distribution from a surface up to 20-75 m and having C j of 6.4-27.1 mg mo2 • 

Table 8. The characteristic of vertical CHL distribution in the Ionian Sea in December 1987. Abbreviations are 
the same as in Table 2. 

N sl. Co Bo L z.. CI C; i- F SEF 

0.03 0 0.19 52 32 14.2 0.91 7 0.03 

2 0.D3 0.05 0.27 83 15 17.5 0.95 13 0.D3 

3 0.13 0.07 0.29 28 16 21.5 0.95 14 0.04 

4 0.14 0.08 0.53 41 7 21.1 0.86 4 0.06 

5 0.14 0.08 0.26 53 15 21.5 0.88 5 0.06 

6 0.12 0.07 0.31 42 7 15.9 0.83 3 0.05 

7 0.12 0 0.17 41 39 13.9 0.94 10 0.03 

8 0.15 0.09 0.61 65 7 24.0 0.82 3 0.08 

9 0.12 0.06 0.32 64 21 25.4 0.92 7 0.06 

10 0.08 0.06 0.21 101 20 19.2 0.89 8 0.04 

1J 0.14 0 0.19 61 59 21.8 0.88 7 0.04 

12 0.03 0.04 0.32 71 12 15.4 0.97 26 0.D3 

13 0.07 0.04 0.21 83 30 21.2 0.96 26 0.02 

14 0.12 0.05 0.44 68 10 18.3 0.85 6 0.07 

15 0.10 0 0.19 41 42 16.5 0.83 4 0.04 

4. Discussion . 

The existence of two types of CHL profile in the Mediterranean Sea is defined in the 
basic by hydrophysical and hydrochemical conditions in each specific case. The 
development of a deep CHL maximum in open deep regions of the sea is a consequence 
of a number of the reasons. Usually such maximum will be formed in stratified 
oligotrophic waters, where nutrient depletion in the upper layers in result of 
consumption them by phytoplankton occurs [8]. Stratification of water mass is a 
barrier to penetration of additional nutrients from the bottom layers into the well-lit 
surface layer. The feeding of phytoplankton comes in basic at the expense of 
regeneration of organic substances [9]. The optimum conditions for formation of a 
deep CHL maximum in such situation exist at the bottom of a euphotic layer 
where 
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there is light enough for photosynthesis and increased contents of nutrients. Usually 
the formation of a CHL maximum in moderate latitudes is characteristic of summer 
months [8]. 

Table 11. Statistical characteristics of C; (mg 01.2) in various regions of the Mediterranean Sea. Abbreviations arc 
the same as in Table 9. 

Type SI S2 S3 S4 S5 S6 S7 S8 S9 SIO 

Avg 32.4 16.9 40.8 22.4 29.5 32.0 30 21.1 19.2 

Min 14.3 10.9 15.7 145 145 30.0 12.0 13.9 

Max 85.3 22.9 no 28.3 30.2 34.0 32.0 25.4 

Var 71 58 32 2 29 19 

N 9 2 6 3 3 2 22 15 

2 Avg 12.6 12.7 23.2 49.5 

Min 6.4 6.9 11.0 26.5 

Max 27.1 24.4 36.4 70.2 

Var 46 54 45 31 

N II 5 4 8 

In those cases when there is the vertical mixing or active upward transporting nutrients 
from the bottom layers into euphotic layer, the uniform development of phytoplankton 
in all well-lit upper layer takes place. Such conditions, as a rule, are encountered in 
coastal upwelling areas or in an open part of the sea during winter convectional mixing 
and winter-spring blooming of phytoplankton at moderate and high latitudes [31.1n the 
given situations a 2-nd type of CHL profile will be mainly formed. 

Parameterisation of CHL profiles allows to carry out quantitative comparison of 
peculiarities of vertical distribution of pigment in different regions of the sea. For the 
description of one-modal vertical CHL distribution in the Mediterranean Sea a 
Gaussian curve [6] was used. From the literature it is known, that by use of three 
parameters of a Gaussian curve it is possible to describe a large part of vertical CHL 
profiles in the sea [2, 3, 8]. 

The degree of conformity of measured and computed profiles depends in basic on two 
circumstances: number and discreteness of sampling and conformity of a vertical CHL 
profile to normal distribution. The minimum errors at such accounts are possible to 
expect at the description of continuous chlorophyll fluorescence in situ profiles and 
localisation of a CHL maximum on large depths, when the CHL profile is the most 
close to normal distribution, just as in case of tropical regions of ocean, for which this 
formula was offered. 
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High variability of parameters and the small discreteness of sampling, making in most 
cases not more of 5-6 depths, have found reflection in significant variability of 
statistical estimations of the description of vertical C~ distribution. Presence in one 
region of two types of vertical C~ distribution increases variability of all parameters of 
a Gaussian curve, which was marked in the Ligurian and Balearic Seas and the 
Sicilian Strait (Table 9). 

Despite received significant variability of practically all characteristics of vertical C~ 
profiles in the Mediterranean Sea it is possible to note some general regularities of 
vertical distribution of pigment in various regions of the sea. The high value of Co (on 
the average 0.14 -0.88 mg m-3) were received in western part of the sea (in the Ligurian 
and Balearic Seas and the Sicilian Strait) in winter-spring months and coincided with 
phytoplankton blooming at this time of a year in moderate latitudes. In the same 
regions a significant part of vertical profiles with quasi-homogeneous vertical uniform 
C~ distribution in the upper layer, also characteristic for this season was received. 
In the Balearic Sea in April C~ of 0.68-1.06 mg m-3 was distributed up to 18-36 m. 
For western part of the Mediterranean Sea in winter-spring months also the high value 
of Cm of 1-st type of vertical C~ profile (on the average 0.2-1.7 mg m-3), which did 
not locate deeper 50 m, were characteristic. 

The low C~ (0.08-0.18 mg m-3) and its uniform distribution up to 38-100 m were 
characteristic for a southern part of the Adriatic Sea in March 1983, that testified to 
intensive vertical mixing of the top 100 m layer, but absence of phytoplankton 
blooming in this part of the sea in investigated season. 

In the summer 1983 in the Alboran Sea Co did not exceed 0.08 mg m-3, maximum of 
concentration (on the average 0.26 mg m-3) lowered up to 100 m. The similar situation. 
is characteristic for summer months. was observed also in other regions of the 
Mediterranean Sea in June - July 1983.: in western part of the Ionian Sea. the Crete­
African Strait and the Levantine Sea. The maximal CHL in a maximum (0.6-0.8 mg 
m-3) w;:s observed in the Crete-African Strait and located on minimum (77-79 m) for 
obtained summer depth (Table 9). 

Presence of a maximum of C~ on 85-95 m and the absence of vertical C~ profiles 
with uniform distribution of pigment in the upper layers was observed in the Levantine 
Sea in October 1983. The low Co and Cm were very close to that was received in July 
(Table 9). that testified for proceeding of stratification in October and deficiency of 
nutrients for a phytoplankton feeding. 

A situation different from above discussed was observed in the Ionian Sea in December 
1987. The presence only of 1-st type of C~ vertical profiles. not high values of Co 
and Cm testified to stratification of water mass, characteristic for summer months. 
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However, the wide range of z", (from 28 up to 101 m) and significant its variability 
(Var = 33 % was maximal for this parameter among other regions) and insignificant 
increase of CHL in a maximum in comparison with a surface (in 2.8 times in 
comparison with 5.1, received in the Levantine Sea in October) could testify to, 
probably, warm winter and the absence of winter convectional mixing, delivering 
nutrients from bottom into upper layers. On the average C j equal 19.2 mgm-2 in the 
Ionian Sea in December 1987 was lower than it was observed for summer and autumn 
in other regions of the Mediterranean Sea (Table 11). 

Thus, type definition of vertical CHL profiles and determination of parameters, 
describing this distribution, allow to carry out a qualitative and quantitative estimation 
of vertical distribution of pigment in various regions of the Mediterranean Sea. 
Character of vertical distribution and the values of parameters, describing it, reflect in 
general hydrophysical, hydrochemical and meteorological conditions in these regions of 
the sea in different seasons. 
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COMPOSITION AND ABUNDANCE OF ZOOPLANKTON OF THE EASTERN 
MEDITERRANEAN SEA 
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1) Institute of Biology of the Southern Seas, Nakhimov Ave. 2, Sevastopol, 
Ukraine 

2) Institute of Marine Sciences, P.o. Box 28, Erdemli 33731 Turkey 

Results of investigations on the composition and quantitative distribution of zooplankton 
of the eastern Mediterranean Sea were reviewed for the period 1950-1980. The studies 
reviewed comprise more than 250 stations (with about 2000 samples) mainly from the 
expeditions carried out by the Institute of Biology of the Southern Seas (IBSS), attached 
to the National Academy of Science of the Ukraine. Many of these stations are located 
in poorly studied deep-water regions. For comparison purposes data from the literature 
on the coastal regions were also used. 

During these studies, >30 new species of zooplankton were identified from the 
eastern Mediterranean. The abundances of zooplankton from different locations in this 
region were evaluated. A trend was observed whereby the quantity of zooplankton was 
seen to decrease from the west to the east and from the north to the south. Such events 
correspond to an impoverishment of nutrients in the water. 

The coastal regions, desalinized by river inflows, were poorer than the deep-water 
regions with respect to species number, but richer in abundance. 

Key words: zooplankton, eastern Mediterranean, abundance, biomass, spatial 
changes. 

I. Introduction 

The Mediterranean Sea is conventionally divided into western and eastern regions. The 
border between them lies through the Appenin peninsula, the Island of Sicily and the 
relatively shallow strait of Tunisia [I, 2]. The eastern region includes the Ionic, Adriatic, 
Syrtis, Levantine and Aegean Seas. Some authors [3, 4] further divide the eastern 
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region according to the bottom topography and hydrological structure of the central 
(Syrtis, Ionic and Adriatic seas) and the eastern (Levantine and Aegean Seas) water 
bodies. However, the surface current system affects the whole eastern Mediterranean 
Sea [3], therefore, its planktonic fauna is sufficiently uniform [5], so iri this study we 
have considered the eastern Mediterranean Sea as one unit. Of course, it is taken into 
consideration that in some regions, (e.g. river mouths), environmental factors and 
plankton differ greatly. But in the absence of geomorphological obstacles the waters of 
these regions are mixed with waters of the open Mediterranean. 

The water exchange between the Mediterranean and Black seas occurs through the 
Marmara Sea. We consider the Marmara Sea as being of the same composition of the 
eastern Mediterranean Sea. 

The eastern Mediterranean is distinguished from the western area by several factors 
namely; a reduced influence of the Atlantic Ocean whereas there occurs an increasing 
influence of the Indian Ocean, by the differences in river inflows (the Po, the Nile and 
rivers that flow into the Black and Azov seas), and by hydrological, hydrochemical and 
biological features [6, 3, 7, 8]. The reduced influence of the Atlantic ocean is expressed 
by the gradual decrease in the volume of Atlantic water in the North-African current. 
Due to evaporation the salinity of the water increases from 36.5%0 in the waters off 
Gibraltar to 39%0 in the eastern shores [3], where the temperature of the water near the 
surface in summer is raised from 20° to 27° C. The temperature and salinity of the 
water also greatly changes from the north to the south of the Mediterranean Sea. The 
concentration of the nutrients in the waters of the North-African current aecreases five­
fold from a westerly to an east direction [9, 10, II]. Production values also decrease 
accordingly [7]. However the nutrient content and zooplankton abundance in the 
eastern Mediterranean are characterised by a rather significant unevenness of 
distribution. An increase in these values is noted in the Marmara Sea and the northern 
Aegean Sea, in the regions of river estuaries and some other areas. 

Environmental factors pertaining to the Mediterranean, as mentioned here, play an 
important role in shaping the composition and abundance of plankton as a whole and 
zooplankton in particular. 

Studies of zooplankton in the Mediterranean Sea, including its eastern sector, began 
in the second half of the 19th century. The first large expedition in the eastern 
Mediterranean Sea was carried out by an Austrian ship the RJV "Pola" between 1890-
1894. Later a substantial contribution to the study of plankton was made by the Danish 
on board the RJV "Tor" during 1908-1910 and the RIV "Dana" in 1930. The 
quantitative study of plankton was initiated during these two expeditions. Jespersen [12] 
observed the relative poverty of macroplankton in the eastern Mediterranean Sea with 
respect to the west. 

During 1911-1914, the faunistic investigations in the Adriatic Sea were conducted 
by the Austrian expedition on the RJV "Naiad" and the Italian expedition on the RJV 
"Vila Velebita". The Yugoslavian RJV "Hvar" worked in the Adriatic Sea in 1948-
1949. In the Mediterranean Sea in 1958 multi-disciplinary oceano logical 
investigations began on the RJVs "Akademik A.Kovalevsky", "Crystal", and in 1977 on 
the RIV "Professor Vodyanitsky". Besides, biological studies were executed in a 
number of hydrophysical expeditions of Soviet vessels "Akademik S.Vavilov", 
"Mikhail Lomonosov" and others. Consequently, zooplankton studies in the central 
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regions of the eastern Mediterranean basins over the last forty years were conducted 
most actively by Soviet scientists, mainly from the Institute of Biology of the Southern 
Seas (IBSS). Extensive studies of zooplankton were recently conducted by scientists of 
Mediterranean countries under the international program POEM-BC-091 [13, 14]. 

In some coastal regions of the Mediterranean Sea, near the biological stations, 
institutes or universities of Italy, Greece, Turkey, Syria, Lebanon, Israel and Egypt, 
regular seasonal and perennial studies of plankton are conducted. 

A great number of zooplankton species had defined during early faunal studies. 
Here it is worth mentioning that scientists of the IBSS identified 50 species of copepods 
not previously noted in the Mediterranean Sea and another 32 species that are new to 
the science [5]. Faunistic data of zooplankton resulted in many articles and monographs 
from various biogeographical areas in the eastern Mediterranean [6, 7, 8, 15,]. The 
fauna of the coastal and central regions were compared in the book of Kovalev [8]. 

Regular studies performed in the eastern Mediterranean Sea had explained the 
seasonal changes in the taxonomic composition, quantity and biomass of plankton [7]. 
The results of such studies on quantitative indices of zooplankton of central regions of 
the sea were summarised in Greze et al. [16]. The results of the investigations carried 
out by scientists of the Mediterranean countries were presented in a review by 
Moraitou-Apostolopoulou [17]. 

In the present work, results of the IBSS investigations were re-evaluated for the 
open waters of the eastern Mediterranean Sea with a comparison among its subregions 
as well as changes in the zooplankton composition from the west to the east and from 
the north to the south. 

2. Material and methods 

From 1958 onwards, the IBSS periodically conducted zooplankton studies in different 
regions of the eastern Mediterranean Sea, usually in deep waters. Sampling information 
of these studies are presented in Table 1. Location of sampling stations was shown in 
Fig. 1. 

Usually the upper 200 or 500 metre stratum of water from the standard layers of 0-
10, 10-25, 25-50, 50-75, 75-100, 100-150, 150-200,200-300 m was processed. For 
sampling a Juday net (mouth diameter 3 cm, mesh size 112 J.l) was used .. During the 
1970s - 1980s, additional samples were sometimes collected using a Bogorov-Rass net 
or oceanic model of the Juday net (mouth diameter 80 cm, mesh size >200 J.l) and also 
a water sampler [18] was employed for specific purposes, for instance to study the size 
composition of the zooplankton [19,20,21]. 

After taxonomic identification, the abundance and biomass of organisms (given as 
per cubic meter) were calculated by means of weight-dimensional characteristics of 
plankton. For rare animals the whole sample was screened whilst for mass organisms 
subsampling was performed. 
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TABLE I. Cruises of the lBSS for zooplankton in the eastern Mediterranean Sea. 

Year Month Vessel Region Layer (m) #of stations #ofsamples 
Southern 84 

1958 II, V, VII, XI Krystall Adriatic 0-200 (8 daily) 920 
Akademik North 

1960 VII Kovalevsky Adriatic 0-100 
Professor North 25 55 

1982 ll-V Vodyanitsky Adriatic 0-100 
Akademik North 

1967 VII Kovalevsky Adriatic 0-200 16 48 
Akademik Syrtis 

1959 VI-IX Vavilov Sea 0-200 3 21 
Akademik Levantine 

1959 VI- IX Vavilov Sea 0-200 7 49 
Akademik Aegean 0-200, 

1958 VI11 - IX Kovalevsky Sea 0-500 
Akademik Aegean 0-200, 20 151 

1960 VI - VII Kovalevsky Sea 0-500 (2 daily) 
1960- Akademik Aegean 0-200, 
1961 XII - I Vavilov Sea 0-500 

Akademik Aegean 
1980 Vl1l, Xll Kovalevsky Sea 0-200 4 16 

Akademik Ionian 0-200, 
1959 VII - VI11 Kovalevsky Sea 0-500 

Akademik Ionian 0-200, 14 156 
1960 VII Kovalevsky Sea 0-500 

Akademik Ionian 
1968 V Kovalevsky Sea 0-500 I (daily) 35 

Mikhail Ionian 
1972 XII Lomonosov Sea 0-500 I (daily) 

Mikhail Ionian 
1973 IV Lomonosov Sea 0-500 I (daily) 

Mikhail Ionian 81 
1976 IV Lomonosov Sea 0-500 I (daily)' 

Mikhail Ionian 
1976 VIII Lomonosov Sea 0-500 I (daily) 

Professor Ionian 
1987 XI- XII Kolesnikov Sea 0-200 40 40 

Akademik Tunisian 
1970 I - II Kovalevsky strait 0-200 

Akademik Tunisian 33 271 
1972 VII-IX Kovalevsky strait 0-200 

Akademik Tunisian 
1980 VIII- X Kovalevsky strait 0-200 5 20 

Professor Tunisian 
1982 II-V Vodyanitsk~ strait 0-200 5 14 
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Figure 1. Location of zooplankton stations of the IBSS in the eastern Mediterranean 
Sea during 1958-1987. 
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3. Results and Discussion 

3.1. COMPOSITION OF ZOOPLANKTON 

The planktonic fauna of the Mediterranean Sea is basically Atlantic in ongm. It is 
characterised by the presence of representatives of practically all taxonomic groups, 
known in the region of the Atlantic that adjoins Gibraltar [6,8]. However this is usually 
not the case for the deep-water organisms of which penetration into the Mediterranean 
Sea is limited by the shallow strait of Gibraltar. 

Because of a single source of fauna and the presence of a basin wide current system 
(i.e. the north-African current), there is a high degree of resemblance of fauna in 
different regions of the Mediterranean Sea. At the same time it is necessary to note a 
certain influence of the water exchange through the Suez Channel on the zooplankton 
composition of the eastern Mediterranean [15]. However, there are differences in the 
fauna that are dependent on latitude. Some subtropical and tropical species that occurs 
in the southern regions of the sea, are absent in the northern regions. The boreal species 
are absent in the south regions [6, 16]. A comparison of species lists of copepoda from 
the Adriatic and the Ionian Seas (including the Syrtis Sea), and between the Levant and 
Aegean Seas revealed that 57% - 67% of species were common to each pair of seas [5, 
8]. 

The composition of zooplankton greatly differs between regions of neritic waters 
and of deep-water regions. The latter are inhabited basically by the oceanic species. Of 
the Copepoda, mUltiple species of the families Eucalanidae, Calocalanidae, 
Spinocalanidae, Aetideidae, Euchaetidae, Phaennidae, Scolecithricidae, Metridiidae, 
Lucicutiidae, Heterorhabdidae, Augaptilidae are represented. Many species of the 
families Calanidae, Clausocalanidae, Centropagidae, Pontellidae, Oncaeidae, 
Sapphirinidae, Corycaeidae are present in equal numbers in the open sea and in the 
neritic area. The main species found in the neritic area are members of the families 
Paracalanidae (Paracalanus parvus, P. denudatus, P. nanus), Centropagidae 
(Centropages ponticus), Temoridae (Temora stylifera, T longicornis), Pontellidae 
(Labidocera brunescens, L. madurae), Acartiidae (Acartia discaudata, A. /ongiremis, 
A.latisetosa and others), Oithonidae (Oithona nana, 0. hebes) [8]. 

Deep-water regions of the sea like open regions of the oceanic tropics and 
sUbtropics are characterised by a high number of species, but a low' abundance of 
organisms. In the Ionian Sea (grid position 36° 45' N; 18° 45' E) a series of 
observation at four stations were recorded in December, 1972 and April, 1973 (27th 
cruise of RV "Mikhail Lomonosov") and in April and August, 1976 (30th cruise RV 
"Mikhail Lomonosov") and findings were made of 188 copepod species. From these 
only 8 species were found in numbers exceeding 10 specimens/m3 [21b], However, 
near the Egyptian coasts in depths of less than 110 m (120 samples) 132 species of 
copepoda were discovered [22]. At the same time from the entire Levantine Sea 171 
species were known [5]. Nearer the coast, where the influence of Nile is strong, only 31 
copepod species were occuring [23]. Among them were semi-oceanic or even oceanic 
species. Zooplankton in the coastal zone and in bays. is characterised by a low species 
number. Near Alexandria and in the Abu Qir bay, in depths of less then 15 m, 13 
basically neritic species of Copepoda were noted before the Nile overflow [24]. 
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Cladocera (Evadne tergestina, E. nordmani, E. spinijera) and other inhabitants of water 
with low salinity were quite numerous. During the Nile overflow when the salinity of 
the uppermost ten metre layer was reduced to 3-10%0, the amount of planktonic species 
had decreased. The same changes in plankton composition between the open sea and 
the coastal zone and between bays and harbours are known from the literature for other 
regions of the eastern and western Mediterranean Sea [6, 25, 26, 27, 28, 29, 30]. A few 
representatives of the fresh-water fauna were noted only near estuaries of large rivers 
and in desalinised lagoons. It is in the plankton of the deep-water of the eastern 
Mediterranean that species of Copepoda are most numerous (Table 2). 

TABLE 2. Number of copepod species in different seas of the eastern Mediterranean 
[8]. 

Seas Number of species 
Adriatic 234 

Ionian and Syrtis 236 
Levantine 171 
Aegean 161 

Marmara 53 

Copepoda account for 70-90% of the total zooplankton abundance. Of the copepods, 
in the surface 50 m layer, Paracalanus aculeatus, P. parvus, P. nan us, Calocalanus 
plumulosus, Temora stylijera, Centro pages typicus, Acartia negligens, Oithona 
plumifera dominate. In the layer 0-200 m Calanus minor, C. tenuicornis, Calocalanus 
pavoninus, Clausocalanus jurcatus, Centro pages violaceus, Oithona setigera and others 
were frequently observed. At the depths greater than 200 m, the species Spinocalanus 
abyssalis, Aetideus armatus, Chiridius poppei, Scolicithricella abyssa/is were seen. In 
the surface layers Appendicularia, Ostracoda, Chaetognatha were rather abundant. 

From the other groups a few specimens of Foraminifera, Tintinnoinea and 
Hydromedusae were found. Siphonophora, Polychaeta and Mollusca were also 
numerous. Of the Siphonophora, Eudoxoides spiralis, Lensia subtilis, L.conoidea, 
Hippopodius hippopus, Abilopsis tetragona, Chelophies appendiculata and others were 
found [6,16,31,32,33,34]. 

On the shelf region adjacent to the eastern coasts of the Mediterranean Sea, unlike 
the region of Nile, zooplankton in different areas was distinguished with a higher 
number of species. For instance, in the region of Beirut during 25 years of studies 173 
species of copepods were registered [35]. In Lattakia port (Syria) and in the estuary at 
three stations studied in the period from March to October, 1991, 54 species of 
copepods were registered [36]. 

From five stations sampled four times during 1983-1984 (Augu'st, November, 
February, May) around the northwest coast of Island of Rhodes (from a depth profile of 
50-350 m), 85 copepod species were registered [37]. This high number of species in 
this region is probably related to the fact that the east branch of the North-African 
current flows past close to the coast causing upwelling. This current brings the Atlantic 
zooplankton there. In the zooplankton composition there are also species from the 
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Indian ocean, which are transported into the Mediterranean Sea through the Suez 
channel. 

3.2. DISTRIBUTION OF ABUNDANCE AND BIOMASS OF ZOOPLANKTON 

Analysis of the works on zooplankton of the deep eastern Mediterranean [7, 8,13,14, 
16,19,20, 21b, 31, 32, 33, 34, 38, 39] shows that most of this region is characterised 
by a comparatively even distribution of abundance and biomass of zooplankton. Their 
values were not high. High values for zooplankton abundance were r~gistered in the 
Adriatic and Aegean seas (Table 3). 

TABLE 3. Average values of the number (ind./ml) and biomass (mg/ml) of 
zooplankton in the eastern Mediterranean Sea in the 0-200 m layer in summer [16]. 

Seas Number (ind./mJ) Biomass (mg/mJ) 

Mid and southern Adriatic 1724 56 
Ionian 1041 33 
Syrtis 1007 15 

Levantine 1438 18 
Aegean 1032 23 

As some authors consider [17], the eastern Mediterranean can be distinguish from 
the western region by zooplankton biomass values. However the results of our studies 
on mesozooplankton agree with the conclusion of Jespersen [12] that there is a 
significant reduction in biomass of macrozooplankton from the west to the east in the 
Mediterranean Sea. As it is well known, annual and seasonal variability in the number 
and biomass of zooplankton are great. So the most reliable material in the evaluation of 
spatial distribution are those sampled from different areas with close time intervals. At 
the time of such observations in 1972 from daily sampled stations, the average quantity 
of zooplankton in the Sardinian Sea was nearly twice of the Ionian Sea [21 b]. More 
significant are the samples of the 90th cruise of the RV "Akademik A.Kovalevsky" 
(September-October, 1980), collected from the four different areas from Alboran to the 
Aegean Sea (Table 4). 

The reduction in the number and biomass of zooplankton along the North-African 
current from the west to the east is also observed from results of investigations carried 
out in different years (Table 5). 

A reduction in the number and biomass of mesozooplankton from the Tunisian 
Strait to the Ionian Sea and an increase in the Levantine Sea was observed during the 
research program POEM-BS-091 in 1991 [13, 14]. Thereby, the trend of changes in the 
amount of zooplankton from a western to an eastern directon seems conclusive. Such a 
reduction in the biomass of zooplankton complies with the reduction in nutrient 
concentrations and phytoplankton [7]. In the Levantine Sea the amounts of zooplankton 
were higher than in the Syrtis Sea [16, 34]. It may be connected with the complex 
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dynamics of water in the Levantine Sea. It is characterised by the existence of three 
cyclonic and one anticyclonic large-scale cycles [3] and connected with them are areas 
of upwelling and downwelling [13]. In the southern Levantine Sea there occurs an 
influence of the Nile on the zooplankton. After the construction of the Aswan dam in 
1965 this influence greatly decreased [40, 41]. In the Levantine Sea high 
concentrations of nutrients and nannoplankton were also noted [42]. 

TABLE 4. Changes in the number (ind.lm) and biomass (mg/m) of net zooplankton 
from the west to the east of the Mediterranean Sea in September-October, 1980 in 0-
100 m layer [8]. 

Region Number of Number (ind.lmJ) Biomass (mg/ml) 
observation 
s 

Alboran Sea 19 1952 70.4 
Sardinian Sea 6 2293 30.6 
Tunisian strait 6 1050 27.0 

Aegean Sea (middle) 6 867 22.0 

TABLE s. Average values of number (ind.lm) and biomass (mg/m) of net 
zooplankton in the area of the North-African current in the Mediterranean Sea during 
summer [8]. 

Regions, Number 0-100 m 100·200 m 
years of ind.lm3 mg/m3 ind.lmJ mg/m3 

observation 
Alboran Sea (1970, 1974, 34 1597 52 624 20 
1980) 
Sardinian Sea (1976, 1980) 18 1650 43 360 13 
Tunisian strait(l972, 1980) 26 1005 28 282 11 
Syrtis Sea (1959) 3 1265 17 735 9 
Levantine Sea( 1959, 1960) 7 1826 26 612 13 

Other interesting changes affecting zooplankton biomass occur from north to south 
in two separate chain patterns of the seas: Adriatic-Ionian-Syrtis and Marmara-Aegean­
Levantine Seas. Both chains in the north are characterised by the strong influence of 
river input, high dynamic activity and essential seasonal changes of the environment. 
This stimulates high productivity in the northern seas with a gradual reduction in 
productivity towards the south. As a result the number and biomass of zooplankton 
regularly and greatly decreases from the north to the south (Table 6, 7). 

In the northernmost area of the Adriatic Sea, the number of zooplankton in the 0-25 m 
layer reaches 13000 specimen/m', biomass 300 mg/m3 [16]. However, in a southward direction 
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these values greatly decreased (Table 6). But along the coast of the Appenin peninsula 
they remain rather high. 

The number and biomass of zooplankton in the Sea of Marmara were also very high 
(Table 7) [21]. Mass organisms seen were those typical for the Black Sea: Tintinnoidea, 
Hydromedusae, Appendicularia, larvae of Mollusca and Polychaeta, copepods 
Paracalanus parvus, Acartia clausi, and Oithona similis, etc. 

TABLE 6. Changes in the average values in the number (ind./ml) and biomass 
(mglml) of zooplankton from the Adriatic to the Syrtis Sea during summer [8]. 

Regions, Number of 0-100 m 100-200 m 
years observations ind.lm1 mg/m1 ind.lm3 mg/m1 

Adriatic Sea, northern 
(1960, 1982)* 25 3354 90 - -
Adriatic Sea, middle 
and southern (1958, 47 1735 58 1464 54 
1963) 
Ionian Sea 
(1959, 1976) 18 1 \04 41 547 15 
Syrtis Sea 
(1959) 3 1265 17 735 9 

TABLE 7. Changes in average values of the number (ind./ml) and biomass (mglml) 
of the net zooplankton from the Marmara to the Levantine Sea during summer and 
autumn [8]. 

Regions, Number of 0-100 m 
years observations ind.lm3 mg/m] 

Sea of Marmara (winter 1969- 5 12000 90 
1970) 

Aegean Sea, northern 6 1473 47 
( 1958) 

Aegean Sea (1958, 1960, 17 \057 26.4 
1980) 

Levantine Sea (1959, 7 1826 26 
1960) 

In the Aegean Sea, the number and biomass of zooplankton decreased from the 
north to the south of the sea five fold during the 1959,1960 and 1980 IBSS cruises. It is 
neccessary to note that in the Aegean Sea in the 0-100 m layer, despite low abundance, 
the biomass was as high as in the Levantine Sea (Table 7). This is explained by the fact 
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that in the 0-100 m layer in the northern Aegean Sea the biomass increases due to 
large organisms, in particular gelatinous ones: Salpae, Medusae, and Siphonophora. It is 
known that in other regions of the World's oceans the biomass of the gelatinous 
organisms also increases with eutrophication ofthe water [44]. 

TABLE 8. Quantitative indices of zooplankton in some coastal and deep-water regions 
of the Mediterranean Sea in the 0-50 m layer [8]. 

Regions Reference 

Coastal regions (average annual values) 
Triest harbour 2560 - 45 
Region of Alexandria 

Easern harbour 29700 191.0 46 
Coastal zone «50m) 7400 - 47 
Neritic zone «20m) 1850 - 47 
Neritic zone (>200m) 1230 - 47 

Region of Beirut 5000 - 48 
Near the sewage outputs 175 - 48 
Saronicos harbour 1287 21.0 - 65.0 49 
ibid 9224 - 4 
ibid, 25km from sewage - 135.7 50 
output 
Elefsis harbour - 195 - 265 49 
Deep-water regions (in different seasons) 
Mid and southern Adriatic 8, 16 
(Ill-IX. - 54.0 
1958, 1963, 1982) 

Tunisian strait (IX. 1980) 794 26.6 8 
Ionian Sea 
(IV,VIII,XII. 651 29. 5 8 
1972,1973,1976) 
Syrtis Sea (summer, 1959) 1108 19.7 34 
Levantine Sea 34 
(IX-XI. 1959, 1960) 1419 19.6 
Aegean Sea (VIII. 1980) 756 23.1 8 
Aegean Sea, south 33 
(VI-I. 1958, 1960, 1961) 903 14.1 
Aegean Sea, north 33 
(summer, 1958) 1473 47.0 

. Note: The plankton net with a mesh size of 200-250 Il which was used in the coastal 
areas, does not catch organisms less than 0.5 mm length. So the data obtained by the 
Juday net with a mesh size of 112 Il in the deep-water regions was reduced by 22% for 
number and by 6% for the biomass prior to tabulation. This corresponds to their average 
share in the samples of the net with mesh size 112 Il (8]. 
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The number and biomass of zooplankton in coastal and deep-water regions of the 
sea are often greatly distinguished (Table 8). In coastal regions they are characterised 
by higher values. The main reason for this is the eutrophication of coastal waters by the 
continental shelf runoff. 

4. Conclusions 

The results of this study allow us to define the composition and large-scale distribution 
of zooplankton in the eastern Mediterranean. During the course of investigations 
reviewed here, the species list of zooplankton (mainly copepods) was greatly enriched. 

The regular reduction in the quantity and biomass of zooplankton seen from the 
west to the east of the Mediterranean was shown. This is connected with an 
impoverishment of nutrients due to the Atlantic water. The same phenomenon was 
observed in the direction from the north towards the south. Waters of the northern 
Adriatic and the Sea of Marmara, which are rich in nutrients due to river inflow flow 
southward, mixing with nutrient-poor water and therefore lose their abundance of 
nutrients. This is accompanied by a reduced amount of planktonic organisms. 

It is also shown that the deep-water regions are richer in terms of taxonomic 
composition but are poorer with respect to biomass and quantity of zooplankton in 
comparison with the coastal regions which are under the influence of continental runoff. 

5. Acknowledgements 
The present investigation was carried out with the support ofa NATO Linkage Grant. 
We thank to Mrs Alison M. Kideys for improving the English of the text. 

6. References 

J. Goncharov, V. P., and Mikhailov, V. V. (1963) New data on bottom relief of 
the Mediterranean Sea, Oceanology, 3, 6, 1056-1060. (in Russian) 

2. Kiortsis, V. (1985) Mediterranean marine ecosystems: establishment of 
zooplankton communities in transitional and partly isolated areas, in M. 
Moriatou-Apostoloupoulou and V. Kiortsis (eds.), Mediterranean marine 
ecosystems, pp. 377-385. 

3. Ovchinnikov, I.M., Plakhin, E. A., and Moskalenko, L. V. (1976) Hydrology of 
the Mediterranean Sea, Hydrometeoizdat, Moskow, 375 p. (in Russian) 

4. Moraitou-Apostolopoulou, M. (1981) The annual cycle of zooplankton in Elefsis 
Bay (Greece), Rapp. et proc.-verb.reun.Commis. into explor.sci.Mer Mediterr., 
Monaco, 27, fasc.7, 105-106. 

5. Kovalev, A. V. and Shmeleva, A. A. (1982) Fauna of Copepoda in the 
Mediterranean Sea, Ecologiya morya, 8, 82-87. (in Russian) 

6. Furnestin, M. -L. (1979) Aspects of the zoogeography of the Mediterranean 
plankton, in S. Van der Spoel and A.C. Pierrot-Bults (eds.), Zoogeography and 
diversity in plankton, pp. 191-253. 



93 

7. Greze, V. N. (1989) Pelagial of the Mediterranean Sea as ecological system, 
Naukova dumka, Kiev, 198 p. (in Russian) 

8. Kovalev, A. V. (1991) Structure q[ the zooplankton communities of the Atlantic 
Ocean and the Mediterranean basin, Naukova dumka, Kiev, 141 p. (in Russian) 

9. Thomsen, H. (1931) Nitrate and phosphate contens of Mediterranean water, 
Rep. Dan. oceanogr. expo 1908-1910 to Mediterr. and adjacent seas. 
Copenhagen, 3, 6, 1-14. 

10. McGill, D. A .. (1965) The relatives supplies of phosphate, nitrate and silicate in 
the Mediterranean Sea, Rapp. et proc.-verb.reun.Commis. into explor.sci.Mer 
Mediterr., Monaco, 18, fasc.3, 737-744. 

II. Egorova, V. A. (1966) Phosphates in waters of the Mediterranean Sea, Chemical 
processes in the seas and oceans, Moskow, Nauka, 102-110. (in Russian) 

12. Jespersen, P. (1923) On the quantity of macro plankton in the Mediterranean and 
Atlantic, Rep.Dan. Ocean.Exp 1908-1910 to Mediterr. and adjacent seas, 
Copenhagen, 3, 1-17. 

13. Mazzocchi, M. G., Christou, E. D., Fragopoulu, N., and Siokou-Frangou, I. 
(1997) Mesozooplankton distribution from Sicily to Cyprus (Eastern 
Mediterranean): I. General aspects, Oceanologica acta, 20, 521-535. 

14. Siokou-Frangou, I., Christou, E. D., Fragopoulu, N., and Mazzocchi, M. G. 
(1997) Mesozooplankton distribution from Sicily to Cyprus (Eastern 
Mediterranean): II Copepod assamblages, Oceanologica acta, 20, 537-548. 

15. Por, F. D. (1978) Lessepsian migration, Springer-Verlag, Berlin, 228 p. 
16. Greze, V. N., Pavlova, E. V., Shmeleva, A. A., and Delalo, E. P. (1982) 

Zooplankton of the eastern Mediterranean and its quantitative distribution, 
Ekologiya morya, 8, 37-46. (in Russian) 

17. Moraitou-Apostolopoulou, M. (1985) The zooplankton communities of eastern 
Mediterranean (Levantine Bassin, Aegean Sea): influence of man-made factors, 
in M. Moraitou-Apostolopoulou and V. Kiortsis (eds.), Mediterranean marine 
ecosystems, 303-331. 

18. Kovalev, A. V., Bileva, O. K., and Moryakova, V. K. (l977) Combined method 
of collecting and registration of marine zooplankton, Biologiya morya, 4, 78-82. 
(in Russian) 

19. Vodyanitsky, Y. A. (1961) Some results of investigations of A.O. Kovalevsky 
Sevastopol station in the Mediterranean Sea in 1958-1960, Oceannlogiya, I, 5, 
791-804. (in Russian) 

20. Kovalev, A. V. (1971) Distribution of seston in the Tunisian strait, Ionic and 
Aegean seas, in Y. A. Vodyanitsky (ed.), Oceanographic investigations in the 
Tunisian strait, Naukova dumka, Kiev, pp. 91-100. (in Russian) 

21. Kovalev, A. V., Georgieva, L. Y., and Baldina, E. P. (1976) Influence of water 
mass exchange from Bosphorus on the content and distribution of the plankton in 
the nearest seas, in V. I. Belyaev (ed.), investigation of water mass exchange 
from Tunis Chanel and Bosphorus, Naukova dumka, Kiev, pp. 181-189. (in 
Russian) 

21b. Bileva, O. K., Greze, V. N., Kovalev, A. Y., Moryakova, Y. K., and Skryabin, Y. 
A. (1982) Comparative characterization and biological structure of zooplankton 
in the Ionian and Sardinian seas, Ecologiya morya, 8,46-55. (in Russian) 



94 

22. Dowidar, N. M. and El-Maghraby, A. M. (1973) Notes on the occurencc and 
distribution of some zooplankton species in the Mediterranean waters of UAR, 
Rapp. et proc.-verb.reun.Commis. into expLor.sci.Mer Mediterr., Monaco, 21, 
fasc.8, 521-525. 

23. Salah, A. M. (1971) A preliminary check list of the plankton along the Egyptian 
Mediterranean coast, Rapp. et proc.-verb.reun.Commis. into explor.sci.Mer 
!vledUerr. Monaco, 20, fasc.3, 317-322. 

24. Dowidar, N. M. and EI-Maghraby, A.M. (1971) Observation on the neritic 
zooplankton community in Abu Qir Bay during the flood season, Rapp. et prac.­
verb.relln.Commis.int.exp/ar.sci.Mer Mediterr., Monaco. 20, fasc.3, 385-389. 

25. Lakkis, S. (1974) Considerations on the distribution of pelagic copepods in the 
eastern Mediterranean of the coast of Lebanon, Acta Adriatica, 18,39-52. 

26. Kimor, B. and Wood, E. J. F. (1975) A plankton study in the eastern 
Mediterranean Sea, Marine biology, 29, 321-333. 

27. Pasteur, R., Berdugo, V., and Kimor, B. (1976) The abundance, composition 
and seasonal distribution of epizooplankton in coastal and offshore waters of the 
eastern Mediterranean, Acta Adriatica, 18(4), 55-80. 

28. Regner, D. (1977) Investigations of copepods in coastal areas of Split and 
Sibenic, Acta Adriatica, 17(12),3-19. 

29. Specchi, M. and Fonda-Umani S. (1983) La communaute neritique de la region 
des emboushures du Po, Rapp. et proc.-verb.relln.Commis. in!. explor.sci.Mer 
Mediterr., Monaco, 28, fasc.9, 197-199. 

30. Siokou-Frangou, I. and Christou, E.D. (1995) Variabilite du cycle annuel du 
zooplancton dans la Baie d'Elefsis (Grece), Rapp. du XXJ(JV congr. de La 
CIESM, 34, 217. 

31. Greze, V. N. (1963) Zooplankton of the Ionian Sea, Oceanologicheskiye 
Issledovaniya, 9, 42-59. (in Russian) 

32. Shmeleva, A. A. (1963) State of food base of fish in South Adriatic in 1958, 
Proceed. oJSevastopol Biological Station, 16,138-152. (in Russian) 

33. Pavlova, E. V. (1966) Composition and distribution of zooplankton in the 
Aegean Sea, Investigations olplankton oj the South Seas, 7, 38-61. (in Russian) 

34. Delalo, E. P. (1966) Zooplankton in Eastern part of the Mediterranean Sea (of 
seas Levantine and Syrtis), Investigation oj Plankton in the Southern Seas, 
Moscow, 7, 62-81 (in Russian) 

35. Lakkis, S. (1995) Cycle annuel du plancton cotier du Liban. Successions et 
variations saisonnieres des peuplements, Rapp. du XXXIV congr. de fa CiESM, 
34, 212. 

36. Baker, M. ( 1995) Contribution a I 'etude de la biomasse zooplanctonique dans 
les eaux cotieres de la Lattaque (Syrie), Rapp. du XXXiV cangr. de fa CiESM. 
34,203. 

37. Siokou-Frangou, I. and Papathanassiou, E. (1989) Aspects du zooplancton 
cotier de l'ile de Rhodes (Mer Egee), Vie Milieu, 39(2), 77-85. 

38. Kovalev, A. V. (1982) Zooplankton distribution in different water masses in the 
Tunisian strait, Ecologiya mOfya, 9, 15-19. (in Russian) 

39. Moryakova, V. K., Zaika, V. E., Bityukov, E. P., and Vasilenko, V.1. (1975) 
Distribution of planktonic animals and bioluminescence in Mediterranean Sea, in 



95 

V.E.Zaika (ed.), Biological structure and productivity ofplankton!c communities 
of Mediterranean Sea, Naukova dumka, Kiev, pp. 75-102. (in Russian) 

40. Oren, O. H. (1969) Oceanographical and biological influenses of the Suez canal, 
the Nile and the Aswan dam on the Levant Basin, Progr. Oceanogr., 5, 161-167. 

41. Wadie, W. F. (1984) The effect of regulation of the Nile river discharge on the 
oceanographic condition and productivity of the South-eastern part of the 
Mediterranean Sea, Acta Adriatica, 25, 112, 29-43. 

42. Bernard, F. (1969) Distribution verticale des sels nutritifs et du phytoplancton 
en mer Mediterranee: essai sur l'epaisseur de la couche a photosynthese, 
Rapp. et proc. -verb.reun. Commis. into explor.sci. Mer Mediterr., Monaco, 15, 
fasc.2, 283-292. 

43. Greze, V. N., Bileva, O. K., Kovalev, A. V., and Shmeleva, A. A. (1985) Size 
and trophic structure of zooplankton in the Mediterranean Sea. Biologiya 
morya, 6, 12-18. (in Russian) 

44. Kovalev A. V, Niermann, U., Melnikov, V. V., Belokopytov, V., Uysal, Z., 
Kideys, A. E., Unsal, M., and Altukhov, D. (1998) Long-term changes in the 
Black Sea zooplankton: the role of natural and anthropogenic factors, in L. 
Ivanov and T. Oguz (eds.), NATO TU Black Sea Assessment Workshop: NATO 
TU-Black Sea Proiect: Symposium on Scientific Results, Vol. 1, Kluwer 
Academic Publishers, Dordrecht, pp. 221-234. 

45. Specchi, M., Fonda Umani, S., and Radini, G. (1981) Les fluctuations du 
zooplancton dans une station fixe du golfe de Trieste (Haute Adriatique), Rapp. 
et proc.-verb.reun.Commis. in!. explor.sci.Mer Mediterr., Monaco, 27, fasc.7, 
97-100. 

46. Khalil, A. N., El-Maghraby, A. M., Dowidar N. M., and EI-Zawawy, D. A. 
(1983) Seasonal variations of the Eastern Harbour of Alexandria, Egypt. Rapp. 
el proc.-verb.reun.Commis. into explor.sci.Mer Mediterr., Monaco, 28, fasc.9, 
217-218. 

47. EI-Maghraby, A. M. and Dowidar, N. M. (1973) Observations on the 
zooplankton community in the Egiptian Mediterranean waters, Rapp. el proc.­
verb.reun.Commis in!. explor.sci.Mer Mediterr., Monaco, 21, fasc.S, 521-525. 

48. Lakkis, S., and Kouyoumjian, H. (1974) Observations sur la composition et 
I' abondance du zooplancton aux embouchures d' effluents urbaince des eaux de 
Beyrouth, Rapp. el proc.-verb.reun.Commis. in!. explor.sci.Mer Mediterr., 
Monaco, 22, fasc.9, 107-108. 

49. Jannopoulos, C. (1976) The annual regeneration of the Elefsis bay 
zooplanktonic ecosystem, Saronicos gulf, Rapp. el proc.-verh.reun.Commis. into 
explor.sci.Mer Mediterr., Monaco, 23, fasc.9, 109-111. 

50. Verriopoulos, G., Moraitou-Apostolopoulou, M., and Hadzini-Kolaou, S. (1985) 
Quantitative and qualitative composition of zooplankton in the areas of Saronicos 
gulf, Rapp. et proc.-verb.reun.Commis. into explor.sci.Mer Medilerr., Monaco, 
29, fasc.9, 307-30S. 
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During several expeditions in Mediterranean in 1970-1980s on the scientific vessel 

«Akademic Kovalevsky» (Institute of the Biology of the Southern Seas, Sevastopol) 

some parameters of energy metabolism of fishes were studied. It was shown that fat 

(triacylglicerol) accumulation, their utilization for energy metabolism, effect of food 

supply on these processes in Mediterranean fishes have features of similarity and 

difference with Black Sea ones. Principal scheme of energy balance for Black Sea fishes 

may be used for Mediterranean ones. At the exumple of horse mackerel Trachurus 

mediterranus energy consumption, utilization, expenditure for growth and metabolism 

was analysed. Intensity and efficiency of production formation was studied. Such 

investigation has perspectives for estination of energy and substance balance (budjet) not 

only for mass species of fishes but invertebrate animals of both water bodies too. 
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1. Introduction 

Department of Animal Physiology, organized in 1959 at Institute of Biology of the 

Southern Seas, has research interests focused primarily on energy and substance balance 

in mass species of marine organisms inhabiting the Southern seas [1-1 OJ. Progress of 

the study implies the knowledge of physiological and biochemical aspects of species 

adaptations and life history, and the indication of organism and population condition . 

The main body of studies were conducted in the Black and Azov seas, while in the 

Mediterranean they were conducted sporadically during the cruises of the R/V Akademik 

Kovalevsky in 1969, 1971, 1973, 1976, 1977 and 1988. Obtained data have been partly 

published in a number of papers [4, 11-18J. Thc main investigation ohjects were fishes. 

2. Results and discussion 

Results of the compaj rison between physiological and biochemical features of fish from 

the Mediterranean, Black and Azov Seas are of considerable interest. For instance, 

examination of weight growth and energy accumulation in three races of anchovy, the 

most abundant pelagic fish (Engraulis encrasicholus mediterraneus, E.e. ponticus and 

E.e. maeoticus) has shown that thcse processes differ markedly between the races [12J. It 

should be noted that characteristics describing protein retention in the body, i.e. the 

protein growth, are the most reliable physiological parameters of weight increment, 

while the level of fatness is similarly reliable parameter of energy store. In Azov 

anchovy the accumulation of fat prevails over protein increase; in Black Sea anchovy the 

two processes keep halance; and in their Mediterranean counterpart it is protein increase 

that prevails. Our tentative hypothesis explained the specific metabolic responses of 

compared races hy the difference in eating behaviour depending on availability of 

nutriment in the sea [12]. Indeed, mean biomass of zooplankton is 500 mg/mJ in the 

Azov Sea, 100 mg/ml in the Black Sea and only 50 mg/mJ in the Mediterranean [4]. We 
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suggested, that owing to more abundant food Azov anchovy prey with less effort, and 

hence less energy expenditure, than Black Sea and Mediterranean anchovy do. Neutral 

lipids (triacylglycerols or fats) are thc basic source of energy for pelagic fish, like 

anchovy. That is, Azov anchovy use up fat stored in the body most Mediterranean 

anchovy less efficiently. As a result, the lattcr cannot utilise as much food for storing 

up body fat as the former do. The above stated applies not to anchovy only, but also to 

many pelagic fishes of compared and other seas, e.g. the Caspian and Baltic seas [4]. 

Protein growth and increment are in opposition to fat accumulation: intensification of 

the latter by means of the endocrine system inhibits the former, and vice versa [19]. 

This results in smaller length of Azov anchovy (70-80 mm, mid-age groups) In 

comparison with Black Sea (90-100 mm) and Mediterranean (110-120) races. 

Another point worthy of consideration is the relation between fat accumulation and the 

food supply of the fish. The high nutritive base of plankton-eating fishes is formed 

owing to nutrient-rich run-off of rivers which enter the sea and and provides the high 

primary and secondary production and hencc the biomass of phyto- and zooplankton. 

This explains why anchovy from the eastern Azov Sea has the greatest fat content, as 

into this part of the sea the Don and the Kuban carry their water [4]. Similarly, the 

fatness of anchovy and sprat is highest in the northwestern Black Sea which receives 

waters of the Danube, the Dniper and the Dniester [10, 20, 21]. The effect of river run­

off is distinctly manifested in the Mediterranean Sea too. Fig. 1 gives data on the fatness 

of fry of the red mullet Mullus barbatus estimated in different areas of the Adriatic Sea 

[11] . 

Figure.i. Fat content of red mullet fry in Adriatic sea. 
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The figure clearly shows the gradual increase of fatness from the Otranto Strait towards 

the Po mouth. Similar trend was found in populations of the sprat Sprattus sprattus 

from the southern Adriatic Sea and the Bay of Venice [Ill. These facts indicate the 

applicability of data about fat (triacylglycerol) content stored in the fish body for 

assessment of the condition of an organism or a population, and primarily, of the 

available food supply. These methods are widely used in studies of fish [22] and 

planktonic crustaceans of the Black and Azov seas [24,25]. Since recently, researches 

employ the cited parameters at evaluation of the food supply of larvae of the anchovy 

Engraulis mordax near the Californian coast and larvae of the spat Sprattus sprattus in 

the North Sea [26-28]. This approach may turn valid for mass species of the 

MediteITanean Sea. Moreover, establishing a continuous spatiotemporal monitoring of 

the state of populations of prevailing McditeITanean fishes and invertabrates like that 

organized on the Black Sea [23] is a timely and pertinent idea. 

The importance of neutral lipids as an cssential source of energy supporting vital 

activities of fish is well seen at examination of triacylglycerol content in red muscles of 

MediteITanean fishes with different motor activity (motile and sedentary) [161. Fig.2 

shows that the content of triacylglycerols is considerably higher in motile fishes in 

comparison with those of moderate and low swimming performance. 
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Figure 2. Triacylglyccrol contcnt in red muscles of McditcITanean fishes. 
1. Scomher scombrus. 2 Scomberesox saurus. 3. Traehurus mediteITaneus. 
4. Diplpdus annularis. 5. Odontogadus merlangus. 6. Scorpaena porcus. 
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Our recent experiments on Mediterranean picarel show that this fish, classified as 

moderately motile, uses mostly protein, not fat (triacylglycerols) for satisfying its 

energy demands [[151. Researches of our Department obtained similar results in studies 

conducted on Black Sea fishes [29]. 

In this paper we do not present all materials obtained about Mediterranean fishes. We 

intend to outline only those related to the problem of the energy balance 

(budget).Unexpectedly, the approach to settling this problem turned out a surprise even 

to us ourselves. We must again consider the difference in the nature of fat accumulation 

and protein growth in the three races of anchovy exhibit and the hypothesis explaining 

the phenomenon. 

What surprised us most, was that from the sum of protein growth and fat accumulation 

caloric values it followed that all three races of anchovy have identical energy 

equivalents [8]. Then, the energy equivalent of food consumption is similar for these 

raccs. Therefore, it is only natural to assume that the explanation of the difference in fat 

accumulation roots not in the availability of food plankton but somewhere else. The 

next hypothesis we propose explains the difference by the duration of feeding and 

reproductive periods which, in their turn, depend on temperature conditions in the sea. In 

the Azov Sea water temperatures tolerated by warm-requiring fishes develop only during 

the short (May-November) warm season. For this half a year Azov anchovy must grow 

, maturate, spawn and feed in order to prepare for migration to Black Sea and wintering. 

That is why the fish has to accumulate such a considerable fat content. Contrary to 

Azov anchovy, the Mediterranean race does not store up much fat as the sea is warm 

nearly all year round that permits almost continuous feeding, maturating and spawning 

seasons. In this case, food consumed is used not for fat accumulation but rather for 

somatic and generative growth. Black Sea anchovy is intermediate between the Azov and 

Mediterranean races in examined characteristics. Then we drive to a conclusion that the 

principal distinction between the three seas compared using total energy equivalent and 

its protein and lipid components in the warm-requiring pelagic anchovy lies in the 

temperature of sea water rather than in the abundance of food zooplankton. Therefore, it 

is more pertinent to refer to the temperature capacity of the sea instead of its nutritive 
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capacity. Then the abundance of food is a contributing, not a detennining factor with 

regard to the specific lipid and protein metabolism. The above cited arguments do not 

imply greater significance of hydrological conditions for production characteristics of 

warm-requiring planktivorous fish in comparison with the trophic factor. Apparently the 

effect of the two factors on fish populations is not simple. Hydrological conditions of 

sea detennine the tenn of feeding, maturation and spawning of fish and the «direction» 

of their metabolism. Trophic factor (the extent and density of nutritive base) accounts 

for specificity of protein and lipid metabolism and their correlation on the one hand, and 

plays essentially important role in formation of production, biomass and numbers of 

fish populations, on the other hand. The natural result is that energy potential of allied 

races and species of fish from the compared seas is similar on the organismic level, as 

we have shown, but different on the level of population. 

Now we switch from the physiological and biochemical features of fish dwelling in the 

Mediterranean, Black and Azov seas to their energy balance. Problems encountered at 

estimation of energy balance were studied on mass Black Sea fishes, the anchovy E.e. 

ponticus, the sprat Sprattus sprattus phalericus, the horse-mackerel Trachurus 

mediterraneus ponticus, the red mullet Mullus barbatus ponticus, the picareI Spicara 

flexuosa and the whiting Odontogadus merlangus euxinus [8]. The research design was 

special at coupling studying of both energy and substance balances in order to trace the 

paths and varieties of energy accumulation, transfonnation and use, and to assess the 

energy cost of production processes - protein growth and fat accumulation in fish. This 

combinatory approach sets our study apart from the majority of researches in the energy 

balance which were made at other seas [30-37]. As we stated earlier, energy equivalents 

of allien varieties of fish almost coincide for the Black and Mediterranean Seas. This 

allows of employment of a number of parameters obtained on Black Sea fishes at 

studying the energy balance of Mediterranean fish. 

An illustrative example is provided by the horse-mackerel Trachurus mediterraneus from 

the Mediterranean Sea and its Black Sea variety, Tr.rned. ponticus. Energy potential is 

similar in these fishes, as our earlier studies showed [4-8]. An essential element of the 

balance is production, and from it we begin the analysis. Fig.3 presents data on the 
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dynamics of the content of dry matter, protein, fat, glycogen, total inorganic substance 

and caloric content of the body of horse-mackerel over the annual cycle; the weighted 

means were calculated taking into account age variability. FigA gives data on weight 

growth measured in all age groups of the fish. 
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Figure 3. Proximate chemical composition of 
horse-mackerel: dry matter (1), 
protein (2), fat (3), sum of mineral 
substances (4), glycogen (5), energy 
equivalent (6). 
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Figure 4. Total growth of wet mass of 
horse mackerel. 

Knowing the scope of reproductive products formation during the intermittent 

spawning [8, 38, 39], it is easy to compute somatic and generative increase for each age 

group of the horse-mackerel over annual cycle [8]. Then, using the population age 

composition averages obtained for many years [40] one estimates average population 

specific somatic and generative production, i.t. estimates of the increase of investigated 

parameters per unit weight per unit of time. Fig. 5 and 6 shows specific production of 

horse-mackerel population represented as energy equivalent estimates [8]. Specific 

production cited in the diagram is in calories per gram of body weight per day. Evaluated 

per year, the total specific production (PI) is 1.39 Kcal·g l , the somatic (Ps) and 

generative (Pg) are OA8 and 0.91 Kcal·g l , correspondingly. Though these estimates were 
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obtained for the Black Sea horse-mackerel subspecies, they may similarly apply to the 

Mediterranean horse-mackerel. 
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Figure 5. Specific somatic (1) and 
generative (2) production in 
horse-mackerel. 
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Figure 6 Elements of energy balance in 
horse-mackerel: specific 
production (1) expenditure for total 
metabolism (2), assimilated (3) 
and consumpted (4) food. 

The only distinction the comparison may elicit are longer and smoother curves 

describing specific somatic and generative production that is owing to longer 

maturation and feeding periods of annual cycle in the Mediterranean horse-mackerel. 

Much more difficulty is encountered at comparing estimates of absolute production 

yielded by Mediterranean and Black Sea horse-mackerel, or other fishes examined. The 

number and biomass of prevailing pelagic fishes of the Black Sea were assessed 

regularly and reliably as early as in the 1970s.[ 41]. For instance, average annual 

biomass of Black Sea horse-mackerel makes up 36,000 t, with average annual absolute 

production of the fish being 4.95.1010 Kcal (per population a year) and PI: to B ratio 

0.81 Kcal. However, we do not know corresponding data about Mediterranean horse­

mackerel, as about regular and reliable estimation of biomass and numbers in mass 

fishes of Mediterranean Sea, and in particular in local populations of horse-mackerel. 

Studies in this field are necessary to provide determination of the energy balance of 

Mediterranean fishes. 

Another essential trend at studying energy balance is evaluation of 

metabolicexpenditures. Researches performed at Department of Animal Physiology, 



105 

IBSS [9,42] measured the level of oxygen consumption in large number of Black Sea 

and Mediterranean fishes, including the two subspecies of the horse-mackerel Tr. 

mediterraneus. It was found that energy metabolism level is comparable in these ones. 

Carrying out our program, Yu.S. Belokopytin did a series of studies on extending data 

of the experiments to natural environment. The extrapolation procedure consisted of: 1) 

measuring oxygen consumption specific rate (intensity) in experiments (at the so-coIled 

"standard metabolism") and computing the specific rate for an arbitrary fish with the 

body weight I g (coefficient 'a' in the popular equation Q=aW\ Vinberg, 43); 2) 

specifying the dependence of this coefficient on temperature; 3) finding out the 

relationship between coefficient 'a' and temperature of water in which fish species 

inhabit; 4) determining relationship between the intensity of oxygen uptake and 

swimming velocity of the fish (,active metabolism'); 5) determining average daily 

velocity of swimming for fish in natural environment and in experiments; and 

6) computing energy metabolism means in natural popUlations of fishes using the array 

of all resulting data. Employing results obtained by Yu.S. Belokopytin, we estimated 

expenditures on total metabolism over annual cycle for six prevailing fish species of the 

Black Sea, taking age and size structure of the population into [8]. We suppose, that 

estimates we obtained for Black Sea horse-mackerel are close to those in Mediterranean 

race.(Fig.6). Our calculations show that annual metabolic expenditures in population of 

horse-mackerel total 23.45 Kcal.g· 1• 

With estimates of the specific production and specific metabolic expenditures available, 

specific food consumption can be easily computed .. Using equation C=P + Q + F (43), 

where C is consumption, P production, Q metabolic expenditures and F unassimilated 

food, one calculates P + Q which corresponds to assimilated food (A). It is known from 

literature that assimilated food makes up 80% on the average of food consumed [43, 44], 

that is, C = 1.25 A. It should be emphasized that the computation method for 

estimating food consumption in water organisms including fish usually yields results 

close to estimates obtained from experiments on direct studies of nutrition. Moreover, 

sometimes the computation method is more valid and reliable because experimental 

approach entails numerous methodical errors [8, 43, 45, 46]. Fig.6 shows food 
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consumption intensity In horse-mackerel. Annual specific consumption of food in the 

horse-mackerel population was estimated 31.0 I Kcal.g ' (converted to energy). 

The performed study elicited important aspects related to food conversion and efficiency 

of its use for production processes. At first glance, study of the conversion of food items 

into elements of fish body is a very difficult task. But in fact the matter is not as grave 

as it seems. It is sufficient to know the numerical value of diet and the chemical 

composition of food and fish body. Naturally, this applies to terminal, not intermediate, 

metabolism (the latter is the subject of concern for biochemists). Fig.7 demonstrated 

how food is convertcd in horse-mackcrcl. 
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Figure 7. Sche!ne of food transformation ip horse-mackerel: C-consumption, 
A- assimilation, P-protein, F-fat, G-glycogen, MS-mineral substances. 

One can see from the diagram that in this fish food assimilated ditters from consumed. 

Protein, glycogen and minerals, compared to the corresponding quantities in the food, 

considerably reduce when converted into the body tissues and organs, while fat increases 

drastically that is probably owing to protein conversion. This phenomenon takes place 

due to neutral lipids which provide active energy metabolism (expenditures for 

locomotion) and plastic metabolisll1{expenditures on the maturation of generative 

products) in the physiology of horse-mackerel. 

The efficiency as the intensity of using nutriment for the constructive processes (growth 

and production) are equally important subjects. The first who addressed the problem of 
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food utilization efficiency in water animals including fish was V.S.Ivlev, a famous 

Russian scholar [4 7].According to him the efficiency of food used for constructive 

processes may be estimated employing coefficients K, and K2; the former is for food 

consumed and the latter is for assimilated food. Then, K,=P/C=P/P + Q + F, and K2 = 

PIA = P/P+Q. 

In relevant Russian literature, it is coefficient K2 that is especially widely applied. 

Table 1 gives estimates of the coefficient K2 for six prevailing fishes of the Black Sea 

[8]. 

TABLE I. Annual pattern of intensity and efficiency of food 

consumption in fish 

Species Average annual K2 
rations 

Anchovy 10.17 2.1 

Sprat 6.16 4.6 

Horse mackerel 5.43 5.6 

Red mullet 1.'i5 25.1 

Pickerel 1.74 13 .. 9 

Whiting 2.25 12.8 

And their daily rations (as % of the body energy equivalent). All cited estimates are 

annual averages. Inspecting these data, one comes across a curious relationship. All the 

fishes examined form two distinct groups: the first embraces motile fishes, like 

anchovy, sprat and horde-mackerel, with high (10-20%) daily ration and low (2.5 - 5%) 

K2• The another group are fishes of moderate and low motility (red mullet, pickerel and 

whiting) with low (1-4%) ration but high (12-25%) K2• Thus, what we are facing are 

two opposing nutritional strategies. One of them is based on intensive consuming on 

food and the other on highly efficient consumption. . Here we give only 0 

corresponding example obtained for a number of Mediterranean fishes by L.V.Tochilina 

and Yu.S. Belokopytin [48]. They reveald that fishes of the Mediterranean differ both in 

innate motility and the content of haemoglobin, the principal respiratory pigment of 

the blood. The difference is only natural as high rates of the energy metabolism in 

motile fishes require the efficient system of oxygen transport into tissues. What is not 

as natural as that, is the inverse proportion of white blood cells (Ieucocytes) to 
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haemoglobin content: low motile fishes have highest content of white blood cells. The 

only sensible explanation to this strange phenomenon is that leukocytes provide more 

efficient assimilation of food consumed by the fish. Therefore, K2 yields higher 

estimates in low motile fishes. 

The totality of cited results and deductions allow to have an integrated insight into all 

components of the energy balance of the examined fishes. Figs 6 and 8 provide an 

illustrative example. The first shows the dynamics of these components over total 

annual cycle of horse-mackerel, and the second annual average of the energy for the fish 

population. 

C=3101 

Figure 8. Annual now of energy through the population of horse-mackereL 

In conclusion, it may be claimed that the knowledge we have accumulated about Black 

Sea fishes is quite applicable at studying the energy and substance balance in 

populations of Mediterranean fishes. Both earlier and recent data which have been gained 

at research institutes and laboratories of Mediterranean countries would promote the 

proposed comparative analysis. The only stumbling block on the way may be 

measuring and monitoring of the numbers and and biomass of mass species and 

mapping of local fish populations. Joint research programme and cruises of concerned 

Mediterranean and Black Sea countries would be to the progress of studies of the food 

balance and trophic dynamics in marine organisms of the Mediterranean. We believe, 

this approach will result in creation of models related to functioning of Mediterranean 
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marine ecosystems based on both theoretical and empirical data, because only knowledge 

of facts gives the key to settling of complicated scientific problems. 
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THE FEATURES OF GEOSTROPHIC CIRCULATION AND CURRENTS 
IN THE EASTERN MEDITERRANEAN 
BETWEEN THE SYRIAN COAST AND CYPRUS ISLAND 
IN WINTER AND SUMMER 

Abstract 

V.G.Krivosheya (1), I.M.Ovchinnikov (1), RD.Kos'yan (1), V.B.Titov 
(1), L.V.Moskalenko (1), V.G.Yakubenko (1), F.Abousamra (2), 
I.Aboucora (2), K.Bouras (2) 
I Southern Branch of P.P.Shlrshov Institute of Oceanology. Gelendzhik-
7,353470, Russia 
2Higher Institute of Applied Sciences and Teclmology, Damascus, 
Syria 

The geostrophic circulation and the structure of currents have been examined on the 
base of quasi-synchronous hydrophysical surveys and instrument current 
measurements at 7 mooring buoy stations carried out in this area for the first time in 
February 1992 and October 1993. 

1. Introduction 

In spite of more than secular history of oceanographic investigations of the 
Mediterranean Sea [7], the eastern part of the Levantine Basin between the Syrian 
coast and Cyprus was poorly studied until recently. Only not numerous separate data 
on currents over 10 squares are available that were obtained by navigation method 
(according to ship drift) [12]. Besides that most general schemes of geostrophic 
circulation based on rather small amount of hydrological data, are available [1,6,7]. 
More recently in the Levantine Basin extensive studies were performed under the 
POEM Program [9,10,13], but even under this Progranl only a few hydrological 
stations were made in tile Latakia Basin. Until 1992 there were no direct current 
measurements in this region. 
Among tile most significant factors that may influence upon water dynamics of tile 
Latakia Basin, general circulation of the Eastern Mediterranean waters, wind regime 
and geomorphological features of the studied region are to be mentioned. The results 
of studies under tile POEM Program [2,9,11] evidence that a part of Mid­
Mediterranean Jet entcrs the Latakia Basin passing along tile southern coast of 
Cyprus, and while approaching the southern boundary of the region under study 
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(30~, it bifurcates. To the right of this jet the quasi-stationary gyre Shikmona is 
fonned and to the left - the Latakian cyclonic eddy. Therefore in the studied region 
the northern currents have to prevail. The results of numeral modeling [14] evidence 
as well that the surface water transport between Cyprus and the Syrian coast is 
directed to the north. 
The annual cycle of the wind field variability over the northern part of the Latakia 
Basin is divided into two periods: from April to September the western and south­
western winds prevail, but from October to March the winds of northern and north­
eastern directions are dominant. In the southern part of the region the winds of the 
south-western quarter prevail for the most part of the year [12]. So the character of 
the wind regime has to favour the surface water transport along the Syrian coast to 
the north. 
The geomorphological featureS of the region involve the narrow shelf (from 2-4 to 
13-15 km) and the steep continental slope (9-15 km otT the shore the depth increases 
to 1200-1400 km) near the Syrian coast and two deep troughs: the Cyprian trough 
located in the north-west and the Latakian trough in the north with maximal depths 
equal to 1836 and 1504 m, respectively (Fig. 1). Between the troughs there exists an 
elevation of the bottom with minimal depth of 892 m, and in the western part of the 
area adjacent to Cyprus a plateau with 800-1000 m depth is located. 
An essential contribution to the investigation of the Latakia Basin was made by two 
expeditions of the r/v"Vityaz" in winter 1992 and in autumn 1993 . The expeditions 
were carried on jointly by the P.P.Shirshov Institute of Oceanology of the Russian 
Academy of Sciences and the Research Centre of the Syrian Arabian Republic. The 
investigations were complex: hydrophysics, hydrochemistry, geochemistry, 
hydrobiology [3,8]. For this purpose a "polygon" method was used, that is at first 
mooring buoy stations (MBS) with current measurements were set up, tllen two 
complex oceanographic surveys were perfonned over the dense network of stations 
(8-12 miles spacing). Between the surveys hydrobiological, hydrochemical and 
geochemical studies were carried on along one of the central sections. 
In tltis work we intend to concentrate our attention upon analysing the data on water 
circulation and currents obtained in the course of expeditions. The volwne of the data 
is presented in Tables 1 and 2 and the location of stations and sections is shown in 
Fig. 1. 

Table I. lnfonnation about hydrophysical measurements. First expeditions 

First survey Second survey 
1.5.02-22.02.92' 66 STD stations 0.5.03-08.03.92; 41 STD stations 

Current measurements at MBS 
N2N'2 MBS 1 2 3 4 .5 6 7 

Date 14.02- 14.02- 14.02- 14.02- 14.02- 26.02- 26.02-
06.03.92 06.03.92 06.03.92 26.02.92 26.02.92 07.03.92 07.03.92 

Depth, m 1400 52) 62 72 1460 1430 70 
Levels, m 15,50,100, 1.5,100, 1.5,30 15,30 100,250, 15,100, 15,30 

250,500, 250,500 505 500,1000 
1000 
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Fig. I. Bottom relief and scheme oflocations of hydrological stations (I) and mooring buoy stations - MBS 
(2). (a) February-March, 1992. (b) October. 1993. 

115 

N 

N 



116 

Table 2. lnfonnation about hydrophysical measurements. Second expedition [.5] 

HtNtMBS 
Date 

First survey 
8-12.10.93' 61 STD stations 

H 
Second survey 

24-28.10.93' 49 STD stations 
Current measurements at MBS 

1 2 3 4 5 6 
06.10- 06.10- 06.10- 07.10- 07.10- 07.10-

7 
07.10-

29.10.93 26.10.93 26.10.93 26.10.93 29.10.93 29.10.93 27.10.93 
Depth,m 70 60 550 1230 1180 1235 73 
Levels, m 15 17,4.5 15,50,100, 15,.50,100, 1.5,50,100, 15,100, 15 

250 250,500, 500,1100 250,500, 
1150 llOO 

2. Winter 1992. Tbe first expedition 

The maps of geostrophic currents are given in Fig. 2. The field of currents represents 
an intensive meandering flow directed to the north with a system of eddies at its 
lateral boundaries, cyclonic eddies being on the left and anticyclonic ones on the right. 
According to the data of the first survey (Fig. 2a) three cyclonic and one anticyclonic 
eddies were found. Two cyclonic eddies were located in the southern part of the sea 
area under study (34°S0'N), and the third one, partially covered by the survey, was in 

L-______________________ 4-______________________ ~30' 

February 15-22, 92 March 05-08, 92 

Fig. 2. Geostrophic circulation of the surface waters relative to isobaric surface 800 db according to 
the data of the first (a) and the second (b) surveys in winter 1992. 
Vectors of currents averaged for the period of tile surveys according to M!3S data are 
shown by arrows. A - anticyclone, C - cyclone. 
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the north (3So 4S'N). The anticyclonic eddy was located between the midstream of 
the flow and the Syrian shore in 3So1S'N. To the east of the anticyclone, just near the 
shore, a weakly defined secondary cyclonic eddy was outlined. 
According to tile data of the second survey which was limited by the meridian 3S~ 
(Fig. 2b), the dynamic picture was markedly changed. In the southern part, in place of 
the previous cyclonic eddy, there was an anticyclonic eddy elongated in meridional 
direction while tile second anticyclonic eddy (its southern edge) was traced in the 
north. In the latitude of Latakia tllere was a cyclonic eddy. 
This complex circulation pattern comprising meandering general flow with tile system 
of eddies of different sign, reflects the influence of geomorphologic conditions on water 
dynamics. Clear regularity of eddy distribution relative to the midstream of the flow 
when cyclonic eddies are located to the left and anticyclonic to the right, indicates t1lat 
the main reason of their fonnation lies in lateral shear (horizontal gradient) of velocity. 
While comparing locations of peculiar points of the meander and tlle centres of eddies 
according to the results of two surveys, we may come to a conclusion that tlle whole 
dynamic system sllifted to the north. Thus the soutllern cyclonic top of the meander 
together Witll the cyclonic eddy travelled to the nortll (as far as 3S030'N), and the 
anticyclonic eddy moved into the most northern part of tile polygon (3SoS0'N). 
According to rough estimate the eddy structures shifted for a distance of about 40-S0 
miles in 17-18 days (between the middle dates of the surveys), t1lat is their mean 
velocity was about 2.S-3 miles a day, tile length of tlle meander wave being about 60 
miles. But ifa phase velocity and a sequence.ofperforming polygon survey (from north 
to south, Le. in direction of the meander movement) are considered, then during this 
survey (7 days) tile meander traveled IS-20 miles northward, and therefore the real 
length of tlle meander wave considering this correction must be about 40-4S Iniles. 
The meander shifting means t1lat it is not stationary and is not 
"bound" to a local bottom relief. As it follows from tile work [6], meanders and eddies 
typical of water circulation in tile Eastern Mediterranean arrive tllere with the general 
water flow from the soutll and are transformed due to local geomorphological 
conditions. 
Comparison of geoslrophic circulation maps to current vectors at MBS in tile surface 
layer which were averaged for tile period of survey (Fig. 2a and 2b), reveals a good 
qualitative correlation of results (according to current direction). It was especially well­
defined in tile anticyclonic eddy area at MBS-l where tlle stable currents were observed 
(Fig. 2a). But even in the area of the secondary weakly defined cyclonic eddy to the 
south of Latakia where the currents are weak and unstable, the instrumental 
measurements (MBS No 2 and 3) acknowledged the geostrophic current existence. 
During the second survey when all the MBS were located in tile area of a well-defined 
cyclonic meander, tlle instrumental measurements were in good agreement witllthe 
field of geostrophic currents (Fig. 2b). A good qualitative coincidence of measured and 
estiInated currents testifies tlle realization of geostrophic relations there between a field 
of masses and a field of movement and allows to use widely a dynamic metllod for 
water circulation studies in this poorly investigated region. 
Vertical structure of the current field is ratller simple and is characterized by 
practically monodirectional movement through tile whole water column. The changes 
in direction and velocity of the currents are synchronous at all the levels. These 
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peculiarities of the current field are typical of mesoscale eddies and meanders when 
the vertical water structure is quasi-homogenous (a result of density convection in 
winter), while tbe current changes are due to spatial migration of the eddies and 
slightly connected with a local wind. 
Noted above is well confirmed by variability of tile currents (Fig. 3), especially at 

MB8-1 o 5m1s 0 50 emls 
~ 
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"

01tr 5.02 0.0 
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t/.~3 ~
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15.02 15.02 
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~: 
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Fig. 3. The vertical structure and currents variability according to the data of instrumental measurements 
1.5.02-06.03.92 (TIle Sequence arrows - mean diurnal vectors of the currents. The «plumage .. arrows­
mean diurnal vectors of the wind). 

MBS-I located in tlle soutll-eastern part of tile anticyclonic eddy (Fig. 2a) where at the 
beginning (February 15-21) tlle currents were mainly of the soutllern direction. As tlle 
eddy was moving to tile north, tlle current (after February 22) turned step by step 
soutll-westward. It became western (February 29) along tlle southern periphery of the 
eddy, but after tlle anticyclone leaving and under tlle influence of the cyclonic meander 
coming froin tile soutll (Fig. 2b) it turned north-eastward. As it is seen in Fig. 3, a 
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connection between the current changing at the point and the local wind was 
practically absent. The analysis of successive changing of the currents (Fig. 3) allows 
to assure that the whole dynamic system (meander, eddies) was moving northward, in 
direction of the general water flow. 
Quantitative characteristics of the current field are presented in Table 3. The most 
strong and stable currents were observed at the remoted from the shore points (MES 
No 1, 2 and 6) located within well-defined dynamical structures. Mean current 
velocities in the upper layer were mostly 13-17 cm/s there, modal values were within 
the range of 31-40 cm/s, and maximal velocities reached 60-70 cm/s. The currents at 
those points were most stable, their coefficients of current stability being from 44-46% 
to 67-72%, and less changeable, their coefficients of variation being from 0.9-1.1 to 
2.0-2.3. At the points near the shoreline and beyond the eddies the currents were weak 
and unstable. At point 5 the currents were most changeable and less stable, the 
coefficient of variation reached 15.1 there, and their stability fell to 8%. 
It is to be noted that the obtained characteristics of currents (Table 3) were not stable in 
time for tlle mentioned points. As the whole dynamic system travelled in northern 
direction, characteristics of the currents at fixed points changed depending on that part 
of eddy or meander where they turned to be. 

Table 3. Statistical characteristics of currents. First expedition 

NIl Z,m a O V a(V) v_ a" VBW>4 P(Vmod) K. K. 
MBS emI. emla emla max from-to % % 

1 l.S t74 15.2 31.9 70 160 31-35 16 2.1 46 
50 176 17.3 34.2 6S IS9 36-40 17 2.0 48 
100 174 12.1 27.6 60 150 31-35 19 2.3 44 
250 181 10.6 23.9 47 159 31-3S 21 2.3 44 
500 156 4.2 13.3 40 123 1-5 27 3.2 39 

2 15 1 13.4 18.9 59 9 16-20 16 U 66 
100 359 10.6 IS.6 54 3S2 16-20 21 1.5 71 
250 258 8.9 16.1 49 344 6-10 19 1.8 60 
500 IS S.3 10.6 39 3S5 1-S 29 2.0 S8 

S 100 93 2.4 19.5 45 167 16-20 23 8.2 14 
250 337 1.2 18.8 42 174 16-20 22 IS.I 8 
SOO 124 0.7 10.2 33 2S 6-10 26 14.1 9 

6 IS 331 26.2 27.9 63 353 36-40 23 l.l 72 
100 301 IS.9 21.3 55 350 26-30 17 1.3 67 
SOO 14 9.9 8.8 27 3S II-IS 22 0.9 89 
1000 14 19.4 9.4 41 3 16-10 23 O.S 97 

Explanations for table 3. 
~o and V - average values (for time of measurements) of current direction and velocity; a(V) - standard 

deviation of current velocity; V","" and a°","" - maximal velocity of current and its direction; V mod - modal 

ranges of current velocity; P(V mod)% - enlJlirical probability of modal values; K. ~ a ~) -coefficient of 

V 
current variation; 1<. - coefficient of current stability. 
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3. Late summer 1993. The second expedition 

As it is seen from the maps of geostrophic circulation (Fig.4 and 5), water dynamics 
in the studied region in late swnmer 1993 was characterized by the intensive space­
time variability both on horizontal plane and vertically. In the period of the first 
survey (October 8-12, 1993), within the surface quasi-homogenous layer about 30-50 
m in thickness, three large elements of circulation may be distinguished (Fig.4a): a 
weak northward flow, a strong anticyclonic eddy in the nOl;thern part of the region 
and a vast cyclonic eddy adjacent to the eastern shore of Cyprus. In latitude of 
35°30'N the northern flow having met with the southern part of the anticyclonic 
eddy, declines under its forcing north-westward. In this case a part of the surface 
waters penetrates to the north along the western periphery of tIlis eddy passing the 
northern extrenlity of Cyprus. 
Somewhat deeper, at 100 m depth, the circulation differs essentially from that on tile 
surface (Fig.4b). Only anticyclonic eddy in the north and cyclonic eddy in the west, 
in the vicinity of Cyprus, remained out of all the former elements of circulation. In 
tile central part of the polygon a well-developed anticyclonic eddy of ellipsoid fonn 
was observed which nlissed on the sea surface (Fig.4a). The signs of its presence in 
that place occurred already at 50 m depth, i.e. at the lower boundary of the upper 
quasi-homogenous layer. Between the anticyclonic eddies (northern and central) a 
zone of cyclonic vorticity was formed. A weak southern flow was observed along the 
Syrian coast. 
The circulation pattern observed at 100 m level remained at 250 m, but with some 
diffcrences (Fig.4c). The northern anticyclonic eddy was shifted north-westward, 
beyond the studied region, and a cyclonic eddy was located in its place. A 
meandering flow to the south was traced between that eddy and tile central 
anticyclonic one. 
At 500 m deptIl the circulation was markedly changed (Fig.4d). It is represented by a 
meandering flow. Along its boundaries at the tops of meanders there was noted a 
tendency towards the fOffilation of eddies: on the left (in flow direction) they were 
cyclonic and on the right anticyclonic. The western cyclonic eddy shrieked a great 
deal in its dimensions and became isolated in tile south-western part of the polygon. 
The cyclonic eddy in latitude of 35°30' was clearly defined as before and well­
developed. 
According to the second survey data, 16 days later (October 24-28, 1993) all the 
former eddy structures remained in the upper quasi-homogenous layer, but their 
location was somewhat changed (Fig. 5a). The western cyclonic eddy moved to the 
south and became essentially weak. A cyclonic eddy was formed near Latakia. At 100 
m depth the anticyclonic eddy in tile centre of the polygon remained tile only one of 
the large eddy structures (Fig.5b). The nortllern anticyclonic eddy shifted to the 
north. The cyclonic eddy neighbouring Cyprus was not traced. In tile north near tile 
Syrian coast a cyclonic vorticity was marked. A weak meandering flow southward 
was traced throughout tile whole area. The same circulation pattern but with most 
clearly expressed lnidstream of meandering flow southward was observed at 250 111 

(Fig.5c). At 500 m depth (Fig.5d) the features of overlying layer circulation were 
retained. 



35" 30' 

c) 

Fig. 4. Geostrophic water circulation at the sea surface (a), 100 m level (b), 250 III (e) and 500 m (d) relative 
to isobaric surface 800 db according to the rust survey data. Vectors of currents averaged for the 
period of the survey according to MBS data are shown by arrows. 

A - anticyclone, C - cyclone. 
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October 14-18, 93 

Fig. 5. Geostrophic water j:irculation at the aea surface (a). 100 m level (b). 250 m (c) and 500 m (d) relative 
to isobaric swface 800 db acoording to the second survey data. Vectors of currents averaged for the 
period of the survey aooording to MBS data arc shown by arrows. A - anticyclone. C - cyclone. 
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In such a way the general water transport to the north which has to exist there the 
whole year (6), retained only in the most upper quasi-homogenous layer from 30 to 
60 m in thickness. This transport was blocked to a great extent by a strong 
anticyclonic eddy at the northern boundary of the studied area. Within the deeper 
layer from 100 to 500 m (and even deeper) water transport was of opposite direction, 
i.e. from north to south. 
Comparison ,of geostrophic current maps to instrumental measurements at MBS, in 
spite of intensive space-time variability of the current field, reveals their quite 
satisfactory correlation (Fig. 4 and 5), particularly where the current is well-defined 
(e.g. within the central anticyclonic eddy at MBS-6). 
The statistical characteristics are given in Table 4. As it is seen from this table, 
velocities of the mean current vector which characterize water transport in general 
direction during the period of measurements, are not high and in most cases are less 
than 10 cm/s. Such low values of mean velocities are due to high variability of the 
current direction while eddies and meanders pass across the points of measurements. 
Only in the area of the central anticyclonic eddy (MBS-6, 100 and 200 m depths) 
where the currents were more stable, the mean velocities reach 19,5 and 12,1 cm/s, 
respectively. 

Table 4. Statistical characteristics of currents. Second expedition 

~ Z,rn aD V a(V) v_ aD V .. p(Vrnod) K. K. 
MBS emil emI, emI, max from-to % % 
3 15 359 3.0 16.1 59 359 ll-U 21 M 22 

50 206 1.6 4.8 20 198 1-5 48 3.0 46 
100 190 2.2 6.1 17 289 1-5 40 2.8 44 
250 19 U 3.9 23 8 1·5 48 2.7 88 

4 15 332 15.4 13.3 39 338 21-25 28 0.9 81 
50 96 0.9 6.4 20 309 1·5 40 7.4 18 
100 161 4.0 .5 . .5 22 178 6-10 42 1.4 71 
250 189 1.6 4.8 20 210 1-.5 SI 3.0 45 
.500 68 6.8 .5.9 17 68 6-10 4.5 0.9 83 
11 SO 279 4.0 13.0 26 139 II-IS 33 3.3 32 

5 1.5 49 4.6 11 . .5 33 71 6-10 32 2.5 43 
SO 137 3.0 6.3 21 203 I-S 45 2.1 S8 
100 160 3.4 8.7 36 107 I-S 50 2.6 59 
.500 14 2.1 6.6 16 16 6-10 53 3.1 34 
1000 215 7.4 10.7 27 21.5 11-15 32 1.4 65 

6 15 119 3.4 7.8 26 118 1-.5 3.5 2.3 53 
100 98 19.5 19.0 41 122 26·30 2S 1.0 74 
2S0 98 12.1 15.1 33 130 21-2S 25 1.2 70 
sao 16S 3.9 16.9 22 183 6·10 36 4.4 49 
1100 323 1.8 S.4 20 232 1-5 43 3.1 40 

Explanations fOr table 4. 
iiD and V - average values (for time of measurements) of current direction and velocity; a(V) - standard 

deviation of current velocity; V_and aD _ - maximal velocity of current and its direction; V _ - modal 

ranges of current velocity; P(V)% and P(a)% - empirical probability of modal values; K. = 
CT(V) 

v 
coefficient of current variation; K. - coefficient of current stability. 
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Maximal velocities in most of the points within the polygon were in the range from 
16-20 cmls to 36-41 cmls. Only MBS-3 was an exception as the maximal velocity in 
the surface layer there reached 59 cmls in the period of the first survey. 
Among 20 levels of current measurements within the polygon the lowest modal range 
of velocity equal to 1-5 cmls was observed at 10 levels, 6-10 cmls range was at 7 
levels, 21-25 cmls range was at 2 levels. The highest modal range of velocity equal 
to 26-30 cmls was fixed at one level (MBS-6, 100 m). As a rule, probability of 
velocity in the range 1-5 cmls was equal to 40-50%, in the ranges 21-25 cmls and 26-
30 cmls it was from 25 to 28%. 
It is to be noted that at most points of measurements modal velocities of 1-5 cmls 
range were found at 50 m, that is at the low boundary of seasonal thennocline (and 
pycnocline) with the maxiInal gradient of density. 
The currents in the region under study were characterized by intensive time 
variability and low stability of direction. Variation coefficient of the currents at many 
levels was from 2 to 3 , and stability coefficient made up 40-60% (Table 3). The 
currents within well-defined eddies, in particular within the central anticyclone 
(MBS-6, 100 and 200 m), were most stable (K.=70-80%) and less changeable 
(Ky=0,9-1,2). The highest variation coefficients (5,4 and 7,4) and the minimal 
stability of the currents (22 and 18%) were found in the nearshore zone at MBS-3 (15 
m level) and MBS-4 (50 m level). 
The analysis of current field variability according to the results of instrumental 
measurements showed that these variations are slightly COlUlected with local winds. 
Thus in October the winds of the northern quarter of the horizon (from north-western 
to north-eastern) prevailed over the region under study. Nevertheless the water 
transport in the upper quasi-homogenous layer which is in direct contact with 
atmosphere, was directed to the north (Fig.4a, Sa), i.e. against the prevailing wind. 
Successive temporal variations of the currents at tile points of measurements were not 
usually COlUlected with the wind. At the sante time tllese variations at all the levels 
correlated well with the location and shifting of the meandering and eddies which 
were just a main reason of the intensive space-time variability of the current field in 
the studied region. 

4. Conclusion 

In winter 1992 the circulation of waters in the area between the Syrian coast and 
Cyprus involved the meandering jet of the northern direction and the system of 
eddies at its boundaries, the cyclonic eddies being on the left and tile anticyclonic on 
the right. The meanders and eddies were moving northward too Witll a phase velocity 
of 4-5 kmlday. TIle peculiarity of the current field vertical structure was in one­
directional movement throughout the whole water column. The changing of current 
directions at all the levels from the surface to the bottom was synchronous, tllat was 
favoured by a considerable homoy:neity of waters over the depth. Maximal values of 
the vertical density gradient didn't exceed 0.0007 Sp.unlm. 
In summer 1993 in colUlection with tlie weU-developed seasonal pycnocline 
(maximal density gradients reached 0.0454 Sp.unlm) a two-layer structure of the 
water circulation was observed. Within the upper quasi-homogenous layer of 30-50 
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m in thickness the transport of waters from south to north was marked as a whole, 
but it was weaker than in winter 1992. This transport was blocked by a slightly 
migrating anticyclonic eddy at the northern boundary of the region under study. 
Under the pycnocline (deeper than 50-75 m) the southward movement was observed 
throughout tile whole water thickness. It was most distinctly traced in the form of a 
meandering flow at the depths of 250 and 500 m. The main feature of the circulation 
in the intennediate layer (100-500 m) was a well-developed slightly migrating 
anticyclonic eddy located in the central part of the area. According to the data of 
direct measurements mean current velocities (for 20 days) witllin this eddy were 20 
cm/s at 100 m depth, 12 cm/s at 250 m and 4 cm/s at 500 m. 
The results of direct measurements evidence that the current velocities in winter 1992 
were 2-5 times higher than in late summer 1993. At the same time in both seasons 
their considerable space and time variability was marked that was due to the 
meandering flows and the presence of e4dy structures. 
Wllile comparing the general circulation of the Levantine Basin waters to the results 
of investigations in 1992 and 1993, it follows that the circulation of waters between 
the Syrian coast and Cyprus is formed and determined primarily under the influence 
of the water circulation in tile region located to the south of the Lattakia Basin. In 
this place to the south of Cyprus a branch of the Mid-Mediterranean Jet passed [13]. 
The meandering flow traced near the Syrian coast in winter 1992 is most likely an 
extension of this jet. One of the reasons of generation of the slightly moving eddies in 
tile Latakia Basin in summer lies probably in the general circulation of the Levantine 
Basin weakening in this season. 
In order to understand better and to explain correctly the reasons of seasonal 
variability inherent to tile general water circulation in the Latakia Basin and its 
interrelation with the general circulation of tile Levantine Basin it is necessary to 
carry out synchronous studies in the Latakia Basin and the sea areas neighbouring it 
in the north and the south. In t1lis way the spacing between tile stations must not 
exceed 15 miles and 5-10 nliles within the nearshore zone. 
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OPTICAL STUDIES BY THE MHI OF THE EASTERN MEDITERRANEAN: 
A V AILABLE DATA AND SOME RESULTS 

V.I.MANKOVSKY, A.V.MISHONOV, V.L.VLADIMIROV, 
M.V.SOLOV'EV 
Marine Hydrophysicallnstitute. National Academy of Science of Ukraine 
Kapitanskaya St. 2, Sevastopol, 335000, Crimea. Ukraine 

1. Abstract 

Marine Hydrophysical Institute (MHI) was carried out the hydro-optical investigation in 
the east Mediterranean since 1972. These researches consist of the three main stages. 
During the first stage (1972-1980) the episodic measurements was provided in 
framework of the main Soviet program of marine research around all over the world. 
named "World Ocean". The second stage (1981-1989) of investigations was devoted to 
developing of the remote sensing methods of hydro-optical oceanographic investigations 
in frameworks of the national research program "Satellite oceanography". This stage 
includes the major part of data. The third stage (1990-1997) of research is characterised 
as episodic measurements provided in samples taken from sea surface and three special 
surveys of the Gulf of Izmir, which were done in co-operation with Institute of Marine 
Research (Izmir, Turkey). Comparative analyses of the hydro-optical parameters for 
Eastern Mediterranean seas allow to range these seas in order from hydro-optical point 
of view. This order is Levantine Sea, Ionian Sea, Aegean Sea. and Adriatic Sea. 

2. Methods of measurements and data collected 

During the entire period of investigation the next hydro-optical parameters were 
measured: 

• Beam attenuation coefficient. 
• Volume scattering function, 
• Colour index, 
• Radiance index of water mass, 
• Secchi disk depth. 
• Water colour by Forele-Ule scale. 
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All these research (except last two) were done by means of original eqUipment 
designed in MHI [1-7]. Methods of investigation for these parameters are described 
below. 

The vertical profiles of the beam attenuation coefficient were measured mostly on 
drift stations for one or two wavelength by means of jo-jo sounding transmittometers. 
Several stops on a different depths were provided for spectral scanning (six colour filters 
were applied) [I]. Measurements in water samples taken from the sea surface were done 
by means of laboratorial transmittometer USIng sixteen interference colour filters 
(spectral range from 416 to 700 nm) [2]. 

Volume scattering function values were measured in water samples by means of 
laboratorial nephelometer [3] on 520 nm wavelength. 

The spectral reflection of the water mass may be characterised by means of colour 
index. This index can be calculated as: 

I(A,,~)=Bt(~), (1) 
Bi (A2 ) 

were: Bi(A,) and B t (A2 ) are values of the sun irradiation reflected by water mass 

measured under the water surface on two different wavelengths A) and A2 respectively. 

38 
...... 

- . 
+- +. 

A --~+--
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36 
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Figure 2. Surface samples (52, 55 cruises Mikhail Lomonosov & 27 cruise Akademik Vernadsky - rhombic 
symbols), and trace measurement~ of the colour index (8,9,10,13 - 18.20,25 - 27, 30, 32, 41 cruises 

Akademik Vernadsky - dashed line). Tracks A and B are described below. 

For these measurements the wavelength A2 usually selected in violet range of 

spectra where phytoplankton pigments absorption is maximal. The wavelength A) is 

selected in green spectral range, so it is placing out of pigment's absorption lines. For 
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such selection of wavelengths the colour index is rising up m correspondence with 
increasing of the water productivity. Correlation coefficient between colour index values 
and chlorophyll-a concentration in surface layer is about 0.86 with STD=±0.04 (n=l75) 
[4]. That's why the colour index can be used for estimation of the surface chlorophyll-a 
concentration. The colour index values can be measured remotely and can be used for 
chlorophylI-a concentration assessment after atmosphere correction routine. 

Colour index was measured in situ by means of the two techniques. In the Mikhail 
Lomonosov's and Professor Kolesnikov's cruises it was measured on I-metre depth by 
means of deployed instrument during drift station. The research vessel Akademik 
Vernadsky is equipped with the special tube passing through the ship body. The colour 
index meter was placing into this tube on 6 metres depth and provides continuos 
measurement as well on stations as during ship moving [5, 6]. Measured values were 
recalculated from 6 meters depth to I metre depth by special empirical equation. 
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Figure 3. Spectral beam attenuation coefficient curves for surface waters in Eastern Mediterranean (data 
obtained in the Levantine Sea are averaged for 1981-1983 years, STD-bars are shown). 

Radiance index of water mass was measured both on stations and during ship 
moving in spectral range from 400 to 700 nm [7]. The measuring instruments were 
placed on ship desk about 3-7 meters above the sea surface and measurements were 
taken during daytime. 

Secchi disk depth and water colour were measured during daytime on drift stations. 
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Figure 1 shows the map with position of all stations taken. Figure 2 displays the 
sample points and colour index track (dashed line). All optical measurements provided 
in Eastern Mediterranean are shown in table I. 

3. Some results of the hydro-optical investigation in the Eastern Mediterranean 

Main part on hydro-optical measurements was done in the Levantine Sea. This region 
was chosen as testing area for optical satellite instrument calibration [8]. Such decision 
was made due to some special features of the Levantine Sea, which were observed 
during the research and described below. 

TABLE 2. Minimal and maximal values of the optical variables In the surface waters observed In the 
Levantine Sea. 

Parameter Sept 1981 May 1982 June 1982 Oct 1983 

Colour Index 1(564,443) 0.04 - 0.17 0.13 -0.21 0.10 - 0.20 0.07- 0.17 

Secchi disk depth (m) 33 - 37 27 - 41 32 - 42 28 - 44 

Water Colour (# of Fore1e-Vle Scale) 1-2 i - 2 I - 2 1-3 

The Levantine Sea waters have a high transparency and low spatial and temporal 
variability of the hydro-optical characteristics. The typical curves of the spectral 
attenuation coefficient of surface waters for the Aegean. Ionian and Adriatic Seas are 
shown on Figure 3. Data from several years of research (1981-1983) were used for 
calculation the mean values for the Levantine Sea and STD bars are shown. Values of 
STD are not exceeding 0.007 m-I in violet and 0.0\ 3 m'l in red spectral ranges. 

36 
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35 

34 

33 

24 26 28 30 E 

Figure 4. Colour Index 1(564,443) *102 in the Levantine Sea, October 1983. 

Comparison with other hydro-optical characteristics (table 2) also displays its low 
spatial-temporal variability in the Levantine Sea. Figure 4 and Figure 5 are shows the 
colour index values and Secchi disk depth fields for October 1983 survey. 
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The similar type of the vertical distribution of the beam attenuation coefficient was 
observed in the entire Levantine Sea (figure 6). It is characterised very homogeneous 
surface layer about 20m depth. Deeper in picnoC\ine the layer with high values of the £ , 
was found. 
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Fi/?ure 5. Secchi disk depth (m) in the Levantine Sea, October 1983. 
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Fi/?ure 6. Beam attenuation coefficient (422 nm wavelength). Average profile, minimal and maximal values 
in the l..evantine Sea (33°00' - 34°40'N, 23°48' - 31 °OO'E), October 1983. 

The reason for low values of the beam attenuation coefficient in the surface waters 
of the Levantine Sea is low biological productivity of these waters. The total 
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concentrations of chlorophyll-a and pheophityne pigments in the upper homogenous 
layer were from 0.05 to 0.08 mg·m·3. These values are typical for pure oligothrophic 
water. It is well known that concentration of the "yellow substance" in these waters is 
low. It is displayed on figure 3 where the spectral distribution of £ for surface waters in 
short wavelength range it is not rising in Levantine Sea but in Ionian and Adriatic Seas 
are. The spectral distribution of the £ in the Levantine Sea waters approximately the 
same as for absolute pure water. 

The additional evidence of that IS a value of the radiance Index of water mass. On 
figure 7 the typical radiance index spectra r( A ) for different seas (Levantine, Aegean 
and Sargasso - just as example) are shown. It is clear to notify that in the Levantine Sea 
the r( A ) curve is close to Sargasso Sea curve. Rising up the r( A ) values in short wave 
range is due to low concentration of the "yellow substance" in water. 
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Figure 7. Typical radiance index curves in Eastern Mediterranean seas (August, 1985. 12'h cruise of RV 
Professor Kolesnikov) and in the Sargasso Sea (October, 1989.41 51 cruise of RV Akademik Vernadsky). 

The stability and homogeneously of hydro-optical characteristic of the Levantine 
Sea, big amount of sunny days and low pollution - all these factors allows to use this 
area as the methodical test object for satellite sea monitoring. 

The Ionian Sea also well known as sea with clears waters. Secchi disk depth values 
varied here from 28 to 41 metres, water colour - from 2nd to 3rd scale and colour index -
from 0.10 to 0.11 (I t h cruise of RV Professor Kolesnikov, 1985, August). 

Figure 8 illustrating the colour index values taken in the Ionian Sea during 32nd 

cruise of RV Akademik Vernadsky (September 25, 1985). The calculated chlorophyll-a 
concentration values are shown here also. For this calculation the empirical equation 
obtained in [4] was used: 
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(2) 

where: AI =550 nm; A2 =440 nm. On the way about 150 nautical miles the colour index 

values were changed from 0.06 to 0.117 and calculated chlorophyll-a concentration -
from 0.037 to 0.06 mg·m-3. Next day the colour index values measured in Aegean Sea 
(figure 9) where its changed from 0.45 to 0.96 and calculated chlorophyll-a 
concentration values changed from 0.16 to 0.29 mg·m-3• 
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Figure 8. The spatial distribution of the colour index and calculated chlorophyll-a concentration in Ionian Sea 
(track A, figure 2), September 25, 1986,3200 cruise of RV Akademik Vernadsky. 

TABLE 3. Beam attenuation coefficient & colour index values obtained in surface water for the different 
Eastern Mediterranean seas 

Variables 

£ ,m- I (log) A = 416 nm 

I, (564/443) 

Aegean 

0.065-0.151 

0.07-2.0 

Sea 

Ionian 

0.129-0.153 

0.06-0.28 

Adriatic 

0.158-0.220 

In table 3 the beam attenuation coefficient values obtained in surface water samples 
during 55 th cruise of RV Mikhail Lomonosov (October 1992) for the different Eastern 
Mediterranean seas are shown. The highest values of £ were observed in the Adriatic 
Sea, the lowest - in the Aegean Sea. 

The colour index values obtained in 1974-1976 (for June-December) are also shown 
in table 3. These values were measured on the regular track of RV Akademik Vernadsky 
from Black Sea to Atlantic Ocean. In the shallow water in Aegean Sea high values of I 
were obtained (up to 2). In deep region these values are similar to Ionian Sea. 
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Figure 9. The spatial distribution of the colour index and calculated chlorophyll-a concentration in Aegean 
Sea on track B (figure 2). (September 26, 1986, 3200 cruise of RV Akademik Vernadsky). 

Dunng the 55th cruise of RV Mikhail Lomonosov the volume scattering function was 
measured in surface water samples. Typical spatial functions of a(y) normalised to 

a(90) for the four seas are shown on figure 10. For each curves the integral 

characteristics: asymmetry coefficient K, and mean scattering co-sinus < cos(y) > are 

displayed. These values were calculated by equations: 

6 

5 c: 
0 

ti 4 
c: 
.2 3 
"0 
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2 .!!l 
(ij 

E 
0 z 0 Ionian 

-1 

Angle of light scattering, (deg) 

Figure 10. Volume scattering function normalised to 90°: 10g[0'(r) I 0'(90)] of the Eastern Mediterranean 
surface waters (October, 1992, 55th cruise of RV Mikhail Lomonosov). 

Adriatic Sea: K=164, < cos(r) > =0.979; Ionian Sea (near coast of Greece): K=137, < cos(r) > =0.977; 
Aegean Sea: K=92, < cos(r) > =0.967. 
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Figure II . Beam anenuation coefficient field (m- I , log, A =621 nm). Gulf of lzmir, ea surface (September, 
1994) 
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Figure 12. Beam attenuation coefficient field (m·I , log, A =621 nm). Gulf of Izmir. bonom level (September. 
1994) 
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(J K = (O,7r/2) 

(5( 7r/2,7r ) 

7r f <J(Y)SIn(y) -COS(y)dY 

< cos(y) >= () --~-~---
7r f <J(y)Sin(y)CJy 

o 

(3) 

(4) 

where <J(O,7r/2 ) and <J(7r/2,7r) - are Volume scattering indexes for frontal and rear 

hemispheres respectively. The highest values of the asymmetry coefficient K=I64 were 
obtained in the Adriatic Sea, the lowest - in the Aegean Sea, K=92. 

At September 1994 the multy-disciplinary survey was conducted in the Gulf of 
lzmir by the MHI in co-operation with Institute of Marine Sciences and Technology 
(lzmir, Turkey). During this research the beam attenuation coefficient and Secchi disk 
depth were measured. Figures 11 and 12 are displaying the beam attenuation coefficient 

fields in surface and in the bottom layers (red spectral range: A = 621 nm). The Sechhi 
disk depth field shown on figure 13. 

These maps are indicating a very high contrast of hydro-optical fields inside the 
gulf. Secchi disk depth changing from I to 32 metres and beam attenuation coefficient -
from 0 .15 to 1.89 m,l (log-scale). Such differences are occurred due to mixture the pure 
Aegean waters and polluted waters incoming from sewerage system of Izmir and from 
other sources of pollution. 

F;'~ureI3 . Secchi disk depth (metres) in Gulf oflzmir (September. 1994) 



Bottom beam attenuation field illustrated the flow of polluted water coming out 
from inner part of gulf to open sea along its north-east coast. 
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COTPparative analyses of the hydro-optical parameters for Eastern Mediterranean 
seas allow range these seas in order from optical point of view. This order is Levantine 
Sea, Ionian Sea. Aegean Sea, and Adriatic Sea. 
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Plankton in the Eastern Mediterranean Sea has got a relatively poor study com­

pared to that in the other regions of the basin. The available data mostly cover 

the central and the northern parts of the Levantine basin [5, 10, 13]. The data on 

the plankton in the Eastern Mediterranean coastal waters and closely adjacent 

areas are very few. Most of them were presented by Abi-Saab and Lakkis [I, 2, 6, 

7,8,9]. The studies by Abi-Saab and Lakkis ere done in the Lebanese coastal wa­

ters and focused on taxonomic composition and temporaVspatial variability of 

the plankton community in the swface layer only. 

The Eastern Mediterranean coastal waters lack any representative sampling 

of phyto- and zooplankton within the depth range sufficient for an adequate 

evaluation of their total numbers and biomass as well as pecnliarities of their ver­

tical distribution. In the Syrian coastal waters and adjacent areas no plankton 

studies had been done until the early 1990's. 

141 



142 

1. Materials and Methods 

This paper bases on phyto- and zooplankton samplings done in the area between 

the Syrian coast and the Cypms eastem coast , between 34°40' Nand 35°50' N 

(see Krivosheya el al., this volume). Samplings were done during two seasons: 

from 15.02.1992 through 08.03.1992 (24 cruise of RN Vityaz) and from 

30.09.1993 through 24.10.1993 (27 cmise of RN Vityaz). 

Mapping in 1992 included 5 latitudal sections (23 stations total), while in 

1993 4 sections (21 stations) were done. Stations within the sections located 

2-10 miles from each other over the shelf and 10-20 miles from each other in the 

deep-water area. Phytoplankton was sampled with 1.7 I Niskin bottles of Rosette 

multi-bottle system. In 1992 samples were taken from 0, 25, 50, 75, 100, 125. and 

150 m levels and combined into a single integral sample for each station. Each 

integral sample was 5 1. This sampling approach stemmed from uniform distribu­

tion of temperature and salinity within the upper 350-400 m layerin the time of 

survey. In 1993 samples were taken from 8 to 10 levels within the upper 200 m 

layer. Levels for sampling were adjusted according to vertical distribution of wa­

ter density and fluorescence (samples were taken from layers of the highest and 

the lowest density gradients and fluorescence intensity). As was done in 1992, 

samples were combined into a 5 I integral sample for each station. 

Aside for the mappings, latitudinal sections along 35°20' N were done both in 

1992 and 1993. which surveyed vertical distribution of phytoplankton. The sec­

tions' area featured the most developed continental shelf in the whole region. 

Each section included 7 to 8 stations. In 1992 layers down to the bottom over the 

shelf and down to 350 m deep were sampled. Samples were taken from 0, 10, and 

25 m levels and over each 25 m below. Samples were then combined into integral 

ones for every 25-50-meter layer. In 1993 layers down to the bottom over the shelf 

and down to 200 m deep beyond the shelf were sampled. Samples were taken from 

16 to 18 levels and then combined into integral ones for every 5 to 7 levels. Levels 

for which sample were combined were selected as to cover the waters over the 

picnocline, the picnocline zone itself, the waters in the below and the layer with the 

strongest fluorescence signal. 
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Phytoplankton samples were concentrated with reverse ftltration technique 

using 1 ,.un nuclear ftlters [12]. Samples were processed without preliminary fixa­

tion in a N ojeotte camera under a Jenalumar luminescent microscope 

(x400 magnification). Phytoplankton biomass was calculated according to the 

principle of cell shapes geometric similarity using a dedicated software by Institute 

of Oceanology RAS. 

In 1992 and 1993 zooplankton was sampled at the same stations with phy­

toplankton. Judey type nets with mouth square 0.5 m 2 and ftltering mesh size 

180x 180 )lm were used for zooplankton sampling . The nets were equipped with 

Murena-2 electronic closing device by Institute of Oceanology RAS [3]. In 1992 

samples were taken from 0-200 m (or O-bottom over the shelf) and 200-500 m lay­

ers. In 1993 samples were taken from 0-50 m and 50-100 m (or 50-bottom in case 

of lower depths) and 100-350 m (or bottom) layers. At the section along 35°20' N 

in 1992 samples were taken from 0-25, 25-50, 50-100, 100-150, 150-200, 200-300, 

300-400,400-500,500-750, and 750-1000 m layers, or, respectively, from the layer 

down to the bottom in case of lower depths at a station. In 1993 the same layers 

were sampled, save that below 500 m deep only 500-1000 m layer was sampled. 

Total zooplankton wet biomass was estimated by a displaced volume 

method. 

Hydrophysical surveys, done at the same time with plankton samplings, sug­

gested the data obtained in the second half of February and the early March 1992 

attributed to hydrological winter conditions. The surface waters were mixed down 

to the main picnocline depth, 160-420 m, depending upon circulation pattern in a 

particular area, while no signs of seasonal water heating were observed. Water 

temperature down to the main picnocline was slightly above 16°C. In October 

1993 the syrvey was done at the end of hydrological summer. The surface 30-50 m 

layer had temperature about 25°C. It resided upon a rigid seasonal thermocline, 

below which down to the main picnocline at about 350-500 m deep Levantine wa­

ters with the temperature of 16°C was found (for hydrological conditions see 

Krivosheya el al., this volume). 
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2. Phytoplankton 

Taxonomic composition of phytoplankton in winter and in the late summer 

showed high taxonomic diversity, typical for oligitrophic subtropical waters. In 

the Eastern Mediterranean the diversity stems from merging of the Mediterranean 

flora with a large group of introducents from the Indian Ocean and the Red Sea. 

The introducents account for up to 20% of species in these waters. All five species 

of 'the main tropical complex of Peridinea' were observed in both survey seasons: 

CeralUm massiliense. C. carriense. C. trichoceros. Pyrocystis pseudonoctiluca. and 

P. fusiform is [11]. Some species were observed in the Eastern Mediterranean for 

the first time. Among these was a group of Ceratum species, namely 

C. hexacanthum, C. arielinum, C. symmetricum, and C. gibberum, two large-size 

diatom species, namely Gosleriel/a tropica and Rhizosolenia oceanica and some 

other. 

Dominating in the phytoplankton in winter were diatoms of neritic complex. 

The accounted for 40% to 80% from the total numbers and from 60% to 97% 

from the total biomass (Fig. I ). The dominating diatoms were Thalassiothrix 

frauenfeldianum. Asterionella japonica, Thalassionema nitzschioides, Chaetoceros 

curvisetus, C. socialis. C. ajji'nis. Lauderia borealis, and Skeletonema costalUm. The 

second group by numbers and biomass were coccolithophorids, among which 

Emeliania huxley i dominated. In winter taxonomic composition of phytoplankton 

was similar over the whole surveyed area. 

Phytoplankton in the late summer featured domination of small dinoflagel­

lates, the flagellates and coccolithophorids (Fig. I). The most numerous dino­

flagellates group everywhere were Gymnodinium and Oxytoxum genera species. 

The most numerous species among coccolithophorids were Syracosphaera pulchra, 

Ophiasler hydro ide us, Rhabdosphaera claviger, R, stylife and others. Only the 

coastal stations over the depths less than 200 m featured significant role of neritic 

diatoms, the most numerous ones among which were various Chaetoceros species. 

In winter 0-150 m layer's average phytoplankton numbers in different parts 

of the sUIveyed area varied from 23x 103 cells/l to 127x 103 cells/l with the average 
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Figure 1. Percentage of the most abundant groups in total phytoplankton numbers (N) 
and biomass (B) in the deep water (D) and shelf (S) areas. I - late summer; II - winter. 
I - coccolithophorids; 2- diatoms; 3 - dinoflagellates; 4 - flagellates; 5 - the rest. 

value of SOx I OJ ceUs/I. In the late summer the values were lower over the whole 

swveyed area. They varied from Sx IOJ ceUs/I to SOx 103 ceUs/I with the average 

value of 19x 103 ceUs/I. In both seasons the highest abundance was observed over 

the shelf. The nwnber of cells here was 2-3 times as high as in the rest of the sur­

veyed area. Both in winter and in the late summer the most northern part of the 

area exhibited high phytoplankton numbers. In the late summer this was due to 

diatoms Rhizosolenia alala and R. calcar-avis bloom. 

Distribution of phytoplankton biomass in the surveyed area was similar to 

that of numbers. In winter the biomass in 0-150 m layer varied from 21 mglm3 to 

164 mg/mJ with the area's average value of 43 mg/ml or 8.6 g/m2. The highest 

values were observed over the shelf (Fig. 2). A station done over the shelf at 

3S0 10' N on March 10 at the end of the winter survey and 10 days after the main 

mapping exhibited 3.5-fold growth of numbers and 5-fold growth of phytoplank­

ton biomass. This was due to growing populations of two diatom species 

(Lauderia borealis and ChaelOceros socialis) and, most likely, marked the begin­

ning of the early-spring diatom bloom. 

In October phytoplankton biomass in the surveyed area within the 0-IS0 m 

(bottom) layer varied from 1.5 mglm3 to 43.5 mg/ml with the average value of 

11.5 mglm3 or 1.7 glm2 (Fig. 2). The low biomass values were due to domination 



Figure 2. Distribution of phytoplankton biomass (B, mg/m3, mean values 
for 0-150[bottomJlayer) along latitudinal sections normal to the Syrian coast. 
W - winter; S - late summer. Vertical wavy line - shelfbreak location. 
I and III - sections along 35°20' N; II and IV - sections along 350 00' N. 

of small algae of nanoplankton size group with cell volume less than 500 J.llU3 in 

the deep-water parts of the region. In some parts of the area up to 40% from the 

numbers were made up by 10-30 J.llU3 cells. The highest biomass values were ob­

served in the shelf areas where the most part of the phytoplankton was made up 

by diatoms. Similar to the numbers, the biomass values in the northern parts of 

the area were ab~ve the average level. 

The obtained data suggested the surveyed area in February and early March 

as well as in October was oligotrophic. 

Detailed studies of phytoplankton vertical distribution were done in both sea­

sons at the section along 35°20' N (Fig. 3, 4). In the late summer most phyto­

plankton stayed within the upper 50 m - i.e. within the mixed layer and the upper 

part of the seasonal picnocline. The numbers at the levels of maximum abundance 

varied from 30x 103 cellsll to 270x 103 cellsll. The biomass was within the range of 

25 mg/mJ to 545 mg/m3. In the lower part of the picnocline and below the num­

bers dropped many times, while the biomass declined 1 or 2 orders of magnitude 

(Fig. 4, 5). This sharp decline of biomass along with depth was due to significant 
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Figure 3. Vertical distribution of total phytoplankton biomass in the section 
along 350 20' N in winter of 1992. I - < 10 mglm3; 2 - 10-20 mglm3; 3 - 20-40 mglm3; 
4 - >40 mglm3. 

50 

.J:! 

~100 
Q) 

o 

S2 54 5S 56 3947 

Figure 4. Vertical distribution of total phytoplankton biomass in the section along 
350 20' N in late summer of 1992. I - <20 mglm3; 2 - 20-50 mglm3; 3 - 50-100 mglm3; 
4 - 100-200 mglm3; 5 - 200-500 mg/m3; 6 - >500 mglm3. 
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Figure 5. Vertical distribution of phytoplankton numbers (N xl 03 cellsll) in the deep water 
area in winter of 1992 (1) and late summer of 1993 (II). 
I - st. #3733; I - total phytoplankton, 2 - diatoms, 3 - coccolothophorids. 
II - st. #3951; I - dinoflagellates, 2 - diatoms, 3 - coccolithophorids, 4 - flagellates, 
5 - the rest. 

increase of flagellates' and dinoflagellates' share in the phytoplankton below the 

picnocline. 

The vertical distribution proftle in winter was absolutely different from that 

in October. The most part of the phytoplankton in the deep-water parts of the 

area stayed between 100 m and 250 m deep (Fig. 3, 5). This deep peak was largely 

made- up by the diatoms. At the levels of maximum abundance below 100 m deep 

the numbers varied from 75x 1 03 cellsll to 150x 103 cellsll, while the biomass varied 

from 40 mg/m3 to 80 mg/m3. At the same time in deep-water stations the upper 

100 m exhibited the numbers from 30x 103 cellsll to 95x 103 cellsll and the biomass 

from 10 mg/m3 to 40 mg/m3. The dominating group here were coccolithophoridis. 

In winter the vertical distribution of phytoplankton over the shelf was relatively 

uniform (Fig. 3). 
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3. Zoopankton 

In the second half of February and the early March in the winter zooplankton the 

dominating group by nwubers and biomass were copepods. At stations over 

300-400 m deep interzonal species Pleuromamma abdominalis, P. gracilis, Euca­

lanus monachus, Neocalanus gracilis, and Euchatea marina generally dominated by 

nwubers. At some stations, especially in the central part of the area, the domi­

nants included a large interzonal copepod Euchirella sp. In more shallow areas 

and in surface layers at deep water stations the most numerous were Paracalanus 

sp .. and some species of Clausiocalanus genus. Relatively nwuerous here were also 

Calanus tenuicomis and Nannocalanus minor. Copepod species with annual popu­

lation cycle attributed to ontogenetic migrations and widespread in the north­

eastern and eastern parts of the Mediterranean Sea [4, 5]. were either few 

(Rhincalanus comulus, Eucalanus attenuatus) or not found at all (Calanus 

helgolandicus. Eucalanus elongatus). Euphaseacea and Chaetognatha were found 

as few as under 10 ind/m2• Jelly-body zooplankton was also very few. Only single 

individuals of Thalia democratica were observed more or less often. It should be 

noted that winter is the annuallow-nwubers period of salps and doliolids in the 

Eastern Mediterranean Sea [5]. Active growth of T. democratica population in the 

Syrian waters begins in April and the species soon becomes a dominant in 

zooplankton. Similar seasonal dynamics is observed for abundant species of 

Siphonophora. 

At the end of the hydrological summer the taxonomic composition of cope­

pods was the same as in winter. The most abundant copepod species were virtu­

ally the same: epipelagic forms Paracalanus sp. Clausocalanus spp .. Lucicwia sp., 

Nannocalanus minor and interzonal Pleuromamma abdominalis, P. gracilis, 

Euchaeta marina, Neocalanus gracilis. and Eucalanus monachus. But generally co­

pepods in October did not playa dominating role in zooplankton. Salps were nu­

merous, dominating among which were Thalia democratica. The nwubers of the 

species, represented by both blastozooids and oozids, in the upper 50 m layer 



150 

reached 80-90 ind/m 2. Euphasiids and Chaetognatha, observed occasionaUy in 

winter, in October, reached 70-80 ind/m2 and 100-110 indJm2, respectively. 

Siphonophora, observed in winter only occasionaUy, in late swmner were fOWId in 

almost aU samples from the depths down to 1000 m. 

Zooplankton biomass in the deep-water part of the surveyed area in winter 

averaged to I 0±2. 9 mg/m3 or to 5± 1.5 g/m2 in the 0-500 m layer. As studies of the 

vertical distribution indicated (see in the below), this layer contained nearly aU 

zooplankton. Spatial distribution of the zooplankton beyond the shelf was quite 

wmorm. The average biomass across the area varied from 7 mg/m3 to 16 mg/m3. 

The shelf area at aU sections featured higher biomass values from 15 mg/m3 to 

47 mg/m3, while the average value was 20±9.4 mg/m3 (Fig 6). The values obtained 

for the deep-water areas were dose to those obtained by Grese [5) in other parts of 

the Mediterranean sea: for Algeria-Provance basin at 11.2 mg/m3, for 

the Tyrrhenian Sea at 10.8 mg/m3 and at 12.7 mg/m3 for the whole basin. Only for 

the northern part of the Adriatic Sea the study gives higher zooplankton biomass 

value at 17.9 mg/m3. 
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Figure 6. Distribution of total zooplankton biomass (13, mg/m3, mean values 
for 0-500[bottom] layer) along latitudinal sections normal to the Syrian coast in winter. 
I - section along 350 20' N; II - section along 350 00' N; III - section along 340 40' N. 
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Traditional approach to zooplankton biomass across the 0-200 m layer sug­

gested the Syrian waters in winter were a little poorer than those in the other parts 

of the Mediterranean sea or close to them. We obtained average values at 

17.7±6.3mg/m3. In the western parts of the sea in winter Grese [5] obtained the 

values of 20 mg/m3, 33 mg/m3 in the eastern parts and the average value of 

23.1 mg/m3 for the whole Mediterranean sea. Our studies said the waters over the 

shelf and the upper slope within the 500 m isobat were somewhat richer. The av­

erage biomass within the 0-200 m (bottom) layer here was 25.7±1O.1 mg/ml. 

The average zooplankton biomass in the late summer in the deep-water part 

of the surveyed area was estimated for the 0-350 m layer, which at that time 

held the majority of the plankton. It varied within the range of 7.4-15.4 mg/m3 

(2.6-5.4 g/m2). The area's average value was 12.6±4.0 mglm3 or 4.4±1.4 g/m2, 

which practically matched the the values obtained at the end of winter. As was in 

winter, the water-colwun average zooplankton biomass over the shelf was higher 
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Figure 7. Distribution of total zooplankton biomass in the section along 320 20' N in 
winter. I - <I mg/m3, 2 - 1-5 mg/m3, 3 - 5-10 mg/m3, 4 - 10-15 mg/ml, 5 - 15-20 mg/ml, 
6 - >20 mg/m3• "d" and "n" after a station number mean "day" and "night", respectively 
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than that beyond. Over the depths of up to 100 m it varied from section to section 

within the range of 12 mg/m3 to 59 mg/m3 averaging at 33.3±1O.7 mg/m3. The to­

tal zooplankton biomass in the shelf area varied from 0.5 g/m2 to 4.7 g/m2. In the 

late summer the zooplankton biomass over the shelf was a little higher than in 

winter. 

A relatively uniform spatial distribution of zooplankton in the deep part of 

the surveyed area in winter and in the late summer suggests it is barely affected by 

peculiarities of mezoscale circulation, well pronowlced in the region (see Krivosh­

eya el al., this volwne). A relatively high zooplankton biomass over the Syrian 

shelf, observed in winter and summer, may hint the processes here are somewhat 

isolated. This assumption is also backed by clearly pronounced changes of NIP 

ratio, observed within the 300-500 m isobat area, as well as by earlier beginning of 

phytoplankton spring bloom over the shelf. 

A peculiarity of the zooplankton vertical distribution in winter was a relatively 

high (compared to the late summer values) biomass found in the upper 
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Fig~re 8. Day/nig~t vertical distribution of total zooplankton biomass (B, mg/mJ) at the 
stations of the section along 350 20' N in winter. I - shelf slope area (st. #3730); II - deep 
water area (st.#3733). "d" and "n" denote "daytime" and "nighttime" profiles, respectively. 
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mezopelagic zone between 200 m and 500 m (Fig. 7, 8). In the deep part of the 

area the average biomass across the layer was estimated as 7.5±3.2 mg/m3, while 

over the continental slope it was 13.3±5.8 mg/m3. The average biomass within the 

upper 200 m layer, as mentioned in the above, at deep stations was 

17.7±6.3 mg/m3 , while at the shelf border it was 25±1O.1 mg/m3. 

The ratio between the zooplankton biomass in the 0-200 m layer and that in 

the 200-500 m layer at daytime in winter varied across the area from 1.1 to 8.3, 

while at night it varied from 1.3 to 11.5. The average values were 2.9±1.8 and 

4.9±3.4, respectively. These significant variations of the above ratio stemmed from 

substantial differences between the biomass values in the 200-500 m layer at dif­

ferent stations: they differed 3.8 times in the daytime (from 4 mg/m3 to 15 mg/m3) 

and 5 times at night (from 2 mg/m3 to 10 mg/m3). This was because biomass esti­

mations were affected by presence of large individuals, occasionally fOWld in 

samples from 200-500 m depths, against the low backgroWld values of zooplank­

ton abWldance. 

The trend for zooplankton biomass values growth in the upper 200 m layer, 

observed in daily variations in ratios between biomass values across the 0-200 m 

and across the 200-500 m layers, was not proved by analysis of daily zooplankton 

numbers variations across the 0-200 m layer in the surveyed area. In winter the 

daytime and the night values were nearly the same at 17.7±6.3 mg/m3 and 

17.0±4.8 mg/m3, respectively. This fact along with a relatively high concentration 

of biomass within the 200-50Om layer, compared to the summer values (see in the 

below), said the vertical migrations of interzonal species in winter were weak and 

they permanently resided beyond the photic layer. Daily migrations contributed 

very little into re-distribution of zooplankton biomass between the 0-200 m and 

200-500 m layers in winter (Fig. 8). The contribution was barely visible against the 

backgroWld of weakly pronoWlced spatial non-uniformity of plankton distribu­

tion. 

A detailed proftles of zooplankton vertical distribution in winter was ob­

tained at the section along 350 20' N (Fig. 7, 8). The peculiarity here was presence 

of two peaks - the surface one above 100 m deep and the deep-water one attrib-
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uted to the 150-350 m layer. This was observed across the entire deep part of the 

section beginning from the shelf break zone (200 m). The exception was station 

#3731 only, located, according to hydrophysical mapping, near the core of the 

main current over the continental slope (about 670 m deep). Vertical distribution 

of zooplankton here was surprisingly uniform. 

Mezoplankton biomass values at the surface and the deep peaks were very 

close to each other. For example, st. #3732 showed the values of 9 mg/m3 and 

12.5 mg/m\ respectively (Fig. 7). The surface and the deep peaks were separated 

with a narrow layer of relatively low biomass, commonly attributed to the depth 

of 100-150(200) m. The zooplankton biomass here was about 5 mg/m3 or less. At 

s1. #3719 only over the shelfbreak it reached 9 mg/m3 against the background of 

the surface and the deep peak biomass values of 27 mg/m3 and 22.5 mg/m3 re­

spectively. 

Another peculiarity of the zooplankton vertical distribution across the deep­

water part of the surveyed area in winter was biomass drop below 500-600 m deep 

down to 0.5-0.9 mg/m3 (Fig. 7, 8). The low values of biomass are generally com­

mon for Deep Mediterranean Water. But different position of the upper border of 

the water in different parts of the surveyed area did not result in respective dis­

placement of the upper border of zooplankton-poor layer. For example, at 

st. #3733 the main picnocline and the upper border of the Deep Water were found 

about 100 m higher compared to those at the neighboring st. #3732 (see Krivosh­

eya el al., this volume). The border of the Deep Water was observed at 380 m and 

500 m deep, respectively. But this made little effect on vertical distribution of 

zooplankton and location of the upper border of plankton-poor waters. 

Detailed studies of daily changes in vertical distributions of zooplankton in 

winter based on daytime and nighttime sampling were done at st.st. #3730 and 

#3733 (Fig. 7, 8). The changes were small and are largely due to migrations of a 

certain part of zooplankton from the 200-300 m layer into the 50-150 m layer. 

Nighttime concentrations of zooplankton in the 150-300 m layer stayed relatively 

high, while sertain level of similarity of daytime and nighttime biomass vertical 

profIles persisted. A narrow minimum of biomass, which separates the surface 

and the deep-water layers of high concentrations in the daytime profIles, is lesser 
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pronounced or not pronounced at all at night (Fig. 7, 8). Therefore, detailed 

studies of the daily dynamics of the zooplankton vertical distribution also say on 

absence of any significant changes in biomass profile and on permanent presence 

of relatively high zooplankton concentrations within the 150-300 m layer in win­

ter. 

Mezoplankton vertical distribution in the Syrian coastal waters in winter was 

quite wlliorm in space. This again hinted absence of any visible effect of the me­

zoscale circulation. well pronounced in the area, on the spatial structure of the 

zooplankton community. Stability of the situation is also proven by very similar 

biomass estimations, obtained in daytime and nighttime series at the same sta­

tions: st. #3730 showed 5523 mg/m2 at daytime and 5539 mg/m2 at nighttime, 

st. #3733 showed 5122 mg/m2 and 5874 mg/m2, respectively. 

Vertical distribution of zooplankton biomass in the late swmner dramatically 

differed from that in winter. Mapping clearly said that across the entire surveyed 

area the highest daytime concentrations of zooplankton were found within the 

0-50 m layer. The biomass values here varied from 23 mg/m3 to 88 mg/m3 with the 

average value of 42.6±l8.9 mg/m3. The average biomass within the 50-100 m layer 

was substantially lower at 17.2±7.8 mglm3, while the ultimate values in most cases 

were 8 mg/m3 and 32 mg/m3. Below 100 m deep the biomass values dropped aver­

aging at 5.2±1.9 mg/m3 and varying within the range from 3 mg/m3 to 8 mg/m3. 

The same regularities in zooplankton vertical distributions were obtained in 

detailed study at the section along 350 20' N (Fig. 9, 10). Most part of the plank­

ton stayed within the upper 100 m layer, below which the biomass values were 

generally WIder 5 mg/m3. Differences between the vertical distribution profiles in 

winter and the late swmner can be seen from Fig. 10. The differences stemmed 

from seasonal changes in taxonomic composition of the community. In winter the 

dominating role was played by large interzonal copepods, which mainly formed 

the deep-water biomass peak within the 150-350 m layer. In the late swmner small 

epipelagic copepods dominated in the plankton. Salps that populated largely the 

surface 50 m layer also contributed significantly into the biomass. 

Low biomass below 100 -150 m deep is typical for the Mediterranean waters 

in swmner. Recalculation of the few data given by Grese [5] produced the 
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Figure 9. Distribution of total zooplankton biomass in the section along 320 20' N in late 
slimmer. I - < 5 mg/m3, 2 - 5-10 mg/m3, 3 - 10-15 mg/m3, 4 - 15-20 mg/m3, 
5 - 20-40 mg/m3, 6 - > 40 mg/m3. 
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Figure 10. Vertical distribution of total zooplankton biomass at the stations of the sec­
tion along 350 20' N in winter (left profile) and late summer (right profile). 
I - Deep water area (st. ## 3732 and 3952); II - area over lower part of the continental 
slope (st. ## 3730 and 3955); III - area over upper part of the continental slope 
(st. ## 3716 and 3947). 
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following values for summer: 3.5 mg/m3 for the Algerian-Provance basin, 

2.5 mglm3 for the Tyrrhenian sea, 4.1 mg/m3 for the Adriatic Sea and 3.3 mg/m3 

in average for the Mediterranean Sea in general. The estimates are nearly the 

same as those we obtained for the Syrian waters. 

Day and nighttime observations at the section showed very low variability of 

zooplankton biomass vertical distribution in the late summer. The average bio­

mass in the upper 50 m layer at st. #3952 was 37 mg/m3 at day and 47 mg/m3 at 

night. Station #3955 showed 39 mg/m3 and 31 mg/m3, respectively. The dumal 

changes of biomass values at the stations within the 0-100 m layer were as follows: 

23 mg/m3 at day and 28 mg/m3 at night at st. #3952; 24 mg/m3 at day and 

26 mg/m3 at night at st. #3955. 
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COMPOSITION OF BOTTOM COMMUNITIES AND QUANTITATIVE 

DISTRIBUTION OF MACROZOOBENTHOS IN THE SYRIAN COASTAL 

ZONE 
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1) P.P.Shirshov Institute of Oceanology Russian Academy of Science, 
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During February 1992 - October 1993 three research cruises were carried out in the 

eastern part of the Mediterranean. More than 200 quantitative samples of bottom fauna 

were collected by the grabb at the depths from 8 to 1200 m on the shelf of Syria (Figure 

1), up to 6 grabbs at each station [7]. Basing on density and biomass, we calculated the 

values of a specific metabolic activity as a measure of species abundance [6]. 

The preliminary analysis of the data shows that the studied section of the Syrian shelf 

can be subdivided into two sharply distinct ecological areas. So called "coralligenous 

bank" [9] community was found at the southern part of the shelf at the depth of 25-100 

m, deeper than the rocky bottom. Mass development of the calcigerous red macroalgae, 

underlaid by silty sediments is peculiar for this type of community. The crustose algae 

there form a firm crust, inhabited by diverse and abundant attached and motile fauna 

(Table 1-3). Deeper than 100 m community with dominance of sea-urchin Cidaris 

cidaris was found on the soft bottom. 
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Table l. Composition of macrozoobenthic community of "calciferous red algae" 

biocenosis at depth 25 m. Number of species - 54; biomass - 17,653 g/m2. 

TAXONS 

SPONGIA 

HYDROIDEA 

POLYCHAETA 

MOLLUSCA 

CRUSTACEA 

Polynoidae 

Nereidae 

Amphinomidae 

Chrysopetalidae 

Eunicidae 

Syllidae 

Cirratulidae 

Spionidae 

Capitellidae 

Chloramidae 

Loricata 

lsopoda 

Amphipoda 

Tanaidacea 

Cumacea 

Decapoda 

SIPUNCULOIDEA 

ECHINODERMATA 

BRYOZOA 

PANTOPODA 

Ophiuroidea 

Number 

of species 

1 

2 

25 

16 

1 

4 

2 

2 

2 

2 

2 

4 

8 

2 

3 

9 

Quantity, 

specmenlm' 

20 

20 

890 

10 

600 

20 

90 

40 

40 

30 

200 

20 

30 

140 

360 

20 

20 

10 

60 

10 

150 

380 

20 

10 

20 

90 

% ofBbiomass 

0,0026 

0,0070 

0,3833 

0,0032 

0,0320 

0,0038 

0,0842 

0,2073 

0,0340 

0,0019 

0,0006 

0,0019 

0,0147 

0,0510 

0,0510 

0,0595 

0,0096 

0,0365 

0,0038 

0,0006 

0,0038 

0,0051 

0,1202 

0,1202 

0,4400 

0,0038 

% of Respiration 

0,004 

0,009 

0,463 

0,036 

0,144 

0,008 

0,105 

0,250 

0,008 

0,007 

0,055 

0,006 

0,073 

0,219 

0,073 

0,004 

0,002 

0,003 

0,021 

0,036 

0,026 

0,092 

0,008 

0,002 

0,008 

0,105 

The northern part of the Syrian shelf was occupied by the communities of the soft 

sediments, The community with dominance of lessepsian migrant gastropod Strombus 

persicus and autochthonous bivalve Acanthocardia tuberculata was most common here 

on the sands. High biomasses (on the average 30 g/m2) and rather high species richness 

(48 species per station, 13-16 species per sample) were typical for this community. 

These two dominants yielded their maximal biomasses at 20 m depth, and we have 

never found them below the summer thermocline. The most interesting peculiarity of 
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Table 2. Composition of macrozoobenthic community of "calciferous red algae" 

biocenosis at depth 50 m. Number of species - 28; biomass - 9,170 g/m2. 

TAXONS Number Quantity, % of Bbiomass % of Respiration 
of sQecies s~cmenJm' 

SPONGIA 1 40 4,330 0,333 

NEMERTINI 20 0,030 0,003 

POLYCHAETA 19 540 2,660 0,438 

PO/Yl1oidae JO 0.010 0.003 
JVereic/ac JO 0.060 001 J 

Ampililll)midae 2 60 DAOO 0.072 
t:lIllicidae 4 lJO J.050 O.J68 

Syllidae 3 J30 0.120 0.032 
Pilargidae I JO 0.020 0.005 
Spiollidae 20 0.JOO O.OJ9 

C([pitel/idae lJO 0.030 0.012 
Maldallidae 2 30 o.no 0.039 

Ampharetidae 20 0120 0022 
Terehellidae 20 0.030 0.008 

Hesiollidac JO OA40 0.049 
CRUSTACEA 6 80 0,400 0,073 

Amphipoda 4 50 0.040 O.()/3 

Cumacea JO 0.010 0.003 

Decapoda 2() 0.35() 0,057 

SIPUNCULOIDEA 50 0,250 0,042 

Table 3. Composition of macrozoobenthic community of "calciferous red algae" 

biocenosis at depth 90 m. Number of species - 17; biomass - 3,010 g/m2. 

TAXONS Number Quantity, o/c of Biomass % of Respiration 
of sQecies s~cmen/1Il2 

POLYCHAETA 14 480 1,890 0,589 

Phyl/odocidae J() 0,()033 0.006 

G/yceridac JO 0.0266 0,027 

Nereidae 30 0.OJ66 0,025 

Elinicidae 3 30 0.2924 0,18 

Svllidae 3 60 0,0100 0,02 

Para{)nidae 170 0,0199 0,044 

Spiol1idae 10 0,0033 0,000 

Capilellidae 10 0,0100 0,OJ3 

Chloramidae 40 0,0133 0,022 

Maldanidae 2 lIO 0,2326 0,247 

MOLLUSCA 10 0,100 0,0220 

Bivalvia JO 0.1 000 0,022 

CRUSTACEA 30 0,020 0,0140 

Amphipoda 30 0,0200 0.OJ40 

SIPUNCULOIDEA 350 1,000 0,3750 
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the community was its trophic structure with prevailing of phytophagon (s. persicus). 

This phytophagous snail produced as high as 58% of the total community respiration 

(75% in total biomass, up to 93% at several stations), meanwhile mobile suspension­

feeders (usually typical inhabitants of sands) provided altogether as low as 13% (1,2-

30% per station) of community respiration (Table 4). 

Table 4. Composition of macrozoobenthic community of "seagrass sand bottom" 

biocenosis at depth 20 m. Number of species - 64; biomass - 45,783 g/m2. 

TAXONS 

ACTINIARIA 

NEMERTINI 

POLYCHAETA 

MOLLUSCA 

Phyllodocidae 

Sigalionidae 

Nereidae 

Nephtiydae 

Eunicidae 

Poecilochaetidae 

Ariciidae 

Cirratulidae 

Paraonidae 

Spionidae 

Capitellidae 

Maldanidae 

Terebellidae 

Sabellidae 

Hesionidae 

Gastropoda 

Scaphopoda 

Bivalvia 

CRUSTACEA 

Amphipoda 

Tanaidacea 

Cumacea 

ECHINODERMATA 

Ophiuroidea 

Number 

of species 

2 

1 

31 

12 

15 

2 

2 

I 

2 

3 

4 

I 

1 

3 

3 

2 

2 

2 

1 

3 

3 

1 

8 

11 

3 

2 

Quantity, 

specmenlm2 

24 

2 

470 

58 

160 

8 

8 

2 

8 

28 

34 

2 

2 

136 

136 

56 

10 

14 

12 

20 

2 

6 

2 

50 

112 

14 

34 

8 

% of Biomass 

0,0004 

0,00002 

0,00754 

0,00009 

0,00026 

0,00004 

0.00174 

0,00090 

0,00001 

0,00029 

0,00161 

0,00161 

0,00030 

0,00002 

0,00013 

0,00040 

0,00013 

0,00001 

0,99081 

0,74100 

0,00046 

0.24935 

0,00103 

0,00081 

0,00004 

0,00018 

0,00145 

0,00145 

% of Respiration 

0,0038 

0,0002 

0,0748 

0,00091 

0,00176 

0,00061 

0,01087 

0,00883 

0,00008 

0,00194 

0,01897 

0,01897 

0,00441 

0,00035 

0,00173 

0,00379 

0,00151 

0,00008 

0,9110 

0,61315 

0,00296 

0,29488 

0,0162 

0,01235 

0,00101 

0,00282 

0,0078 

0,0078 
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Deeper, below the level of summer thermocline, water temperature drops by 15 degrees, 

and the rate of microbial decomposition of hydrocarbons decreases. The abundance and 

distribution of animals below this level likely depended on the oil impact. Let us 

compare communities situated on different distances from the oil refinery in the 

Baniyas town. Thcy differ considerably. Ten miles from the town at the depth of 40 m 

total biomass there was as low as 5 glm", with the dominance of capitellid polychaetes -

well known indicator of the unfavorable environmental conditions due to anthropogenic 

pollution. 1l1e species diversity nevertheless remained high, fauna accounted as much as 

37 species. Deeper (85 m) the biomass increased sharply up to 30 g m· l , the species 

richness remained high - 33 species (Table 5). The sorting deposit-feeders (sea-urchins 

Shizaster canahferus) and suspension-feeders (sea-pens Pennatula rubra) dominated. 

Going down to 120-175 m, hoth the species richness and the biomass drastically 

decrcased (the biomass - 6 to 10 times , species number to 20-25 per station). 

Nevertheless, these values several times exceeded ones from northern, unpolluted part 

of the shelf. Near Latakia, at 20 miles from Banias refinery, influence of oil pollution 

was found to be ncgligible. So, we can see that both the biomass and species richness of 

benthos under the thermocline here were significantly lower and decreased with depth 

(Figure 2). Number of species here never exceeded 10. It looks like nowadays 

anthropogenic pollution appear to be stimulating rather than depressing factor for 

zoobenthos in Eastern Mediterranean. 

175 m 

Figure 2. Macrobenthic species diversity and biomass depending on depth. 

S - number of species; B -biomass, glm' 

1 -20 miles from refinery, 2 -10 miles from refinery. 

175 m 
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Table 5. Composition of macrozoobenthic community of " silty bottom" biocenosis at 

depth 85 m. Number of species - 33; biomass - 30,388 g/m2• 

TAXONS Number Quantity, % of Biomass % of Respiration 

of species specmenlm2 

COELENTERATA 3 8 0,15371 0,14558 

NEMERTINI 1 4 0,00033 0,00163 

POLYCHAETA 10 160 0,06475 0,14598 

Pholoididae 2 0,00593 0,01197 

Glyceridae 18 0,00527 0,01899 

Nereidae 2 0,00007 0,00041 

Nephtiidae 4 0,04281 0,06273 

Eunicidae 12 0,00290 0,01096 

Syllidae 4 0,00026 0,00138 

Poecilochaetidae 10 0,00059 0,00318 

Cirratulidae 6 0,00020 0,00123 

Spionidae 2 102 0,00672 0,03513 

Capitellidae 16 0,02035 0,05079 

Chloramidae 2 0,00007 0,00041 

Ampharetidae 2 6 0,00092 0,00383 

Serpulidae 2 0,00013 0,00069 

Hesionidae 2 0,00007 0,00041 

MOLLUSCA 6 26 0,01799 0,0338 

Bivalvia 6 14 0,00916 0,01737 

CRUSTACEA 2 4 0,02825 0,05038 

Cumacea 2 0,00494 0,01199 

Decapoda 2 0,02331 0,03839 

SIPUNCULOIDEA 2 32 0,0114 0,03871 

ECHINODERMATA 2 12 0,71088 0,54421 

Echinoidea 8 0,70337 0,52943 

Ophiuroidea 4 0,00751 0,01478 

Beyond the shelf edge, at the depths more then 200 m, the biomass of macrobenthos 

never exceeded 1 g m·2, in some samples it was as low as 0.05 g m·2. The small number 

of specimens (often only 2-3 per grabb) didn't allow to say anything about the structure 

of the slope communities. Nevertheless, the polychaeta Spiochaetopteris tipicus seemed 

to dominate at this depth [7]. Biodiversity is very low - 2 - 5 species per station. At 

depth more then 500 m only three taxons - Coelenterata, Polychaeta and Bivalvia were 

found (Table 6). 
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Table 6.Compozition of benthic communities in different depth zones (% of biomass) 

TAXONS DEPHTH RANGE 
5-40 • 4O-10O· 100-200 • 20O-50O· 50O-120O· 

Spongia 10,4 <0,1 0,6 
Coelenterata <0,1 17,0 12,0 1,0 <1,0 
Nemertini <0,1 <I 33,2 
Polychaeta 2,74 31,2 33,2 63,7 50,5 
Bryozoa 17,0 <1 
Sipunculida <0,1 5,0 9,2 5,2 
Bivalvia 33,9 4,0 5,4 22,5 34,5 
Gastropoda 62,4 
Scaphopoda 0,5 
Brachiopoda <1 
Echinodermata 0,2 4,0 <0,1 <0,1 
Crustacea: 0,5 10,4 7,0 7,0 
Pogonophora <0,1 

Low benthic biomasses seem to be a typical feature of the shelf of Syria. And, besides, 

lessepsian migrant Strombus persicus produced up to 80% biomass of the richest near­

shore community. This alien species could achieve such great ecological success just in 

case of presence of free ecological niche. Strombus persicus is the only mass species in 

the Eastern Mediterranean able to consume sea-grasses Cymodocea nodosa and 

Halophila stipulacea. This is remarkable that we could find just one alive specimen of 

carnivorous snail Murex (Bolin us) brandaris. In antient time the gastropods, living 

exactly by Eastern Mediterranean coast, were used for production of purple. Each snail 

yielded a tiny amount of paint, that's why thousands and thousands of mollusks had to e 

caught to paint only one toga of some rich Romanian. Millions of Murex were caught in 

the Eastern Mediterranean every year. However, several centuries ago this catching was 

stopped. Now only empty shells of M. brandaris are abundant at the Syrian beaches. 

The decline seems to happen recently. It is important to keep in mind that the main prey 

for Murex, autochthonous Mediterranean bivalve Acanthocardia tuberculata was 

numerous in eutrophicated localities only, for example, directly near the entrance to the 

port of Latakia. 

We can suppose that the oligotrophy of the Eastern Mediterranean observed nowadays, 

results from decreasing of the Nile biogenic flux mostly due to the Asuan High Dam 

construction at 1965 [5,9]. The Nile waters were the only significant source of nutrients 
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in the eastern part of the Mediterranean. Its cessation lead to impoverishment of coastal 

waters in biogenous elements [3,4,5,8]. Nowadays the high-productive area near delta cf 

the Nile is even smaller than the zone of euthrophycation near health resorts of Tunis. 

As a results of drying up of the Nile flux the environmental conditions in the Levant 

Sea are more similar now to the olygothrophyc conditions in the Red Sea, in contrast 

to the western part of the Mediterranean. The autochthonous Mediterranean species 

appeared to be less adapted to the existence under high temperature and lack of food in 

comparison with preadapted to this environment lessepsian migrants. The most 

common and abundant shallow-water species along Syrian coast nowadays are 

lessepsian migrants bivalves Pinctada radiata, Brachiodontes variabilis, Paphia 

textile, crustaceans Portunus pelagicus, Charybdis hellery and several peneid shrimps 

[2,10]. The mollusk Strom bus persicus was mentioned in the Mediterranean only in 

1986 [I,ll], its rapid distribution seems to be good example of aforesaid concept. 
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Abstract. The data on taxonomic composItIOn, abundance, and biomass of 
phytoplankton and chlorophyll a concentration in the eastern part of the Mediterranean 
Sea during late summer period are given in the paper. Different methods of 
measurements of the chlorophyll a concentration are compared. All the quantitative 
characteristics of phytoplankton manifest the oligotrophic level of water productivity 
during the period under study. The spatial distribution of the abundance and biomass 
of phytoplankton and chlorophyll a concentration are significantly influenced by the 
mesoscale eddies of typical size 10-50 miles. The quantitative characteristics of 
phytoplankton in the coastal zone were usually higher, as compared with the open sea 
regions. As for vertical distribution of micro- and nanophytoplankton, the maximum 
cell concentrations occurred within the upper homogenous layer and in the layer of 
pycnocline. The vertical profiles of phytoplankton and chlorophyll a were compared 
with the profiles of fluorescence; the maximum of fluorescence corresponded to the 
maximum of chlorophyll a concentration and seemed to result from high concentration 
of picophytoplankton. The maximum of fluorescence also manifested itself in the cases 
when the cell densities in the layers of maximum if micro- and nanophytoplankton 
exceeded 104 cells per liter. 

1. Introduction 

This paper is based on the data obtained in October 1993 during Cruise 23 of RIV 
Vityuz in the eastern part of the Mediterranean Sea over the area between Cyprus and 
the coast of Syria (Figure 1). The studies were carried out within the scope of joint 
Russian-Syrian program. 

The paper contains the data on abundance, biomass and chlorophyll a 
concentration; the comparative analysis of the results of direct and indirect 
measurements of phytoplankton biomass, using different methods. 
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Figure I. Spatial distribution of phytoplankton abundance (10-' cells/l) over studied region. 

2. Material and Methods 

The following methods were used in this study: 
I. Direct counts and measurements of cells and calculating of cell volume by the 

method of geometric similarity and transfer to a wet weight. Phytoplankton was 
counted and measured in a Nojeotte counting chamber (0,08 ml) and in a 1 ml 
counting chamber using a JENALUMAR luminescent microscope (Germany) at 
x375 and x90, accordingly. At the first step the samples of sea water (1,5-2.0 1) were 
concentrated by reverse filtration method using nuclear filters with pore size 1 11m 
[6]. 

2. The chlorophyll a concentration was estimated using fluorimethric method. The 
samples of l00-ISO ml of sea water were filtered over glass-fiber filter GFIF (diameter 
4.2S mm, "Whatman International Ltd", England). The samples were filtered 
immediately after collection using vacuum/pressure station of "Barnant Co" (USA) 
with vacuum of IS-20 mm of mercury column. After the end of filtration the filters 
were placed into freezing chamber (-IS°C) and kept in cxicator with silicogel by the 
end of the expedition. Then the filters were processed at the Biological Department of 
Moscow State University under the supervision of S. 1. Pogosyan and N. M. Merzlyak. 
Pigments were extracted by 10 ml of the mixture of 90% acetone water solution and 
dimethylsulphoxide (3:2 volume ratio) at 4° C during 4 to 6 hours in the dark. 
Fluorescence of the extract was measured using FP-SSO fluorimeter (Japan, Jasco). 
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Water samples for measurements of phytoplankton biomass and chlorophyll a 
concentration were taken from the same plastic bottles of 1.7 I volume of the 
hydrophysical CTD-sound Neil-Braun. 

3. The fluorescence (in arbitrary units) was measured using the fluoremeter "Sea 
Tech" connected with the CTD-sound Neil-Braun. The profiles of fluorescence were 
measured by the depth of 200-250 m at all the stations where phytoplankton 
samples were collected and chlorophyll a was measured. 

The remote sensed data of surface concentration of plant pigments were also 
used. These data were obtained by CZCS radiometer. The CZCS radiometer at the 
American satellite "Nimbus-7" [1] collected information during 1978-1986; then the 
data were summarized in Goddard Space Flight Center (GSFC) and kindly granted 
us by our American colleagues within the framework of collaboration on the 
international Sea WiFS program. The data were obtained from the NASA Physical 
Oceanography Distributed Active Center at the Jet Propulsion Laboratory 
(California Institute of Technology). 

The spatial resolution of CZCS data is about 20 km; the resolution of Sea WiFS 
data is about 10 km. The special software for selection of data from distinct regions 
was used; we already used it in our previous studies [3, 4]. 

The field studies consisted of two steps. At the first step (October 8-12, 1993) 
the samples were collected at the stations over the whole area under study. At this 
step the samples of phytoplankton and chlorophyll were collected from 10-12 levels 
and integrated (combined in distinct proportion) into one sample of 4-5 I volume; 
this sample characterized the water column from surface to 200 m or to bottom. The 
exception was the southern cross-section (stations 3873-3882). The samples there 
were collected from three layers: above the maximum of fluorescence, below it, and 
in the layer of maximum of fluorescence. At the second step the stations at the cross­
section along the 35°20'N were repeated 10 days later, from October 19 to 24, 1993. 
The samples from 16-18 levels were integrated into 4-5 layers for the analysis of 
thin vertical structure of phytoplankton community. The following layers were 
studied: above the pycnocline, in the pycnocline, below it, and the layer of 
maximum of fluorescence. 

3. Results 

During the studies the temperature of the upper quasi-uniform layer (UQL) varied 
within the limits of 25 to 27°C, the salinity varied from 39.50 to 39.75 ppt, and the 
specific density from 26.1 to 26.9. The depth of UQL in the southern and central parts 
of the surveyed area varied from 20 to 50 m, in the northern part it was as deep as 75 
m. The pronounced pycnocline occurred below the UQL. The vertical gradients at its 
upper boundary were O.SoC/m, 0.05 ppt/m, and 0.07--0.12 m- I . UQL and the layer of 
seasonal pycnocline belonged to the Atlantic water mass with the core at the depth of 
50-90 m. The lower boundary of the Atlantic water mass coincided with the lower 
boundary of the seasonal pycnocline. Below the Levant water mass occurred with the 
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upper boundary at 75~125 m, lower boundary at 180-400 m, and temperature of 15~ 
17DC [9 J. The stocks of nutrients during the period of studies were insignificant. The 
phosphate concentration by the depth of 100 m was 0.1O~0.30 Ilg-atll. The minimum 
concentrations occurred at the depth of 50~75 m. The nitrate concentration within the 
upper layer of 75 m was very low, often about analytic zero, except the coastal region 
between Latakia and Tartus (0.8~0.9 Ilg-atll). At the depth of 150 m nitrate 
concentration increased by 5~6 Ilg-atll. Nitrites occurred only in the layer of 75~ 150 m 
(by 0.4 Ilg-atll). The concentrations of ammonia significantly varied from one station 
to another (0.25~2.0 Ilg-atll). The distribution of this labile form of nitrogen is 
extremely unstable in all seas. The maximum concentrations of ammonia usually occur 
in the upper 100-m layer. The silica concentration in the upper layer varied from 1.3 to 
2.25 Ilg-at/1. The silica concentration was evenly distributed down to 100 m. Bclow the 
silica concentration slowly increased and at 500 m it was 8~13 Ilg-at/I [2]. 

The composition of phytoplankton at the first step of studies indicated the late 
summer state of phytocenosis. At the station in open sea regions above 90% of total 
cell number consisted of dinoflagellates, coccolithophorids and flagellates. These 
groups also dominated in biomass. The dominating size fraction was small 
nanoplankton forms with cell volume <300~500 11m3. By 40% of them consisted of 
smallest forms of 10~30 11m3 volume. The contribution of diatoms into both abundance 
and biomass never exceeded 10%. Only at shallow shelf stations 3873, 3894, 3910. and 
3923, and at one station in the open part of northern section (3927) the percentage of 
diatoms was from 16 to 28% of total abundance and from ]5 to 89% of total biomass of 
phytoplankton. In the coastal zone diatoms were mainly represented by neretic species 
of genus Chaetoceros ( c. curvisetus, C. socia lis, C. compress us and other), Pseudo­
nit;.schia delicatissima, and few benthic Pennatae. High biomass at the coastal and 
open sea stations resulted from large forms of diatoms, in particular Rhizosolellia alata 
and R. calcar-avis. These species are typical for spring and autumn phytoplankton of 
the Mediterranean and the Black Seas; they seem to indicate the beginning of autumn 
blooming. Ten days later, during the second step of studies, the abundance of these 
species increased at coastal stations, and they appeared in the central part of the area 
under study; it seems to conlirm the beginning of the autumn blooming. At the same 
time the abundance of some species of Chaetoceros increased, and the autumn species 
Cerataulina bergonii appeared. The large species of diatoms occurred in 
phytoplankton during the second step of studies, it resulted in that diatoms dominated 
in total biomass, and the total abundance and biomass increased two-three-fold in the 
open sea regions and ten-fold over the shelf, as compared with the previous survey. 

The abundance of phytoplankton during the late summer period varied within the 
limits of 5·] 03 to 50· 103 cellsll in the layer 0~200 m or O~bottom (Figure 1). At some 
levels the cell numbers were as high as 2~3·] 05 cells/I. The highest cell concentration 
occurred at coastal stations, in northern and central regions. The northern stations 
3927 and 3930 were located within the zone of influence of stable anticyclonic eddy. A 
rarely observed phenomenon occurred in the center of the surveyed area. Two eddies of 
alternative direction occurred at two levels: the surface cyclonic eddy in the layer of O~ 
100 m was in contact with the subsurface anticyclonic eddy in the layer of 50~250, the 
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latter was partly shifted under the cyclonic eddy. The water properties indicated the 
structure of lens type, with increased salinity and temperature [8, 9]. The maximum of 
phytoplankton abundance occurred in that lens. Slight increase of abundance occurred 
in the south-western region (stations 3882 and 3901), which was under the influence of 
quasi-stable cyclonic gyre. 

The phytoplankton biomass varied within the limits of 1.2-43.2 I-lgll (average for 
the layer of 0-200 m or O-bottom). The high range of biomass variation resulted from 
the differences in composition and size structure of phytoplankton in open and coastal 
regions and the changes of these indices that occurred during the period between the 
first and the second steps of studies. In general, the biomass distribution was similar to 
the pattern of the distribution of phytoplankton abundance (Figure 1). The exception 
was the coastal station 3910, where the high density of cells did not result in the 
biomass increase due to the dominance of small flagellates, dinoflagellates and 
coccolithophorids, and the absence of typical coastal complex of diatoms. The average 
cell size at this station was 150 I-lm3• 

The spatial distribution of chlorophyll a concentration also had maxima near the 
shore, in the northern and south-eastern parts of the surveyed area (Figure 2); it 
corresponded to the distribution of phytoplankton abundance and biomass. In the 
central part of the surveyed area within the zone of influence of cyclonic eddy and high 
phytoplankton abundance and biomass the concentration of chlorophyll was the lowest 
(station 3898-0.085 I-lgll). However, ten miles to north-east (station 3905), where 
only the layer of maximum of fluorescence was sampled, in the lens of increased 
salinity and temperature, the maximum chlorophyll concentration occurred (1.058 
I-lg/l). The chlorophyll a concentration over the whole studied area was low and the 
averaged for the water column concentration varied from 0.054 to 0.251 I-lgll. Similar 
values are typical to oligotrophic ocean regions. 

Figure 2. Spatial distribution of chlorophyll a concentration (j!g/l) over studied region. 
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The remote data on chlorophyll a concentration illustrate the results comparable with 
the spectrophotometric measurements. The measured from the satellite surface 
chlorophyll a concentration in October varied in the eastern Mediterranean from 0.10 
to 0.15 )..Lg/l; in the coastal regions chlorophyll concentration increased by 0.20-0.30 
)..Lg/J (Figure 3). 
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Figure 3. Spatial distribution of climatic averages of plant pigment concentration (Ilgll) over studied region, 
measured during 1978-1986 by CZC radiometer. 
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The studies of vertical distribution revealed in the open sea regions the "deep" maxima 
of phytoplankton abundance and biomass, chlorophyll a concentration and 
fluorescence. The sampling from the levels selected on the basis of the measurements 
of fluorescence revealed 100% correlation between the layers of maximum of 
fluorescence and maximum of chlorophyll a concentration (Figure 4). The deep 
maximum was located in the lower part of pycnocline at the boundary of the Atlantic 
and Levant water mass within the depth range 90-125 m. The maximum 
concentrations of phytoplankton abundance and biomass in 50% of observations were 
located in quasi-uniform upper layer and/or in the layer of pycnocline; only at one-half 
of the stations insignificant increase of in the layer of fluorescence and chlorophyll 
maxima occurred. Only at the stations 3905 and 3956 in the maximum of fluorescence 
the maximum values of phytoplankton abundance and biomass and chlorophyll a 
concentration were measured. The intensity of fluorescence in these two cases was also 
of maximum (about 0.25). Over the shelf the maxima of abundance, biomass, 
chlorophyll a concentration and fluorescence occurred in the same layer (Figure 5). 
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Figure 4. Vertical distribution of phytoplankton biomass (B, mg·r'), chlorophyll a concentration (ChI, 
mgT'), and fluorescence (R, arbitrary units) at stations 3952 and 3956. 

4. Discussion 

The obtained results illustrate that in the open waters of eastern Mediterranean during 
late summer period the values of phytoplankton abundance and biomass and 
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chlorophyll a concentration are similar to that observed in the oligotrophic ocean 
regions. Similar low values of phytoplankton abundance and biomass occurred in this 
region during winter season [7]. The mesoscale eddies are of great importance in 
formation of spatial heterogeneity of the quantitative indices of phytoplankton. Typical 
size of these eddies was 10-50 miles. 
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Figure 5. Vertical distribution of fluorescence (A. arbitrary units) at station 3905. The vertical lines indicate 
the levels of phytoplankton abundance (N. 105 cells-rl) biomass (8. mg-r\ and chlorophyll a concentration (Chi. 

mg-rl) in the layer of fluorescence maximum. 

The significant heterogeneity of vertical structure revealed narrow layers with biomass 
typical to mesotrophic waters; these values over the continental slope are similar to 
eutrophic waters. During the period of observations high biomass occurred in the upper 
mixed layer at the stations near the shelf (stations 3954, 3955) and in the layer of 
maximum density gradients (23-39 m) at the station 3956 over the slope. The layer-by­
layer sampling revealed that in the open waters the deep maximum of chlorophyll a 
permanently occurred, which was well indicated by fluorimeter. The deep maximum 
seems to be formed by the smallest fraction of phytoplankton (picophytoplankton) and 
partly smallest cells of nanoplankton. This part of phytocenosis was not taken into 
account in our studies. The concentrations of picoplankton in the layer below the 
thermocline often occur in different regions of the World Ocean. In oligotrophic 
subtropical and tropical regions the transparency of water is high and the layers of 
maximum concentrations of not only picoplankton, but also large size fractions of 
phytoplankton occur at significant depth of 90-120 m. 
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During our studies the water transparency was very high: 1 % of subsurface value 
of total quantum PAR irradiance was located at the layer of 65-83 m, and 0.1 % was at 
105-135 m. These light conditions are similar to the ones observed in the oligotrophic 
regions of the oceans. The optical properties of these waters corresponds to the waters 
of ocean types from IA to 1B (classification of lerlov [5). According to our data, the 
maximum concentration of phytoplankton of different size fractions at significant 
depth (74 m) occurred at station 3905. At the same level maximum chlorophyll a 
concentration and maximum fluorescence occurred. The mass aggregations of 
coccolithophorids, dinoflagellates and flagellates (total abundance 2-3" 105 cells/\) 
occurred there. The second intensity of fluorescence occurred at station 3956 in the 
region of continental slope at the depth of 26 m (0.24 arbitrary units). The abundance 
of cells was 2.4.104 cell sll , the biomass was the highest during the whole period of 
observations (546 j.lg/I). The genus Chaetoceros (Csocialis. Ccurvisetus. Caffinis) 
and flagellates dominated both abundance and biomass. At the same station at the 
depth of 80-110 m the second significantly less pronounced fluorescence was observed 
(Figure 5); it seems to result from dence aggregation of picophytoplankton; however, 
the cell abundance of studied size fractions of phytoplankton was low. Evidently, the 
fluorescence appears under the cell concentration above some distinct level; this level 
for the cells of size fraction of micro- and nanoplankton should be above 2'104 cells/\. 

During the February of 1992 maximum concentrations of the cells of micro- and 
nanophytoplankton (picoplankton was not studied) occurred in this region of eastern 
Mediterranean at the depth of 100-150 m [71. 

The deep maxima of all the size groups of phytoplankton and chlorophyll a often 
occur in the studied region; thus the data on surface concentration of plant pigments 
obtained by remote sensed methods seem to be not adequate to chlorophyll a 
concentration in water column. 

The methodological basis of future investigations in the eastern Mediterranean 
should include comprehensive studies of vertical structure of phytoplankton and 
chlorophyll a distribution combined with the measurements of primary production 
during different seasons. 
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Abstract A one dimensional, coupled physical-biological model is used to 

study the biological production characteristics of the Rhodes and western Io­

nian basins ofthe Eastern Mediterranean. The biological model involveS single 

aggregated compartments of phytoplankton, zooplankton, detritus as well as 

ammonium and nitrate forms of the inorganic nitrogen. The model simulations 
point to the importance of the contrasting dynamical characteristics of these 

two basins on affecting their yearly planktonic structures. The western Ionian 

basin is shown to possess only 10% of the Rhodes' productivity and therefore 

represent a most oligotrophic site in the Eastern Mediterranean. The Rhodes 

basin reveals a strong bloom in early spring, typically in March, a weaker 
bloom in early winter, typically in January, and a subsurface production below 

the seasonal thermocline during summer. This structure is slightly modified 
in the western Ionian basin, and the early winter and early spring blooms are 

merged to cover the entire winter. These results are supported favorably by 
the available observations both in their magnitudes and timing. 
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1. Introduction 

In terms of its biochemical characteristics, the Eastern Mediterranean tends 

to be a poorly studied basin. Observations are confined generally to coastal 

areas as very little data are available for its offshore waters. The three dimen­

sional, three compartment model by Crise et al (1998; hereafter referred to as 
CCM, 1998a) and Crispi et al. (1998; hereafter referred to as CCM, 1998b) 

is the only modeling work carried out insofar. This model investigates primar­

ily the response of the circulation dynamics on the identification of different 

oligotrophic regimes of the Mediterranean sub-basins. When compared with 

the CZCS imagery, it seems to reproduce observed chlorophy" distributions 
according to the prevailing cyclonic and anticyclonic flow regimes. 

The models with simplified biology using a limited number of state variables 

(usua"y four or five) are useful tools providing possible representation of pelagic 

ecosystem and its interactions with the upper layer dynamics. They have been 

applied successfully to different oceanic regimes (e.g. Fasham et aI., 1991; 

McGillicuddy et aI., 1995; McClain, 1995; Doney et aI., 1996; Oguz et aI., 

1996; Kuhn and Radach, 1997). In this paper, we describe the characteristics 

of biological production of the Rhodes and the Ionian basins of the Eastern 

Mediterranean using such a simplified model. The Ionian and Rhodes basins 

are chosen particularly since they reflect two constrasting ecosystems; while 

the former repre~ents a typical oligotrophic environment, the latter is known 

to be one of the most productive region of the Meditererranean Sea. These 

two basins also differ substantially by their dynamical regimes which govern 

ultimately their ecosystem characteristics. 

The Rhodes cyclonic gyre is the most persistent feature of the Levantine basin 
circulation located in the northern Levantine basin to the west of Cyprus. Its 

dynamical and chemical characteristics are reasonably we"-explored by a series 

of systematic surveys of the R.V. Bilim during the last decade (Salihoglu et aI., 
1990; Ozsoy et aI., 1991, 1993; Sur et aI., 1992; Yilmaz et aI., 1994; Ediger 

and Yilmaz, 1996; Ediger et aI., 1998; Yilmaz and Tugrul, 1998). On the 

other side, the Ionian Sea, identified as the region from the Sicily Strait to 
the Cretan passage, is a transition basin across which different water masses 

(e.g. Modified Atlantic Water, MAW; Levantine Intermediate water, LlW; 

Eastern Mediterranean Deep Water, EMDW) undergo transformations along 

their pathways between the Eastern and Western Mediterranean (Malanotte-
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Rizzoli, et aI., 1997). Here, we restrict our attention only to the western 

Ionian Sea characterized by the anticyclonic circulation and by the least dense 

upper layer water mass of the Eastern Mediterranean, MAW. It, therefore, 

offers completely opposite characteristics to those found in the Rhodes gyre. 

Practically, we perform here an intercomparision study to explore the biological 

characteristics of two regions known qualitatively as the most productive and 

the most oligotrophic sites of the Eastern Mediterranean and to relate them 
to the prevaling regional physical and dynamical characteristics. The paper 

is organized as follows. A brief description of the model formulation is first 

provided in Section 2. Its applications to the Rhodes and Ionian basins are 

then given in Sections 3 and 4, respectively. Conclusions are given in Section 

5. 

2. Model Description 

The model is similar to the one described by Oguz et al. (1996) for studying 

the Black Sea annual plankton dynamics. It is a coupled physical-biological 

model including the level 2.5 Mellor and Yamada turbulence parameterization 

for vertical mixing. The biological state variables considered are phytoplankton 

biomass p. herbivorous zooplankton biomass H, and labile pelagic detritus D. 
Nitrate N and ammonium A constitute the other two state variables, since 

recent findings of relatively low NIP ratios (with respect to its Redfield value) 
in the euphotic zone of the northern Levantine imply nitrogen as the limiting 
nutrient for the primary production in the Rhodes gyre region (Ediger, 1995; 

Yilmaz and Tugrul, 1998). 

The local chang~s of the biological variables are expressed by a time and depth 

dependent advection-diffusion equation for transport, source and sinks in a one 

dimensional vertical water column. The general form of the equation is given 
by 

(1) 

where B represents any of the five biological variables, t is time, z is the 
vertical coordinate, a denotes the partial differentiation. FB represents the bi­
ological interaction terms expressed for the phytoplankton, herbivore, detritus, 
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ammonium. and nitrate equations. respectively. as 

Fp = <P (l,N,A)P - G(P)H -mpP (2) 

F H = 'YG (P) H - mhH - I-'hH (3) 
aD 

FD = (1 - -y) G (P) H + mpP + mhH - ED + Ws az (4) 

FA = -<Pa (1, A) P + I-'hH + ED - OA (5) 

FN = -<Pn (I, N) P + OA (6) 

where the definition of parameters and their values used in the experiments 

are given in Table 1. The functions <P(I, N, A) and G(P) denote the light and 

nutrient limited phytoplankton growth and zooplankton grazing. respectively. 

The latter is represented by the maximum ingestion rate O"g multiplied by the 

Michaelis~Menten type limitation function 

P 
G(P)=O"gRg+P (7) 

where Rg is the half saturation constant for the zooplankton grazing. Eq. 

(7) implies that zooplankton graze only phytoplankton. Their grazing on the 

detrital material is not taken into account since this usually constitutes only a 

small fraction of zooplankton diet (about 10%). 

The phytoplankton production is parameterized as product of the maximum 

growth rate O"rn. minimum of the light and nutrient limitation functions and the 

phytoplankton standing crop. The temperature limitation of the phytoplankton 

growth is not included in the model. for simplicity. Then. the net growth rate 

<P(l, N, A) is given by 

<P (1, N, A) = O"rnmin [a (I) ,f3t (N, A)] (8) 

where min refers to the minimum of either the light limitation function a(I) 
or the total nitrogen limitation function f3t(N, A). The latter is expressed as 

the sum of ammonium and nitrate limitation functions. f3a (A) and f3n (N). 
respectively 

f3t (N, A) = f3n (N) + f3a (A) (9) 

They are given by the Michaelis-Menten type uptake formulation as 

A 
f3a (A) = Ra + A ' 

N 
f3n (N) = Rn + N exp (-1jJA) (10) 
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where R", and Ra are the half-saturation constants for nitrate and ammonium, 

respectively. The exponential term in eq. 10 represents the inhibiting effect 

of ammonium concentration on nitrate uptake, with ¢ signifying the inhibition 

parameter. 

Table 1. Model parameters used in the numerical experiments 

Parameter Definition Value Value Unit 

Rhodes Ionian 

a Photosynthesis efficiency parameter 0.01 0.02 m2W-1 
k", light extinction coefficient for PAR 0.05 0.04 m- 1 

kc Phytoplankton self-shading coefficient 0.04 0.07 m2 (mmol N)-I 

up Maximum phytoplankton' growth rate 1.5 1.0 day-l 

fflp Phytoplankton mortality rate 0.04 0.04 day-l 

O"g Zooplankton maximum grazing rate 0.6 0.8 day-l 
ml> Zooplankton mortality rate 0.04 0.04 day-I 

1-'1> Zooplankton excretion rates 0.07 0.04 day-l 

1/0 Food assimilation efficiency 0.75 0.75 Dimensionless 

R,. Half saturation constant in nitrate uptake 0.5 0.5 mmol N m-3 

R.. Half saturation constant in ammonium uptake 0.2 0.2 mmol N m-3 

Rg Half saturation constant for zooplankton grazing 0.5 0.5 mmol-N m-3 

'" 
Ammonium inhibition parameter of nitrate uptake 3 3 (mmol N m-3)-1 

E Detritus decomposition rate 0.1 0.1 day-l 
w. Detrital sinking rate 8.0 5.0 m day-l 
f!. Nitrification rate 0.05 0.05 day-l 
Vb Background kinematic diffusivity 0.1 0.1 cm2s- 1 

The individual contributions of the nitrate and ammonium uptakes to the phy­

toplankton production, given in eq's (5) and (6), are represented respectively 
by 

«)a (I, A) = «) (I, N, A) (~:) (11) 

The light limitation is parameterized according to Jassby and Platt's (1976) 
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hyperbolic tangent function and exponentially decaying irradiance with depth 

as 

a (1) = tanh [aJ (z, t)] 

J (z, t) = Is exp [- (kw + keP) z] 

(12) 

(13) 

where a denotes photosynthesis efficiency parameter controlling the slope of 

a(I) versus the irradiance curve at low values of the Photosynthetically Active 

Radiance (PAR). Is denotes the surface intensity of PAR taken as the half of the 

climatological incoming solar radiation. kw is the light attenuation coefficient 

due to sea water, and ke is the phytoplankton self-shading coefficient. In 

the above formulation, kw and ke are taken to be constant with depth. The 

daily variation of the light irradiance, and hence the phytoplankton growth 

are neglected since the biological processes we consider have time scales much 

longer than a day. 

2.1. Boundary Conditions 

No-flux conditions described by 

(14) 

are specified both at the surface and the bottom boundaries of the model 

for the variables P, H, N, and A. For detritus, it is modified to include the 

contribution of downward sinking flux 

aD 
(Kh+Vh) az +wsD=O (15) 

The bottom boundary of the model is taken at the 400 m depth for the Rhodes 

case and at the 300 m depth for the Ionian case, which are well below the eu­

photic zone comprising only the upper 100 m of the water column. Consider­

ing our choice of moderate detritus sinking rates (see Table I), the advantage 

of locating the bottom boundary at considerable distance away from the eu­
photic layer is to allow complete remineralization of the detrital material until 
it reaches the lower boundary of the model. The complete remineralization was 

ensured by setting appropriate decomposition rate of detrital material in the 
model. This approach avoids prescription of the non-zero flux boundary con­

dition in order to compensate the loss of detritus (if any) to the deep interior 

from the boundary. It is thus implicitely assumed here that the detrital pool 
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in the model is formed by smaller size particles. Fast sinking large particles '. with a typical speed of the order of 100 m/day are therefore not modeled in 

the present work. We note that equations (2)-(6) together with the boundary 

conditions (14) and (15) provide a closed. fully conserved system. The state of 

,the system at time t is governed solely by internal dynamical processes without 

any contribution from the external sources. 

The physical model is forced by daily climatological atmospheric fluxes. The 

wind stress forcing are taken from the ECMWF climatology. The heat flux 

data are provided by May (1982) whereas the data given by Antoine. Morel 

and Andre (1995) for the Ionian Sea is used for the specification of PAR for 

both simulations. The heat flux data is. however. adjusted slightly to provide 

the zero annual mean over the year. This adjustment is necessary to avoid the 

drift of the model from its perpetual state due to continuous warming/cooling 
of the water column during the time integration of the temperature equation. 

The resulting adjusted heat flux distributions over the year are shown in Fig. 1. 
The Rhodes basin receives greater cooling in winter ( ....... 200 W /m2 ) as compared 

to the value of 130 W /m2 for the Ionian Sea. In the summer. the warming 

in the Rhodes basin reaches 180 W 1m2 which is also higher from that of the 

Ionian basin by about 40 W 1m2 . PAR attains its maximum intensity of 140 

W /m2 during the summer months. whereas its minimum value is set to 40 

W 1m2 during December and January. Instead of prescribing the fresh water 

flux at the surface. the model is forced by the surface salinity whose annual 

variations are specified by the Mediterra'nean Oceanic Data Base (MODB) data 

set (Brasseur et al.. 1996). The forcing by surface salinity instead of the fresh 
water flux using 'evaporation minus precipitation data is a matter of convinience 

here since it provides more realistic yearly salinity variations in the near-surface 

levels of the water column. 

Although the atmospheric forcing functions used in the model are rather ide­

alized. they are adequate for the purpose of the present work since the surface 

layer dynamics is introduced to the biological model only indirectly by specifi­

cation of the vertical eddy diffusivity. There is no other feed back mechanism 
between the physical and biological models. The vertical eddy diffusion co­
efficient of the biological model is same with that of temperature or salinity 

computed from the turbulence closure parameterization (see Oguz et al.. 1996 
for details). 
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Figure 1: Climatological daily averaged heat fluxes; continuous line is for 
the Ionian basin, continuous line with open circles for the Rhodes basin, and 
photosynthetically available radiation (broken line) used in the simulation. 
Units are in Wm-2 

2.2. Initial Conditions 

The model is initialized with the stably stratified upper ocean temperature and 

salinity profiles representative of the summer/autumn climatological conditions 

(Fig. 2a). The same initial temperature profile is used for both Rhodes and 

Ionian simulations since the subsurface structures of these two regions reflect 
characteristics of the LlW belCI't'Y 100-150 m depth. The salinity, on the other 

side, differs greatly between these two basins. The upper 150 m of the wa­
ter column in the Rhodes gyre is occu'pied by much more saline water mass 

(with 5>39.0 ppt) as compared to less saline modified Atlantic-based waters 

(minimum 5", 3"'.4 ppt) in the western Ionian basin (Fig. 2a). 

In the biological model, the initial nitrate source drives the system as they 

are entrained and diffuse upward and utilized ultimately for the biological pro­

duction. In the absence of any external source and sink as implied by the 
boundary conditions (see eq.'s 14 and 15), the model simply redistributes the 
initial nitrate source among the living and nonliving components of the sys· 
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Figure 2: The profiles of (a) temperature and salinity, and (b) nitrate used 
for the model initializations 

tem. Thus, specification of the initial phytoplankton. zooplankton. detritus 
and ammonium distributions is unimportant as they will be generated by the 

model during its transient evolution. The initial subsurface nitrate structure 
however will govern, to a large extent, the level of productivity in the euphotic 
zone. Accordingly, the state variable except nitrate are initialized by a vertically 

uniform small, non-zero values within the euphotic layer for both cases. The 

initial vertical nitrate structures are specified according to the data given by 

Berland et al. (1988) and Yilmaz and Tugrul (1998). These observed profiles, 
shown in Fig. 2b, demonstrate quite clearly how these two basins differ sub­
stantially in terms of their subsurface nitrate structure below the 100m depth. 

The Rhodes gyre reveals vertically uniform subsurface nitrate concentrations 
on the order of 5 p.M. On the other side, the western Ionian subsurface nitrate 
concentrations increase more gradually with depth and reach the similar nitrate 
level of the Rhodes basin only below 500 m depth. As it will be presented in 
the following sections. these differences in the nitrate and salinity structures 

play crucial roles on the ultimate biological characteristics of these two regions. 
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2.3. Numerical Procedure 

The numerical solution of the model equations are described in Oguz et al 

(1996). A total of 51 vertical levels is used to resolve to water column. The 

grid spacing is compressed slightly towards the surface to increase the resolution 

within the euphotic zone. Accordingly, the vertical grid spacing is at most 10 

m for the Rhodes case and about 7 m for the Ionian case. This resolution 

is found to be quite adequate to represent properly steep gradients of density 

and nitrate between the seasonal thermocline/pycnocline and the the base of 

the euphotic zone. The numerical scheme is implicit to avoid computational 

instabilities due to small grid spacing. A time step of 5 minutes. used in 

the numerical integration of the equations. provides a stable solution without 

introducing numerical noise. 

First, the physical model is integrated for five years. An equilibrium state 

with repeating yearly cycle of the dynamics is achieved after three years of 

integration in response to the imposed external forcings and to the internal 

processes in the system. Using the results of the fifth year of the physical model, 

the biological model is then integrated for four years to obtain repetative yearly 

cycles of the biological variables. The results of the biological model presented 

here are based on the fourth year of integration. 

3. Simulation of Rhodes Basin ecosystem 

3.1. Annual plankton structure 

In agreement with its vertical mixing and stratification characteristics. the wa­

ter column nitrate structure undergoes considerable variations during the year 

(Fig. 3a). The mixed layer waters of the entire summer and autumn seasons 

are extremely poor in nutrients, and characterized by only trace level nitrate 

concentrations of about 0.1 mmoljm3 . The nitrate depletion arises due to 

lack of supply from the subsurface levels because of the presence of strong 

seasonal thermOcline/pycnocline. The zone of high stratification below the 

seasonal thermocline coincides with the strong nitrate variations (the so-called 

the nitracline). Approximately below 80-90 m depths, the nitrate attains its 
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a) Nitrate (J1M) 

Figure 3: Simulated annual distributions of (a) nitrate, (b) phytoplankton, 
(c) zooplankton, (d) detritus, (e) ammonium, within the upper 150 m depth 
for phyto- and zooplankton and the upper !t50 m depth for others. Units are 
in p.M. For ni{rate, continuous lines are contours at intervals of 0.5 p.M 
and broken lines at intervals of 0.1 I-'M. In all plots the time axis starts at 
October 1 and ends at September 30 

. typical deep water values in excess of 5.0 mmol/m3 . This structure undergoes 

substantial modification during the winter months as the convective overturn­
ing mechanism brings the nitrate rich subsurface waters to near-surface levels. 

Under such conditions. nitrate concentrations attain their maximum values of 
4.5 mmol/m3 over the 400m deep homogeneous water column in February. 

The phytoplankton structure exhibits a major algae production during the first 

half of March (Fig. 3b) immediately after the cessation of the strong mixing. 
shallowing of the mixed layer and higher rate of solar irradiance penetrating to 

deeper levels. Since the water column was already replenished by nitrate. all 
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these conditions favor phytoplankton bloom, shown in Fig. 3b as an exponen­

tial increase of algae concentrations during the second week of March. High 

nitrate concentrations, built up in the 'water column during the winter, lead 

to generation of a very intense bloom with maximum biomass of about 3.8 

mmol/m3 . It extends to the depth of 120 m, but its major part is confined to 

the upper 65 m because of the increasing role of self-shading effect on the light 

limitation. Following a week-long intense period, the bloom weakens gradually 

within the last week of March and terminates completely by the end of that 

month. 

The early spring phytoplankton bloom initiates other biological activities on 

the living and non-living components of the pelagic ecosystem. Soon after the 

termination of the phytoplankton bloom. mesozooplankton biomass increases 

up to 2.2 mmol/m 3 during April (Fig. 3c). This period also coincides with 

increased detritus and ammonium concentrations (Fig. 3d.e) supported by 

excretion and mortality of phytoplankton and mesozooplankton communities. 

The major detritus accumulation in the water column in fact proceeds termina­

tion of phytoplankton bloom at begining of April. Moreover. sinking particles 

are remineralized completely within the upper 300 m before reaching bottom 

of the model at 400 m depth. All the detrital material is therefore preserved 

within the water column without any loss from the system. This is the rea­

son for which the bottom boundary was taken at 400 m whereas the pelagic 

planktonic processes are confined within the upper 100 m of the water column. 

The role of remineralization responsible for transforming the particulate organic 

nitrogen to inorganic dissolved nitrogen is indicated by increased ammonium 

concentrations up to 0.7 mmol/m3 in March-April period in Fig. 3e. Its 

eventual oxidation due to nitrification . process leads to nitrate accumulation 

primarily in the mixed layer and to a less extent in the nitracline. and causes a 

short-term increase in phytoplankton biomass up to about 0.5 mmol/m3 within 

the mixed layer during the first half of May (Fig. 3b). As in the previous case, 

this secondary bloom is also followed by a small increase in mesozooplankton 

biomass. as well as in detritus and ammonium concentrations. The surface­

intensified phytoplankton bloom event continues below the seasonal thermo­

cline for another month by consuming available nitrate and ammonium within 

the nitracline zone. The subsurface biomass diminishes gradually towards the 
end of july as the contribution of losses from mesozooplankton grazing and 



195 

35 I I I I I 

3.0 • :-
~ 

E 25 -
~ ....s:! 2.0 
U 15 
00 ' l-E 1.0-

• . .. • 05 • • • t-• • • • • • • • • • • • 
0.0 • 

J F M A 'M J J'A' S'O N D 

Figure 4: A composite picture of the euphotic layer average chlorophyll 
concentrations (in mg Chl/m3 ) within the year. The data compiled from 
the measurements of R. v. Bilim in the Rhodes gyre region during 1986-
1995 period (A. Yilmaz, private com.) 

phytoplankton mortality exceeds production. 

The annual phytoplankton structure exhibits another weak bloom from mid­

December to mid-January. This is associated with the consumption of nitrate 

which are made readily available by the convective mixing initiated in the 

water column with the begining of cooling season. Once again. it is followed 

by increase in mesozooplankton stocks in January-February. 

The presence of early spring bloom and other features of the model is supported 
fairly well by the observations. Fig. 4 shows the euphotic layer-averaged 
chlorophyll concentrations in the Rhodes gyre based on the data from 23 casts 

made by R.V. Bilim during the last 10 years. In this figure. the most noticeable 
feature is the chlorophyll value of 3.0 mg Chl/m3 during March comparable 
with the values simulated from the model. 

3.2. Annual Budget and Primary Production estimates 

The annual mean intercompartmental transfer rates over the euphotic zone 
and the vertical fluxes across its base are shown in Fig. 5. They are expressed 
in terms of gC m-2 yr-1 and obtained by mUltiplying all the fluxes computed 
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Figure 5: The annual nitrogen budget of the euphotic zone for both Rhodes 
and Ionian simulations. The latter is shown by the numbers in parantheses 

in mmol nitrogen units by the factor 0.12. At the base of the euphotic zone, 

the budget implies that the vertical diffusive nitrogen flux of 47.5 gC m- 2 yr- 1 

from below is balanced by the sum of downward PON flux of 20.7 gC m-2 yr-1 

and detrital sinking flux of 27.8 gC m-2 yr-1 leaving the euphotic zone. The 

total primary production (PP) is estimated as 97.4 gC m-2 yr- 1 whose 25 % 
is met by ammonium uptake and the rest by the nitrate uptake. We, however, 

note that only two-third of the overall nitrate uptake of 72.0 gC m-2 yr- l is 

supported from the subsurface levels and accounts for the new production, the 

rest is accounted by the recycling mechanism inside the euphotic zone. The 
budget suggests approximately 40% of the PP (37.3 gC m-2 yr-1 ) is utilized 
for the secondary production. whereas the rest goes directly into the detrital 

pool. 
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The PP estimation of 97 gC m-2 yr- l agrees well with the value of 86.8 

gC m-2 yr-1 computed by Antoine et al. (1995) on the basis of the CZCS 
analyses for the Northern Levantine. Using the data from 1986 and 1987 
surveys of R.V. Bilim, Salihoglu et al. (1990) suggested a lower value of 60 
gC m-2 yr- l . This estimate however does not cover the data from productive 
spring period, and therefore underestimates the annual rate. Moreover, our 
estimate is comparable with the value of 105 gC m-2 yr-1 obtained for the 

northwestern Mediterranean characterized by similar dynamical conditions (c.f. 
Levy et aI., 1998). 

4. Simulation of Ionian Basin ecosystem 

Similar to their physical characteristics. a substantial difference in the water 
column nitrate structure of the western Ionian and Rhodes basins is indicated by 

Fig. 6a. The weak vertical mixing in the winter months imply lack of sufficient 

nitrate supply from the subsurface levels to support the biological production 
in the subsequen\: early spring season. Fig. 6a clearly shows no nitrate accumu­
lation inside the mixed layer during the winter. Whatever nitrate is entrained 
into the mixed layer from the subsurface levels is consumed immediately in the 

phytoplankton production process. This is initiated during mid-January and 
gradually increased to its peak at the end of February (Fig. 6b). The phyto­
plankton biomass can attain in this period only 0.25 mmol N/m3 which is an 
order of magnitude lower than the typical spring bloom values of the Rhodes 
simulation. The degradation of the phyoplankton bloom occurs during March. 
April is the period of intense nitrogen cycling followed by surface-intensified 
regenerated production during early May and its continuation at the subsur­
face levels below the thermocline in June with the maximum biomass of 0.16 
mmol/m3 . The response of subsurface production can be traced in the ni­
trate field by the slight increase of isolines during early summer period (Fig. 
6a). The annual distribution of zooplankton stock (Fig. 6c) reveals maximum 

biomass value of about 0.15 mmol/m3 within the year. This is again one order 
of magnitude smaller than the values given in the Rhodes simulations. 

The way in which the intensity of vertical mixing controls timing of the early 
spring phytoplankton bloom was described earlier in Oguz et al. (1996) in 
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Figure 6: Simulated annual distributions of (a) nitrate, (b) phytoplankton 
and (c) zooplankton for the western Ionian basin within the upper 150 m 
depth of the water column. Units are in J1.M. For nitrate, the contours are 
at intervals of 0.1 J1.M, for phytoplankton at 0.02 J1.M and for zooplankton 
at 0.01 J1.M. In all plots the time axis starts at October 1 and ends at 
September 30 

the context of the Black Sea plankton production model. It was shown that 

even though the light and nutrient conditions may be favorable for initiation 

of the bloom in winter, it can be delayed depending on the intensity of the 

vertical mixing. In the absence of any zooplankton grazing pressure and other 

losses due to phytoplankton mortality and excretion during winter, the vertical 

mixing is the only sink term which can balance the production. The initiation 

of phytoplankton bloom therefore depends on the relative intensities of these 

two terms during winter-early-spring period. The biological production will 

therefore be initiated whenever the vertical mixing weakens and its magnitude 

is exceeded by that of the production term. In our simulations, the Rhodes 

case is a good example for the delay of the bloom until the weakening of the 

intense mixing event taking place during the winter. The other region having 

similar features is the northwestern Mediterranean deep water formation area 

where prevention of the bloom by strong vertical mixing was referred to as 
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"deep mixing limitation of the bloom" (Levyet al.. 1998). The Ionian case. 

on the contrary. favors biological conditions weakly-controlled by the vertical 

mixing. Thus. the bloom initiates earlier in winter and intensifies gradually 

until the net limitation factor -P(l, N, A) given by eq. 8 attains its maximum 

value. The monthly mean CZCS chlorophyll data (Fig. 7). given as the average 

of pixels inside our analysis area. seem to support such an extended period of 

increased phytoplankton activity. The magnitude of CZCS chlorophyll values 

also compare well with the surface phytoplankton biomass values in Fig. 6b by 

using a conversion factor of 1 mmol nitrogen being equivalent to 1.2 mg Chi 

as before. 

!"r) 0.50 
~ • --~ ...t: 0.25 U 
0() • • ~ 0.00 
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Figure 7: Simulated annual surface chlorophyll-a distribution for the Ionian 
case (continuous line) and the CZCS-derived surface chlorophyll-a concen­
trations averaged from the pixels for the western Ionioan gyre region. Units 
are in mg Chl/m3 

The annual budget and intercompartmental transfer rates for the Ionian sim­

ulation is also shown in Fig. 5 with the numbers in parantheses. The budget 

indicates that only 4.1 gC m-2 yr- 1 nitrate flux enters into the euphotic zone 

from the lower layers. The contribution of recycled nitrogen through detrital 

breakdown and plankton excretion are 3.9 and 2.0 gC m-2 yr- 1 • respectively. 

which all together give rise to a total PP rate of 10.1 gC m-2 yr- 1 . This is an 

extremely low value. but is considered to be a typical for oligotrophic sites of 

the Eastern Mediterranean. Applying the CCM (1998a.b) model to the same 

region for the interpretation and analysis ofthe hydrographic and nutrient data 

collected during October 1991 and April 1992 surveys. Civitarese et al. (1996) 

obtained a very close mean PP value of 11.5 gC m-2 yr- 1 . 
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5. Conclusions 

The biological productivity in two contrasting regions of the Eastern Mediter­

ranean is studied using a one-dimensional vertically resolved pysical-biological 
model. These two regions are the Rhodes cyclonic gyre of the Northern Levan­

tine Sea known to be a major, persistent sub-basin scale feature of the Eastern 
Mediterranean between the Rhodes and Cyprus Islands, and the anticyclonic 

gyre of the western Ionian Sea extending meridionally to the east of the Sicily 

Straits. In the Rhodes basin. the water column below the seasonal thermocline 

is typically characterized by relatively cold, saline and dense waters. On the 

contrary. the western anticyclonic Ionian gyre possesses very limited surface­

intermediate water interactions because of the presence of less saline Modified 

Atlantic Waters (MAW) within the upper 100 m layer. The strong stratifica­

tion introduced by the presence of MAW and LlW underneath prevents deep 
penetration of the vertical convection and. subsequently, the nutrient supply 
from deeper levels. Because of these two contrasting dynamical regimes. the 

two basins reveal quite different vertical nutrient structures. and subsequently 

quite different biological production characteristics. The annual primary pro­

duction is estimated as 97.4 gC m-2 yr- l in the Rhodes basin. On the other 

hand. the prima.ry production in the western Ionian Sea amounts only 10% 

of the Rhodes' case. Therefore, these two basins represent biologically two 

end members of the Eastern Mediterranean. The annual production cycle also 

differs slightly in these two basins. The Rhodes gyre possesses a classical pro­

duction cycle consisting of a strong early spring bloom. a weaker early winter 

bloom and subsurface production during the summer. In the western Ionian 

basin. these two blooms are merged with each other to form a long lasting. 
gradually evolving winter bloom starting from the begining of January to the 

end of March. The early spring bloom of the Rhodes gyre, on the other hand. 
has a shorter lifetime, grows and decays exponentially. 
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l.Introduction 

The Eastern Mediterranean Sea, except the N.Aegean Sea and the Adriatic Sea, is 
characterized by a subtropical climate favourable to thermophilic and halophilic 
species [1] and therefore its plankton consists mainly of subtropical elements [2]. The 
Ionian and Levantine Seas offer depths often over 3000 m and have a narrow 
continental shelf. The main water masses in the Ionian Sea are the Modified Atlantic 
Water, the Ionian Surface Water, the Levantine Intermediate Water and the Eastern 
Mediterranean Deep Water [3]. The latter two water masses are present also in the 
Levantine Sea along with the Surface Levantine Water [4]. The Aegean Sea is divided 
in two distinct parts: (a) the N.Aegean, which presents an alternation of plateaux and 
deep troughs and receives Black Sea waters (b) the S.Aegean that is characterized by 
the Cyclades plateau followed by the deep Cretan basin [5]. The latter communicates 
with the Ionian and the Levantine Seas through the western and eastern straits of the 
Cretan Arc respectively. 

Several cyclonic and anticyclonic gyres (Figure 1) have been found 
influencing the distribution of nutrients in the area, which is considered as very 
oligotrophic [6, 7]. Deep waters of the Levantine Sea are poor in nutrients, since 
external inputs to the surface waters are limited. Therefore primary production 
depends on the transportation of nutrients from deep layers through vertical mixing. 

Many studies on plankton composition and distribution in the Ionian, Aegean 
and Levantine Seas were performed in the sixties and seventies [for a review see 8 and 
9]. Synoptic cruises were done in these areas since 1985 within international (POEM, 
MAST) and national projects. Most of these studies have used the same standard 
methods, facilitating the comparison of data collected in other areas of the 
Mediterranean Sea. The present paper will attempt an overview basled mainly on these 
data. 
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Fig. l . Map of Eastern Mediterranean showing the main gyres [after Mazzocchi er al. [ l Oll 

2. Phytoplankton 

2.1. CHLOROPHYLL A 

The North Levantine Sea in the Eastern Mediterranean is characterized as one of the 
most transparrent and less productive seas in the ocean. The results of chlorophyll ex 
concentrations from several studies conducted in the North Levantine Basin, the 
Aegean and the Ionian Seas (Figure l) are summarized and discussed. The average 
over the euphotic zone (down to 100-1 IO m) chlorophyll ex concentrations are usually 
very low (Table 1). Chlorophyll a variations ranged from 0.09-0.47 mg m ' in the 
Rhodes cyclonic gyre during 1991-94 [I 1, 12, 13], from 0.11 to 0.23 mg m' in the 
Cretan Passage during 1991-92 [II, 12] and from 0.05-0.28 mg m ] in the Cilician 
anticyclonic gyre (NE Levantine Basin) [13]. These chlorophyll concentrations in the 
N.Levantine Sea are comparable to corresponding values from the Cretan Sea (0.13-
0.46 mg m ' ) in 1991-92 [II , 12], the same sea (0.13-0.27 mg mol) during four 
seasonal samplings in 1994 [14, 15], the eastern Ionian Sea (0.16-0.26 mg m ') in 
1988 [16], the offshore Israeli waters (0.06-0.12 mg m ]) in 1982-83 [17], the offshore 
Egyptian waters (0.09-0.79 mg m ') in 1982 [18]. Furthermore, it was reported that 
thc chlorophyll concentrations in the core of Cyprus eddy, during February 1989, 
scattered in the range of 0.16-0.23 mg m-' with no clear trend at the euphotic zone 
[19]. Even lower values were recorded in September and November 1989, whereas 
chlorophyll concentrations were not measurable in the water column below a depth 
of 200 m. 

These low chlorophyll values in the Levantine Basin are due to the 
extremely low concentrations of nutrients (phosphates and nitrates) especially in the 
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euphotic layer [20, 6, 19]. The high atomic ratio values nitrogen/phosphorus (N:P 21 
to 29) reported by Berland et al. [21] and N:P of 28-29 reported by Krom et al. [22], 
leads to the conclusion that the eastern Mediterranean Basin is strongly phosphorus 
limited. On the other hand, the western Mediterranean seems to be richer in nutrients 
and phytoplankton biomass [23, 24], while Owens et ai [25] suggested that the 
western basin appears to be N limited. Berland et ai. [21] reported that the 
chlorophyll a was lower in the eastern than in the western Mediterranean Sea during 
summer 1983. Estrada et al. [24] reported average chlorophyll concentrations of 
0.32 to 0.45 mg m ·3 in the layer of o - 110 m during seven oceanographic cruises 
from 1982 to 1987 across the Catalo-Balearic Sea. 

TABLE I. Chlorophyll a concentrations (mg m') in cyclonic and anticyclonic gyres in the North Levantine 
Basin and in other Mediterranean seas 

Chi a (mg m") DCM (mgm,) D-DCM(m) 

Area Time Range X Range X Range X Ref. 
Rhodes cyclonic gyre Oct91 0.06- 0.09 0.11- 0.19 50-100 75 II 

0.12 0.24 
Rhodes cyclonic gyre Mar92 0.27- 0.47 0.42- 0.80 0-75 28 12 

1.05 1.50 
Rhodes cyclonic gyre Oct91 0.04- 0.07 0.07- 0.26 50-100 75 13 

0.16 0.56 
Rhodes cyclonic gyre Mar 92 0.38- 0.45 0.36- 0.51 13 

0.49 0.64 
Rhodes cyclonic gyre Jul93 0.28- 0.42 0.85- 1.00 55-80 67 13 

0.57 1.24 
Rhodes cyclonic gyre Mar 94 0.20- 0.35 0.37- 0.70 40-50 45 13 

0.57 1.08 
Cretan Passage Oct91 0.08- 0.11 0.10- 0.20 50-100 75 II 

0.15 0.39 
Cretan Passage Mar 92 0.08- 0.23 0.20- 0.33 0-100 58 12 

0.62 0.98 
Cilician A.G* Oct91 0.01- 0.05 0.04- 0.11 75-130 100 13 

0.07 0.20 
Cilician A.G. Jul93 0.23- 0.22 0.71- 0.77 75-115 95 13 

0.24 0.86 
Cilician A.G. Mar 92 0.19- 0.28 0.27- 0.35 13 

0.45 0.51 
Cilician A.G. Mar 94 0.10- 0.12 0.20- 0.22 60-85 77 13 

0.15 0.35 
Cretan Sea Oct91 0.11- 0.13 0.20- 0.27 75 75 II 

0.15 0.33 
Cretan Sea Mar 92 0.27- 0.46 0.34- 0.65 25-75 50 12 

0.89 1.31 
Cretan Sea 1994 0.13- 0.19 14,1 

0.27 5 
Eastern Ionian Sea Mar 88 0.15- 0.26 25-75 60 16 

0.49 
Eastern Ionian Sea Sep 88 0.12- 0.16 50-100 75 16 

0.25 
Eastern Ionian Sea Oct91 0.08- 0.14 0.11- 0.29 50-100 80 II 
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0.28 
E. MediI. (Cyprus eddy) Febr 89 

E. MediI. (Cyprus eddy) May 89 

E. MediI. (Cyprus eddy) Sep 89 

E. MediI. (Cyprus eddy) Nov 89 

Offshore Israel 1982- 0.06-
83 0.12 

Offshore Egypt 1982 0.09-
0.79 

Western Ionian Sea Oct91 
Eastern Mediterranean sum. 

83 
Central Mediterranean sum. 

83 
Western Mediterranean sum. 

83 
NW Mediterranean 1982- 0.32-

87 0.45 

Chi 0. = averages of water column chlorophy II a 
OCM = averages of deep chlorophyll maxima 
O-OCM = averages of depth of OCM 
X = mathematical averages 
Cilician A.G*=Cilician anticyclonic gyre 

0.79 
0.16-
0.25 
0.20-
0.35 
0.09-
0.13 
0.14-
O.IS 

0.07 
0.28 

0.40 

0.50-
0.85 
0.65-
1.45 

0-125 

100 

90-1 \0 

80 

90-120 

75-95 

65-85 

40-70 

19 

100 19 

19 

80 19 

75 

17 

18 

27 
21 

21 

21 

24 

The presence of a deep chlorophyll maximum (DCM), a common feature in 
the Mediterranean Sea, has usually been observed below 50 m in the N.Levantine, 
Aegean and Ionian Seas during summer stratification period. The spatial and vertical 
distribution of chlorophyll and the formation of DCM in the eastern Mediterranean, 
apart from the light intensity, is controlled by the euphotic zone nutrient 
concentrations occurring in cyclonic and anticyclonic gyres. The DCMs usually are 
formed at shallower depths (D-DCM: 28-75 m) in cyclonic eddy fields (such as the 
Rhodes cyclone) (Table 1), whereas the depths of the DCMs and the nutricline 
coincide [13]. The mean concentration of chlorophyll ex was 0.47 mg m· l for the 0 to 
100 m depth in the Rhodes cyclone in March 1992, with relatively high 
concentrations ranging from 0.42 to 1.50 mg m· l at the depth of DCM [12]. 
Corresponding values in July 1993 were 0.42 mg m· l and 0.85-1.24 mg m· l (mean 1.0 
mg m·3) [13]. At the anticyclonic regions (such as Cilician area) (Table I) and the 
Ierapetra anticyclonic gyre in the NW Levantine Basin [12], the DCM was generally 
located at greater depths (D-DCM: 77-100 m), at the base of the euphotic zone or 
below it and well above the nutricline, whereas the chlorophyll ex concentrations were 
relatively low compared to those in the Rhodes gyre. 

The DCMs are broader in shape and at relative shallower depths in winter­
spring conditions [12, 14, 26], than in summer-autumn conditions when the water 
column is stratified (II, 15, 21, 27]. Generally, there is no consistent trends 
concerning the vertical distribution of chlorophyll in late winter-early spring, 
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although in certain cases maxima were noted at either 25, 50 or 75 m depth. These 
inconsistencies in the pattern of the vertical profiles of chlorophyll a indicated a 
rather unstable environment because of the transitional period (from winter to spring) 
and the commencement of the thermocline. Chlorophyll concentrations, in all 
examined areas, showed a clear seasonal pattern with maximum values during late 
winter-early spring (0.12-0.47 mg m·3) and minimum during late summer-early 
autumn (0.05-0.16 mg m·'>. The summer thermal stratification situated around 50-100 
m [4, 28], apparently prevents the supply of nutrients to the surface waters from the 
deeper water layers. In winter, vertical mixing processes enrich t.he euphotic layer 
with nutrients. 

Investigations in the Western Mediterranean basin by Estrada [29] showed 
that DCM were formed at shallower depths (40-90 m), well below the zone of 
maximum vertical gradient of the thermocline or the pycnocline. Estrada et al. [24] 
reported maximum chlorophyll concentrations ranging from 0.65 to 1.45 mg m·3 at 
depths ranging from 40 to 70 m across the Catalo-Balearic Sea. Furthermore, Berland 
et al [21] reported that DCM maxima were located at shallower depths (65-80 m) in 
the western Mediterranean Sea, while they were recorded at 80-120 m in the regions 
of the eastern and central Mediterranean Sea during summer 1983. 

2.2 COMMUNITY QUANTITATIVE ASPECT 

The results of phytoplankton cell concentrations obtained from several investigations 
within 1986-92 (POEM cruises) and 1994 (MAST-PELAGOS cruises) in the NW 
Levantine Basin, the S.Aegean and the E.lonian Seas are summarized and discussed. 
During these studies, phytoplankton water samples were collected with NISKIN 
bottles, fixed with Lugol's solution and, after sedimentation, were examined under an 
inverted microscope. The total number of diatoms, dinoflagellates, coccolithophores, 
silicoflagellates and "other groups" such as chlorophyceae:, chrysophyceae, 
prasinophyceae etc. is referred as total phytoplankton. The small phyto-flagellates 
(diameter of ca 3-5 /lm) are referred separately as /l-flagellates and can be used as a 
rough estimation of the small phytoplankton population. 

In all sampling seasons (with the exception of spring 1992) total 
phytoplankton densities were very low ranging from 560 to 29920 cells )"' in the 
Rhodes area, from 480 to 7000 c r' in the Cretan Passage and from 240 to 34840 c r' 
in the S.Aegean Sea (Table 2). Relatively higher values were observed in the SE 
Ionian (1560-72090 c r') and in the N.Aegean Sea (2040-182760 c )"'). Phytoplankton 
cell concentrations, similar to those in the NW Levantine Basin, were found for the 
offshore Israeli waters during 1981-82 at near surface and at the: DCM layer [30]. 
Similar total phytoplankton densities (9260-68265 c r') have been detected in the 
Aegean Sea during five ocenographic cruises from August 1958 to February 1961 
[31], in the Petalion Gulf of the central Aegean Sea [32] and in the Ionian Sea [33, 
26]. The recorded low cell concentrations in the eastern Mediterranean emphasize the 
poverty in phytoplankton standing stock which can be attributed mainly to the 
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limiting concentrations of nutrients. On the other hand, higher phytoplankton 
abundances were recorded in the NW Mediterranean during 1984-86 [23]. 

TABLE 2. Ranges of Iota I phytoplankton and ~-f1agellates cell concentrations in the Eastern Mediterranean. 

Total phytoplankton (cells n 
Time Rhodes 

area 

Mar 86 6480-

Cretan 
Passage 

South 
Aegean 

Sea 
2400-

22280 12240 
Mar 87 2840-

23320 
Mar 89 560-29920 480-7000 560-3120 
Mar92 4240-

68640 
Mar 94 

Sep 86 2560-
25720 

Sep 87 560-7900 

Oct 91 800-9000 
Sep 94 

Jun 94 

2520-
6880 

3120-
70080 
1320-
34840 
1680-9240 

1120-
25840 

720-7000 240-2800 
3760-
11440 
3360-
15000 

East Cretan 
straits 

7420-
20980 

8760-
20040 
4280-
13080 

u-Aagellates (cells I') 

Mar 86 1120-4160 
Mar 87 

Mar 89 3040-
506000 

Mar94 

Sep 86 1000-3200 
Sep 87 560-2400 

27500-
265000 

Oct 91 7040-6000 5760-

1240-7880 
2640-
21760 
10200-
309000 
1700-
53300 
760-9900 
2240-
28560 
1960-

9280 11600 

17800-
6900 

South-east 
Ionian Sea 

2240-16240 

2080-72090 

8760-17600 

4080-10020 

1560-6040 

12720-27920 

2080-54000 
900-26900 

North 
Aegean 

2040-
10880 

2960-
13600 
2120-
182760 

2500-
11200 

Ref. 

34 

34 

35 
35 

14 

34 

34 

II 
15 

15 

34 
34 

35 

16500-28300 7600-5900 14 

1560-9680 34 
1800-12320 3200-2100 34 

4400-7 500 1 I 

Phytoplankton abundances presented a seasonal variation with highest values 
in spring, and lowest values in early autumn (Table 2). As far as the spatial 
phytoplankton distribution is concerned, relatively higher cell densities were recorded 
in the E.Ionian than in the S.Aegean Sea, especially during spring 1987, reaching 
values of 72090 c rL. These higher concentrations may be attributed to the inflow of 
Adriatic water, richer in nutrients, into the Ionian Sea. From the nutrients and 
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primary production point of view, a great scientific interest presents the Rhodes 
cyclonic gyre which is a "nutrient oasis" in the N.Levantine Basin. In this area, the 
nutricline can rise to the base of the euphotic zone so that especially in winter 
months, nutrients are introduced into the productive zone from the nutricline by 
vertical mixing [13]. Phytoplankton densities presented a significant increase in 
spring 1992 at Rhodes cyclonic area (2520 to 70080 c 11) [35] and the presence of 
large diatoms in high numbers (up to 64000 c n in the core of the gyre, suggests 
nutrient enrichment. The reverse phenomenon occurred at the peripheries and the 
neighbouring Ierapetra anticyclone, where minimal cell densities (2520-6880 c 11) 
were observed. 

The distribution of phytoplanfton densities in the NW Levantine Basin, the 
Aegean and the Ionian Seas did not present a clear and distinct pattern with depth, 
although relatively increased phytoplankton values at 50 m and, sometimes, at 75 m 
depth were observed, especially in summer when the DCM is established. The depth 
of the maximal phytoplankton cell densities did not always coincide with the depth of 
chlorophyll maxima and this might merely represent the higher intracellular 
chlorophyll level due to photoadaptation at lower light intensities [36] not necessarily 
reflecting greater phytoplankton cell concentrations. Similarly, Kimor et at. [30] 
found no apparent differences between the abundances of the major phytoplankton 
groups in the DCM and the near surface layer of the offhore Israeli waters during 
1981-82, while significant differences between the two layers were determined for 
chlorophyll a concentration. In the Rhodes area which is influenced by the cyclonic 
gyre, there was a tendency for higher phytoplankton values at near surface layer 
during spring. 

In the NW Levantine, the Aegean and the Ionian seas, the Il-flagellates 
densities were always higher than those of phytoplankton (Table 2), whereas their 
vertical distribution usually was in accordance with that of phytoplankton, not 
prevailing a distinct pattern among depths. Very high values of Il.-flagellates (up to 
506000 C 11) were observed in March 1989 in the Rhodes area, the S.Aegean Sea and 
the Cretan Passage. Therefore, their constant presence and relatively high abundances 
in these oligotrophic areas classify them among the most important groups of marine 
plankton in the eastern Mediterranean. 

2.3 COMMUNITY QUALITATIVE ASPECT 

Data obtained during the 1986-87 POEM cruises [34]) showed that diatoms 
dominated during spring in the Aegean Sea and the Rhodes area, while 
dinoflagellates were dominant in the Ionian Sea. During summer, dinoflagellates were 
relatively more abundant in all above cited areas. Coccolithophores also constituted a 
very important element of the phytoplankton community during spring and late 
summer, especially in the central and the S.Aegean Seas. During early autumn 1991, 
the Ionian Sea was characterized by the dominance of coccolithophores and 
dinoflagellates, whereas few diatoms were recorded. In contrast, diatoms contributed 
a significant part along with coccolithophores in the Cretan Sea, the Rhodes area and 
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the Cretan Passage [11, 35]. In the Cretan Sea and the Cretan Arc, during 1994 [14, 
15], the average seasonal phytoplankton taxa distribution was as follows: diatoms 
(32.9%) were the dominant group throughout spring, dinoflagellates (53.8%) 
predominated during summer, coccolithophores (40.8%) prevailed in autumn, 
whereas" other groups" mainly cryptophyceae and rhodophyceae (31.0%) were the 
dominant groups in winter. The importance of diatoms and !J.-flagellates was also 
noted by Blasco [32] and Ignatiades [37] for the Petalion and the outer Saronikos 
Gulf (central Aegean Sea), respectively. 

As far as the dominant species is concerned, during spring 1986, the diatoms 
Nitzschia closterium and Thalassiothrix frauenfeldii predominated in the S.Aegean 
Sea and the Rhodes area, while the dinoflagellates Scrippsiella trochoidea and 
Gymnodinium breve were more abundant in the Ionian Sea [34]. During spring 1987. 
the cryptophyceae Cryptomonas sp. and the diatom Chaetoceros affinis predominated 
throughout the north and central Aegean Seas. Also, in the N.Aegean Sea the diatoms 
Rhizosolenia delicatula and Rhizosolenia stolterfothii were among the dominant 
species, while in the central Aegean Sea the coccolithophores Coccolithus pelagicus. 
Coccolithus fragilis and Syracosphaera mediterranea were abundant. Dinoflagellates 
predominated in all the studied areas in summer 1986 and were represented mostly by 
species of the genus Gymnodinium. In summer 1987, the most important species in 
the S.Aegean Sea and the Rhodes area were the cryptophyceae Cryptomonas sp .. the 
dinoflagellate Exuviella baltica and Gymnodinium sp. and the coccolithophores C. 
pelagicus and C. fragilis, while the phytoflagellate Phaeocystis pouchetii 
predominated in the N.Aegean Sea [34]. 

During autumn 1991 the phytoplankton community in the Ionian Sea was 
characterized by the dominance of coccolithophores, such as, Coccolithus sp. (5-10 
!J.m), Emilliana huxleyi. Syracosphaera pulchra, Rhabdosphaera tignifer and the 
dinoflagellates S.trochoidea, Gymnodinium spp., Oxytoxum spp., whereas very few 
diatoms were recorded. In contrast, in the Cretan Sea, the Rhodes area and the Cretan 
Passage, the diatoms Nitzschia spp., Rhizosolenia fragilissima, Rhizosolenia alata 
were relatively abundant. During spring 1992, the predominance of large healthy 
diatoms such as C. affinis, T. frauenfeldii, R.fragilissima and Nitzschia delicatissima 
in the Rhodes cyclonic area suggests nutrient enrichment at this area. 

The cluster analysis of samples collected from the Cretan Sea and the 
Cretan Arc during 1994, did not group them according to area or depth, but groups 
were separated according to season of sampling. During spring, the diatoms C. affinis, 
T. frauenfeldii, the cryptophyceae Cryptomonas spp., the rhodophyceae Rhodomonas 
spp. and the coccolithophore Pontosphaera sp. predominated [14]. This community 
was replaced during summer by the dinoflagellate Gymnodinium sp., the flagellate 
Solenicola setigera and the diatoms T. frauenfeldii, N. delicatissima and R. 
fragilissima [15). In autumn, coccolithophorids predominated with the species 
Calyptrosphaera globosa, Pontosphaera sp., Calyptrosphaera superba and the 
diatoms N. delicatissima and Nitzschia seriata, whereas in winter, phytoplankton was 
characterized by N. delicatissima, Cryptomonas sp. and Cryptomonas huxleyi [15). 



213 

Generally, the species composItIon of diatoms, dinoflagellates, 
coccolithophores which were found in the NW Levantine, the S.Aegean and the 
Ionian Seas, are similar to those observed in the offhore Israeli waters [38, 30], in the 
Egyptian coast [39], in the central Aegean Sea [37] and in the Ligurian Sea [40]. 
Most of the above mentioned species are eurythermal of tropical-subtropical 
character, whereas some of them are nutrient-poor species [41]. The phytoplankton 
species composition in the eastern Mediterranean show a homogenity, although in 
certain areas the local hydrographic conditions might affect the community structure. 

3. Zooplankton 

This review is limited to mesozooplankton (collected by a 200~m mesh size net) since 
the microzooplankton is almost unknown in these areas. On the other hand, studies on 
the macroplankton are very restricted and performed in the sixties. 

3.1. QUANTITATIVE ASPECT 

According to the current opinion the Eastern Mediterranean is one of the most 
oligotrophic areas in the world ocean. This oligotrophic character is reflected in 
zooplankton as low standing stock not only offshore but also in coastal areas. 

Most data concern the surface (0-50 m) layer and can present a picture of the 
spatial distribution of zooplankton quantity. In order to compare the values obtained 
from different areas of the E.Mediterranean, mean values are given for each area in 
the Table 3: zooplankton abundance in the N.Aegean Sea is generally higher than that 
in S.Aegean, Ionian and Levantine Seas. This difference is more pronounced at the 
eastern part, near the Dardanelles strait, where abundance such as 2000-3000 ind m·3 

are encountered; these high values should be related to the influence of the Black Sea 
waters as well as to the topography of the area (extended continental shelf) [42,43]. 
A more detailed spatial image was obtained in the 1991-92 cruises when samples were 
collected along transetcs across cyclonic and anticyclonic gyres (Figure 1). 
Zooplankton abundance values in the Rhodes area were higher than those detected at 
all other areas, but the Sicily channel, in autumn 1991 [10] and the highest in spring 
1992; they attained 1376 ind.m·3 in the 0-50m layer of stations positioned within the 
core of the Rhodes gyre [44]. 

These values were higher than those recorded in the same area in spring 1986 
[45] and in spring 1988 [46] as well than those found in the Tyrrhenian Sea [47]. The 
enhanced productivity in this area, was related to the dynamics of the Rhodes gyre 
[44]. During the cold winter 1992 significant upwelling of deep waters occurred 
within the core of the gyre [48], resulting in high nutrients and chlorophyll 
concentrations in the surface layer. (See Souvermezoglou et al., this volume). The 
significant effect of the gyre upon zooplankton becomes more evident by comparing 
data collected at stations positioned in the neighbouring anticyclones (Anaximander 
and Rhodes), where zooplankton abundance was lower than that in the Rhodes 
cyclone [45, 10, 44 J. 
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TABLE 3. Total zooplankton abundance (ind m') in the 0-50m layer (collected by 200~m mesh size net). 

Season Spring 1988 (I) Summer 1988 (I) Autumn 1991 (2) Spring 1992 (3) 

Area 

N.Aegean 

S.Aegean 

Ionian East 

West 

NW Levantine 

Rhodes area 

Cretan Passage 

Central Levantine 

Sicily Channel 

1125 

489 

688 

315 

(I) Siokou et al un pub I. data 

(2) 10 

(3) 44 

765 

411 

446 

229 

108 

181 

263 

192 

216 

579 

360 

595 

988 

311 

Very low number of zooplankters were collected at one station in the SE of 
Crete (0-100m layer): 85 ind.m 3 in January 1987 and 109 ind.m·3 in June 1993 [49, 
50]. These data are lower than those recorded in the same layer by Pancucci­
Papadopoulou et al. [45] and Mazzocchi et al. [10]. This difference could be due to 
the use of a 333 /lm mesh size which is inefficient for the collection of medium size 
zooplankters (copepods of the genus Clausocalanus, Oithona, Paracalanus), dominant 
in the Mediterranean Sea. On the contrary Delalo [51] recorded higher values of 
zooplankton abundance in the 0-200m layer of the entire Levantine Sea (1397 ind.m·3) 

during September, but she used a fine mesh size net (120 /lm). Similarly, values 
reported by Greze [52] and Pavlova [53] for the Ionian and Aegean Seas respectively 
are higher than those presented in Table 3. 

For comparison purposes between different areas of the Mediterranean Sea, 
zooplankton abundance values integrated in the 0-200m or 0-300m layer are presented 
in Table 4. Lower values were detected in the Cretan, Levantine and Ionian Seas than 
in the Balearic Sea for both seasons, whereas they were similar in autumn but higher 
in spring to those found in the Tyrrhenian Sea. 

Although there are no data on the annual cycle of zooplankton in the NW 
Levantine, the Aegean and Ionian Seas, a seasonality seems to exist with higher values 
in spring than in late summer-autumn period, in accordance to the seasonal variability 
of zooplankton in the Mediterranean Sea. Differences become more pronounced in the 
Rhodes gyre area under strong upwelling conditions. 

The decrease of zooplankton abundance with depth is a general pattern in the 
world ocean, which was also found in the studied areas, although few data for the 
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zone deeper than 300m are few. A sharp reduction of abundance is observed below 
100m and virtually all zooplankton was concentrated in the upper 500m. Less than 1 
ind.m·' was found below 1000m [45]. The vertical distribution pattern seems to be 
almost similar in the Aegean, E.lonian and NW Levantine Seas. 

TABLE 4. Zooplankton abundance for different Mediterranean areas 

Area Mesh Water Season Abundance Reference 

size column (ind.m·') 

Cretan Sea 200 0-300 Autumn 1991 45 10 

Spring 1992 149 44 

SE.lonian 200 0-300 Autumn 1991 62 10 

W.Ionian Spring 1992 250 44 

Rhodes area 200 0-300 Autumn 1991 66 10 

Spring 1992 221 44 

Cretan Passage 200 0-300 Autumn 1991 56 10 

Spring 1992 119 44 

Central Levantine 200 0-300 Autumn 1991 89 10 

Sicily channel 200 0-300 Autumn 1991 200 10 

N.Adriatic Sea 250 0-100 Annual 500-1000 54 

S.Adriatic Sea 0-500 <200 

Balearic Sea 250 0-200 Spring 550 55 

Autumn 200 

Tyrrhenian Sea 250 0-300 annual 83 47 

spring 96 

However linear regression of log transformed abundances as a function of depth at the 
same areas showed different slopes. Slopes were similar between Ionian, NW 
Levantine and Tyrrhenian Seas, whereas they become more abrupt in the Aegean Sea 
[49, Siokou et al unpubl. data). Weikert and Trinkaus [49] concluded that their data 
evidence a reduced vertical flux in the Levantine Sea when compared to the 
N.Atlantic. 

Nevertheless discrepancies in the general vertical pattern have been detected 
at a single position or a single sampling period. At the Limnos trough (N.Aegean Sea) 
the abundance decreased till 500m and was slightly increased deeper due to the 
abundance of Calanus helgolandicus. In the Cretan Passage, Weikert [50] observed 
strong differences in the vertical pattern between different years and seasons. The 
standing crop of zooplankton was significantly higher in June 1993 than in January 
1987, especially below 1050m. In June 1993 C.helgolandicus and Eucalanus 
monachus were found in high concentrations below 600m and down to 4000m, 
accounting for 70% of total zooplankton, while their abundance was lower 
(E.monachus) or insignificant (C.helgolandicus) in January 1987. According to 
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Weikert [56] these differences were attributed either to the inflow of deep water from 
the Aegean Sea, where C.helgolandicus is indigenous, or to local events of 
eutrophication of the mixed layer, which induce sporadic phytoplankton blooms and 
generate habitats where C.helgolandicus and E.monachus can feed and reproduce, 

An important aspect of the zooplankton vertical distribution in the NW 
Levantine, Ionian and Aegean Seas is the apparent absence of distinct day/night 
differences [10], a well-known phenomenon in the world ocean. This peculiarity 
could he due to the paucity of strong mesozooplankton migrants in the Mediterranean 
intermediate layers [47, 49]. The reduction of strong migrants in Mediterranean 
waters suggests that copepods playa minimal role in the tranfer of energy to the deep 
sea and this role can only be achieved by other migrating organisms such as 
euphausiids and other minor groups [47]. 

All the above data confirm the oligotrophic character of the Aegean Sea 
(apart from the northeastern region), the Ionian and the NW Levantine Sea. 
Nevertheless the existence of the Rhodes gyre in the latter area could temporally 
differentiatc this character by increasing the productivity. 

3.2 QUALITATIVE ASPECT 

Copepods account generally for more than 70% of total zooplankton in the 
E.Mediterranean Sea. Appendicularians contribute significantly to the total 
zooplankton numbers representing up to 19% in the upper layers. They are well 
represented down to the 200m depth flO]. On the contrary, ostracods abundance is 
low in the upper 50m layer, but it increases with depth contributing <10% to the total 
community down to 1000m and even more below 1000m [49]. The abundance of 
cladocera was found low in the E.mediterranean basin, except in NE Aegean Sea 
where they contributed significantly (up to 40%) [10; Siokou-Frangou et al unpub\. 
datal. 

Copepods, have been studied down to the species level at all areas. Their 
number of species increases by the sampling effort in the basin. The most abundant 
genera in the upper 0-100m layer are Clausocalanus and Oithona. During the 
summer-autumn period CIausocaIanus Jurcatus and Oithona plumifera are dominant 
in the 0-50m layer in almost entire basin [57, 42, 58], whereas more than one species 
are dominant in spring [Siokou-Frangou et al., unpub\. data] (Table 5). The 50-100m 
layer is characterized by the dominance of Oithona setigera, Clausocalanus paululus, 
Oncaea media and Oncaea mediterranea. Between 100 and 300m the former two 
species are abundant, accompanied by Haloptilus longicomis, Lucicutia f/avicomis, 
Lucicutia gemina and Pleuromamma gracilis [51, 49. 58]. 
H.Iongicomis, Spinocalanus spp., P.gracilis. Pleuromamma abdominalis are the main 
copepods between 300 and 700m, whereas Eucalanus monachus is dominant below 
500m f49, 45]. Generally, deep Mediterraean waters are poor in plankton with respect 
to those of the Atlantic ocean and characterized by the absence of true bathypclagic 
species. Instead, Mediterrancan deep-sea habitats arc populated by a small number of 
midwater species living at great depths in addition to Lucicutia lon/?iserrata which is 
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a true deep-sea calanoid species [59, 49]. The latter species along with O.setigera, 
M.minor and H.longicornis are mentioned as the most abundant copepods below 
600m in the Ionian and Levantine Seas [59, 60]. In the deep basins of the Aegean Sea 
two distinct assemblages were found: Calanus helgolandicus, Oncaea ornata, 
Chiridius armatus and Microcalanus sp. were abundant in the northern part, whereas 
Spinocalanus longicornis, Spinocalanus oligospinosus, E.monachus, Scaphocalanus 
spp, Temeropia mayumbensis and O.setigera characterized the southern part [60]. 
Using a fine mesh-size net (50~m) Bottger-Schnack [61] mentioned the dominance 
of the genus Oncaea down to 1850m in the Levantine Sea. 

TABLE 5. Abundance of dominant copepod species in percentage of total zooplankton (0-50m layer). 

Spring 1988 (I) 

Area N.Aegean S.Aegean E.lonian NW 

Levantine 

Clausocalanus pergens 27 7.4 

Clausocalanus jobei 7.2 7.2 

Clausocalanus spp. 48.5 31.9 

Oithona plumifera 8 5.9 OJ 5 

Ctenocalanus vanus 8.6 4.9 1.2 3.6 

(I) Siokou-Frangou et al. (unpubl. data) 

Autumn 1991 (2) 

Area Sicily E.Ionian Cretan Cretan Rhodes Central 

channel Sea Passage area Levantin 

e 

Clausocalanus furcatus 27.5 25.6 28.4 36 38 21 

Clausocalanus paululus 1.5 3.7 21 4.7 12 20 

Calocalanus pavoninus 6.7 8.6 3.3 4.7 2 7 

Oithona plumifera 21.2 21 7.9 10.8 8.7 8.6 

Farranula rostrata 3.8 2.6 9.8 6.6 4.9 10.4 

Oncaea media 7.8 1.6 0.2 1.6 0.4 2.4 

(2) [58J 

With the exception of the Adriatic and the Aegean Seas, there is large 
communication within the E.Mediterranean Basin from the Sicily channel till the 
Suez channel. Therefore a strong similarity among the communities of the different 
regions can be assumed. Although no differences seem to exist in the faunistic 
aspect, some dissimilarities in the community composition and structure have been 
found among areas. An almost permanent observation is the distinction of the NE part 
of the Aegean Sea: in late winter-early spring C.helgolandicus, Acartia clausi, 
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Centropages t)picus, Paracalanus parvus and Evadne nordmanni dominated [43] and 
during the warm period the cladocerans Penilia avirostris, Evadne spinifera and 
Evadne tergestina characterized this area [42]. This distinction, resulting in a mixte 
neritic-pelagic character, seems to be related to the topography of the area, as well as 
to the influence of the Black sea waters entering in the Aegean Sea and spreading 
westwards according to the dominating circulation [42, 43]. 

Apart from the circulation, mesoscale hydrological structure seems to 
influence zooplankton composition in the E.Mediterranean Sea. During autumn 1991 
dissimilarities appeared in the cope pod assemblages in the 50-300m layer and they 
were possibly related to different hydrological features (cyclonic or anticyclonic 
gyres) prevailing in the basin, rather than to the geographical position of stations 
and/or to water masses distribution. The Sicily channel, the Rhodes area and the 
Cretan Sea, dominated by cyclonic gyres, are characterized by different copepod 
assemblages when compared to the SE Ionian Sea, the Cretan Passage and the central 
Levantine Sea where anticyclonic gyres predominate [58). The intluence of the 
Rhodes gyre upon zooplankton community has been revealed stronger in spring 1992: 
as mentioned previously, during this period and after the upwelling of deep waters, 
high values of chlorophyll, diatoms and zooplankton abundance were found in the 
surface layer. In this area and mainly in the upper 100m layer, zooplankton was 
highly dominated by Emonachus [44). In spring 1986 and 1988 Emonachus was 
mainly found deeper than 500m [45, 46). This copepod is considered as a rapidly 
growing grazer which occupies deep layers during the diapause period and migrates 
to the surface under upwelling conditions [62]. Although the influence of the Rhodes 
gyre upon nutrients and chlorophyll concentration and distribution has been found 
several times, the extreme conditions in 1992 resulted in an upwelling environment. 
These conditions probably enhanced the zooplankton productivity and especially that 
of Emonachus, resulting in high abundance values. On the other hand the high 
abundance of Emonachus and Chelgolandicus in the deep layer of the neighbouring 
Ierapetra gyre detected in June 1993 [56], could be a secondary result of this 
upwelling. 

3.3. BIOGEOGRAPHY 

Two thirds of the E.Mediterranean basin are situated S. of 36"N, therefore at 
relatively low latitudes compared to the Western Mediterranean. Except for the 
Adriatic and the N.Aegean Sea, this basin is characterized by high temperature and 
salinity values, attributing a subtropical character. Although both basins are very 
similar from the faunistic point of view, some differences seem to exist regarding the 
abundance of the dominant species. During the recent studies in the Gulf of Lion 
Clausocalanus spp. were the most abundant species, followed by P.parvus, Oithona 
spp., Oncaea spp., Corycaeus spp., Ctypicus, Chelgolandicus and Temora stylifera 
(63). In the eastern basin, except in the Adriatic and the N.Aegean Sea, P.parvus, 
Chelgolandicus were found rare, whereas the abundance of Ctypicus and T.stylifera 
was found to be lower. 
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The faunistic "personality" of the E.Mediterranean lies on its 
communication with the neighbouring Black and Red Seas; the former has a boreal 
whereas the latter has a tropical character. Although the communication is limited 
due to the narrowness of the Dardanelles strait and the Suez channel, the influence of 
these extreme environments has been detected early. Eight species (P.parvus, 
Pontella mediterranea, Centropages kroyeri, Oithona similis, Oithona nana, A.clausi, 
C.helgolandicus, Anomalocera paterson i) were considered as Black sea species found 
in the N.Aegean Sea by Pavlova [53] and Moraitou-Apostolopoulou [64]. The 
presence of these species in small or even large numbers in other regions of the 
E.Mediterranean (coastal and offshore), do not support the hypothesis of a true 
migration of these species from the Black Sea, but rather of an enrichment of the 
Aegean Sea populations. On the contrary the rare presence of Pseudocalanus 
elongatus in the NE Aegean Sea could support the hypothesis of migration from the 
Black Sea or even that of the boreal relict species [65]. Among the planktonic species 
considered as lessepsian migrants few copepods are mentioned mainly to be found in 
the SE Levantine [8], while Arietellus pavon in us was captured in the S.Aegean Sea 
[66]. The presence of Calanopia elliptica and Centropages furcatus in the NW 
Levantine (Siokou et al unpub!. data) suggests a spreading of the migrants 
throughout the entire Levantine Sea. 

4. Conclusion 

The Aegean, Ionian and NW Levantine Seas are oligotrophic an~as characterized by 
SUbtropical plankton elements, except the NE Aegean Sea, due to its topography and 
hydrology. Some differences, regarding the chlorophyll vertical distribution, the total 
plankton abundance and the relative abundance of dominant species, were found 
between these areas and the Western Mediterranean Sea. The productivity and the 
community structure seem to be affected by the hydrological features of the basin. 
Namely the Rhodes cyclonic gyre under extreme meteorological conditions functions 
as an upwelling area, resulting in enhanced plankton productivity. 
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THE EFFECT OF PHYSICAL PROCESSES ON THE DISTRIBUTION 
OF NUTRIENTS AND OXYGEN IN THE NW LEV ANTINE SEA 

Abstract 

E. SOUVERMEZOGLOU and E. KRASAKOPOULOU 
National Centre for Marine Research 
Aghios Kosmas, Ellinikon, 16604, Greece 

The extensive study of the nutrient regime in the Eastern Mediterranean since 1985 
allowed the detailed description of their spatial and temporal distribution. The 
combination of the chemical and physical oceanography data revealed the important 
chemical signature of the physical processes, the circulation features and dynamics. The 
two main circulation features namely Rhodes cyclone and Ierap4~tra anticyclone make 
the NW Levantine a special area to study the interactions between physical and 
chemical parameters. Thus we have been able to understand the: increase of nutrients 
and plankton biomass during the cold winter 1992 in the Rhodes gyre and confirm the 
evolution ofthe Eastern Mediterranean Deep Water from its chemical characteristics. 

1. Introduction 

The Mediterranean Sea has long been known as an impoverished area with low nutrient 
level, insufficient to support a large biomass [1]. The recent observations confirm the 
general depletion of nutrients compared with other parts of the world ocean [2]. There 
is a limited supply to its surface waters from both its lower layers and from the external 
sources (the Atlantic inflow, riverine discharges and atmospherk input) but the main 
reason of its poverty is related to its hydrology and circulation as a concentration basin 
[3]. 
Until recently, there was sporadic information concerning the nutrients and oxygen 
distribution in the Eastern Mediterranean Sea. McGill [I] presented a summary of 
seasonal patterns in oxygen and phosphorus distribution in the Eastern and Western 
Mediterranen Sea, based on the few chemical measurements carried out during 
hydrological cruises. The results indicate the low level of biological activity and the 
oligotrophic character of the Mediterranean Sea. In 1965, the same author [4] compares 
the available data from the Eastern Mediterranean with those from the Western 
Mediterranean and Atlantic Ocean. He notes a considerable depletion of nutrients from 
the western to the eastern part ofthe Mediterranean Sea. 
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The nutrient regime of the Eastern Mediterranean has been studied extensively in 
recent years. In the framework of national and international research programs carried 
out in the Eastern Mediterranean during the past decade 1986-1995 (POEM, POEM­
BC, PELAGOS/MTP-I, OTRANTO/MTP-I, Open Sea Oceanography) chemical data 
were collected simultaneously with the physical data. The analysis of the data sets and 
the interpretation of the results revealed the existing analogies between the chemical 
and physical parameters and dynamics in the spatial distributions, the signals 
corresponding to physical processes and the temporal variability, from seasonal to 
interannual [5, 6, 7, 8, 9, 10, 11]. The role of the physical processes is more important 
because the phytoplankton production in the eastern basin can be related to the input of 
nutrients from the lower layers especially by wintertime vertical mixing. 

2. Area of study 

The Levantine basin is the second largest basin of the Eastern Mediterranean. It is 
bounded by Asia Minor and the northeast African mainland (Figure 1). The NW 
Levantine Sea exchanges waters with the Aegean through the Rhodes Strait (sill depth: 
350m; width 17 km), Karpathos Strait (sill depth: 850m; width: 43 km), Kassos Strait 
(sill depth: 1000m; width 67 km) and with the Ionian Sea through the Cretan passage. 
The major troughs are the Rhodes (4000m), Antalya (2000-2500m), Cilicia (1000m) 
and Lattakia (1000-1500m) Basins, the Hellenic Trench (3000-3500m) and the 
Herodotus Abyssal Plain (3000m). The latter two depressions are separated by the 
Mediterranean Ridge (2500m). 

Figure 1.The bottom topography and geography of the Levantine basin. 
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The Levantine Sea was covered from 1986 with coordinated surveys by Greece, Turkey 
and Israel. Greece covered the NW Lcvantine Sea (Rhodes gyre area, the eastern 
passages of the Cretan Arc, the area south cast of Crete). Turkey covered the northern 
Levantine basin and Israel the southern Levantine basin. 
The meteorogical and hydrological conditions in the Lcvantine Sea are often favorable 
for the convergence and the convective sinking of high salinity waters. The Eastern 
Mediterranean and specifically the Rhodes gyre is the site of formation of the Levantine 
Intermediate Water. 
The synthesis of the recently collected data allowed to describe the Levantine basin 
circulation P2,13]. The hydrological features consists of a series of dynamically 
interacting sub-basin scale eddies (the Rhodes cyclonic, Mersa Matruh anticyclonic and 
Shikmona anticyclonic gyres) and embedded coherent structures (the Anaximander. 
Antalya, Cilician and Ierapetra anticyclonic eddies) fed by bifurcating jet flows (the 
Central Levantine Basin Current and Asia Minor Current, AMC). The general 
circulation is represented schematically in Figure 2 (from fl2] ). 
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FIgure 2. Schematic representation of the general upper thermocline circulation extended from meldmg data 
and dynamics (Robinson and Golnaraghi, [12 J; Fig.29) 

According to Theocharis et a/ [14] the three existing main water masses in the NW 
Levantine Sea are: a) the Modified Atlantic Water (MAW), which originates from the 
Atlantic Ocean, enters in the Eastern Mediterranean through the Sicily channel and is 
characterised by a salinity minimum, b) the Levantine Intermediate Water (LIW), 
which is the saltiest water mass of the Eastern Mediterranean and is generated in late 
winter in several areas of the Lcvantine Basin and in the South Aegean Sca and c) the 
Eastern Mediterranean Deep Water (EMDW) which is colder and less saline than LIW. 
This is produced in the Ionian Sea through the mixing of the transformed LIW with the 
Adriatic Bottom Water (AdBW) outflowing from Otranto Strait. The layer between 
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LlW and the EMDW (700-1600m) is considerably uniform (S-38.7, T- 13.6 0c) and is 
called Transitional Mediterranean Water (TMW). Recently during the severe winters of 
1992 and 1993 deep water formation and convective overturning in the Rhodes gyre led 
to the formation of Levantine Deep Water (LOW) [IS}. 

3, Results and Discussion 

3.1. Distribution of nutrients in the NW Levantine Sea 

The northern Levantine Sea has been sampled several times since 1986 in the 
framework of national and multinational research programs. The survey consisted from 
an extensive grid of stations shown in Figure 3. 
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Figure 3. Grid of chemical stations in the northwest Levantine Sea and the adjacent southern Aegean and 
eastern Ionian Seas. 

The vertical distribution of oxygen and nutrients at different stations and seasons, from 
data collected in the Eastern Mediterranean during the POEM cruises is shown in 
Figure 4. It is evident that the nutrient levels are typical of an oligotrophic region. The 
nutrient depleted surface layer is separated from the intermediate and deep-water layers 
by a transitional layer of IOO-200m thickness, within which the concentration of 
nutrients increases rapidly. The concentration of nutrients in the intermediate and deep­
water layers is rather constant, increasing in the following order: Aegean< Ionian < 
Levantine, and of the same order of magnitude as reported by Mc Gill [1 , 4] . The 
oxygen is almost saturated in the surface layer (6mVI in winter and 4.8 mIll in 
summer). We can observe a sharp decrease of oxygen in the transition layer while in the 
deep water the concentrations are around 4.2 mIll and are decreasing in the order which 
the nutrients are increasing: Aegean> Ionian > Levantine. 
The northwest Levantine circulation in late summer 1987 is described in details by 
Theoharis et al [14]. The important circulation feature of the Eastern Mediterranean, 



229 

namely Ierapetra anticyclone, exists during this cruise and presents strong signal mostly 
in the upper layer. It is found to the west of the Rhodes gyre, just to the southeast of 
Crete. Figure 5 represents the distribution of oxygen and nutrients along a section south 
of Crete and east of the eastern straits of the Cretan Arc during late summer 1987. The 
distributions of oxygen and nutrients present similarities both in the frontal region and 
the vertical structure. The oxygen and nitrate isoconcentration lines at the station 24603 
are depressed about 250m below those found in the adjacent areas. Surface waters up to 
the depth of 200m (depth of the nutricline) within the gyre are very poor in nutrients 
(N03 < 1 ~M). The Rhodes gyre is a permanent circulation feature within the Eastern 
Mediterranean, having a hydrographic structure typical of a cyclonic dome. The depth 
of the nutricline at the stations 24701 and 25816 is influenced by the Rhodes cyclonic 
circulation and appears very close to the surface at about 75m. The deep layer (below 
1000m) is almost homogeneous. The stations in the Ionian side (24303, 24402) have 
similar chemical characteristics with the Ionian Sea (02 - 4.2-4.3 mill, N03 - 4.5-5.0 
~M). In the Levantine Sea the deep layer is less oxygenated and richer in nutrients (02 

- 4.1 mlll, N03 - 5.5 ~M). It is well known from previous investigators that the 
EMDW is formed in the Northern Ionian Sea and spreads to 1the south Ionian and 
Levantine seas. The slight diminution of oxygen and augmentation of nitrate in the 
EMDW, from Ionian to the NW Levantine basin is related to the decomposition of 
organic materials during the spreading. 
The results obtained during the last years showed that although the Mediterranean in 
the whole is oligotrophic, locally and temporary high planktonic biomasses can be 
found. In the cyclonic regions where the nutricline ascends to the base of the euphotic 
zone, the phytoplankton biomass and the primary production is higher than in the 
anticyclonic regions where the nutricline is situated at greater depths, limiting the 
nutrient input to the surface waters during the winter mixing [9]. In order to compare 
the distribution of hydrological and chemical parameters in a cold and a warm core 
eddy we chosen the Rhodes cyclone and the Ierapetra anticyclone during different 
cruises in autumn, winter and spring (Figures 6 and 7). The concentrations of nutrients 
in the surface waters around the Rhodes gyre (Figure 6) are, for most of the cruises, as 
poor as in the other areas of the Levantine Sea. The oxycline, the nutricline, the 
halocline and the thermocline are established near the surface. During the severe winter 
of 1992 the halocline and the thermocline disappear completely, while the oxycline and 
nutricline are topped by a very thin layer poor in nutrients and rich in oxygen reaching 
from the surrounding areas. The nutrients concentrations in the subsurface layer are 
higher than those measured during the other cruises due to the deep and intense 
convective mixing. The increase of oxygen, salinity, temperature and the corresponding 
decrease of nitrate by about 0.35 mlll, 0.1 psu, 0.25 °C and 0.8 ~M respectively can be 
attributed to the deep ventilation ofthe waters (see also paragraph 3.2). Nevertheless we 
must take in account the contribution ofCDW to the modification of the hydrochemical 
properties of LDW (see also paragraph 3.3). In the Ierapetra anticyclonic eddy, the 
oxycIine, the nutricIine, the halocline and the thermocline are established about 100 
meters deeper than in the Rhodes cyclone. The nutricIine deepened to about 400m in 
late winter 1992 while it is situated at about 200m in October 1987, November 1991 
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Figure 4. Vertical distribution oj oxygen and nutrients in the northwest Levantine Sea and the adjacent Cretan 
and eastern Ionian Seas during (a) spring 1987 (b) autumn 1987. 

and April 1995. The increase of oxygen and the corresponding decrease of nitrate below 
1000 meters for the period from October 1987 to March 1992 can be attributed to the 
CDW outflow (see also paragraph 3.3). The evolution of the hydrochemical parameters 
from 1987 to 1995 due to the outflow of CDW is well reflected in the layer below 1200 
meters by an increase of oxygen, salinity and temperature and a decrease of nitrates by 
about 0.2 mIll, 0.06 psu, 0.2 °C and 0.6 JlM respectively. 
The Mediterranean waters, beside their relative poverty in nutrients, are characterised 
by a nitrate to phosphate atomic ratio different from the open ocean, the Atlantic Ocean 
in particular. Our results showed that for the NW Levantine Sea the N:P ratio ranges 
between 23-28, which is much higher than that in the Atlantic Ocean, in conformity 
with the Redfield's ratio N:P=16:1 [16]. The N:P ratio in the water column of the 
Levantine Sea vary substantially with depth. Anomalously high values (N:P > 40) were 
found at the top of the nutric1ine (Krom et al 1991, Yilmaz et al 1997). The high values 
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of the NIP ratio in the top of the nutricline appear on the vertical distributions of the 
ratio of both the Rhodes gyre and the Ierapetra anticyclone during different cruises 
(Figures 6 and 7). The N:P ratio is rather constant in the layer below 400m and it 
ranges between 20 and 24. We do not have yet any explanation for the higher values 
observed in 1995. 
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Figure 5. Vertical distribution of oxygen (mill) and nitrate (pM) along a section south of Crete and east of the 
eastern straits of the Cretan Arc in late summer 1987 (solid line). 

3.2. Chemical signals related to the physical processes 

Within the frame of POEM-BC program, two surveys in March-92 and April-95, 
designed to examine the water formation and spreading processes in the Eastern 
Mediterranean. The complete grid of chemical stations in the area of the eastern straits 
of the Cretan Arc and the NW Levantine Sea made possible to investigate with a good 
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Figure 6. Vertical profiles 0/ dissolved oxygen, nitrate, NIP (molar ratio 0/ total oxidised nitrogen to 
orthophosphate), salinity and potential temperature o/the Sta, 25810 in the Rhodes Gyre/or October 1987-
April 1995, The corresponding station/or 1987 is 25816 and/or 1995 is Sta. 4. 

resolution the vertical and horizontal distribution of oxygen and nutrients and to detect 
the chemical signals related to the water formation processes [17]. 
During these two cruises the horizontal and vertical distribution of oxygen and 
nutrients appear to be greatly influenced by the circulation features present in the area. 
In Spring-1992, after an extremely cold winter, the intense Rhodes Gyre occupies a 
large area extended between 34°00' and 36°00' N at the east of Rhodes island having 
the structure of a convective chimney. The exceptional deep convection, down to at 
least 2000m led to the formation of Levantine Deep Water (LDW), contrary to the 
classical LIW formation in the area. The well mixed core of the chimney had a 
diameter of about 150 km and was occupied by water with 8- 13.7 °C, S-38.77 psu and 
0"8-29.18 [15]. At the 50 dbars level, within the core of the gyre the oxygen minimum 
is lower than 4.7 m1l1 and the nitrate maximum higher than 3.5 J.lM. The cyclonic gyre 
extends to the south at 100 dbars level and presents two distinct cores. The lower 
oxygen (02<4.5 mIll) and the higher nitrate concentrations (N03)4.5 J.lM) appear in 
the centre of the northern core (Figure 8). The oxygen varied between 4.4 m1ll and 
nitrate attained 4.6 to 4.8 J.lM in the 100-20Om layer. In the center of the gyre (station 
25810) the whole water column below 200m down to deep layers, is homogenized and 
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the oxygen varied between 4.3 and 4.6 mVI (Figure 9), whereas nitrate varied between 4 
and 5 ~M. These concentrations are considerably higher than thost: usually found in the 
area. This important enrichment of the surface layer in nutrients potentially can 
contribute to the increase of biological production in the region [I8] . 
To the southeast of Crete within the Ierapetra anticyclone, on the contrary, the oxygen 
concentrations were higher than 5mVI and nitrate did not exceed 2.5 ~ in the upper 
layers (Figure 8). It appears that the conditions prevailing in the lerapetra anticyclone 
favour the formation of new LlW masses. The lenses of well oxygenated (02)5.2 mill) 
and poor in nutrients (i.e. N03<2.0 ~M) water detected in the layer between 100 and 
200 m (station 24702, Figure 9), are related to the newly formed LlW with e~ 16°C, 
S~39.15 psu and cre~28.95 [15]. Along the Cretan Passage a succession of local 
minima and maxima of oxygen in the surface layer (Figure 9), in correspondence with 
maximum and minimum values of nutrients in the same positions, are detected. The 
latter is probably associated with the small cyclonic and anticyclonic eddies which are 
formed by the Mid-Mediterranean Jet (MMJ) that flows and meanders between 33°30' 
and 35°00' N. 
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Figure 7. Verhcal profiles of dissolved oxygen, nitrate, NIP (molar ratio of total oxidised nitrogen to 
orthophosphate), salinity and potential temperature of the Sta. 24605 in the Ierapetra anticyclone for October 
1987 - April /995. The corresponding stationfor1987 is 24603 andfor 1995 is Sta. 59. 
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In Spring-95, well oxygenated-poor in nutrients water is observed at the south of Crete, 
in the northern edge of the Ierapetra anticyclone (34°45' N, 26°15' E) and seems to be 
associated with newly formed LIW (Figure 10). Similarly, blobs with newly formed 
water rich in oxygen and poor in nutrients are also detected at other positions along the 
34°30' N latitudinal transect (stations 66 and 59, Figure 11). The Rhodes cyclonic gyre 
dominates the basin to the southeast of Rhodes and Karpathos islands and pushes 
relatively 'oxygen poor-nutrient rich' (02<4.4 mlll; N03>4.5 11M) deep waters, in the 
productive layer (Figure 10). In both Spring-92 and 95 cruises, the presence of a small 
anticyclonic eddy formed by a branch of the Asia Minor Current which enters the 
Cretan sea through Karpathos strait, affects the distribution of oxygen and nutrients in 
the area close to the strait (Figures 8 and 10 ). 

DISSOLVED OXYGEN (Ml.A.) • 100 dbar 
MARCH· APRIL 1992 

NITRATE (~M) -100 db ... 
MARCH - APRIL 1992 

Figure 8. Hori=ontal distribution oj oxygen (mill) and nitrate (11M) at 100 dbars during Spring 1992. 

3.3. Interannual variability of the Cretan Sea contribution 

The historical data showed that the Adriatic Sea was the main contributor to the 
Eastern Mediterranean Deep Water (EMDW) [19]. Our observations in the vicinity of 
the Otranto Strait during the cruise ofRIV Aegaio in March-April 1987, permitted the 
identification of the well oxygenated and relatively nutrient-poor AdBW (in the core 
O2>5.2 mllI, N03<3.0 11M; P04<0.1 11M and Si04<3.5 11M). Our results showed [10] 
that in summer the outflowing Adriatic water over the sill is thiner, its chemical 
composition changes and becomes richer in nutrients and poorer in oxygen (02<5.1 
mIll, N03>3.3 11M, P04>0.2 11M and Si04>3.8 11M). The AdBW outflowing over the 
sill is mixed with the Ionian waters which move towards the Adriatic. In the Ionian, 
south of 39° N latitude and below 800 meters the deep waters became homogeneous. 
This water formed by mixing of the AdBW with the LIW, is the EMDW and has 
O2<4.4 mlll and N03>5.0 11M [10]. The evolution of nutrient and oxygen content of the 
EMDW from the South Ionian Sea towards the NW Levantine is related to the 
decomposition of organic materials and can be followed on the Figure 5. 
The contribution of the Aegean Sea in the intermediate and deep waters of the Eastern 
Mediterranean has been considered secondary and rather sporadic. It was restricted in 
the vicinity of the Cretan Arc regions loosing rather quickly its characteristics [14]. 
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Within the period of 1986-1987 the Cretan contribution was identified mainly in the 
layers below LIW, with nearly deep LIW charactestics, affecting a large area around 
Cretan Sea. Intermittent outflow of Cretan Deep Water (COW) is manifested in the 
same period (late winter and late summer cruises 1987) in form of "high oxygen-low 
nutrient" (02)5.0 mIll, N03<2.5 J.lM) patches detected, at a depth of 900m, at the west 
side of the Cretan Arc, in the Ionian Sea [10]. This patches are also characterised by 
high salinity and temperature values (S>38.9; T> 14.4 ce). The patches of COW are 
less pronounced in summer than in winter with lower oxygen and higher nutrient 
content. Schlitzer et al [20] based on CFM-12 (chlorofluoromethane) data from the 
expedition of F.S. Meteor during the same year, taken togeth,~r with oxygen and 
hydrographic measurements, conclude that the AdBW is the only substantial source of 
deep and bottom water in the Ionian and the Levantine Seas. 
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Figure 9. Vertical distribution of oxygen (mill) along a section south of Crete and east of the eastern straits of 
the Cretan Arc in Spring J 992 (dashed line). 

Since the beginning of this decade a drastic change in the circulation through the straits 
of the Cretan Arc has been observed [21, 22]. In the years following 1987 the dense 
waters of Aegean origin added to the deep and bottom sections of the Eastern 
Mediterranean displace upwards the waters of Adriatic origin with two important 
consequences on the distribution of oxygen and nutrients [23 ,24] : 
a) the important increase of oxygen and decrease of nutrient content in the deep and 
bottom layers of the Eastern Mediterranean, 
b) the intrusion of "nutrient rich-oxygen poor" Transitional Mediterranean Water 
(TMW) in the intermediate layers ofthe Cretan Sea. 
This drastic change in the thermohaline circulation is basically induced by the increase 
of deep water density in the Cretan Sea. The first period of anomaly (1987-1992) is 
salinity driven (0.1 increase) and the 29.2 isopycnal is raised up to 400m in 1991 and 
30m in 1992 [25]. The whole Cretan basin is filled with young and oxygenated (02~ 
5.0) water [26] with densities that reach 29.26. A massive outflow of this water towards 
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Figure 10. Horizontal distribution of oxygen (mill) and nitrate (f1.M) at 200 dbars during spring 1995. 

the Levantine and Ionian Seas mainly through the three deeper straits of the Cretan 
Arc, namely; Antikythira, Kassos and Karpathos is observed [27, 28] . 
During 1992, large quantities of outflowing CDW lie beside the DW of Adriatic origin 
creating important gradients in the deep layer. Patches of oxygen rich-nutrient poor 
CDW with lateral scale of 100 to 250 kilometers are detected to the south of Crete and 
eastward of the Eastern Straits of the Cretan Arc (Figure 9). 
The second period (1992-1995) is driven by temperature (0.3-0.4 °C cooling), while the 
salinity remains almost in the same high values. This corresponds to an increase of the 
Cretan water's density that reaches the extreme value of 29.4. By the year of 1995, the 
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Figure II. Horizontal distribution of oxygen (mill) and nitrate (jJM) along a section south of Crete and east of 
the eastern straits of the Cretan Arc in Spring 1995 (dotted line). 

Cretan Sea dense waters have filled the deepest parts of the Ionian and Levantine Seas 
changing dramatically the properties of the Eastern Mediterranean deep waters. 
In 1995, the vertical distribution of oxygen and nitrate along the same transect, starting 
from 25°E longitude (Figure II), totally differs than that of 1992. The water column 
below 300 m is homogenised and oxygen concentration varied between 4.3-4.5 mill, 
whereas the nitrate values are in the range of 3.5-5.0 J.l.M (Figure II). The mean value 
of oxygen concentration increases from 1987 to 1995 by 0.3 mVI (13 J.l.M) and that of 
nitrate concentration decreases by about 1 J.l.M. The old EMDW is lifted up several 
hundreds of meters enriching with nutrients the intermediate depths of the basin 
(Figures 5 and II). We can suppose that in some areas these nutrients can reach the 
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euphotic layer by mixing and contribute, by this way, to the increase of biological 
production. 
In the framework of the Mediterranean Targeted Project (MTP)-PELAGOS four 
seasonal oceanographic cruises were performed in the area of the Cretan Sea and the 
Cretan Arc straits from March 1994 to January 1995. Our calculations for the period of 
these cruises, showed that the mean annual COW outflow from Kassos Strait is about 
10.8 Xl07 tons of oxygen, 7.3 x105 tons of nitrogen, 5.5 x104 tons of phosphorus and 
17.9 xl 05 tons of silica. The corresponding fluxes from Antikithira Strait are about 4.7 
xl07 tons of oxygen, 2.8 xl05 tons of nitrogen, 2.1 x104 tons of phosphorus and 6.2 
xl05 tons of silica [24, 27]. 
In the same period an increased inflow of "nutrient rich-oxygen poor" Transition 
Mediterranean Water (TMW) in the intermediate layers of the Cretan Sea compensates 
the COW outflow. Important inflow ofTMW from the Eastern Straits of the Cretan Arc 
is observed in late summer 1991. During the same cruise a new "nutrient rich-oxygen 
poor" layer between the saline intermediate and the COW appears in the Cretan Sea. In 
the core of this layer the concentration of nitrate is higher than 3 IJ.M and that of oxygen 
lower than 4.8 mlfl. However, very intense convective mixing in late winter 1992, 
prevented from the installation of the TMW layer in the Cretan Sea. The concentration 
of nitrate between 200 and 600 metres, during this period, is lower than 2.5 IJ.M and 
that of oxygen higher than 5.1mVI [26]. 
During the cruises of the PELAGOS project, the TMW occupies the intermediate layers 
of the entire Cretan Sea and the concentrations of nutrients in this layer are often two 
times higher than those observed in the same area during the previous cruises (increase 
~2.5 IJ.M of nitrate, ~0.05 IJ.M of phosphates and ~2.5 IJ.M of silicates). The decrease of 
oxygen in this layer is about 0.8 mVI (35 IJ.M) [23, 27, 28, 29]. 

4. Conclusions 

The recent observations confmn the oligotrophic character of the NW Levantine Sea. 
The intermediate and deep waters of the NW Levantine Sea are relatively richer in 
nutrients and poorer in oxygen than the other subbasins of the Eastern Mediterranean. 
This is related to the circulation and the evolution of the EMDW during its spreading 
from the Ionian to the Levantine Sea. 
In the cyclonic regions the nutricline ascends in the base of the euphotic zone and 
contribute to the increase of phytoplankton biomass and primary production. During the 
extremely cold winter of 1992 the formation of LOW within the Rhodes gyre contibute 
to an important enrichment of the surface layer in nutrients. The tranformation of the 
Cretan Sea from a secondary and sporadic to a principal source of the EMDW affects 
dramatically the distribution of oxygen and nutrients in the deep layers of the Eastern 
Mediterranean. In the same period the upwards displacement of the "old" EMDW 
resulted to the intrusion of ' 'nutrient rich-oxygen poor" TMW in the intermediate layers 
of the Cretan Sea. 
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ABSTRACT 

Suspended particulate (PaC, paN. PP) profiles obtained in 1991-1994 indicate the 
existence of characteristic subsurface maxima ncar the base of the euphotic zone in the 
cyclonic Rhodes gyre and its peripherial waters in the Northeastern Mediterranean. 
Interestingly the N:P of the bulk seston was reasonable during stratification seasons 
when the surface water \\as relatively poor in phosphate: but the ratio was 
unexpectedly 10\\' (N :P=6-12) in the late winter of 1992 when the surface layer of 
Rhodes gyre was occupied \\'ith nutrient rich deep waters. 

1. INTRODUCTION 

The eastern Mediterranean is one of the well known region of low productivity over the 
world due to limited nutrient supply to its surface layer from external and internal 
sources [L 2]. The annual rate of phytoplankton production in the basin shows regional 
fluctuations and has been estimated to range regionally between 16 and 65 gCm-~. The 
seasonality and the magnitude of primary productivity are principally determined by 
the extent and duration of \\inter mixing which provides nutrient inputs from 
intermediate layers to the ellphotic I.one [3. 4. 5]. Chlorophyll-a (CHL) concentrations. 
as a simple but rough measure of phytoplankton biomass. range fmm D,n 1-0,6 ~lgL-l in 
summer to 0,1-1.7 ~lgL-l during the late winter-early spring bloom period [5]. A well­
developed deep chlorophyll ma.\imum (DCM) near the base of the euphotic zone is a 
characteristic feature of the NE Mediterranean throughout almost the whole year [3. 4. 
6. 7. 8. 9. 10. 11. 12. 13]. Nevel1hcless this prominent feature may disappear under 
severe winter conditions. as experienccd in the late winters of 1989 [3. II] and 1992 
[5]. 

Not unexpectedly. particulate org,lllic mailer (seston) content of the eastern 
Mediterranean surface water is relatively less than in the western basin [9. 14]. During 
spring-alltllllln period. when the surface layer is thermally stratified. background seston 
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concentrations of the producti\'e upper layer are principally sustained by the 
regenerated production, Therefore. non-living particles (detritus) constitute a 
substantial fraction of the bulk seston content of the euphotic zone [15]. as occurred in 
other oligotrophic seas [16. l7, l8. 19]. 

The deep water of the NE Mediterranean is relatively rich in dissolved inorganic 
nutrients (N03=.t-6 ~lM and PO~=0.15-0.22 ~lM) but with a relati\'ely high N:P ratio 
(=26-28) [4] compared to the deep oceanic values (= I.t-17) [20]. Therefore. nutrient 
inputs from the deep layer to the surface waters by ad,'ectiye and cOIH'ective mixing in 
winter occur with the indicated high ratios [3]. This process most probably leads to 
phosphorus-limited algal growth in the euphotic zone of the eastern Mediterranean 
[21. 22]. Moreo\er. the limited nutrient supply from the deep waters with relatively 
high N:P ratIos is e:-;pected to affect the chemical composition of biogenic particles 
synthesized in the cuphotic zone, Unfortunately. no systematic data is a\'ailable for a 
sound understanding of seasonal and spatial \'ariability in both the abundance and 
elemental composition of seston in the northeastern Mediterranean, For this goal. 
seston samples were collected from the upper layer of the NE Mediterranean in 1991-
199.t period. in the scope of the ongoing national oceanographic program. Particulate 
organic carbon. nitrogen and total particulate phosphoms concentrations of the seston 
retained on filters have been e"aluated on the seasonal and regional basis. together 
with the hydrographic. optical. chlorophyll and dissolyed inorganic nutrient data from 
the same sites, 

2. METHODOLOGY 

Oceanographic data discussed in this article \\De obtained during the October-9I. 
Marcll-n. July-9] and March-9.t cruises in the NE Mediterranean, The Oetober-9l 
and July-9] sur\'eys rcpresent the period of seasonal stratification in the surface waters 
whilst the March data stand for the late winter-early spring conditions, Unfortunately. 
no data was obtained in Slimmer 1992 and winter 1993, The study area and the 

positions of sampling stations. located between the longitudes 2X"OO'-16°01l' E and 

latitudes 3.t"OO' -lG".t5' N, arc shO\\ll in Figures I and 2. respectively, 

\Vater samplcs lor chemical lllC:lsurelllents \\ere collected with 5L-Niskin bottles on a 
Rosette att:lchecl to the Sea-Bird CTO probe dO\\ll to 1000 m, The upper layer from 
surface to belO\I I 'XI light dept h \\ere sampled for particulate organic carbon (POC), 
nitrogen (PON). IXlrliculate phosphorus (PP) and chlorophyll-a (CHL) analyses. 
Particulates retained on GF/F filter pads for POC and PON analysis were determined 
by the conyentional elr.' combustion technique [23]. using a Carlo Erba model 1108 
CHN analyzer. PP content of the seston \\-as determined by the method of dry 
combustion + colorimetric measurement [2.t]. CHL samples. homogenized and 
c:xtracted into 90% acetone solution. were measured by the standard nuorometric 
method [25]. using a Hitachi F-1000 Model nuorometer and a commercially available 
CHL standard (Sigma), 
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Seawater samples for N03+NO~ and po., were put into 50 mL HDPE bottles and kept 
frozen until analysis by a Technicon Model two-channel autoanalyser. The anal)1ical 
methods followed were very similar to those described in [26]. 

3. RESULTS 

3.1. WATER COLUMN STRUCTURE 

The hydrodynamics and hydro-chemistry within the NE Mediterranean Sea display 
three regions of distinct vertical features. They are the cyclonic Rhodes Gyre (L), the 
Cilician Basin with a quasi-permanent anticyclonic eddy (H) and fronts+peripheries. 
As clearly shown in Figure 2. the region orr Antalya bay is a typical site for fronts and 
peripheries be!\\een thc cyclonic and anticyclonic eddy fields. 

The hydrographic properties of the NE Mediterranean upper layer in March 1992 were 
apparently different from the vertical stmcture in March 199-l (Fig. 3). Prolonged 
winter conditions in 1992 permitted the deep water to occupy the entire upper layer of 
the Rhodes cyclonic region. This process resulted in the formation of a markedly thick, 
well-mixed (isohaline and isothermal) upper layer in March] 992. For example, typical 
temperature. salinity and density profiles displayed in Figure 3 demonstrate that the 
Rhodes upper layer was homogenized thoroughly by advection of the deep water and 

o 
subsequent cOI1\'ectiyc mixing down to at least 1000 Ill. The isothermal (-13.8 C) and 
isohaline (-38.8 ppt) upper layer water possessed slightly higher salinity and 
temperatures ,-alues than the those of the Levantine Oeep Water (LOW) determined 

prcviously as T=13.6°C and S=38.7 [27, 28], due to mixing with the warmer and 
saltier surface waters of the Rhodes region under prolonged winter conditions. 
However. during the period of seasonal stratification LOW may rise up to 50 111 in the 
Rhodes gyre but merely to 100 m in peripheries and 150 m in the Cilician basin (Fig. 
3). In other words. the upper layer of thc NE Mediterranean is occupied with saltier 
and warmer waters (thus less dense). separated from LOW by a pycnocline. This quasi­
permanent density gradient zone appeared to be situated at rc1atin:ly shallower depths 
(50 m) in the Rhodes cyclone in October 1991 and July 1993 (Fig. 3): it was 
cOlllpletely destroyed in the core of the Rhodes cyclone during the winter of 1992 [29], 
as previollsly e.'\periellced ill 11)87 [30]. 

In the upper layer or the Cilician Basin. small scale anticyclonic eddies are generally 
established [27. 28. 31] with the hydrographic structures apparently different from that 
of the Rhodes cyclone. In sumlller-autumn period. the Cilician surface water is more 
saline and wanner (Fig.3), below \\'hich a less saline. cooler water «39 ppt) of 
Atlantic origin may be seen until winter mixing. A vertically homogeneous water layer 
at intermediate depths. overlying the LOW during the period of seasonal stratification 
in the surface water. is called the Levantine Intcrmediate Water (LIW) and 

characterised by a tcmperature of around 15.5 0 C and salinity of 39.1 [27, 32]. The 
thickness of LlW layer changes seasonally and regionally. In winter, LIW is mixed 
thoroughly with the salty surface waters to form a \'ertically homogenous upper layer. 
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As clearly shown in Figure 3, in the frontal zone off the Antalya bay and anticyclonic 
Cilician region. the upper mixed layer was much thicker (300-600 m) in the winter of 
1992 than in the winter of 199.t (200-300 m). A well defined seasonal stratification in 
the surface willer was obsen'cd at around 50 m in summer-autumn period (Fig. 3). 

3.2. WATER TRANSPARENCY 

Measuremcnts of irradiallce indicate that I % of surface light intensity (defining the 
base of the euphotic zone) penetrates to a dcpth of 70-110 m in th(: Cilician basin; it is 
relati\'ely shallow (.t5-80 m) in the more productive Rhodes cyclonic and Antalya Bay 
regions. The present data are consistent with those obtained by [33] who determined 
the l 'X. light depth to range between 55 and 95 m. with an average value of 80 m for 
the whole NE Mediterranean. The I % light depth measured in this study are also 
depicted on the CHL profiles for a better understanding of the role of basin 
hydrodynamics on the biochemical and optical properties of the NE Mediterranean. 

The downward auenuation coefficient (Kd) estimated from th,~ measurements of 
irradiancc in the NE Mediterranean in 1991-1994 was found to range from 0.04 m·1 in 
the anticyclonic region during summer-autumn period, to 0.l2 m·1 in cyclonic and 
frontal regions during winter-early spring period with an cl\"erage value of 0.057 nfl. 

3.3. NUTRJ ENTS 

Basin-\\·ide. long-term studies conducted since 1988 have shown the critical role of 
com'ecti\"e mixing and ad\"ection of deep water in "inter on the spatial and seasonal 
variations of the nutrients in the upper laycr of NE Mediterranean [4. 10). In the 
Rhodes cyclonic gyre. the nutrient concentrations of the surface water are closely 
associated with the hydrographic stmcture. Simply put. in March 1992 when the upper 
laycr was occupied completely by the LOW with the associated chemical properties, 
vertically uniform nutrient profiles were obtained throughout the water column down 
to a depth of about lOOO 111 (Fig . .t). Nevertheless. the nutrient concentrations of the 
euphotic zone were \'cry similar to the characteristic values of LOW (Po.1=0.2 ILM, 
N03=5.5 ILM). In March 199.t. the saltier surface water was separated from the LOW 
by a sharp pycnocline located at 50 III (Fig . .t). indicating less SC\'ere winter conditions 
to be insufficient for the advection of LOW lip to the surface layer of the eddy. Thus. 
nutrient supply to the upper layer from the LOW through the nutricline became very 
limited: the surface concentrations \\ere measured to as low as about 0.5 IlM for N03 

and 0.02 ILM for PO.1 (Fig . .t). The nutricline strictly coincided with the quasi­
permancnt pycnocline just located ncar the base of the euphotic zone in the Rhodes 
cyclone (Fig . .t). Thc shallow Ilutricline permits a partial nutrient supply to the lower 
depths of the euphotic zone. \\"here the light intensity is always a limiting factor for 
algal grO\\1h at such depths. 

In the fronts and periphery off Antalya bay. the nutricline appeared to be located at 75-
100 III in summcr-autumn period. which permits to a limited nutrient supply to the 
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lowcr depths of thc euphotic zonc (Fig -+). Under less seyere winter conditions. the 
nutriclinc depth is slightly modified. as experienced in March 199-+ (Fig. -+). However. 
during the prolonged winter of 1992. the frontal surface waters appeared to be 
relati\'cly enriched in nutrients by thc supply from the nutricline depths: the euphotic 
zone concentrations increased from 0.02 ~lM in SUlllmer to the \C\'cls of 0.05 ~lM for 
POI and from () II ~lM to 1.5 ~lM for N01. MoreO\"Cf. the permanent nutriclinc became 
broader and moved to a greater depth (500 m) and also the nutrient content of LIW 
increased apparently in March 1992 relative to those measured in October 1991 (Fig. 
-+). This supply was provided from LOW through the pycnocline by means of intense 
convective mixing in winter. which also modified the stmcture of dcnsity gradient 
bctwecn the LIW and LDW (Fig. 3). 

In thc Cilician basin. whcrc an anticyclonic eddy is formed quasi-permanently. the 
chemical profiles arc also associated with hydrographic stmcture. As clearly shown in 
Fig. -+. the saltier surface waters arc always poor in nutrients due to establishment of 
the nutricline at much greater depths tlwn in the Rhodes cyclone. Because the limited 
nutrient suppl\" from the deeper \\,Hers is utili/ed in photosynthesis the surface 
concentrations ,Ire as 101\ as 002 11M for POI and 0.2-0.3 ~lM for NO.1 throughout most 
of the year. Bclo\\ the euphotic 101le. there e.\ists a nutrient-poor aphotic layer which 
e.\plicitly coincides \\ith thc LIW la~er (Fig .. q The nutrient-poor LlW layer IlIay 
extend down to 300-S00 m. as experienced ill October 1991 and July 1993 (Fig4). and 
to greater depths in the southeastern Mediterranean [3]. The nutrient content of LIW 
remains almost constant with depth down to the permanent nutricline of the 
anticyclones: but the concentrations slightly increase from spring to autumLl until deep 
winter mixing. due to the supply of particulate nutrients frolll the surface layer. In 
winter. the LlW I:lycr is mixcd with the surface waters by comecti\'e proccsses. leading 
to a net export of nutricnts to the surfacc laycr. Thc nutrient-poor L1W does not appcar 
in thc cyclonic rcgion (Figs", and ~) The nutriclinc belOlI the LlW cxtcnd down to 
thc boundary of LOW throughout the basin (Figs. 3 and -+) Although its depth and 
thickness \',lrY in space and time. thc upper ;lnd lower boundaries of the nutricline arc 
defined by thc 29.00-29.05 and the first appearancc of the 29.15 dcnsity surfaces. as 
recently rcportcd [-+]. In the Cilician basin thc nutricline onset appeared at a relatively 
shallower depth (200 m) in the winter of 199-+ than in the summer-autumn period (Fig. 
-+ ). 

3..t_ PARTlClJLATE ORGANIC MATTER AND CHLOROPHYLL-A IN THE 
UPPER LA YER OF THE NE MEDITERRANEAN 

3.-1.1. Rhodes (':I're 

Pa rt Iculalc organ ic ca rbon. ni trogen and phosphorus concentrat ions \\crc relat ively low 
in the surface mixcd layer of thc cyclonic eddy during thc summer-autumn pcriod (Fig. 
5a). The highcst particulate conccntrations wcre consistcntly recordcd at the depth of 
the OCM (around GO m). rcaching the levels of 3.IG ~lM for POc. 0.23 ~lM for PON 
and lH)26 ~lM for PP in October 1991. whilst the corresponding maxima for July 1993 
being 6.62. 0.S7 and 0.036 ~lM respectivcly. In March 199~. the vertical distribution of 
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POM in the euphotic zone appeared to be consistcnt with that of CHL-a, with less 
pronounced maxima observed at shallower depths than in the summer-autumn period. 
Under the prolonged winter condition of 19n. the Levantine deep waters with their 
associated chemical properties occupied the surface layer. Efficient convective mixing 
in the upper layer led to the formation of Yertically uniform POM and CHL-a profiles 
in the core of the gyre (Figs. Sa and 6). Although the entire upper layer of the Rhodes 
cyclonic region was occupied with the relatively nutrient-rich deep water in March 
1992. the highest concentrations of both POM and CHL-a were recorded in the frontal 
areas off Antalya bay (Fig. 5b and 6 ) as discussed below. 

3.-1.2. Frontal area hetween the Rhodes ed(~1' ami Anta~l'a hasin 

Fig. 2 shows the sampling location in March 1992 "'here the saltier upper layer of the 
studied site was partly diluted with the deep water by convecti,'e mixing down to about 
400 m. Conscquently. the upper layer was enriched to some extend with dissolved 
inorganic nutrients as clearly shown in Fig 4. In the region coherent subsurface 
particulate peaks for March 1992 were recorded at 30-40 m (Fig. 5b) whilst the CHL-a 
distribution was nearly uniform over the entire euphotic zone "'ith a small increase at 
the I 0";. light depth (Fig. 6). Interestingly. primary productivity measurements at the 
same location indicated the maximum carbon uptake rate to occur at 35 m [33], 
coinciding with the particulate maxima and corresponding to the depth of 10 % of the 
surface irradiance (Fig. 6). In March 1994 when the convective mixing was relatively 
weak. the subsurface peaks of POC and PON profiles were coincident with the 
relatively broad DCM established between 40-80 Ill. On the contrary. the PP profile 
displayed a slightly increasing trend below 50 m and thcn retained almost constant 
down to 90 m. where POC and PON dropped to minimal values. In luly 1993. the 
pronounced particulate maxima well coincided with the DCM formed between 65 and 
75 m. MoreO\·er. the POM and CHL-a maxima were as high as those obtained in 
March 1994. On the other hand. POC and PON data from October 1991 displayed 
insignificant variatioll with depth in the upper 150 111. The concentrations obtained 
below 80 m \\ere similar to Jul\'-93 data. At this station the Oct-91 surface CHL-a 
values were as low as 0.0 I ~lgL:' and comparable with the July 1993 measurements. 
The Oct-91 CHL-a profile displayed a weak and broad peak between 60-l20 m whilst 
the luly 1993 peak was forl11ed bet\\een GO-80 I1l. 

3.-1.3. Cilicial1 Basin 

An anticyclonic eddy is formed quasi-permanently in the region (Fig. 2). In March 
1992 particulate and CHL-a data displayed Yertically almosl similar distributions in the 
euphotic zone: the concentrations of POC and PON decreased slightly at 30-50 m (Fig. 
5c) whilst the CHL-a profile displayed a similar subsurface minimum but at shallower 
depths (20-30m) (Fig. 6) relative to the depth of the particulate minimum. At the base 
of the euphotic zone an increase was observed in the POC and PON profiles, where the 
CHL profile displayed a contrary \'iew decreasing markedly from 0.28 ~lgL-l at the 
surface to 0.14 IlgL'! at 80 111. Interestingly. the Marcll-n particulate concentrations 
were less than or comparable with the October-91 and luly-93 values (Fig. 5c) whilst 
the corresponding CHL-a data displayed an opposite trend in the first 80 III (Fig. 6). 
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Unexpeetedly. the highest particulate concentration in the surface water were 
determined ill October 199 I \\hen the CHL content of the euphotic zone being much 
lower than those of July 1993 and March 1992 (Figs. 5c. 6). The July 1993 particulate 
profiles in Fig. 5c demonstrate well defined subsurface maxima \vhich coincide with 
the DCM formed at 100 111. nearly corresponding to the base of the: euphotic zone. 

3. -I. -I. Average particulate concentrations 

Table 1 sho\\s depth-averaged concentrations of POe. PON and PP for the euphotic 
zone of hydrodynamically different regions of the NE Mediterranean. It appears that 
the seasonality in POC and PON content of the cyclonic Rhodes region is higher than 
in PP values from the same site. In other words. the background concentrations of PP 
in the cyclonic region is nearly t\\o-fold those for both the frontal water off the Antalya 
bay and the Cilician basin whereas the mcans of POC and PON being comparable 
(Table 1). The merage concentrations ranged regionally and seasonally between 1.44 
and 3 9 ilM for POe. 0.12 and lU I IlM for PON, and 0.0 II and 0037 IlM for PP in 
1991-1994. The greatest mean \·c!lues \\ere estimated in the frontal waters off Antalya 
Bay in March 1992. Howe,·er. in July 1993 and March 1994. whell vertical mixing was 
limited and the surface water being poor in dissoh'ed inorganic nutrients, the 
maximum POC's appeared in the Rhodes region where the nutricline was located 
imlllediately below the euphotic zone. In October 1991. the POC concentration was 
relatively high in the Cilician anticyclonic region due to as yet undefined factors. 

Tahk 1.·h~ral1c 1'0\1 COllc·clllral;on, C"\I) ;1l1hc "il:: \kd;krrallcan 

DATE POC paN 1'1' 
Oct. 1991 1.55+1.48 O.I3±O.06 -
I\!arch 1992 2.15±1.20 O.!6±O.O6 O.O20±O.OO2 
July 1993 3.07±2.52 O.26±O.21 O.020±O.OI 
March 1994 3.70±J.23 O.4I±O.19 O.033±O.OI 

Cilician Basin 
DATE POl' PON PI' 
Oct. 1991 2.8±!.71 O.16±<l.O3 -
March 1992 U(±O.62 O.16±OO8 -
July 1993 2.7±O.82 O.29±O.21 O.fJl5±O.Ol 
"(arch 1994 

olr Anlalva Bay 

DATE POl' paN PI' 
Oct. 1991 1.44±O.51 O.12±O.O4 
March 1992 3.90±1.43 O.29±<).IO O.O37±O.O2 
July 1993 2.40±I.O O.2I±O.J3 O.OII±O.OO4 
March 1994 3.45±J.I O.35±O.16 O.0.14±O.OO5 
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3 . .1.5. Ratios 

Fig. 5 displays the vertical variation of the stoichiomctric ratios of e. Nand P in the 
bulk seston collect cd from different depths and locations. Not unexpectedly, the highest 
C:N ratios (lG-3G) appearcd in October 1991 in the surface mixed layer having very 
low CHL but higher POC values. In March of 1992 and 1994, and July 1993 the C:N 
ratio generally varied between 6 and 24 over the euphotic zone; the ratio apparently 
decreased below 50-60 m of the Cilician basin whereas the vertical variation of 
particulate ratios being much less pronounced in the Rhodes cyclonic eddy. The 
particulate ratios frolll the frontal waters indicated relatively high variation with both 
depth and season; the C:P and N:P ratios ,,"cre in the range of 180-340 and 13-21 
respectively. in the surface mixed layer. These ratios decreased steadily towards the 
base of the euphotic lOne, indicating faster decay of P-associated organic compounds 
in the surface mixed layer hm'ing very low CHL during summer-autumn period (Fig. 
6). 

Fig. 6 shows that spatial and seasonal changes in POC:CHL ratio is much greater than 
in the elemental composition (C:N:P ratios) of the bulk scston. The lowest and 
vertically almost uniform POC:CHL ratios were recorded in March-92: the ratio was as 
low as 35 in the cyclonic eddy and in frontal waters, whereas it slightly exceeded 100 
in the Cilician basin (Fig. 6). Surprisingly. it exceeded 150-300 in March 1994, 
especially ill the upper :\0 m of the euphotic zone of cyclonic and frontal sites. Not 
unexpectedly. the POC:CHL ratio much increased in less productive Slimmer period. 
For instance. ill October 1991. it was abnormally high. varying between 100 in the 
cyclone, 2GO() in the Cilici:1Il basin. Therefore. slIch large ratios were not depicted in 
Fig. (l. Howeyer. in July-93. the ratio appeared to decrease to levels of 800 in the mixed 
layer and then to 50 in the lower depths of the euphotic zone. 

3 . .1.6. Regression of particlilate data 

Correlations betwcen particulate data sets (pOe. PON and PP) in pairs were examined 
by applying linear regression analysis. Thc equations given in Table 2 permit us to 
estimate molar ratios of C:N:P in the bulk seston during the less and more productive 
seasons. It appears from the Table that particulate carbon and nutrients (N. P) were 
highly correlated. However. the correlation coeflicients for POC-PP and PON-PP 
regressions arc lower than for the POC-PON regression. The C:N ratio derived from 
the slope of CoN regression was 9.85 for October 199 I. which was apparently higher 
than the ratios of oceanic plankton (G.7) [34]. of the July 1993 (7.2) and of the March 
1994 (6.0) but "ery sunilar to the March 1992 ratio (9.9). The C:P ratio of the seston 
was also variable. ranging from 107 in March 1992 Lo 123 in July 1993. Interestingly, 
the temporal variation of C:P ratio was less than in the C:N ratio of the bulk seston. 
The C:P ratios of July 1993 and March 1994 are very similar and higher than an 
estimate of 107 for March 1992 "'hen the surface water was relatively enriched with 
dissolyed inorganic lIutrients by the supply from deep waters (sec Fig. 4 ). The N:P 
ratio of the bulk seston from the Ilutrient poor surface waters of NE Mediterranean was 
estimated to be IG~ and 17.3 for March 1994 and July 1993. respectively. They are 
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very similar to the pl,lIlktonic r,ltio of 16 [1-+]. Une:\pectedly. the N:P ratio was 
anomalously low (II) in March 1992. 

Tabl~ 2. Lill~ar regression analysis for organic carbon. nitrogen and phosphorus 
ill s~ston from the ~lIphotic zone orthe NE !\kdiklTant.'an 

Datl' Regression ,-' n Signilil"llll':l' k\"l'I 

Od.1991 C=9.85:t2.97N+O.2G±O.44 0.50 15 p<O.OI 

MardI 1992 C=9.9±.1.81 N+0.30±O.19 0.93 21 r<O.OOI 

C=107:1J 571'+004±OAJ 0.75 17 p<O.OOI 

N= 1 1+1.3Gl'·O.03±O 04 0.79 17 p<O.OOI 

July 1993 C=7.2±0.43N+O. 79±O.1 4 0.87 43 p<O.OOI 

C~ I 23±.22.3P+0.49±0.3G 0.48 39 p<O.OOI 

N= J 7.3:t-221'·0.04HJ.04 0.51 39 p<O.OOI 

)vbrch 1994 C=G.O± 1.09N+ 1.28±O" I 0.79 10 p<O.OOI 

C=118±2Ip·0.74±0.7-l O.RO 10 r<O.OOI 

N= IG+UP·0.22+0. J 3 0.70 10 p<OJ)03 

3.-1.7. Deep Cliloroplryll-a Maxim/lm (J)CM) 

The formation. mailltenance and locltion of the OCM in the wilter colullln are 
controlled by light allenuatioll ,lIld Ilutrient availability in the NE Mediterranean as in 
other seas [:15.16]. Tile OCM is formed at depths \\here the light intensity decreases to 
0.5-5%) of its surface ntlue: in general. it appears at the base of the euphotic zone in 
the NE Mediterranean [5]. The depth of the OCM Iluctllated seasonally from -+5 111 in 
the cyclonic region and IOO III in thc anticyclonic region during less productive 
summer-autullln seaSl)l1S [5]. The eddy fields also affected the depth of the OCM and, 
thus of the pal1iclllate ma:\ima which were located at relatively shallower depths in the 
cyclonic Rhodes eddy and in the fronts+peripheries. These characteristic features 
appeared at the base of the euphotic zone in the anticyclonic Cilician region (Figs.5a-c 
and 6) 

In the Rhodes cyclonic region. tlte depth oftlte nlltricline determines both the thickness 
of the euphotic 7.one and the location of OCM throughout most of the year (Fig. -+). 
The ll!)\\~lrd diffusion of llutrients was possibly combined with the accumulation of 
sinking phytoplankton in the lower depth of the euphotic zone, resulting in the 
establishment and maintenance of the OCM with relatively high Cl-IL-a 
concentrations. as prcviously suggested [37] for similar em·ironments. During the 
cooler winter of 1992, the unusually deep convecti\'e mi:\ing all over the NE 
Mediterranean resulted in relatively high nitratc-based new prodn:tion estimated using 
Deep Chlorophyll Ma:\imum method [l8] ;lIld thus high primary production and very 
high f-ratio for March 19<)2 [.13]. 

There appears to be a e10se correlation between the POM and CHL-a profiles (Figs.Sa­
c and 6). Apparent illcreases in the POM concentration at the OeM depths indicate a 
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greater algal biomass within light-limited depth of euphotic zone than in the surface 
waters. Nevertheless. the co-variance of zooplankton+bacteria+detritus with 
ph~10plallkton is very likely to bias the planktonic biomass high. The coincidence of 
the maxima of paM with CHL generally occmred in the cyclonic eddy and its 
peripheries. where the pycnocline (thus the nutricline) \\as situated ncar the base of the 
euphotic zone. Howe\·er. under severe \Iinter conditions. the occurrence of DCM and 
paM peaks is prevellled by intense cOlI\ective mixing. as occurred in March 1992. A 
similar hydrodynamic feature \\as recorded previously in the Southeastern 
Mediterranean [II]. 

.t. DISCUSSION 

.t.1. VERTICAL D1STRIBllTION OF POM 

The abundance and lertical distribution of bulk paM in the euphotic zone of the NE 
Mediterranean appeared to yary by 2-:1 times "ith season and region. The extent of 
such changes is determined by relative importance of complicated abiotic and biotic 
processes in the organic carbon and nutrient cycles in the upper layer of the marine 
ecosystem. In facl. the eastern Mediterrane;1Il is a tlpical region of low productivity 
and thus of IO\\' seston concentration [(). 9. j9] due to limited nutrient supply to the 
euphotic zone. Relatively low concentrations of pac. ranging bet\\een 2 and 5.5 ~lM 
in the opcn sea throughout the year. corroborates the abO\'e statement. The average 
paC's givcn in Table I are comparable to measurcments from the Equatorial Pacific 
[171. from the Southcastern Mediterraneill1 shelf \\;lter [9]. from open waters of Japan 
and East China Seas IIX] and from the Sargasso Sea near Bcrmuda [19]. 

In October 1991. \\'hen the nutrient-poor euphotic zone was seasonally striltified and 
had very low CHL the surface mixed layer of the Cilici;lI1 basin \\as relatively rich in 
pac compared to th:lt of the cyclonic eddy. leading to anomalously high POC:CHL 
ratios (IOO-2()()()). Such large values (not shO\\I1 in Fig ()). indicate detritus-dominated 
paM pool in the euphotic zone 0\'Cr the gre;lter part of the basin. lIo\\ever. the pac 
profile increased below the seasonal thermocline In the c\'c1onic Rhodes region I\here 
the nutricline is ahla\s situated near the I'~;') light depth throughout most of the year. 
This feature admits Ilutrient influx to the light-limited /.one. leading to shade-adapted 
algal gro\\th in this eddy and its peripheries. Algae in this zone s\'lhesize more 
pigment relatile to organic production [:>5. ·W . .t I]. Therefore. pac profiles displayed 
a less pronounced subsurface pac peak compared to that of the CHL-a (Figs. 5a and 
6). Nevertheless. the POC:CHL ratios (60-2-+2) estimated from the measured values 
within the DCM depths of the eddy "ere much higher than the cellular Carbon:CHL 
ratios determined for the light-limited depths of the oligotrophic seas [IG. 17. -+2], 
accounting for about 50 'Yo of the total pac measured. In other words. the subsurface 
POC peak obsen'Cd in the Rhodes cyclone was most probably dominated together by 
detritus+bacteria+zooplankton produced 111 sitll ,lJId by biogenic particles sinking from 
the upper laYer to the top of density gradient zone. 
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In March 1992. when the water column was well mixed and relatively enriched with 
nutrients. the lowest pac concentrations were obtained in the cyclonic Rhodes region 
(Table 1 and Fig. Sa) because strong com'ectiYe mixing and horizontal Ilows in the 
upper layer much exceed the successive growth of algae and thus accumulation of 
living and non-living seston in the euphotic zone of the cyclonic eddy. other than 
vertically migrating planktonic species. This physical pressure also modified the 
characteristic subsurface paM peaks formed quasi-permanently over the basin. 
Accordingly. the characteristic subsurface maxima of paM appeared in the frontal 
waters off the Antalya Bay and Cilician basin but not in the cyclonic eddy (Fig. 5a-c). 
In the front, the paM peak well coincided with the depth of the maximum algal 
growth rate [33] observed at 10-15 % light depths whereas the CHL distribution being 
almost homogenous in the well-mixed euphotic zone. The maintenance of the paM 
peak in the frontal waters may have originated from local increases mainly of 
zooplankton biomass and partially of detritus+bacteria concentrations. A similar 
mechanism was previously suggested for the occurrence of subsurface paM peaks in 
the frontal regions of the Western Mediterranean Sea [43]. In February 1989. the 
convective mixing was strong enough to mix the water column thoroughly down to 
500-600 m in the anticyclonic eddy or the southeastern Mediterranean. resulting in 
vertically unirorm CHL profiles extending far below the photic zone [11]. 
Unfortunately they had measllfed neither the bulk seston nor biomass to understand the 
paM distribution in the photic zone under severe winter conditions. Interestingly. the 
March-92 CHL-a prolile displayed a small subsurface maximum (DCM) at 50 III in the 
frontal waters. where the particulate concentrations decreased markedly. The 
maintenance of this weak CHL peak in the well-mixed water column was most 
probably originated from less grazing pressure on algal biomass produced in-situ (with 
relatively low POC:CHL ratio) in the light-limited zone. However. in March 1994. 
when the conYectiYe mixing was relatively weak and confined to the upper 100 111, the 
POC and PON peaks were coincident with the relativcly broad CHL maximum 
established between .to-80 m. indicating the algal growth rate to exceed the dilution of 
the biomass by yertical and horizontal mixing. 

The seasonal thermocline deyeloped below the sUlface mixed layer prevents the 
nutrient supply to the photic zone from the lower layer of the open sea by vertical 
mixing. Therefore, in the period of spring-autumn. paM pool in the euphotic zone is 
principally sustained by the regenerated production, especially in anticyclonic regions 
where the nutridine is established much bclow the photic zone. A supplementary 
conclusion was reached by the observation of the total pac meas.ured in the euphotic 
zone of the Sargasso Sea was mainly composed of detritus and algal carbon merely 
made lip 10 'X, of POC [44]. assuming a ccllular-C:CHL ratio (w/w) of 50 [15]. It 
should be noted that the bulk seston retained on filters may have contained a 
considerable quantity or bacteria. depending on sampling depth. location and season 
because a substantial fraction (50%. on <\"erage) of bacteria was recorded to be 
collected on precombusted GF/F filter pads [45]. On the other hand, the contribution of 
bacterial carbon may be similar or higher than algal carbon in the oligotrophic seas 
[4-1-]. This finding strongly suggest that bacterial carbon may constitute from <10% to 
few 10% of the total POC measured in the euphotic zone or the Levantine basin. 
Unfortunately no data of total bacteria biomass \Vas available for confirming the 
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considerable contribution of bacteria to the suspended pac pool in the NE 
Mediterranean upper layer during the less productive seasons. Nevertheless. bacterial 
carbon may account for a substantial fraction of the pac pool just below I % light 
depth [44]. Thus the apparent decrease in the C:N ratio determined in the lower depths 
of the euphotic zone of the Levantine basin may hm'e been originated partly from the 
bacterial biomass with relatively low C:N ratios and to some extent from ultraplankton 
growing in the light-limited zone. 

·U. REGRESSION ANALYSIS OF PARTICULATE DATA 

The stoichiometry of C. Nand P in the bulk seston. deri\'ed from the slopes of the 
linear regressions of particulate data given Table 2. are gcnerally comparable to the 
Redfield C:N:P ratios of L06: 16: I. Nevertheless. the C:N and N:P ratios of the March-
92 seston (9.9 and I L respectively) markedly differ from the Redfield ratio whereas the 
C:P ratios being very similar. In other words. when the surface waters of NE 
Mediterranean received sufficient nitrate from deep waters \\'ith relatively high N:P 
ratios (>25) [4]. successive algal grO\\1h proceeded with apparently low N:P and high 
C:N ratios compared to the Redfield ratios. Interestingly the uptake rates of C and P by 
algae being similar in March 1992. Such anomalous C:N and N:P ratios in the 
plankton-dominated seston (bccause POC:CHL ratio being as low as 35-175) may have 
originated in either relatively 10\\ uptake rate of nitrate by photoClutotrophs or faster 
decay of nitrogenous organic compounds in the mnrine ecosystem under physical 
stresses. Similar nnomalous ratios were previously reported for the north Atlantic 
bloom [46. 47]. and for the western coastal area of France [48], and they were 
attributed to the uptlke of more dissolved organic and inorganic carbon constituents 
relative to nitrogenous constituents by phytoplankton. 

Interestingly. changes in the abundance of the bulk seston occurred with an N:P ratio 
of 16.4-17.3 in the nutrient-poor surface waters of March 1994 nnd July 1993 periods 
(see the regressions slopc in Table 2). These values arc \'ery similar to the conventional 
planktonic ratio of 16 [34]. This strongl~' suggests that the uptake of dissolved 
inorganic nutrients by ph)10plankton and dccomposition of organic nutrients in paM 
by bacteria proccedcd at similar ratcs cvcn though the chemical data from the eastern 
Mcditerranean imply phosphorus-limitcd algal growth. Relatively high C:N ratios in 
summer-autnmn pcriod. when the surface waters were poor in both algal biomass and 
dissoh'cd inorganic IlUtricnts. were most probably the result of slower decay rate of 
carbohydrates in sllspendcd organic matter [14]. 

Thc intercept of Iincar regrcssions of pac vs PON or PP from productive surface 
waters of thc seas conld imply the concentration of carbonaccous compounds that do 
not vary with N- and P-associated organic compounds [14]. Thc concentration of 
carbonaceolls compounds is vcry likcly to accOllnt for a remarkable fraction of the 
measured pac when thc lotnl stock of bulk seston decreases markedly in the eupholic 
zone. A close correlation was also obscrved betwecn the magnitudcs of intercept and 
nitrnte dcficicncy in the surface water: a low intcrcept valuc is vcry likely when 
nutrient conccntrations arc sufficient not to limit algal grO\\1h [14]. Lab-scale studies 
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revealed that the protein content of POM tends to decrease as nitnlte became exhausted 
and carbohydrates and lipids to increase whilst the slope of the regression line was 
affected slightly [-+9]. Inspection of the regressions equations in Table 2 indicate that 
the intercept of POC \'s PON regression was relatively low (10 '% of POC in Table 1) 
in March 1 <)')2 when the nutrients were not a limiting factor for algal growth, 
confirming the above suggestion. The intercept. as an index of carbohydrate 
concentration in POM being low in the euphotic zone. increased apparently in July 
1993 and March 199-+ when the photic zone was relatively poor in nutrients. Estimates 
of carbohydrates accounted for about 30 and 36 % of the average POC's for July 1993 
and March 199-+. respectively. Interestingly, as shown in Table 2. the October-91 
intercept of the POC-PON regression line with the apparently high slope (9.85) was 
relatively 10\\ (0.26) although the surface \\aters being yery poor in both algal biomass 
and dissolved inorganic nutrients. The low intercept strongly suggest that the ratio of 
carbohydrate to total POC remained almost constant \\'ith the increasing concentrations 
ofPOM in the euphotic zone. 

·U. POC RELATION ON CHLOROPHYLL 

The POC content of bulk seston retained on filters includes both living (phy10- and 
zoo-plankton. bacteria) and nonliving (detritus) organic compounds. Therefore an 
estimate of algal-C:CHL ratio from the slope of POC-CHL regression is likely biased 
high whereas the magnitude of pigment-free organic compounds in the bulk seston 
from the intercept of linear regression may be underestimated if the other components 
of seston co-vary \\'jth the phytopblllkton [15]. Therefore. ecIluIar-C:CHL ratios. 
deri\'ed from linear rcgrcssion of POC on CHL for thc NE Mediterranean 
ph~'toplallkton (Table 3). may have been overestimated either slightly during the bloom 
period or nwrkedly during the post-bloom period. Consequently. an estimate of 
phytoplankton biomass from the seasonally \'ilfying but vertically im'ariant C:CHL 
ratios (the slope of POC vs CHL regression) should be used cautiously in determining 
the contribution of algal carbon to the POC pool in the euphotic zone of the NE 
Mediterranean. 

Estimates of the rOC:CHL ratio appeared to vary seasonally between -+) and 201 for 
the Levantine euphotic zone (sec Table 3) The slopes of the rcgressions for July 1993 
and March I ')<)-+ also re\ealed that the ratio of the DCM zone was apparently higher 
than tile slope of the combined euphotic zone data (sec Table :l) Unexpectedly, the 
regression line of the data from the July-<)3 light-limited zone and the March-9-+ 
euphotic zone had a negativc intcrcept (Table 3) A rclati\c1y high ratio and a negative 
intercept are \cry lilcely to ,Ippear in the POC-CHL regression ",hell increases in POC 
much exceed that in CHL from different locations or depths \\'here the rocs reach 
peak values (sec Fig. 2 in [15)). 
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Table 3: Regression analysis or poc vs CHL-a in phytoplankton populations in the NE Mediten'anean 

Date Regression Analysis r n 
Oct. 9 1 not healthy -
Mar.n POC=45CIILa+ 15 0.50 27 
Jul.93 POC=57CHLa+ 16 0.57 45 

I'OC=91CIIL,-9 0.69 10 
Mar.94 POC=20 I CHLa-20 0.66 15 

'POC=242CHL-38 0.99 5 
JuI.93+Mar.92 POC-42CHLa+16 0.50 67 
Oct.91 + Jul.93 + Mar.94 POC=60CHL1+15 0.50 49 

• data only from the DCM zone mciudmg depths of the gradients. 

Interestingly the luly-93 ratio (57) was merely 25% higher than an estimate of 45 for 
March 1992 although the March-92 POC:CHL ratios calculated from thc measured 
POC and CHL values at a given depth (Fig. 6) were Illuch lower than in July 1993. 
The ratios derived from the regressions arc not mllch different from the cellular C:CHL 
ratios in the mi.'(ed layer of other seas [IG. 35. 42. 50]. These findings strongly suggest 
that POM increases mer the cuphotic wnc in July 1993 and March 1992 
predominantly dctcrmincd b~ thc changcs in thc phytoplankton biomass whereas the 
hctcrotrophic+dctrital+bactcria carbon (TC) conccntration varied independently of the 
planktonic biomass. Howcvcr. a contrary vicw appeared in the regression analysis of 
March-94 data and measurements \\'ithin the limited DCM zone in July 1993 and 
March 1994 (sec Table 3). Relatively high POC:CHL ratios estimated from the 
regressions indicated the TC values co-varied \,ith the algal biomass and predominated 
the total POC measured in the ,Yater column of the euphotic wne. 

In October I <)') I. the pac distribution \\as almost vertically uniform and relatively 
high in the surface lIli,ed laycr of thc periphery and anticyclonic region indicating the 
detrital material to dominate the pac pool in this nutrient-poor layer. Abnormally 
high POC:CHL-a ratios in October 1991 represent relatively slm\ grm\1h rates 
imposcd by nutrient limitation [35]. A similar conclusion for March I <)<)4 period, 
representing a post-bloom period \\hen CHL concentrations were very low in the 
nutrient depicted euphotic zone and comparable to the summer-autumn concentrations 
(Figs. 5a-c and 6) 

The ratio estimatcd from the combined March-92 and July-93 data (including DCM 
measurements) was as low as 42 for the euphotic zone. apparently lower than a ratio of 
GO deri,'ed from combined DCM data of 1991-1994. In other \\ords. changes in the 
bulk seston content of the euphotic I.one in March 19<)2 and July 1993 may have 
predominantl~ originated ('rom planktonic biomass and partly from TC \,ith the 
chemical composition given in T,lble 2. 

Previous stlldies hmc sllo\\n that Illc cellular-C:CHL ratio becomes relatil-cly high 
\\'hen algal growth proceeds Linder light-saturated and nutrient limited conditions; but 
it decreases markcdly in thc light-limited depths of the cuphotic zone [35. 50]. 
Moreover. an estimate of algal biomass from the C:CHL ratio dcri\'ed fr0111 thc slope of 
POC-CHL regression is likelY to be overestim,lted duc to the possibility of co-variance 
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of TC with the algal biomass [15]. Disregarding such biasing factors. the relatively low 
POC:CHL ratios estimated for March 1992 and July 1993 indicate that algal carbon 
accounted for about 10 and 30 % of the average POCs given in Table I for these 
periods. respectively. These ,'a lues were most probably overestimated to some extent 
when the lower ratios calculated from cell counts and carbon content of the algal cells 
[16. 35.42]. They have also suggested that in the oligotrophic Sargasso Sea the gro\\1h 
rate of phytoplankton must be fast enough to provide sufficient organic carbon for 
bacterial growth. leading to very high POC:CHL ratio in the bulk seston predominantly 
composed of detritus and about 10% of algal carbon. A similar conclusion was reached 
by the estimation of merely 25% of pac measured in the Sargasso Sea in August is 
provided by bacterial+ph~10plankton biomass [19]. 

5. CONCLUS[ONS 

During the spring-autumn period. when dissolved inorganic nutricnts become depleted 
in the seasonally stratified euphotic zone, phytoplankton biomass is substantially low. 
Thus, the total of detritus+zooplankton+bacteria dominates the suspended pac pool in 
the NE Mediterranean upper layer as in other oligotrophic seas I: 19]. Nevertheless, a 
close correlation appears between paM and CHL profiles in the cyclonic Rhodes 
region and its peripheries because the nutricline is always situated ncar the base of the 
euphotic zone throughout most of the year. In these sites, the subsurface particulate 
maxima appear to be consistent with the DCM. The elemental composition (C:N:P 
ratios) of the bulk seston deri,'ed from the regression analysis of particulate data is 
generally comparable with the Redficld 106: 16: I ratios. However. the C:N ratio of the 
bulk seston apparently decreases below the seasonal thennocline where irradiance 
becomes a limiting factor for algal growth. This indicates the suspc:nded organic matter 
existing in the light-limited deep euphotic zone to be mostly produced in situ. rather 
than the particles sinking from the nutrient-limitcd surface layer. 

Anomalously low N:P ratios (6-12) of the bulk seston appeared in the March 1992, 
when the euphotic zone was enriched with dissolved inorganic nutrients (and relatively 
high N:P ratio) and much productive. Such low N:P ratio of the bulk seston strongly 
suggests that paM is exported to the lower depths with mueh lower N:P ratios than 
that of nitrate to reactive phosphate (26-28) in the Levantine deep water (LDW). The 
profound conflict between the elemental composition of paM produced during spring 
bloom and nitrate to phosphate (N:P) ratios in the LDW and LIW has led to propose 
another source for anomalously high nitrate to phosphate ratios observed in such water 
masses and it has b~en suggested that both the LDW and L1W had originally very 
high ratios of biologically labile nitrogen to phosphorus before its sinking to the deep 
basin during the winter mixing [4]. Relatively fast release of nitrogenous organic 
compounds from paM of planktonic origin increase DON content of the surface waters 
during late-winter bloom as observed in the produeti"e waters [51]. They then sink 
with relatively high concentrations of biologically labile organic nitrogen, yielding 
higher N:P ratio in the aged intermediate and deep water masses. Nevertheless. this 
suggestion should be supported by late winter measurements at the origins of LDW and 
LIW. 



264 

Acknowledgments: The oceanographic surveys of RlV Bilim were supported by the 
Turkish Scientific and Technical Research Council (TOBiT AK) within the frame work 
of the national oceanographic programme. We express our thanks to various members 
of our Institute (IMS-METU) as well as the captain and crew of the RlV Bilim for their 
enduring contribution. 

REFERENCES 

I. Bethoux . .J.P .. (1981) L~ phosphore d l'azot~ cn mer 1\'kdit~rran~<!. bilans.:l rertilit~ pokntidk, Afar. Chem., 
10,141-158. 

2. Dugdale. Re. and \\,ilk~rson f.P" (19Rg) :--;utri"nt source, and primary production in the caskm 
l'dediterrancan. Oceano!. Acta. 9, 179-1 X4. 

3. hlOIll.1\I.D .. Brenll"r. S" Kress. l\'" N~ori. A .. and Gordon L.I.. (1992) Nutrient dynamics and new 
production in a wann cor~ eddy from the Eastcm I\leditelTancan. Deep-Sea Res .. 39, 467-480. 

4. Ylllllaz, A .. and Tugru\. S .. (1997) Th" ell;:ct of cold- and wanll-core eddies on the distribution and 
stoichiOlllelly of dissolved nutrients in the nOJ1heaskm Mediterranean. J. Afar. Systems, (in press) 

5. Ediger, D. and Yt1maz. A .. (1996) Characteristics of deep chlorophyll maximum in the nOJ1heastem 
Mediterranean with respect to environmental conditions. J. ,\lar. Systems, 9, 291-303. 

6. Berman, '1' .. Townsend, D.W .. EI Sayed. S.Z .. Tr~es. G.C .. and Azo\'. Y .. (1984) Optical transparency, 
chlorophyll and primal'\' producti"ity in the Eastem I\Iedikm1l1ean ncar the Israeli coast. Oceano!. o4ct(l. 7, 
367-372. 

7. I)owidar. 1\'.1\1.. (19~.:j) Phy1oplankton biomass and primary produ"tion o!'tho:: south-caskm I\kditi:ITanean. 
Deep-Sea Res .. 31. 983-1000. 

8. Azov. Y., (l9f:6) Seasunal patte111s orph~1oplankton productivity and abundan.:e in n~arshor~ oligotrophic 
waters of the Levant basin. J.P!anKton Res., 8, 41-53. 

9. Abdd-l\loati. A.R., (1990) Partio::ulak organic matter in the subsurlilce chlorophyll maximum layer ofth" 
Southeaste111 Mediten·anean. Oceano!. Acta. 13,307-315. 

10. Salihoglu, i.. Saydam, C .• Ra~Hirk. () .• Ylhnaz, K., Go"men, D., Hatipoglu, E .. and YJlnlllz, A.. (1990) 
Transp011 and distribution of nutrients and chlorophyll-a by mesoscale eddies in the N011heastem 
Meditenanean. Mal'. Chelll., 29, 375-390. 

II. Krom, M.n .. UremIcI'. S .. Kre'5. N .. Neori. A.. and Gordon L.1.. (1993) Nutrient distributions during an 
annual cvele accross a walm-core eddy ti'om the E. I\leditelT<mean Sea. Deep Sea Res .. "0(4),805-825. 

12. Yllmaz. A .. Ediger. D .. l3a~liirk. Cl .. and Tugru\. S .. 199-1. Phy1oplankton t1uor~sccnce and deep chlorophyll 
maxima in the N0I1heasklll t>.kditenanean. Oceano!. Acta. 17,69-77. 

13. Yacobi, Y.Z .. Zoharv. T .. Kress, N .. Hecht. A .. Robarts. ltD .. Waiser. 1-.1.. Wood, A.M .. Li, W.K.W., (1995) 
Chlorophyll distribution throughout the southeastel11 IIIediten'anean in rdation to the physical structure ofthe 
water mass. J. Mar. Systems, 6 (3), 179-190. 

14. Copin-Montegut. C. ami Copin-Montegut, G., (1983) Stoo::hiometry of carbon. nitrogen and pho'phonts in 
marine particulate malter. Deep Sea Res .. 30 (1 ). 31-46. 

15. Banse, K. (1977) Dctennining the carbon to chlorophyll ratio of natural phy10plankton. Mal'. Bio!. 41, 199-
212. 



265 

16. Eppley, R.W .• Harrison ,W. G., Chisholm ,So W.and Steward, E., (1977) Particulate organic matter in 
surface waters off Southem Califomia and its relationship to ph)10plankton. J, Afar. Res., 35 (4), 671-695. 

17. Eppley, R.W .. Chavez. F.P., and Barber. R.T .. (1992) Standing stock ofparticulatt: carbon and nitrogen in 
the equatorial Pacific at 150·W. J, Geoph)'s. Res .. 97(C I). 655-66 I. 

18. Chen. C:r.A .. Chi. 1\1.L.. Being, T.lt and Lei. F.C .. (1996) Stoichiometry of carbon, hydrogen, nitrogen, 
sulfur and m'ygen in the particulate matter of the western NOl1h Pacific marginal seas. ,I far. Chem. 5", 179-
190. 

19. Caron. D.A., Dam, H.G., Kremer, P .. Lessard. E..T .. 1\ladin. L.P .. Malone. T.C ... Napp. 1.M, Peele, E.R., 
Roman, 1\l.R. and Youngbluth, M.l.. (1995) The contribution of microorganisms to particulate carbon and 
nitrogen in surface waters of the Sargasso Sea near Bennuda. Deep Sea Res. "2(6)'.943-972. 

20. Takahashi. T .. BroockOlr. W.S. and ulIlger, S .. (1985) Redfidd ratio based on ch..:mical data from isopycnal 
surfaces. J. Geoph)'s. Res .. 90(C4). 6907-6924. 

21. Mom, M.n .. Kress. N .. and BreIUl..:r. S., (1991) Phosphorus limitation of primary productivity in the eastem 
l\lediten·anean. Limnol. Oceanogr .. 36, 424-432. 

22. Zohary. T and Robao1s. R. D., (1996) P-limitation study oft he Eastem Mediterranean. Meteor, in C. 
Hemleben. W. Rocther and P. Stoll' eO's (cds.). Benchte 96--1. Hamburg. 1996, pp.52-56. 

23. Pol at. S. C,'. and Tugrul. S .. (1996) Ch~mical ~xdmng~ bct\\~enthc IIlcditelTanenn and the Black Sea via the 
Turkish strait,. in Ikiand (cd.). DynUillfcs o/:\Iedllerranean Stralls and Channels. (,IESed Seicnc') Series 
No 2 F. 13ulktin lke'hlographique III0na.:o. 1':0 "pccial 17. pp.167-186. 

24. Karl, n.1\1.. Winn. C.D .. Dak V. W.and Lctdier. II.R.( 1990) Hawaii Ocean Time-series Program. Field and 
Laboratory Protocols. September 1990. 

25. Holm-Hansen. 0 .. Lorenzen, C.1 .. Holmes, R.W. and Strickland. Y.1\I.H . .-\., (1965) Fluorometric 
detOlnnination of chlorophyll. J,Cons.Perlll. In1. E\·plor.Afer .. 30, 3-15. 

26. GrasshotI K. Ehrhardt. M. and Kremling. K .. (1983) Detcnnination of nutrients. in1\kthods of seawater 
analysis. 2nd edition. \'erlag Chemic G1\IBH. \\'cinhcim. 1'1'.125-188. 

27. ()zsoy. E .. I Iechl. .c\ .. and Onliiata. (1 .. (1989) Ci,uo1ation and hydrography o1'the l.evantine Basin. Results 
ofPOE1\1 coordinated experiments 1985-1986. Prog. Oceanogr .. 22, 125-170. 

28. 6zsoy. E .. Hecht. A. ('nHiata. 0 .. Brenna. S .. Oguz. '1' .. Bishop. J.. Latit: t..1.A.. and Rosentrauh. Z .. (1991) 
.-\ re\'iew ofth" 1~\"lI1tin~ Basin circulation and its variability during 1985-1988. 0)'11. AIIllOS. Oceans, 15, 
421-456. 

29. Sur, H.I., ()zsoy. 10 .. and OnlOata. 0 .. (1993) Simultaneous deep and intcnn..:diate 'kpth convection in the 
Northcm Lc"antine Sea. wintcr 1992. Oceal1ol. Acta. 16,33-43. 

30. Gel1l1lan. I.F .. Ovchinnikov, LIIL and 1'0pO\·, Y.L (1990) Deep convection in the Le\'antine Sea. 
Rapp.Col1lnUl int.Mer mediI.. 32, p.172. 

31. Ozsoy. I~ .. IIecht. A., OnlOnta, 0., Brenn"r. S .. Sur. 11.1., Bishop . .1.. Oguz, T .. Roscntl'Uub, Z .. and Latit: 
I'd . .-\.. (1993) .\ synthesis of the L"vantinc basin circulation and hydrography. 1985-1990. Deep-Sea Res., 
40(6). 1075-1119. 

:n. I kchl. .. \ .. Pinardi. ;\ .. clIld Rohinson ... \. R .. ( 19SX) Cun·~nt". watcr mass.os. cddi~s .. 1Tldjcts in the 
\leditcmlllean 1.~\·'lTltill~ basin . .J.i''')", (}ceol1ogr .. II!, 1320-1353. 

33. Ediger. I) .. (1995) IntelTelationships amnng primary production ~hlorophyll and Cll' .. irol1l11c'l1tal conditions in 
the NOl1hern L~\'anline 13asin.l'h.D.Thcsis. 1\IETU. Institllt~ "flliarine Scienc~s. Erdcmli. i,e1,Turkey, 1 87p. 

34. Redlidd. A.C .. Kdchum. 13.11. and Richards. F.II.. (19G3) The inllucncc of organisms on the composition of 
sea water. in llill.1\lN. (cd.) Th" Sea Ideas and Ohsel'\'ations. \'01.2. Intersciencc. New York. pp.27-77. 



266 

35. Cullen, J.J .. (1982) The d.:ep Chlorophyll maximum: Comparing wrtical profiles of.:hlorophyll-a. Can. J. 
Fish. Aquat. Sci .. 39, 791-803. 

36. Estrada. M._l\lan·ase. C. Latasa ,1\1., Berdalct .E., Ddgado .M. and Ricra ,1'., (1993) Variability of deep 
chlorophyll maximulll ,'harackristics in the northwcstem Medite'Tunean. Jlfar.Ecol.Prog.Ser. 92, 289-300 

37. 1:irk .• J.T.O .. (1983) Light and phO!l)s),nthcsis in aquatic ccos~·stcms. 2nd ed. Cambridge Univ.Press, 508p. 

38. Strass. V.I1., and Wood. J.D .. (1991) New production in the slllnmcr re,"ealed by the meridional slope ofthe 
deep chlorophyll maximum. Deep Sea Res .. 3H. 35-56. 

39. Murdod,. \V_W. and OIlUt: C.P .. (197-1) Th.: l\lcditc.Tanean as a system. Part I: Large Ecosystem. Int. 1. 
Environ. Slud.. 5. 275-2R-I. 

40. Herbland. A.A. and Voituries. 13 .. (1979) Hydrological structure analysis for estimating the primary 
production in the tropical Atlantic Ocean. J. ;\ [al". Res., 37, 87-101 

-11. Taguchi. S .. Ditullio. R.G.and Lil\\s. 10..-\ .. (1988) Physiological characteristics and production of mixed 
layer and chlorophyll maximum phytopl'lIl~ton populations in the Caribbean and westem Atlantic Ocean. 
Deep Sea Res. 35(8).1363-\377. 

42. Furuya. 1.:. (1990) Suhsurl'lce dlloroph~·lIll1a;.illlum in the tropical and suhtropical \\'cstem I'acilic Ocean: 
w.1ical prolilcs of phytopl:lIl~ton hioma" and its rdationship \\ith chlorophyll a and pa.1iculatc organic 
carbon. ,\/ur. 13/01 .. HI7. 529-539. 

-13. Lohrenz. S.E .. \\,i~s~nhurg. IL\ .. ))~palll1a. 1.1' .. Johnson. k.S .. and GustalSon. D.E .. (InS) 
InklTdatil)Jlships among primary prudlll.:tion. chlorophyJl~ and cll\"irOmllCnlal ",'onditions in frontal r~gions of 

the wcst"m Medit"mUl~an Sea. Deep-Sea Res .. 35,793·810. 

44. Li. \Y.I.:.\" .. Dickie. P.~I.. Irwin. B.D. and Wood. A.t-1.. (1992) Biomass orbact.oria. c~'anobaderia, 
prochlorophyks and photosyntheti" cukaryo\<'!s in the Sargasso Sea. Deep-Sea Res. 39(3/4). 501-519. 

45. Lee. S. and Fuhnnan .. 1.A. (1987) Rdationships hctw""n bio\'olum" and hiomass or"aturallv derived marine 
bacterioplankton. Appl. Envl/·on. MlcI'oblOl .. 53. 1298-1303. 

46. Sambrolto. R,:\, .. Sa\'idge. (, .. Rnbinson. C .. lloyd. 1' .. Takaha,hi. T., karl. )).\1.. I.angdon. Chipll1an. D .. 
IIlan·a. J. and Cadispndi. 1, .. ( 1(93) EIe\'ated COnsull1ption or carbon rdati"e to nitrogen in the surlllee ocean. 
Satllre. 363. 248-250. 

-17. Toggwdler. .J.R., (1993) Carbon o,·crconsumption .. VOI"I'''. 363. 210-2 11. 

48. Daucha, S .. <.)ucguincr .Il .. Tr"gucr. 1'. and Leyons. C .. (1991) ,\ cOll1parati\'c study of nitrogen and carbon 
upta~,; by ph\'toplan~ton in a coaqal "uphotic ecosystem (Bay or Brcs!. France). Oceano I. ,-lela, U, 87-95. 

49. Anita. N . .I .. ~Jc,\lIistcr. CD .. Parsons. T.R .. Stephens. k. and Strickland, JD.H .. (1963) hll1hcr 
measurements or primary production usmg a large \'()Ium" plastic 'ph"rc. Lilli. Oceanogl' .. S. 166·183. 

50. Li. \".K\\'. Lohar\,. '1' .. Yacobi. Y / .. \\'ood . ..\. i\1.. (1993) Ultraph~1oplanUon in the castem 
1\·kdiklTall~all S..:a: lo\\"ants d(:ri\'ing phytoplankton hiomass rrom How C~1olllctriL' IllCaSllfl.!tl1Cnts or 
abLLndancl.!~ Illiorcsccnl.:~ and light scatkr.:\ I(:tl'.!.:..~col. J>rog. Ser .. 1 U2, 79-87. 

51 \VaEtr. 1\1.. enrr..:. P.I, ;tnd Birril..'ll. II . ( II):\~) S~a~onal chang\..'~ l)r dissoln:d organic matter (C,i".P) in 
p..:nnan":lltly \\1..'11 mi:'\cd k1l1pcratc \\';\krs. I.{II/.( Jceunog. 29(5). 1127·1112. 



Comparative analysis of sedimentation processes 
within the Black Sea and Eastern Mediterranean 

A. Y. Mitropolsky, S. P. Olshtynsky 
Institute of Geological Sciences NAS, Kiev, Ukraine: 

All cruises of Ukrainian recearch vessels usually begin in the 
Black and Mediterranean seas. Consequently the Branch of Geology of 
Oceans and Seas of the Institute of Geological Sciences of the National 
Academy of Sciences, which is the oldest marine geology scientific 
centre of Ukraine, have a considerable data base and map archive On 
the ground of marine geological data obtained in many routes in the 
Black and Mediterranean seas we have realized the comparative 
studying of sedimentation processes within the Black Sea and the 
Levantine Basin of Eastern Mediterranean. Certain results obtained are 
discussed in this paper. Geochemical aspects of sediment accumulation 
in the Black and Levantine seas were considered in detail in [1,2, 3]. 

Both of these basins may be considered as examples of 
contrasting ecosystem combinations. They have almost identical area 
sizes and water mass volumes. The relations of shelf and deep sea 
zones of both basins are similar. The coastline length and sea shore 
morphology of the Black Sea are similar those ones of the Levantine 
Basin in many features (Table 1). Comparative high sedimentation rate is 
a characteristic of both basins. As well as the Black Sea, the Levantine 
Basin has a good river, which supplies huge mass of fresh water and 
drift matter. In both cases the river fan occupies approximately one third 
of the bottom area. 

Surely, there are· some difference peculiarities of these basins. 
They are located in the various climatic zones, and have distinct 
watersheds and essentially different water exchange relations with 
neighbour basins. Appreciable diversities of water mass hydrochemistry 
also take place. In the Black Sea at the depth more 150-200 m the 
water mass is poisoned with hydrogen sulphide, whereas in the 
Levantine Basin water is saturated with oxygen from the surface to the 
bottom and maximum of concentration is in the layer of 200-500 m 
Salinity of the Black Sea water forms a half of the value of the Eastern 
Mediterranean salinity. The Levantine water contains carbon dioxide fur 
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less than the Black Sea water because of its low bioproductivity. It has 
also low content of silica and in its sediments there is less concentration 
of organic matter. Maps of distribution of various types of sediments are 
shown on Figures 1, 5. 

Besides, such main features of these basins are special 
characteristics, which depend on basic factors of sedimentogenesis. Let 
us consider them by order. 

The effect of the terrigenous matter supply on the sediment 
accumulation. It is at once apparent the Nile represents the main source 
of the suspended terrigenous matter for the Levantine Basin. Its role it 
sediment forming is the greatest (Table 2). Other sources of the 
terrigenous matter such as marine abrasion and eolian transport have 
much less importance. Drifts of this river are spreading through large 
areas of the Levantine Basin bottom. Before Assuan weir had been 
built, the Nile was transporting 160-200 million tons per year of 
suspended material into the sedimentation basin. At present time its drift 
supplying is estimated to be appximately 30% of that value. Inside the 
basin the suspended matter is transported by the surface water 
circulation counter clockwise along Lebanon and Israel shores towards 
Cyprus. The certain part of drift mass is carried by deep sea streams it 
the north and north-west directions forming separate lobes of the 
complicated river fan of the Nile. Terrigenous river silts are enriched 
with heavy minerals such as monoclinic pyroxenes, amphibole, epidote, 
rutile, zirconium silicate. Clay minerals of silts are generally represented 
by montmorillonite. Suspension of Nile water contains a notable amount 
of iron, titanium, phosporous, organic carbon, chromium, vanadium, 
copper, and nickel. In geologic scale of time the influence of the river 
fan of the Nile on the sedimentation processes within the Levantine 
Basin was especially significant in Messinean. 

The hydrodynamic effect on the transport of suspended matter. 
The surface water circulation in both basins is derected counter 
clockwise, but deep sea streams may have another directiones 
particularly upon river fans, near mouthes and submarine canyons. 
Suspensions are transported by streams through far distans, although a 
comparatively isolated zone may be arranged inside the circulation area. 
Just such phenomenon takes place in the Black Sea. There are two 
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halistatic zones where the entering of terrigenous matter is relatively 
moderate. 

The role of the factor of climatic zonation. Basins are arranged n 
different climatic zones. Southern part of the Levantine sea is effected 
by arid conditiones, nothern one is placed in the transitional wne. The 
main part of the Black sea belongs to htnnid zone .. Such climatic 
wnation impacts mainly the processes of fonning and accumulation of 
carbonates. Maps of distribution of carbonates are demonstrated on 
Figures 2, 6. The accumulation of chemogeneous carbonates increases 
in the arid zone, where sediments contain from eight to fifteen times 
more carbonates than suspensions. The amount of diagenetic 
carbonates is increasing there. The contents of carbonates in sediments 
correlates with the contents of aleuritic fraction and becomes above the 
terrigeneous input. The mineral composition of carbonates is 
represented in this zone by magnesian calcite. 

In the transitional zone the role of organogenic carbonates is 
increasing, and in the humid zone this source of carbonate becomes 
predominant. 

In the Black sea the total content of calcium carbonate increases 
from shores towards deep sea regions, in the Levantine basin it 
decreases from the arid (platform) wne to the transitional (geosyncline) 
zone. The content of calcite in the both case sharply increases from 
shores to the upper part of the continental margin. In deep sea regions 
calcite is predominant. In the Black sea low magnesian calcite prevailes, 
in the Levantine basin high magnesian calcite is predominant. As far as 
organic carbonate forms are con ern ed, in the Black sea coccolites 
prevail and on the shelf moJIuscs. In the Levantine basin foraminifers, 
coccoJites and pteropodes are predominant, and on the shelf molluscs 
and echinoderms. There are also chemogenious and chemogene­
diagenetic calcites, ankerites, dolomites, and on the shelf oolites and 
eolian carbonates. 

Organic matter is very important for diagenesis of marine bottom 
sediments. Maps of distribution of organic carbon in sediments are 
shown on Figures 3, 7. Comparatively inactive role of organic matter 
indistribution of macro and micro elements in the upper layer of 
sediments is caracteristic of the Levantine basin. This fact take place 
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because of deep mineralization of organic matter and its appreciable 
low content. There is not observed any notable influence on the 
distribution of such fluent elements as manganese, phosphorus, copper, 
nickel and molybdenum. Only in sediments with interlayers of sapropel 
silts redistribution of elements occurs active enough. Therein the content 
of organic carbonis in the limit 2 - 11 %. Such interlayers are notably 
enriched with molybdenum, copper, nickel, cobalt, uranium, sometimes 
vanadium and impoverished with manganese. This peculiar properties 
may be the evidence that in the period of sapropel silt accumulation the 
sedimentogenesis occured under conditions which were analogous 
recent ones of the Black sea. 

Mean values of concentrations of some elements in bottom 
sediments are shownen in the Table 3 and on Figures 4, 8 the 
distribution of lead in sediments is demonstrated. As to peculiarities of 
the accumulation of trace elements in sediments of Abu Quir Bay it 
should be noted that the chromium distribution is primarily 
determined by the suspended matter evacuated from the Nile as well 
as by the hydrodynamic regime in the bay. 

Zirconium presence in the sediments of Abu Quir Bay is due 
to transportation of coarse sands containing zirconium by the 
alongshore west currents. Realization of zirconium from the 
suspended matter broughtby the Nile is of minor importance. 

So we may summarise the main characteristics of sedimentation 
processes in the Levantine basin. Its water is impoverished with 
dissolved silica as well as suspended one. There is few phytoplankton 
silica (notable amount of it is observed only in spring and along shores). 
In the bottom sediment silicon is connected with. the terrigeneous 
fraction. The biogenic factor (food webs) plays the main role in the input 
of organic matter to deep water layers and bottom sediments. The 
content of organic carbon in sediments is here from two to three times 
less than in the Black sea. The appreciable amount of organic carbon is 
determined only in shell deposits. Such low content of organic carbon i1 
the water and sediments is the reason of poverish of ben tic forms oflife. 

The less concentration of phosphorus and another nutrients in the 
water timitates the growth of phytoplankton the main base of 

bioproduction. Comparatively high temperature of the water and the 
oxygen saturation lead to quick destruction of organic matter. 
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Table 1. 
Some characteristics of the Levantine Basin 

and the Black Sea 

Characteristic Levantine Basin Black Sea 
Area km2 350,000 422,000 

Volume lanl 600,000 555,000 
Salinity ~/k~ 42 22 

Temperature Co I3 8 

Table 2. 
Some characteristics of the Nile, the Danube and the Dnieper 

Characteristic Nile Danube Dnieper 
LenRth km 6,500 

Watershed lan2 2,867,000 817,000 500,000 
Discharge km3/yr 203 43 
Drifts million t 160/57 67.5 1.5 
River fan km2 104,000 75,000 

Table 3. 
Average content of trace element in bottom sediments 

10. 4 % 
Rei!ion Cr Zr Ti Mn Mo V Co Ni 

Blau-Sea 130 100 110 220 2.6 129 11 44 
0 

Levantme --gaslD 50 35 450 100 1.0 78 15 70 
0 0 

Delta of the Nile 80 95 720 700 0.3 95 10 30 
0 

Abu lJUlr Bay 120 70 680 100 0.45 97 4 24 
0 0 

Cu 
3.4 

36 

32 

29 
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SENSITIVITY TO GLOBAL CHANGE IN TEMPERATE 
EURO-ASIAN SEAS (THE MEDITERRANEAN, BLACK 
SEA AND CASPIAN SEA): A REVIEW 

EMIN OZSOY 
Institute of Marine Sciences, Middle East Technical 
University, P. O. Box 28, En/em/i, ire! 33731 TUl'key 

Abstract. Common features of the three rdatively isolated Em'o-Asian 
Seas are reviewed to evaluate their sensitivity to climatic or anthropogenic 
change. The projection of the effects of Global Change occur through phys­
ical linkages, mediated by global, basin-scale and meso-scale processes, 
which need to be better unterstood for better forecasts. Prominent inter­
annual / interdecadal signals and large scale controls are evident, and in 
some cases the changes are of a magnitude detected for the first time in the 
history of modern observations. 

1. Introduction 

The Levantine Sea, Black Sea, and the Caspian Sea are the remotest, cli­
matically coupled, progresively isolated interior Seas of the Euro-Asian 
continent. All three Seas are neighbored by high mountain chains, vast 
continental flatlands, deserts and fertile lands, in a transition between the 
Atlantic and Indian Oceans. Ocean-atmosphere-land interactions in this 
environment of contra..,ting marine and continental climates, complex land 
and sea bottom topography, and energetic mid-latitude atmospheric mo­
tions make the region prone to extremes, and result in pigment patterns 
with marked regional differences (Figure 1). As a result, the feed backs to 
the global system could be disproportionately large in comparison to the 
size of the region. 

If any property is common among these three Sea.." it is their sensitivity 
to Global Change. Inland seas, with their smaller inertia, respond fa.<;ter to 
climatic forcing compared to the global oceans. For the same rea.<;on, they 
are more sensitive to environmental degradation, with the Euro-Asian Seas 
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Fig",·e 1. Top: Topography of Euro-Asian continent .. The Caspian Sea, cllrrent.iy ~·2gm 
below sea level, shown in blue, bott.om: CZCS averal!,e pigment. concent.rat.ion ('/II!)! ,,,") ill 
the east.ern Mediterranean, Black Sea and Caspian Sea regions. Dat.a aft.er NASA/GSfC 

being among the most troubled waters of the world ocean (IOC, 109:3). 
Land use / cover and subsequent hydrological changes in the adjacent lands 
lead to desertification and scarcity of wate r (Moreno and Oechel, 1995; 
Jeftic, 1992,1996; Glanz and Zonn, 1997) , amplified by cultllral and socio­
economic contrasts in the region. 

At present the causal rela.tionships expla.i ning the evol u tion of the ocea!l­
atmosphere system projected onto the region are !lot well established. Often 
the changes are mediated through su b- ba.sin and meso-scale processes, and 
are therefore difficult to 1)(' identified. 
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2. Large-Scale Controls 

The region is one of the foremost areas of the world where' interannual 
and long term climatic variability is predominant. In the Mediterranean 
region such variability is well known (e.g. Carrctt et al., 1992; Robinson et 
al., 199:3; Malanotte-Rizzoli and Robinson 199,1; Jeftic et al., 1992, 1(96). 
The Mediterranean variability appears correlated with global telecon nec­
tion patterns, and coupled with the Indian Monsoon system and EI Nino 
! Southern Oscillation (ENSO) (Ward, 199G). For example, good correla­
tion has been found between heavy rain and snow in Israel during the last 
100 years and ENSO (Alpert and R('isin, 19.'>6). Similarly, global versus re­
gional climate interaction has been emphasized in the case of the' Ca.spian 
Sea (Rodionov, 1994) as well as in the Black Se'a (Polonsky et al., H)!)7). 

Weather in Europe, extending well iuto Eurasia, is to a large extent de­
termined by conditions in the North Atlantic, and in particular the North 
Atlantic Oscillation (NAO) quantified by thp normalized anomaly of thp sea 
level pressure eliffere'nce between the Azores anel Iceland (H uIrell, I !)9.')). 
Severe weather in Europe occurs when the NAO index is positivp. The 
NAO accounts for about one third of the' hemispheric intprannual vari­
ance, and accounts for snrface tem peratu rp changes as well a.'> evaporation­
precipitation anomalies in the European and the Ea.'3tern Mediterranean 
regions (Hurrell, 199.'),1996; Marshall, 19(7). It ha.'3 been linked to sea level 
changes in the Ca.spian Sea (Rodionov, 19(4), to Danube river runoff di­
rectly influencing Black Sea hydrology (Polonsky et ai., H)97), as well as 
to surfacp winter telll[wratures, precipitation and river rUl10fr in Turkpy 
(Cullen, 1998). 

Large scale control is well expressed in long range atmospheri.c trallsport 
pattprns, suggpsted by the simultaneous occurencp (Li ct ai., 1996; Alldn'ae, 
1996) and parallel clepelldpnce on the interannual N AO pattprns (Moulin et 
al., 1997) of the transport of aerosol dust from the Sahara desert into the 
Mediterranean and tropical Atlantic regions. All exceptional rasp stuclipd 
during the fir13t half of April 1991 (Ozsoy ct al., 1998; Kubilay et al., 1998), 
has illustrated the role of large scale controls. Atltlo13pheric blocking in the 
Atlantic had triggered upper air jet interactions and meridional circulations 
on a hemispherical scale (Figure 2a-c). Thpse interactions rpsultpd in largp 
sca10 subsidence and cyclogpnpsi13 resulting in an anomalous pattern of dust 
simultaneously transported towards tlw subtropical Atlantic and tlw ea.'3t­
ern Mediterranean regions, leading t.o maximum dust concentrations in ao 
years of measurements in BNlIluda and similarly high values in Erclemli 
(Ozsoy, et al., 1998). It is most interesting that the awrage sea level prps­
sure wa.'3 characterized with tlw typical dipole pattern of the NAO (Fig 
2d), with a corresponding high inclpx valup of "-'4, suggesting significant 
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FiglH'e 2. Nort.hern hemisphere upper atmospheric circulation showing the ~volllt,ion 
of the polar and subtropical jets. 2.50hP" wind speed (shading) and direction (vectors) 
based on two day averages for (a) M;\I'Ch:31 - April 1, (e) April 4 - 5, 1994 , (c) April 12 
- 13. 1994 and , (d) the monthlv aver<\ge sea Ievel _Dressure for the Deriod March 15 - April 
15, 1994. The source for the data is NOAA Climate Diagnostic Center (plotting page 
web adress http://www.cdc.noaa.gov/Hi~t.[)at.a/ 

links between high index NAO circu lation and the anomaloW'; dust event. 
In addition to the links with NAO, the Atlantic dust flu x also appears well 
correlated with the African drought and the ENSO (Prospero and Nees, 
1986) . 

3. Similarities III Regional Cooling Patterns 

There is a significant degree of synch ronism displayed between the Lev­
antine, Black and Caspian Seas, in terms of the air and sea surface tem­
peratures displayed in Figure :3. This is because of the proximity of the 
three regions, but abo a result of the possible large scale controls discussed 
above, and by Ozsoy and Onliiata (1997). In the sallie Figure, comparisons 
are also made with the NAO and SO indices and with solar transmission 
(an indicator of volcanic dust in the atmosphere). SOllie cold years appear 
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Figure 3. Time series of average air (ECMWF jERA re-analyses, 6 hr forecast temper­
ature at 10m height) and sea surface temperatures (ESA ERSIl ATSR derived monthly 
averages) for the Levantine, Black and Caspian Seas, Solar transmission at Mauna Loa, 
and the climatic indices NAOI (seasonal averages) and SOl, for the last two decades. 

linked with negative values of the SO Index in Figure :3 (e.g. 1982-8:3, 1986-
87, the 1990's), often cited as ENSO years (e.g. Meyers and O'Brien, 1995). 
Similarly, some yean; (198:3, 19,'\6-87, 1989-90, 1992-9:3) are characterized 
by high NAO indices. 

Relatively cooler winters are detected in the years 19,'\2-8:3, 1985, 1987, 
1989, 1991 and 1992-9:3 in Figure :3. Some of the cold years correspond to 
well known cases of convection and deep water formation in the regional 
seas (e.g. from recent data in 1987: dense water intrusion into the Mar­
mara Sea from the Aegean, Bei?iktepe et al., 199:3; deep water formation 
in the Rhodes Gyre region, Gertman et al., 1990; main pycnodine erosion 
in the Black Sea, unpublished data; in 1989: extensive LIW formation ill 
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Figure 4. Average lower t.ropospheric temperat.ure anomalies for (a) t.he globe, (b) t.he 
Rhodes Gyre region of the Levant.ine Sea (33"-37" Nand 26° _32° E), (b) sout.hwest. Black 
Sea (41°-43"N and 27°_.'31°E), (e) nort.hern Caspian Sea (45°-47"N alld 48°-5:l0E). The 
measurements were obtained from the Microwave Sounding Unit (MSU) for the 0-5.6km 
layer of t.he troposphere (gIid resolution 2.5 0) and the anomalies calculated over t.he base 
period of 1979-H195 are pl'Oduced by the Global Climate Perspectives System (eCPS) 
at the http) /www.ncdc.noaa.gov/onlineprod/prod.html web address. 

northern Levantine Sea (Ozsoy et at., 199:l); in J 992 and J 993: Black Sea 
Cold Intermediate Water (CIW) formation and pycnocline erosion, Ivanov 
et ai., 1997a,b; simultaneous intermediate and deep water forlllation in the 
Rhodes Gyre region of the Levantine Sea; Sur ct at., 1992, Ozsoy ct at., 
1993). There are also some surprises: the year 19r-;7 is one of the coolest 
years in all three seas, but then> is no corresponding decrea.se of a.ir tem­
perature in the Caspian Sea. Secondly, while the air temperature displays 
various anomalous years in the Ca;:;pian Sea, the sea surface temperature 
does not respond to it very effectively, except the year 1987, unlike the 
pattern observed for the other two sea.,>. 

Cooling in the lower tropof'phere (Figure 4a) occurred globaJly in 1992-
1993 (Spencer and Christy, 1992), foJlowing other cooling periods of 19N2, 
1985-86, 1989 in the 1a.'3t two decades. Significallt drops of Temperature 
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drops of I-2°C occurred in the entin' region extending from the Rhodes 
Gyre of the Levantine Sea to the southern Black Sea and the northern 
Caspian Sea (Figures 4b-d). An event of global climatic signific2cnce (Fiocco 
et al., 19(6) the eruption of Mount Pinatubo volcano in June 1991, resulting 
in stratospheric warmings (Angell, 19!n), decreased solar energy inputs 
(Dutton and Christy, 1992; Dutton, 1994) and anomalous temperatures 
(Halpert ct al., 199:3; Boden ct ai., 1994) in the entire northern hemisphere 
in 1992-9:3. Anomaloui;; cold temperatures appeared in the Middle East in 
very similar spatial patterns during the winters of 1992 and 199:3, covering 
the Black Sea, eastern Mediterranean, and African regions in both years 
(Ozsoy and lJnliiata, 1997). In Turkey, the winter of 1992 was the coldest 
in the last 60 years (Tiirke~ ct ai., 1995), and in Israel, it was thr coldrst 
in the la.<;t 46 ypars (Genin cf al., 1996). 

4. Surface Fluxes 

To study the effects of climate variability in the three spa.'3, tlw loss terms 
of the surface fluxes are computed from uniform quality, decadal atmo­
spheric re-analysis data obtained from the ECM\VF at 10 resolution (mean 
sea levpl pressurp, 10m wind, 2m atmosphpric and dew point temperatures 
and cloudiness, produced every 6 hr' intervals from 6hr' global forecasts), 
and monthly average spa surface temperature based on ERS1/ATSR satel­
lite data for the period 1981-1994. The air-sea fluxps are calculated by 
a 111Pthod of iteratively reconstructing the atmospheric variables at 10m 
height from ECMWF supplied fields based on Monin-Obukhov turbulent 
boundary layer theory, then using bulk formulae to compute thp wind­
stress, moisturp flux, sensible (qs) and latent ((j[) heat fluxes (Launiaien 
and Vihma, 1990; Vihma, 1995) a.'; well as thp longwave radiation (rJb) 
fluxes (Bignami ct al., 1995). The values are then averaged over the sea 
domain and a month to produce the values in Figure 5, whpre tIle standard 
deviations are also marked. 

The comparison of fluxes in the three different sea.'; shows coincidence 
between the active periods of Black Sea and Levantinf' Sea, and a lesser de­
gref' of sychronism betwef'n them and the Caspian Sea. On the other hand, 
the Black Sea and Ca.'ipian Sea momentlllli fluxes are larger, more seasonal 
and lIlore variable than th!' Levantinf' Spa, wlH're the largf'r events ('olile in 
interannual pulses. The sensible heat flux increa.'ips from the Levantinp Sea 
to the Black Sea, reaching a maximulIl in the Caspian Sea. 
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Figure 5. Wind stress and heal flux cOIllPonents for the Levilnline, Hlack il!lel Caspiil.n 
Seas comput.ed from the ECMWF re-il.nil.lysis, G hOllriy forecil.s(. fields. Th" values il.re 
averaged over each basin and over olle month periods. The error bilrs denote one (T 

standard deviation. 

5. Changes in the Eastern Mediterranean 

5.1. THERMOHALINE CIRCULATION 

The mean refiidcllce tilllP varips cOllsidprably frolll ",100 years for the Meditpr­
ran can and shorter for th" Caspian, to ",2000 for the Black Spa. The 
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Figure 6. Areas chosen for deep wat.er analyses in t.he west.ern Levant.ine, east.ern Ionian 
and Cret.an Seas 

Mediterranean 'conveyor belt' (i.c. the :3-0 thermohaline circulation, partly 
connected to the North Atlantic through the Gibraltar Strait), could have 
global impact, by regulating water masses and overturning in the North 
Atlantic (Reid ct at., 1994; Hecht ct al., 1996), with a potential, yet spec­
ulative contribution (Johnson, 1997a,b) to the triggering of paleoclimatic 
transitions (Broecker ct ai., 1985). 

The conceptual schemes of Mediterranean thermohaline circulations 
(e.g. Robinson and Golnaraghi, 1994) have been drastically cha.nged by the 
discovery of deep wa.ter formation (a) through dense water ou tflow from the 
Aegean Sea, and (b) simultaneously with LIW in the Rhodes Gyre core. 
It is now evident that the 'conveyor belt' circulation in the entire Mediter­
ranean is undergoing changes. Increases in the deep water temperature and 
nutrients (Bethoux ct at., 1989; Bethoux, 1989, 199:3) appear coupled to 
the annual deep convection patterns (Gascard, 1991; Madec and Crepon, 
1991; Send et al., 1996) in the western Mediterranean. 

The real surprise has recently come from the eastern Mediterranean, 
where deep water was found to form in the center of the permanent Rhodes 
Gyre, simultaneously with LIW on its periphery (Gertmall ct at., 1990; Sur 
et ai., 1992; Ozsoy ct al., 199:3) with a recurrence interval of a few years 
depending on cooling. Furthermore, a climatically induced switching in the 
closed cell 'conveyor belt' is now evident. The classical scheme of deep water 
renewal by dense water (fresh, cold) outflow from the Adriatic Sea (Roether 
and Schlitzer, 1991; Schlitzer ct ai., 1991; Roether ct ai., 1994), have been 
replaced by the dense water (salty, warm) outflow from the Aegean Sea 
(Roether ct al., 1996), starting in the early 1990's. The event has been 
detected for first time since the beginning of oceanographic observations, 
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Figure 7. Average salinity, potential t.emperat.ure, and log number of observations in 
the depth interval of 2000-4000", in the western Levantille, east.ern Ionian Sea areas. 
The error bars denote standard deviation. The averages are obtained from indivi,lual 
data sets contained within the combined MODB I POEM data and grouped into 1 year 
intervals falling within the specified depth range. 

although intermediate depth ('" I ,000-1500m) Aegean intrusions of lesser 
magnitude were well known (Roether and Schlitzer, 1991). 

The changes in deep water first became evident when an ullusually 
warm, saline water mass below 1000m was elPtectecl south of the Island of 
Crete during summer 199:3 (Heike et at., HJ94; A. Yilmaz, pel's. COlllll!.). 

Anomalous I!pat fluxes were detected in the deep sediments of Ionian Sea 
deep brine lakes in 199:3-94, capped by a double diffusive interface in contact 
with the new deep water (Della Vedova et al., 1995), suggesting a fresh 
transient event. Although an exact date for the Aegean dense water outflow 
can not be established, observations suggest a strong pulse in 1992-9;3, 
superposed on a background trend starting in the late 1980's. 
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Figure 8. Average salinity, potential temperat.ure, (Te density and log number of obser­
vations in the depth interval of 1000-2000m in t.he Cretan Sea. The error bars denote 
standard deviat.ion. The avcl'ages are obtained from individual data set.s contained wit.hin 
the combined MODB / POEM data and grouped int.o 1 year int.ervals fallmg wit.hin the 
specified depth range. 

An analysis of the MODS hh.;torical data base (Brasseur et al., 19£)6) 
combined with the last 10 years of Physical Oceanography of the East­
ern Mediterranean (POEM) data was made by Ozsoy and Latif (1996) to 
address the effect of Aegean outflow in the obRerved changes in deep wa­
ter. For this purpose, the three regions adjacent to the Aegean - Eastern 
Mediterranean junction (Figure 6) were selected. 

The average propertieR in the depth range of 2000-4000m, with the 95 
% confidence limits are shown in Figure 7 the western Levantine and ea.<;t.­
ern Ionian boxes (Figure 6), together with the number of obRervationR in 
each annual cluster. The vertical resolution, accuracy and coverage of the 
measurements increased in the second half of 1980's (POEM program). If 
we disregard the large salinity cha.nges associa.ted with measurement drift 
in the 1960's and 1970's, and trust the relatively more accurate tempera­
ture measurements, an increase in deep water temperature (and possibly 
salinity) is evident in both regions in the late 1980's, topped by a rapid 
increase during 1992-95. 

In the Cretan Sea deep water (maximum depth rv2000m), both tem-



292 

perature and salinity have fluctuated at least twice between minimum and 
maximum values in the last 60 years, starting a steady increase after the 
mid 1980's (Figure 8). The salinity reaclH'd its peak in 1995, while the 
temperature first increased until 1991 and dropped sharply in 1991-95 to 
yield a rapid and steady increase in density during the 1980's and 1990's, 
which is quite different than the relatively constant density values of the 
previous three decades. Similar conclusions were reached by Theocharis ct 
al., (1996) with regard to Cretan Sea. 

5.2. NEAR-SURFACE CIRCULATION 

Upper ocean variability has been most readily detected in the circulation 
of the main thermocline and in the physical properties of the internH'diate 
and surface waters both in the western Mediterranean (Crepoll ct at., 1989; 
Barnier ct ai., 1989) and the eastern Mediterranean (Hecht, 1992; SUI', ct 
ai., 1992; Ozsoy ct ai., 199:3). 

In the eastern Mediterranean, abrupt changes in circulation and water 
masses has been recognized (Hecht, 1992) as extraordinary, multi-annually 
recurrent events. The multiple bifurcating central jet flow joining the Asia 
Minor jet cyclonically east and west of Cyprus and anticyclonically along 
the eastern coast of Levant in 1985-86 has abruptly changed to a better 
organized, cyclonic flow around Cyprus in the 1988-1990 period, coincident 
with the Rhodes Gyre deep convection in 1987, the Illassive penetration of 
low salinity modified Atlantic water into the northern Levantine, and the 
disappearence of a coherent anticyclone in the Gulf of Antalya the sallle 
year and its re-appearence in 1990 (Ozsoy et at., 1991, 199:3). The surface 
salinity steadily increased from :39.1-:39.:3 in 1985-86 up to :39.5 in 1989 and 
:39.7 in 1990. During the same period changes OCCUlTed in in the pattern of 
formation and maintenance of LIW. The LIW trapped in the Antalya anti­
cyclonic eddy in 1985-86 disappeared together with the eddy itself in 1987. 
LIW with increa.<;ingly higher salinities was observed in the winter peri­
ods of the following years, reaching from ",:39.0 in 1989 to "':39.2 in 1989-90 
(Ozsoy et ai., 199:3). An increasing trend wa.'l evident in the Shikmona Gyre 
core salinity, temperature and density during the 1988-1994 period, with 
abrupt changes in the winters of 1990 and 1992 (Brenner, 1996). Salinity 
increa..,es in the entire region, together with circulation changes leading to 
the entry of salt water into the Aegean, and blocking of LIW to spread 
westward by multi-centered anticyclonic region in the Southern Lev3ntine, 
have been shown by Malanotte-Rizzoli et at., (1998) for the POEM survey 
of October 1991. The changes imply a salt redistribution pattern favoring 
the creation of Aegean dense water ou tflow. 
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6. Hydrological Cycles and Sea Level 

The sea-level, besides being a good indicator of climatic fluctuations, is a 
sensitive measure of hydrometeorological driving factors in enclosed and 
semi-enclosed seas. In the Black Sea, sea-level responds non-isostatically to 
atmospheric pressure and the total water budget, which are both highly 
variable on interannual and seasonal time scales (Sur et at., 1994), strictly 
controlled by the variable inputs of large rivers and the dynamical con­
straints imposed the Turkish Straits (O;soy et at., 1998a). Simple Illodels 
used to understand the time dependent response has had limited success to 
produce and explain sea-level variations oflargf' amplitude in tllis non-tidal 
Sea, unless special effects of wind-setup on the hydraulics of the Bosphorus 
are included (Ducet and Le Traon, 1998). 

In the Caspian Sea, sea-level changes depend on the regional hydrome­
teorological regime linked to global climate (Radionov, Hl94). The [:;ea level 
changes with climatic and anthropogenic components are of great economic 
and environmental importance for the surrounding countries. Iliterestingly, 
the sea-level change influences the residence time of the deep waters, and 
therefore has a direct bearing on the health of the Ca.<;pian Sea. A bru pt 
changes in sea-level have occurred twice since 18:30's, as Wf'1l as earlier in 
history, a.<; the fate of Khazars occupying in its shores in the 10th century 
stand witness. The sea level ha.<; first dropped from a -25 m in 19:30's down 
to -29 III by 1978, and ha.<; risen to the present -27 m after 1977. Hydrogen 
sulfide ha.<; been detected in deep waters prior to 1930 when sea-level was 
high, a.., a result of insufficient ventilation, lilllited by the decrec,sed volume 
of dense water formed on the ice-covered, shallow northern Caspian shelf 
(average depth'" 2m) under the influence of the large, variable inputs of 
the Volga river (Kosarev and Yablonskaya, 1994). 

7. Marine Ecosystems 

The marine ecosystems of interior seas are especially vulnerable, as signifi­
cant changes in nutrient supplies are taking place in their confined waters. 
In the Black Sea, and the Caspian Sea, supplied by large rivers, eutroph­
ication is leading to losses of habitats, species diversity, anel cowwquent 
economical value (Zaitsev and Mamayev, 1997, Kosarf'v and Yablonskaya, 
1994). The ea.<;tern Mediterranean system may be undergoillg change re­
lated to the Nile river (e.g. Turley, 1997). Ecosystem disa.sters in even 
smaller, confined waters of the the Ami Sea, Kara Bogaz Col, and Azov 
Sea, are better recognized. The introduction of extraneous species repre­
sent anthropogenic effects, either by filling a niche as ill the ca.')e of the 
Black Sea, or through Lessepsian migration from the Red Sea, in the case 
of the eastern Mediteranean (POI', 1978; Calil, 199:3; Ciicii ct at., 1904; 
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Figure 9. Model derived tropospheric dust load (glm 2 ) at 18:00 on Apl~1 6, 1994. 

KldeYf? and Giicii, 1995). On the other hand, the natural variabilities are 
frequently of the same magnitude a'3 anthropogenic effects, which makes 
diagnosis difficult. 

The basic ingredients and biological machinery of the marine ecosystems 
are often not sufficiently resolved (e.g. the sub-oxic zone in the Black Sea, 
Oguz, et al., this voiume; or the roles of P-limitation and cyanobacteria in 
the ea'3tern Mediterranean, Zohary and Robarts, 1996; Li et ai., 199:3). In 
addition to these biochemical factors, dynamical features are of first order 
importance for the ecosystem. In the Black Sea, upwelling, coastal flows 
and river supply play important roles (Sur et ai., 1994, 1996; Ozsoy and 
Unliiata, 1997). In the ea'3te1'11 Mediterranean, where the surface nutrients 
are low, nutrient upwelling at fronts (Ozsoy et ai., 199:3), and nutriPllt 
supply in the river mouths and coasts appear significant. Ecosystem changes 
a'3sociated with an uplift of the nutridine following the Aegean dense water 
outflow are suspected in the ea.;;tern Mediterranean (Roether et ai., 1996), 
and an' perhaps associated with changes ill deep zooplankton (Weikert, 
1996). The strong cooling and mixing in 1992-9:3 produced a ma'>Sive algal 
bloom near the Rhodes Gyre (Ylllllaz ct at., 1996; Ediger and Yllmaz, 
1996), and in Eilat, where it lead to the destruction of coral reefs (Genin 
ct ai., 1996). These events coincided with the enhanced pycnocline erosion 
(Ivanov et at., 1997a,b), followed by a ma'3sive bloom (Vladimirov ct at., 
1997) in the following summer of 1992 in the Black Sea. The bloom in the 
Black Sea apparently produced atmospheric non-sea-salt sulfate aerosols 
of marine biological origin swept southwards and detected in the Erdemli 
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measurements (Ozsoy et ai., 1998c). 

8. Aerosol Dust 

Aerosol desert dust is important in the climate system, primarily because 
of its effects on heat budgets (Charlson and Heintzenberg, 1995), especially 
in semi-enclosed seas (Gilman and Garrett, 1994), on the heterogeneous 
chemistry of the tropospheric and greenhouse gases (Dentener d al., 1996), 
as well as on the biogeochemical cycles in the marine environment (Duce 
et ai., 1991). 

Dust transport is an important climatic process which is particularly 
active in the Mediterranean area (Guerzoni and Chester, 1996), with an 
illcrea.sing incidence in recent years associated with drought and desertifi­
cation. The role of large scale controls in establishing conditions for trans­
port, such as in the spectacular April 1994 ca.se, are outlined in SE'ction 
2. The dust load for this unique cast> of simultaneous transport (Andrae, 
1996; Moulin et al., 1997) in a shallow layer across the Atlantic and within 
a rapidly developing cyclonE' towards the E'a.stern Mediterranean and Black 
Sea regions, resulting in anomalously high eoncentrations in Ba,rbados and 
Erdemli (Li et al., 1996, Ozsoy et al., 1998b; Kubilay et al., 1998) is shown 
in Figure 9. 

Sahara dust is known to be the main sourcE' contributing to the forma­
tion of the fertile 'red soils' of the ea.<;tern Mediterranean. It is hypothesized, 
based on satellite observations and concurrent dust measurements (unpub­
lished material, IMS-METU) that the transport and deposition on sea sur­
face of eroded dust from the Sahara and Arabian deserts has all impact on 
short term, episodic phytoplankton blooms in the eastern Mediterranean. 
There is often a striking coincidE'nce of 'high rE'flectivity' from the sea sur­
face typically a.<;sociated with E. hu;J:/cyi blooms, and the incursions of dust, 
supported by the coincidence of the fertilization events with high fluxes of 
carbonates in sediment trap obsetvations. However, the working hypothesis 
has to be better defined and tested with detailed observations. 
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1. Introduction 

This paper focuses on describing the hydrographic characteristics of the Black Sea 
brackish waters flowing through the Dardanelles to the highly saline Athos basin of the 
Aegean Sea. This region of the Aegean Sea is located between the areas with markedly 
different physical and geographical conditions, where an intense interaction and 
transfonnation of several water masses within a relatively small area takes place. The 
Aegean Sea connects to the Black Sea by the Dardanelles/ Mannara Seal Bosphorus 
system at the east and joins the Levantine Sea through several passages and straits 
located between the islands Crete and Rhodes (Fig. I). The Aegean Sea has very 
irregular coastlines and bottom topography with many islands. It is appears to have the 
most complicated hydrometeorological regime among the Mediterranean Sea basins. It 
is divided into three parts isolated from one to another by islands and sills: Athos 
Basin, Chios Basin and Crete Basin. The water exchange within the surface layer of 
these parts of the sea is restricted because of the narrow and rather shallow straits 
between the islands. Important The knowledge on the water formation and spreading 
characteristics are of crucial importance for the Aegean Sea ecology. 

The hydrological regime of the Black Sea is quite different than that of the 
Mediterranean. Its water balance is characterized by excess of river discharge and 
precipitation over the evaporation, while in the case of the Mediterranean, the annual 
rate of evaporation exceeds the total precipitation and river runoffs. Therefore, throug­
hout the year, the Black Sea level remains above the Mediterranean one. 

Brackish Black Sea waters (BSW) outflowing from the Dardanelles, as a rule, 
form a well-pronounced plume traceable over a large range in the adjacent zone. As the 
density of Black Sea waters is much less than that of the Aegean Sea, and the Black Sea 
water flows continuously from the strait to the mixing zone, the plume's free surface 
rises above the level of ambient waters. This causes the plume to spread over the 
Aegean Sea waters, thereby reducing thickness. Horizontal turbulent diffusion and 
turbulent mixing through the lower interface between brackish wate:rs and salty waters 
hampers the propagation of Black Sea waters in the Athos basin and contribute to the 
generation of sharp frontal boundaries along the plume's perimeter. 
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Figure 1, Map ofth~ A0gean Sea with three sub-hasins: Athas. Chios and Crete Basins; 
Plan view of the Dardanelles Strait. 

The mechanism responsible for the frontogenesis of such a plwne front are the 
horizontal pressure gradients, resulting, basically, from the inclination of the surface of 
brackish water layer and the opposite inclination of the front between the plwne waters 
and an1bient ones. As long as the two water masses interact, the front and the frontal 
zone will exist. The front may change its position due to fluctuations of the intensity of 
brackish water source. The front's location can be also impacted by tides and drift 
currcnts. 

The Dardanelles Strait is 120 km in length, ranging in width from 1296 m to 
18520 m, and with maximum depth of 106 m (Fig. I). A two layer currents systcm 
exists in the Dardanelles. The maximwn speed of the upper current is observed at the 
surface, being in excess of 100 crn/s and more, and swiftly decreasing with depth. 
Below 20 m depth, the strait is filled with highly-saline Aegean Sea waters, which are 
transported by the countercurrent to the Marmara Sea, and then through the Bospoms 
to the Black Sea. The speed undercurrent is on the order of 10 cm/s. 

In summer, Black Sea waters exiting the Dardanelles have a salinity of about 26-28 
ppt [4]. Off the exit their salinity increases up to 36-37ppt, on the flow is separated 
into several branches [7]. The low salinity waters are observed generally along the 
northern and western shores of the sea (33-34 and 36-38ppt respectively). 
Simultaneously, the salinity dramatically increases as one moves from 25° E toward to 
the Turkish coast (up to 38.8-39.0 ppt). In winter, the reduction of the inflow of Black 
Sea waters and an intensive convective mixing caused by significant cooling of the air 
lead to the general increase of surface waters salinity (up to 35.0-38.9 ppt). 
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The results of investigations based on in situ observations and mathematical 
simulations of structure and evolution of the frontal zone occurring in the North 
Aegean Sea area were published in [6). The present paper describes the satellite 
NOAA-A VHRR thermal data showing the distribution of the Black Sea water inflow 
in the Aegean Sea. This is followed by description of the in-situ data obtained by flow 
system for the surface layer on the route along Marmara Sea\ Dardanelles\ Aegean Sea 
during 1995. 

2. Analysis of Satellite Data 

The BSW, which is characterized by low salinity and low density, is confined in the 
surface layer of the North Aegean Sea. Because the Black Sea water is colder than 
the surrounding waters (a difference of up to 3_50 C), the surface water temperature 
could be utilized as a <<tracer» for describing the distribution of the BSW in the North 
Aegean Sea. 

Figure 2. Satellite infrared AVHRR images (NOAA-14) of brightness temperature for 
periods of March, 20, 1995 (a): March, 27, 1995 (b); April, 3,1995 (c ); April,4, 
1995 (d). Darker shades indicate colder briehtness temperature. 
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The typical example of the surface Black Sea waters distribution in the Aegean Sea 
for a cold season is presented in Figure 2. The inflowing to the Aegean Sea BSW is 
much colder than surrounding one and can be readily detected with the use of surface 
images in winter. The series of satellite (NOAA-14, Ch-4) A VHRR infrared 
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Figure 3. Satellite A VHRR images from August 8-\0, 1995; a), c), e ) -infrared images from 
channel 4; b),d) - optical images from combination of channell and 2; f) bathymetry of the pre­
Dardanelles area. 

images of brightness temperature show a few different situations with Dardanelles 
plume front in accordance with wind conditions (darker color correspond to colder 
water). For the image from March 20, 1995 the blockage for the Black Sea water 
inside the Dardanelles is clearly seen. This is due to strong southeasterly winds 
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prevailing the region during this period. Such situation of the absence of the front in 
the pre-Dardanelles area observed in cruise of R/V «Professor Kolesnikov» during 
December, 1993. Another situation is presented at March, 27, 1995 image when the 
cold Black Sea waters spread northward by the wind action. The calm situation took 
place during April, 3 and 4. So, a few typical positions of cold water front is clearly 
seen from these scenes. 

Another situation occurred in the summer season. The summer images are much 
more difficult to analyze from the point of view of the Black Sea water distribution. 
Satellite infrared A VHRR images (NOAA-14) oftemperature for period August 8-10, 
1995 is presented at the left column in Figure 3. Darker shades indicate colder 
brightness temperature. Images of visible channel (combination of channel I with 
channel 2) for August 8 and 9, 1995 is shown in the right panels of the Figure 3. 
Because the difference between the temperatures of inflow BSW and the ambient 
Aegean Sea waters in summer is negligibly small the position of the thermohaline 
front can not be defined clearly from the presented images. From thlese summer scenes 
(August, 8,9,10) only the development of upwelling processes at the Asia Minor area 
is clearly seen and verified by the direct measurements. Moreover, even optical images 
do not put any clarity to BSW dynamics. 

3. Analysis of Surlace Temperature and Salinity 

Analysis of the sea surface images indicated that it is difficult to define the position 
and configuration of the outer boundary ofthe BSW front in summer season, when the 
difference between the temperatures of inflowing and ambient waters is small. In 
winter, as this difference, as a rule, is larger the sea surface images can be useful and 
provide good results. 

In this connection it is worth to pay attention to one circumsltance. The usually 
accepted idea on the two-layer current structure of the in the Dardanelles leads to the 
assumption that the BSW pass through the Dardanelles in the upper thin 10-20 m layer 
and mix with the Aegean Sea waters in the pre-Dardanelles area of the Athos Basin. If 
it is true, the Dardanelles front should be identified rather easy by the use of the sea 
surface satellite images when the difference between the Aegean and Black Sea waters 
equal to several degrees. But the latest in-situ measurements in the Dardanelles have 
shown that the mixing of the Aegean and Black Sea waters involves more 
complicated physical processes. The mixing process takes place not only in the zone of 
the direct frontal contact of two water masses in the Aegean Sea but also in the strait 
on the way of BSW through the Dardanelles. So, the temperature of inflowing from 
the Dardanelles waters is not equal to the water temperature in the Black and Marmara 
seas, but has intermediate value. This interesting fact makes the procedure of the sea 
surface satellite image analysis more difficult and less applicable. This is illustrated 
below by means of continuous high-resolution records (space step is equal to 
approximately 100 m) of the surface water temperature and salinity in Bosporus/ 
Marmara! Dardanelles/ Aegean system perform in the spring and summer, 1995. 

Figure 4 shows values of temperature and salinity measured at 5 m depth along the 
way from the Marmara Sea to the Aegean Sea. The measurements b(:gin in the 
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Figure 4. Values of surface temperature and salinity measured along way trom the Marmara Sea to the 
Aegean Sea from August, 7-9.1995. 



T, C 

28 

25 

24 

23 

22 

21 

20 

24 0 25 0 

40 

39 

240 

....-'V'\' , " 
, " 
, " 

26 0 27 0 28 0 29 0 

Au~st:, 13, 1005, 00 h. 00 min 

29 0 30 0 

I rva..1I.' I "LJ-"l'N' I, , 

" ' 
" , , , 

z 

~~:~' 
, " 

T 

S,ppt 
39 

38 

37 

38 

35 

34 

33 

32 

31 

30 

29 

28 

':1.7 

28 

25 

24 

23 

':1.2 

':1.1 

~~'TI-'~'rl~'~I--r-~~~'I--r-~'~I--r-~-r~~r-~~-T-"--r-~ 20 

550 500 450 400 350 300 250 200 150 100 50 o (km) 

307 

Figure 5. Values of surface temperature and salinity measured along way from the Marmara Sea to the 
Aegean Sea trom August, 13-14, 1995. 

Marmara Sea in August, 7, 1995 in l6.00h. and terminate in the Aegean Sea in 
August, 9, 1995 in 15h. 20 min. The thin line corresponds to the temperature (left 
scale) and the thick line to the salinity (right scale). Sections 1 and 2 are placed in 
the Marmara Sea where the salinity and temperature have values from 21 ppt to 22 ppt 
and 24° to 25.5° C. The section 3 starts in Marmara Sea and covers the northern part of 
the Dardanelles to the north of the Cape Nara. It is interesting to note that salinity 
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value is practically constant and equals to 22.5 ppt along sections 1-3, but the 
temperature value has small variations between 24.5° and 25.5° C. The section 4 
represents the variations in the vicinity of the Cape Nara. In this section, the salinity 
increase dramatically up to 27 ppt whereas the temperature decreases to 22.5° C. 
Further changes in the characteristics of the surface water take place along the section 
5 covering the vicinity of exit region of the strait. We further note that these changes 
have an synchronous oscillating character. The decrease of temperature always 
corresponds to the increase of salinity or vice a verse, and the increase in salinity 
value up to 33.5 ppt is accompanied with the increase of temperature up to 25.5° C in 
the Aegean Sea. In the section 7 the increase of salinity up to 39 ppt and decrease of 
temperature up to 21°C can be explained by the cross of the plume front outer 
boundary and upwelling front developed this time near Asia Minor coast (see Fig.3). 

In subsequent survey which took place a week later on the way back from the 
Aegean to the Black Sea (from August, 13-14, 1995) all these features were observed 
once again (Fig. 5). Section 1, 2 and 3 now located in the Aegean Sea. In comparison 
with Fig.4, values of the temperature were smaller (21.5° to 23.5° C) but the salinity 
were greater (37.5ppt to 39ppt). It is probably due to upwelling mentioned above. 
developed near the coast of Asia Minor. At the section number 4 the high values 
of salinity and very low temperature value of 19° C can be explained as a result of 
counteraction of plume front with the upwelling front. Along section 5 it is interesting 
that the temperature and salinity variations are analogous to those shown in Fig. 4. The 
rest of the Dardanelles the temperature and salinity were practically unchanged (24.5(1 
C and 22.5ppt respectively). 

For the comparison with the summer situation. we present the similar surface 
temperature and salinity distributions obtained on the way Marmara \Dardanelles 
\Aegean for the cold season during March. 22-24, 1995 (Fig. 6). The inflow of 
fresh Black Sea water in cold season seams to be is less than in summer. The value of 
salinity increases from 24ppt to 27ppt along the section I. While the value of 
temperature almost constant (Hi' C) along the sections L 2 and 3, the salinity 
undergoes I ppt. Once again the values of temperature and salinity are sharply 
increased (from 11° to 13.50 C and from 27ppt to 32.5 ppt, respectively) in the western 
part of the strait, downstreanl of the Cape Nara. Further increases take place along 
sections 6 and 7 until the surface waters display the characteristics of the Aegean Sea 
water (38.5ppt and 16° C). 

The most remarkable features is the sharp changes of temperature and salinity in 
Figures 4,5 and 6 with Scillle oscillations near the Cape Nara where the strait is 
narrowed and bended almost 90 degrees. This indicates a mixing of inflowing fresh 
water with outilowing Aegean waters taking place in this region. It was also shown in 
[21 that the Dardanelles exercises efficient hydraulic controls on the upper-layer flow, 
due to contraction at Nara Pass and abrupt expansion of the width at its Aegean exit. 
The decrease of surface temperature in summer and its increase in winter in the region 
of the Canakkale strait deals with that the part of lower layer flow entrains into the 
upper layer. This implies that a part of the Aegean Sea water flows back to the 
Aegean Sea as a part ofthe surface layer flow. 
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Figure 6. Values of surface temperature and salinity measured along way from the Marmara Sea the 
Aegean Sea from March, 22-24,1995. 

For Bosphorus it was shown in [I] by means of nwnerical modeling that basically 
two-layer flow structure involves an intermediate entrainment layer in which there is a 
system of recirculation that may be expected to play a prominent role in the exchange 
of water properties between the surface and bottom layers. 

For three measurements described above the resulting crt density variations along 
the Dardanelles are shown in Figure 7. Density profiles recorded during August, 7-9, 
1995 are shown in Figure 7 by thin line. The thick line is the density obtained for 
August, 13-14, 1995 and the dotted line was calculated for sections 3, 4 and 5 for 
March, 22-24, 1995 (Fig.6). It is clearly seen that the two summer curves obtained a 
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week time interval (thin and thick curves) arc qualitatively almost the same super 
imposed on increase of the density along the channel, reflecting the existence of the 
constant vertical mixing and constant entrainment of the Aegean Sea waters. 4 local 
peaks are present with almost identical characteristics located in the narrow and more 
bcnded section of the Dardanelles . Taking in account that the more dense and more 
heavy waters lie in the lower layer near the bottom and have the Aegean Sea origin 
one can formulate a hypothesis about the existence of quasistationary zones of higher 
intensity of vertical mixing. In the presence of the powerful shear current one can 
anticipate that this region is the more probable place of formation of hydraulic jumps 
and internal lee waves, facilitating the vertical mixing. The irregularities of the 
coastline also can lead to the formation of the local disturbances. 
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Figure 7. Surtace density along the Dardanelles Strait. 

The value of the surface density in winter is larger than analogous values in 
summer season. Nevertheless the density jump in winter season occurs also in the 
same place and this fact can be the additional confirmation of this hypothesis. 

Presented results obtained in the Dardanelles Strait illustrate several features of 
flow that may be related to the internal hydraulics adjustment of the exchange flow as 
was shown in Bosphorus Strait by Oguz et al. [3]. Their results were based on fine 
resolution (CTD data -1 m in the vertical and -1-2 km in the horizontal) hydrographic 
measurements and two-layered model experiments. The model computations show that 
almost half of the lower layer flow coming into the region from the eastern Marmara 
basin is lost by entrainment into the upper layer. Consequently, the upper layer salinity 
prescribed as 18 ppt at the Black Sea termination ofthe strait increases typically to 23-
25 ppt at southern exit region. The lower layer salinity of 38 ppt at the Marmara end of 
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the strait, on the other hand, may decrease up to 33 ppt at the northern sill region 
showing that the Mediterranean emuent is diluted to a considerable extent before it 
joins into the western Black Sea. 

4. Summary and Conclusions 

One of the important questions of a study of eastern Mediterrane;m is the research of 
the dynamics of the Aegean Sea waters and their interaction with adjoining basins. 
Besides other factors (such as evaporation, precipitation, river discharge, the interaction 
with Levantine Basin). The Black Sea inflow through the Dardanelles Strait plays a 
major role in the Aegean Sea circulation. The level of the Black Sea always is higher 
than a level of the Aegean sea. This circumstance is the main reason that the permanent 
inflow of brackish BSW exists in the highly saline Athos Basin of the Aegean sea. 
Thus the annual discharge of inflowing water according to [4] is equal to 350 km3 per 
year. The largest inflow takes place in sununer season, the least in winter. 

The presence of many islands and complex bottom relief are the basic factors for 
the water exchange between various basins of the Aegean Sea occurs mainly restricted 
to the upper layers of the sea. The more light BSW inflows through the Dardanelles in 
the upper IO-20-meter layer and spreads on rather large distance from the strait. It 
flows along the northern part of the Aegean Sea, gradually mixing up with the ambient 
waters. The thermohaline front arises in the inunediate proximity to a strait in a zone of 
contact of the Black Sea and Aegean Sea waters. As the Black Sea waters become less 
dense, it is concentrated in a thin upper surface layer, which is exposed more to 
atmospheric processes. The location and shape of the front are therefore largely 
determined by meteorological conditions prior to the observations. It implies that 
forecasting of a hydrological situation in the pre-Dardanelles are:a is rather difficult 
task. 

The position of the brackish waters of the Black Sea origin can be traced by the 
satellite images. However, such analysis can be carried out only under condition of 
large contrast of temperatures (a few degrees). For a winter season this condition as a 
rule is valid. The less salty BSW in a winter season is also characterized by lower 
temperature and thus easily can be identified on the satellite images. The analysis of the 
winter images of a sea surface of the pre-Dardanelles area of the Aegean Sea has 
allowed to describe some probable typical hydrological situations under various 
meteorological conditions - from the complete lock-out of the front in a strait during a 
strong counter wind, up to a real position of the front with a quiet weather. 

This approach however is less applicable for sununer season as the difference of 
temperatures of inflowing and ambient waters becomes insignificant. Since the 
temperature contrast between the Marmara and Aegean Seas are much less as compared 
to the winter month. An analysis of the pump casting data, which have been carried out 
on the course of a vessel, has shown, that salinity and temperature of surface water 
gradually increase in the strait in the direction to its exit. The presence of the powerful 
surface currents in upper 20-meter layer directed to the Aegean Sea (up to 1m/sec) and 
the countercurrent in the near-bottom layer creates conditions of entrainment of salty 
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waters into the upper layer, mixing and returning back to the Aegean Sea. By the results 
of in-situ measurements, it was revealed a few local quasistable mixing zones in the 
strait. They are located in the region of narrowest and most curved portion of the 
Dardanelles. 

It is interesting that analysis of only surface temperature and salinity done by 
pumping system in the Dardanelles had shown that submaximal exchange exists in this 
strait. Such withdrawal was done early in [5] from more complex analysis of CTD data 
(-I m in the vertical and -1-2 km in the horizontal). 
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BIO-OPTICAL CHARACTERISTICS OF THE AEGEAN SEA 
RETRIEVED FROM SATELLITE OCEAN COLOR DATA 
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P,P,Shirshov Institute of Oceanology Russian Academy of Sciences 
Nakhimovski prospect 36, Moscow 1 ~ 7851, Russia 

1. Introduction. 

The specific goal of this work is to demonstrate the possibilities of new ocean color satellite 
sensors such as the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) for studying 
processes in the Eastern Mediterranean, with the Aegean Sea as an example, The Aegean 
Sea appears as an appropriate basin for study of contrasting ecosystems, because it is 
subjected to intrusion of water masses of different origin with pronounced contrast in 
bioproductivity: the eutrophic water from the Black Sea, and the oligotrophic water from 
the Levantine Basin. 

SeaWiFS gives a nearly comprehensive global view of the oceans every two days, 
The ocean bio-optical parameters derived routinely from SeaWiFS data include chlorophyll 
a concentration; "CZCS-type" pigment concentration (the summation of chlorophyll a and 
phaeophytin concentrations): and the diffuse attenuation coefficient at 490 om, K(490) 
[1,2]. SeaWiFS data have potential for the derivation of other seawater optical 
characteristics such as the absorption coefficient with separation of contributions arising 
from yellow substance and phytoplankton pigments, and the backscattering coefficient, 
These are important quantities for calculation of light propagation in water bodies, both 
solar radiation and laser pulses, and they can be also used to study various processes of 
suspended and dissolved matter transformation as well the ocean dynamics in the upper 
ocean. Methods to retrieve these quantities have been already considered [3-6]. In this 
work the bio-optical characteristics retrieved from SeaWiFS data in September-October, 
1997 have been mapped for the Aegean Sea by using algorithms developed by the authors, 

2. SeaWiFS Data. 

The SeaWiFS project produces LAC and GAC data products whene the terms "LAC" and 
"GAC" refer to the spatial resolution and mean respectively "Local Area Coverage" and 
"Global Area Coverage", LAC products have a spatial resolution of 1. 1 km at nadir 
(directly beneath the satellite), and pixels are contiguous; on board SeaWiFS only limited 
amount of LAC data are recorded but such kind of data are broadcast to High Resolution 
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Picture Transmission (HRPT) ground stations situated throughout the world. GAC 
products are continuously created onboard the satellite by selecting every fourth pixel on 
every fourth scan line so the pixels are spaced at 4.4 km intervals. The level-lA products 
include the row image data recorded onboard the satellite and all instrument and spacecraft 
telemetry data together with appended instrument calibration and navigation data; these 
data allow to calculate calibrated radiances measured at the top of the atmosphere with 
reference to time and geographical coordinates. Level-2 products are derived from the 
level-l A radiance data with no remapping, so 1evel-2 data correspond to the original pixel 
position. Before computing level-2 data, pixels are eliminated if they contain cloud, sun 
glint, or other abnormalities; for the accepted pixels the atmospheric correction algorithm is 
applied to derive the normalized water-leaving radiances, and, by means of the bio-optical 
algorithms, in-water characteristics. 

The SeaWiFS data used were searched, viewed and ordered via the World Wide 
Web from the Goddard Space Flight Center Distributed Active Archive Center (GSFC 
DAAC). These data included the GAC and LAC data recorded on the satellite's tape 
recorder and downlinked to the ground station in Wallops, USA as well as the LAC data 
captured by the HRPT ground station in Dundee, Scotland (the LAC data for the Aegean 
Sea were available only from this HRPT station in September-October, 1997). When the 
level-lA LAC data are used, the normalized water-leaving radiances are calculated with the 
SeaDAS software package (SeaDAS - SeaWiFS Data Analysis System) specially developed 
by the SeaWiFS Project for the processing, display, analysis, and quality control of all 
SeaWiFS data products and kindly made available by NASA. 

3. The models and algorithms. 

The starting data for calculation of bio-optical characteristics are the values of the 
normalized water-leaving radiances, LdA.;), in the 5 spectral bands of SeaWiFS with A.; 
equal to 412,443,490, 510, and 555 nm; the LWN values are independent of viewing and 
solar geometry and optical characteristics of the atmosphere [7]. These values are related to 
the values of the ocean irradiance reflectance R(2)=E./Ed just beneath the sea surface (Eu 
and Ed are respectively upwelling and downwelling irradiances just beneath the sea surface ) 
by the following formula [7] 

LWNO.) = Fo M R(A,)/Q, (1) 

where Fa is the extraterrestrial solar irradiance, Q is the ratio of upwelling irradiance to 
upwelling radiance towards zenith. M is defined by 

(2) 

where rL . rE are the Fresnel reflectances of the sea surface for upwelling radiance and 
downwelling irradiance, r is the water-air reflectance for upwelling irradiance, and m is the 
seawater refraction index. The values of rL, rE and r are accepted to be equal to 0.021, 
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0.04, and 0.48 respectively [7]. Fonnulae (1)-(2) can be modified to obtain the spectral 
radiance reflectance p()')=JCLu/Ed (Ll< is the upwelling radiance just beneath the surface), 
which is used in the bio-optical algorithm. The values of p().) and R()') are linked by a 
simple relationship: p().}=7rR().)!Q; the value ofQIJr is accepted to be equal to 1.2 [8]. 

The value of p().) obtained from (1)-(2) can be directly related to the absorption 
a(A) and backscattering bb().) coefficients by the following formula [7] 

(3) 

X= btl(bb +a). (4) 

Values of bb and a can be retrieved from (4) with values of X obtained from (1)-(3) and 
represented as 

a().) = aw().) + 8.ph().) + ag().), 

bb().)= ht.w().) + bbp()'), 
(5) 
(6) 

where aw(A) and bbu'().) are absorption and backscattering coefficients of pure sea 
water (with their values in accordance with Pope, Fry [9] and Shifrin [10]), aph(A) is the 
spectral absorption of phytoplankton pigments, al).) is the absorption by 
chromophoric dissolved organic matter (eDOM), as it is called "yellow substance" 
("gelbstotr'), and bbp().) is the backscattering of suspended particles. The absorption of 
phytoplankton pigments aph().) = Cchl hh().), where jph().) is specific absorption of 
phytoplankton pigments, is represented by the power function 

(7) 

where A and B are positive wavelength-dependent parameters [11]. Spectral dependence 
of the eDOM absorption ag ().} is assumed in the usual form Gg().) =agexp(-s()'-440)} , 
where ag is value of the eDOM absorption at ).= 440 nm, s is a parameter which value 
was accepted to be equal to 0.017 nm· l . The spectral dependence of suspended 
particles backscattering coefficient has the traditional form bbp(A) =bbp(Al550r, where 
bbp is the particle backscattering coefficient at the reference wavelength 550 nm. The 
value of parameter n is determined from the following relationship [3] 

n = -1.09 + 3.05 P(443)1P(490). (8) 

The unknown parameters Cchl, ag and bbp are determined from the system of five 
nonlinear equations (3) using the least square technique. Because of nonlinear dependence 
of phytoplankton absorption on chlorophyll concentration, a number of iterations must be 
done to obtain a solution of this system with the proper accuracy. These iterations increase 
the computation burden drastically with dealing with great amount of space ocean color 
sensors data. To reduce the computational time, the shape of the phytoplankton specific 
absorption curve is assumed to be independent of the chlorophyll concentration, more 
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precisely it is calculated tor a chlorophyll concentration of 0.5 mg/m3. Further calculations 
showed that this assumption does not increase errors in the retrieval of bio-optical 
parameters. 

Along with producing new level 2 products (ag(440), aph(l40), bb(550), and Cch1 
and Kd(190) with the authors' algorithms) corresponding the original pixel position, level 3 
data products for all bio-optical variables are derived by "binning" level 2 data into 4 km 
grid cells (contrary to the usual SeaWiFS 9 km grid cells) and averaging them spatially and 
temporally within every cell over September and October of 1997. Although September is 
generally taken as a summer month whereas October as an autumn one, there was found no 
pronounced distinction between these months; so we also averaged the data over these two 
months. Both the level 2 and level 3 data are mapped on a Mercator projection with the 
computer code developed for PC by the authors; the level 2 images are limited to the part 
of the satellite swath encompassing the Aegean Sea. Examples of the mapped data are 
given in Plates 1-3. 

4. Results. 

Plates 1-3 display spatial distributions of the values of ag(440), bd55 0) , and Ldt/ derived 
from SeaWiFS GAC data over the Aegean Sea. These quantities were chosen as they relate 
directly to three important seawater components: color organic matter (yellow substance), 
particulate matter, and photosynthetic phytoplankton. Spatial distributions of 
concentrations of these components depend on disposal and characteristics of the sources 
producing these components as well as on processes of their transfer from the sources and 
their transformation. The most important sources in the Aegean Sea, namely, the inflow of 
the Black Sea water through the Dardanelles, the photosynthetic primary production, and 
the run-off of rivers should be considered, as well as, to a lesser extent, the coast erosion, 
volcanoes, and the inflow of aerosol particles. As for the primary production., it should be 
noted that its values are usually very low in the most part of the Mediterranean Sea due to 
impoverished nutrient concentration. The primary production is enhanced only where 
nutrient concentration within the surface layer increases due to such phenomena as local 
upwellings, river run-off, and, regarding the Aegean Sea, the inflow of the Black Sea water 
through the Dardanelles. All the three most important sources mentioned above act mainly 
in the northern part of of the Aegean Sea, and their effect can be distinguished in Plates 1-3. 
As to the transfer processes in the Aegean Sea, one of them is an advection due to the 
movement of water masses. The general circulation in the Aegean Sea is cyclonical with 
two basic currents. One of them, associated with the Black Sea water, coming through the 
Dardanelles, moves west to the Gulf of Salonika, and then proceeds southward along the 
coast of Greece; the other current, opposite in direction and associated with the Levantine 
water, coming through the south-eastern straits, moves north along the coast of Turkey. 
These currents are best displayed by the distribution of the bb(550) values derived from the 
level 2 data on September 27 (Plate 1); they are not as well distinguished in the mean 
distribution of the bb(550) values (plate 2). This can probably be explained that the 
circulation in the Aegean Sea is strongly affected by winds and, although the general 
circulation is rather stable, the meridional main streams can disintegrate forming both 
cyclonic and anticyclonic eddies according to the wind conditions [12]. 
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All mean distributions presented in Plates 2, 3 reveal the Black Sea inflow through 
the Dardanelles. The reason is that the inflowing Black Sea water has enhanced 
concentrations of yellow substance and suspended particles as well as of phytoplankton 
pigments and nutrients; the latter is beneficial for growing primary production and hence for 
further increasing chlorophyll concentration. The other areas of enhanced chlorophyll 
concentrations are due to the run-off of rivers Marica, Struma, Vardar in the northern and 
the north-western parts of the Aegean Sea. Comparing chlorophyll images in Plate 3 
derived using the authors' and SeaWiFS algorithms, some discrepancies between them are 
noted To analyze these discrepancies, we compared the values of chlorophyll a 
concentration and of Kd(490) retrieved by both algorithms for several pixels in the Aegean 
and the Black Seas from SeaWiFS level 2 GAC data. They include the data on October 2, 
8, and 11; the data on October 8 and 11 were contemporaneous with the field 
measurements at Stations 2 and 4 during the validation cruise of RIV Akvanavt" (see the 
next section). Values of Kd by the authors' algorithm are calculated by using a simple 
relationship: Kd =12S(a+bb) based on the work of Gordon [13]. 

Table I. Comparison of the retrieved values of chlorophyll a concentratiOn and Kd 
calculated by the authors' (I) and the SeaWiFS (2) algorithms lor several pixels 
in the Aegean and the Black Seas; Ll is a relative discrepancy between the values 
retrieved by these algorithms; j3 is the ratio of a, (440) to ap(440) 

2.10.97 SeaWiFS GAC imallerv the Aellean Sea. 

C,hl (I) CdoJ (2) .1 Kd(l) Kd(2) .1 
36.98"N 0.102 0.091 11% 0.0381 0.0334 12% 
24 on; 
37.02"N 0.118 0.119 1% 0.0403 0.0350 13% 
2601"E 
3801"N 0.184 0.160 13% 0.0437 0.0376 14% 
26.01"[-; 

38.00"N 0.256 0.231 10% 0.0493 0.0434 12% 
24.99"E 
39.99"N 0.479 0.388 17% 0.0642 0.0592 8% 
24.99"E 

St.4 in the Aegean Sea 
39.29"N 0.128 0.184 44% 0.0479 0.0434 10% 
25.12"E 

St.2 in the Black Sea 
42.96"N 0.491 1.06 138% 0.100 0125 25% 
35.59''E 

B 
176 

1.77 

1.31 

1.32 

140 

2.98 

3.71 

As seen from Table I, there is a good agreement between results obtained with the 
SeaWiFS and the authors' algorithms for SeaWiFS imagery on 2 Oct 1997 (discrepancies 
are less than 20%) while for the St2 and StA the discrepancies are essentially greater. Let 
us call attention to the differences in the values of j3 which are less than 2 for all points on 
2 Oct 1997, but are 3-4 for the St2 and St.4. Thus the discrepancies appear for the waters 
with relative enhanced concentrations of yellow substance. Note the values of K~490) 
agree quite satisfactorily in even such cases. 
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5. Validation of the algorithms using contemporaneous field measurements. 

Validation of the algorithms was performed during the scientific cruise of RV 
"Akvanavt" in the Black and Aegean Seas, October 6-24, 1997. The field studies, carried 
out contemporaneously with measurements by satellite ocean color sensors SeaWiFS and 
MOS-IRS, included: 
• measurements of spectral upwelling radiances and surface irradiances by deck and 

floating radiometers; 
• measurements of vertical profiles of nadir upwelling radiance and downwelling 

irradiance by means of a submersible radiometer MER-2040 (these measurements 
were performed by specialists from the Polish Institute of Oceanology, Sopot); 

• determination of atmospheric spectral optical thicknesses by means of a sun 
photometer; 

• measurements of vertical profiles of seawater beam attenuation by a submersible 
transmissometer; 

• sampling and conservation of water samples for determination of phytoplankton 
pigment concentration. 

Five drift stations were carried out during the cruise, two of them in the Aegean 
Sea on October 11 and 16, but unfortunately Sea WiFS was out of service on October 16. 
The station 4 on October 11 was located southward of Lemnos; the measurements under 
SeaWiFS were carried out at II :09.55 GMT; the coordinates at this moment were 39.32 N, 
25.12 E; the zenith and azimuth angles of observation were respectively 37.7° and 250.5°; 
the solar zenith and azimuth angles 48.8° and 201.5°. The weather was cloudless but with a 
southern wind of about 10 mls and a wavy sea. Figure I shows the vertical distribution of 
the water temperature and beam attenuation coefficient at 530 nm, c(530), at this station. 
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stA 11.10.97 13:39 

C(z) 

T(z) 

Fig.l. Vertical profiles of the beam attenuation coefficient and temperature at the St.4. 



322 

As seen, there was rather clear water in the surface layer - the values of c(530) 
were in the range from 0 11 to 0.16 m- l ; the Secchi depth was 25 m but probably it was 
underestimated due to bad conditions of observation. Chlorophyll a concentration was 009 
mg/m' at 0 and 10m, 0 08 mg/m3 at 20 m. The values of aerosol optical thickness, .a, at 8 
spectral bands of the sun photometer are given in Table 2: 

Table 2. ·Ihe values of aerosol optical tluckness 1, at StA in the Aegean Sea. 

Measurements of upwelling radiance and downwelling irradiance in the spectral 
range 390-700 nm with spectral resolution 2.5 nm were carried out by means of a new 
floating spectroradiometer constructed in the P.P.Shirshov Institute of Oceanology Russian 
Academy of Sciences (SIO RAS). This instrument measures upwelling radiance just 
beneath the sea surface and downwelling irradiance just above the sea surface at a distance 
about 50 m from ship, so the difficulties connected with influence of sun glint, correction 
for light reflected by the sea surface, influence of ship shadow are avoided. 

Absolute radiometric calibration of the radiance and irradiance channels was 
performed in the laboratory before the expedition. Accuracy in measurements of the 
upwelling radiance and downwelling irradiance is about 5%. Optical measurements were 
also carried out (only in the Black Sea) by the instrument MER-2040 (Biospherical 
Instrument Corporation). Examples of intercalibration of these instruments are shown in 
Fig 2, 3. The discrepancy between values of Lu and Ed measured by these two instruments 
was generally in limits of 5%. 
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Fig.2 Comparison of surface irradiances measured hy the tloating spectroradiometer and hy the MER-2040 at 
the St.2 (GMT 10:30). 
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Fig.3. Comparison of upwelling radiances measured by the floating spectroradiometer and by the MER-2040 at the 
St.2 (GMT 10:30). 

Values of L" and Ed measured by the floating spectoradiometer at different stations 
in the Black and Aegean Seas are used to obtain values of spectral reflectance p(J.) for 
validation of the bio-optical algorithm described above. The bio-optical parameters were 
retrieved both with the five SeaWiFS spectral channels and with 17 wavelengths in the 
spectral range 410-570 nm (steplO nm). The values of the retrieved parameters do not 
differ significantly for these two cases, so next the bio-optical algorithm is only applied to 
the SeaWiFS spectral channels. Fig. 4 shows an example of comparison between measured 
and modelled reflectance spectra. 

4.00 

St.2 10 08.9710:10 GMT 

--+- measured 

- • - mod"lied 

O.oo-+----.----,-----r----r---~----,_---,----, 

400 440 480 
wavelength, nm 

520 

Fig.4. Comparison of measured and modelled reflectance spectra for the St.2. 
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As it is seen, the modelled spectrum gives a good approximation of the measured 
one. For the given example the mean discrepancy is 0.0079; for other spectra measured 
these values vary from 0.004 to 0.018. 

The only parameter which can be used for validation of the bio-optical algorithm is 
the depth-averaged chlorophyll a concentration Cch/; the averaging is performed according 
to Gordon et al [14]. Results of comparison between the chlorophyll a values measured 
and retrieved by the author's algorithm are given in the Table 3. 

Table 3 Comparison of the measured and retncvcd chlorophYll a conccntrallon (mg m") 
at different stations (St 1-3 are in the Black Sea, St4, 5 are in the Aegean Sea) 
L1 is the relative discrepancy between measured and retrieved CoM 

Cch/ 
meas C~h/etr L1 

St.l 0.35 02J 33% 
St2 0.57 0.56 2% 
St.3 OA5 0.56 24% 
St.4 0.089 0.0!l6 3% 
St.5 0.076 0.088 16% 

As it is seen, the agreement between measured and retrieved chlorophyll a 
concentrations is quite satisfactory. 

The SeaWiFS level-2 products were evaluated by concurrent sub-satellite 
measurements at two stations under appropriate weather conditions. One of these stations 
was located in the Black Sea, the other in the Aegean Sea. Data of sub-satellite 
measurements of the upwelling radiance and downwelling irradiance were transformed into 
water-leaving radiances for 5 SeaWiFS spectral channels. Results of comparison between 
values of LWN(A) and Chi derived from the SeaWiFS satellite data and data of in situ 
measurements are presented in Table 4. 

Table 4. Companson of the SeaWiFS water-leaving radiances (W m" ~m" sr") 
and chlorophyll a concentrahon with sub-satellite measurements for two stations~ 
L1 is the relative discrepancy between the satellite and in situ (bta 

SU. 'lhe Black Sea. 
Wavelength, nm LHwSeaWiFS LWN measured L1 

412 0.536 OA92 9% 
443 0.752 0.708 6% 
490 1036 0.998 4% 
510 0.991 0.925 7% 
555 0.770 0772 0.3% 

chi a SeaWiFS chi a measured A 
106 0.57 86% 
StA. The Ae ean Sea. 

Wavelength, nm LWNSeaWiFS L WN measured A 
412 0.770 0.732 5% 
443 0.886 0.891 0.6% 
490 0.822 0.784 (,% 

510 0.592 0.537 10% 
555 0.271 0.272 0,4% 

chi a SeaWiFS chl a measured L1 
0.184 0.089 107% 
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Table 4 shows that the agreement between satellite and in situ data is quite 
satisfactory for water-leaving radiances and much worse for chlorophyll a concentration. 
Discrepancies between water-leaving radiance data can have various causes: errors in 
measurements; due to atmospheric correction algorithm; differences between nadir 
radiances (for field measurements) and radiances in the direction of the satellite sensor. 
Discrepancies in chlorophyll a concentration can also be due to the bio-optical algorithm 
used in the Sea WiFS data processing. This algorithm is mainly applicable to Case-l waters 
for which there is a definite correlation between phytoplankton pigments and CDOM 
absorption; therefore, the SeaWiFS algorithm can give significant errors for the Case-2 
waters with predominance of absorption by yellow substance. Such cases are shown in the 
previous section. Comparison of the data given in Table 3 and 4 shows essentially better 
agreement between retrieved and observed chlorophyll a concentrations for the bio-optical 
algorithm proposed in this paper. This analytical algorithm does not assume any correlation 
between contributions in absorption arising from phytoplankton pigments and from yellow 
substance as well as with the particle backscattering and can be applied for different water 
types. As it is given in Table 1, the authors' algorithm derives chlorophyll values for S1. 2 
and 4 equal to 0.49 and 0.128 which are much closer to the measured values of 0.57 and 
0.089 than derived by SeaWiFS algorithm (1.06 and 0.184). 

Of course the amount of experimental data is not enough for making final 
conclusions, and further studies are required. 

This work was supported by the funds from the Russian Ministry of Sciences and 
Technologies under the project "Satellite Ocean Color Scanner SeaWiFS" and from the 
Contract NAS 15-1 0 11 0 between NASA and RSA The authors are grateful to the GSFC 
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A MATHEMATICAL FRAMEWORK FOR ZOOPLANKTON 
POPULATION DYNAMICS MODELING: INDIVIDUAL-BASED 
APPROACH 

Y.M. PLIS and A.Y. PLIS 
Ukrainian Scientific and Research Institute of Ecological Problems 
6 Bakulina St., Kharkiv 310166, Ukraine 

Abstract. A mathematical framework for plankton population temporal-spatial variabil­
ity and assessment is presented. The applied approach is based on equations describing 
the transport of plankton population numerical density and biomass, as well as aging 
and changing body' components of individual plankton organisms. Equations for mean 
and variances dynamics of population organisms is also presented. A curvilinear mesh is 
used to improve the computational efficiency of the numerical algorithm, which is based 
on the method of component-by-component splitting. 

1. Introduction 

Plankton are important and abundant organisms in an aquatic ecosystem and primary 
consumer of plant materials and detritus. Like fishes, zooplankton are integrators of 
contaminants in aquatic environment, so are effective indicators of ecological stress. 
Plankton population dynamics is an important biological component of the forcing over 
the marine ecosystem. Collecting field data about plankton population numerical density 
and biomass temporal-spatial distributions is a very expensive and time consuming pro­
cedure. At the same time mathematical models prove to be relatively inexpensive and 
effective tools for obtaining information about temporal-spatial variability of the key 
physical, chemical and biological components of aquatic ecosystems. 

At present time most food web models do not take individual properties of or­
ganisms into account and aggregate them on the popUlational level, mostly by scalar 
biomass characteristics. In ecotoxicology, however, this approach has not proved to be 
successful because an impact of any pollutant occurs at the level of the individual, not at 
the population level. Thus intra-population resolution is needed if one is to estimate the 
ability of a population, consisting of individuals of differing ages and physiological char­
acteristics, to withstand severe environmental stress by pollutants impact. 

Individual-based models can greatly increase our understanding of the system 
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under study because they allow us to include a description of the actual mechanisms and 
processes that determine the vital rates of the different classes of individuals that make 
up the interacting popUlations. 

Our modeling approach applies equations describing transport of popUlation 
characteristics (number of organisms, integral lipid content, integral accumulated toxicant 
content and etc.) in the water body space, as well as aging and changing physiological 
characteristics of individual organisms. In general case, it takes into account following 
physical and biological processes: hydrodynamics, advective-diffusive transport, chemi­
cal and biological transformation of pollutants, bioaccumulation, individual organism's 
life-history and population dynamics, lethal and sublethal impacts of toxicants. 

The approach is enhanced by taking into account not only mean characteristics 
of aquatic populations but also the variances of their distributions. Although knowledge 
of a population's mean characteristic is important information for environmental manag­
ers, it is often more important to know what the condition of the tails of the population 
is. Consequently, this approach should increase the utility of the developed model for 
assessing the ecological risks posed by toxicants or other physical and chemical altera­
tions in aquatic communities. 

2. Basic Equations 

2.1. ZOOPLANKTON PO PULA nON DYNAMICS 

Independent variables of our zooplankton population model consist of time t, spatial 
coordinates X=(Xl,x2,x3), physiological properties of an individual plankton organism 
m=( m J, m 2, ... , m,J, and its age a. Following Cloutman and Cloutman, (1994), we intro­
duce a distribution function P(t, x, m, a) such that Pdxdmda is the number of individuals 
of the plankton population in the volume of a linear space of our independent variables 
between x, m, a and x+dx, m+dm, a+da. 

The transport P can be described by the classical advection-dispersion equation 
combined with the equation of a physiologically structured population dynamics 

(1) 

where D and Qp are, respectively, a mortality rate, and rate of external source of plank­
ton; Va is the covariant derivative; va is the contravariant component of a velocity of 
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currents; Dafl is the tensor of coefficients of the turbulent diffusion; mj are elements of 
the vector m; n is the number of components of the In. 

The term LP describes the transport along independent spatial variables x. The 
term AP describes the transport along n independent physiological variables and age Q. 

The birth process for the population is described by a boundary condition 
A 

~ t,x,m, a = 0) = f f f3(t, x, m,y) P(t, x,m, y)ckTr::Iy, (2) 
Om 

where A is a limiting age of a plankton organism; f3(t,x,m, y) is a birth function that rep­

resents the number of neonates born to an individual of age yand mass-characteristics m 
at time t. 

2.2 . ZOOPLANKTON INDIVIDUAL MODEL 

To specify the equation (1) we use a mathematical model describing the age dynamics of 
a plankton individual. In general, such dynamics can be described by a system of nonlin­
ear equations for elements mj of the vector m 

a f11laa= ~(m, t,a), (3) 

where Fj is a rate function, describing the input and output flows of mass-characteristics 
mj. 

2.3. MOMENTS OF MASS-DISTRIBUTIONS 

To avoid solving the equations (1) for all individual organisms composing the population 
we integrate the equation (1) over In. Assuming in accordance with 
Metz and Diekmann (1986) that 

fA Pd rTF 0, (4) 
m 

we obtain the equation for calculations of the population numerical density of an age­
structured plankton population as 

aNlat+aNlaa+LN=-DN+Q, (5) 

where N = f PeIm, Q= fQp elm. 
m m 

In an effort to preserve the information about mass diversity between individual 
organisms with the same age we consider mass characteristics m as a set of random vari­
ables. Their diversity originates from the fact that individual organisms with different 
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age and corresponding mass characteristics have offspring of which mass characteristics 
differ also. 

Let mj be one of the components of the vector m for an individual organism at age 
a, which was born by an individual at age y, and p is the probability of this event. For 

each mi we can introduce following expressions for the mean mand variance d: 

A 

rr(t,x,a) = J ~t,x, a,y)~(t,x,a,y)dy, 
o 

A 

a 2(t,x,a) = J~t,x,a,y)[rr(t,x,a)- ~(t,x,a,y)]2dy. 
o 

The probability p describes the mass distribution between individual organisms of the 
same age. At the time t and age a=0 this function is 

A 

(6) 

~ t,X,D,y) = J3(t,X,y )[JJ3(t,x, v)N(t,x,v)dvr1• (7) 
o 

As result of the assumption that the mortality D is the same for individual organisms of 
the same age we can obtain a following condition of the invariance of p with the age a 

~t+ a,x,a,y) = ~t + a,x,D,y). (8) 

2.4. ADVECTION-DIFFUSION TRANSPORT 

Using the assumption about ability of zooplankton to vertical migrations the transport 
term LP of equation (I) was written using curvilinear orthogonal in the horizontal plane 
coordinates (1;, rV (PHs, 1992) 

1 a a a ap a ap 
LP=-[-(JhS)+-(JhS)--(hO -)--(hO -») 

Jh a.; ary a.; La.; aryL a '1 ' 

(9) 

EJ = J0 dz; S~ = Jv" dz, 
o 0 

where J = a (x, y)/ a (1;, ry) is the Jacobian of the transformation from Cartesian coordi-

nates (x, y) to curvilinear coordinates (1;, ry ) ; h is a depth; vs and v" are the contravari­

ant components of current velocity; DL is the horizontal coefficient of turbulent diffu­
sion; EJ and S' are components of the full stream vector. 

This approach permits the water body to be represented in the transformed co­
ordinates as a simple rectangular shape and to be approximated by a grid with the opti­
mal number of nodes for numerical approximation at an acceptable level of accuracy. It 
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was employed to improve the efficiency of a nwnerical algorithm in regard to computa­
tional memory for the essentially multivariable population model. 

3. Algorithm of Solution 

3.1 . OPERATOR SPLITTING METHOD 

Component-by-Component operator splitting method has been applied as an approxi­
mate technique to integrate equation (5) with advection-diffusion term (9) 
over an arbitrary time interval L1t. This integration can be written as 

The integration (10) is split into three stages. Each of the stages uses solutions of the 
previous stage as initial conditions. The same procedure should be applied to integration 
of equations describing dynamics and spatial distribution of population's mass­
characteristic ~=Nmj. The attractive feature of operator splitting procedure is that each 
stage can be solved using a different numerical technique that is specially suited to 
achieve high accuracy for each integral in (10). 

The finite difference approximation of the first integral in (10) was obtained us­
ing the QUICK scheme, originally developed by Leonard (1979). At moment t=t+ A f in 
any (i,k)-th cell of the grid, approximating the water body, the solution was obtained as 
the solution of the following system of three-diagonal algebraic equations 

1 1 

}: IP";d\f;k (t+ .1.t,a+ .1.a) = <Il";k(t, a) , }: IP~;kN;k (t+ .1.t,a+.1.a) = <Il~;dt,a) , 
~~ ~~ 

with coefficients IP and <Il, describing the properties of the nwnerical scheme. 
The second integral in (10) is solved by implementing the 'coherent' cohort model 

analytical solution (Brewer, 1989). The third integral is solved by a second-order ex­
plicit Runge-Kutta method. For plankton popUlation structured by K age groups we 
should apply the same procedure for each of these groups. 

3.2. DYNAMICS OF m AND d 

The algorithm of nwnerical calculations of age-dynamics and transport of moments of 
plankton populational characteristics was initially proposed by Plis and Barber (1995). 
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Let rrf (m, t, a) be a solution of equation (3) for any mJ at the initial condition 

rrf(m, t - a,a) = m(t- a,a), 

so, that 

rr{m,t, a,y) = rrl(m,t,a) + s (m,t,a,y), (11) 

where s supposed to be small comparatively with rrf . 
Applying the Euler-Cauchy approximation method to equation (3) and using the 

Teylor-series expansion of F( m, a) about m= rrf we obtain with the order of magni­
tude O( s 2) that 

m(t+ ~a,a+ ~a) = rrl(t+ ~a,a+ ~a), 

(12) 
k 

a 2(t+ ~a,a+ M) = Ug2(t- a+ i~a)a 2(t-~a,O), 

where 
k~a = a, g(a) = 1 + (a F fa ~""m'(a). 

3.3. SPATIAL TRANSPORT OF m AND if 

The transport of mean E and variance Var of the population mass-characteristic M=Nmj 
at any (i,j)-th cell of the computational grid can be calculated as 

1 1 

E( Mi,j) = ~ ~¢i+k,j+rrfTtJ+k,j+m' 
k~-1 ",,-1 

where p is a covariance coefficient; ¢ are the coefficients describing the hydrological 

conditions ofa simulation scenario and properties of the numerical scheme. 

(13) 

Let us assume that in each cell of our spatial grid the individual mass­
characteristics m associated with the organisms of the same age are statistically depend­
ent (p =1), but they are statistically independent (p =0) relative to the same variables in 
neighboring cells. So that at any moment f after the transport was accomplished, the 
mean and variance of m are 

E( M;,j(t,a» 
771,j(t, a) = N ,(t,a\ ' 

1,1 I 

2, (t ) _ Vat( M 2 ;,j(t,a» 
a I,} ,a - N2 " (t a) 

1,1 J 

(14) 
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4. Application and Conclusions 

The presented approach was applied to zooplankton population modeling in the 
upper portion of Lake Hartwell (South Carolina, USA). The case of PCBs impacting 
zooplankton popUlation was investigated. To develop the model of an individual 
zooplanktoner we applied the mathematical model describing the life history and bioen­
ergetics of an individual daphnid (Hallam et aI., 1990). An individual organism was rep­
resented as consisting of three body components: protein, lipid and accumulated toxi­
cant. 

The simulations gave us the information about tendencies of seasonal dynamics 
of spatial distributions of zooplankton populational and individual biomass characteris­
tics, numerical densities of plankton organisms and their age-distributions. 

Application of the approach provide, we believe, both diagnostic and prognostic 
information beyond that available from traditional approaches to the evaluation of eco­
logical effects. The mathematical framework should be effective practical tools for 
evaluations of ecological risk of plankton populations, and can produce much valuable 
information at a high level of. 
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The intensive basin-wide hydrographic sampling and current measurement programme 
within one-year period (1995/1996) in the Adriatic Sea made it possible to calculate 
estimates of the southward fluxes of water, suspended and dissolved matter at selected 
transects. From presented results it was shown that about 75% of the water entering 
the Adriatic through the Strait of Otranto recirculates within the South Adriatic Gyre. 
The contribution of the Northern Adriatic in terms of the water represents only 4 to 5% 
of the total volume of water exchanged through the Strait of Otranto. Consequently, 
the influence of the Northern Adriatic shallow area in determining bio-chemical 
properties of the deep South Adriatic Pit is rather small. This conclusion is in a good 
agreement with the recently obtained evidences that the Adriatic Sea as a whole acts 
as a mineralization basin with respect to the Ionian Sea. 

1. Introduction 

The Adriatic Sea can be divided into three distinct sub-basins on the basis of their 
oceanographic characteristics and bathymetric features (Fig. 1). The northern part is a 
shallow shelf area with a gently sloping bottom down to the 100 m isobath at its 
southern limit. The central part encounters the Middle Adriatic Pit; a circular 270 m 
deep area delimited by the 170 m deep Palagruza Sill to the south. Finally, the South 
Adriatic Pit is roughly of a circular shape and the deepest portion of the Adriatic Sea 
(maximum depth about 1200 m). It is delimited by the 750 m deep Sill of Otranto in 
the south and by narrow smooth shelves along the coasts. 
The freshwater discharge in the Adriatic is rather high (up to 5700 m3/sec), and more 
than 50% of this discharge is concentrated in the northern shallow part. 
The circulation in the Adriatic is forced by the longitudinal preSSUH: gradient caused by 
the freshwater contributions to the northern shallow part as well as by the differential 
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cooling/heating of the water column (I] during winter/summer (the heat losses/gains in 
the northern part of the Adriatic are larger than in the Central and South Adriatic). 
During the winter, dense water is formed in both the northern shelf area and in the 
South Adriatic Pit. The Northern Adriatic shelf area is a source of two water masses, 
one relatively fresh in the surface layer due to the influence of the riverine inflow, and 
the other cold and dense formed in the winter, which occupies the bottom layer. The 
southward spreading of these two water masses, occurs in the form of a narrow swift 
surface coastal current along the Italian shore with a width of the order of 10 
kilometers, and in the form of a bottom density driven current, respectively. The much 
larger compensating inflow occurs along the eastern coast. 
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Figure 1. Bathymetric map of the Adriatic Sea. Depths are given in meters. CTD and biogeochemical sampling 
transects are marked by lines, while the mooring positions are marked by open circles. 
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This transversal asymmetry is possible since the width of the Adriatic Sea is about 200 
km, i.e. an order of magnitude larger than the maximum value of the internal Rossby 
radius of deformation [2, 3]. 
One of the objectives of the project PRISMA-l (Programma di RIcerca e 
Sperimentazione per il Mare Adriatico) was to assess longitudinal nuxes of water, and 
suspended and dissolved matter across four transects delimiting the three Adriatic sub­
basins and in the Strait of Otranto - the communicating inlet between the Adriatic and 
Ionian Seas (Fig. 1). 
In this paper, the estimated fluxes of water, and suspended and dissolved matter based 
on the measurements carried out during the period May 1995 - February 1996 for the 
summer (stratified water column) and winter (homogeneous wat;~r column) will be 
presented and discussed. Furthermore, the aim of the present research is to assess the 
importance of the Northern Adriatic eutrophic area in the functioning of the entire 
Adriatic as a unique physical and biogeochemical system. Since the coverage of the 
selected transects by measurements was not complete (the measurements were carried 
out up to the Croatian territorial waters), only estimates of the southward transport 
along the western shore could have been given. 
The paper is organized as follows: in section 2, a brief description of the experimental 
design is given; section 3 contains a short discussion of the vertical distributions of 
thermohaline properties, and of some chemical parameters like dissolved oxygen and 
nutrients, as well as chlorophyll a; in section 4, the vertical distributions of the 
longitudinal current components and their seasonal variability are described; section 5 
gives the methodology of flux calculations and includes a discussion on the estimates 
of dissolved and suspended matter fluxes; finally, section 6 contains conclusions. 

2. Data sets and experimental design 

Four seasonal cruises with the RlV Urania were carried out in May, August, and 
October 1995 and February 1996. The spatial distribution of the sampling locations is 
given in the Fig. 1. The following parameters were sampled: temperature and salinity 
with a SeaBird CTD probe and dissolved oxygen, dissolved inorganic nitrogen (DIN), 
phosphates, silicates, chlorophyll a and total suspended matter (TSM) determined by 
standard chemical methods [4, 5]. Current measurements were carried out using 
moored current meters at selected locations (see Fig. 1 for instrument locations). 
Independently, but simultaneously, an intensive current measureme:nt and hydrological 
sampling program was undertaken in the Strait of Otranto [6, 7]. In addition, a basin­
wide survey with a ship-borne ADCP was carried out on a continuous basis from May 
1995 until February 1996 with the RlV Thetis. 
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3. Vertical distribution of pbysical and biogeocbemical properties 

The phenomenological description of the spatio-temporal variability of the 
thermohaline and biogeochemical parameters will be focused on the comparison of the 
functioning of the shallow northern area influenced heavily by the freshwater discharge 
and vertical convection, with that of the deeper Adriatic areas which is mainly 
influenced by the horizontal advection of open-sea waters. In this context, attention 
will be mainly paid to the northernmost transect B located in an area 50 m deep and to 
transect H (see Fig. I for transect locations). 
Vertical distributions of the water temperature reveal a complete vertical 
homogenization of the water column along transect B only in winter (Fig. 2a, b and c). 
In the salinity field, the vertical homogenization is evident in all seasons excepting 
summer. A coastal layer is prominent in the salinity and density fields in all seasons. 
Its width, however varies in time reaching a minimum in winter when it does not 
exceed 10 lan, due to the smaller horizontal length scales in this season (yearly 
minimum of the baroclinic radius of deformation). 

01 ST MCE (!un) OIST MCE <,m) 

Figure 2a. Vertical distributions of temperature (C) tor transect B. 
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Figure 2b. Vertical distributions of salinity fur transect B. 
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Figure 2e. Vertical distributions of density (kg/m l ) for transect B. 



340 

The dissolved oxygen content is minimum in autumn, while in winter the whole water 
column is well oxygenated due to vertical mixing (Fig. 3a). The oxygen content is 
rather high in spring as well, but this is probably a remnant of the winter situation 
when oxygen was high due to the weak vertical stratification and strong vertical 
mixing. Another interesting feature of the vertical oxygen distribution in this transect 
is the occurrence of hypoxic bubbles near the bottom that are evident in summer and 
autumn. These features are generated by remineralization processes associated with 
fast sedimentation of suspended biogenic particles, and their occurrence is also helped 
by a stable vertical stratification that prevents mixing and ventilation of the sub­
pycnocline layers. Vertical distributions of DIN, phosphates and silicates (Fig. 3b, c 
and d) show that these hypoxic bubbles correspond with maximums of dissolved 
nutrient concentration that confirm the occurrence of the enhanced degradation of 
organic matter in these areas. The coastal layer shows a clear signal in the nutrient 
distributions only in the season when the biological activity is low and consequently 
when the surface layer does not appear depleted in nutrients, i.e. in winter. This layer 
is also evident in the nitrate distribution in autumn, when it is probably associated with 
a more intense freshwater input and the stronger terrestrial influence. 
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Figure 3a. Vertical distributions of dissolved oxygen (J.Imoles/dm3 ) for transect B. 
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Figure 3b. Vertical distributions ofOIN (Ilmo1esldmJ) fur transect B . 
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Figure 3e. Vertical distributions of phosphate (Ilmolesldm' ) for transect B. 
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Figure 3d. Vertical distributions of silicate (Ilmoles/drnl) for transect B. 

Transect E, with a maximum depth of about 120 meters, shows somewhat different 
behavior. Again, only in winter the temperature distribution is vertically homogeneous, 
while the prominent halocline is present only in summer (Fig. 4a and b). The winter 
density distribution (Fig. 4c) shows a column of a very high density water (Ye > 29.3) 
situated on the continental slope that is probably associated with a dense water 
formation and spreading. The boundary layer of low salinity water evident in the 
density field as well, occurs in all seasons as on transect B, and it is again the 
narrowest in the winter season. The oxygen distribution (Fig. 5) is appreciably 
different along transect E when compared to that of transect B. In all seasons excepting 
winter, there appears an intermediate oxygen maximum associated with maximum of 
primary production. In winter, the overall oxygen content is maximum and vertically 
homogeneous. The low-oxygen bottom layer is much less pronounced along this 
transect, although it is still present and coincides again with the local maximums of 
nutrients. The coastal boundary layer is much less evident from the nutrient 
distribution (not shown here). 
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Figure 40. Vertical distributions oftemperarure (C) for transect . 
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Figure 4b. Vertical distributions of salinity for transect E. 
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Figure 4c. Vertical distributions of density (kglm3) for transect E. 
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Figure 5. Vertical distributions of dissolved oxygen (IlmoleS/dm' ) for transect E. 

Deeper water areas (transect H with a maximum depth of about 230 m) display 
important influences of the horizontal advection processes in sub-pycnocline layers. 
Temperature and salinity transects (Fig. 6a and b) reveal a signal associated with the 
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cold (T<12.5° C) and relatively fresh (S<38.4) vein at the continental shelfbreak at a 
depth of about 100 m. 

DISTANCE (tin) OISTANCE (Om) 

Figure 60. Vertical distributions oftemperature (C) for transect H. 
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Figure 6b. Vertical distributions of salinity for transect H. 
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Figure 6c. Vertical distributions of density (kg/m' ) for transect H. 

The vertical dissolved oxygen distribution (Fig. 7a) displays a distinct sul>-surface 
maximum at a depth of about 25 m in all seasons excepting winter, that is associated 
with a Deep Chlorophyll Maximum (DCM) layer (Fig. 7e) situated slightly below the 
oxygen maximum layer (about 50 m). The DCM coincides with the nutricline which is 
the most prominent in autumn and summer. 
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Figure 7a. Vertical distributions of dissolved oxygen (I1moles/dm' ) for transect H. 
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Figure lb. Vertical distributions ofO! ("molcsldm) fur ITansect H. 

The sub-pycnocline pattern in the dissolved oxygen djstribution is similar to that of the 
distributions of DIN and phosphate (Fig. 7b and c), but is different from the silicate 
distribution (Fig. 7d). The maxmum concentrations of silicate in the deeper layers of 
transect H are the result of the advection of the diatom-dominated waters from the 
Northern Adriatic. 
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Figure le. Vertical distributions of phosphate ("molcsldm') for transect H. 
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Figure 7d. Vertical distributions of silicate (limoies/dm) for transect H-
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Figure 7e. Vertical distributions of chlorophyll a (lIg1dm3) for transect H. 

Along the Otranto transect in the vertical distributions of thennohaline properties and 
chemical parameters, the sub-pycnocline layer shows stronger evidence of the influence 
of the inflow of Levantine Intermediate Water (LIW), than that of the outflow of 
Adriatic waters, [6, 8]. The LlW core appears as the local temperature maximum of 
about 14 C (not shown here) and the maximum of salinity (S>38.75) at a depth of 
about 300 m (Fig. 8). 
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Figure 8. Vertical distributions of sal inity for transect 0 (Strait ofOtranto). 

The tongue of LIW is pressed against the eastern coast but reaches almost the western 
continental slope. The seasonal thermocline is absent only in winter while the 
halocline is present throughout the year. The coastal boundary layer is evident in the 
salinity field only in autumn and winter. In addition, in winter the coastal boundary 
layer is characterized by the presence of the less saline water that is at the same time 
colder than the adjacent off-shore waters. The surface nutrient-depleted layer is present 
in all seasons and the intermediate layer of the maximum nutrient concentrations and 
the minimum dissolved oxygen content coincides in this area with the LIW core. The 
exception are silicates for which the maximum layer occurs below the LIW depth [8]. 

4. Longitudinal current component distributions 

The entire period ofthe ADCP measurements was divided into two time-segments; the 
stratified season (May - September, 1995), designated as "summer", and the season 
characterized by a vertically homogeneous water column (October, 1995 - February 
1996) denoted henceforth as "winter", which were then analyzed separately (the winter 
and summer spatial coverage of the ADCP measurements are shoym in Fig. 9). 
The tidal signal was eliminated with the method developed by Candela et af. [9]. 
Afterwards, the detided current field was expressed as a sum of the steady component 
and a time-varying one. The latter one wiIl be caIled the ''residual'' current field in the 
rest of the paper and contains the time variability on all time scales from the tidal 
periods up to the entire record length. Some details on the data analysis are presented 
in a separate paper [10). Vertical transects ofa longshore current (current component 
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perpendicular to the transect) were reconstructed extrapolating towards the surface and 
the bottom, to account for the portions of the water column not covered by the ADCP 
measurements. In the surface layer, the extrapolation was performed assuming a 
constant current speed from the first measured data up to the sea surface. In the bottom 
layer, the vertical profile of the velocity was assumed logarithmic and no-slip 
conditions were imposed. Some intercomparison between the ADCP data and Eulerian 
current measurements from moored current meters were also carried out. 
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Figure 9. Ship-borne ADCP measurements for summer and winter. For the definition ofthe two 
seasons, see text. 
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Steady longshore current components for winter and summer Jur locations where 
moored current meter data were available were compared with the averaged low-pass 
moored currentmeter data. The results of the intercomparison were found to be 
satisfactory [11] considering the fact that the two measurement methods are completely 
independent, and also considering that the data processing and methods of calculations 
of the steady current field are very different. 
The residual (time-dependent) current field reveals a strong small-scale variability in 
both time and space (Fig. 10). Typical horizontal scales are of the order of ten 
kilometers, while in the vertical during the stratified season, the typical scales are of 
the order of ten meters. During the winter season, these meso-scale structures extend 
from the surface to the bottom, i.e. the vertical shear is very small. The signal 
associated with the coastal boundary layer is clearly present in the steady current field 
in both summer and winter seasons but very rarely in the residual current field. In fact, 
the southward coastal current was noted in the residual current field only on one 
occasion subsequent to a strong Po River discharge pulse (Fig. 10). 
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Figure 10. Vertical distributions of the residual current component (cm/s) perpendicular to the transect B for 22 
September 1995 (a) and 20 October 1995 (b). The current is defined negative if directed out of the paper. 
The corresponding Po river discharge rate is depicted below (c). Vertical dashed line indicates the AOCP 

measurement date. 

Comparison of summer and winter steady currents (Fig. II a, b, c and d) reveal for all 
transects a more pronounced horizontal shear (cyclonic shear) in the upper thermocline 
layer during the winter than in summer. This is mainly due to the strengthening of the 
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coastal boundary current during the winter. From the Strait of Otranto where there is a 
complete coverage by current measurements of the entire transect, an increase in both 
inflowing and outflowing surface and intermediate currents in the winter season is 
evident. On the other hand, the Adriatic Deep Water (ADW) outflow in the Strait of 
Otranto shows weaker variability from one season to the other. 
Typically, the entire water column along transects is characterized by the cyclonic 
shear decreasing from the surface to the bottom. However, along the transect E to the 
north of the Middle Adriatic Pit, the shear changes sign from the cyclonic in the 
surface layer to the anticyclonic in the bottom layer. This may be associated with the 
remnants of the anticyclonic gyre whose presence was evidenced over the Middle 
Adriatic Pit during one part of the year [12], that is in spring. It is also interesting to 
note that an appreciable part of the transect area is occupied by the inflowing current 
only along the transect B. Along transects E and H, major portions of the area, if not 
all of it, are occupied by the southward current. Since, with the ADCP surveys, only 
the minor eastern part of these transects remained uncovered, it means that along both 
these transects the recirculation is rather strong and can be associated with the 
bathymetric constraints at the Palagruza Sill and the strong bottom slope to the north 
of the Middle Adriatic Pit. This recirculation is noticeable especially well in the IR 
satellite imagery when the thermal contrast between the in flowing and outflowing 
water is very prominent. 

Figure 1 la. Vertical distributions of the steady current component (cm/s) perpendicular to transect B. The sign of 
the current component is the same as in Fig. 10. 
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figure II h. Vertical distributions of the steady current component (cm/s) perpendicu lar to transect E. The sign of 
the current component is the same as in Fig. 10. 
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Figu,.e Il c. Vertical distributions of the steady current component (cmls) perpendicular 10 transect H. The sign of 
the current component is the same as in Fig. 10. 
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Figure J Id. Vertical distributions of the steady current component (cmls) perpendicular to transect 0 (Otranto 
Strait). The sign of the current component is the same as in Fig. 10 . 

5. Flux calculations 

Steady southward fluxes of water, and dissolved and particulate matter for the winter 
and summer seasons were estimated using the steady longshore current component and 
the average distributions of biogeochemical parameters. The mean "summer" 
distribution of biogeochemical parameters was defined as an average of the spring 
(May, 1995) and summer (August, 1995) cruise data, while the "winter" distribution 
was defined as an average of the autumn (October, 1995) and winter (February, 1996) 
cruise data. First, for each transect and for each data set, an interpolation on a regular 
grid was performed using the kriging method. A grid of 200 X 200 points was 
reconstructed. The interpolation procedure was carried out using the PC software 
SURFER 6.0. Subsequently, by averaging, the summer and wint,er interpolated fields 
were obtained. These average fields were then used for the calculations of water, 
dissolved and suspended matter fluxes. For what concerns the Strait of Otranto, fluxes 
were obtained re-calculating on a six-months time scale the results from Civitarese et 
al. [8]. 
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TABLE I. Water fluxes across the four transects in the Adriatic Sea (106 m' /s). 

Summer Winter 
Transect Southward Recirculation from Southward Recirculation from 

Transport South Transport South 
8 0.02 - 0.04 -
E 0.05 0.03 0.28 0.24 
H 0.19 0.14 0.39 0.11 
0 0.71 0.52 1.41 1.02 

Analyzing the estimated water fluxes (Tab. I), it is important to remember that all of 
the transects except the one at Otranto are only partially covered with current 
measurements. Since the measurements were carried out starting from the western 
(Italian) coast, only the estimates of the southward branch of the basin-wide circulation 
can be obtained. Also, since the Adriatic Sea is a semiclosed basin, one has to 
remember that the net water transport at each individual transect has to be close to zero 
(or equal to the freshwater gain/loss through the free surface and coastal boundaries). 
Consequently, the estimates of the northward flow across individual transect should be 
smaller or at most equal to the southward transport. Indeed, this is true for transects E 
and H, but not for the transect B where the inflowing transport is almost three times 
larger than the outflow when assuming the constant current speed in the surface layer. 
This is probably due to the underestimated surface transports since from the thermal 
wind relationship in areas with maximum horizontal density gradients, we obtained a 
surface velocity of up to 15 cm/s while the constant velocity assumption resulted in 
surface currents of up to 5 cm/s. In addition, the relative importance of this surface 
layer increases in shallow water since it becomes an important fraction of the total 
transect area. Thus at the transect B, the assumption of the vertically constant current 
speed can introduce an appreciable error in estimates of the southward transport. Also, 
the missing part of the transect between the westernmost measurement point and the 
coast can appreciably contribute to the error in the transport estimates. Therefore, we 
have reconstructed the surface layer velocities at the transect B calculating the 
geostrophic shear from the horizontal density distribution as obtained from the 
hydrographic campaigns. Then the surface current was allowed to go to zero 
logarithmically from the westernmost measurement location towards the coast. After 
that, at each location the vertical logarithmic profile with no-slip conditions was 
assumed. The obtained water fluxes then are still unbalanced but the difference 
between the two is now much smaller than it was before with the assumption of the 
constant current speed in the surface layer. 
The obtained values of the fluxes reveal stronger longitudinal flows during winter than 
during summer. This difference is especially prominent along transect E since the re­
circulation rate to the north of the Mid-Adriatic Pit in winter is almost one order of 
magnitude larger than in summer. On average, during both summer and winter, about 
25% of the volume that enters the Adriatic through the Strait Of Otranto passes over 
the Palagruza Sill to the Middle and Northern Adriatic. This means that 75% of the 
water entering the Adriatic remains trapped in the South Adriatic Pit. As said earlier, 



355 

the varying influence of the bottom topography under different stratification conditions 
on the re-circulation is most evident along transect E, whereas along transect H the re­
circulation rate changes by only small amount from summer to winter. If we consider 
the volume of water passing through transect B as a contribution of the Northern 
Adriatic, it follows that it adds to the South Adriatic Pit a volume of water that is very 
small: during winter, it represents only 4% of the total water volume exchanged 
through the Strait of Otranto, while during summer its contribution is only 3% of the 
water exchanged with the Ionian Sea. 
In Table 2, the estimates of biogeochemical southward fluxes through four investigated 
transects are summarized. Either in summer or in winter the fluxes increase from north 
to south, owing not only to an obvious increase in the water transport, but also to the 
intrinsic biogeochemical characteristics of the Adriatic sub-basins. The relative 
increase in the amount of the exchanged inorganic nutrients inside the Adriatic, that is 
excluding the Strait of Otranto transect, is maximum passing from the transect E to the 
transect H in summer. 

TABLE 2. Biogeochemical transports across the fuur transects in the Adriatic Sea (units for DIN, Phosphate and 
Silicate in 106 moles, for Chi a in tons, fur TSM in 10' tons). 

Transect Summer Winter 
DIN Phosphate Silicate Chi a TSM DIN Phosphate Silicate Chi a TSM 

B 303 13 485 192 309 3516 48 2350 995 2633 
E 650 24 1455 860 1150 10390 303 14490 920 3720 
H 7140 456 11760 420 690 14780 588 25780 1260 3770 
0 51250 2110 79700 - - 85780 3150 127900 - -

This increase can be explained in terms of the relation of the total transect depth and 
the surface nutrient depleted layer thickness. The two are almost the same at transect B 
while at E and H the water depth is larger than the thickness of the surface nutrient 
depleted layer. In winter, the relative increase in the nutrient exchange rate is 
maximum passing from the transect B to transect E (two to five times), while the flux 
increase from the transects H to E is reduced. On the contrary, in summer the 
Chlorophyll a and TSM southward fluxes, after an increase from transect B to transect 
E, decrease by about 50% from E to H. This decrease is due to the presence of the 
South Adriatic water that recirculates across the transect H, and which is characterized 
by a phytoplankton biomass lower than in the Middle and Northern Adriatic areas. In 
winter, the southward increase in Chlorophyll a and TSM fluxes is reduced since the 
longitudinal phytoplankton biomass variations are not so pronounced as in summer. In 
any case, transect H in correspondence to the abrupt change of the bottom depth (from 
170 to 1200 m) appears as a discontinuity zone separating the two areas of the 
Adriatic: the northern part, relatively shallow and productive, and the oligotrophic 
deep water areas of the South Adriatic Pit. 
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6. Conclusions 

Estimates of the southward water fluxes have indicated that the Northern Adriatic adds 
to the South Adriatic Pit only 3-4% of the total water volume exchanged through the 
Strait of Otranto. Also, it was shown that at the Palagruza Sill, the northern border of 
the South Adriatic Pit, about 75% of the water entering through the Strait of Otranto 
recirculates. Thus, the Palagruza Sill represents a discontinuity area separating the 
relatively shallow and productive northern shelf from the oligotrophic South Adriatic 
Pit. 
Water and biogeochemical fluxes estimates at the Strait of Otranto, on the other hand, 
made it possible to assess the relative importance of the northern productive area in 
determining the overall biogeochemical physionomy of the Adriatic Sea as a unique 
water body. These calculations, in fact, show that the Adriatic Sea through the Strait 
of Otranto exports inorganic nutrients and imports particulate organic carbon and 
nitrogen. This means that the Adriatic Sea acts as a mineralization site in which the 
oligotrophy is more marked than in the basin with which exchanges the 
biogeochemicals. Furthermore, this suggests that the Northern Adriatic, even though 
being an organic matter source, does not have an important influence on the whole 
Adriatic biogeochemical physionomy. 
In interpreting these results one should however bear in mind that they are obtained on 
the basis of a single year realization (1995/96), and on the other hand, it is well known 
that the year-to-year variations of the oceanographic conditions in the Adriatic are 
rather large [12, 13]. Consequently, the longitudinal fluxes, as well as the exchange 
with the Ionian Sea are subject to strong interannual variations. Thus, one should 
assess whether these conclusions are obtained for extreme conditions of the 
longitudinal exchange or they are representative of the average conditions. As 
mentioned earlier, the most important driving force of the longitudinal fluxes is the 
pressure gradient which is to a large extent dependent on the buoyancy input and, 
during the winter, on the magnitude of the surface heat losses and subsequent dense 
water formation. Thus, climatic conditions of the specific year have to be compared to 
the long-term climate variations. 
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Abstract 

The spatial variability of the Mediterranean ecosystem in response to the 

variability in nutrient supply and demand is addressed through basin-wide 

aggregated ecological hydrodynamical coupled models. A discussion of a multi­

nutrient two-phytoplankton ecosystem submodel is presented together with a 

more aggregated implementation including dissolved inorganic nitrogen, 

phytoplankton and detritus. This modelling effort gives an interpretation of the 

nutrients gradients in terms of the effects of the interplay between both 

biological and dynamical processes. The general oligCltrophy of the 

Mediterranean Sea is in principle explained by the inverse estuarine circulation. 

Three elements in particular seem to be relevant in creating the North-South 

and East-West gradients: the different physiography of the two subbasins, the 

detrital fall-out from the fertile zone and the cyclonic and anticyclonic wind 

driven structures. The vertical fluxes of biogenic material and the nutrient 

exchanges at the bottom of the euphotic zone seem to play an important role in 

modifying the N:P ratio at depth along the east-west axis. 

Introduction 

The Mediterranean has long been recognized as one! of the largest 

macronutrients-depleted areas in the world with a trophic concentration too low 

to sustain relevant biomass concentrations (McGill, 1961). The general 

oligotrophic regime is explained by the inverse estuarine circulation: the 

estimates of nitrate fluxes at Gibraltar Strait agree on a net loss (inflow in the 

superficial layer minus outflow in the bottom one) ranging from 1.25 Mtons/year 

(Sarmiento et aI., 1988) to 3.11 Mtons/year (Bethoux, 1979), compensated by 
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natural and anthropogenic sources (such as river runoff, atmospheric inputs, 

and nitrogen fixation). This general picture alone is not sufficient to explain the 

well known east-west increasing trophic gradient, which is present both in the 

surface and in depth. This paper focuses on how these gradients arise from the 

interactions between general circulation processes and the biogeochemical 

cycles. The interplay between these phenomena has been investigated by 

means of a 3D coupled ecohydrodynamical model. In it the cycles of nitrogen 

has been simulated through a very simplified schematization of its major 

functional compartments. The rationale in aggregating the overwhelming 

complexity of a marine system in a lumped variable deterministic approach is 

that a model is, in any case, a simplification of reality. This implies that the first 

aim of a model, in our opinion, is not a detailed forecasting of a multitude of 

parameters, but rather to capture the major features of the ecosystem 

machinery, so gaining a keener insight on the driving mechanisms , and 

learning something about processes and large scale ecological responses of 

the ecosystem to different scenarios of environmental conditions. 

Trophic gradient(s) and dynamical processes of the Mediterranean 

Sea. 

The Mediterranean peculiarity is mainly derived from the different 

dynamics active in the Eastern and Western Mediterranean (henceforth E.Med 

and W.Med). This difference can be explained in terms of several factors that 

can be summarized in the table 1 . 

Process Western Mediterranean Eastern Mediterranean 

leale chan Atlantic Ocean and E.Med Marginal seas and W.Med 

Deep W8ter formation Within the basin Mostly outside the basin 

eo.taI upwellIngs Intense in the northern sector Scarce 

Euphotic Layer Shallow Deep 

NuIrIcI Shallow Deep 

Buoyancy conterit Low High 

Tab.1 Typical features of the Eastern and Western Mediterranean Sea in relation to the 
oligotrophic regime. 
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All the typical features reported in this table for the eastern subbasin can 

induce directly or indirectly a more severe oligotrophy in the upper layer 

compared with the western basin, thus directly influencing primary production 

and ultimately affecting the energy availability to the upper trophic levels. 

The exchanges with other basins lead to reduced import 01' nutrient in the 

E.med because the main source of nutrients in the upper ocean, due to Surface 

Atlantic Water, is located in W.Med while in the E.Med the inflowing current 

coming from W.Med is practically nutrient-depleted (Rabitti et aI., 1994). On the 

other hand, the exchanges with regional seas do not modify the general 

unbalance in nutrient sources. The influence of the Adriatic Sea seems to have 

reduced importance in nutrient exchanges with the Ionian Sea through Otranto 

Strait (Civitarese et aI., 1998) while Cretan Sea, being the most impoverished 

nutrient area of the E.Med, cannot be assumed as a source of nutrients for the 

rest of the eastern basin, even though only preliminary fluxes estimates are 

now-a-day available. 

Mediterranean deep water formation sites are in the W.Med the Gulf of 

Lions (Schott et al.,1996; Rhein, 1995; Schott and Leaman, 1 B91) and in the 

Adriatic Sea (Ovchinnikov et aI., 1985; Roether and Schlitzer, 1991) and in 

recent years also in the Aegean basin (Roether et aI., 1996) in the E.Med. The 

convective mixing is an important source of nutrients in particular because of 

overturning of water column and the final mixing of its physical a.nd biochemical 

properties, What is relevant to the nutrient budget in the surface layer is that the 

nutrient inport is local, i.e, is effective only where convection ta~;es place, while 

deep water spreading can ultimately affect the whole subbasin. The dense 

water formation then directly fertilizes the upper layer of the Gull' of Lions, while 

no counterpart is present for the E.Med. 

The influence of the wind driven coastal upwellings has mcognized to be 

one of the most effective processes in nutrient supply in the North Western 

Mediterranean as shown by Millot and Wald (1981) using rElmotely sensed 

images and simulated by Pinazo et al. (1996). Conversely no evidence for 
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upwellings in infrared images is presented by LeVourch et aL (1992) in the 

E.Med. 

In this basin, moreover, the low chlorophyll concentration and the reduced 

influence of rivers discharge on the open ocean water allows the light to 

penetrate in depth giving way to a deep euphotic layer (Berman et aL, 1984) 

while in the W.med the transparency is lower and the euphotic zone is much 

shallower. 

In the E.Med the nutricline erosion by primary producers creates a deep 

nutrient-depleted layer where regenerated production dominates during 

stratification season and turbulent entrainment is difficult not only during 

summer, when the onset of a well developed seasonal pycnocline decouples 

the mixed layer from the biomass maximum, but also in winter. 

During the mixing period, in W.Med the shallower nutricline and energetic 

wind forcing allow a ubiquitous increase of the chlorophyll concentration in the 

surface layer. In contrast, the deeper nutricline present in the Eastern 

Mediterranean can be affected by mixing only when dense water formation and 

convection processes take place, typically at the end of the winter. 

This is confirmed by the analysis of the buoyancy contents calculated by 

MODB MedS gridded data set (fig.1) in Autumn and in Winter. The maps are 

produced by assuming reference levels which roughly correspond to the 

nutricline depths, shallower in the western basin (80m) and deeper in the 

eastern one (160m): in Autumn, the buoyancy supply necessary to homogenize 

the whole water column till the nutricline is almost twice in the eastern than in 

the western basin. 

Another interesting aspect of the buoyancy content above the nutricline is 

that, during the stratification season, cyclonic areas tend to decrease the 

buoyancy while the opposite is true in the anticyclones. The prevailing cyclonic 

circulation in the northern side of the Mediterranean contributes to the shoaling 

of nutricline along the northern coasts and, relatively speaking, this holds also 

for Rhodes and Cretan Gyres. Cyclonic gyres then act as a preconditioning 

factor in winter mixing as shown in buoyancy content typical of Winter situation 

in both basins. The analysis of the Winter buoyancy content shows that in the 
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whole W.Med the water column is homogenized untill the nutricline (and 

possibly deeper) inducing a nutrients entrainment everywhere with the 

exception of the MAW signal, while in the E.med the mixing process seems to 

be confined in the areas with less Autumn buoyancy. Conversely marked 

baroclinic structures such as lerapetra Gyre have less impact on this process. 

The expected ecosystem response to oligotrophy is a modification of the 

food web, switching from the classical one to the microbial loop trophic path 

when macronutrients in their oxidized forms are almost depleted. The smallest 

phytoplankton fractions, usually found as dominant in this regime (Vidussi et aI., 

1997), are known to cope better with these situations. 

Model Implementation 

The above considerations highlight the importance of the physical forcing 

on the ecosystem response and function. Therefore the need has been felt to 

incorporate in a unique coupled model both the biological and the 

hydrodynamical parts. 

The covered area spans the whole Mediterranean basin plus an Atlantic 

box, with a horizontal spatial discretization of one fourth degree and a vertical 

resolution of 31 levels. In each grid points the equations describing mass 

balances for the 10 state variables (identifying the vector state C) are 

integrated, together with the primitive equations which describe the general 

circulation pattern in the spherical coordinate system. 

The coupling between physical and trophic dynamics is obtained through 

the advective terms and the light and temperature dependencies present in the 

biological equations which are synchronously calculated with the dynamical 

fields. The hydrodynamics is simulated with a MOM-like hydrodynamical model 

with 'perpetual year' NMC wind forcing developed as in Roussenov et al. 

(1995). 

The three-dimensional formulation is needed in order to appraise the 

influence of horizontal transport, upwelling/downwelling processes and vertical 

mixing on the nutrient and possibly on phytoplankton cycling and distribution. 

The biological processes are conceptualized by a mass flow scheme (fig.2) 
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with the objective to describe and explain the N:P ratio anomalies and the 

primary production of the pelagic ecosystem in the Mediterranean Sea. 

In order to cope with the huge variability of a basin as large and 

differentiated as the Mediterranean one, at least two different species of 

primary producers are to be considered, the first being representative of the 

small autotrophic flagellates and the second of the large diatoms. The 

relevance of the inclusion of two size/trophic classes describing phytoplankton 

pool is shown in Varela et al. (1994) and in Andersen and Nival (1988). Both 

fractions, each one at its own specific rate, are grazed by zooplankton, and 

both species growth depending on temperature, irradiance level and nutrient 

availability. The potentially limiting nutrients taken into account in the model are 

inorganic nitrogen, both in oxidized and reduced form, and reactive 

phosphorus. 

Nutrient lim itation on primary producers growth is described by Monod 

kinetic and Steele formulation (1962) for light limitation is adopted. The effect of 

temperature is simulated by the Lassiter and Kearns (1974) function, which 

allows the growth rate to increase exponentially up to an optimal temperature, 

and decline above it up to vanish at the temperature of arrest. Grazing activity 

is described by a type II functional response (Holling, 1965), modified as in 

Fasham et al. (1990) in order to include the selective herbivores grazing upon 

two groups of primary producers. The detritus chain describes the remaining 

part of the biogeochemical cycles of carbon and macronutrients, that is the 

recycling, through mineralization, of the particulate and dissolved non-living 

organic matter, produced by exogenous input, mortality processes, excretion 

and exudation, all parametrized with a first order kinetic. Figure 2 shows as 

dissolved organic matter, and the microbial loop, might be easily included in our 

schematization, but they are not taken into account explicitly, since they have a 

spatio-temporal scale much smaller than the other processes included. 

Light and temperature vary according with seasonal and night/day cycles, 

and the exponential light absorbtion with depth takes into account also self­

shading effects. At Gibraltar Strait biological tracers are allowed to be 

exchanged with an academic ocean where all tracers are relaxed to prescribed 
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concentrations using nudging, in order to properly condition the surface inflow. 

Biomass nitrogen- and phosphorus-equivalents are assumed to be 

constant and follow the standard Redfield ratio, with the exception of the P and 

N detrital contents, which are allowed to remineralize with different speeds. 

The dynamics of Dissolved Oxygen is also reproduced, since this variable, 

besides being frequently sampled, is an aggregated index of the quality of a 

water body. 

The 10 variables submodel has been tested on a 1-0 water column 

dynamics, driven by the same energetic input, light intensity at the surface and 

temperature derived by the NPD 3D simulation in the Ligurian Sea. In 

particular, the seasonal evolution of temperature profiles, being computed with 

the full 3D model, takes into account also the advection. 

The nominal trajectory of model correctly reproduces the formation of the 

well known Deep Chlorophyll Maximum, as can be seen in Fig. 3 In fact, the 

dynamic of the primary production is first triggered by light and temperature and 

therefore the model shows a bloom of diatoms in the early spring, followed by 

the bloom of micro-flagellates, which reach their maximum productivity at 

higher level of light intensity and temperature. Such blooms cause a rapid 

depletion of nutrients, which is more pronounced near the surface, where light 

intensity is higher. Grazing activity starts affecting the phytoplanktonic stocks 

toward the end of the spring. 

A local sensitivity analysis, based on the linearization of the trajectory of 

the model, has been performed on the 10 model, indicating that many 

parameters, if slightly changed, have similar influence on model output of 

chlorophyll and nutrients. (Solidoro et at, 1998). This points out once more the 

uselessness of a too detailed biological description as long as experimental 

data are restricted to currently available informations at basin scale. 

As indicated in figure 2, the model can be further simplified, by the 

aggregation of functionally similar state variables, up to a representation taking 

into account a generic nutrient (N), a unique planktonic pool (P) and a detritus 

(D). This NPD model is described in details in Crise et at (1998). 
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Results and discussion 

The trophic gradients in Mediterranean seem to be a permanent feature, 

thus the climatological distribution of the NPD model results, obtained by 

averaging 24 months, retains the signal. In fact, NPD simula,tions exhibit a 

pronounced east-west positive gradient of the merldlonally integrated 

nutrients (figure 4a), which is experimentally well known and, in our model, 

induced mainly by the different physical, and physically driven, processes in the 

two basins. 

In the fig.4a the dissolved inorganic nitrogen is compared, meridionally 

averaged, against nitrates experimental data obtained and processed as in 

Crise et al. (submitted), both averaged in the upper 200m over two years. The 

model estimates are qualitatively and quantitatively representative of the signal 

present in the data even if an underestimation is clearly evident in 

correspondence of the Rhodes Gyre area. The large error bar:s associated to 

the data averages are connected to the seasonal variability of the nutrient cycle 

in the upper layer. 

The model analysis suggests that the skewness of nutrient contents is 

connected to the Gibraltar contribution in the upper layer, which accounts for 

the largest part of nutrients inputs in the Mediterranean. The Atlantic Surface 

Water,flowing along the African coast, reaches the Levantine Basin after some 

bifurcations and modifications along its path, carrying memory of its 

biogeochemical content, which is less and less discriminable because of the 

vertical leakage induced by the biological fallout: carbon (and nutrients) 

assimilation by primary producers creates, in the superficiallay,er, new organic 

matter that, during the multiple transformations within the food web, is partially 

released in detrital form, giving way to a net downward flux. 

Few relevant terrestrial sources are present along the African coast, thus 

preserving the eastward decreasing nutrient and biomass contents. This mainly 

explains why in the southern Mediterranean the gradient is well preserved. 

The Alboran Sea plays a key role in trapping the nutrient enriched surface 

waters of Atlantic origin. The inorganic nitrogen entering throu!~h the Gibraltar 
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Strait is indeed quickly incorporated by autotrophic activity in this basin, where 

the biological pump creates, on average, an export of biogenic material outside 

the productive zone which contributes to maintain the vertical trophic gradient in 

the ocean interiors. The signature of an enhanced remineralization of organic 

material is present in a well developed oxygen minimum layer as also argued 

by Packard et. al (1988). The efficiency of this biologically controlled nutrients 

trap is sensibly enhanced, because the permanent and recurrent anticyclones 

favour the downward transport (Tinton§ et aI., 1991). This lead to the conclusion 

that the nutrients imports relevant for the Mediterranean should be estimated at 

the Alboran-westem basin interface. 

Water transparency, higher in the east basin, plays a major role, too, in 

originating the surface gradient and the concomitant deepening of the 

nutricline. 

Simulation reproduces also the north-south gradient (figure 4b) using the 

same procedure as in the meridional averages: the displacement of the two 

subbasins (the Eastern Mediterranean is southward displaced with respect to 

the Western basin) obviously creates a major difference even though the effect 

of subbasin permanent structures and coastal processes enhance this 

difference. This is clearly present in the Eastern Mediterranean, where the 

dipole constituted by the Rhodes Gyre and the Mersa Matruh anticyclone 

determines an evident unbalance of the nutrients distributions. In the Western 

Mediterranean the trend is also present, with two maxima in corrispondence 

with the recurrent upwelling along the Spanish coast and the permanent 

(dynamically controlled) dooming of nutricline in the Liguro-Proven~al Basin. 

The important contribution of the deep water formation in the net nutrients uplift 

is missed in this climatological simulation: conversely upwellings are well 

reproduced by the model giving a substantial nutrient input to the upper layer, 

evident in particular along the Liguro-Proven~al basin. On top of this 

dynamically adjusted distribution other surface effects contribute to modulate in 

space and time the nutrients availability and the phytoplankton standing crop. 
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Ekman pumping, evaluated as in McClain and Firestone (1993) by using 

1980-1988 NMC montly mean winds, shows a pronounced meridional gradient 

during winter and spring, while is neutral during the rest of the year (figure 5). 

The vertical velocity, positive in the northern area and negative in the southern 

one, contributes to maintain the meridional gradient. 

The relationship between nutrients and barotropic velocity in function of 

depth is used in order to correlate higher nutrients concentration with cyclonic 

gyres structures. 

Figure 6 depicts the relation between the stremfunction and the DIN at 

30m, and 160m depth, where Rand L identify respectively the dot clusters 

relative to respectively Rhodes Gyre and the GuH of Lyon Gyre. In the proximity 

of the pycnocline where the biological uptake is active the cyclonically induced 

displacement is low (fig. 6a) and virtually no correlation is noticeable, whereas 

below the euphotic zone the stronger the cyclone the higher the nitrogen 

concentration as shown by fig. 6b (Crise et. aI., 1998). 

The effect on the nutrients availability on phytoplankton distribution is 

shown in figure 7 where April model simulation (fig.7a) and April CZCS level 3 

image (fig. 7b) are compared. Model result is able to reproduce the major 

features of satellite data over quite a large range of value (the logarithmic scale 

goes from 0 to 7 mglm3) showing also the presence of a WE basin-wide 

gradient and a well detectable NS tilt in surface pigment conentration. Further 

details on this comparison can be found in Crispi et al. (1998). 

Conclusions 

More ecologically detailed conceptualizations than the NPD aggregated 

level are required if more details (Le. competition among different producers, or 

multinutrient limitation) are to be investigated. As an example figure 8 shows 

the spatial distibution of the NIP ratio, as simulated by the ecological model in 

its 10 state variable version. Experimental data are known to be qualitatively in 

agreement to this picture (Spencer, 1983: Krom et aI., 1991), but no 

quantitative comparison are here presented, since a full discussion of the 
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Flg.6. Nitrates (mmoIN/m3) vs streamfunction (Sv) scatter plots at 30m and 

160m depth as predicted by MOM-NPD model (R = Rhodes Gyre, yellow dots; 

L= Gulf of Lion, blue dots). 
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results of this model is beyond our present purpose. 

The paper here presented offers an interpretation of the tmphic gradients 

of the Mediterranean, and suggests a possible explanation of the different 

oligotophic regimes and ecosystem response in the East and West 

Mediterranean, based on an integrated approach to physical-biochemical 

processes. Our results indicate that aggregated models can be considered a 

proper tool for the study of phenomena going on over a basin-wide spatial scale 

and a seasonal temporal one. 
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1. Abstract 

The causes of irregular increase of primary production in the southern Adriatic waters are discussed. Increase 
of primary production is related to the periods of intensified inflows of the Mediterranean waters into the 
Adriatic Sea carrying higher nutrient quantities. Our results confirm that the increase of primary organic 
production is related to intensified inflow of the Mediterranean water into the Adriatic. However, our 
hypothesis differs to a certain extent from the earlier ones. We assume that the upwelling, reported south of 
Palagruza Sill which is provoked by the intensified inflow of the Mediterranean water, causes enrichment 
of South Adriatic waters by "autochtonous" South Adriatic nutrients. 

2. Introduction 

The Adriatic Sea is a part of the Mediterranean Sea and linked to the eastern Mediterranean by the Strait of 
Otrant The oceanographic properties of the Adriatic Sea are determined by its geographical location and 
morphology, climatic conditions of the area, fresh water inflow from rivers and water exchange with the 
Mediterranean. The length of the Adriatic Sea is about 800 km and its maximum width is 200 km. 
Geomorphologically it can be divided into three parts: the northern, the middle and the southern Adriatic. 
The northern Adriatic is very shallow, with an average depth of 30 to 40 m and maximum of 70 m. It is 
strongly influenced by the northern Italian rivers, especially the Po River The middle Adriatic is much 
deeper, reaching 280 m in the Jabuka Pit It is separated from the southern Adriatic by the 170 m deep 
Palagruza Sill. The southern Adriatic is considerably deeper Its average depth is 900 m, and its deepest part 
the l300-m-deep Adriatic Pit. Trough the Otrant Strait it is connected with the Mediterranean Sea. 
The earliest research of the Adriatic Sea dates from the past century. However, systematic and regular 
measurements in the middle and southern Adriatic began in the 1950s Temperature, salinity, transparency, 
oxygen and phosphate measurements were done on a monthly basis [1-3]. In the 1960s, primary production 
was included in the measurements performed in the middle Adriatic [4-6]. On the basis of standard 
oceanographic parameters, Buljan [7] reported that the advection of the Mediterranean waters was an 
important factor, which caused increased productivity in the Adriatic Sea. During such periodical 
"ingressions" [8], the Mediterranean waters, relatively rich in nutrients, are carried into the Adriatic, 
increasing productivity of oligotrophic middle and south Adriatic waters. Buljan & Zore-Armanda [2] 
supposed that the increase of productivity occurs primarily due to phosphorus inflow from the Eastern 
Mediterranean. Buljan & Zore-Armanda [9] also observed an increase in temperature and salinity on an 
annual scale, which coincided in time with such "ingresions" 
Some regularity in the year-to-year production fluctuations was observed and related to the strong advection 
from the Mediterranean to the Adriatic [10]. A change in the phytoplankton species composition was 
observed [I I], as well as greater biomass and changed species composition in zooplankton communities [12] 
These authors found that stronger advection coincided with higher primary production, higher zooplankton 
biomass and changes in species composition. 
The most important feature of the Mediterranean waters advecting into the Adriatic (in the intermediate 
layer) is their high salinity (chlorinity >21.3 parts per thousand according to Buljan & Zore-Armanda [2]) 
This high salinity is characteristic of the Levantine basin, which has one of the highest salinities of all the 
world seas (>39 psu)[ 13, 14]. The temperature of Levantine waters is higher than that of the Adriatic waters, 
so that 'ingressions' are reflected upon the temperature as well [IS]. Relating these phenomena to certain 
climatic factors, Zore-Armanda [15-18] stated that the most important factor enhancing the water exchange 
between the two basins is the horizontal pressure gradient over the eastern Mediterranean 
A large number of studies up to the 1970s showed that the intensity of water exchange between the Adriatic 
Sea and the Ionian Sea was the most important factor of long-term production fluc::uations in the middle and 
southern Adriatic [19]. The discharge of the Po River affected production consid~:rably only in the shallow 
northern Adriatic, while the Mediterranean "ingressions" were of no significance there [20, 21] 
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3. Sampling and Methods of Analyses 

The present study is based on data from four cruises in the middle and southern Adriatic Sea (Fig. I) during 
April 1986, April 1987, April 1992. The cruises were performed by R!V "A. Mohorovicic" and R/V 
"ACADEMIC STRAHOV" as the part of the POEM programme 
Phytoplankton was sampled by 5-1 Niskin bottles. Samples were preserved in a 2% neutralized formaldehyde 
solution. Cell counts were obtained by the inverted microscope method [22). Samples of25 ml were analysed 
microscopically after 48 h. The phytoplankton cells with a maximum length between 2 and 20 Jlm were 
designated as nanoplankton, and cells longer than 20 Jlm as microplankton. The microplankton cells were 
counted under magnifications of 200x and 8Ox. For the smaller, more abundant microplankton cells 
transacts across the central part of the counting chamber base-plate were made at 200x. Nanoplankton cells 
were counted in 20-30 randomly selected fields of vision along the counting chamber base-plate, under the 
magnification of 320x. To avoid miscounting, only easily identifiable nanoplankton cells were counted 
Inclusion of a particle in the counts depended on the presence of a cell wall and granular appearance of the 
cell contents. The precision of the counting method was about ± 10010. Assuming that the biomass (fresh 
weight) was equal to the total cell volume, the latter was calculated according to Smayda [23). Cell density 
and cell sizes were determined simultaneously in each sample from measurements obtained using the 
inverted microscope. Cell volumes of various species were determined according to cell models (geometrical 
bodies) constructed by means of light microscopy (or scanning electron microscopy) microphotographs and 
drawings [24]. As many cells as possible were measured to ensure that the sample mean was close to the 
population mean. Unfortunately, it was only possible to measure a small number of the less common species, 
which resulted in their volumes being necessarily approximate. 
For chlorophyll a determinations, 2 litres of seawater were filtered through a Whatman GFIF glass filter, 
made basic with magnesium carbonate, and chlorophyll a concentrations subsequently determined in the 
laboratory using a Turner Model 112 fluorometer following the method of Strickland & Parsons [25). Size 
fractionation of the phytoplankton samples for chlorophyll a measuring was done on 10 Jlm for 
nanoplankton and 2 Jlm for picoplankton. 
Salinity was determined using an Autolab ~MK-IV inductive salinometer and controlled by argentometric 
titration. Temperature was measured by Richter-Wiese reversing thermometers. 

4. Results 

For the first time, results of studies conducted in the southern Adriatic in the spring of 1987, suggested that 
this particular region may also have exceptionally high productivity levels during some seasons of the year. 
Due to the inadequacy and irregularity of past research and studies, which were performed in the southern 
Adriatic, the most of the studies considered this area as one of very low productivity. 
The chlorophyll a concentration data obtained in 1987 show that concentrations are unusually high for the 
open sea of the southern Adriatic (Fig.2); moreover, they exceed those levels found in the open waters of 
the middle and northern Adriatic. This is particularly noticeable in the central part of the Dubrovnik-Bari 
profile (Stations 13, 14), located in the South Adriatic Pit The relationship between microplankton and 
nanoplankton fractions of phytoplankton is shown in Fig. 3 and is calculated on the basis of cell volume It 
can also be concluded that the microplankton fraction is significantly more abundant than the nanoplankton 
fraction (the picoplankton fraction was not measured in 1987). The increased quantity of microplankton in 
relation to nanoplankton is a common characteristic of regions with high productivity. 
Similar studies were carried out also in April 1986. At that time the concentrations of chlorophyll a were 
considerably lower in the same area (FigA). The quantities of microplankton in relation to nanoplankton 
were also considerably lower (Fig. 5) than those found in the same time period in 1987. 
In addition, pronounced difference was found with respect to the species diversity of phytoplankton In 
1987, the species diversity was significantly higher in comparison with that found in 1986, more 
specifically, diatoms were best represented in the phytoplankton community. 
Research was also conducted in the southern Adriatic and Otrant in 1992. Sampling was done at seven 
profiles and included a large number of stations. During that period, a very high productivity level was 
recorded throughout the southern Adriatic; particularly, at the profile south of the Palagruza Sill (profile A). 
Concentration values of chlorophyll a were high at the profile south of the Palagruza Sill, in the South 
Adriatic Pit area, as well as at stations near the Albanian coast and the western stations, north of the Otrant 
Strait (Figs 6,7,8,9, I 0, 11,12) The highest biomass was recorded on eastern stations between Palagruza 
Sill and labuka Pit in all layers in the water column (Figs 13,14, IS) 
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At the time of these studies, the general pattern of the microplanktonic fraction being characteristic of 
productive regions was confirmed, since the largest fraction of microplankton was found in the most 
productive regions. Nanoplankton organisms were poorly represented, while the presence of picoplankton 
was even poorer (Fig. 16). Diatoms were especially well represented in the microplankton fraction (Fig. 17), 
which is also characteristic of regions with naturally high productivity. 
With respect to the vertical distribution of phytoplankton biomass, a regularity, which was noted earlier in the 
Mid-Adriatic waters, reoccurs [26]. As a rule, maximum concentrations of chlorophyll a always occur in the 
subsurface layer between depths of30 and 75 m (Figs.13,14,15). The DeM (Deep Chlorophyll Maximum) is 
more obvious, the higher the concentrations of chlorophyll a. Different authors attribute the development of 
DeM to a variety of causes, most often, it is explained as the adaptation of phytoplankton to the reduction of 
light in the deeper layers (after such an account, it is not the number of phytoplankton cells which increases 
but the quantity of chlorophyll a). In such a case DCM depth mainly doesn't coincide with the depth of the 
highest density of phytoplankton cells. Research performed in the southern Adriatic is, to some extent, 
inconsistent with the preceding interpretation since, the maximum cell abundanc~l and maximum biomass 
(calculated from the cell volume), as well as the DeM depth were present at the same level at the same time 
(Figs. 18,19). As can be seen in Fig.2 and 3, all maxima are sigruficantly more pronounced in 1987, during 
the year with higher productivity than in 1986. 

5. Discussion 

Buljan [27] recorded that the periodic increase in productivity levels in the southern Adriatic coincided with 
increases in salinity and temperature of the seawater. He attributed this phenomenon to an increased inflow 
of the Mediterranean waters into the Adriatic and refers to it as "Adriatic ingressions". According to Buljan, 
the Mediterranean water is saltier, warmer and richer in nutrients, which directly reflects the increase in 
productivity. Pucher-Petkovic [4, 5] shows that an increase in productivity is also related to changes in 
phytoplankton composition. Pucher-Petkovic et aI. [II] and Marasovic et aI. [28] concluded that an increase 
in productivity with a time lag of two to three years results in the increased catch of small blue fish in the 
Adriatic waters. Zore-Armanda [18] explains the "Adriatic ingressions" phenomenon through the changes 
of various climatic factors; that is, that pressure differences between the northern and southern Adriatic 
provide the driving mechanism for advection of the Mediternanean waters into the Adriatic. 
Most of the reported results were obtained during the studies of the open middle Adriatic, while the 
southern Adriatic waters were studied only for physico-chemical properties ( T, S, nutrients). On the basis of 
nutrient increase in the southern and middle Adriatic and the higher primary production and phytoplankton 
cell density in the middle Adriatic, Buljan assilmed that the primary production increase in the southern 
Adriatic, as well, at the time of "ingression". However, it was not confirmed through biological parameters 
all until 1987. It could not even be assumed that primary production could reach so high values in the 
southern Adriatic. In April 1987, the first phytoplankton bloom was recorded from the waters of the southern 
Adriatic, observed by ViliCic et aI. [29] as phytoplankton cell numbers, and Marasovic et at. [30] as a 
chlorophyll a concentration. Results of our study show that the concentration values of chlorophyll a in the 
middle of the South Adriatic Pit exceeded surpassed 3 mg chI a m-3 . Similar studies were performed in the 
same area in April 1986, but results of the analysis of the phytoplankton communities and the concentrations 
of chlorophyll a were significantly lower than those obtained in 1987. 
Moreover, in April 1986, the highest concentrations of chlorophyll a were about 0.5 mg chI a m-3; as well, 
the number of phytoplankton cells was one order magnitude lower than that recorded in April 1987. The 
analysis of the physico-chemical properties of the seawater showed the differences in the maximum water 
salinity between these two years: in 1987, salinity in the middle of the South Adriatic Pit exceeded 39.00/00, 
while in 1986, the highest value was 38.60%0 (Fig.20). All the above mentioned rtlsults show that the inflow 
of the Mediterranean waters into the Adriatic was much stronger in 1987 than in 1986. The analysis of 
weather conditions in 1986 and 1987, pointed to the fact that there was twice as much precipitation during 
the period from November 1985 to April 1986 than in the same period in 1986-1987. 
Frequency of wind directions for 1.5 months prior to the sampling period show that in 1986, the south wind 
prevailed (SE wind - Scirroco), while in 1987, the north wind prevailed (NE - Bora) (Fig.21). 
Similar weather conditions prevailed both in the spring 1987 and 1992. In addition, in April 1992, 
extremely high concentrations of chI a m-3 were recorded from the waters of the southern Adriatic. 
Particularly high concentrations were recorded from the southern side of the Palagruza Sill and the middle 
of the South Adriatic Pit. High productivity of this region is also characterized by large quantities of 
microplankton in comparison to nanoplankton and picoplankton. Moreover, the areas with high 
productivity, as well as the most productive seasons are, as a rule, characterized by higher microplankton 
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fraction of phytoplankton. A large proportion of diatoms in the phytoplankton communities is also common 
in regions of high productivity, something which was fairly evident in 1987 and 1992. The DCM (Deep 
Chlorophyll Maximum) was pronounced in 1987 as well as in 1992. It is, as a rule, always present in the 
open sea of the middle and southern Adriatic [26]. The DCM is most often found between 30 and 75 m 
depth; and particularly above 50 m during the most productive period; and in deeper layers in the less 
productive period. This is probably due to the transparency ofthe water column, which is reduced as a result 
of increased cell density. 
All the above mentioned results in this paper confirm earlier observations which showed that higher 
productivity in the south Adriatic waters is related to the increased inflow of the Mediterranean waters into 
the Adriatic. However, our hypothesis on the origin of nutrients differs to some extent. Buljan [27], as well 
as many other authors, believe that the Mediterranean waters transport higher quantity of nutrients into the 
Adriatic, which in tum, increases productivity. Our results suggest another possibility, which could be more 
credible due to the fact that Ionian Sea and Eastern Mediterranean waters are extremely poor in nutrients 
and have low levels of productivity [31-35]. These waters cannot affect an increase in productivity of the 
South Adriatic waters by enrichment through "alochtonous" nutrients, but they can cause "upwelling" due to 
their strong inflow. 
"Upwelling" or mixing, causes the transport of "autochtonous" South Adriatic nutrients from deeper bottom 
layers into the subsurface layers. When the inflow of water is particularly strong, the south Adriatic water 
expands across the Palagruza Sill all the way to the northern Adriatic [36, 29]. This is evident due to the 
flora and fauna common to the southern Adriatic occasionally found in large quantities in waters of the 
northern Adriatic. Still, the largest mass of the Mediterranean water, entering the Adriatic, remains in its 
southern part not crossing the PalagruZa Sill [37]. In fact, the incoming Mediterranean currenthindered by 
the natural barrier, the Palagru.za Sill, changes it direction towards the Italian coast along which it goes back 
to Otrant. Shift of the Mediterranean water at the PalagruZa Sill is a possible causeor vertical mixing or 
upwelling. The results from 1987 are indicative of a strong upwelling in the southern Adriatic, since 
considerable quantities of diatoms, particularly of Chaeloceros genus, were recorded from deep aphotic 
layers (100 - 500 m). At the same time, some copepod species were recorded from the same layer, which are 
otherwise normally found in the surface layers [29]. The very fact that the area below the Palagru.za Sill and 
South Adriatic Pit is most productive in the entire southern Adriatic, also indicated that the increase in 
productivity is due to the south Adriatic upwelling. In addition the southern Adriatic parts show considerably 
lower productivity, even though the Mediterranean water quantities are almost the same or even greater 
there than in the South Adriatic Pit. Therefore, we believe that the South Adriatic upwelling is the main 
cause of the higher production in the southern Adriatic enhanced by an intensified penetration of the 
Mediterranean water. 
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Figure 2. Chlorophyll a biomass through the profile DBK-BARI (April 1987) 
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Figure 3. Relation between microplankton and nanoplankton through the profile DBK-BARI in 
April 1987 
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Figure 4. Chlorophyll a biomass through the profile DBK-BARI (April 1986) 
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Figure 5. Relation between microplankton and nanoplankton through the profile DBK-BARI 111 

April 1986 
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Figure 7. Chlorophyll a biomass through the profile B (April , 1992) 
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Figure 9. Chlorophyll a biomass through the profile D (April, 1992) 
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Figure II. Chlorophyll a biomass through the protile F (April, 1992) 
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Figure 12. Chlorophyll a biomass through the profile G (April, 1992) 
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THE BIOLUMINESCENCE FIELD AS AN INDICATOR OF THE SPATIAL 
STRUCTURE AND PHYSIOLOGICAL STATE OF THE PLANKTONIC 

COMMUNITY AT THE MEDITERRANEAN SEA BASIN. 

Tokarev YU.N. I, E.P. Bitukov' , R.Williams2, V.1. Vasilenko', S.A. Piontkovski l , 

B.G. Sokolov' . 
I Institute of Biology of the Southern Seas 335011 Sevastopol, Ukraine, 
CPlymouth Marine Laboratory, Prospect Place, Plymouth PLI 3DH, UK. 

AJlSTRACT Thl: purpo'l: of thiS work is to show the posslbJlitics of IISlllg the charactcristlcs of thc 
bioillminescent fields to monitor the marine planktonic communities. The data bank contains ,SOO vertical casts 
ofbiollllllillesccllt potential and lIear 1000 samples oflhe planktonic organisms obtained at 50() oceanographic 
SI;lliolls e.,ecllted ill 21 expedition to the Mediterranean Sea basin ill 1970-1995. Studies were carried in differenl 
SCISOIIS In Ihc Medilerranean and Ihe Black Seas \1 here different trophic conditions and considerably different 
species COlllpositioll and abundance occurred in the ph)toplanklOn. There are of course differences between 
abulldallce of vanolls dinoOagellates and an intensil), of measurement ofbiolullIinescencc. but the main features 
of these appeared 10 be similar. the intensity ofbiolulIliuescence increased in proportion to their number and 
physiological state 

Seasonal challges arc also well de\'eloped and II10sily in the Black Sea. Two inlensive periods of 
blOitlllllnescencc \\'ere recorded, one in Mav-Julle alld Ihe olher one. more IIltcnsive. in October-Novelllber TiK 
blOlunllnCSccllt potelltial was achievillg Ii Ill"' lIliUOllall Clll"' r'. which exceeded minimum numbers in 
FebnIal), 500 times. Seasonal cycles are weakly developed in the oligotrophic regions or the Mediterranean Sea: 
c.!ilTcrenees of the biolnminescent potential between summer and winter periods achieve 3.5 times oniy" 

Maerosealc trends ofbiolnlllincsccncc changes wilhin the Mediterranean basin ar{ comparable with that of 
Ihe plallkton spalial distribution. General trend ofbioillminescence increase, from the Aegean Sea towards the 
lIest anc.! from Algerian coast to Spain. was evaluatL'" on the scale of the whole basin. Bioluminescence In the 
cenlral part of the Black Sea is , times weaker than Ih"t in the Alboran Sea. However. it IS one order lug her than 
th;lt in Ihe central part of the Mediterranean Sea. 

As lie have stated there are regions of «clean» and {(polluled» waters in both nerItic and open sea \laters 
Fur cxalllple. in Ihe Mediterranean Sea the sentral regions of the Alboran. Ionian and Aegean Seas. and Ihe 
cClllral part uf the western gyre and Karac.!ag marine reserve of the Black Sea were all considered to have 
relati",lv good \\;lIer qllality while the regions of the intensive shipping (straits. southern part of the ionian Sea. 
Ile;I[-Bosphorus region. Black Sea north-western part) and densely inhabited riparian zones (Crimean southern 
coasl) were considered to be regions of «ecological nsb) There arc considerable diffenollces between the 
parallleters uf the regression lines from the studied regions. For example, to obtlln the ~;alllc biolunllnesccncc 
IlIleml\\ in the O-Iilo m lavec the quantity ofdinoOagclbtes in polluted regions of the :V1cditerrallcan Sea would 
h;l\'c beell twice as abuudant as those from ({cieall» \,atcrs. Similarly the nllmbers ofbiolumincscent algae Inlhe 
HI;ICk Se;1 \\'ould lia\e increased l-.t limes 10 obtain the sallie biolnminescent intensity. As the anthropogenic 
pre"lllC in the Black Sea is higcr. clue to the popuiallull denSity in the river drainage areas and to the lo\v water 
e\change the differences arc more apparcnt. It call be prcsullled. tliat an organislll's metabolic state (and heuce lis 
binluillinesceuce) could serve as an indicator for the le\cls of pollution in the environm~nl. 

Ke\ \I olLis. biolilllllncscence" plallktOIl. spatial slruclore. alllhropogenic pollution 
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The purpose of this work is to show the possibilities of using the characteristics 
of the bioluminescent fields to monitor the marine planktonic communities. The 
characteristics of bioluminescence of marine organisms are used in fisheries around 
the world [3.121. in studies of the macro- and mesoscale plankton communities 
spatial structure [9.20]. in taxonomy [13]. ill investigations of the temporal 
plankton variability [8]. In laboratory experililents we have shown the high 
sensitivity of bioluminescent systems of mari ne organisms. of different taxa. to the 
influence of different physical and chemicallields of anthropogenic origin [6.18]. 
Those approaches were initiated in the studies of planktonic communities of the 
Mediterranean basin seas. 
MATERIALS and METHODS 

The instnllnentalmeasurements ofbiolulIlinescence in the Mediterranean basin 
were started by the Laboratory of Biophysical Ecology. IBSS in 1965 12.5J. The 
submersible bathyphotometers, created in the laboratory have been used (4,19J. 
Together with bioluminescence measurements. temperature of the studied layer. 
speed of drift of the vessel. force and direction of wind were taken. Normally. 
measurements of bioluminescence were carried out 2 hours after sunset. This 
permil\ed the exclusion of the influence of daylight on the rhythm oflight emission 
of plankton bioluminescents and their vertical migration. 

Phytoplankton were sampled with a rosette of 5-1 water bottles. fixed 1 m higer 
than the bathyphotometer, from intense bioluminescence layers and standard 
horizons. Zooplankton sampling was carried out in the upper 20m layer, using a 
Juday Net (36 Clll mouth diameter, mesh size 116 micrometers). The total plankton 
biomass (wet weight) caught by net sampling was determined back in the laboratory 
and certain of the samples were processed to species level. 

The data bank contains 3500 vertical casts of bioluminescent potential and near 
lOon samples of the planktonic organisms obtained at 500 oceanographic stations 
executed in 21 expedition to the Mediterranean Sea basin in 1970-1995. 
RESULTS and DISCUSSION. 

The well developed vertical stratification of bioluminescent field might be 
noted as its typical feature on the scale of I-100m (Fig. 1.2). The minimal thickness 
of layers consist from 3 to 7 111. The degree of development of such a stratification 
increases in waters with enhanced biological productivity. However. almost in all 
cases, one might notes the LIpper low-bioluminescent layer (8-15 m thick). the 
quazistacionaric layer of the enhanced bioluminescence in the thermocline 
(Fig.L2). 

General trend of bioluminescence increase. from the Aegean Sea towards the 
west (Fig.3). was evaluated on the scale of the \\'hole basin. Maximal numbers of 
bioluminescence were noted within zones where the Atlantic and Mediterranean 
water masses do interact. within cyclonic eddies and the divergent zones. For 
instance. bioluminescence recorded within this local dynamic zolles exceed its 
average Ilumber in the Ionic Sea 30 times. Bioluminescence in the central part of 
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the Black Sea is 3 times weaker than that in (he Alboran Sea. However, it is one 
order of magnitude higher than that in the central part of the Mediterranean Sea. 

Macroscale trends of bioluminescence changes within the Mediterranean 
basin are comparable with that of the plankton spatial distribution [10]. Zones of the 
intensive bioluminescence are related to the position of the enhanced plankton 
biomass zones. This tendency is partly mirrored in the statistical relationship 
between abundance of Dynophyta algae and the bioluminescent potential found for 
non-polluted waters of the basin (Fig.4). A s( rong correlation between Dynophyta 
algae and bioluminescence, revealed for all regions of the Mediterranean Sea. was 
quite unexpected, because such a strong biolunllnescent organisms as copepods. 
numerous 111 the plankton, should have contribute considerably into the total 
bioluminescent potential [7]. This means that the models where Dinoflagellata play 
the dominant role in the formation of bioluminescent field [l7] should be more 
applicable for the Mediterranean Sea basin. 

Regions of "ecological risk" are as a mle neritic near shore waters under 
industrial influence and the "relatively satisl:1ctory" waters are well offshore and in 
the open sea. For example, in the Mediterranean Sea the sentral regions of the 
Alboran, Ionian and Aegean Seas. and in the central part of the central part of the 
\vestem gyre and Karadag marine reserve of the Black Sea were all considered to 
have relatively good water quality while the regions of the intensive shipping 
(straits. southern part of the Ionian Sea. near-Bosphoms region, Black Sea north­
",'estern part) and densely inhabited riparian /.ones (i.e .. Crimean southem coast) 
were considered to be regions of "ecological risk". Evidence for this simple 
classification is present universally in the literature 11,11,14.16] for the neritic 
zones of the world's oceans and the Mediterranean Sea, Table 1. 

Data from such areas of our studied regions are given in Table 2 in the form 
of the squares of the correlation coefficients and the values of the regression 
coefficients. In column "a" regression parameters are given for comparatively clean 
waters, in column "b" - those in polluted waters. In column "c" these coefficients 
change when the two curves from each region are united. There arc considerable 
differences between the parameters of the regression lines from the studied regions. 
For example, to obtain the same bioluminescence intensity in the 0-100 m layer. the 
quantity of dinoflagellates in polluted regions of the Mediterranean Sea would have 
to be twice as abundant as those from "clean" \\<lters. Similarly the numbers of 
bioluminescent algae in the Black Sea would have to increase 3-4 times to obtain 
the same bioluminescent intensity (Fig.4). 

Indeed, resistance of any organisms to environmental influence depends on 
the metabolic state of the intracellular systems. How quickly the organisms are able 
to adapt to anthropogenic pollutants is determined primarly by the energetic needs 
of the organism 115]. It can be presumed. that an organism's metabolic state (and 
hence its bioluminescence) could serve as all indicator for the levels of pollutants in 
the environment. These conclusions have been repeatedly confirmed in our 
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TABLE 1. Anthropogenic levels (~gll) of some toxic materials in the euphotic layel' and their toxic threshold 

for phytoplankton (from PATIN, 1977; BENZHITSKY. 1979; IZRAEL,1984). 

Toxin Anthropogenic levels Toxic threshold 

Open waters Neritil' wnes 

Petro genic hydl'ocal'bons 10 10 2 _111' 10 2 

Polychlorobiphenyls 10-2 10-' - lU" 10 ' 

Pb 10-' - 10' 10' - 10' 10 -, 

fig 10 -2 10 -, - 10 0 10-' 

Pesticides (DDT) lU -2 10" 10-' 

TABLE 2. Regression equations between biolwninescence intensity and number of the dinophyte algae. 

Explanation in t('xt. 

Parameter Mediterranean Sea Black Sea 

«a» «b» «C» ~(a>~ «b» «(c» 

n 58 21 79 29 20 49 

a 9.21£-06 4.31£-06 9.3E-06 1.91£-05 1.1E-05 5.3E-05 

b 0.2E-03 0.lE-03 0.4E-03 0.1 E-02 0.3E-02 0.3E-02 

r2 0.983 0.853 0.830 0.950 0.864 0.284 
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bioluminescence of plankton organisms [6]. From studies of the bioluminescent 
characteristics of Noctiluca lIIiliaris, where samples were collected from regions of 
different anthropogenic impact (i.e., centre of Sevastopol Bay and froIll 5 and 10 
1lI1l) it was established that even these small spatial differences in sampling were 
responsible for marked differences in the le\ cis of bioluminescence. Fig.5. Thus. the 
level of anthropogenic impact on a marine ecosystem can be assessed by monitoring 
the bioluminescence field of the dinoflagellates in that region. 
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SATELLITE OBSERVATIONS OF SIMILAR CIRCULATION FEATURES IN 
SEMI-ENCLOSED BASINS OF THE EASTERN MEDITERRANEAN WITH 
RESPECT TO MARINE ECOSYSTEMS INVESTIGATIONS 

Y.P. ILYIN, E.M. LEMESHKO, S.V. STANICHNY, D.M. 
SOLOVIEV 
Marine Hydrophysical Institute o/the Ukrainian Academy o/Sciences, 
2, Kapitanska St., 335000 Sevastopol, Ukraine 

1. Introduction 

Contrast marine ecosystems are the convenient objects for the observations from space 
in visible and thermal bands of radiance. Ecosystem eutrophication and pollution levels 
can be recognised as well as the circulation features and water exchange within the 
studied area. Most contrast ecosystems exist in semi-enclosed basins of the 
Mediterranean Sea - Adriatic, Aegean and Black seas. Strong natural and antropogenic 
spatial differences in water properties are maintained in these seas allowing the wide 
application of the satellite ecological monitoring facilities. Complex international 
research and monitoring projects for these regions may be developed by means 
integration offield data collection and numerical ecosystem modelling with the satellite 
imagery receiving and analysis based on the Marine Hydrophysical Institute (MID) 
receiving station and specialists' team. 

Present communication is addressed to characterise abilities of MHI in satellite 
remote sensing with special attention to the applications in the Eastern Mediterranean 
contrast ecosystem studies. Recent examples of the satellite data analysis are considered 
in connection with some similar features of semi-enclosed basins listed above. 

2. MHI facilities for satellite data receiving and processing 

MHI is a leading oceanographic institute in Ukraine with about 20-year experience in 
ocean remote sensing and it has got hardware and software for receiving and processing 
of satellite information. The short description of the available satellite information in 
visible and thermal bands is contained in Table 1. Receiving station region overlaps 
territory from Spain to Mid Asia. MHI has satellite data archives for the Black Sea and 
the East Mediterranean region for the last 7 years (HRPT-infornlation) and 10 years 
(APT - data). 

Special self-made software gives the opportunity to process satellite images and 
meteorological information for different problems of modern oce:mology. The typical 
chain of procedures for the AVHRR image processing is receiving - calibration - multi­
cllannel calculations (sea surfuce temperature, suspended matter) - geographical 
positioning - map calculation - land masking - data extraction or addition. 

417 
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TABLE 1. Visible and infrared (IR) satellite data available on the Mill receiving 
station 

Mode Satellite Instrument & Channels Resolution, 
chann. amount numbers Ian 

1.7 GhzHRPT NOAA AVHRR,5 1,2: Vis.; 3-5: IR 1.1 at nadir point 
SeaStar SeaWiFS,8 1-8: Vis. 

137 Mhz APT NOAA AVHRR,2 I(d) or 3(n) , 4 4 at any point 
Meteor, Sich MSU-M, I I: Vis. 1.2 at any point 

3. The Eastern Mediterranean seas as the objects for satellite observations 

Infonnational properties of satellite images of the ocean surface are detennined by 
manifestation of ecological and dynamical phenomena in optical and thennal tracer 
distribution. For the visible band such tracers are suspended matter and phytoplankton 
(chlorophyll-like) pigments and for the thennal infrared (IR) band - spatial fluctuations 
of sea surface temperature (SST). Most oceanological studies made by the satellite 
images have been executed for the regions of shelf, boundary currents, upwellings where 
respectively high background contrasts of SST are maintained all-the-year-round or 
seasonally, or sources of optically active constituents exist (e.g., river inflow, algae 
bloom). 

Thennal IR and visible images of the sea surface have different infonnational capacity 
for the different regions and seasons. For example, in the moderate latitudes of a spring­
summer season, SST gradients related to water dynamics phenomena can be 
significantly suppressed due to intensive surface heating and upper mixed layer 
development. For the same latitudes and season, visible manifestations of water 
circulation are the most distinguishable after the river floods when high amount (1' 
suspended matter inputs in the sea, or during the intensive phytoplankton blooms. 
Thus thennal and visible satellite data can mutually supplement one another for the 
long-time regional ecological studies or monitoring. 

All these reasonings are fu.ir for the East Mediterranean semi-enclosed seas. They are 
situated in the moderate latitudes, having along-meridian extension 5-6 degrees eX 
latitude. That provides them with enough gradients of solar radiation fluxes supporting 
the background meridianal gradients of SST (Table 2). In addition, there are warm 
water inputs in southern parts of the seas through the straits, while cold sources exist in 
their northern parts: a winter shelf cooling and a cold riverine water inflow (the input 
through the Dardanelles Strait for the Aegean Sea). The Fresh water input in the north 
parts of the seas and the saline water inflow through the southern straits together with 
meridianal gradients of evaporation maintain strong background contrasts of surface 
water salinity (see Table 2). Besides, northern fresh-water sources are also the sources cf 
high amount of suspended matter, nutrients and pollutants forming not only specific 
ecological situation but also the contrasts in optical water properties. 

General surface water circulation patterns are similar for three basins and have 
cyclonic character on basin scale (rim currents) with several sub-basin gyres [7,8]. So, 
in a wintertime, the cold low-saline turbid water moves from northern shelf zones and 
river (strait) mouths along the western shores in southward direction. The warm high­
saline transparent water generally expands from the southern straits to the north along 
the eastern shores. In summer, the manifestation of circulation patterns in water 
properties is 
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TABLE 2. Comparison of some hydrologic parameters for the semi-enclosed seas surface water 
Basin name Latitudes, Temperature, Cels. Salinity, ppt 

the Adriatic Sea 
the Aegean Sea 
the Black Sea 

deg. Summer Winter Summer Winter 
40-46 22-24 8-14 33.0-38.25 36.0-38.5 
36-41 24-26 12-16 30.0-39.25 36.0-39.2 
41-47 22-26 2-8 12.0-18.4 16.0-18.4 

more complex because of seasonal heating of northern shelf-originated and riverine 
water. In that case, western along-shore currents carry wann low-saline and turbid water 
to the south. These general circulation patterns are disturbed by the diverse mesoscale 
processes (coastal upwellings, eddies, meanders, mushroom-like structures), especially 
in summer time when the rim currents weaken [10]. Mesoscale features of water 
circulation play an important role in the interaction and exchange between shallow 
(coastal) and deep see as well as in the renewing of polluted coastal ecosystems [9]. 

Thus, the Adriatic, the Aegean and the Black seas have many common features, 
such as similar climatic conditions, high degree of isolation from the other regions cf 
the Mediterranean Sea, the desalination of surface water at the north and the cyclonic 
character of general circulation. In addition to that, the hydrological regime of the 
Aegean Sea is complicated by geo-morphological conditions, because this basin has 
extremely complex bottom relief and coastline, including a lot cf islands. In spite cf 
some differences, all of the three basins are very similar as objects for satellite 
observations. 

4. Examples of regional studies 

Numerous studies were executed in last decades by the integration of satellite images 
with in-situ data or/and modelling results. As the examples, investigations can be 
referred concerning the Black Sea large- and meso-scale water circulation features 
[3,4,7,9,10], the North Adriatic Sea water dynamics [5] and the North Aegean Sea flow 
phenomena [2,6]. Some recent results reflecting the connection of water circulation 
features with ecological processes are presented below. 

The analysis of five-year A VHRR data has allowed to detect the interesting feature 
connected with algae (coccolithophorids) bloom in the Black Sea. Coccolithophorids 
play an important part in carbon cycle, and their optical properties permit to detect the 
bloom processes in visible channels of the A VHRR scanner. 

Bloom processes depend on the hydrological conditions and nutrient concentration 
in subsurface layer. The main nutrient sources in the Black Sea are river inflows 
basically concentrated in the north-western part of the sea. The processes of nutrient 
redistribution are determined by a particular dynamic situation. 

On the basis of satellite data analysis for a winter period in the NW part of the sea 
two typical hydrological situations are allocated. In the first case, the cold jet of the 
southward current is formed along the western coast as the result of river inflow, shallow 
water cooling with favour north-eastern winds or without a strong wind effect. It blocks 
the nutrient propagation from a coastal zone to the central part of pond. In the second 
case, off-shore advective flows are induced, cross-stream gradients of SST are washed 
out and the exchange with central part of the sea is executed under the influence cf 



420 

strong westerlies. Both of these situations are presented on Figure 1. 

30 28 

1 44 , 
I 

I" 

,~~~~~~Q~~~s~~~_~~ 
Figure I . NOAA A VHRR channel 4 thermal images of the Western Black Sea for February 2, 1996' 
(left) and February 21 , 1998 (right) . Dark tones correspond to cold water and light tones - to warm 
water. Land is masked by white color. White arrows indicate prevalent movements of cold (rich in 
nutrients) water at the western shores. CL denotes cloudiness. 

As the result of nutrient redistribution in the first case, bloom processes in June and 
August weaken and for the second one the intensive coccolithophorid bloom is observed 
(Figure 2). Thus the analysis of current hydrological situation in a winter period 
permits to predict the summer coccolithophorid bloom in the Black Sea. Besides, a 

Figure 2. NOAA A VHRR 1 Visible image oftbe Black Sea for June 26, 
1993. Lighter tones correspond to higher concentrations of suspended matter. Land 
is masked by white color. See text for description. 
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large amount of algae is a good tracer for the visualisation of water circulation features on visible 
satellite images. Here we note the clear manifestation of the two-core structure cr 
anticyclonic gyre west to the Crimea ("Sevastopol eddy") described by Sur and Ilyin in 
[10]. 

Phenomena analogous to one described above can occur not only in the Black Sea 
but also in other semi-enclosed basins because of their similarities having considered in 
Section 3. Figure 3 presents the winter thermal A VHRR images showing the water 
circulation pattern in the Adriatic Sea (left) and in the Aegean Sea (right). The cold 
water from northern shelf regions modified by the fresh inflows of rivers (low-saline flow 
of the Dardanelles Strait in case of the Aegean Sea) moves cyclonically along the 
western (and northern in the Aegean Sea) shores towards the south. Instead, the warm 
water moves to the north along the eastern shores inflowing from neighbour south 
basins. Schematically, white (cold stream) and black (warm stream) arrows indicate 
these water movements on the Figure 3. 

16 f8 

Italy 
u r k ~ 

-".~--~ --
Figure 3. NOAA A VHRR channel 4 thermal images Sea, February 27, 1998 (left) and the 
Aegean Sea, February 20, 1998 (right) . Tones as for Figure 1. See text for the description. 

5. Problems for prospective applications of satellite information 

Basing on the MHI experience and facilities, a nwnber of items can be specified with 
respect to the Eastern Mediterranean ecosystem studies by means the satellite data 
application. 

Firstly, there are meso-scale phenomena of the surface water circulation and their 
relations with marine ecological processes. Moreover, satellite data are the most 
important part in the observations of such processes due to the typical temporal (- 1-
10 day) and spatial (~ 1-10 km) scales of meso-scale dynamical structures - eddies, 
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upwellings, frontal zone displacements, horizontal wave processes etc. Especially, it 
concerns with the Aegean Sea circulation because of its complexity induced by the 
shoreline and islands. 

Secondly, quantitative approaches can be developed and applied in regional 
ecological studies and monitoring, such the estimation of surface currents and coastal 
trapped waves parameters, basing on the time series of satellite images [3,6]. 

Thirdly, the modem bio-optical (and ecological) state and tendencies within marine 
ecosystems or whole basins can be evaluated by means the precise multi-channel 
scanner SeaWiFS data in comparison with data ofCZCS obtained 15 years ago [1]. 
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FLORA AND BOTTOM VEGETATION ON THE DEEP­
WATER BANKS OF THE MEDITERRANEAN SEA 

Abstract 

N.A.Milchakova, I.K.Evstigneeva, I.N .Tankovskaya 
Institute of Biology of the Southern Seas (IBSS),Sevastopol 
335011, Crimea, Ukraine. Phone: (0692)52-41-10, Fax: (0692) 
5928 13, E-mail: milcha @ibss.iufnet 

177 species of algae and 1 seagrass were identified for ten deep-sea 
banks in the Mediterranean Sea (Aegean Sea, Tunisian Strait and Strait of 
Malta), red algae making up more than half of the number. Bottom vegetation 
includes nein types of communities which occupy depths from 20 down to 
115 m, and have polydominant, mosaic, multistratum structure. Algae flora of 
the banks is temperate to warm-water, while half of the species are common 
to both the Mediterranean and the Black Sea. 

Introduction 
Conservation of the existing biodiversity is of high priority for modem 

science. Algal flora of the Mediterranean Sea numbers about 1200 species 
(Boudouresque et Verlaque, 1978; Kalugina-Gutnik, 1981; Riedl, 1983). 
Some localities display remarkably high floristic diversity, among them are 
deep-sea banks. However, until recently the knowledge about algal flora of 
the banks was regrettably scarce (Furnari, 1984). We endeavoured to fill this 
gap by making a description of the species and phytogeographical 
composition and the occurrence of algae on some banks of the Mediterranean 
Sea. 

Material and methods 
Preparing this report, we used materials collected during research cruises 
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to the Mediterranean in 1979-1986 (property of IBSS). Algae for the 
collections were taken in the during the 87, 88, 89 and 90-th research cruises 
of the RlV Academician Kovalevsky (spring and autumn time). Collection 
sites were the banks of Pantelleria, Lampedusa, A vventura, Tolbot and Herd 
(Tunisian Strait and Strait of Malta) and Johnston,Mancell, Seaney, Stocks 
and Brooker(Aegean Sea). The description of bottom vegetation and flora is 
based on the analysis of data collected at 88 stations (22 in the Aegean Sea, 
56 in the Tunisian Strait and 10 in the Strait of Malta). Phytobenthos of deep­
water banks of the Aegean Sea and of the Tunisian Strait has been described 
in details also. Samplings were made with the bottom grab "Okean-50", a 
beam trawl and Seegsby trawl. 

Total number of algal species found there are 177; of them 34 green, 47 
brown, 96 red, and one seagrass. All areas rich with bottom vegetation are 
very similar in the amount of species (73-109) that 41-62% of the total 
number of described algae. 

Prof. A.A.Kalugina-Gutnik headed the work during the cruises to the 
Mediterranean Sea; we dedicate this paper to her blessed memory. 

Description of the taxonomic composition. 
Aegean Sea. 

115 species of algae were descriped: 21 green, 32 brown and 62 red. 
Bottom vegetation of the banks occupies depths from 37 down to 115. Owing 
to high water transparency red algae occur even 195 m deep (Palmophyllum 
crassum, Peyssonnelia rubra and Pseudolithophyllum expansum). 

There dominant associations were identified and described in the 
vegetation cover. All investigated phytocenoses had polydominant structure 
and distributed in a mosaic pattern. Compared with sandy and sandy-silty 
areas of the sea floor, hard substratum displayed the greatest species richness, 
especially at Johnston bank. Seasonal variations in the structure of 
phytocenoses are the most pronounced down to 50 m depth, being smoother 
at the lower boundary of occurence. 

In spring the prevailing component are perennial brown and red algae 
like Sargassum hornschuchii, Codium bursa, Cystoseira corniculata, 
Phyllophora nervosa and Vidalia volubilis. In summer, annual brown algae, in 
particular Arthrocladia villosa, become dominant. On the banks of Brooker, 
Stocks and Seaney Phyllophora nervosa and Peyssonnelia squamaria are the 
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basic component of vegetation cover. 
Association of Cystoseira - Phyllophora nervosa - Vidalia volubilis. The 

incorporated communities inhabit the depths 37 down to 50 m and 
concentrate mostly on hard bottom substatum. The association comprises 64 
algal species; in addition to the three basic algae typical representatives are 
genera Sargassum, Dictyopteris, Nereia and Fauchea. 

Association Phyllophora nervosa - Peyssonnelia squamaria occupies 
sandy substrate at 50-90 m depth. The species composition is represented by 
32 species, most typical are Palmophyllum crassum, Udotea petiolata, 
Acrodiscus vidovichii, Schysimenia dubyi. In late summer brown algae 
(Striaria attenuata, Nereia filiformis, Dictyota dichotoma) dominate. 

Association Halopteris filicina - Callymenia microphylla grows on 
sandy-silty substrate at 100-195 m depths. It includes 9 species. In addition 
to the main algal species, also numerous are Zonaria tournifortii, Phyllophora 
nervosa and Schysimenia dubyi. 

Special features of the communities were the multistratum polydominant 
structure and the lack of epiphytic synusiae. 

Over 50% of algae are common for the Black and Aegean seas 
(Kalugina-Gutnik, 1975). However, the immigration of species has been 
reported: Phyllophora brodiae, Laurencia panicu1ata and L. parvipapillosa 
have been identified in the Mediterranean first, while the overuse of rivers 
may cause euryhaline and stenothermic algae to migrate into the Black Sea 
where they would occupy vacant environmental niches identical to 
Mediterranean. The most probable environmental niches for the coming aliens 
are deep-water areas near the Crimean and Caucasian shores. In these 
circumstances, studies of bottom plants of the eastern and central 
Mediterranean acquire special significance (Kalugina-Gutnik, 1981). 

Tunisian Strait 

Prof. Kalugina-Gutnik identified 159 algal species in the study area: 28 
green, 45 brown and 85 red algae (Table 1). Flora of the deep-water banks 
differs considerably from that of near-shore waters of the Tunisian-Sicillian 
region (Kalugina-Gutnik, 1981, 1983). 
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Lampedusa bank is a vast submarine plato with flat bottom and 
insignificantly varying depths. Algal species numbered 109 (23 green, 35 
brown and 51 red algae). The vegetation cover is relatively uniform, being 
composed of three associations. Brown and red algae prevail. Spring is the 
season of the dominance of perennial algae like Cystoseira fucoides, Vidalia 
volubilis, Gracilaria verrucosa. In late summer large brown algae Arthrocladia 
villosa, Dictyota dichotoma, Dictyopteris polypodioides, Sporochnus 
pedunculatus grow high above the thicket of perennials contributing to the 
multistratum structure of polydominant communities. 

TABLE I. The number of algal species collected in the Mediterranean Sea (numerator­
numbers, denominator - %) in 1979-1980 (R/V 87, 89, 90 cruises Ak. Kovalevsky) 

Phylum Aegean Banks Total 
Sea 

Lampedusa Pantelleria Avventura Herd 
and Tolbot 

Chlorophyta Zl 22 11 l3. ~ 34 
64.7 64.7 41.2 38.2 14.7 19.2 

Phaeophyta 32 35 11 28 :!: 47 
68.1 74.5 65.9 59.6 8.5 26.6 

Rhodophyta 62 52 53 67 ~ 96 
65.6 54.2 55.2 69.8 5.2 54.2 

Total ill. 109 98 108 14 177 
66.1 61.6 55.3 61.0 7.9 100 

R 2.0 1.5 I.7 2.4 - 2.0 
P 

Cystoseira fucoides + C. comiculata - Vidalia volubilis - Gracilaria 
verrucosa dominate the associations, its phytocenoses occupy 50 to 70 m 
depths. The frequency of occurrence of Halimeda tuna, Udotea petiolata, 
Polysiphonia squamaria and Rytipblaea tinctoria is about 100%. In this 
association was found to include 89 species of algae altogether. 

Association of Arthrocladia villosa - Udotea petiolata + Zonaria 
toumefortii were found down to 70 m depth and comprised 36 species, 
constant species were Caulerpa prolifera, Acetabularia mediterranea, 
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Schizymenia dubyi. Vegetative cover was poor at that locality. 

Association of Halopteris filicina + Callymenia microphylla + 
Peyssonnelia squarnaria inhabit the depth from 70 down to lIS m. Seven 
species were identified as composing the algal communities. In addition to 
dominant species, Valonia macrophyza, Rytiphlaea tinctoria were 
occasionally seen. 

Pantelleria bank. Algal species found in the locality numbered 98: IS 
green, 32 brown and Sl red algae. The thicket of macrophytes concentrated 
mostly in the depths from 20 to lIS m. Local vegetation cover displays a 
multistratum structure, the lower stratum being composed of Peyssonnelia 
squamaria and Zanardinia prototypus. At the depth of 20 m the dense thicket 
of Posidonia oceanica with occasional Vidalia volubilis, Sphaerococcus 
coronopifolius, Sargassum hornschuchii and Cystoseira discors grow. In 
spring large and small varieties of red algae prevail and in autumn brown. The 
abundance of both attached and non-attached varieties of Ulva rigida, 
thallomes of which are found as deep as lOS m depths, is a special feature of 
the bank. Algal flora develops the greatest richness at the depth 20 to 6S m. 

Five algal associations were defined. At the 20-30 m depths the 
community of Laminaria rodriguezi - Sargassum linifolium - Cystoseira, 
which includes S4 species is located. Some bottom sites shelter phytocenoses 
of Posidonia oceanica - Vidalia volubilis, the number of contributing species 
being 11. 47 algal species form the community of Arthrocladia villosa -
Cystoseira at the depths 4S-60 m; there are multi stratum, mosaic and 
polydominant in structure. 

The communities of Cystoseira - Polysiphonia elongata - Ulva rigida 
grow deeper (60-80 m), comprise Sl species, the vegetation cover is thin and 
patchy. The deepest (80-11S m) site of Pantelleria bank is where 
phytocenoses composing Halopteris filicina + Callymenia microphylla grow; 
14 species of algae make poorly developed cover. 

A vventura bank is an extensive plato with flat seafloor and the depth 
varying from 40 to 8S m. Vegetation cover is thick and diverse, and 
composed of 14 green, 28 brown and 6S red algae, 107 species altogether. 
Phytocenoses are polydominant and multi stratum. Three algal associations are 



428 

similar to those on Pantelleria bank; red and brown algae Cystoseira, 
Sargassum, Arthrodadia, Sporochnus, Halopteris and Callymenia dominate, 
showing a remarkable diversity of size and the shape of thallomes. 

Association of Laminaria rodriguezi - Sargassum linifolium - Cystoseira 
display the greatest species diversity. Local algal flora manifests distinct 
seasonal changes. 

Phytogeographical composition of algal flora 

Mediterranean algal flora contributes notably to the species composition 
of adjacent seas. The Adriatic Sea is the centre of speciation. Algal flora on 
the investigated deep-water banks of the Aegean Sea and Tunisian Strait is 
much like that of the Black Sea (Kalugina-Gutnik, 1981). 

Correlation between the aforementioned algal groups (phytogeographical 
division) as specified for the all deep-water banks of is shown in Table 2. 
Lower boreal species dominate algal flora of the deep-water banks of the 
Aegean Sea. The share of subarctic to boreal and boreal to tropical species is 
also significant. Arctis to boreal, cosmopolitan and tropical algae are only 
minor (Table 2). 

Lower boreal species dominate algal flora of the banks Pantelleria and 
A vventura; subarctic to boreal are prevailing in waters of Lampedusa bank 
(Tunisian Strait). The share of endemic algae varies insignificantly, and is the 
largest on A vventura bank where endemic and arctic-to-boreal species are 
more abundant in comparison with other banks under study. 

Conclusions 

1. 177 algal species and one seagrass were collected and described on 10 
deep-water banks of Aegean and Mediterranean Seas. The greatest species 
diversity was found on the banks of Johnston, Avventura and Lampedusa. 
floristic composition does not very considerably between the banks. 

2. Maximums of algal species concentrate at the depth 20 to 70 m. The 
vegetation is represented by phytocenoses of ten types, their structure is 
polydominant, multistratum and mosaic. Deep-water brown and red algae 
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prevail, among green algae Siphonales spp. were the most abundant. 

3. The algal flora is temperate to warm-water. Taxonomic composition IS 

special, with over half of the algal species being from the Black Sea. 

4. Conservation of the biodiversity in unpolluted model areas of the 
Mediterranean is an essential element at conserving the marine plants richness 
in the adjacent seas and water areas. 
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ANTHROPOGENIC EUTROPHICATION OF NEAR-SHORE WATERS AND 

MACRO ALGAL BIODIVERSITY IN THE LEV ANTINE SEA 

O.V.MAXIMOVA, N.V.KUCHERUK 

P. P. Shirshov Institute of Oceanology Russian Academy of Science, 

Moscow, Russia. 

The material was sampled during the 27-th cruise of rlv "Vityaz" in October -

November 1993 in the region of Latakia (Syria). About 30 qualitative samples of 

macroalgae were collected in 5 coastal points at the depth 0,1-2,0 meters (Figure 1). 

Those points differed by the level of oil pollution and anthropogenic eutrophication. 

1. Point A - in the central part of the port of Latakia, at the base of EI-Borge Castle. 

Eutrophication + very intensive oil pollution. Sheltered site. 

2. Point B - Port entrance. High level of pollution. Semi-exposed site. 

3. Point C - to the north from the port, at the cape in the Fishermen Harbor. 

Eutrophication + oil pollution. Semi-exposed locality. 

4. Point D - to the south from the port, near the breakwater preventing the oil 

pollution of this locality. The eutrophication due to vicinLj of Latakia town is 

rather high. Exposed coast with intensive water movement. 

5. Point E - El-Kuobban Bay near the Marine Research Center. Very clear water with 

minimal anthropogenic influence. Exposed coast with high wave activity. 

The distance between points D and E is approximately 10 km. We identified the 

macroalgae species using [1, 2, 7, 8]. 

All the localities in the port of Latakia or in its vicinity (A,B,C) were deprived of brown 

algae (Phaeophycophyta) which are known to be oligosaprobic group [3]. In the most 

polluted point A the only macroalga obtained was polysaprobic Enteromorpha 

intestinalis (Chlorophycophyta). In the point B three species were sampled: Corallina 
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Figure 1. S cherne of m acroalgae sampling points along Latakia coast. 
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mediterranea with epiphytic Polysiphonia denudata (Rhodophycophyta) and 

Cladophora coelothrix (Chlorophycophyta). In the point C five species were collected: 

E.intestinalis, mesosaprobic VIva lactuca, Codium vermilara (Chlorophycophyta), 

C.mediterranea and oligosaprobic Jania rubens (Rhodophycophyta) (Figures 2, 3). 

Points D and E were similar by the environmental conditions, the only difference was in 

the eutrophication level. In mostly clear point E 23 macroalgae species (5 

Chlorophycophyta, 9 Phaeophycophyta, 9 Rhodophycophyta), I species of Cyanophyta 

(Oscillatoria sp., a component of algo-bacterial mats) and 2 species of marine 

phanerogams (Cymodocea nodosa and Halophyla stipulacea) were sampled. 

Chaelomo rph asp. 
Valonia ulricularis 

Valonia macrophysa 
Enteromorpha tlexuosa 

Enleromorpha linza 
Clad ophora echin us 

Clado ph ora I aeliviro ns 
Bryopsis hypn oid es 

Dietyopteris membranaeea 

Eclocarpus contervoides 
Cystoseira barbata 

Am phiroa rigida 
Halymenia tloresii 

Dermalolilhon coraliinae 

Dasya sp. 
Melobesia sp. 

Peyssonnelia squamaria 
Callilhamnion lelragonum 

Plerocladia capillacea 
Gracilaria verrucosa 

Laurencia obtusa 

Hypnea muscitormis 

G iga rlina a cicula ris 

Ulva lacluca ~ 

Cod iu m v e r m ilar a ISS'S.'SSSl 
Polysophonia denudala -

Cladophora eoelolhrix I:SS.'SSSSl 
Corallina medilerranea 

~ 
~ 

~ 

~ 
lSSSSSSJ 
~ 
~ 
~ --- ~ - ~ - ~ - -- --- --- -- --- -- -- -- -
&SSSssssssssssssss 

~L ~ 

A B c o E 

Figure 2. M acroalgae species composition in sampling points. 

Acrosiphon ia sp. 
Halimeda luna 
Da sycladu s cia vaetormis 

Dielyola dieholoma 

Pad ina boryana 
Ha lop Ie ris sea pa ria 
Cystoseira erinila 
Sphaeelaria eirrhosa 

Peyssonnelia sp. 
Polysiphonia sp. 
Ceram ium leniuis 
Wrangelia penicillitormis 

Ce 'am ium rub ru m 
Lau ren cia pa pill as a 
Ge lidi um lalitoli um 
Litl1 ophyllum sp 
Cladophora linitormis 
Sargassum vulgare 
Cysloseira compressa 
Pa·jina pavonia 
Taonia atomaria 
Ja rlia rube ns 

Enle romo rph a inleslina lis 

~ - green algae _ - brown algae _ - red algae 
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The most algae-rich point was D: 36 species (10 Chlorophycophyta, 7 

Phaeophycophyta. 18 Rhodophycophyta, I Cyanophyta). Points D and E had some 

common species: 2 green algae (E.intestinalis. Cladophora liniformis); 4 brown algae 

(Taonia atomaria, Padina pavonia, Sargassum vulgare, Cystoseira compressa\ 5 red 

algae (Gelidium latifolium, Jania rubens, Ceramium rubrum, Laurencia papillosa. 

Lithophyllum sp.). Only C.rubrum and E.intestinalis are the polysaprobic algae, all the 

others are meso- or oJigosaprobic ones [3J. In point D number of mesosaprobic species 

is higher (22) than in point E (10); Enteromorpha linza, E.flexuosa, Cladophora 

laetivirons (Chlorophycophyta), Gracilaria verrucosa, Laurencia obtusa, Hypnea 

musciformis, Gigartina acicularis (Rhodophycophyta) were collected only in that 

locality. In point E we sampled some oligosaprobic species. absent from other points: 

green algae Halimeda tuna, Dasycladus clavaeformis; brown algae Dictyota dichotoma 

Jimplexa, Padilla boryana, Halopteris scoparia (= Stypocaulon scoparium); red alga 

Wrangelia penicilliformis (Figure 2). 

r------- ~ ~----~-~--------------~-

Lill1 

1m12 

m3 

A 8 c o 

Figure 3~ Ratio of the green, brown and red algae in sampling points~ 1- red, 2 - green, 3- brown algae. 

Ratio of green/brown algae is 1,43 for point D and 0,56 for point E (Figure 3); in both 

cases it is lower than 2 - value typical for mesosaprobic communities [3], 

Summarizing the results obtained we can conclude that anthropogenic eutrophication of 

coastal waters near Latakia had a stimulating effect on biodiversity of shallow-water 

macroalgal communities. In oligotrophic waters of the Levantine Sea only the regions 

of town sewage effluents had the values of biogenous concentrations as high as 0,8-0,9 
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J..Ig-atJI NO} and 0,1-0,3 J..Ig-atll P04 [4]. These values are just nonnal for natural 

development of most macroalgal species. The oil pollution suppressed the macroalgal 

vegetation: the minimal biodiversity characterized the communities of the Latakia port. 

The temporary stimulating effect of eutrophication would change into the effect of 

macrotlora degradation while the increasing of antropogeneous stress and especially in 

the case of cumulative influence of oil and biogenic pollution. Such situation is 

observed for many coastal regions of World Ocean and for Mediterranean in particular 

[I, 6]. One of the most dramatic examples is the fate of the unique Zernov's Phyllophora 

Mcadow in the N-W of Black Sea: it had been formed due to the bllOgenic flux of great 

ri vers (Danube, Dnieper, Dniester), and it is degrading nowadays because of 

anthrODOgenic hyper-eutrophication of these rivers [3, 5]. 
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DEEP-SEA CALCAREOUS RHODOPHYCOPHYTA COMMUNITIES IN THE 
LEV ANTINE SEA 

O.V.MAXIMOVAl), SAKER FA YES 2) 

/) P.P.Shirshov Institute of Oceanology Russian Academy of Science, 

Moscow, Russia. 

2) Higer Institute of Applied Sciences and Technology, Damascus, Syria. 

This study is based on materials from two cruises of rlv "Vityaz": N 24 (1992) and N 27 

(1993). In total 13 qualitative samples were collected at 6 stations on southern syrian 

shelf (depth 25-90 metres) (Figure I) by means of trawling (Seegsby trawl) and 

dredging (grabb "Ocean-O, I") (Table 1). The community discovered there reminds the 

"Lithophyllum trotoir", "trotoir it Tenarea" or "coralligenous bank" [3], well known for 

the Western Mediterranean. J.M. Peres [3] mentioned the same stru'~tures in the Eastern 

Mediterranean "covering very large areas - on thousands of square metres" (p.500). The 

square of discovered by our expeditions "coralligenous meadow" is about some tens of 

square kilometres. Such formation is being described for the first time. The second 

pecularity of this biocenosis is its location above silty substratum. The thickness of 

"coralligenous" layer is no more than 10 cm. 

Table 1. Material obtained in 24th and 27th cruises ofr/v "Vityaz". 

N of station 
3639 
3640 
3641 
3870 
3871 
4006 

Depth, m 
90 

50-63 
25 

78-90 
45 

40-60 

Number of samples 
1 (I grabb) 

2 (I grabb and 1 trawl) 
1 (l grabb) 

1 (united from 5 grabbs) 
2 (1 trawl and united from 5 grabbs) 

6 (5 grabbs and 1 trawl) 
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Figure 1. Map of stations with "coralligcnous bank" macfoalgal community. 
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This community is very algae-rich, especially for deep-water environment: 35 species 

of macroalgae (7 Chlorophycophyta, 5 Phaeophycophyta, 23 Rhodophycophyta). We 

must mention, that this list is not complete: some species from the collection are not 

identificated yet because of lack of special guides for the region. Identification was 

carried out using [1, 2, 5, 6,7]. 

The main role in forming of the community belongs to 2 groups of macroalgae: 1) 

calcareous red algae (Rhodophycophyta: Ciypyonemiales: Corallinaceae) Lithophyllum 

racemus, Pseudolithophyllum expansum, Lithothamnion sp., Neogoniolithon sp., 

Amphiroa rigida and some others, and 2) siphonous green algae (Chlorophycophyta: 

Caulerpales = Siphonales) Caulerpa scalpelliformis and Udotea petiolata. The first 

species is one of Lessepsian migrants, mentioned in the Eastern Mediterranean for the 

first time in 1930 [4].We consider siphonous macroalgae to be the pioneer species of 

this community. Caulerpa and Udotea can occupy soft substrata and they have long 

ranched rhizoms and numerous rhizoids, extracting slippery substance of 

polysaccharide nature. The particles of dead thalli of calcareous algae (first of all 

A.rigida) and exoskeletan material (fragments of shells, carapaces) of benthic animals, 

little stones, grains of sand stick to this mucilage, forming the cover around the creeping 

parts of the thalli. Crustacean red algae and other species with prostrate calcified and 

non-calcified thalli (such as brown Zanardinia prototypus or red Hildenbrandtia 

protot)pus and Peyssonnelia sp.) begin to develop above these covers together with 

different sessile benthic animals (bryozoans, sponges, hydroids, ascidians, polychaetes 

etc). Thus the second layer of the cover forms - the thick crust, developing into 

calcareous concretions, upon which the vegetation of algae with vertical soft thalli 

begins. Among them the most common species are: Codium bursa, C.decoricatum, 

Anadyomene stellata, Valonia utricularis (Chlorophycophyta), Gelidium latifolium, 

Pterosiphonia pennata, Polysiphonia (fructiculosa?), Halymenia ulvoidea, Kallimenia 

microphylla, Botriocladia boergesenii, Grijjlthsia opuntioides (Rhodophycophyta). No 

seagrasscs neither large brown algae, common for this type of benthic community in 

Western Mediterranean [3] were sampled. 

The rhizoms of Caulerpa and Udotea die under the crustacean cover, but the young 

parts of the thalli grow through the holes in the crust, the plants continue their 
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vegetation, and the community develops. During our field activities we have observed 

all the described stages of this development. 
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1. Introduction 

The Levantine Intermediate Water is the characteristic water mass that 
occupies the intermediate layers (200-400) of the Mediterranean sea. It is 
characterized by high salinity and temperature and it is known to be formed in 
the eastern most part of the Mediterranean sea, the Levantine basin. From this 
area it starts spreading to the rest of the basin, passing through the straits of 
Sicily to the western Mediterranean and finally through the strait of Gibraltar to 
the Atlantic Ocean. Its high salinity is a major preconditioning factor for the 
formation deep water in the southern Adriatic (source of Eastern Mediterranean 
Deep Water) and the Gulf of Lions (source of Western Mt:diterranean Deep 
Water). 

Different areas have been proposed in that past as possible LIW 
formation sites. The Rhodes cyclonic gyre, a permanent general circulation 
feature of the area [1] is suggested in most cases [2][3][4] as the main 
formation area. There are, nevertheless, indications of intermediate water 
formation in the north Levantine [5], the SE Aegean [6] or the south Levantine 
[7]. This variety of areas is a first strong indication that the LIW formation 
process undergoes a significant interannual variability. 

In this work, we attempt to simulate this inter-annual variability of LIW 
formation using a high resolution numerical model initialized and forced by 
realistic data. Similar numerical experiments, forced by climatological monthly 
means have shown that LIW is formed in the Rhodes Gyre with an annual 
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formation rate of 1.2 Sv [8]. The experiments presented here reveal the 
significant inter-annual variability of surface forcing and the resulting 
variability of LIW formation characteristics. They also show, the importance of 
synoptic scale extreme atmospheric events compared to the low frequency 
mean cooling. 

2. The numerical model 

Our numerical model of the Levantine sea, is based on the Princeton Ocean 
Model (POM), a 3-D primitive equation ocean model designed for both open 
ocean and coastal sea studies [9]. An eddy resolving grid of 5.5 km is used in 
the horizontal (first internal rossby radius is 10-14 km). In the vertical, 30 
sigma-layers are used with logarithmic distribution near the surface. The model 
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is initialized by the MED-4 data set [10]; the same data base is used for the 
computation of seasonal T and S profiles along the open boundary (western 
boundary). 

The surface boundary conditions are the fluxes of heat, fresh water 
(evaporation - precipitation) and momentum (wind stress). All of them are 
computed at each time step using the sea surface temperature computed by the 
model at the previous time step and atmospheric parameters taken from 
different data sets [8]. In this study, we use the 12hr NMC analysis from the 
period 1980-1988. This data set includes wind speed W, air temperature Ta and 
relative humidity Rh. Two more parameters are needed for the calculation of 
surface fluxes: the cloud cover C and the precipitation P. The first one is taken 
from the COADS 2x2 monthly mean data set for the same period, while 
precipitation is derived from monthly climatological data [11]. 

3. Results and Discussion 

From the 1980-88 period, 4 characteristic winters are chosen as case studies: a 
mild winter (1984) two typical (1985-1986) and one heavy winter (1987). The 
inter-annual variability of winter (November - March) heat loss in the Le­
vantine is found to exceed 35 W/m2 : it ranges between 108 W/m2 (1984) and 
171 (1987) with a mean value of 135 W/m2 (fig la-d). The total budget of each 
winter is mainly controlled by the characteristics of the short time scale events: 
the winter of 1987 is characterized as a very cold one, due to the increased 
frequency, duration and intensity of these events. On the contrary, the winter of 
1985 is "typical", or rather "mild", because despite their large number, the 
synoptic events were relatively weak. 

In figure 2 we present maps of the 29.05 isopycnal depth for each of the 
four winters. The snapshots are from the end of February, the usual period of 
maximum formation rate [8]. The density of 29.05 is characteristic of LIW in 
the Eastern Mediterranean and it's depth is a good indicator of the formation 
site : in the region where this depth becomes zero we have ventilation of the 
specific isopycnal and formation of new water. During 1984, the year of 
minimum heat loss, only 0.64 Sv (almost half of the climatological value) of 
LIW was formed. The area of intermediate water formation was restricted in 
the center of the Rhodes cyclonic gyre (fig 2a). 

During the next year (1985) the winter mean heat loss was 125 W/m2 
(i.e. less than the climatological value of 135 W/m2) but we had the maximum 
LIW formation rate (1.38 Sv). This is attributed to the strong cooling event 
during the first days of March (fig 1 b). Due to the pre-existing weak 
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stratification, this storm event (although not exceptionally strong) was able to 
create a more than 350m deep mixed layer and form large amounts of LIW. 
This example indicates that not only the intensity but also the timing of the 
synoptic events control their effect on the formation ofLIW. 

During the winter of 1986 we observe outcropping of 29.05 not only in 
the Rhodes gyre but in the southern parts of the Levantine as well. This is 
related to a number of atmospheric depressions that crossed the basin along the 
coast of Africa. This southward shift of their route, created a strong north-south 
gradient of heat loss with maximum values to the south. Although the area of 
deep mixing is now extended (2-3 times larger than 1985) the computed LIW 
formation rate is as low as 0.67 Sv because the water masses in the south 
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Figure 2: Depth ofisopycnal 29.05 during late February 
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Levantine do not have LIW characteristics (they are fresher and cooler). 
This year is a typical example of the controlling role that the spatial variability 
of heat flux can play. 

Finally, the winter of 1987 is characterized by large scale deep mixing 
and formation of intermediate water all over the north Levantine sea (fig 2d). 
Three very strong events during the beginning of January lead to early LIW 
formation during these days in the center of the Rhodes gyre. In the following 
weeks, the water in the center of the gyre becomes even denser (29.16) and 
leads to convection down to 1000m depth. During the same period, we have 
mixing down to intermediate depths (200-300m) in the periphery of the gyre 
and along the coast of Asia Minor. We, therefore, have during this year 
simultaneous deep and intermediate water formation in the north Levantine. 
These results are in agreement both with observations from this year [12] or 
from years with similar conditions (winter of 1992 [5]) as well as with previous 
numerical experiments with I-D mixed layer model [4]. 

4. Conclnsions 

The results of the numerical experiments presented here, suggest that the inter­
annual variability of meteorological conditions over the Levantine can strongly 
affect the characteristics (formation rate, site, duration) of the LIW formation 
process. The Rhodes cyclonic gyre is the area where LIW is usually formed 
under typical atmospheric conditions. During exceptionally cold winters, other 
regions in the north Levantine can also be sources of intermediate water with 
simultaneous deep water formation in the center of the Rhodes gyre (example 
of 1987). Mixing down to intermediate depths can be observed even in the 
south Levantine, but the characteristics of the water mass fonned in this region 
are outside the typical LIW T &S ranges (example of 1986). All these 
departures from the "mean climatological state" are related to very strong 
variability of synoptic scale atmospheric events : their intensity, frequency, 
duration and route, determine the final characteristics of the formation process 
each year. 
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1. Introduction 

During the period 18-December-1994 to 20-April-1995, a multinational 
collaborative experiment was carried out in the NW Levantine Sea with main 
objective to study the Levantine Intermediate Water (UW) formation process. 
During this POEM (Physical Oceanography of Eastern Mediterranean) 
coordinated experiment, the Rhodes Gyre area and the adjacent seas were 
visited by 5 research vessels that carried out intensive hydrological 
observations of high spatial resolution. The experiment was designed to study 
the three phases of the UW formation process: a) the preconditioning, b) the 
formation and c) the spreading phase. 

The LIW is known to be formed in the Rhodes cyclonic gyre [1][2]. 
During the whole formation process, but especially during the first two phases 
(preconditioning and convection) air-sea buoyancy fluxes are the main driving 
mechanism. In this paper, we investigate the temporal variability of sea surface 
temperature fields and air-sea heat fluxes in the Rhodes gyre area, throughout 
the LIWEX'95 experiment period. SST data are taken from NOAA AVHRR 
weekly averaged images from December 94 to April 95. For the same period 
we use ECMWF analysis data of wind components (U and V), air temperature 
T a , relative humidity Rh and cloud coverage C. Using appropriate bulk 
formulae we compute the various components of the heat budget. We then 
study the mixed layer depth during the period of LIWEX'95 and we make 
simple calculations on the relation between the mixed layer depth and the air­
sea buoyancy fluxes. 
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January 1995 

Figure I : Weekly SST field from AVHRR image 

2. Variability of SST fields 
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The sea surface temperature fields in the NW Levantine are dominated by two 
anomalies of opposite sign : the extended Rhodes cyclonic gyre with low 
temperature signal to the east and the smaller but very energetic Ierapetra 
anticyclone to the west with the maximum surface temperature of the whole 
East Med (figure 1). The first one is a permanent feature of the Mediterranean 
sea general circulation, while the second is rather recurrent since it disappears 
during certain months of the year, or for even longer periods [3]. The Rhodes 
cold cyclonic gyre is bounded to the north by the warm Asia Minor current that 
runs along the coast carrying to the west saline and warm waters of Levantine 
origin, and to the south by the multi-lobe system of the Mersa-Matruh 
anticyclone. This pattern of SST remains unchanged during the whole period of 
the experiment although the horizontal gradients tend to weaken gradually 
mainly due to decrease of temperature in the "warm" areas of the domain. 

Using the weekly SST fields, the temperature in the center of the 
Rhodes gyre was computed for the whole December-April period (figure 2). 
The temperature undergoes a continuous decrease from IS.20 C at the 
beginning of December to 14.30 C at mid February. It then increases gradually 
up to IS.SoC in the first week of April followed by an abrupt and substantial 
rise up to 17.20 C by the end of the month. This sudden increase is attributed to 
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the build up of a thin and light surface layer that will gradually evolve to a 
strong subsurface seasonal thermocline. 

3. Air-Sea buoyancy fluxes 

From the weekly values of SST and the high frequency atmospheric data over 
the Rhode gyre area, we computed the air-sea heat fluxes during the five 
months period. The total heat flux Qt is the sum of the various heat loss 
components: 

(1) 

where Qb is the long-wave back radiation, Qs the sensible heat, Qh the latent 
heat flux and Qs is the gain (solar insolation). The calculation of these 
components is done through appropriate bulk formulas that use the different 
atmospheric parameters (wind speed, air temperature, air humidity and cloud 
cover) and the sea surface temperature. For this applications we have used the 
May formula for the long-wave radiation and the Kondo bulk formula for the 
latent and sensible heat fluxes, as proposed by [4] and [5]. The resulting time 
series of total heat flux is presented in figure 3. From December to 
approximately mid February the center of the gyre looses heat to the 
atmosphere, then after a month of almost zero Qt, the budget becomes positive. 
The time series of heat flux is dominated by strong heat loss events (300-700 
W 1m2) of 2-7 days duration, while during the rest of the period heat fluxes are 
generally low (less than 100 W/m2) either negative or positive. All the strong 
events are related to intrusion of cold and dry air masses of polar origin over 
the Levantine. They usually accompany storm events (cyclones) that cross the 
area during winter period with a typical frequency of twice a month. The 
generally small values of Qt (close to zero) outside the synoptic episodes, are 
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related to the low SST's in the center of the gyre which reduce both latent and 
sensible heat exchanges. In areas outside the gyre, such as the Asia Minor 
current, where SST's are considerably higher, the heat losses are higher during 
both 'normal periods' and storms. For this reason the SST variations are far 
more significant in these areas than in the center of the gyre: in the Ierapetra 
gyre, the difference between December and March is more than 3.50 C while 
this difference is only IOC in the Rhodes gyre. 

The time series of heat loss indicates that during that year we had an 
"early" winter. In fact, the most severe storms and the maximum cooling period 
was during December instead of January or February. A second remark is that 
the time at which the net heat budget of the ocean switches from negative to 
positive values, is shifted earlier by a whole month compared to the 
elimatologicaly expected middle of March. Both the early winter start and early 
passage to spring are clearly reflected in the SST's of the Rhodes gyre. Indeed 
in December, the temperature at the center of the gyre is already as low as 
I5.20 C, a value usually encountered at the end of the cooling period [2]. This 
can be interpreted as an early indication of deep, instead of intermediate, water 
formation in the center of the gyre for that winter. 

This is indeed verified by the hydrological observations. Temperature 
and salinity profiles from the center of the Rhodes Gyre (figure 4) indicate that 
by the end of January convection has already penetrated at intermediate layers. 
The mixed layer temperature is as low as I4.I5 0 C, much lower than the typical 
LlW temperature. Although a mixed layer is not clearly defined from that 
profile, the vertical structure indicates mixing down to more than 500m 
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probably during a previous stonn event. In two weeks period (14 February) 
water mass properties are well mixed down to 900m with temperature less than 
14.00C which means fonnation of water with density much higher that typical 
LIW. By the beginning of April, the upper 200m are completely re-stratified, in 
total agreement with the time series of total heat flux that indicates an early 
heating period. 

Assuming one dimensional process, the depth of mixed layer can be 
computed from the fonnula [6] : 

dhldt = BI(N2H) (2) 
where B=cwgaQt. This equation was solved numerically using the N2 

profile of January 30th and the heat loss time series. Starting the numerical 
integration from the end of January, we computed a mixed layer depth equal to 
730m for February 14th. That estimate is very close to the ~900m value 
indicated by the data. This means that simple mixed layer physics is a good 
first approximation of intennediate water fonnation process. The fact that the 
final mixed layer depth is underestimated could be either due to the omission of 
the fresh water contribution to buoyancy flux or an indicator that other, more 
effective, processes such as convective overturning also contribute to the 
fonnation ofLIW. 

4. Conclusions 

The surface temperature field in the NW Levantine during the LIWEX'95 
experiment period is characterized by the presence of the cold-wann dipole of 
the Rhodes cyclone and the Ierapetra anticyclone. Apart of the periods of 
extreme meteorological events, heat losses are minimum in the center of the 
Rhodes gyre due to the pennanent low SST values in that area. The time series 
of air-sea fluxes indicates that the winter of 1994-95 was characterized by a 
shift of the cooling period by about one month earlier. This is reflected in the 
time series of SST in the center of the gyre that reach their minimum value as 
early as the beginning of February instead of March. It is, furthennore, the 
reason for the early deep mixing (almost 1000m) observed by the end of 
January and mid February. Finally, simple calculations using characteristic 
profiles from the center of the gyre and air-sea buoyancy fluxes, indicate that 
mixed layer dynamics can describe, to a first approximation, deep mixing and 
water fonnation in the Rhodes gyre. 
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INTERANNUAL VARIABILITY OF THE CIRCULATION AND 
HYDROGRAPHY IN THE EASTERN MEDITERRANEAN (1986-1995) 
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ABSTRACT. The eastern Mediterranean Sea, one of the poorly known sea regions 
before the '80s, became the object of very intensive research since 1985. The synthesis 
of the results based on the data sets that were collected in the frame of international 
(POEM, POEM-BC, EU/MAST/MTP) and national research programs revealed 
significant information about the circulation, hydrography and their variability in this 
Basin during the decade 1986-95. The emerged three scales of motion, the basin, sub­
basin and mesoscale, interacting within the general circulation pattern, as well as the 
hydrological regime present interannual to interdecadal variability. This variability 
plays important role in all upper and lower thermocline processes, as intermediate and 
deep water mass formation, transformation, spreading, modification of water mass 
pathways and vertical structure as well as basins' interaction 

1. Introduction 

The eastern Mediterranean has been widely recognized as an ideal basin for studying 
fundamental oceanic processes of global importance. During the decade 1986-1995, 
international (POEM, EUIMAST, EU/MTP) and national research programs were 
carried out in all the sea-regions of this Basin. Therefore, comprehensive data sets were 
collected in the frame of basin-wide, multiship general surveys and intensive regional 
process studies. The eastern Mediterranean is a semi-enclosed Sea characterized by a 
complex coastline and rugged bottom topography. It consists of four major Seas, the 
Ionian, the Levantine, the Adriatic and the Aegean (Fig. 1). It communicates to the 
West with the western Mediterranean through the Strait of Sicily (sill depth ~430m), 
where a two-layer system occurs for the water mass (and salt) exchange: (i) The 
Modified Atlantic Water (MAW), the relatively less saline water confined in the upper 
layer, flows eastwards and (ii) the saline Eastern Mediterranean Intermediate Water, the 
so called Levantine Intermediate Water (LIW), westwards, within the lower layer [1]. 
Occasionally, some deeper waters are also transported westwards. The Eastern 
Mediterranean is also connected to the Northeast with the Black Sea through the Strait 
of Dardanelles that joins the Aegean with the Marmara Sea. At this point it receives a 
considerable amount of less saline water that mainly affects the hydrology of the 
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Aegean Sea [7, 12]. The Aegean Sea exchanges waters with the Ionian and Levantine 
Basins through a series of six straits, namely the Cretan Arc Straits, with sill depths 
varying from 150 to 1000m [13]. Two types of Intermediate Water are formed: the 
Levantine Intermediate Water (UW) mainly in the Levantine Basin and the Cretan 
Intermediate Water (CIW) in the South Aegean. The Eastern Mediterranean Deep 
Water (EMDW) lies below 1000-1500m down to the bottom in the Ionian and 
Levantine Basins and has its origin in the Adriatic and the Aegean Seas. In between the 
above mentioned water masses the so called transitional waters lie in depths ~500-
1200m. The pathways and spreading of all water masses are modified by the 
multiscaled complex and variable in space and time circulation that consists of elements 
spanning over three predominant spatial scales interacting within the general circulation 
pattern: (i) the two basin scale thermohaline cells, (ii) the upper thermocline sub-basin 
gyres driven by wind and thermohaline forcing and (iii) the most energetic embedded 
mesoscale eddies interconnected and fed by currents and jets [3, 6, 13, 17]. The 
variability of the circulation structures is manifested in terms of the number, shift and 
water content of their centers, intensification/relaxation, boundary oscillations, 
meanders and branching, all of which evolve in different time scales from seasonal to 
interannual, not yet all of them definitely understood [8]. We present observational 
evidence of this variability that influences important physical processes of global 
relevance, as water mass formation, transformation, spreading and mixing, and basins' 
interactions. 

2. The sub-basin and mesoscale circulation structures 

During the period 1986-1995 sixteen cruises were carried out in the central region of 
the eastern Mediterranean that comprises the eastern Ionian, the Cretan Passage, the 
NW Levantine and the south Aegean Seas. A succession of pemlanent and recurrent 
cyclones and anticyclones occupies the Mediterranean area outside the Aegean Sea 
along the Cretan Arc. The deep, strongly barotropic, anticyclonic Pelops gyre and the 
Cretan Cyclone, confined to the upper thermocline, dominate in the eastern Ionian, 
while the permanent Rhodes cyclonic gyre in the NW Levantine. The eastern part of 
the Cretan Passage is occupied by an intense anticyclonic eddy, namely the Ierapetra 
Anticyclone, that mostly presents very strong surface signal [13]. The Asia Minor 
Current (AMe) meanders westwards along the northern and western boundary of 
Rhodes gyre transporting the warm and saline waters of Levantine origin. It bifurcates 
at the eastern Cretan Arc Straits, thus providing salt in the Aegean Sea. Finally, the 
Mid-Mediterranean Jet (MMJ) flows eastward along the Cretan Passage carrying 
MAW. The time scales, seasonal to interannual, of the existing variability are not yet 
totally resolved. The gyres modify the pathways of the surface and intermediate water 
masses. 

Strong variability appears in the sub-basin scale structures (Figs. 2-8): 
(a) Pe10ps gyre, one of the most important quasi permanent and strong structures, is 

surface intensified in December 1986 (Fig. 3) and October 1991 [4], while its surface 
signature is weak in April 1986, April 1987 (Fig. 4) and September 1987 [13]. 
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However, it is always subsurface intensified and penetrates barotropically down to 800-
1500 m (Figs. 7, 8). It has one or two centers that are shifted in space, i.e., in April 
1986 both centers are located in the vicinity of the Peloponesian coast [13], while in 
April 1987 (Fig. 4) there is only one centre. In other periods, regardless the number of 
centers, the gyre is shifted away from the coasts. In September 1991, Pelops is encircled 
by a major meander of the Mid-Ionian Jet (MIJ), that flows meridionally along the 19° E 
[4]. Its size varies from 200 to 300 km in "diameter", even though its shape and 
orientation present also variability. It is worth mentioning that its water mass content 
varies in time, i.e., in April 1986 and 1987 traces of MAW are detected at its periphery, 
in September 1987 MAW cannot intrude in the core of this gyre, but did flow around 
(Fig. 7), while on the contrary during December 1986 it enters the core and in October 
1991 fresh MAW occupied a thick layer within its core (Fig. 8) 

(b) the Ierapetra Anticyclone, one of the strongest upper thermocline circulation 
features presents seasonal to interannual variability regarding its dimensions, intensity, 
position, number of centers and even appearance [5]: It is absent in March 1986, at 
least at its known position, and presents an obvious signal in November 1986 with two 
lobes, a strong surface signature in September 1986 (Fig. 2) and 1987 [13], and it can 
also be partially detected, due to few data available, in September 1989 very near to 
Kassos Strait (not shown). Finally, this Anticyclone became very strong and important 
after 1990. It appears larger and stronger in October 1991 (300 instead of 150-200 km 
in diameter), in April 1992 and April 1995 (Figs. 5, 6) considerably contributing to the 
significant change of the circulation pattern in the Levantine Basin in the upper and 
intermediate layers, e.g., the blocking of the traditional pathway of LIW towards the 
Ionian [4] . MAW flows eastwards along its periphery intruding also in its core. 
Depending on its distance from Kassos Strait, it plays different roles in the water mass 
transport, e.g., in September 1987, when it was located near the southeast tip of Crete, 
waters exiting from the Cretan Sea are threading around it [13], while in October 1991 
low salinity waters, i.e. MAW or Ionian Surface Water (ISW), are entrained from the 
Cretan Passage by the Anticyclone to enter the Cretan Sea through Kassos Strait [4]. 

(c) The Cretan Cyclone presents also variability in its shape and dimensions. 
During autumn 1986 (Fig. 3) and 1987 its surface signal was strong with a diameter of 
about 300 km, while in 1991 was restricted down to 150 km towards the southwest tip 
of Crete. It plays significant role in bringing back to the eastern Ionian Sea the MA W 
or ISW. It also facilitates by this way the MAW intrusion in the Aegean through the 
western Cretan Arc Straits. 

(d) The Rhodes cyclonic gyre always occupies the NW Levantine Basin and 
considerably preconditions the formation of LIW and/or the Levantine Deep Water 
(LDW) in this region [2, 10]. Since 1992 its core is affected by deep dense waters of 
Aegean origin [15]. It has a rather east-west orientation and can be characterized as a 
multilobe gyre with a 300-400 km diameter. Its westernmost extension can reach the 
west tip of Crete, as in April 1986 [13]. It is surrounded by anticyclonic gyres such as 
the Anaximander, Ierapetra, Marsa Matruh and some mesoscale eddies that develop in 
the vicinity of the eastern Cretan Arc Straits (Rhodes, Karpathos, Kassos). It presents 
boundary oscillations. Its southern extensions cover crescent-shape areas surrounding 
several anticyclonic gyres and eddies to its south, as the Ierapetra and Mersa Matruh. In 
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April 1995, it is connected with the west Cyprus cyclonic gyre forming a large cyclonic 
flow region with two lobes expanded over the entire north Levantine Basin. 

(e) The Asia Minor Current meanders westwards along the southern coasts of Asia 
Minor carrying the warm and most saline waters from the East. Branches of AMC 
intrude into the SE Aegean through the eastern Cretan Arc Straits. This branching 
occurs almost always at Rhodes Strait. A strong branch at Kassos Strait has identified 
only once, in April 1986, while at Karpathos it seems to occur more often [13, 14, 15]. 
This is the mechanism of providing salt in the Aegean Sea, enhancing the dense water 
formation processes in the Cretan Sea and the surrounding shelf areas. 

(f) The Mid-Mediterranean Jet flows eastwards carrying the MAW to the Levantine 
Basin. It presents spatial variability as it was clearly detected along the Cretan Passage 
only in April 1986 [8, 13]. However, some branches of it as well as its continuation in 
the Levantine Basin, the so called Central Levantine Basin Current (CLBC) [4, 6], were 
identified during other periods (1985, 1987, 1991, 1995). This is an evidence that it has 
been shifted southwards in the Cretan Passage. 

In the south Aegean a complex pattern exists consisting of successive cyclonic and 
anticyclonic eddies and meandering currents of permanent, recurrent or transient nature. 
It is worth mentioning that the circulation pattern in the south Aegean presents a 
seasonal evolution in the period 1986-87 [13], while during 1994-95 it became quasi 
stable [15]. The most persistent feature since 1986 is a large cyclonic gyre that is 
centered at Mirtoan Sea and covers also the western Cretan Sea and the adjacent 
Kiklades Plateau. It exhibits boundary oscillation and shift of centre. Its southward 
extension occasionally reaches the western tip of Crete and incorporates the mesoscale 
cyclonic eddy that develops at the Strait area. Its diameter can reach 200km. The 
branches of the AMC meander in the south Aegean interior westwards and/or deflected 
northwards in the eastern Aegean presenting significant shifts. On the other hand the 
main current flows eastwards among the Cretan eddies (October 1987). In the recent 
years a persistent dipole covers the central and eastern Cretan Sea showing also 
boundary oscillation, but not seasonal variability during 1994-95 [15]. 

3. The thermohaline circulation 

The basin scale thermohaline circulation is composed by two cells: the internal closed 
deep vertical cell, the eastern Mediterranean "conveyor belt" comprising the Ionian and 
Levantine Basins and the external open cell related to the upper and intermediate water 
mass exchange between the Eastern and Western Mediterranean Basins and the Atlantic 
Ocean. 

The first cell since the existence of observations was driven by the deep water 
produced in the south Adriatic. The Eastern Mediterranean Deep Water (EMDW) of 
Adriatic origin occupied the deep and bottom layers of the entire eastern Mediterranean 
(Fig. 7). Since the beginning of this century the Aegean Sea was considered to be a 
sporadic source of dense waters that could be traced outside the Cretan Arc Straits at 
intermediate and/or deeper layers, down to 800-1200 m [14]. 
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The second cell concerns (i) the inflow of MAW from Sicily Strait that spreads 
throughout the entire Basin within the surface layer and (ii) the formation of the LIW 
(200-600 dbar) that flows towards the Western Basin and fmally to the Atlantic Ocean. 
Another LIW branch is directed northward in the eastern Ionian (Fig. 7) following the 
west coasts of Greece [3, 16] and fmally enters the Adriatic Sea, where it participates in 
the formation of the Adriatic Deep Water. 

The significant changes of the south Aegean water mass characteristics during the 
last 8-9 years [14] have considerably influenced both thermohaline cells (Figs. 7, 8). 
The origin and pathways of all the water masses at intermediate and deep layers were 
changed. The traditional westward pathway of LIW was interrupted in 1991 by the new 
type of Cretan Intermediate Water (CIW) that exits from the western Cretan Arc Straits, 
circulates anticyclonic ally around Pelops gyre (Fig. 8) and spreads into the eastern 
Ionian [4]. Moreover, the Cretan Sea in the south Aegean was filled with the new very 
dense water mass (0"0-29.2-29.4), namely the Cretan Dense Water (CDW) (Fig. 10), 
thus becoming the source of the relatively warmer and more saline Eastern 
Mediterranean Deep and Bottom Water [9, 14]. Its massive outflow was first observed 
through the Cretan Arc Straits in 1991 when it occupied the deep layers of the adjacent 
Mediterranean regions down to 2-2.5 Ian (Fig. 8) [11]. Then it reached the bottom of 
the Basin in 1995 pushing upwards several hundreds meters the EMDW of Adriatic 
origin [9]. The latter is found shallow enough in the vicinity of the Cretan Arc Straits 
through which they intrude into the Aegean, compensating the deep CDW outflow [15]. 
Therefore, the water mass thermohaline properties and structure of the south Aegean 
have undergone significant shift. The weak stratification of the '80s that favoured the 
open ocean deep convection, e.g. 1987, 1992, has been replaced by strong density 
gradients that confme the mixing process in the upper 250m (Figs. 9, 10). This climatic 
shift in the Aegean is reflected in the deep outflow through the Cretan Arc Straits 
during the crucial period 1986-1994. Moreover, the variability at the Straits concerns 
the evolution of the water masses in the entire water column. the deep transport rates 
(0.1-1.1 Sv) and the behaviour of each of the straits [14]. It is worth noting that the 
reanalysis of the historical data revealed two more, similar but weaker, events occurred 
within the last 50 years in the Aegean, thus indicating an interdecadal variability. 

4. Summary 

Several national and international research programs that carried out within the period 
1986-1995 in the Eastern Mediterranean have contributed significantly to our better 
knowledge and understanding of this Basin's complex system. We display the 
interannual up to interdecadal variability of the circulation elements and the 
hydrography of the Basin's central region. The synthesis of the results obtained during 
this period revealed and confirmed the multiscaled character of the circulation that 
consists of three scales interacting in the general pattern. The sub-basin and the 
mesoscale features exhibit considerable spatial variability manifested as shift of gyres, 
eddies and currents, number of vortices' centers, boundary oscillations, branching along 
with modifications of the water mass content. These structural elements modify the 
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water mass pathways and the flows through the straits. Furthermore, the basin scale 
thermohaline cells have experienced a unique "climatic shift" since the beginning of 
observations in the Mediterranean. All three scales of motion influence important 
processes, as water mass formation, transformation, spreading and basins' interactions. 
The recent changes are of global relevance due to the important role of the 
Mediterranean in the World Ocean. Their further implications in the adjacent seas and 
in the biogeochemical components of the system are mostly unknown and depend on 
their duration and intensity. Therefore, research and monitoring are needed for the 
entire eastern Mediterranean and adjacent regions in order to follow the evolution and 
study the phases that probably lead to a new equilibrium of the system. 
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STRUCTURES AND CHARACTERISTICS OF NEWLY FORMED WATER 
MASSES IN THE NW LEVANTINE DURING 1986, 1992, 1995 

HARILAOS KONTOYIANNIS, ALEXANDER THEOCHARIS, 
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Aghios Kosmas, Hellinikon, 16604 Athens, Greece 

ABSTRACT. In early spring of 1986, 1992 and 1995, newly formed deep water 
masses were observed in the cyclonic Rhodes Gyre of the Eastern Mediterranean at 
depths reaching -1000 m in 1995 and exceeding 1000 m in 1986 and 2000 m in 1992. 
Levantine Intermediate Water (LlW) formation was observed at localized source areas 
south of the East Cretan Straits at the periphery or near the center of the Ierapetra 
Anticyclone. Adittional massive LlW formation was observed in 1992 in anticyclonic 
circulation structures north of Cyprus. The lateral scales of the newly formed water 
masses in cyclonic structures appear roughly proportional to the penetration depth of the 
convection, so that a large lateral scale indicating a massive production would be 
associated with a deep rather than an intermediate formation. 

1. Introduction 

The Levantine Sea of the Eastern Mediterannean (Figure 1) has been historically 
considered as the source region of the Levantine Intermediate Water (LlW) which is the 
main contributor to the saline Mediterannean tongue spread into the Atlantic. LlW 
formation has been suggested to occur in the Northern Levantine, in the broad area 
between Rhodes and Cyprus [1], [2]. Nielsen [3] first noted the region near Rhodes, 
while Moskalenko and Ovchinikov [4] have indicated that the area between Turkey and 
Cyprus contributes large amounts of LlW. Morkos [5], on tht: other hand, concluded 
that there are possibly three different source regions: a) around Rhodes, b) to the north 
of Cyprus, and c) a secondary one in the southern Levantine. Observational evidence 
after 1985 has confirmed the earlier observations on LIW formation mentioned above, 
and has also revealed that deep water formation has occured in the cyclonic Rhodes 
Gyre to the southeast of Rhodes [6], [7]. 

In April of 1986, 1992, and 1995, three CTD surveys were conducted by the RlV 
Aegaeo in the south Aegean and northwestern Levantine in the framework of 
multinational collaborative programs [8]. We examine these thn:e hydrographic datasets 
with focus on the newly formed water masses. Specifically, we seek to identify nearly­
homogenized newly-formed water blobs rich in salt and oxygen indicating recent 
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fonnation, and we report their location with respect to the local circulation features, their 
TIS characteristics and their (vertical/horizonta\) scales. 

2. Formation Sites 

Figures 2, 4, 6 show the station grids, the local circulation features, and the fonnation 
sites where we observed homogenizations or very weak vertical gradients in the cm 
profiles. The circles refer to homogenizations in the upper 300 m and the triangles refer 
to homogenizations to deeper layers down to ~ 1 000 m in 1986 and 1995 and exceeding 
2000 m in 1992. It appears that during 1986, 1992, and 1995, the northern part of the 
cyclonic Rhodes Gyre, shown to the southeast of the Rhodes Island, favors mostly water 
fonnation at depths deeper than the intennediate (300-400 m) depths, whereas the 
fonnation of LIW occurs in the area south of the East Cretan Straits. In 1986 cores of 
LIW were found in anticyclonic meanders of the Mid Mediteranne.m Jet, while in 1992 
and 1995 the newly fonned LIW blobs were found in the Ierapetra Anticyclone. We 
should mention that in 1995 the LIW fonnation occurs at the periphery of the Ierapetra 
Anticyclone in a region of cyclonic local circulation due to meandt:ring of the Ierapetra 
Anticyclone. In this year, the area south of the East Cretan Straits is influenced by 
higher salinities due to outflow of Cretan Water in the upper 200 m and favors the 
fonnation of intennediate saline water masses [9]. 
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3. Hydrological Characteristics 

Figure 7. CTO profiles at sites 
shown with arrows in fig. 6. 
Solid/dashed for 0/6 . 

In Figures 3, 5, and 7 we show as an example the CTD profiles at the sites indicated with 
arrows in Figures 2, 4, and 6. The solid lines show nearly-homogenized, warm, 
intermediate layers with high salt content and the dashed lines show nearly­
homogenized deep layers extending from a) -600 m -1000 m in 1986, b) -100 m to 
-2000 min 1992, and c) -400 m to -800 m in 1995. The TIS characteristics of these 
newly-formed intermediate and deep water masses are shown in Figure 8. It should be 
noted that the TIS characteristics of April 1986 and 1995 represent mostly the early 
spreading than the actual formation values. All three of the LIW masses are within the 
range of the typical LIW TIS values, whereas the deep masses have densities (sigma­
theta -29.16 in 1986 and -29.18 in 1992 and 1995) comparable to those of the deep 
waters of Adriatic origin. 

4. Scales of Formation Regions 

The structure and the horizontal scale of the newly formed blobs are shown in transects 
through the L1W and the deep(er) formation sites in Figures 9, 10 and 11. For the LIW 
water formation we show the structure of the salinity field along the transects L86, L92, 
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and L95 whereas the corresponding structure for the deep water formation is shown 
along transects D86, D92, and D95 (transect locations in Figures 2,4,6). For the LIW 
and deep formation in 1995 we also show the CTD dissolved oxygen distributions along 
L95 and D95. The dissolved oxygen distributions through the deep formation sites in 
1986, and 1992 are based only on bottle data. These distributions, presented in [lO] and 
[11], support our water formation observations based on salinity distributions. The local 
maxima in salinity in the upper 300 m indicate the newly formed pools. The horizontal 
dimension of the LIW blobs ranges from ~80 kIn in 1986, when the homogenization 
reached the depth of 300 m, to ~30-40 km in 1995, when the corresponding vertical 
scale was ~200 m. Deep maxima in salinity and oxygen are identified in 1986 [lO] and 
1995 in the northern part of the Rhodes Gyre indicating a possible recent deep 
formation. The verticallhorizontal scale of these blobls is about 400 m/60 km. In 1992, 
however, when the hydrographic cruise took place during the actual deep formation, the 
entire dome of the Rhodes Gyre with a lateral scale of -150 km is homogenized down to 
depths exceeding 2000 m. During the same year, a massive production of LIW in the 
region to the east of the Rhodes Gyre and north of Cyprus has been reported by Sur et 
al. [7]. The newly-formed saline water mass extended down to -300-400 m and had a 
latitudinal extent of -400 kIn stretching through neighbouring an1ticyclonic circulation 
structures. The existing evidence indicates that in most of the cases the LIW newly 
formed pools are found near or within anticyclonic circulation structures and are rather 
localized with smaller lateral scales, whereas the cyclonic Rhodes Gyre favors deeper 
convection. The lateral scales of the newly formed water masses in cyclonic structures 
appear nearly proportional to the penetration depth of the convection. 
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5. Conclusions 

During late winter-early spring of 1986, 1992, and 1995, the northern part of the Rhodes 
Gyre area characterized by lower temperatures provided the background favoring the 
formation of water deeper than the LIW with density values near the ones of the deep 
water of Adriatic origin. Formation of LIW was observed in all three years in the area 
south of the Kassos Strait at localized regions near or within the Ierapetra Anticyclone, 
whereas a case of massive LIW formation is reported for the winter of 1992 in the broad 
area north of Cyprus [7]. Saline Cretan Waters that usually outflow in the upper 200 m 
through the Kassos Strait provide salt which preconditions the LIW formation south of 
the Stait [9]. The lateral scales of the newly formed water masses in the Rhodes Gyre 
increase with increasing depth so that a large lateral scale, indicating a massive 
production, would be associated with a deep rather than an intermediate water 
formation. 
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EUTROPHIC SIGNALS IN mE CHEMISTRY OF mE BOTTOM LAYER OF 
mE NORmERN ADRIATIC SEA 
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Aghios Kosmas, Ellinikon, 16604, GREECE 

1. Introduction 

The Northern Adriatic Sea is the largest semi enclosed continental shelf area in the 
Mediterranean Sea. It receives approximately one third of the Mediterranean runoff 
and is one of the most productive regions in the Mediterranean Sea [1]. It plays also a 
vital role in the Mediterranean circulation by producing, during the winter, the deep 
water for the Eastern Mediterranean, the North Adriatic Bottom Water (NAdBW). 
Important information on the eutrophication of the northern Adriatic can be extracted 
by monitoring the distribution of oxygen, nutrient and related parameters in its bottom 
layer. In the framework of the ELNA (Eutrophic Limits of the Northern Adriatic Sea) 
program six oceanographic cruises were performed from May 1993 to November 1994 
in the northern Adriatic Sea. The range of nutrients concentration and of related 
parameters of the layer a few meters above the bottom of the shalIow northern Adriatic 
Sea are used in order to define the areas with: near anoxic conditions; prevailing 
bottom photosynthesis; nutrient regeneration; ratio of denitrification [2]. 
The Jabuka Pit, a continental shelf depression, extends laterally across the Adriatic 
from Pescara to Sibenik and acts as a colIection basin for the NAdBW. Historical data 
show that the Jabuka Pit bottom water is not annualIy renewed when the volume and/or 
the density of the newly formed NAdBW is insufficient to displace the resident bottom 
water [3]. However it is renewed at least every second year. During the ELNA cruises 
the deep waters of Jabuka Pit remained practicalIy isolated after the strong flushing 
occurred in late winter 1993 [4]. Important information on the carbon and nutrient 
recycling can be extracted through the monitoring of the chemical properties evolution 
of this trapped water mass for almost two years in the deeper parts of Jabuka Pit.[5]. 

2. Methods 

The survey consisted from an extended grid of stations in the northern and central 
Adriatic Sea (Figure 1), visited almost seasonalIy (May-June 1993, July 1993, January 
1994, March 1994, July-August 1994 and November 1994). During these cruises 
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nutrients and oxygen samples were collected from several depths, while the dissolved 
inorganic carbon (TC02) sampling was restricted to the bottom layer with the 
justification that the bottom signal of this parameter would give the best indication of 
the carbon retention in the system. The sampling procedures and the analysis methods 
are described in detail in ELNA's Data Reports [6]. 

Figure J. Bathymetric map and stations positions in the northern and central Adriatic Sea during the cruises 
o/the ELNA project. 

3. Results and Discussion 

3.1. Distribution of nutrients and of related parameters in the bottom layer 

The analysis of the contouring plots of the northern Adriatic Sea (north of 43°30' N) 
designed using the concentration of nutrients and other related parameters, in the layer 
just above the bottom reveals the existence of three different areas: i) nutrient poor 
areas with prevailing photosynthetic production - 'a', ii) nutrient poor areas with 
negligible photosynthetic production - 'b' and iii) nutrient rich areas related to the Po 
river discharge - 'c'. The phosphate, nitrate and silicate concentrations of 0.05J.1.M, 
IJ.1.M and 3.5J.1.M respectively, were set as limits to distinct nutrient-rich and -poor 
areas. Evidence of prevailing photosynthetic activity is based on oxygen 
supersaturation or negative values of Apparent Oxygen Utilisation (AOU). 
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Figure 2. Spatial distribution of the different areas occurring in the bottom layer 0/ the northern Adriatic Sea 
during (a) May '93, (b) July '93, (c) January '94, (d) March '94, (e) July-August '94 and (f) November '94. 
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The nutrient distribution and the spatial expansion of these three areas are affected by 
the exchange rate and the chemical composition of the different water masses in the 
Adriatic Sea and also by the physical and biological processes prevailing in the bottom 
layer. The trophic zonation of the northern Adriatic Sea described by Hopkins [7] is 
based solely on the surface layer characteristics and therefore, due to various physical 
and biological processes prevailing in the two layers, this zonation can not be mapped 
exactly to the bottom layer. However in a one-to-one analogue, 'a' would correspond 
with oligotrophic, 'b' with the eutrophic and 'c' with the anthrotrophic surface zones. 
In the oligotrophic waters the light penetration is sufficient to support photosynthesis 
down to 50 m. This means that throughout the year, 75% of the northern Adriatic 
could sustain benthic photosynthesis. 
Nutrient poor areas with prevailing photosynthetic production were found during May­
June 1993, July 1993 and March-April 1994 and can be related to the forced inflow of 
oligotrophic water from the southern Adriatic due to the Sirocco events (Figure 2). No 
such areas were found during summer 1994. In these areas, the oxygen saturation level 
is higher than toO, no values for preformed and regenerated nitrates are given. The 
lower AOU values observed in this layer during the May-June 1993 cruise indicate the 
higher intensity of photosynthetic activity in this period. 
The nutrient poor areas with negligible photosynthetic activity have quite different 
characteristics and indicate waters with net respiration, either due to insufficient light 
or to the higher organic content, but with sufficiently active flushing even that 
nutrients accumulations are not manifested. Oxygen saturation is lower than 100 and 
sometimes reaches low levels of saturation (70% during the summer 1994). The 
concentration of phosphate in these areas is very low. During July 1993 and March 
1994 they were found below their detection limit «0.03 /lM) practically everywhere 
within the nutrient poor areas. The N03/P04 ratio is generally higher than in the areas 
with photosynthetic activity. The AOUlNinorg. ratio ranges from 0 to 55 (Table I, in 
[2]). 
During all cruises the nutrient rich areas in the bottom layer were consistently located 
on the western side and preferentially south of the Po delta. They remain restricted in a 
boundary layer along the Italian coast in winter, whereas during summer they spread in 
larger areas presumably under the influence of greater surface production (Figure 2). 
Due to the confmememt of the Western Adriatic Current (WAC) near the coast and the 
intense vertical mixing, the fresh water affects in a greater extend the bottom layer 
during the winter cruises of January and March 1994.The oxygen saturation in these 
areas has an irregular seasonal variation (Table I, in [2]). During spring and summer 
1993 the oxygen saturation was always higher than 65%. Lower oxygen saturation was 
found during July-August (35%) and during November 1994 (20%). The regeneration 
of nitrate in these areas is very high. The highest regenerated nitrates concentrations 
were found in July-August and in November 1994, and are well related to the oxygen 
depletion during these months. In these areas the ammonium concentrations are higher 
than in the nutrient poor areas and the maximum values were found during summer 
(Table I, in [2]). The N03IP04 ratio rises with respect to the nitrate concentration in 
January 1994. It remains at very high levels during the March 1994 and July-August 
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1994 cruises, and starts to decrease in the November 1994 cruise. Our results show that 
the AOU/Ninorg. regenerative ratio at the bottom layer of the northern Adriatic, is 
generally higher than the stoichiometric ratio for nitrogen regeneration in the ocean 
(AOU/N=8.625; [8]). The maximum values were found in July-August 1994 
(AOUlNinorg: 70-150) near the Po river plume and in the western side of the Rimini 
transect. During this period the fresh water discharge and the water exchange rates 
between the northern Adriatic and the southern parts of the Adriatic is reduced. These 
very high ratios indicate that a significant part of the regenerated nitrate is 
subsequently denitrified and lost from the ecosystem in the form of nitrogen gases, 
resulting in an apparent surplus of oxygen consumption. These results are in 
accordance with those previously stated [9], remarking that denitrification can occur in 
the northern Adriatic at least in summer in the sediments which are quite reduced 
immediately below the surface. 
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Figure 3. Comparative distributions of dissolved oxygen, dissolved inorganic carbon (FCO}), nitrate and 
silicate at the last sampling depth of the stations along a transect from Pescara to the western depression of 
Jabuka Pit. 
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In the frame of the ELNA project the carbon dioxide system is measured systematically 
for the first time in the northern Adriatic Sea. The bottom signal of this parameter 
gives the best indication of carbon retention in the system. The decomposition of the 
organic material, imported directly from the Po and the minor rivers and produced in 
situ in the northern Adriatic results in an increase of the concentration of the dissolved 
inorganic carbon (TC02) particularly in the bottom layer. There exists an inverse 
correlation of TC02 with oxygen but a direct correlation with nutrients in the bottom 
layer. The water mass close to the Italian coast is richer in TC02 and poorer in oxygen. 
The maximum values of TC02 near the Po River are about 2.55 mmolelkg in July 
1993,2.58 mmolelkg in July-August 1994 and 2.60 mmolelkg in November 1994. The 
corresponding minimum concentrations oxygen near the Po River are 2.93 mVI in July 
1993,1.15 mVI in July-August 1994 and 0.99 mVI in November 1994 [5]. 

3.2. Evolution of oxygen, TC02 and nutrients in the Jabuka Pit 

Jabuka Pit is a continental shelf depression across the Adriatic Sea from Pescara to 
Sibenik to depths <280 metres and it is connected to the deeper South Adriatic Pit by 
the Palagruza Sill of about 140 metres. The depression acts as a collection basin for the 
NAdBW formed each winter and serves as a control point for a number of process 
evaluations for the northern Adriatic. During the ELNA cruises the deep waters of 
Jabuka Pit remained practically isolated after the strong flushing occurred in late 
winter 1993 [4] while a case of no washing during the spring 1994 was recorded [10]. 
Consequently, we had the opportunity to study the evolution of the chemical properties 
of this isolated water mass and to provide important information on the carbon and 
nutrient recycling in the northern Adriatic. 
Figure 3 represents the concentrations of dissolved oxygen, TC02, nitrate and silicate 
in the last depth of the stations sampled along Jabuka Pit transect during the July 1993, 
July-August 1994 and November 1994 cruises. The stations at the left of the figures are 
found close to Pescara and they are shallower than 100 m at a distance of 25 km 
offshore. The deepest stations (about 250 m) situated in the western depression of 
Jabuka Pit, are at a distance of about 70 km from Pescara. The utilisation of oxygen for 
period of one year from July 1993 to July-August 1994 is about 1.5 mVI. The 
corresponding mean nitrate, silicate and TC02 production for this period is about 2.5 
/lM, 4.0 /lM and 0.09 mmolelkg respectively. The mean decrease of the oxygen 
concentration from July 1993 to January 1994, period of five and half months, is about 
0.75 mVI, while the corresponding TC02 production is 0.04 mmolelkg. From January 
1994 to July 1994, period of seven months, we observe an oxygen consumption of 
about 0.75 mVI and a TC02 production of about 0.05 mmoVkg [5]. For the three 
eastern stations of the section, during the almost four months period starting from July 
1994 to November 1994, the oxygen consumption is about 0.5 mIll and the 
corresponding TC02 production 0.02 mmoVkg. 
The oxygen consumption to the TC02 regeneration ratio calculated for these different 
periods ranges between 0.65 and 1.08 and is lower than the theoretical Redfield ratio 
(002:0C02 = 1.3). In contrary, the rate of oxygen consumption to nitrate and silicate 
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regeneration calculated for the period from July 1993 to July 1994 (o02:oN03 ~ 26 and 
o02:oSi02 ~ 16) is much higher than the theoretical Redfield ratio (o02:oN03 = 8.6) 
and the Richards ratio (o02:oSi02 = 9.2; [11]). For a constant amount of oxygen 
consumption there is more carbon and less nutrient regeneration than the predicted 
from the theoretical Redfield model. The explanation must be related to the 
composition of the organic matter which is remineralised. In fact Sambrotto et at [12] 
presented time series from both coastal and open ocean which demonstrate that net 
organic carbon production greatly exceeded that predicted from the consumption of 
nitrate and the Redfield C:N ratio. 

4. Conclusions 

The six cruises perfonned from May 1993 to November 1994 allowed us to define and 
to follow the spatial evolution of three different areas in the near bottom layer of the 
shallow northern Adriatic Sea. The distinction between these areas was based on 
nutrients concentrations; further analysis showed that various biochemical conditions 
prevail in the three different areas. The nutrient rich areas are th(: most disturbed. The 
oxygen saturation has irregular seasonal variation and during periods of stratification 
lets down to the 20% level. The NOy'P04 and AOUINinorg. ratios greatly exceed the 
theoretical values. The isolation for about two years of the newly fonned NAdBW in 
the Jabuka Pit pennitted to extract important infonnation on the carbon and nutrient 
recycling. 
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Abstract. Within the framework of the POEM-BC program, a multinational 
collaborative experiment LIWEX '95 in the Levantine basin wa~ undertaken in winter­
spring 1995, focussing on the different phases of the process of formation of the 
Levantine Intermediate Water (LIW). This paper presents the results obtained pertaining 
to the water exchange between the Aegean and Levantine basins through the eastern 
straits of the Cretan Arc, where transport rates are also been calculated. In addition, 
modifications in the thermohaline properties of the deep waters related to the climatic 
changes in the characteristics of the open upper and closed deep thermohaline cells of 
the Eastern Mediterranean that began during late '80s, are evidenced. 

1. Introduction 

Coordinated experiments in the Eastern Mediterranean by the international P.O.E.M. 
(Physical Oceanography of the Eastern Mediterranean) program have revealed the 
existence of three predominant scales of motion interacting within the general 
circulation pattern: the basin scale, the sub-basin scale gyres, composed alternatively of 
permanent or quasi-permanent cyclonic and anticyclonic structures, and the most 
energetic mesoscale features that interact with the sub-basin scale circulation [1,2]. 

During the latter half of the '80s, the thermohaline basin-wide circulation 
presented a relatively unchanging overall general picture. However, very strong 
differences have started to occur within the POEM-BC (the POEM enlarged to the 
Biological and Chemical studies) in the beginning of the '90s in the intermediate and 
deep layers that complicate the deep circulation [3,4]. 

A more detailed and complex circulation patternj.nvolving the sub-basin and 
mesoscale features, has emerged from the investigations carried out during the 
Levantine Intermediate Water Experiment in 1995 (LIWEX '95) in the Levantine basin 
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proper. A series of multi ship surveys were conducted within the framework of a 
multinational collaborative effort in the period December 28, 1994 to April 20, 1995 
[5]. The surveys were specifically designed to focus on the formation of the Levantine 
Intermediate Water (LIW), the most important water mass of the entire Mediterranean, 
covering the three major phases of this process: (i) the preconditioning phase in January 
1995 (with the German R!V Meteor); (ii) the mixing and convection phase in February 
1995 (using the Turkish R!V Bilim); (iii) the spreading and transformation phase of the 
newly formed water mass (utilising the Greek R!V Aegaeo, the Italian R!V Urania and 
the Israeli R!V Shikmona simultaneously) in March-April '95. The fieldwork consisted 
of CTD stations where vertical profiles of temperature, salinity and dissolved oxygen 
were obtained, and water samples were collected for bio-chemical determinations. 

Here, we focus on results obtained during the preconditioning and spreading 
phases of the experiment. The upper thermocline flow pattern in the Levantine basin 
and the water exchanges between the Aegean Sea and western Levantine basin are 
investigated. The baroclinic long-term current component driven by the internal 
pressure gradient between the two adjoining basins has been estimated as well, 
contributing to a better understanding of their regional oceanography during the LIWEX 
'95. 

2. Circulation pattern during tbe preconditioning pbase of LIW experiment 

The dynamic height anomaly at the surface with reference to the 800 dbar level (Fig. I), 
obtained during the preconditioning phase of the experiment on January 1995, basically 
shows the main features of the upper thermocline general circulation in the Levantine 
basin (for a general picture of the overall circulation see for instance the paper of 
Robinson et al.[I]). From the examination of the data at R!V Meteor station network, 
marked with dots in Fig. I, a detailed identification of the sub-basin scale structures 
cannot be made. However, the cyclonic circulation centred over the topographic 
depression Southeast of Rhodes island (i.e. the Rhodes gyre) encompasses a broad area 
extending from 280 to 300 E and from 34.50 to 360 N. The cyclonic eddy located west 
of Cyprus, observed in the same location during previous POEM surveys, is connected 
to the Rhodes gyre by the Central Levantine Basin Current [6], which bifurcating 
southwest of Cyprus closes the broad cyclonic circulation area in the Northern 
Levantine. The cyclonic circulation extends longitudinally from the Eastern Cretan Arc 
Straits to the west of Cyprus and is bordered to the north by the westward-meandering 
Asia Minor Current (AMC) which flows along the Turkish coastline, where the Antalya 
anticyclone may be also recognised, and to the south by the anticyclonic complex 
presumably incorporating the Ierapetra, located southeast of Crete, the Mersa-Matruh 
and the Shikmona gyres located along the Egyptian coast. 

An understanding of the major dynamical features driving the water exchange 
between the Levantine and Ionian basins through the Cretan Passage is obtained from 
the vertical distributions of potential temperature (9), salinity and density «(10) along 



485 

37.0-r-----,,................,,. .. -. /-=---,,-;---=----------------------, 
'r!J!' ..... ~ <i'-

'J) .. 

36.0 \.\ \ \ \ \ I-

35.0 

z 
-! 
~ 34.0 

33.0 

32.0-;-~-

31.0+--""T"---.--~-.:;:::;;:;::..._,_-~,....._-..._-+~4!.:::;::::..~-"T"""-_I 
24.0 25.0 26.0 27.0 28.0 29.0 30.0 31.0 32.0 33.0 34.0 35.0 36.0 

Longitude E 

Cruise METEOR '95: Dyn. Height 0/800 dbar 

Figure 1. Surface dynamic height (in m2/s2) with reference to 800 dbar level, during the preconditioning phase 
ofLlWEX '95, January 1995, RN Meteor. The network of em stations is marked by dots. 

the westernmost transect occupied by the RIV Meteor in the Levalltine basin (Fig.2). 
The upper panels present in greater detail the first 800 rn of the water column 

along the transect. The 29.10 kglm3 isopycnal (Fig. 2c) may be considered to roughly 
approximate the base of the pycnocline, which is conditioned mainly by the temperature 
field. The pycnocline rises from 300 dbar at the southernmost station (left side of the 
panels) to less than 100 dbar at the northern station (right side), where it borders the 
western rim of the Rhodes gyre. The behaviour of the pycnocline is most indicative of 
the general west-east flow pattern in the upper layer. The deepening of the isopycnals at 
the left side of the section is mostly due to the salinity front which causes the Mid 
Mediterranean Jet (MMJ) transporting light and less saline Modified Atlantic Water 
(MAW) (9)15.5 °C, S<38.85,O'o<29.0 kg/m3). It occupies the southernmost portion of 
the section in the upper 150 m of the water column. Superimposed on the general west­
east flow pattern, some sub-basin and mesoscale features are also evident in the 
oscillations of the isopycnals. The Ierapetra anticyclonic eddy, which penetrates 
barotropic ally down to 500 dbar, is detected at station 47 locatf:d in the middle of the 
Cretan Passage, while the doming of the isopycnals at the stations 46 and 45, located in 
proximity to the eastern tip of Crete, shows that in this area a cyclonic eddy prevails. 
The features revealed in the northern part recirculate 
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Cruise METEOR '95: Western Levantine Basin 
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Figure 2. Vertical distributions of (a) potential temperature, (b) salinity, and (c) potential density down to 800 
dbar (upper panels) and from 500 dbar to the bottom (lower panels), along the westernmost section of the RIV 
Meteor cruise in the Levantine basin, in January 1995. The hydrological stations along the section are 
indicated at the top of the panels. 



487 

Cruise METEOR '95: Western Levantine Basin 
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Figure 2. Continued. 
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Cruise METEOR '95: Western Levantine Basin 
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Figure 2. Continued 

very salty and warm Levantine Surface Water(LSW) (8)15.5 DC, S>39.0), advected in 
in this region by the AMC along the western border of the Rhodes gyre. 

In the intermediate layer, the LIW signature (8~15 DC, S>38.9) is restricted to 
the southern part of the section (Fig. 2b), with properties that differ from those of the 
salty water downwelled in the centre of the Ierapetra anticyclone (8)15.5 DC, S>38.94). 
In the deepest part of the transect (lower panels) patches of warmer, saltier and denser 
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water of Aegean ongm (9::=13.7-13.8, S::=38.78-38.86,0-0=29.18-29.22 kglm3) are 
detected both close to the Straits (station 62) and near the African coast (station 49). 
This water flowing out from the straits ofthe Cretan Arc (Kassos and Karpathos straits) 
sinks immediately to the bottom layer, displacing the colder and fresher Eastern 
Mediterranean Deep Water (EMDW) of Adriatic origin (9<13.7 °e, S<38.76) upwards. 
It can also be noted that the signature typical of the colder EMDW reaches levels, 
shallow enough to be incorporated into the flow pattern that intrudes into the Aegean at 
intermediate levels compensating the outflow at the bottom [7,8]. 

3. Upper thermocline flow patterns and transports across the Cretan Arc Straits 

The co-ordinated multi ship survey, conducted in March-April 1995 incorporating the 
most comprehensive station grid spaced broadly every 114° (in latitude and longitude), 
was able to capture the sub-basin and, to some extent, the mesoscale features. 

The figures 3a-c depict the vertical distributions of potential temperature (9), 
salinity and density (o-e) in the upper 500 m of the water column, along the section close 
to the Eastern Cretan Arc Straits and outlined in Fig. 5. They evidence the intense 
dynamics and complexity of the regional hydrography. The main features are: (i) the 
presence of a consistent volume of warmer and saltier LSW (S>39.04; 9> 16.0 0c) at the 
right end of the transect; (ii) the presence of MAW (S<38.92) at the left end of the 
transect; (iii) the wide central dome bordering the Rhodes gyre, with the convective 
chimney indicated by the outcropping of 29.06 kglm3 isopycnal; (iv) the homogeneous 
water (9::=14.9 °C; S::=39.0) at the centre of the doming structure which has reached 100 
m of depth; (v) the patches of surface ventilated high salinity water (S>39.02) which 
slide along the doming isopycnals of the Rhodes gyre; (vi) the oscillations of the 
isopycnals on both sides of the central doming suggesting baroclinic instabilities of a 
wavelength of about 75 km. 

The upper thermocline water exchange rates across the Cretan Straits have been 
based upon geostrophic velocities calculated from the transversal pressure gradients 
(Fig. 4a-c). A reference level of 500 dbar was used in the dynamical computation. We 
have adopted the convention that positive flow enters the page, so the relative positive 
geostrophic velocities at the right hand of the transect (Fig. 4a) correspond to the 
westward flow pattern of the AMC transporting Levantine waters in the upper 300 m at 
a rate of about 2.1 Sv, while the maximum speed exceeded 12-14 cm/s. This flow 
weakens substantially at the 300 m depth-level, permitting as a reasonable 
approximation, the assumption of this horizon as a surface of no motion for further 
calculations in the interior of the straits. The return flow, detected at the northernmost 
stations, is due to the anticyclonic eddy close to Rhodes island (Fig. 3c). The flow 
pattern bifurcates in correspondence to the Karpathos strait. In fact, a transport of 0.6 Sv 
was calculated for the water entering the Karpathos strait (Fig. 4b), which implies a 
residual transport of 1.55 Sv flowing along the rim of the Rhodes gyre. A cyclonic 
mesoscale eddy is detected in the Kassos Strait (Fig. 4c). Here the dynamics 
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Cruise LlWEX'9S: Eastern Cretan Arc Straits (R/V Urania) 
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Figure 3. Vertical distributions of (a) potential temperature, (b) salinity, and (c) potential density down to 500 
dbar, along the south-north cross-section (south to the left) flanking the Eastern Cretan Arc Straits, and 
outlined in Fig. 5, during the spreading phase of the survey LIWEX '95 (March-April 1995). 



0 

100 

i 
200 

0- 300 

400 

500 

0 

100 

~ .c 
:£-
0-

200 

300 

0 

100 
~ 

.lll 
:£-
0-

200 

300 

Cruise UWEX'95: Easteen Cretan Arc Straits (R/V Urania) 

058 047 
0 

0 100 

L~ 200 

300 

0 CJ 
0 -400 

I-
.,-----lsoo 

0 50 100 150 200 250 300 

Distance (km) 
Cruise LIWEX'9S: Korpothos Strait (R/V Aegoeo) 

kr 1 

~----~---'----~----~--~-----r----~---.----~-----~300 
0 

ksl 

0 

5 10 15 20 

Distance (km) 
Cruise LIWEX'9S Kassos Strait (R/V Aegaeo) 

5 10 15 

Distance (km) 

20 25 

25 

30 

491 

Figure 4. Vertical distributions of the relative geostrophic velocity (in cmls) along the sections (a) as in Fig. 3 
(RN Urania), (b) in the Karpathos Strait (RN Aegaeo), and (c) in the Kassos Strait (RN Aegaeo). 
The reference levels for the dynamical computation are indicated. See Fig. 5 for the position of the 
sections. 
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manifest an outflow of the upper 300 m Aegean waters of about 0.26 Sv close to the 
eastern tip of Crete, whereas an inflow of the upper 200 m Levantine waters into the 
Aegean of about 0.13 Sv was computed on the opposite site. This implies a net flow into 
the Levantine basin of 0.13 Sv. Finally, in the area where the western rim of the Rhodes 
gyre joins the northern part of the Ierapetra gyre, a total transport rate of 2.6 Sv was 
estimated (Fig. 5). 

Cruise LlWEX '95 
Schematic upper thermocline water flow 
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Figure 5. Schematic upper thermocline water flow and transport estimates (in Sv=IO· ml/s) along the Eastern 
Cretan Arc Straits during the spreading phase of the survey LIWEX '95 (March-April 1995). 

4. Conclusion 

The Eastern Mediterranean circulation, almost unchanged during the second half of the 
'80s, is characterised by three interacting scales of motion in the general circulation 
pattern, the basin scale, the sub-basin and the mesoscale. During the Levantine 
Intermediate Water Experiment carried out within the POEM-BC program in 1995, a 
detailed complex of the upper thermocline circulation pattern emerged in the Levantine 
basin that confirmed the significant changes that began in the early '90s [4]. Moreover, 
these changes concern also the flow regime through the straits of the Cretan Arc, 
associated with the climatic shift of the intermediate and deep thermohaline properties. 
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The permanent cyclonic Rhodes gyre' is connected to the west Cyprus gyre forming a 
broad northern Levantine cyclonic circulation, extending from the eastern Cretan Arc to 
the west of Cyprus. The AMC meanders along the southern coasts of Turkey and 
transports westwards the upper 300m of the warm and saline Levantine waters at a rate 
of 2.1 Sv. It is the northern border of the large-scale North Levantine circulation. The 
contrasting system in the Southern Levantine is the broad anticyclonic flow region 
composed of three gyres, the Ierapetra, the Mersa-Matruh and the Shikmona. The MMJ, 
carrying MA W eastwards, seems to bifurcate at the entrance of the: Levantine in the east 
Cretan Passage. Its first branch flows between the southern rim of the north Levantine 
cyclonic circulation and the northern peripheries of the Ierapetra becoming the Central 
Levantine Basin Current. The second branch encircles the Mersa-Matruh gyre. Two 
AMC branches enter the Aegean carrying Levantine waters, mainly through the 
Karpathos Strait at a rate of 0.6 Sv and through the Kassos Strait at a rate of 0.13 Sv. At 
the Rhodes Strait, where in the past was mostly detected the main AMC branch entering 
the Aegean [9], the Levantine water recirculates anticyclonically with an outflow from 
the Aegean of the order of 0.2 Sv. Finally, through the western part of the Kassos Strait 
an outflow of Aegean water of 0.26 Sv is estimated. Outside the Kassos Strait, we 
detected the Aegean waters as a tongue directed towards the Ierapetra anticyclone. 
Finally, a new regime in the deep waters was revealed. The warmer, saltier and denser 
waters of Aegean origin, that occupy the deepest parts of the basin, displaced the 
EMDW of Adriatic origin that is uplifted several hundreds meters" The latter are found 
shallow enough in the vicinity of the Cretan Straits to intrude into the Aegean, 
compensating the deep water outflow. 
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FLOW PATTERNS OF THE MAIN WATER MASSES ACROSS 
TRANSVERSAL AREAS IN THE SOUTHERN ADRIATIC SEA: SEASONAL 
VARIABILITY 

Beniamino MANCA and Alessandra GIORGETTI 
Osservatorio Geojisico Sperimentale,P.O Box 2011, 34016 Trieste, Italy 

ABSTRACT. The results here presented regard four seasonal multidisciplinary surveys 
conducted in the Southern Adriatic basin, in the framework of the collaborative 
research program PRISMA (Programma di Ricerca e Sperimentazione del Mare 
Adriatico), with the aim of investigating the longitudinal fluxes across a series of 
significant transverse sections. The thermohaline properties of the main water masses 
and their seasonal and spatial variability over an entire annual cycle were analyzed. 
Five water masses take part in these processes; namely the Adr:iatic Surface Water 
(ASW), the Ionian Surface Water (ISW), the Levantine Intermediate Water (LIW), the 
Adriatic Deep Water (ADW), which overflows the Sill of Otranto to form the main 
component of the Eastern Mediterranean Deep Water, and finally the Northern 
Adriatic Dense Water (NADW). In order to follow the spatial extension of these water 
masses and their seasonal variability, the distribution of thermohaline properties along 
the transverse sections were considered. The major results concern the advection of the 
NADW, which has been observed to flow southward over the Pelagosa Sill and 
subsequently into the southernmost western shelf area, reaching the Otranto Strait. The 
horizontal thermohaline fields, objectively analyzed, show the main pathways of the 
above-mentioned water masses. Important signals in the seasonal variability of the 
baroclinic basin-wide circulation have been noted. Finally, a quantitative measure of 
the cross-sectional areas occupied by the intermediate and deep waters along the 
transverse sections located at the Gargano passage and Otranto Strait have been 
calculated and are discussed. 

1. Introduction 

In the framework of the national collaborative research program PRISMA (Programma 
di Ricerca e Sperimentazione del Mare Adriatico) aimed at studying longitudinal 
fluxes in the Adriatic, four seasonal multidisciplinary hydrological surveys were 
conducted from May 1995 to February 1996. The synoptic shipboard measurements, 
including high resolution CTD (Conductivity, Temperature and Depth) vertical 
profiles. as well as water sample collection for bio-chemical parameter determinations, 
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were conducted over four transverse sections in the Adriatic Sea, which separate the 
northernmost shelf area, the Middle-Adriatic depression, the deeper southern part of 
the basin, and finally the southern opening at the Otranto Strait by which the Adriatic 
communicates with the Ionian Sea. These recent observations made it possible to 
coherently define the water masses involved in the general circulation, in agreement 
with the regional oceanography, the water exchange dynamics under the topographic 
constraints, and their seasonal variability during an entire annual cycle. In fact, the 
morphology of the Adriatic Sea bottom, in combination with its location at middle­
latitudes and the large amount of fresh water input in the northern shelf area, strongly 
influence the flow and the seasonal variability of the general circulation and dynamics. 
On the other hand, the Adriatic Sea is one of the regions where dense water formation 
processes take place. It has been identified as a prototype site of convection and dense 
water mass formation on the northern shelf area during the winter [7], and as a site of 
open-ocean deep convective movement in the southern basin [10]. The Adriatic Sea is 
a dilution basin and, at the same time, registers an annual heat loss of about 19-22 
W·m·2 [2]; thus an inflow of Ionian water, warmer and saltier than the Adriatic, is 
documented to occur at the Otranto Strait. 

In the past, the main aspects of the baroclinic circulation in the Southern 
Adriatic Sea have been described by various authors using very poor and sparse in situ 
data, by syntheses of previous knowledge [13, 4, 9, 1], or by a modeling approach [5, 6, 
3], pointing out the importance of forcing mechanisms which drive the dynamics, and 
the coastal and basin-wide physical processes. Now, the recent observations have 
revealed the important seasonal variability. 

The results here presented are concerned with the investigations conducted in 
the southern part of the Adriatic Sea, delimited to the north by the Pelagosa sill, about 
200 m deep, and to the south by the sill at the Otranto Strait, about 800 m deep. The 
station network (Fig. J) was designed with the aim of investigating the transport 
associated with the major water masses through cross-sections at the Gargano passage 
(transects G, H and I) and at the Otranto Strait (transects L, M and N). The 
hydrography in the large depression of the Southern Adriatic Pit, which extends down 
to 1200 m, and on the western shelf along the Italian shorelines, extending down to 
200 m depth, were investigated as well. Throughout the paper, temperature is given as 
potential temperature (9), the salinity is according to the practical salinity scale and the 
density is presented as potential density excess (O'a), following the IAPSO 
recommendation [11]. 
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Figure I. Map showing the bathymetry of the Southern Adriatic sea and the combined netwock of hydrological 
stations occupied during the seasonal surveys. The letters on the western bocder of the: basin denote the sections 
along which the stations were distributed. Depth contours are given in metres. 

2. Water mass properties and seasonal variability 

The thermohaline properties of the main water masses in the Southern Adriatic Sea are 
analyzed by examining the 8-S diagrams constructed for the data set collected during 
the spring 1995 and winter 1996 surveys (Fig. 2); that is to say the measurements 
conducted within the maximum time lag. They corresponds to the mixing and sinking 
phase (winter) and to the spreading phase (spring) of the deep water formation process. 
Five water masses affect the Southern Adriatic circulation, which is strongly 
influenced by the interaction between the northern part of the basin and the Ionian 
inflow through the Otranto Strait [12]. 
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Figure 2. Potential temperature and salinity diagrams constructed for the spring 1995 (a) and winter 1996 (b) 
surveys, averaging CTD data over 5 dbar. 

In the upper layer, above the 29.0 kg/m3 isopycnal surface, the thermohaline 
properties are strongly influenced by seasonal fluctuations, due both to meteorological 
forcing and to the influence of the fresh coastal waters. Two different surface water 
masses are clearly visible: the Adriatic Surface Water (ASW), which is always the less 
saline and is also the coldest in winter, with a temperature minimum of about 11°C, 
and the saltier, warmer Ionian Surface Water (ISW), inflowing on the eastern flank of 
the Otranto Strait. 

The cluster of points in the range of potential density ere = 29.0-29.18 kg/m3, 
characterized by the highest salinity values, represents the Levantine Intermediate 
Water (LIW), which is partially subjected to seasonal variability. It's core has values of 
9 = 14.0 °C and S > 38.80. The data sets in May 1995, August 1995, November 1995 
and February 1996 exhibit a continuing trend of increasing salinity in the LIW core, 
shifted toward higher temperature, which in August 1995 reached values as high as 9 
= 14.71 °C and S = 38.94. 

The tail, within the same potential density range as the LIW core but much 
lower temperature and salinity values, detects the Northern Adriatic Dense Water 
(NADW). This water in the meridional sections has properties in the ranges 9 = 12.3-
12.5 DC and S = 38.3-38.4 in winter, and is abundant and cooler in spring. 

The maximum density values, marking the tail in the 8-S diagrams, represent 
the Adriatic Deep Water (ADW), which resides in the bottom layer of the Southern 
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Adriatic Pit. keeping the same hydrographic characteristics (9 < 13 °C and S == 38.60) 
throughout the year. 

3. Vertical Sections Analysis 

The vertical distributions of temperature and salinity along the transects show the 
spatial extension of the above mentioned water masses. The central sections at the 
Gargano passage and Otranto Strait for the spring '95 situation are shown in Fig. 3. 
They provide evidence of advection by the existing circulation. 

At the Gargano transect (Fig. 3a and b) the thermal and salinity front (T < 13.3 
°C; S < 38.45) delimits the NADW, which forms on the north shelf area during the 
winter. It reaches the meridional sections, prevalently during the following spring 
period, in the form of a bottom density driven current located against the western 
continental slope down to 200 m depth. The bottom layer is occupied by the LIW, 
which in modified form (S == 38.65) reaches the Pelagosa sill and then, more diluted, 
flows towards the Middle Adriatic Sea. The surface layer down to 25 dbar is subjected 
to seasonal variability and strongly influenced by mesoscale activities, as evidenced by 
the temperature field. The salinity reveals a coastal surface boundary layer on the 
western side of relatively fresh southward flowing water separated from that in the 
open sea. 

At the Otranto Strait (Fig. 3c and d) the ADW can be identified by the bottom 
temperature and salinity minimum, mostly against the deepest parts of the western 
continental slope, limited by the 13.2 °C isotherm and the 38.65 isohaline. The LIW is 
evident as a maximum in the salinity field lying between 100 and 400 m depth against 
the eastern part of the section. The LIW tongue with S ~ 38.75 becomes more diluted 
(S == 38.70) towards the middle of the Strait. The relatively fresh water on the western 
continental shelf marks the southward flow of the NADW. It also detaches from the 
shelf and flows in the intermediate layer (200-400 m), prevalently against the western 
shelf-break. Small packets of NADW filaments have consistently been found in the 
centre of the strait, indicating intense mesoscale activity induced by eddies traveling 
through the straits. 
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4. Horizontal Analysis 

The distribution of salinity and density at surface for the spring 1995 survey are given 
in Fig. 4. The patterns show relatively fresh water, with salinities less than 38.0, which 
flows from the north along the western coast and leaves the Adriatic with a modified 
salinity of 38.15. It forms a strong zonal front with the saltier water of Ionian origin (S 
> 38.50 ) which intrudes into the Adriatic at the opening of the Otranto Strait. Fresh 
water from the Albanian rivers is also detected on the eastern side. The Ionian water 
mixes to become the salty water which is entrained cyclonically in the southern basin. 
Both inflowing and outfiowing current patterns are modified by the transient mesoscale 
features. The density at the surface (Fig. 4b) gives an indication of the upper 
thermocline circulation, which, in combination with the salinity distribution, reflects 
essentially the upwelling of salty water from the intermediate layer. The central portion 
of the Southern Adriatic is occupied by the large cyclonic gyre, which is a permanent 
feature in that area, and the surface density shows the role of buoyancy loss to the 
atmosphere in the centre of the gyre. 

Property maps on the isopycnal surface 0"0 = 29.10 kg/m3, the middle horizon 
chosen to characterize the spreading of the LIW and NADW, are shown in Fig. 5. The 
salinity distribution (Fig. 5a) indicates clearly the main pathways of the LIW. The 
LIW core with S > 38.85 enters through the Otranto Strait and protrudes more diluted 
toward the eastern portion of Southern Adriatic Sea, where it recirculates forming the 
northward branch of the cyclonic gyre. The LIW bifurcates upon reaching the northern 
shelf break at the Pelagosa sill. A branch is deflected southward by topographic 
constraints, while a second branch protrudes northwards. In fact, only a well 
homogenized modified LIW with S == 38.65 extends over the Pelagosa sill, where an 
anticyclonic eddy seems to reinforce a coherent flow pattern transporting LIW over the 
northern shelf region. All these dynamic features are clearly visible in the isopycnal 
depth map of Fig. 5b. The return path in the west is established by the pressure 
gradient due to the relatively fresh NADW along the Italian coast. It flows along the 
western shelf and reduces in spatial extent moving southward. Upon reaching the 
meridional cross-section at the Otranto Strait, the NADW detaches from the coast and 
intrudes into the Northern Ionian at the shelf break, as is well documented in the 
vertical sections. 
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5. Discussion and Conclusions 

In order to follow the temporal variability of the water exchange regime between the 
Middle and Southern Adriatic Sea, and between the Adriatic and Ionian Seas, the 
thermohaline properties of the intermediate and deep water masses were considered to 
evaluate their contribution to the water exchange regime along the cross-sections at the 
Gargano passage and Otranto Strait, respectively. The section areas occupied by the 
water masses during the four seasonal cruises was estimated. At the Gargano passage 
(transects G, II. I, for nomenclature refer to Fig. J) the LIW is defined by salinity 
higher than 38.65 in the range 0-400 m, and the NADW by potential temperature less 
than 13 0c. At the Otranto Strait (transects L, M, N) the LIW is defined by salinity 
higher than 38.75 and ADW by potential density larger than 29.18 kg/m3• The same 
computation for the surface waters is quite difficult due to the seasonal variability and 
to the impossibility of maintaining the same definitions throughout all the year. The 
results are depicted in Fig. 6 for the Gargano transects (left panels) and Otranto 
transects (right panels), respectively. 

The largest cross-section areas are those occupied by LIW, both at the Gargano 
and Otranto Straits. This means that the larger northward flow is compensated by the 
combined southward flows in the surface and deep layers. In all seasons, the largest 
cross-sectional areas occupied by LIW are encountered in the southernmost transects I 
and N at Gargano and Otranto, respectively; while the smallest one are at the 
northernmost transects G and L. The large space variability of the LIW along the 
cross-sections can be explained by the advective movements, which are partially 
interrupted by the mesoscale and sub-basin scale features, due to the topographic 
constraints. That is particularly true in winter for transect I, due to the intensification 
of the cyclonic gyres in the Southern Adriatic. Moreover, the average values show a 
general overall increase in LIW intrusion during the investigated period. 

The deep waters, both the NADW and ADW, display a smaller space variability 
and a strong seasonal signal. The largest cross-sectional area occupied by the NADW 
at Gargano occurs in spring; this means that the maximum contribution of dense water 
formed in the north shelf area during winter reaches the meridional sections during the 
following spring period. On the other hand, the largest cross-sectional areas occupied 
by the ADW at Otranto occur in winter and spring, i.e. during and immediately after 
the deep water formation events. In fact, one such event was documented during the 
winter 1996 survey [8]. It was noted that the minimum values occured in summer and 
autumn, which can be explained in terms of the emptying of the Southern Adriatic Pit 
reservoir. We can speculate that the renewal time of the ADW formed during winter in 
the Southern Adriatic Pit is shorter than one year, at least for that part of the water 
column which lies at a shallower depth than the Otranto sill (900 m). It could be 
longer only for the water mass which resides in the bottom layer (900-1200 m). 
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J,lTIiOLOGY AND Cl~OClIJ<:M1STnY OF THE SEmMl~NTS ALONG 
THE EASTERN MI(DITERRANEAN COAST 

A. G. ROZANOV (1), K. M. SHIMKUS (1) and S. NOUREDDlN (3) 
(1) P. P. Shirshov Institute o/Oceanology,RussianAcademy a/Sciences, 
36 Nakhilll(N.~klY Avenue,Moscow, fl785f,Russia 

(2) Southern Branch (Y1'. P. Shirshov Institute of Oceanvivgy,Russiull 
Aca,/emy of Sciences. Gelendzhik-7. 353-170,Russia 
(3) Higher Institute C!f Applied Sciences and 'f'echnologv,Damasclls, 
SYrIU 

1. I ntr()ductil.n 

Area bet\\.:;en thi.: Cypms and Syrian coast is a wide slf.lil v .. ilh a compJi­
cakd relief of til;.; floor and specific circulation of the wakn; (Hall t:I aI., 
1 ~9'1; Ovchinnikov and Fuoad, 1994 ) [ Figure 1). Because of tilt: dry climate 
geological material discharging from the watershed area of Cypms, Syria and 
TUlley is wt;ek. hom thi.: other side Ihe discharges of the Nile liver penetrate 
hen: in spite of tremendously lardge distance ( Emelyanov, 1994). It is still 
uncel1ain in which regions of the area an influence of tll(; Nik material is 
pri.:dominanl and where it is weakened due to strengthening the rok of local 
mah:riaJ. The lafter is spiked by lIlt: products of weathering of thl: ophiolitt: 
massivl:s wide spead both on the Cyprus and Syrian coasts. The results of th.: 
27 -th cmise of rlv "Vityaz" ( 1993) in this pan of the MediteiTanean Sea 
r Figurc IJ give additional possibility to clear up the situation. 

QualernalY sedimentation in the studied area was under influence of 
gla(ial and interglacial oscillations of sedimentalY levd, sources and ways of 
tramportatioJl of sedimentary malerial. Climate changes folloWI!d regression lind 
transgrassion pcriods are reflected in lithology and geochemestry of the 
sediments. These changes are also documented by the present,~d results. 

2. J\latcriai and Methods 

Grab (about 0,25 m2 ) and gravity core (62 mm) were used to wHect sediment 
salllpks on shelf; slope and depression depths. Station numbers are shown in 
Figure 1. Grain size analysis was canled out by the suspension balance 
mdhuJ ( Prokoptzev, 1964). Macrocomponent composition (CaC03, Corg , Fe, 
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I\lin. Ti) was detennined by the methods, accepted in the P. P. Shirshov Institute 
of Ol:eanology (SIO): CaCCh C ... s - dry, Fe, tvIn, Ti - wet methods. tvletal 
contents were determined by the flame atomic absorbtion spel:troscopy. Ckneral 

.mineral composition of the sediments and clay fraction ( < 2 mm) was studied 
by X-ray diffraction medlod (Zemmels et aI., 1972 ), mineral composition of the 
coarse-silt fraction - hy immersion liquid method. 

Compositional-genetic and grain-size types of the sediments were 
c1assifided both according to the SIO system ( Bez11lkov and Lisitzin, 1960) with 
lillie modifications al:cepted for Mediterranean sediments (ShimkUll, 1981; 
Emdyanovand Shimkus, 1986) and the Folk system (Folk, 1954 ). Thus it is 
possible to compare Russian classification and the types of sediments presented 
in the new international maps of the Mediterranean sediments 
( Emelyanov and Shimkus, 1995 ). 

J. Types and Compositions of the Sediments 

On the most part of Syria region of the Mediterranean Sea carbonate 
(30-50% CaC03) and carbonate-poor ( 10-30% CaC03 ) sediments predominate. 
Carbonate-rich (50-70% CaCCh) and very carbonate-rich (>70%) sediments 
presented mostly by shelly detritus are spread in various areas of the shelf. 
The sediment stripe along the shelf edge was fonned by washing out of the 
muds by bottom currents and probably marks tlle deposits of the ancient 
coastal zone. Several fields of sand and silt were revealed at different depths 
among fme-silt and silty-pelitic sediments within the shelf which width in 
studied area is not more than 10 km [Figure 2]. 

In the coastal part of the shelf wellsorted carbonate sands and coarse 
silts are, in the lower part - organogenic carbonate-rich mild-sorted sands are 
spread [ Table 1 ]. 

There are carbonate pelitic and silty-pelitic muds on tlle bottom surface 
in the upper zone of the continental slope ( 250-600 m). Single fields of fme­
silt muds are mainly met in underwater valleys. Carbonate pelitic muds 
predominate deeper. 

Surface sediments, touI:hed by oxic processes at all depths, have a brown 
colour of various nuances. TIley are soft or even very soft, highly plastic and 
wet (up to 68,3% H20 ). 

.... Grain-Size Composition 

Shallow-water mild-sorted sands contain substantial admixtun: of silty and 
pelitic material. Sands and coarse-silt fractious predominate in wellsorted 
coarse silts (mudy sands) along with a valuable admixtw'e of pelitic material 
[ Tabk 1 ]. 
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Shallow-water fme-silty muds ( silts) an~ well s0l1ed, whereas deep-water 
iinl.!-silty muds contain an increased admi.xture of pelitic material. 

Silty-pelitic muds ( mud,,) are characterized by doubll::-summit histogram 
. of the grain-size profile. The frrst ( highest) pick relates to the fme-silt 
fraction, the second ( lower) one corresponds to the mild-silt fraction. 

In sutisfactory sorted silty-pelitic muds ( muds) of the shallow-water 
region contentents of the 0,05-0,01 nun fraction are more high in compare 
with similar muds of the deep-water zone. 

Grain-size profile of pelitic muds ( muds, days ) is also characterized by 
double-summit histogram often with picks at the same fractions as in silty­
pelitic muds. However mild-pelitic fractions usually predominate in them. In 
some sediments subcolloidal ii'actions amount to the close values [ Table 1 ]. 

In contrast to the continental slope on the bottom of relatively smoothed 
depressions pelitic muds' ( clays) are enriched in fractions < 0,01 nun ( 77.65-
80.46%) [Table 1 ]. Maximum values were observed in the southern depressions 
which sedimentogenesis is significantly influenced by the Nile material. 

5. Mineral Composition 

X-ray diffi'action studies [Table 2 ] show that the recent sediment carbonate is 
presented predominantly by calcite, mainly low-magnesim calcite. Sobordinate 
role plays high-magnesium calcite that is entirely absent in coarse-silt and 
fme-silt muds of the shallow-water areas. In some places it is absent in the 
deep-sea areas too. 

Biogenic origin of low-magnesium calcite was testified by microscope 
observations. It showed wide spread of foraminitera-cocolith material in muds. 
Silt material is presented mostly by foraminiferal shells. Carbonate of pelitic 
fraction consists mostly of coccolithes. 

Quartz predominates in clastic siliceous materal, in some places 
plagioclase occures in valuable amounts: in one specimen of shallow-water 
fine-silty mud it predominatees over quartz (Station 3947). 

'Potassium feld spar is scaresly met. The sum of chlY minerals ranges 
from 41 to 79% [ Table 2 ]. Montomorillonate predominates, showing valuable 
oscilations, it is followed by illite, kaolinite and chlorite. 

6. Chemical Composition 

Shallow-water sediments are almost 50% calcarious [Table 3 l In deep-sea 
muds CaCOJ contain is lower ( somewhere to 30%) L Figure 2 J. The contents of 
organic matter in shallow-water fme silty and silly-pelitic sediml::nbJ is much 
higher than in deep-sea muds (0,88-0,90% as against 0,50-0,55% Corg ; 

Table 3 ). 
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TABLE 2. Mineral composition of the sediments along Syria coast 
(% dry weight, X - ray diffraction data) 

Station Sea Depth Ca MgCa AI D Q PI KFS CI 0111 
depth, in core, 

m cm 

3856 40 0-2 38 4 11 5 42 
3866 1100 0-3 33 4 7 15 41 
3867 500 0-2 25 8 1 11 9 44 2 
3870 82 0-2 12 18 6 ltI 50 
3941 -1060 0-5 5 8 4 9 64 
3942 1000 0-5 19 5 2 4 R 3 3 44 10 
3943 500 0-2 22 7 2 8 R 3 - 47 1 
3944 1t10 0-2 26 5 1 12 6 2 2 41 2 
3947 70 0-1 26 7 7 7 12 - 51 
3953 605 0-2 40 - 10 9 + 41 
3960 1220 0-5 32 6 5 14 + 49 
4007 1210 0-10 26 8 2 5 10 + - 47 2 
3869 150 0-20 10 6 5 79 

Note: Ca - calcite, MgCa - magneslun calcite, AI - arogorute, D - dolomite. 
Q - quartz, PI- plagioclase. KFS - potassium feldspar, CI- clay mineral .. 

( sum), Oth - other minerals 

Deep-sea muds contain several times more manganese in compare with 
shallow ones. Free carbonate material of shallow sediments south of Latakia 
(Station 3941 and others) is significantly enriched by Ni, Cr, Ti, V. Deep-~ea 
sediments are enriched along with Mn by Cu too. 

Tenigeneous free carbonate material of deep-sea pelitic muds north and 
north-We!!1 of Latakia (Station!! 20-21-22) is charecterized by maximum Ni 
contents and increased NilCr ratios coming close to 3. This ratio in shallow 
sediments is substantialy higher. 

Syria region sediments differ chemically from the Nile deposits hy the 
lower contents of organic matter, Fe, Ti [Table 3]. Contents of Ni is 
increasing towards the sediments of Syria watershed area. 

7. Terrlgeneous Sedhnentogenesls 

Syrian watershed area is characterized by dry climate. Rainfall amount IS less 
than 700 mm/year. In summer hot winds blow from the Arabian and Syrian 
deserts bringing valuable amounts of eolian dust. 
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Major part of liver discharges are brought by the Oront ri vcr draining 
the eastern slope of the A.nsaria Ridge and eroding the Neogem:-Quaternary 
hasalts and ophiolite deposits [Figure 4 1 enridlcd hy iron, manganese, copper, 
chromium and other metals (Zitzmann, 1976). Few discharges arc given by 
small rivers coming din:cUy into the sea. Some of them dry up periodically. 
The n0I1hern part of the studied area is close to Turkey where the leihan and 
the Seihan rivers drain predominantly the Mesozoic-Cenozoic sedimentary 
complexes and some ophiolite massives. Anyway the most powerful sourse of 
It:ITigeneous material in the eastern part of the Mediterranean Sea is the Nik 
The surface currents bring the most disperssed pm1ions of the Nile alleuvium 
here. 

Main features of space distribution of the tenigeneous material in the 
studied area are presented by the maps of distribution of heavy clastic 
minerals and metals. these are the marks of weathering production of the 
ophiolite complexes. 

Heavy minerals, main part of which is presented by coarse-silt 
material of hottom sediments, are cOlUlected by origin with the nearby 
watershed. It is clear according to the maximum contents of omphibol, 
monoclinical and rhombic pyroxene, olivine, spinel, palagonite, epidote [ Figure 4 
and 5]. Their root pal1s, crossing the shelf, are adjacent to the regions of the 
coast where products of ophiolite rock weathering are discharged. Hightened 
contents of these minerals fonn stripes, which cross the continental slope and 
farther follow to the adjacent depression. They evidence a centre directed 
transfer of the terrigenous material to the deep part of the sedimentary basin. 
That can be a conseqence of transit:r by suspension lluxes along the 
undelwater valleys. In the transfer the effect of sUIface water circulation is 
hardly seen. It means that telTigeneous sandy-silt material in the sediments of 
the studied area is fClImed predominantly by local material and the charackr 
of their distribution is mainly stipulated by near bottom processes. 

It should be stressed that in some places the local material do play 
an important role in fonnation of clay fractions of the sediments. It is seen 
tI'om square distribution both of clay minerals and some metals ( Ni, Zn, Cu, 
Co ), that are transported witlhin clay materials and genetically cOlUlected with 
weathering products of ophiolite massives [Figw·e 6 J. 

Dry climate is favorable for eolian material transfer as well. To some 
extend the situation is clarified by quartz square distribution. It sharply 
differs from the distribution of plagioclase and demonstrates spotted character 
of maximum contents of quartz. 

The largest field of increased quartz contents in corse-silt fractions IS 

located in the southern deep-sea part of the studied area, the smaller one is 
adjacent to the northern part. 
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Figure 
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5. Olivine (a) and chrome spinel (b) in heavy subfraction of the corse silt 
the recent sediments ( a: 1- < 1, 2- 1-2, 3- 2-6 %, b: 1- < I, 2- 1-2, 

3- 2-3 %). 

8. Litho- and Chemostratigraphy 

SedimentR in the fltudied coreR were considered according to lithological 
characteristics on the base of the wellknown and dated marking horizons. In 
some cores taken from the depressions adjacent to the Syrian slope, the lower 
Holocene horizon of sapropel mud ( S-1 ) was detected. Its radiocarbon age 
ranges from 6,3-7 to 8,5-9 thousand years (Shimkus, 1981). In these cores 
the Holocene interface is located on the bed of grey and dark-grey muds 
underlieing the sapropel horizon. This interface is clear expressed in the 
sediments of overwhelming part of the West Mediterranean Sea because there 
are brightly brown muds of the Upper-Wiirrn (which are characterized by a 
very low content of organic matter and increased carbonate content) beneat 
the dark-grey muds. In Syria region the Upper-WUrm deep-sea sediments 
mostly consist of the Nile material which is enriched by terrigenious organic 
matter and looks rather reduced. According to the specific changes of 
lithological compos1t1on most cores from the deep-sea areaR exhibit 
stratigraphic sections which consist of the deposits of the Upper-Wiirm and 
Holocene. The former has not been fully opened. The cores taken from the 
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Figure 6. Nickel (a) and zinc (b) in the recent sediments (free 
a: n x 10-4% : 1- 100-150, 2- 150-200, 3- 200-300, 4-300-550; 

1- 80-100, 2- 100-150, 3- 150-200. 
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carbonate matter) 
b: n x 10-4% : 

slope, do not contain the S-1 horison probably due to the presence of the 
WOrm section only. The Holocene is absent here because of sliding processes. 
Stratigraphy of the shelf sediments is not quite clear. Probably there are the 
Holocene sediments only. 

Fonnation of the sapropel mud took place in climatic conditions quite 
different from the recent ones. In that period everywhere in the nowaday arid 
zone of the Mediterranean sea, including the eastern coast, subtropical humid 
climate predominated ( Shimkus, 1981). As a consequence, hoth volumes of 
solid river dischargeR were enhanced and production of chemical wealhering 
( montmorillonite, iron and manganese hydroxides, other reaclive forms of 

chemical elements) was increased. Changes in MeditelTanean climate and 
hydrodinamics in this period stipulated not an increase of tcrrigeneous organic 
fluxes only, hut an increase of biological production as well. This al\ was 
accompanied by enhanced sedimentation and buda! of organic mat1er in 
bottom sediments. The foJlowing reducing diagenesis was a course of 
formation of large amounts of pyrite which now dominates among heavy 
minerals in the sapropel mud. 

The olivine was distructed more rapidly under chemical weathering III 

compare with other ophiolitc minerals. Therefore its contents is deminished III 
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Figure 7. Lithological section to the 
coast 

A. Depths ( m ) and stations 
B. Lithological composition of the 
sediment cores (cm) according to SIO 
c1assification(Bezrukov and Lisitzin, 
1960): 1 - pelitic mud, 2 - fme-silt 
mud, 3 - silty-pelitic mud, 4 - sap-

ropel mud, 5 - carbonate mud 
( 30 - 50% CaCOJ ). 

A 

B 

H 
~ ________________ ~~~o 

500 

3941 

.. 50 
18-- _____ _ 

S·1 : : 100 
113 _______ _ 

130 - - _ _ _ _ _ _ ISO 

E3' 8 2 !B1 3 [J]4 EZ!s 

the sapropel layer or it is absent at aU. During sapropel tonnation, large 
volumes of clay material, being genetically connected both with the Nile and 
Syria watenhed rivers werc accumulated. In the cores ( Station 4007, Figure 8 ) 
this layer is characterized by obvious predominance of montmorillonite 
( smectite) among clay minerals ( 51 - 79%). Fluctu.1tions in monhnorillonite 
concentrations are explained by irregular fluxes of clay material delivered 
from the Syria watershed as a consequence of the climate changes during the 
sapropel mud fonnation. 

Chemical ·data also evidence an importance of Syria rivers in the LClte 
Quaternary sedimentogenesis in this region. For instance quantitative ratios 
NilCr and Fern in the studied cores of the sediments are 1,5-2 times higher 
comparing with the data in the Nile alluvium of various grain-size 
composition. In the Nile alluvium these ratios are 0,32-0,64 and 4,13-7,04, but 
in the studied cores - 0.64-1,26 and 8,9-13,6 correspondingly. It ill clear from 
distribution of the highest values of these ratios, that intensity of sediment'lry 
material fluxes from Syria watershed increased in some periods of the Late 
WOnn and Holocene. Such fluxes were most intensive during the sapropel 
fonnation. 

Very sensitive indicator of the Nile material is vanadium which enriches 
the Nile alluvium. Increasing role of the Nile material in fonnation of the 
Late. Quaternary sediments in the Syria region is indicated by the higher 
contents of vanadium, which was mentioned in a single layer of the Upper 
WOnn section and a number of the Holocene layers. Maximum vanadium 
concentrations in the core 4007 were met in the medium part of the sapropel 
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Figure 8. Lithology and geochemistry of the sediments (St. 4007 ) 
I Stratigraphy: HI - Holocene, W n - Upper WUlm 

II Colour of the sediments: 1- brown, 2- dark brown, 3- grey, 
4- brownish-grey, 5- dark grey, 6- dirty-dark green, 7- black spoto; 
III Types of sediments: 8- silty-pelitic mud, 9- pelitic mud, 

10- sapropel mud, 11- manganese mud (> 0,2 % Mn) 
IV CaCO] : 12- carbonate poor, 13- carbonate 
Metal % are given on free carbonate matter. 
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mud whereas in the core 3941 - in il'! foot. Irregular vanadium dic;tribution is 
explained by the changes in the circulation of surface waters in this str;'!it 
region. As it was shown, contemporary currents in Syria region of the 
Mediterranean sea are very complicated and changeable. 
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the Nile. Local material, presented mainly by products of weathering of 
ophiolite from Aflliaria ridge, predominates on the shelf and the slope areas. 
The Nile influence is enhanced in the deeper part of the region. Biogenic 
carbonate comprises more than a half of the total volume of sediments in the 
coastal lone. Eolian material from the SYlian and Arabian deserts is marked 
by spotted distribution of quartz. 

The Late Quaternary climate changes are reflected in sediments by 
formation of layers enriched by organic matter particulary the sapropel layer 
formed 7-9 thousand years ago in warm humid period. Distribution of 
chemical elements depends on the sources of sedimentary material and 
diagenetic processes which are enhanced by the presence of organic matter. 
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