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PREFACE

The United Nations Environment Programme (UNEP) convened an Intergovernmental
Meeting on the Protection of the Mediterranean (Barcelona}, 28 January - 4 February 1975), which
was attended by representatives of 16 States bordering on the Mediterranean Sea. The meeting
discussed the various measures necessary for the prevention and control of pollution of the
Mediterranean Sea, and concluded by adopting an Action Plan consisting of three substantive
components:

- Integrated planning of the development and management of the resources of the
Mediterranean Basin {management component};

- Co-ordinated programme for research, monitoring and exchange of informaticn and
assessment of the state of pollution and of protection measures (assessment component);

- Framework convention and related protocols with their technical annexes for the
protection of the Mediterranean environment (legal component)

All components of the Action Pian are interdependent and provide a framework for
comprehensive action to promote both the protection and the continued development of the
Mediterranean ecoregion. No component is an end in itself. The Action Plan is intended to assist
the Mediterranean Governments in formulating their national policies related to the continuous
development and protection of the Mediterranean area and to improve their ability to identify
various options for alternative patterns of development and to make choices and appropriate
allocations of resources.

The Co-ordinated Mediterranean Research and Monitoring Programme (MED POL) was
approved as the assessment (scientific /technical component of the Action Plan.

The general objectives of its pilot phase (MED POL - Phase 1), which evclved through a
series of expert and intergovernmental mestings, were:

. to formulate and carry out a co-ordinated poliution monitoring and research programme
taking into account the goals of the Mediterranean Action Plan and the capabilities of the
Mediterranean research centres to participate in it;

- to assist national research centres in developing their capabilities to participate in the
programme,

- to analyse the sources, amounts, levels, pathways, trends and effects of pollutants relevant
to the Mediterranean Sea:

- to provide the scientific/technical information needed by the Governments of the
Mediterranean States and the EEC for the negotiation and implementation of the
Cenvention for the Protection of the Mediterranean Sea against Pollution and its related
protocols,

- to build up consistent time-series of data on the sources, pathways, levels and effects of
pollutants in the Mediterranean Sea and thus to contribute to the scientific knowledge of
the Mediterranean Sea.

MED POL - Phase | initialty consisted of seven pilot projects and baseline studies on the
monitoring of oil, petroleum hydracarbons and micrebial pollution in sea water, heavy metals and
chlorinated hydrocarbons in marine organisms, populations, communities and ecosystems [n
addition, four related projects were also included to broaden the scope of the programme or to
provide ancillary support



Based on the recommendations made at various expert and intergovernmental meetings,
a draft Long-term (1981-1980) Programme for pollution monitoring and Research in the
Mediterranean (MED POL-Phase |l) was formulated by the Secretariat of the Barcelona Convention
(UNEP), In co- operation with the United Nations Agencies which were responsible for the
technical implementation of MED POL-Phase |, and it was formally approved by the Second
Meeting of the Contracting Parties of the Mediterranean Sea against pollution and its related
protocols and Intergovernmental Review Meeting of Mediterranean Coastal States of the Action
Plan held in Cannes, 2-7 March 1981.

The general long-term objectives of MED POL-Phase Il were to further the goals of the
Barcelona Convention by assisting the Parties to prevent, abate and combat pollution of the
Mediterranean Sea area and to protect and enhance the marine environment of the area. The
specific objectives were designed to provide, on a continuous basis, the Parties to the Barcelona
Convention and its related protocols with:

- information required for the implementation of the Convention and the protccols,

- indicators and evaluation of the effectiveness of the pollution prevention measures taken
under the Convention and the protocols;

- scientific information which may lead to eventual revisions and amendments of the
relevant provisions of the Convention and the protocols and for the formulation of
additional protocols;

- information which could be used in formulating environmentally sound national, bilateral
and multilateral management decisions essential for the continuous socio- economic
development of the Mediterranean region on a sustainable basis;

- petiodic assessment of the state of pollution of the Mediterranean Sea.

The monitoring of, and research on, pollutants affecting the Mediterranean marine
environment reflects primarilty the immediate and long-term requirements of the Barcelona
Conventicn and its protocols, but also takes into account factors needed for the understanding
of the relationship between the socio-economic development of the region and the pollution of the
Mediterranean Sea.

Individual and collective training is provided for scientists and technicians in techniques
(methods) required for thelr effective participation in monitoring and research envisaged in the
framework of MED POL - Phase il This assistance is in the form of fellowships, experts,
workshops, seminars, grants for attendance to meetings, etc., and covers training in analytical and
sampling techniques, data processing, interpretation of results and various research topics.

As In MED POL-Phase |, the overall co-ordination and guidance for MED POL-Phase Il is
provided by UNEP as the secretariat of the Mediterranean Action Plan (MAP). Co- operating
specialized United Nations Agencies (FAQ, UNESCO, WHO, WMO, JAEA, 10C) are responsible for
the technical implementation and day-to-day co-ordination of the work of national centres
participating in monitaring and research.

The eighty-fifth volume of the MAP Technical Repcrts Series presents an assessment of
airborne pollution of the Mediterranean Sea by sulphur and nitrogen compounds and heavy metals
in 1991.
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List of countries notations

Emitters Notations
Albania AL
Austria AT
Belgium BE
Bulgaria BG
Czech Slovak Ccs
Denmark DK
Finland FI
France FR
Germany GE
Greece GR
Hungary HU
Iceland I8
Ireland IE
Italy IT
Luxembourg LU
Netherlands NL
Sweden & Norway SK
Poland PL
Portugal PT
Romania RO
Spain ES
Switzerland CH
Turkey TR
United Kingdom GB
Yugoslavia* YU
Russia,Turkmenistan, RF
Kazakhstan,Uzbekistan

The Ukraine UR
Moldova MOI,
Armenia,Georgia,Azerbaijan ZKV
Belarus BR
Estonia,latvia,Lithuania PBL
Morocco MOR
Algeria ALG
Tunisia TUN
Libya LIB
Cyprus CYPp
Syria SYR
Lebanon LEB
Israel ISR
Egypt EGP
Jordan JOR
Other countriesg*¥ ocC

* -~ All countries located on the territory of the former Yugoslavia
** . All countries covered by the calculation grid but not indicated
in a given table {or figure)



1. EXECUTIVE SUMMARY

The present report prepared by the Meteorological Synthesizing Centre - East
(MSC-E), Moscow of the ECE Co-operative Programme for the Monitoring and Evaluation
of Long-range Transmission of Air Pollutants in Europe (EMEP) is dedicated to model
evaluations of the Mediterranean Sea pollution by the airborne compounds of sulphur and
nitrogen and by heavy metals. The Mediterranean Sea was considered both as the whole and
as 10 separate sub-basins. In addition, the airborne pollution of neighbouring seas and
countries was also considered.

Chapters 2-4 deal with the introduction of the problem, with the goals of the
assessment, and a brief descripuon of the MED POL Airborne Pollution Monitoring and
Modelling Programme and related activities.

The basic elements of the modelling were considered in Chapters 5-7 including
meteorological data for 1991, available emission data, principal processes of the atmospheric
pollution transport and the description of calculation model used.

While compiling the complete meteodata set for 1991 a part of lacking
meteoelements, such as data on precipitation in numerous points, were additionally modelled
in MSC-E using the objective analysis method. The atmospheric mixing layer height was
calculated as well. A detailed description and comparison of the meteoelements with the
climatic ones is also presented.

Certain anomalies in the atmospheric circulation in 1991 were observed. In
particular, the weather character was determined by the anticyclonic (not cyclonic) type of
circulation during 50 days in winter of 1991.

Besides five principal atmospheric circulation patterns A, B, C, D and E (see
Section 5.2), in the Mediterranean two special patterns were singled out in 1991. These are
new types Ew (general duration 45 and 15 days in winter and autumn respectively) and El
(32 days in summer). Thetr concise description 1s given in Section 5.2,

Emission data available within the EMEP grid were used for the present
calculations. They include emission data for 1991 for sulphur and nitrogen compounds. The
latest complete data set for heavy metals dated to 1982. The emission data for the countries
and grid units within the calculation region located outside the EMEP grid were evaluated
by MSC-E (see Chapter 6).

While modelling atmospheric processes, affecting the airborne pollutants, a
compromise between a detailed description of these processes and necessary simplifications
and generalizations was applied (see Chapter 7). Therefore, in order to simulate sulphur and
nitrogen chemical transtormations, the reactions, in which the above mentioned compounds
are measured on the routine basis, were chosen along with volatile organic compounds
(VOC) and ozone (see Section 7.1).

The non-linear dependence between the wash-out factors (coefficients), pollutants
concentrations and precipitation amount was taken into account (see Section 7.2.2).

Newly introduced equivalent mixing layer height was calculated. Its value can be
either higher or lower than that of Planetary Boundary Layer (PBL), depending on the
meteorological situation. When PBL values were not available they were calculated (see
Section 7.2.1).

For the simulation of heavy metals dry deposition, some mean value of dry
deposition velocity was used for the whole mass inside a grid unit, instead of breaking the
mass into several fractions. These averaged velocity was recalculated at each step (see
Section 7.2.1.2).



While modelling horizontal transport the Eulerian scheme of calculations included
a Lagrangian scheme element - a variable time step minimizing pseudodiffusion (see Section
7.3).

Chapters 8-10 contain the results of modelling of air pollution of the
Mediterranean Sea and adjacent regions by sulphur, nitrogen and heavy metals.

In 1991 the deposition of sulphur compounds on the sea surface amounted to 1393
kt (as S), which is 7% of the total emission within the calculation region. Annual deposition
density of these compounds was about 0.6 g S/m* per year; it is two times lower than the
mean density in Europe or in the Baltic Sea. The main contribution to the airborne pollution
of the Sea by sulphur compounds was made by Italy (30% of the total), Spain (17%}), Greece
(8%), Bulgaria (8%) and former Yugoslavia (7%). The input of the Mediterranean countries
was 1046 kt. These countries produced 23% of the total emission within the grid and are
responsible for 75% of the total deposition on the Sea. For remote countries, these figures
are 77% and 25% respectively. Thus 1 kg of the total emissions in the Mediterranean
countries results in the same deposition on the sea, as 10 kg of the total emissions in remote
countries.

The mostly polluted region of the sea appears to be its northern part, except for
the north-Levantin, especially the Adriatic, and the Aegean Seas. This is connected with the
existence of zones, influenced by the main countries-emitters.

The adjacent seas (the Marmara, the Black and the Azov Seas) received 410 kt S
in 1991. Together with the input of S to the Mediterranean Sea it makes up 9% of the total
sulphur emission within the calculation area.

The Mediterranean countries received 2925 kt S, which is about 15% of the total
emission within this calculated region. The bulk of the deposition was spread over the sea
watershed, where from a part of it reaches the sea with the riverine run-off, increasing the
input of originally airborne pollution to marine waters.

In the earlier works of the MSC-E it was shown, that the annual variations of S
deposition on the Mediterranean are insignificant, the seasonal ones (even if averaged over
5 years) are great, and the presented report confirms this conclusion. The distinct minimum
of depositions is observed in June, maximum - in December. The maximum exceeds the
minimum three times.

The maps of the total S deposition and mean concentrations are given in
Appendices A (annual) and C (seasonal), and maps of depositions from the main countries -
emitters are in Appendix B.

The same Appendices contain similar data for the nitrogen compounds and heavy
metals,

Depositions of sulphur compounds practically do not aftect the content of these
elements in the marine water (for the Mediterranean Sea in particular, since its salinity is
sufficiently high contrary, for example, to the Baltic Sea) but nitrogen compounds entering
the water can affect the marine biota causing eutrophication.

In 1991 the input of bound nitrogen (oxidised and reduced nitrogen in total)
amounted to 1067 kt as N, which corresponds to 7% of its total emission. The deposition
density of bound nitrogen over the Mediterranean Sea was 0.46 g N/m? per year. Similar to
sulphur compounds it was two times lower than the deposition density over Europe and the
Baltic Sea.

The main input to the pollution by bound nitrogen was made by Italy (29%),
Greece (11%), France (11%), Spain (10%), Turkey (§%) and Germany (5%).

Germany being a remote country gives a good example of how the atmospheric



residence time affect a relative amount of polistants entering the Mediterranean Sea. The
deposition of "long-lived" oxidised mitrogen from Germany on the Sea exceeds 4% of its
emission whilst similar value for "short-lived" reduced nitrogen is less than 1%.

The contribution to deposition from adjacent countries (recalculated to nitrogen)
was the following: oxidised nitrogen - 397.6 kt, reduced nitrogen - 341.6 kt, bound nitrogen
- 735.2 kt. The contributions of adjacent countries to the total deposition on the
Mediterranean Sea was 61%, 82% and 69% respectively,

Thus the fraction of remote countries in total deposition of "long-lived" oxidised
nitrogen (39%) is about 2 times bigger than similar fraction (18%) of "short-lived” reduced
nitrogen and remote countries with emission amounting to about 75% of the total emission
within the calculated region make a contribution to the total deposition of different nitrogen
and sulphur compounds within the limits of 20%-40%.

Therefore, 1 kg of the Mediterranean countries emissions gives the same amount
of deposition as 7 kg of the remote countries emissions, referring to bound nitrogen. The
same values for oxidised and reduced nitrogen are 1:4.5 and 1:12.

The mostly polluted by bound nitrogen regions of the Mediterranean are: the
Adriatic, the Tyrrhenian and the Aegean Seas. Similar to sulphur compounds, the reasons
for that are a characteristic atmospheric transport pattern and presence of so-called "impact
zones". These are areas constantly affected by neighbouring powertul emitters.

The adjacent seas together with the ceposition on the Mediterranean Sea received
about 1382 kt of bound nitrogen which made vp 9% of total emission.

Seasonal variations of bound nitrogen depositions are considerably less than that
of sulphur depositions, the ratio of the maximury and the minimum values do not exceed 1.5.

The depositions on the Mediterranean countries were estimated to be about 2500
kt of bound nitrogen, it is 16% of its total emission. This value is the upper limit of the
bound nitrogen deposition on the Mediterranean watershed, considerable part of which is
being washed with river flows into coastal waters of the Sea, increasing the pollution.

The deposition of heavy metals on the Mediterranean Sea in 1991 was about 7400
t of lead (Pb), 2500 t of zinc (Zn), 70 t of cadmium (Cd) and 200 t of arsenic (As), which
make up 8%, 6%, 6%, 4% of their total emission within calculation grid correspondingly.
The mean deposition densities of the metals over the sea surface were 3 mg Pb/m?%, 1 mg
Zn/m?, 30 ug Cd/m?® and 80 ug As/m?® per year, which are 2-3 times less than the densities
over Europe.

The main countries-pollutants of the Sea were Italy and Spain for all metals,
France - for Pb only, Bulgaria and Yugoslavia for Zn, Cd, As.

The Mediterranean countries with the emission not more than 32% of the total
within the grid contributed from 64% for Cd 0 85% for Pb to the total deposition on the
Sea, while the remote countries with not less than 68% of the total enussion gave 15%-36%
of deposition. Therefore, 1 kg of Pb emission in the Mediterranean countries gives the same
effect in deposition on the Sea as 13 kg emitted in remote countries. Similar ratio for Cd
makes up 1:4.

The most polluted regions of the Mediterranean are; the Adriatic Sea - for all
metals, the Tyrrhenian Sea - for Pb, the Aegean Sea - for Cd and As, the north - eastern
part - for Zn, that can be due to the prevailing atmospheric transport pattern, emission
distribution and "impact zones” location relative to the main countries-emitters.

The adjacent seas (the Marmara, the Azov and the Black Seas) received about 2%
of the total emission of each of the metals in 1991, It made up summarily with the
Mediterranean Sea 5.5% of As, 10% of Pb, and 8% both for Cd and Zn emission deposited



on the sea surfaces.

The Mediterranean countries received about 16 %-17% of Pb, Zn and Cd emissions
and about 10% of As emission as depositions. These figures are the upper estimate of the
heavy metals depositions on the Mediterranean watershed, where from a part of them is
being washed out to the sea with riverine run-off, increasing the pollution.

Four arbitrary points were chosen to follow seasonal variations of heavy metals
deposition and concentrations over the sea: the Barcelona region (P1), northern Corsica (P2),
eastern Crete (P3) and the Tel Aviv area (P4) (see Figure 3.3).

It was shown that the summer minimum of deposition was distinctly seen for all
points, except for P3 and the concentration variations were considerable for alf points.

Chapter 11 is dedicated to the comparison between the calculation results and
measurement data. There is an appreciable deficiency of reliable measurements for sulphur
and nitrogen in the Mediterranean. For heavy metals, the information is almost absent for
1691 except some data from the former Yugoslavia. Comparison for S and N compounds was
made on the basis of six year calculation and measurement data sets (1987-1991). Calculation
for 1991 and measurements for various years were taken for heavy metals. The, results
obtained show a good agreement of the calculated and measured values for S, N and Pb. The
compliance for Zn, Cd, and As with measurement data available is worse, The comparison
for heavy metals should not be considered as absolutely correct, because the data sets
compared were for different years.

Chapter 12 contains a discussion of the calculation results for all the compounds
taken together. Comparison of the MSC-E model results with the results of other authors and
comparison of the pollution of the Mediterranean Sea via rivers and via the atmosphere was
also made. Conclusions drawn from the present work and recommendations for the future
research are given at the end of Chapter 12.



I1. INTRODUCTION

The Mediterranean Sea has rather good selfpurification properties due to its rather
big depth and appreciable water exchange with the Atlantic ocean [1]. Nevertheless the
anthropogenic load on the Sea is increasing and this fact may lead to ecological disbalance.

There are two principal ways for the pollutants to reach the sea basin - with the
air flows and with riverine runoff. According to [2.4] the atmospheric input of nitrogen to
deposition on the Mediterranean is approximately equal to that via rivers. However, much
of the river-borne nitrogen never reaches the open sea. A large fraction of it is being
deposited in coastal and shelf sediments by biological transfer and some is re-emitted back
to the atmosphere. It should be noted, that a part of the riverine nitrogen being a potential
thread to coastal ecosystem eutrophication, arises from the atmospheric nitrogen deposition
on the watershed of the Mediterranean. For the open sea, transport via the atmosphere is
practically the only pathway of nitrogen.

Almost the same can by said referring to heavy metals. A comparison of
atmospheric and riverine inputs of metals in particulate forms, (in which these substances are
considered to be usually found in the environment), to the oceans as a whole, reveals that
rivers are the dominant pathway. However, as for the open sea stretches, the atmospheric
pathway is likely to dominate since much of the riverine input of particles to the sea is
removed to the sediments in near-shore areas.

For dissolved heavy metals especially for Zn, Cd and Pb, the transport through
the air is the major source and exceeds by many times the riverine input to the sea. For
example, according to [3] a ratio between the atmospheric and riverine input to the western
Mediterranean for lead equals to about 6.2,

Estimations provided by [4] indicate that about 98% of lead which eventually
dissolves in sea water enter the global ocean via the atmosphere and that the most of
dissolved cadmium and zinc are also primarily came from the atmosphere.

This is also the case in the Mediterranean where the atmosphere is a significant
pathway for the transport and deposition of sulphur and nitrogen compounds, and heavy
metals from the land sources into the marine environment and the atmospheric input
dominates the riverine input for many species [5].

Evaluation of transport and deposition of the atmospheric pollutants can be made
by means of measurements and computer simulation of these processes. Combination of both
methods is necessary for a calibration of model parameters and verification of calculation
results. Good examples of an experimental survey are the works accomplished for the Baltic
Sea [6] with the usage of balance method. Unfortunately the Mediterranean region is far
more poorly provided with the measurement data. There are only three EMEP stations
located in the region with the representative data sets for sulphur and nitrogen compounds
for several years. But even these stations are not located directly on the shoreline, so the data
sets from the seasurface are practically absent.

The situation with heavy metal measurements is even worse. Fragmentary data sets
for different years for the Mediterranean Sea are available in the works [7, 8, 9, 10,] and
measurement data on Cd, Pb and Zn in precipitation in 1991 are available for three stations
in the former Yugoslavia via [11]. More regular information was found in [6,12,14] from
stations, located in the Baltic region. All the data are used for the model verification (see
Chapter 11). More experimental data could be useful for the Mediterrancan Sea region,
especially continuous sets for long periods of time, because concentrations of some elements
(Pb, for instance) can change more than 100 times during two days [13].



The secord way to assess air pollution transport and deposition is a computer
modelling of the processes.

Such a workx appears to be the most important for the Mediterranean region, where
the measurement network is not wide spread. Within the framework of EMEP the schemes
of transboundary air pollutions transport in the scale of Europe and adjacent seas were
developed with the results, well corresponding to the reliable measurement data from the
continental and, especially the EMEP Baltic stations.

Among the works, dealing with heavy metals and published recently, surveys of
T. Bartnicky etal. [1+]and Y.A.van Jaarsveld {15], which are focused on continental Europe
and the work of T. Alcamo et al.[16] considering trace metals input to the seas, adjacent to
Europe, could be mentioned.

Among the works, where some regions of Mediterranean were considered, a
trajectory analysis of pollutants transport, regardless of particular compounds [13,17] and
almost the same, but for cadmium transport [18] should also be mentioned.

Therefore. to assess the transport. chemical transformation and deposition of
pollutants in the Mediterranean (where only sparse experimental data are available), the
integrated investigation of the area, covering the whole sea surface, adjacent seas (the Biack
and the Azov Seas), neighbouring countries and the sea watershed for the long period of time
(not less than a year) is obviously necessary.
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II. SCOPE AND PURPOSES

MSC-E hzs gained an appreciable experience i the simulation of the long-range
pollution transport wthin the scale of Europe and adjacent seas.

This repor: is dedicated to modelling of air pollution in the Mediterranean region
with sulphur and nizrogen compounds and heavy metals in 1991. The objective is the
determination of spat.al and temporal distribution of the pollution over the Mediterranean Sea
as well as contributicns of individual countries - emitters.

The scope of work carried out for preparing the present report could be
summarized as follows:

1. The whole region of the Mediterranean Sea including its eastern part not covered
with the EMEP grid :s considered. The region of calculations was formed by the shift of the
EMEP grid by 5 scuares (150x150 km?® to the north-east (see Figure 3.1). For the
comparison Figure 3.2 gives the EMEP calculation region.

2. The Medizerranean Sea is considered both as a whole and divided into 10
individual subbasins (see Figure 3.3). Table 3.1 slightly modified 1s taken from [1] and gives
the names of these su.bbasins, and their notations. Among adjacent seas the Black Sea and
the Seas of Marmarza and of Azov are distinguished.

3. In order to make calculations for the whole region it was necessary to expand
meteorological data base. The calculation of lacking meteoparameters was made by means
of algorithm developed in MSC-E using real meteodata.

4, The available emission data within the geographical scope of the EMEP grid was
also complemented. Estimates of emissions for countries of the North Africa and Middle East
within the region of calculations both as national {otals and distribution with the grid units
were made by MSC-E.

5. Meteorological data set for 1991 in the calculated region were analysed and
compared with climatic data.

6. Spatial and temporal distribution of pollution was calculated and its peculiarities
were analysed in view of the emission and meteorological fields.

7. Total depositions on the Mediterranean Sea and its subbassins were calculated
together with contributions of different countries. The input of the North African and Middle
East countries were estimated for the first time for this calculated region.

8. Depositions on the Mediterranean countries including those of North Africa and
Middle East were calculated.

9. Depositions on adjacent seas (the Marmara, the Black Sea and the Sea of Azov)
were also calculated.

10. Total annual depositicn, mean annual concentrations in air and precipitations were
calculated and presented as maps.

1. Similar maps were made for seasons.

12. A companison of calculated and measured data was made for the Mediterranean
Sea and for the whole calculation region.

13. Provisional air pollution estimates were made for the Mediterranean watershed,
where from a part of pollutants enters the sea with riverine runoff.

14, A comparison of the pollution input to the sea from the atmosphere and riverine
runoff was made.

15. Recommendations for the refinement of the obtained estimates were set forth,
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Table 3.1. Regional entities of the Mediterranean Sea

A. MEDITERRANEAN PROPER
Number on the map Notation Regional sea
I MTI1 Alboran
1 MT2 North-Western
11 MT3 South-Western
v MT4 Tyrrhenian
A% MTS5 Adriatic
Y1 MTo6 Ionian
VII MT7 Central
YIII MTS8 Aegean
IX MT9 North-Levantin
X MT10 South-Levantin
B. ADJACENT AREAS
XII MAR Sea of Marmara
XTI BLC Black Sea
AZS Sea of Azov
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Iv THE MED POL AIRBORNE POLLUTION DMONITORING AND
MODELLING PROGRAMME

An important role in initiating airborne pollution studies in the Mediterranean
belongs to the report on "Atmospheric Transport of Contamnants into the Mediterranean
Sea" [1] prepared by the WMOQ-led GESAMP" Working Group on the Interchange of
Pollutants between the Atmosphere and the Oceans. The report reviewed the knowledge on
the levels of atmospheric contaminants over the Mediterranean, emissions, climatology
pertinent to atmospheric transport and deposition. Despite a limited data base existing for
the region it was possible to conclude that levels of atmospheric contamination over the
Mediterranean were comparable to those over other European regional seas and atmospheric
transport of some contaminants was at [east comparable in magnitude to their riverine inputs
onto the Mediterranean.

In November 1987 an airborne pollution monitoring and modelling programme
was prepared during the WMO/UNEP Workshop on Airborne Pollution of the Mediterranean
Sea held in Belgrade [2]. The Scientific and Technical Committee for Med POL agreed in
May 1988 that this programme should be initiated within the framework of national MED
POL monitoring programmes in as many countries as possible. It was also envisaged that
financial support to the national monitoring progranunes for purchasing sampling or analytical
equipment could be provided subject to agreements signed by the National Co-ordinators for
MED POL and the UNEP Co-ordinating Unit for the Mediterranean Action Plan located in
Athens. This programme is also a part of the WMO Global Atmosphere Watch (GAW) and
many meteorological services in the Mediterranean couniries play an important role in
implementing the programme.

The major goals of the programme {2] were identified as follows: to evaluate the
importance of the atmospheric transport and deposition of land-based contaminants to coastal
and open Mediterranean waters, to assess the airborne contamination levels of potentially
harmful substances, to identify sources and source areas for these atmospheric contaminants,
and to develop predictive models for assessing airborne pollution load.

For routine monitoring, the programme recommended by the Belgrade workshop
includes measurements of the following parameters: in precipitation - pH, conductivity, SO,
NH,, NO,, Na, K, Mg, Ca, Cl, Cd, Pb, Cu and Zn; in air - Cd, Pb and total particulate
matter, and surface ozone. The emphasis on the heavy metals was made on the basis of
previous research. At a later stage the monitoring progranime should be complemented by
measurements of radionuclides ('**’Cs and transuranic elements) and organic species (PCBs,
DDTs, HCHs, PAHs and other hydrocarbons). The Second WMO/UNEP Workshop on
Airborne Pollution of the Mediterranean Sea held in Monaco in April 1991 [3] recommended
that the priority measurement parameters should also include nutrients (N and P compounds)
which may cause eutrophication, and black carbon as a good 1nert tracer for validating model
calculations.

* IMO/TAQ UNESCO/MWMOIALAJUNAINLE Jomnt Group of Lapents on the Sacanfic Aspedis of blanne Pollution
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An expert meeting on the quality of measurements for the MED POL airborne
pollution monitoring held in Ankara in 1994 [4] proposed that different measurement
protocols be applied depending on the goals of the monitoring. Four such goals could be:
assessment of total deposition of pollutants (primarily heavy metals) into the sea on monthly
basis; assessment of long-terin trends in concentrations of pollutants in air; assessment of wet
versus dry depositions used in modelling, and assessment of wet and dry deposition and
identification of the origin of the particulate matter.
protocols are given in Table 4.1.

The corresponding measurement

At present more than fifteen monitoring stations in the Mediterranean region (see
Figure 4.1) conduct measurements which contribute to the MED POL airborne pollution
monitoring programme. These measurements as a rule are still irregular and not continuous
as required, but the first data have recently started entering the MED POL data centre and
they are used for the assessment of deposition of some pollutants over the Mediterranean and
its specific regions. Valuable contributions to the understanding of long-range transport and
deposition of pollutants to the Mediterranean Sea were also made by a number of national
research conducted at monitoring stations (e.g. in Corsica, Cap Ferrat, Mallorca} and during
research cruises.

20

30

N/

o 10

@ - existing stations

20

. stations being planned

- sktations which were operational

30

I -X =~ MED POL regions

Figure 4.1. Locations of airborne pollution monitoring stations in the Mediterranean
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The available measurement data and model calculations based on meteorological
information have shown that a significant part of pollutants entering the Mediterranean Sea
is transported via the atmosphere from both coastal and remote land-based sources. The
evidence of the long-range transport of cadmium to the Mediterranean was confirmed by the
calculations of 36-hours forward and backward trajectories correspondingly from some major
cadmium sources in Europe and to some receptor points in the Mediterranean [3]. This study
was conducted as a MED POL research project co-ordinated by WMO and supported from
the Mediterranean Trust Fund. It was shown, for example, that about 32% of trajectories
from Salzburg, Austria in winter reach the Mediterranean.

For the purposes of the MED POL airborne pollution monitoring programme, a
detailed meteorological and climatological data review for the model assessment of
atmospheric transport and deposition of pollutants in the Mediterranean basin was prepared
under another research project in 1989 [5].

The measurement data on concentrations of some trace elements in air and
precipitation over the Mediterranean show that the concentration levels are comparable to
those over other European regional seas and much higher than over the open ocean areas (see
Table 4.2.) [6]. Continuous measurements of aerosol compositions carried out in Corsica
[3] allowed to reveal that there is a seasonal pattern for the elements of continental origin,
either natural (e.g. Al, Si) or anthropogenic (e.g. S, Pb). This pattern is inversely related
to the frequency and amount of rainfall such that the highest concentrations are observed
between May and October. It was also shown that concentration changes of two orders of
magnitude occurred on a daily time scale and were connected with precipitation patterns.
This factor is of particular importance for developing sampling protocols.

The available data on concentrations of compounds or elements other than heavy
metals are more scarce and limited to the western area. Concentrations of some synthetic
organics (HCB, HCHs, DDTs and PCBs) in air over the Mediterranean are given in Table
4.3 [6]. One can see that these concentrations are close to those over the Baltic Sea and
higher than over the North Atlantic. Concentration of the total aromatic hydrocarbons
measured in Monaco ranged from 6 to 147 ng/n® (average 40.5) [3].

The assessment of the total deposition of trace elements to the north-western
Mediterranean {7] confirms that the atmospheric input of these substances into the
Mediterranean Sea is significant and for some heavy metals it represents 4-20% of their total
anthropogenic emissions in Europe (see Table 4.4). It is worth noting that for the global
ocean the atmospheric inputs of Fe, P, Cu, Ni and As are approximately equal to their inputs
from rivers (see Table 4.5), and for Zn, Cd and Pb (soluble forms) the atmospheric inputs
exceed by many times the riverine inputs of these elements. For the organochlorine
compounds the calculated atmospheric input into the north western Mediterranean Sea is
given in Table 4.6. As it was estimated in [7] for the global ocean the atmospheric inputs
of these substances constitute 85-99% of their total (atmospheric + riverine) inputs.

There are only a few studies available on the quantities of petroleum hydrocarbons
entering the marine environment through atmospheric fali-out. However, it can be expected
that considerable quantities arrive into the Mediterranean Sea via the atmosphere since many
countries in the basin are heavily industrialized and consequently burn large amounts of oil.

16



Table 4.2. Concentrations of some trace elements in air and precipitation over
various regions

Region Pb Cd Zn P Cu
AlR ng/m’

W. Medit. 39 1.9 26 - 2.5
(cruises)
Messina, It. 153 0.19 - - -
Corsica 22 0.86 26 13.7 3.2
Cap Ferrat, 34.2 0.29 26.4 - 4.58
France
Monaco 76.5 0.64 - - -
Beni-Mellal, 10 0.3 63 - 4.7
Morocco
Cent. 8.8 0.04 11.3 - -
Medit.
N. North 23 0.3 24 - 7
Sea
S. North 83 2 80 - 10
Sea
Baitic Sea 10-60 0.1-0.5 23.6-250 - -
Bermuda 3.3 0.2 - - -
Samoa 0.02 0.002 - - -
Precipitation ug/l
Cap Ferrat, 4.6 0.18 8.6 - 2.15
France
Medit. Sea 6-12 - - - -
Tangier, 12 0 13 - 2.5
Moaorocco
N.North Sea 4-11 0.27-0.7 13-1% - 2.3
S. North 10-29 0.5-9.5 26-490 - 2.5-77
Sea
Baltic Sea 5.8 - 16-38 - -
Bermuda 0.77 0.006 - - -
Samoa 0.007 0 - - -
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Table 4.3. Concentrations of synthetic organics (hexachlorobenzene,
hexachlorocy clohexanes,dichlordiphenyl trichlormethyl, methanes and

polychlorinated biphenyls) in air over various regions

Region HCB HCHs DDTs PCBs

AIR pg/n’

Mediterranean 100-200 283 22 540
Aspvreten, 67 897 15 341
Sweden

Baltic Sea 291 553 - -

North Sea 125 130 - -

North Atlantic 115 362 [1 74
Samoa 35 34 1.9 11

Table 4.4. Total atmoespheric deposition of trace elements to the north-western

Mediterranean (GESAMP, 1989)

Al

Cd

Cu Fe

Mn

P

Pb

Si

Zn

As

Total
Depaesition
10° g yr!

435

0.5

2.1 { 360

11

16

14.5

1535

12.5

17

0.5

% of
European
man-made
emissions

19

11 -

12

21
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Table 4.5. Global deposition of metals to the ocean (10°g yr'') (GESAMP, 1989)

Pb Cd Cu Ni Zn As Fe P
Atmospheric  input
Dissalved 79 | 1933 14-45 g-11 33733 2.35.0 | 3.2x10° | 315
Particulate 9 0.4-0.7 2-7 14-17 11-88 1.3-29 28x10° 830
Riverine input
Dissolved 2 0.3 10 11 8 10 1.1x10°
300
Particuiate 1600 15 1500 1400 3900 80 110x10°

Table 4.6. Calculated total atmospheric inputs (in 10° g yr'") of organic
pollutants to the North Sea, the Baltic Sea and the Mediterranean Sea

HCHs DDTs PCBs Dieldrin Chlordane HCE

North Sea 28 0.9 3.7 1.1 0.1 0.5
Baluc Sea 20.8 0.7 2.8 0.9 01 0.4
NW Mediterranean 99 0.3 1.7 0.6 005 02

Sea




In a report on the state of pollution of the Mediterranean Sea by petroleum hydrocarbons it
was estimated that 35,000 tons of these hydrocarbons (5.5% of the total input) enter the sea
via the atmosphere [8].

On the basis of available measurement results and model calculations it can be
concluded that the atmospheric input of many pollutants is significant in comparison with
their riverine inputs. These conclusions are important not only from the scientific point of
view, but also for the development of strategies, policies and legal instruments to protect the
environment of the Mediterranean region. This means that to the control of airborne
pollution of the sea should be given the same attention as has been the case of the control of
pollution through rivers, direct effluent discharges or waste dumping.

The first step in this direction was made in October 1991 when the Contracting
Parties to the Barcelona Convention adopted an annex to the Protocol on the Protection of
the Mediterranean Sea against Pollution from Land-Based Sources which defined the
conditions under which this Protocol should apply to pollution through the atmosphere.
These conditions are the following:

- the discharge substance is or could be transported to the Protocol Area
under prevailing meteorological conditions;

- the input of the substance into the Protocol Area or its subregions is
hazardous for the environment in relation to the quantities of the same
substance reaching the Area by other means.

To continue the work on airborne pollution assessment and pollution control the
following actions were recommended for 1994-1995: compilation of information on existing
legislative measures regarding the control of emissions of harmful substances into the
atmosphere from various groups of sources; initiation of collection and dissemination of
information on existing air pollution control technologies (starting with heavy metals and
acidifying compounds); identification and categorization of the most important groups of
emission sources (starting with heavy metals) and preparation of general recommendations
for control; preparation of guidelines for inventory of emissions of other important pollution
(e.g. organic species); reconsideration of the most important problems with regard to
airborne pollution of the Mediterranean Sea and preparation of a plan for future actions.

As far as the future research and monitoring activities are concerned, the
Workshop in Monaco recommended in 1991 that they should focus on the following:
establishment of new monitoring stations in countries where they do not yet exist;
improvement and standardization of measurement techniques; monitoring and assessment of
atmospheric deposition of nutrients; improvement of data quality by means of conducting
intercalibration and intercomparison exercises, and conducting of training courses and
workshops to ensure the proper qualification of the monitoring station personnel and to
improve data utilization,
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V. GEOGRAPHY AND CLIMATOLOGY OF THE MEDITERRANEAN
REGION

3.1, Geographical characteristics
This section as well as Table 5.1. contains information colilected and published
within the Mediterranean Action Plan (MAP) [1].

5.1.1. Geographical location.

The Mediterranean Sea lies (46°N, 30°N, 6°W and 36°E) between Europe, Asia
and Africa and without the Black Sea covers about 2.5 million km?, with an average depth
of about 1.5 km and a volume of 3.7 million ki,

About 30% of the surface area and 50% of the total volume is contained between
a 2 and 3 km depth contour. In contrast, the area with a shallower than 200 m contour
constitutes more than 20% of the total area of the Mediterranean Sea but contains less than
1.5% of the total volume [5]).

The Mediterranean Sea consists of series of interacting parts and adjacent seas,
with two major basins, western and eastern. In the western Mediterranean (about 0.85
million km?) such paris are the Alboran Sea, the Algero-Provencal basin, the Ligurian Sea
and the Tyrrhenian Sea. In the eastern Mediterranean (about 1.65 million km?) such parts are
the Adriatic Sea, the lonian Sea, the Aegean Sea and the Levant (Figure 3.3).

The Mediterranean Sea is connected with {and separated from) Atlantic by the
Strait of Gibraltar (15 km wide and 290 m deep), with the Sea of Marmara by the
Dardanelles (between 450 m and 7.4 km wide and 55 m deep) and with the Red Sea by the
Suez Canal (120 m wide and 12 m deep).

The maximum length of the Mediterranean Sea from Gibraltar to Syria is about
3,800 km and the maximum distance in the north-south direction from France to Algeria
about 900 km, yet one is never further than 370 km from the coast, and most often,
considerably less, with more than half of the Mediterranean Sea being less than 100 km from

coast.

5.1.2. Circulation and water balance of the Mediterranean Sea.

The surface current system of the Mediterranean shows a migration of Atlantic
water, with salinity slightly above 36, towards the east with numerous spin-off eddies along
the way [6]. The annual thermal changes of surface waters are very large and control the
density of surface waters and the basic characteristics of the annual biocycle. There is no
surface return system from the east to the west.

The return of Mediterranean water is by way of Levantine intermediate water and
Mediterranean deep water flowing from east to west and spilling over the sill of the Gibraltar
into the deep Atlantic.

The estimated turnover time for Mediterranean waters is 80 years. The basic
nature of the Mediterranean circulation system contains components of strong vertical
convections which determine the distribution of salinity and produce vertical recycling of
nutrients and other dissolved substances [6].

The Mediterranean Sea has a deficient hydrological balance, with loss through
evaporation exceeding the input of water through run-off and precipitation. This deficiency
is mainly compensated by the flow of Atlantic surface waters through the Strait of Gibraltar.

On the input side of the water balance are the net inflow through the Strait of
Gibraltar, the net inflow through the Dardanelles, river run-off and precipitation. On the
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negative side of the balance there is evaporation.

The precipitation and run-off contribution to the water balance is exceeded by
evaporation by about I m yr-1. Since the Gibraltar constitutes the only access for the renewal
of sea water, lost through evaporation, the increasing salinity of the Mediterranean water is
due to the evaporation of the lower salinity water introduced from the Atlantic [6].

Table 5.1. Mediterranean watershed area and flows (updated 1987) [1].

Area {1000 k) Theoretical resources (kuw/y ear) Stable resources (hnfyear)
Tutal
Country Mud. Inc Internal Surface | Eaderground Low flow = Underground
Region neighbuouring renoll runuff tow water flow of
country tark coastal
influws watertables

SPAIN 505 30 1099 109,9 89.4 20.4 17.0 34
Med. region 305 ! 28.3 28.2 198 | 8.4 6.3 1.6
FR.L\'CE‘ 50 130 185.0 170.0 70.0 100.0 85.0 1.1
Med, region v - 74.0 62.0 31.0 310 35.0 0.2
‘\‘1‘“‘" . 300 300 187.0 185.0 155.0 | 30.0 18.5 12.0
Med. region
MALTA 0.3 0.3 0.03 0.03 .03 0.007 0.023
YUGOSLAVIA _ 265.0 150.0 130.0 20
Med. region 256 80 77.5 775 620 | 155 6.5 5.0
ALBANIA 29 29 21.3 10.0 ok i 6.5
GREECE 132 132 62.9 49.4 37.4 120 7.0 2.5
TURKEY _ 181.0 166.0 156.4 9.4 e o
Med. region 780 195 77.0 70.0 ok ok 14.5 I.1
CYPRUS 9.3 9.3 0.9 0.9 0.6 0.3 0.2 0.01
SIRIA 185 22 354 7.6 3.1 4.5 14.0 0.2
Med. region » = 4.4 3.4 1.3 2.1 2.1 0.2
LEBANON 10.4 9.8 4.8 1.8 1.3 3.5 2.1 0.9
Mud. region : ' 1.0 1.0 1.6 3.0 1.9 0.9
DRABL 21 12 1.0 1.0 0.2 0.8 0.2 0.08
Med. region
EGYTT 57.5% 1.0 0.5 0.3 55.5 0.3
Med. region 1000 AT 0.8 0.3 0.5 55.5 0.3
LIBYA - 0.6 0.6 0.1 L5 0.1 0.1
Med. region 1760 250 s 0.6 0.1 0.5 0.1 0.1
TUNISIA 164 90 4.35 3.75 2.13 1.62 1.0 0.7
Med. region 3.0 2.5 1 0.8 0.8 0.7
ALGERIA 16.0 15.7 13.6 33 wow o
Med. region 2380 133} 32 13.2 120 |12 1.8 0.7
MOROCCO 280 a0 29.0 29.0 20.0 9.0 2.5 0.9
Med. region 3.0 4.0 3.0 1.4 (.6 0.2
MED. TOTAL 8792 1796.4 | ** 497.0 4274 o 157.5 25.4

(*) Regular flow Former natural Now = 86 km'Yyear,
former low-water flow = 24 kin¥year
(**} Data are absent

23




Review of the atmospheric circulation peculiarities in the Mediterranean
region in 1991,

The MSC-E model requires following meteorological parameters: baric topography
at the levels of 1000 hPa and 850 hPa, windspeed at the same levels. surface temperature,
cloudiness characteristics (amount), precipitation amount, mixing layer height.

These characteristics were estimated on the real meteodata basis in the process of
the objective analysis developed in the MSC-E (see Chapter 7), or on the basis of the short-
term forecast, when there was a shortage of the meteodata available. In particular, the mixing
layer height was always calculated (see Chapter 7).

Basic climatological features of the region are described in [3]. There is sufficient
bibliography in the same work. In the present chapter peculiarities of the atmospheric
circulation and meteodata in general in 1991 are analysed.

o
.
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5.2.1. Characteristics of synoptic situations.

For the description of evolution of baric situations in the Mediterranean,
classification by P.Hess and H.Brezowsky developed in 1969 [2] and later modified is
traditionally used.

The classification is based, generally, upon location of anticyclones and its impact
on development and localization of principal systems of lower pressure - cyclones and
depressions in the region limited by the central Atlantic (40°W) in the west, by the Ural
mountains in the east (60°E), by the Polar circle in the north (about 67°N) and by the
southern limit of Sahara desert in the south (10°S).

P.Hess and H.Brezowsky singled out five main types of the atmospheric
circulation: A, B, C, D and E. The following descriptions as well as Figures 5.1-5.5 are
taken from [3].

Type A: Blocking anticyclone or ridge stays over the north-eastern Atlantic and
the British Isles. To the east from the block in the mid-troposphere (level 500 hPa)
quasistationary depression exists with axis directed across the central Mediterranean,
Existence of this depression leads to cyclogenesis and deepening of already existing cyclones
in the region of the Genoa Bay. Then cyclones begin gradually move eastward (Figure 5.1).

Type B: Anticyclone stays over northern Europe. Low pressure system covers the
most area of the Mediterranean (Figure 5.2).

Type C: The western type. Deep depression or series of depressions prevail in the
mid-altitude over Europe. Western winds prevail over the Mediterranean (Figure 5.3).

Type D: The eastern type. Anticyclone stays over central and southern Europe,
resulting in eastern winds over the most of the Mediterranean. Low pressure system stays
over northern Europe (Figure 5.4).

Type E: The anticyclonic type. Anticyclone or ridge pressure system stays over
the most of the Mediterranean, which leads generally to prevailing of low western winds in
the north, eastern winds in the south and northern winds in the east of the region (Figure
5.5).

The types A,B and C are characteristic of the Mediterranean winter. The types D
and E are the most frequent in summer. They prevail almost continuously in July and
August, but from November to April occur very seldom.

For classification of synoptic situations in 1991, daily synoptic maps at QCh
Greenwich time produced at the Meteorological Centre of Russian Federation were studied.
As a result, periods of the circulation types (A-E) were estimated together with their duration
for every month (Table 5.2). The same was done for all four seasons (Table 5.3).
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Fig.5.5. The atmospheric c.jl.::culation type E
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Table 5.2. The types of the atmospheric circulation in the Mediterranean
in 1991 and its distribution with months (in days).

Month J FIM{A]IM]) J Al S}O}N D
type
A 3 4 | 2 3 5
B 13322120 14 12 ] 16 3
C 5 4 5 5 3
Ew 517 § |16 23
D 4
E 5 16 | 28| 4120} 18| 5
E!l 6 | 16 [ 10 4
Restructuring 3 4 3 1 1 - 1 1 3 4 4 2

Table 5.3. The types of the atmospheric circulation in the Mediterranean
in 1991 and their distribution with seasons (in days).

Type
Season A B C Ew D E E1l Restructuring
Winter 7 16 8 45 - 5 - g
Spring 2 56 9 - 16 - 5
Summer 3 - - - - 55 32 2
Autumn 5 28 5 13 - 23 4 11

The study shows that the atmospheric circulation in the Mediterranean in 1991 had
a number of anomalies.

Let us consider them seasonally. The winter types A, B, C with a vast area of low
pressure over the Mediterranean sea basin stay for 31 days in winter. But the prevailing one
was a new type of circulation, which resembles the summer type E and therefore called Ew
(E-winter) (Figure 5.6).

For the type Ew a strong blocking anticyclone located over the whole Europe with
the center in Austria and Hungary is typical. Low pressure occurs only in the north and in
the east of the region, where fast Atlantic cyclones move along the edge of anticyclone
bringing short time periods of precipitation. Clear sunny weather with low north-eastern
winds stays over the Mediterranean. The Ew type stayed for 45 days in winter of 1991,
including 23 days in December. For 5 days in January the summer type E occurred, when
a ridge of the high pressure system (a ridge of the Azores anticyclone) came to the
Mediterranean. It tock 9 days for restructuring one type of weather to another. Consequently,
the atmospheric circulation in the Mediterranean in winter of 1991 can be considered as
abnormal, For 50 days out of 90 weather character was defined by anticyclonic baric
systems, instead of cyclonic ones, which influenced greatly windfield, cloudiness and
precipitation patterns of a given season.

The winter type B circulation was observed for 56 days out of 90 in spring of
1991. From March to May the number of days with this type of weather was decreasing
(Table 5.2). The types A and C occurred only in March and April. The summer types E(16
days) and D(4 days) appeared in May. The circulation restructuring took 5 days. Therefore
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in spring of 1991, 67 days of cloudy, rainy cyclonic weather and 20 days of typically
anticyclonic summer v.arm weather with clear sky were observed.

In summer of 1991 the type E prevailed for 55 days out of 92, when anticyclone
or high pressure ridge stayed over the Mediterranean. It caused weak northern winds in the
north, eastern winds in the south and northern winds in the east. For 3 days in June the
winter type A was obsarved when a deep cyclone sat in with centre over the Tyrrhenian Sea
and a strong anticyclone - over the eastern Atlantic. The restructuring took 2 days. The
remaining thirty two days (including 16 in July) were characterized by similar synoptic
situations which could not be identified with the above mentioned types. The baric field of
this new type slightly resembled the type E, moved to the north, thus the northern
Mediterranean was under low pressure system (Figure 5.7). Therefore the new type was
called EI(E-low).

The type El was characterized by a strong blocking anticyclone over north Europe
with the center over north-western Russia. Between this blocking anticyclone and the Azores
anticyclone cold cyclones moved to the Mediterranean from the North Atlantic bringing into
the northern part of the region low pressure areas with strong winds quickly changing their
direction with each new passing cyclone. It caused a type of weather with massive frontal
cloudiness and precipitation amount exceeding monthly average untypical of summer. In the
southern part of the Mediterranean the influence of Atlantic cyclones were noticeably soften
by the Azores anticyclone . The areas of high pressure broke off recurrently the Azores
anticyclone and moved eastward between 30° and 40° N.

In autumn the atmospheric processes in the region were unstable, particularly in
September and October (Tables 5.2, 5.3). All the types of circulation except for D were
observed. The reconstruction of the atmospheric circulation takes 11 days in total, which is
the longest period compared to other seasons of the year.

In September the summer type E still prevailed (18 days). During this period a
high pressure ridge of the Azores anticyclone stayed over the Mediterranean. Other 12 days
the region was under low pressure systems (the types El and C). In October high pressure
systems were observed during 10 days (the types E and EW) and low pressure systems -
during 17 days (the A and B); in November - 10 days (the type Ew) and 16 days (the type
B) correspondingly. Thus, number of days with clear, dry weather were approximately equal
to those with cloudy and rainy weather in the autumn of 1991,

As a conclusion one can note, that the atmospheric circulation in 1991 over the
Mediterranean was close to a normal one only in autumn, In winter dry anticyclonic weather
prevailed over wet cyclonic one, in spring situation was quite opposite with low pressure
weather types prevailing and, finally, in summer cold cyclones from the north-western
Atlantic occurred more frequently then ever. All these peculiarities can be found in mean
monthly surface pressure fields (Appendix D, Figures 1-12).

5.2.2. Surface wind pattern and surface pressure.

For the analysis of surface wind patterns in the Mediterranean in 1991 mean
monthly maps at 00h Greenwich time were studied (Appendix D, Figures 1-12), The climatic
data were taken from [3, Figures 7-18].

Directions and speeds of surface winds greatly differed from the climatic ones in
winter of 1991. This is in a consequence of the fact that in December and January the region
was influenced by the southern periphery of a strong blocking anticyclone with a centre over
central Europe. Therefore the north-eastern and eastern winds prevailed instead of the
western and north-western ones. Wind speed was lower than usually. The exceptions were
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the eastern part of the region near the Syrian coast with the western winds and the western
part near the Morocco coast with the southern wind in December. In February, while the
type B and A circulations prevailed, the windfield pattern was practically normal.

In spring the windfield was also close to normal. In February, while the type B
and A circulations prevailed, the windfield pattern was practically normal.

In spring the windfield was close to normal one too. In March the whole region
was under the winds of the western quarter, and only Peloponnesus and the Aegean Sea were
mostly under the southern winds, the region to the north from the Pyrenees Peninsula was
under the eastern winds.

The windfield pattern, in general, remained the same in April, but wind speed was
lower. In May both the summer type E and the winter type B were observed, each of them
took 50% of the month. So the windfield in May was very complicated, different from the
climatic one. The eastern winds prevailed over the Mediterranean, excluding the Asia Minor,
Pyrenees and Apennines Peninsulas and adjacent seas, where the western winds were
prevailing.

The summer windfield pattern had a number of peculiarities. In June, during the
type E circulation, the pattern practically did not differ from the one with the western winds
over the north Mediterranean, the eastern winds over the south and the northern winds over
the east. Wind speed seldom exceeded 2.5 m/sec.

In July, when a ridge of the Azores anticyclone was shifted to the west for 16
days, and the northern part of the Mediterranean was under the North Atlantic cyclones
influence, a disordered windfield pattern with frequent changes of directions and speeds took
place. Wind speed exceeded monthly average by 3-7 m/sec. The rest of July (14 days) the
wind field remained normal.

Thus, the July wind pattern was mainly of the eastern direction over northern
Sahara and the northern Mediterranean, of the northern direction over the east, the centre and
the far west of the region and of the southern direction - over the Balearic Islands.

In August, directions and speeds of surface winds did not differ much from those
of the climatic and June winds.

In autumn the windfield pattern was very different in every three months. The type
E prevailed in September, therefore the windfield was similar to June and August ones, but
windspeeds were even lower. That also corresponded very well to the climatic winds pattern.
In October frequent restructurings of circulation occurred with changes of windfields, but
after monthly averaging these fluctuations disappeared. It resulted in mostly eastern winds
over the southern Mediterranean. Over the rest of the region winds were so weak, that the
directions could not be distinguished. That poorly corresponds to the climatic windfield
pattern.

The winter type B set up in November with characteristic windfield. The north-
western and the western winds prevailed, which conformed to the yearly average situation,
and only during 10-day period of the Ew type of circulation the windfield was oriented to
the eastern direction.

As a conclusion it can be noted, that the character of the windfield pattern in 1991
differed considerably from that of climatic either when the atmospheric circulation was
anomalous (December, January, July), or when restructuring was frequent (May, October).

5.2.3. Windfield pattern at the level of 850 hPa.

Maps of baric topography AZ 850 hPa of the Northern Hemisphere at OCh
Greenwich time with wind direction vectors marked on them were studied (Appendix D,
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Figures 13-24), The climatic data were taken from [3, Figures 19-307.

The greatest discrepancies of the real wind at the level of 850 hPa from the normal
wind in 1991 were observed basically in months with anomalous circulation.

In December winds were eastern over the Gibraltar region and northern over the
rest of the Mediterranean. Only over Syria and Asia Minor winds were mostly southern.
Normally, the north-western winds with the maximum intensity over the west of African
coast were observed this month during the observation period.

In January winds remained northern over the eastern part of the region and turned
western over the western Mediterranean.

In February, March and April the windfield patterns were very similar to the
climatic ones, except for the central Mediterranean which was under the influence of winds
of the southern quarter in March.

Steady western fluxes predominated over the whole region in May, even over the
north-western coast of the Sea, where eastern winds usually prevailed this time of year. The
exception was the region adjacent to Pyrenees with the northern winds instead of the southern
ones.

The western winds prevailed over the Mediterranean in June, and the north-
western winds over the Syrian coast. In July the windfield was slightly different from the
multiannual average, except for the Gibraltar region with the south-western winds instead of
the south-eastern ones. The windfield almost alike the climatic one remained in August
either.

The only peculiarity in the windfield pattern was observed in September and
October, which was the south-western winds instead of south-eastern in the west of the
region in September, and the north-western ones in October. Steady fluxes of the western
quarter predominated over the Mediterranean in November. But the maximum windspeed was
observed over the Pyrences, Alps and the Tyrrhenian Sea, not over the northern coast of
Africa as usual.

It should be noted, that the mean monthly values of wind speed were practically
the same as the climatic ones throughout the year. Generally speaking, variations of the real
wind compared with the climatic wind at the level 850 hPa were much less than variations
of the surface wind.

5.2.4. Cloudiness over the Mediterranean in 1991.

The most remarkable feature of the Mediterranean climate is almost complete
absence of cloudiness in summer. In winter mean cloud amount is about 5 over the whole
water basin. From November to February the cloud amount is 5-6 over the central
Mediterranean including Italy, Greece and the Aegean Sea, and 3-4 over the eastern Spain
and Egypt.

In spring cloudiness gradually retreats to the north, therefore cloud amount of 5
is being observed only over the north of Italy and Greece in May. In summer over the north
of Italy the maximum cloud amount exceeds 4, while the rest of the Mediterranean is almost
cloudless. In September cloudiness starts to increase, but insignificantly, until October. In
October cloud amount is 5 over Italy and Sicily, but still no clouds are observed over eastern
Spain and Egypt. In November cloudiness 1s increased to the amount of winter one.

It is known that cloudiness has daily variations. This is the most characteristic of
the Mediterranean winter. Unfortunately, cloudiness monitoring over the water surface is
being carried out exclusively from ships. So the observations are irregular and therefore not
very precise, especially averaged over the month.
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Ship obsery ations from February till December, analysed at the Hydrometeorologic
Centre of Russian FeZeration, were studied for investigation of cloudiness fields over the
Mediterranean in 199. (Appendix D, Figures 25-35). Data for January 1991 could not be
obtained. All the observations inside 5-degree gridcell were averaged over the month and this
value was given to the point with coordinates calculated as the mean arithmetic of coordinates
of ships provided the data in this gridcell. The climatic data on cloudiness were taken from
[3, Figures 39-49].

In Februar. two maxima of cloudiness were observed. The first one was over
Sicily, Corsica and scathern Italy and the second - over the south of Greece. Their location
corresponded well to the climatic field. Cloud amount was 5-6, similar to the climatic data.

In March te cloudiness decreased over the eastern part of the Mediterranean (to
the east of 15°E) and increased over the western part. It was caused by the fact, that while
the circulation type B prevailed over the region, the western part was affected by a stationary
low pressure system and the eastern part - by a ridge of the Siberian anticyclone.

In April the geographical pattern of cloud field was close to the climatic one, but
the general backgrourd was slightly higher than ever, though lower than that in March. The
maximum cloudiness was still observed over the western part of the sea (Algerian coast) and
in the far east of the region.

In May the amount of cloudiness was still gradually decreasing everywhere, except
for the south-eastern part of the region, where it even exceeded 5.5. Thus the region was
under the influence of a general depression, which could be clearly seen on the map of the
May surface pressure (Appendix D, Figure 5).

Cloudiness over the rest of the Mediterranean was similar to the normal one.

" In June the cloudiness field was similar to the normal one either. Average amount
of cloud did not exceed 3.5-4. The only exception was the southern coast of France, where
cloud amount made up 5.5-6. It could be explained firstly by the fact that during 3 days
cloudiness of 8-10 sat in with a deep depression while the circulation type A occurred, and,
secondly that the majority of observations were carried out exactly during these 3 days.

July was almost cloudless over the southern part of the Mediterranean - no more
than 1.5-3. But over the north-eastern Mediterranean the cloud amount exceeded the normal
one by 0.5-1.5 on the average. It resulted from the fact that during 16 days in July
circulation of the El type was observed. Enhanced cloudiness followed the way of north
Atlantic cyclones to quasi-stationary depression over Saudi Arabia.

In August the cloudiness pattern was practically normal.

In September the amount of cloudiness increased by 0.5-1.0 over the central and
the western parts of the region comparing with August and climatic ones. It was caused by
a deep depression while the type C circulation prevailed during 5 days. Over the rest of the
Mediterranean the amount of cloudiness was normal.

In October the cloud amount exceeded the climatic ones everywhere especially
over Sicily and Algerian coast. Cloud amount was up to 6.3 over these regions. The reason
for that was frequent restructurings while the winter types of circulation prevailed.

The general background of cloudiness was similar to the climatic one in November
everywhere, except for the north-eastern part of the region. It was caused by the south-
western periphery of a blocking anticyclone with the type Ew circulation during 10 days.

A blocking anticyclone (type Ew) was located over the western part of the
Mediterranean in December. The result was that the cloud amount was less than usual by
1-2. But in the east, where a low pressure system stayed, mean monthly cloud amount
exceeded normal ones by 0.5-1.5.
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Therefore in 1991 seasonal variations according to climatic ones were clearly seen.
They were disturbed only in the months with abnormal atmospheric circulation.

5.2.5. Mean monthly amount and geographical distribution of precipitation.

Another remarkable feature of the Mediterranean climate is presence of two
distinguished seasons - a "wet" one - from late autumn till early spring, and a "dry" summer
season. This is not true only for the northern part of the Adriatic and the Ligurian Seas
where frequent heavy summer showers bring up to 25% of annual precipitation. In the
northern Mediterranean summer rains makes up 10% of a yearly amount, down south from
40°N - no more than 5%. In the south-eastern Mediterranean there is practically no
precipitation at all in the summer season.

As the beginning of the "wet" season depends on gradual movement of the polar
air masses down south, the "wet" season starts in the northern Mediterranean in October, and
in November in the region to the south from the Gibraltar latitude. Further southward the
maximum of precipitation 13 observed in December and somewhere even in January.

To analyse the precipitation fields in the Mediterranean, maps of mean monthly
precipitation amounts compiled at the Hydrometeorological Centre of Russian Federation
were used (Appendix D, Figures 36-47). Unfortunately, the quality of the used data is rather
poor. Moreover, the discrete nature of precipitation fields rules out any possibility of
interpolation between points of observations. But still, such interpolation in some cases
appears to be the only way to obtain information in the regions where the meteorological
observations are irregular.

The climatic data for precipitation pattern were taken from meteorological maps
[4], because in the work [3] there were mean monthly precipitation fields only for January
and June,

In January 1991 the geographical distribution of precipitation differed from the
climatic one. The principle difference was that the northern limit of the main precipitation
zone, fixed along the isoline 50 mm/month was shifted to the south by 3-5° of latitude, which
made the zone itself more narrow. It was caused by a stationary blocking anticyclone over
the Mediterranean for 15 days (type Ew). During this period of time, there was deficiency
of precipitation everywhere, except for the eastern part of the region. Rains occurred
occasionally, when cyclonic waves passed by over the central Mediterranean, bringing in
damp air masses from the Atlantic.

Other 5 days, when a ridge of the Azores anticyclone stayed over the western and
the central Mediterranean, together with clear, dry weather, in the east of the region - over
the Aegean Sea, Asia Minor and the Syrian coast heavy rainfalls were observed.

The biggest amount of rainfall occurred during 1! days, when a low pressure
system prevailed over the Mediterranean with the types of circulation A and C. During this
period the zone of rainfall was localized according to the climatic standard and rainfall
intensity exceeded a normal one. As a result, monthly amount of precipitation observed was
similar to the climatic one.

In February the precipitation field slightly differed from climatic, due to prevailing
circulation of winter types A and B, The maximum of rainfall over the Libyan coast could
be singled out. This zone originated at the end of deep cyclones passing along the eastern
periphery of a blocking anticyclone over eastern Atlantic during 4 days with the circulation
type A. Over the Libyan coast, in the southern part of a deep high-altitude depression
adjoining the block from the east, cyclones became quasistationary, which resulted in heavier
rainfalls than ever.
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The circulation type B prevailed in the Mediterranean in March. A Siberian
anticyclone was very strong this month, and its western periphery reached the Adriatic coast.
Thus, while in the western and the central parts of the region the geographical distribution
and the amount of precipitation were close to the normal ones. In the eastern part of western
Greece especially, deficiency of precipitation was observed.

In April the precipitation field was determined by the types B and C in their
classic form and practically did not differ from the monthly average.

In the first half of May the winter type B prevailed in the region, in the second
half - the summer type E. As a result, a ridge of an Azores anticyclone was observed even
in the field of mean monthly surface pressure in May (Appendix D, Figure 5) over the
southern, western and north-western part of the Mediterranean. Within this ridge zone, the
geographical distribution and amounts of precipitation were close to normal ones. The eastern
and the north-western part of the region were under vast depression. Precipitation amounts
in some places exceeded the climatic values by 50-100 mm.

In June the summer type E circulations were not observed at all or were
insignificant. During 3 days only, when a deep depression with an axis along 5°E (type A)
meridian intruded into the central part of the region, heavy rainfalls were observed over the
Balearic Islands and northern [taly particularly. In general, precipitation field was close to
the climatic one.

The atmospheric circulation in July was defined by both type E (14 days) and type
El (16 days). Therefore a belt of heavier rainfalls was formed along the path of the North
Atlantic cyclones from Britain to the northern coast of the Asia Minor Peninsula while the
type El prevailed. There were practically no rainfalls over the rest of the region.

In August the precipitation pattern corresponded to the climatic one completely.

The anticyclone type E still prevailed in September but during 5 days, during the
type C circulation, a deep depression was formed over the center of the region along with
cloudy, rainy weather, resulting in monthly precipitation amount higher than usually by
25-50 mm.

October was characterized by prevailing of the winter circulation types B and A.
Therefore the amount of precipitation was higher than normal by 20-30 mm all over the
Mediterranean. It should be noted, there were no observation data over the south of the
region.

The winter type B still prevailed in November, resulting in higher precipitation
amounts over the central Mediterranean by 20-30 mm. But the type Ew stayed in during 10
days. The centre of a blocking anticyclone was shifted by 15-20° to the east, and there was
a deficiency of precipitation in the north-eastern part of the region.

In December the Mediterranean, excluding the eastern part, was under a strong
blocking anticyclone (type Ew). Rainfalls were practically absent. Rainfalls occurred during
6 days only with the circulation types B and C, but the monthly amount appeared to be by
30-50 mm lower comparing to the monthly average. On the other hand, in the east of the
region, under deep altitude depression, active cyclones caused the amount of precipitation
4-6 times higher than ever. Therefore, in December, both geographical distribution and
monthly amount were quite different from the climatic ones.

Thus, the analysis of synoptic situations, surface and 850 hPa windfield patterns,
cloudiness and precipitation fields allowed to sort out the principle types of the atmospheric
circulation over the Mediterranean in 1991 and to estimate their duration. It turned out that
there were periods of time when all the above mentioned meteoelements were close to the
climatic ones. On the other hand, serious anomalies of these meteoelements took place during
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some months. In particular, December, January. May, July and October should be singled
out. The character and possible reasons for these anomalies are analysed in details in this
chapter. More detailed analysis of the atmospheric circulation parameters and the estimation
of their impact on the air pollution transport requires special methods.

5.2.6. The main atmospheric transport patterns

Monthly averaged wind speed components are hardly representative in respect to
transport directions. For example, while a cyclone moves along certain trajectory line (Figure
5.8), intensive air masses exchange is going in both directions across the line, especially that
the cycloids, along which air pollutants are being transported across that line almost
perpendicularly. After monthly averaging of the wind components one will get, as a rule,
almost complete absence of the transport. "Averaged wind" trajectory will be stretched along
the line. Therefore, assessment of mutual transport will be greatly underestimated, because
the transport according to "the averaged wind" will take place along the line, not across it.

Climatologically, transport can be characterized with a set of direct and reverse
trajectories. The results of monthly averaged 5-10 day reverse trajectories for 10 years for
the western part of the Mediterranean and similar data for Israel for 5 years are given in the
work [3].

It is shown [3, Figures 32-35], that climatologically characteristic directions of
transport are: for the western point - primarily from W to NW, for the eastern point (except
for December) from NW to N.

We did not calculate the trajectories, but the analysis of depositions from separate
countries for the calculated year (see Chapters §-10) shows, that the climatological direction
of transport remained the same in 1991 (see also Appendix B).
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Fig. 5.8. Calculated trajectories of a particle (plume) moving along some trajectory
line in a cyclone for different periods of averaging.
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V1. EMISSION

Pollution of the atmosphere by sulphur and nitrogen oxides, ammenia and heavy
metals results from the human activities such as mining, different kinds of industry,
agriculture, transportation and waste incineration.

6.1. Main sources of emission
6.1.1, Sulphur dioxide.

Sulphur dioxide (SO,) was one of the first pollutants to be inventoried due to its
impact on human health and input to acid deposition. SO, is one of the air pollutants the
emission of which is easy to quantify since it results from fossil fuel combustion and hence
depends on the sulphur content in the fuels.

According to the CORINAIR inventory [1], about 66% of the total SO, is emitted
by power plants and non-industrial (domestic) combustion, 19% by industrial combustion,
7% by oil refineries, 3% from road transport and the remaining 5% from various production
processes, many of which also include some use of fossil fuel.

About 55% of SO, emission in the CORINAIR inventory were produced by large
power plants. These power plants are relatively few in number: there were 1446 point
sources inside the EMEP grid with thermal heat input greater than 50 MW. Second important
industrial source of the SO, emission are both ferrous and non-ferrous metallurgies.

6.1.2. Nitrogen oxides

Nitrogen oxides (NO,) usually include two pollutants - nitrogen dioxide (NO,) and
nitric oxide (NO). In comparison with SO,, NO, is a less important, yet significant
contributor to acid deposition. NO, is significant in terms of impact on human health. In
addition, NG, and NO are precursors of ozone (O;), a greenhouse gas.

Similar to SO,, NO, emissions are strongly dependent on fossil fuel combustion.
The CORINAIR inventory indicated that 93% of the total NO, emission is emitted from fuel
combustion (including 54 % from road transport, 24 % from power plants and 6% from non-
industrial combustion), 2% from oil refineries and 5% from production processes (the latter
2 categories being also dependent on the use of fuel to some extent).

6.1.3. Ammonia

According to CORINAIR inventory, 80% of the atmospheric ammonia (NH;)
emission are produced from the decomposition of livestock wastes from domestic animals.
About 10% of NH; atmospheric input take place due to nitric fertilizers application. The rest
of NH; emission originates from other sources, mostly from industrial nitric fertilizers
production,

6.1.4. Heavy metals

Most heavy metals are toxic to plants and animals, but the toxicity depends on the
concentration. Many metals play a key role in different life processes, and a small but
continuous supply is necessary for most living organisms.

All heavy metals occur naturally at various concentration levels in air, soil, water
and living organisms. Since the beginning of industrialization the concentration levels of
many metals in nature increased considerably. Metal-containing particulate matters are
emitted from different kinds of industries and subject to long-range transport via air before
their effects could be recognized in the ecosystems. However, a significant part of the
atmospheric heavy metal pollution results from burning of coal and oil, which was increasing

39



continuously in the XXth century. During the last decades the contribution from waste
incineration and automobile traffic also increased the heavy metals emissions.

Air pollution by heavy metals from local and distant sources impacts the
environment both as dry and wet deposition. Large particles deposit close to emission
sources, while smaller particles in the form of aerosols can be transported hundreds of
kilometers in the atmosphere.

Four metals were chosen for their transboundary transport assessment - As, Pb,
Cd, Zn in the present report. The atmospheric pollution by these species takes place
primarily due to the emission from non-ferrous metallurgy enterprises and fossil fuel
combustion at power plants [2]. These powerful, as a rule, point sources are relatively few
in number but they are of very significant importance in transboundary air pollution. The
Table 6.1 shows the distribution of heavy metals emissions from various categories of

sources [2].

Table 6.1. Atmospheric emissions of heavy metals from various categories of
sources, in %

HEAVY | POWER WASTE FERROUS MON-FERROUS ROAD OTHER
METALS | PLANTS | INCINERATION | METALLURGY | METALLURGY | TRAFFIC
Zn 5 6 23 57 - 9
As 7 8 4 74 - 7
Cd 13 15 5 65 - 2
Ph 2 2 4 15 76 I

In another study [3] the following sources and effects of heavy metal pollution are
also mentioned:

A. Arsenic

Arsenic is emitted to the atmosphere mainly from coal combustion and more
locally from mining industry. Minor emission sources are glass industries and the use of
arsenic in pesticides and wood preservatives. Arsenic is moderately toxic to plants, but highly
toxic and cancerogenic to mammals.

B. Cadmium

Cadmium is emitted to the environment as a result of the use of phosphate
fertilizers in agricultural areas and through the emission from waste incineration and
combustion of fossil fuels. Other emission sources are mining and metal industry especially
as a by-product of zinc refinement. Cadmium is moderately toxic to all organisms, but is a
cumulative poison. In mammals, cadmium is accumulated in kidneys and liver. Since
acceptable daily intake is very low for humans, a restrictive legislation now controls the use
of cadmium.

C. Lead

Lead is a local pollutant near mines and industries and along roads originating
from the combustion of leaded gasoline. Long-range atmospheric transport from densely
populated areas of Europe plays an important role for the background concentrations in
remote areas. Lead is very toxic to all plants, but is usually tightly bound in the organic top
soil layers. It is moderately toxic to mammals, where it acts as a cumulative poison; children
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seem to be especially vulnerable.

D. Zinc

Zinc is mainly emitted by the metal industry. Zinc is essential to all crganisms as
a constituent of many metalloenzymes and of several proteins and zinc deficiency may in
some cases be a problem. At higher concentration it is moderately toxic to plants, but only
slightly toxic to mammals.

6.2. Emission data

Data on sulphur and nitrogen oxides and ammonia emission from considered
countries for 1991 are given in Table 6.2. The same table contains the abbreviations used for
countries names, groups of countries and individual water basins. The emission data for
Europe used in the calculations were based on official information submitted to the
Secretariat of the UN Economic Commission for Europe (ECE).

Emission estimations made by MSC-W/Co-ordinating Chemical Centre (CCC) [4]
when official data are absent are taken into square brackets,

Emission estimations made by MSC-E are taken into parentheses.

Emission estimations for sulphur and nitrogen oxides for the Mediterranean
countries within the limits of the calculated region but outside the EMEP grid were based on
assessments made by MSC-W/CCC for the north Africa (Algeria, Tunis, Libya) [4]. Specific
values of the above mentioned compounds per capita for these north African countries were
used for the emission estimations in the region of calculation allowing also for the industrial
development level and population [3].

The main source of ammonia input to the atmosphere in the majority of countries
is cattle breeding, NH, emission estimations were made on the basis of available data on
quantity of domestic cattle and poultry in each country and averaged emission factors for
each species [5,6,7,8].

Emission from the sea area is taken from international shipping [4].

Figures 6.1-6.3 give maps of sulphur, and oxidized and reduced nitrogen emission
intensities for each square of the calculated region, Figure 6.4 shows the emission seasonal
variations in conventional units.

Slightly altered data on the national totals for the heavy metals emission of the
countries located in European part of the EMEP grid were taken from [2], the same is true
for the gridded emission for the same territory. Data on the national totals are given in Table
6.3, Figures 6.5-6.8 and show the gridded values, used in the calculations.

Assessments of the national totals and gridded emissions for North African and
Middle East countries were made at MSC-E. These figures are taken info parentheses in
Table 6.4. Estimates of heavy metals emissions per capita and population in the countries
with similar economic development level were used for the calculations.

All the above mentioned estimations of the heavy metal emissions are referred to
1982, because the only complete set of information for all four considered metals was found
in [2] for this particular year.

It must be noted that the heavy metal emissions for As, Cd and Zn are presumably
rather underestimated. Only sufficiently powerful point sources, amounting to 1424 in Europe
[2] were taken into consideration. Therefore a number of activities, such as open mining or
phosphate fertilizers application, greatly contributing in some areas to the pollution of the
atmosphere by As and Cd [3] were not quantitatively assessed. With regard to the Zn
emission, in work [9] the total emissions of western and central European countries are
estimated to be nearly 2 times greater than that in work [2], and this difference reaches the
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Table 6.2

Sulphur and nitrogen compounde emission in 199%1.

Emission, kt Emission, kt Emission, kt
EMITTERS NOTATIONS per year: per year: per year:
Sulphur dioxide as S | Nitrogen as N Ammonia as N
Albania AL (55) (12) [25]
Austria AT 49 64 [70]
Belgium BE 207 95 [91]
Bulgaria BG 633 47 [104]
Czech, Slovak Rep. Cs 1222 300 [167}
Denmark DK 92 36 99
Finland F1 130 38 35
France FR 685 551 [636]
Germany GE 2870 983 1062
Greece GR 250 227 (64]
Hungary HU 505 72 140
Iceland IS 3 4 2}
Ireland IE 95 40 [138]
Italy 1T 1090 536 [338]
Luxemburg LU 3 6 [5]
Netherlands NL 101 167 193
Sweden and Norway SK 109 193 81
Poland PL 1498 367 413
Portugal PT 102 37 [58]
Romania RO 900 [119] {305]
Spain ES 1158 255 [282]
Switzerland CH 31 53 50
Turkey TR (200) 61) (395
United Kingdom GB 1887 831 (385)
Yugoslavia** YU 740 128 [174]
Russia*, Turkmenistan, RF 2233 800 [1386]
Kazakhstan, Uzbekistan
The Ukraine UR 1391 334 [702]
Moldova MOL 82 15 140]
Armenia, Georgia, Azerbaijan ZXV 119 71 [111}
Belarus BR 281 79 (189}
Estonia,Latvia,Lithuania PBL 196 47 [135]
Morocco* MOR [16] @ 3]
Algeria* ALG [120] [15] (82)
Tunisia* ‘ TUN [60] {6] (38)
Libya* LIB [60] 17 (34)
Malta MAL (2) O (1)
Cyprus CYP ) 2) (¥3)]
Syria SYR (80) (9 (58)
Lebanon LEB 25) (3) %
Israel* ISR {60) (24) (16)
Egypt* EGP (125) (15) (33)
Jordan* JOR (15) (6) (3)
North Sea, English NOS {87} [58]
Channel (I.a Manche)
Baltic Sea BLT (36] [24]
Strait of Gibraltar GBR [6] [4]
Atlantic Qcean ATL [149] {95]
Total 19638 6941 8164

* . within the calculation area

** . all countries located on the territory of the former Yugoslavia.
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Table 6.3 Heavy metals emission in 1982 (tons/year).
Emitters Notations As Pb cd Zn
Albania AL 16.5 170 1.10 37.0
Austria AT 25.0 1031 5.80 175.0
Belgium BE 85.0 2090 13,00 697.0
Bulgaria BG 150.0 1500 64.90 1724.0
Czech Slovak cs 94.0 1376 24,25 756.0
Denmark DK 9.5 573 5.90 120.0
Finland FI 106.0 996 7.95 211.5
France FR 147.0 8654 36.20 3311.5
Germany GE 398.,0 7691 120.40 4538.0
Greece GR 14.0 1104 3.60 175.5
Hungary HU 18.5 €57 4.35 203.0
Iceland IS 0.1 37 0 1.4
Ireland IE 5.0 438 0.90 43.5
Italy IT 96.5 8576 35.85 1949.0
Luxembourg LU 3.0 165 0.690 93.0
Netherlands NL 34.5 2124 5.50 307.0
Sweden & Norway SK 226.0 1728 18.60 504.9
Poland PL 596.0 3086 180.45 4023.0
Portugal PT 11.5 398 2.00 100.5
Romania RO 114.5 1327 42.60 645.0
Spain ES 268.0 4215 134,85 3982.5
Switzerland CH 4.5 451 1.40 64.0
Turkey TR (39.6) {2220) (12.32) (611.6)
United Kingdom GB 119.5 8508 30,75 2296.0
Yugoslaviaxx Yu 271.5 1950 85,60 1804.5
Russia*,Turkmenistan, RF 1784.3 18273 186.45 7566.4
Kazakhstan,Uzbekistan
The Ukraine UR 130.8 6825 50.66 2150.4
Moldova MOL 3.5 473 1.06 12.0
Armenia,Georgia, ZKvV 231.7 2596 71.12 2774.6
Azerbaijan
Belarus BR 16.7 1324 4.05 66.6
Estonia,lLatvia, PBL 11.8 1014 3.05 92.0
Lithuania
Morocco MOR (2.0) {80) (0.50) (27.2)
Algeria ALG (15.7) | (1149) (3.95) (204.0)
Tunisia* TUN (7.1) {338) (1.80) (90.6)
Libya* LIB (3.9) (399) {(0.79) (47.0)
Cyprus CYP (0.7} (26) (0.20) (5.0)
Syria SYR {11.3) (565) (2.70) (136.0)
Lebanon LEB {(3.0) (325) (0.70) {35.0)
Israel* ISR {4.0) (440) (1.00) (62.0)
Egypt* EGP (17.5) (832) (4.37) (144.8)
Jordan* JOR (1.7) (75) (0.58) (26.1)
Total 5054.4 95799 1171.85 41818.4

* - within the calculation area
** - all countries located on the territory
of the former Yugoslavia
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factor 10 for some countries.
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Fig. 6.5. Cadmium emission intensity in grid squares of the calculation region
(10 kg Cd/year),
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Fig. 6.6. Lead emission intensity in grid squares of the calculation region
(1000 kg Pb/year).
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Fig. 6.7. Arsenic emission intensity in grid squares of the calculation region
(100 kg As/year).
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Fig. 6.8. Zinc emission intensity in grid squares of the calculation region
(100 kg Zn/year).
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VII. MODELLING OF ATMOSPHERIC POLLUTANT TRANSPORT AND

DEPOSITION

The anthropogenic pollutants emitted into the air are transported downwind
{advection) and dispersed along the horizontal (horizontal diffusion) and vertical (vertical
diffusion). The pollution can be captured by precipitations and accumulated by clouds and
washed out with them. In addition pollutants deposit due to gravitation (large particles with
sizes more than a micron) and are trapped by the underlying surface (dry deposition) as well
as they undergo chemical transformations. The latter is of a particular importance since
initially inert species can be transformed into harmful substances or can provoke their
formation. For example, NO (inert gas from the biological point of view) being transformed
into nitric acid and nitrites in combination with volatile compounds may produce high ozone
concentrations in the lower troposphere inflicting an adverse impact on biota. At the same
time other NQO, entering the stratosphere destroy the stratospheric ozone layer required for
the protection of biota from ultraviolet radiation.

7.1. Chemical and phase transformations

7.1.1. Physical-chemical transformation of sulphur ovides, nitrogen compounds and
ozone.

Sulphur and nitrogen compounds entering various reactions undergo not only
chemical transformations but also transfer from one phase to another (gas-aerosol) [1].
During these transtormations changes in impacts on natural and other objects as well as in
parameters of the process itself take place.

The development of a comprehensive model for chemical transformation for
sulphur, nitrogen, peroxylacetylnitrate (PAN}) and ozone is connected with a number of
principal problems. A great number of intermediate reactions and reagents involved in the
transformation of these substances and high reaction rates result firstly in the fact that
reaction parameters and concentrations of many involved species (especially free radicals)
are badly known and secondly more or less “"complete" transformation schemes, being
calculated with the help of equations, require so much computer time that cannot be afforded
for routine calculations even if super computers were available.

Therefore a model chemical scheme should meet the following requirements:

a) As far as possible intermediate reaction products are excluded from the scheme.
Substances which concentrations are measured and information on which is an objective of
modelling are considered.

bj) Chemical transtormations of nitrogen oxides are in close connection with ozone
concentrations and affect them greatly. Therefore concentrations of ozone and nitrogen oxides
are calculated together.

c) Reactions occurring parallel (or chains of reactions) are reduced to a
sumimarized reaction. In sequential reactions the slowest reactions are singled out.

d) In groups of reversible reactions the time of equilibrium establishment is
determined by the fastest reactions. In these groups the equilibrium is calculated at each time
step.

For the chemical scheme development the result and gained experience of
investigations [2-11] were used, More detailed description of the scheme is given in [12].

A set of equations corresponding to chemical transtormations shown in Figure 7.1
is written for an atmospheric column with unit bottom area of 150x150 km? (calculated grid
cell). The upper limit is not prescribed - the mixing layer may be different for different types
of pollutants,
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The emission of SO,, sulphates, NO, NO,, NH; and volatile organic compounds
(VOC) and chemical transformations depending on solar radiation, temperature and humidity
take place in the column. Poilutants are removed from the column due to deposition and
transport across lateral sides (advection) and inside the column the pollutants are redistributed
along the vertical by turbulent diffusion. Calculations of these processes are made
individually aside from those of chemical transformations therefore they are not taken into
account in equations of the chemical scheme. The assumed notations are presented below:

[C] - concentration (mass in a calculated grid) of

substance C;

K,,...,K;; - reaction constants (see Table 7.1);

d(C) - concentration increment at a unit time step:

q{C)-emission of substances given in brackets (NO,=NO+NO,,

S0,=50,+S0,%, YOC —volatile organic compounds),

a and b - fractions of NO and SO, in the emission;

2(0;) - background rate of tropospheric ozone formation;

(NH,), s SO, - mixture in equal tractions of NH;HSO,+(NH,),SOy;

NO,~ - substances incorporating ion NO; in addition to HNQ, and NH,NO;;

SQO,= - all substances containing ion SO,~;

R - free radicals (ozone potential).

Equations of the chemical transformation scheme of nitrogen oxides, sulphur
oxides, reduced nirrogen, ocone, peroxylacerylnitrate (PAN) at the presence of volatile
hydrocarbons (VOC) (coeffictent and parameter vaiues - see Table 7.1):

d(NO) = =K, [O5][NO]+K,[NO,] — K,[NOJ[R] +aq(NOy);
d(NOy) = —d(NO) —d(PAN) — K,[NO,] —K;[O5][NO,] +q(NOy);
d(O5) = —K;5[05] =K, [O3][NO] = K;{C:][NO,] +K,[NO,] +g(0s);
d(HNO;) =K,[NO,] ~K,[HNO;] + K, [NO; "]~ d(NH,NO,);
d(NO;7) =K;[Os][NO,] + K [HNO;] = K([NO;7];
d(NH3)= —1.5d((NH,), s8O,) —d(NH,NO;)+q(NH.);
d(PAN) =K[R][NO,] = KsPAN];
d(SO,)=—-K,J[SO,]1+bq(S0y),
d(SO;7) = ~d(SO,} +q(S0);
d((NH)), ;SO =Mmimum([NH,J/1.5;K,, [SO,});
d[NH,NO:] = (INH;]+[HNO:])/2 — (([NH;] — [HNO:])* +4K,,)! 72
at ([NHJ+[NH,NO;)([HNO,]J+[NH,NO:]) > K,
= —~[NH,;NO,]
at ([NH;}+[NH,;NOM[HNO;]+[NH,NO;]) =K,
d(R)=—K;[NO][R]~K;[R}[NO,] + K(PAN] - K 5[R]+q(VOC).

Many reactions depend on the availability, level and spectrum of solar radiation.
The latter is determined by the atmosphere state, latitude, local time and season and cloud
cover density. Latitude and time determine the solar zenith angle Z. It is usually assumed
that reaction rates vary proportionally to the function:

F(Z)=exp(-r/cosZ)

where r - constant characteristic of a given reaction. For the majority of reactions r value is
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known to be approximately within the range of 0.5-2.5. In modelling relative (dimensionless)
values of radiation are used. They are calculated by the formula:

S=S,,(L)cos(Mr/6)+S,(L)cos(Tr/12)

where Sy (L) and S,(L) - functions of latitude L taken from reference tables; M - number of
a month of the year; T - local time in hours.

The radiation level at latitude 35° at equinox, at noon is taken to be S=1 (it
means, that 0<S <1.2). It is supposed that radiation decreases proportionally to cloud cover
thickness (density). The final parameterization of the chemical scheme is specified on the
basis of statistical analysis provided by the EMEP network data given in [13].

Table 7.1. Coefficients and parameters of chemical transformation scheme

Coefficient or parameter Unit VYalue or formulae

K, m*/(umole » hour) 15.24+0.068T
K, 1/hour 125
K, m*/(umole = hour) 11008%4+0.25
K, 1/hour 0.088?
K, m*/(umole = hour) 1287
K L/hour 28.6 * 10Yexp[-12530/T]
K, m>*/(umole = hour) 5.625 = 10°(T-228.7)
Ks 1/hour 0.015
K, 1/hour 0.06
Ko 1/hour 138500exp[-4517/T)
K [#mole/(m? = hour)]? ik
K, I/hour 0.03
Kis 1/hour 0.005+0.28

g(0,) pmole/(m? = hour) 0.04458°+0.215+0.03
a,b relative units 0.95

##% K 1=1.12 = 10™ * Ho = [exp(-24220/T)](298/T)%!
where Ho = (100-H)/38 at H=62 and Ho = 1 at H<62;
dependence K;; (T,H) is taken from data [14].

Notations:

T - temperature, in K°,

S - relative insolation (see text),

H - relative humidity, in %
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7.1,2. Heavy metals
Heavy metals are emitted into the atmosphere, as a rule in the form of stable

chemical compounds. Since the life time of such metal containing aerosol particles is several
hours or days, metals can be considered chemically completely inert additive. In any case,
the effective toxic properties of the metal under possible chemical transformations ought to

be considered invariable.
7.2. Deposition processes and their modelling.

7.2.1. Vertical diffusion and dry deposition and their account in the calculation

model.
The consideration of dry deposition is particularly important for the Mediterranean

region which has a dry season when the input of airborne pollution into the water basin and

adjacent counties is determined mainly by this process.
The dry deposition quantity depends on poilutant concentrations in the near surface
(water) layer C(z=0,r), vertical diffusion coefficient K. boundary layer height 4, and dry

deposition velocity V, (z - vertical co-ordinate, 7 - time).
It is known that dry deposition velocity V, is determined as a coefficient in the

equation

gmm:-v,c(o, ) (7.1)

connecting concentration Cfz=0,s) in surface (near water) layer and pollution amounnt m(r)
in an air column

m(t)=j C(zt)dz
0

For modelling we introduce an equivalent mixing layer H(r)

_.m(t) 7.2
H(t) 00 (7.2)

for which the equation from papers [16,17] is used:

2v +2Kz H<H,
H 777 zH ¢ (7.3)
at {U.ZKZ B2H,
rH
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Hence for calculation of

c(o,t) =—’I’11—%)

a closed system of differential equations (7.1) and (7.3) relative to H(r) and m() is obtained.
Figure 7.2 shows dependencies of A, on the temperature and underlying surface
type used in the moedel when data on the boundary layer height are not available in the
meteorological information [40].
For the coefficient of vertical turbulent diffusion the model uses a dependence of

K, on temperature:

K,=2.2[m2/s]exp(0.14T[° C))

This dependence was obtained by regression analysis of K, budget estimates for
different temperatures [15].

The dry deposition velocity V, for gases is determined by their physical - chemical
properties and by properties of the underlying surface and for aerosols - mainly by particle
sizes (see Section 7.2.1.1 and 7.2.1.2).

7.2.1.1.  Sulphur and nitrogen compounds.

Since aerosol phase of sulphur and nitrogen compounds is composed of particles
with diameters less than 0.1 um, then liquid and gaseous phases of these substances can be
considered a "weightless pollutant”.

For the estimations of V, of gases and aerosols with particle sizes less than 0.1 um
we used data available in the literature [18] and the information of two types. First, the direct
measurements carried out in Poland as a contribution to EMEP [19]. The data provided
rather comprehensive picture of the underlying surface impact on dry deposition velocity. In
particular these data indicate that the extent of surface moistening strongly affects the
variations of V, for SO, But these data are valid only for positive temperatures. Second, the
budget estimates of V, for the whole EMEP territory [15] were used for the present
calculations. It was shown that mean V, is abruptly changed at the temperature about 0°C,
i.e. when water freezes. Therefore the following formula is used for V, calculation:

Vd=VdOK(TIPJF)r

where V,, - dry deposition velocity for dry surface;
K (T,P,F,) - factor depending on temperature 7, precipitation amount P, and
underlying surface type F (F=2 for water, F=1 for grid squares with
mixed surface type, F=0 tor land).
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Values of V,, and function types K(7,P,Fy are given in the table:

Substance VY, cm/s K(T,P, F,)type
SO,, NH, 0.3 l
Aerosols (SO,%, NH,NO,, 0.1 ]
etc.)
NO, 0.1 2
PAN, R(VOC) 0.1 2
HNO, 1.0 l
1. K=1 a7<-2°C andany Pand F
K=1 atT>-2°C P=0 and F=0
K=2 atTz22C F=1or Imm/h>P>0
K=3 at7=-2°C F=2 or P=1mm/h
2. K=l atT7T<-2°C andany Pand F
K=1 at7T>-2°C F=0 and P=0
K=0.5 at T=-2°C F=1 or Imm/h>pP>0
K=0 atT=-2°C F=2 or P=1mm/h

7.2.1.2, Heavy metals

In dry deposition of polydispersed smoke particles two processes are impertant
sedimentation (gravitational deposition) and trapping of particles by the underlying surface.
The first process is important for particles with sizes more than 1 pm. At the san-e time
particles with sizes above 0.1 um cannot be considered as Brownian ones. Therefore in case
of particles with sizes 0.1-1 pin relative minimum of dry deposition velocity is observed. In
the first approximation the dependence of integral deposition velocity on particle sizes is
shown in Figure 7.3, The curve is plotted on the basis of data trom [20,21]. This figure also
shows sedimentation velocities obtained in [21] for different ranges of particle sizes D.

Figure 7.4, is a histogram showing particle distribution with sizes characteristic
of a thermal power station as well as of other enterprises. The effect of gas treatment with
the help of usual techniques was considered in this histogram [22].

In order to make estimation of dry deposition, data similar to those of Figures 7.3
and 7.4 may be used. Each particle size range (traction) is assigned with appropriate mean
deposition velocity and depositions from all the fractions are swmmed. This approach gives
rise to a problem of selection of the D ranges and computer resource conswmption,

Quite difterent approach is possible when a certain velocity can be prescribed to
all particles for every time s. This velocity V,(r) is mathematical expectation of V,(t), i.e.

Vi=[Vimvav,/[ m(v,)av, (7.4)
o 0

where m(V dV, - particle mass with deposition velocities between V, and V, +dV,
For the model calculation of V,() equation from [16] has been introduced:
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Ve o

7 Vim)/H) (7.5)
at V2o

where ¢~ variance of V,(0).

7.2.2. Wet deposition
The process of pollution scavenging trom the air and its accumulation in clouds

is one of the main processes of the atmosphere cleaning with simultaneous pollution of the
underlying surface. A critical characteristic of it is the Langmuir washout coefficient (A)
connecting pollution amount #(7) in an air column with its scavenging velocity:

am
—==-Am {7.6)
dt

If surface saturation of drops (flake of snow) in subcloud layer may be neglected in the
process of scavenging then as it is shown in paper [23] A is determined as:

A=BS,I/v, (7.7)

where S, - surface of a precipitation element, v, - its volume, 7 - precipitation intensity (for
example, mm/h), (- trapping efficiency factor.

The relative surface of precipitation elements S,/v, (and consequently p,) strongly
depends on precipitation intensity and on its type. If we consider data presented in [24] then

Sy/v, for rain is:

So/v,=6(F+I)/FD (7.8

where D - maximum effective diameter of a drop (D= 1.5-2 mm) and /,= 0.8 mm/h. For the
snow relative surface varies slighter depending on precipitation intensity:

So/v,=6(I+1,)/ID (7.9)

where D=5 mm and /,= ! mm/h and most probably it is connected with the formation of

the near-surface air layer around snow flakes.
The value of 8 strongly depends on precipitation type (snow, rain, etc.) and on

drop or flake size as well as on scavenged particle sizes.
According to Brownian motion theory of Einstein on the one hand and Langmuir

theory on the other it is possible to accept the following approximation:

B = Bol{D,AD+D,) +D?p/(D?p-+DE pp)] (7.10)

where f3, - efficiency factor at the "ideal" contact of precipitation elements and pollutant:
(B,=0.25 for rain and 8,= =0.5-1 for snow); D, - doubled-radius of Van der Vaals for
gaseous molecules (D,= 10" um); D - characteristic size (diameter) of washed out particles;
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p- density of trappe< particles; D, =3 pm - particle diameter corresponding to trapping
efficiency 0.5 (at (D >D,) [21], o= 1 g/lem® - particle density.

In (7.10) :he first component in square brackets describes diffusive (Brownian)
trapping, the second component - nertial trapping. Minimum £ =0.08 corresponds to value:

Dmmﬁ'(DOD;)U5=0.5ym {7.11)

Dependence of § on D is shown in Figure 7.5, This figure also shows the
dependence of § on D for precipitation intensity 1 mm/h calculated by (7.10) and (7.11) in
comparison with est:mations given in [21] and particle size spectrum over the continent
according to [25]. It can be assumed that the spectrum shape is predetermined by the
minimum on curve G (D).

Now consider the situation when D=D, (gases and aerosols with D<0.01 um)
and the saturation efTect characteristic of such substance. It is quite possible that this effect
is true for larger particles but no experimental data are available to check this hypothesis.

Non-linear character of washout processes relative to concentrations of washed out
pollutants and not only to the precipitation intensity, became clear to investigators at the
beginning of the 80's when sufficiently representative measurement data became available
[13]. Later a number of authors made investigations of kinds of these non-linearities [26-29]

An analysis and interpretation of these measurement data and development of a
non-linear submodel of washout on their basis for the first time have been made by MSC-E
[23].

The dependence of washed out substance concentration in precipitations-p on its
air concentration-a is the main characteristics of the washout process.

An analysis of voluminous experimental data accumulated in the course of the
EMEP implementation [13] made it possible to determine that dependence p(a) for sulphur
and nitrogen oxides has saturation at some p=p,. At constant precipitation intensity these
dependencies can be described by relationship:

p=p,l1 -exp(-2/2,)] (7.12)

where p, and «, - parameters depending on the precipitation intensity and pollutant type.

Figure 7.6 gives curves (7.12) for summer and winter halves of the year for sulphur
and nitrogen oxides,

At first the p(a) curves growth is [0*-10° times greater than the equilibrium one
corresponding to Henry's law for sulphates and nitrates. At the same time the saturation of
the p(a) curves takes place at concentration p, which is 10%-10* times lower than the
saturation concentrations for the same compounds.

In [23] on the basis of data [30] it was shown that p, and «, values in (7.12)
correspond to the saturation of precipitation element surfaces compactly packed by molecules
(or ions) of trapped substance and p,=0.1 umole/l and @,=0.1 pmole/m*. However, until
now it remains unknown how certain pollutants could "help" or impede scavenging of the
others.

Actually the air concentration is a function of z and time therefore more complete
description of the washout process is a sét of partial differential equations [23]. During the
washout process the vertical redistribution of pollution takes place due to three factors.
Firstly, scavenging occurs "from top to bottom" since at the upper part of the subcloud layer
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precipitation elements are not saturated and scavenging is more intensne i this part
(Figure 7.7). Secondly, downgoing air flows entrain pollutants from upper to lower layers.
Thirdly, since gas concentrations in falling drops are much higher than equilibrium ones (for
example, SO,) the part of gases which was not oxidised while being deposited on the ground
surface enters again the atmosphere. The occurrence of the latter two effects is confirmed
by statistical data on the growth SO, and NO, surface concentration when it starts
precipitating [30].

The usage of a full model [23] for practical calculations leads to unjustified
sophistication of computations. In order to develop an approximate model we use estimate
of the pollution amount Am, scavenged by precipitations for A r time period from the unit
area:

Am, =mpylAt/(m-p,JAE+m,) (7.13)

where m -~ is a value characterizing the maximum trapping capability of precipitations. The
value of m, is about 0.1 gmole/m? for rain as well as for snow.,

The problem of rain drops saturation for pollutants producing cations in solution
(for example, NH,™ or metals) is remained open. In the discussed mode! effects connected
with saturation (in case of cations) are not considered, but dependence §, /v, on precipitation
intensity and its type is taken into account.

7.3. Modelling of horizontal transport

In order to consider the non-linearity of physical-chemical processes and wind
variations along the vertical it is necessary to apply calculation schemes for herizontal
transport and diftusion which operate with total masses in grid cells. For calculations of wie
long-range transport the schemes with a small pseudodiffusion and adequately describing
impulsive impacts on pollution concentrations (precipitations, point sources) are required.
The most advanced Eulerian schemes do not meet these requirements [31,32].

In this context MSC-E has developed combined advection schemes. Practically
they may be applied to any computational scheme of vertical diffusion and dry deposition.

A scheme with variable time step is used in these calculations. The scheme
provides high caiculation speed and is used mainly in long-term current calculations of the
pollution transport from continuous sources, since it has some uncertainty in the estimate of
pollution arrival within several hours.

"Lagrangian” and "Eulerian” steps of transport are completely separated. At the
"Eulerian” step the mass and first moments exchange between cells are calculated, At the
"Lagrangian" step we determine the moment of a cell mass transport to a neighbouring cell
and the pollution input and scavenging process.

In order to carry out the Lagrangian phase of computations virtual trajectories
coming from the cell mass center are calculated. The mass center prescribes only the initial
position of the virtual point but the mass center shift does not affect the virtual point in
future. The mass transport to an adjacent cell takes place when the virtual point (the
trajectory end) is transmitted to a cell-receiver. Since the co-ordinates of the virtual point are
the transported mass center the intercell transport velocity is exactly the wind speed, as it is
in Lagrangian models. - _ T

Masses entering a cell are summed and the co-ordinates of their common center

are calculated under the condition of mass center conservativity.
The scheme equations do not have terms describing horizontal diffusion of
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pollution. It is explained by the fact that at the calculated distances (cells 1503150 km® and
the transport at the scale of continents) the horizontal diffusion is mainly concerned with
wind variation in strength and direction at different heights [33). At other scales the
calculation of horizontal diffusion can be introduced, for example. proportionally to the
distance covered by pollution according to known empirical dependencies. In this case the
calculation of horizontal dispersion should be made only when the mass is transferred from
cell to cell.

The scheme fixes the outflow of poliution outside the grid iimits. If some mass
reaches one of four grid limits it is assumed that it has left it forever. Total mass crossing
the grid limit is calculated for each of them, If a mass crossed a grid angle it is added to the
mass crossing the nearest limit in counter clock-wise direction. The model fixes pollution
amounts leaving the grid in each direction.

If 2 mass m in a cell appeared to be smaller than the threshold value m,, then
calculations for this cell at the (i-+1)-th step are not made (certainly besides masses ~oming
from other cells). Mass m is added to a value A which is used for the evaluation of
unidentified deposition over the whole grid. The value m,,, is chosexn in such a way that it
corresponds to concentration obviously smaller than the background (7or sulphur and nitrogen
compounds this concentration is =0.001 gmole/m*). Thereby the mass balance for the
calculated period 1s provided.

The scheme has a number of useful properties:

a) it admits practically any description of vertical diffusien and dry deposition;

b) it operates with total mass in cells like Eulerian mode! and makes it posstble
to simulate non-linear eftects (chemical transformation and precipita:ion scavenging);

c¢) like Lagrangian models it has no pseudodiffusion anc it allows us to select
model factors for horizontal diffusion fitting from the experimental cata:

d) it provides high computation speed;

e) it is absolutely robust to both variations of coefficien:s and impulse imp:cts
{emission sources, precipitations).

Figures 7.8-7.10 show the solution of three test problenis by the scheme. It is
demonstrated that there is no psuedodiffusion and the advection velocity is kept exactly as
it would be if the classical Lagrangian scheme is used.

7.4. Structure, calculation arrangement, input and output data, main features of
the MSC-E model.

The modelling is carried out in a separated region with di.nensions 39x37=1443
cells (see Figure 3.1). The grid size is 150x150km? at the latitude 60°. Each cell is
simultaneously an emitter and receiver. The adopted structure of modelling is shown in
Figure 7.11. The input data do not involve measurements (but meteoinformation).
Measurement data are used only for model verification for long per.ods of time (usually a

month or a year).

Figure 7.12 shows the computational scheme in each gricd cell at each time sfep

equal to 1 hour.
The initial amount of pollution is calculated from the resulis of a previous step of
calculations in the cell itself and in neighbouring cells (advection-transport along the
~ horizontal) (see Section 7.3). This pollution is complemented.by the emission amount in the
cell and chemical transformation is calculated allowing for insolation (ultraviolet radiation),
temperature and humidity (see Section 7.1). Then the vertical redistribution of pollution is
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estimated accounting for the boundary layer height and the dry deposition is calculated (see
Section 7.2.1). If there is precipitation, wet deposition is also calculated (see Section 7.2.2).
Data on depositions and concentrations are stored for compiling the maps. Simultaneously
initial data are aggregated for intercountry (or interregion) budget matrices of depositions.
After that horizontal advection of pollution in the cell is calculated (see Section 7.3). All the
cells are sequentially addressed within one time step. As a result initial data for the next step
are prepared.

Input

Emission in the grid cell with indicarion of a country (region) or specific source.

In addition to emission amount it is important to have information on its temporal
irregularity for the whole period being simulated by the model. The procedure of emission
irregularity estimation for sulphur was developed in MSC-E in 1979-1984 [34,35]. Similar
procedure was used for oxidised and reduced nitrogen. Figure 6.4 shows the plots of seasonal
sulphur and nitrogen emission irregularities accepted for Europe. We believe that the
emissions of volatile organic compounds have seasonal variation similar to oxidized nitrogen,
that heavy metals and polyaromatic substance variations are close to those of sulphur oxides
and that organochlorine emission - to ammonia.

Mereoinformation (mean values in grid cells for 6-hour periods)

- orthogonal wind components at 850 and 1000 hPa obtained from data on the
geopotential and wind,

- precipitation (humidity) and their type determined from the temperature,

- temperature near the ground surface.

Real network meteorological data processed with a special objective analysis are
used [36]. In cases when there is no information (oceans, deserts and so on) methods of
short-term forecast are used. At present the algorithm described in {36] is improved in view
of the grid expansion from the European area to the border of Northern Hemisphere regions.

Geographical information:

- underlying surface type (land, water surface, coastal line etc.);

- state of the surface estimated with allowance for meteorological information (dry,
wet, etc.);

- geographical coordinates of the grid cells for the determination of height of the
position of the Sun;

- identification of grid cells or their parts with countries and regions.

Output

The output data contain:

1. Maps of mean monthly and mean annual concentrations of air pollution by
considered pollutants.

2. Maps of maximum ozone concentrations or other substances (if there is a
necessity).

3. Maps of mean monthly and mean annual concentrations of scavenged pollutants.

4. Maps of depositions (total and for individual emitters).

5. Tables-matrices of country-by-country (region-by-region) deposition. These
matrices also contain depositions on regions with negligible emissions (Arctic, seas etc.) as
well as amounts and directions of the pollutant transport outside the caiculated grid.

The verification procedures include a detailed regression analysis made with
special methods. These techniques have been developed in view of analysed data peculiarities
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[37-39]. The results of a comparison of calculated and measured data are given in Chapter
XL
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VIIL, TRANSPORT AND DEPOSITION OF SULPHUR COMPOUNDS ON THE
MEDITERRANEAN SEA., '

8.1. Deposition on the Mediterranean Sea.

In 1991 the deposition of sulphur compounds amounted to 1393 kt (recalculated
for sulphur). It is 7% of their total emissions within the calculation grid. Annual deposition
density of these compounds is about 0.6 g $/m? year, it is two times lower than the mean
density in Europe or in the Baltic Sea.

The deposition map of sulphur compounds for 1991 is given in Figure 8.1, maps
of their dry and wet depositions, and surface concentrations of SO, and SO, as well as SO,
concentrations in precipitation are given in Figures Al,A6 and A8, Appendix A.

Table 8.1 shows sulphur depositions from countries-emitters covered by the
calculated grid on the Mediterranean Sea (cofumn MDT), its subbasins (columns MTI-
MTI10) and adjacent seas (columns MAR, BLC, AZS). Line OC (other countries) in Table
8.1 and similar one in Tables 9.1 and 9.2 shows total deposition from countries within the
calculated region, contributions of each is negligible. Figure 8.2 gives per cent contributions
of countries to total deposition of sulphur and nitrogen compounds.

As it is seen from Table 8.1 and Figure 8.2, Italy, Spain (30% and 17% of total
deposition), Greece, Bulgaria and the former Yugoslavia (8%,8% and 7% of total deposition
respectively) make the main contribution to sulphur deposition on the Mediterranean Sea,
Maps of deposition caused by these countries (within the calculation region) are given in
Figures Bl, B2 and B3, Appendix B.

It is worth noting that the input of Mediterranean countries is 1046 kt S, i.e. 23%
of the total emissions of these countries and 75% of total deposition on the sea.

Thus the input of remote countries (not Mediterranean countries within the
calculation region) to the sulphur deposition is 25 %, including Bulgaria - 8%, Romania - 4%
and Germany - 3%.

8.2. Deposition on the Mediterranean Sea subbasins.

Figure 8.3 gives the distribution of deposition of sulphur and nitrogen compounds
on the Mediterranean Sea subbasins. It is evident that the maximum deposition of sulphur
compounds is the subbasin MT2 (north-western part) and minimum - in MT1 (Alboran).

From Figure 8.4 presenting the distribution of deposition density of sulphur and
nitrogen compounds with subbasins and the map of deposition (Figure 8.1) it is clear that the
highest density of sulphur deposition is observed in the subbasins MT3 (the Adriatic) and
MT8 (the Aegean Sea). This deposition density is three times higher in the Adriatic Sea and
two times higher in the Aegean Sea compared with the mean value for the Mediterranean
Sea,

The minimum deposition density (two times less than the mean one) is observed
in the subbasins MT10, MT9 (northern and southern Levantin} and MT7 (central part).

Thus the deposition density decreases from north to south that corresponds to the
emission distribution within the calculation region, to the main atmospheric transport
directions and to annual precipitation amount distribution within the Mediterranean basin.

Figures 8.5a, 8.5b, 8.6a and 8.6b show deposition and deposition densities on the
Mediterranean subbasins from countries making the main contribution to the sea pollution.

Figures 8.5a, 8.5b, 8.6a and 8.6b, Table 8.1 and maps B1-B2, Appendix B,
indicate that the main countries-emitters have their own "impact-zones". For example,
Spanish sources affect the western part of the sea (subbasins MT1-MT3), Italy - the central

71



Table 8.1

Sulpbur depositionr on the Mediterranean Sea, its subbasins and adjacent seas in 1991
from some countries-emitters ( 1000 t S per year).

MTL MT2 MDE MT4 MITS MTE MT7 MT8 MT9 MT10 MAR BLC AZS MDT
AL 0 0 ) 1 q 5 2 3 ] 1 0 1 0 18
BG 0 1 i 4 7 10 10 57 5 14 5 43 2 109
cs 0 5 2 ' 4 0 G 0 0 0 0 11
FR 0 28 ¢ 10 3 2 3 0 0 0 0 1 0 53
GE 0 12 4 [ 7 2 2 2 0 1 o 15 1 as
&R 0 0 0 1 2 12 13 58 5 18 0 4 o 107
ED. 0 3 i 3 7 2 2 3 1 1 1 11 1 23
IT 0 76 20 109 87 59 44 13 2 6 0 5 0 416
PL 0 2 Q 2 5 1 1 3 1 1 112 1 16
T 1 1 i 0 0 0 0 0 0 0 0 1 0 3
RO Q 2 i 3 5 6 s 19 2 7 4 80 5 S0
ES 14 117 87 25 5 4 7 1 0 0 0 0 0 240
™ 0 0 a 0 0 Q 1 13 10 10 3 21 1 34
G3 0 2 1 2 0 0 1 0 0 0 0 0 0 6
YU 0 7 2 14 37 11 8§ 10 1 2 1 14 2 92
RT 0 0 aQ 0 1 0 0 1 a 0 e 16 5 2
TR 0 1 0 1 2 2 2 10 1 3 2 72 32 22
MOR 3 0 1 0 0 0 0 0 0 a 0 0 0 4
ALG 4 4 12 2 0 0 i 0 0 0 0 0 0 23
TON 0 0 2 10 1 2 11 ) 0 0 0 0 0 26
LIB 0 0 a 1 0 2 9 1 0 2 0 0 0 15
SYR 0 0 0 ] 0 0 0 0 1 2 0 1 0 3
LEB q 0 0 0 0 0 0 0 1 3 0 0 ] 4
ISR a 0 Q 0 Q Q 0 Q Q 8 9 a 9 g
EGP 0 0 0 ] 0 0 0 0 111 0 0 0 12
oc+ 3 6 3 4 11 6 7 8 5 7 2 42 2 63
Tot., | 25 265 130 201 184 126 129 200 36 97 19 339 52 1393

OC* - other countries
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Figure 8.1. Total deposition of sulphur compounds in 1991 (10 mg S/t year).
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Fig.8.7. Precipitation intensity (mm/year) in grid squares in 1991.
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part (subbasing MT4-MT7), and Greece, Bulgaria and Turkey - the eastern part (MT8-
MTI0).

Annual precipitation amount decreases eastward and southward. The map of
precipitation amount for 1991 used in calculations for grid squares is given in Figure 8.7.

8.3 Sulphur deposition on the adjacent countries and seas

Sulphur deposition on adjacent seas is given in Table 8.1 (columns MAR, BLC,
AZS) and on adjacent countries - in Table 9.3,

In 1991 the Marmara, the Black and the Azov Seas received in total 410 kt of
sulphur compounds (recalculated as S) that approximately corresponds to 2% of total
emissions of these compounds within the calculated region.

Thus on the whole in 1991 the southern European seas: the Mediterranean, the Sea
of Marmara, the Black Sea and the Sea of Azov received 1803 kt of sulphur compounds (as
S) that corresponds approximately to 9% of their total emissions within the calculation
region.

In 1991 the adjacent countries received 2925 kt of sulphur compounds {as S} that
corresponds to 14.8% of their emissions within the calculation region.

It is worth noting that the total deposition value of sulphur compounds obtained
for adjacent countries (about [5% of the emissions within the calculation region} is a rough
estimation of the deposition on the Mediterranean Sea watershed, where from a part of these
compounds with river flows is transported to the coastal region. most sensitive to
anthropogenic impact. Thus, due to the input to the marine environment of pollutants
deposited on the sea watershed, the contribution of airborne pollution to the total pollution
of the sea will be greater than the pollution resulted only from deposition directly on the sea.

8.4 Seasonal variations of sulphur deposition.

In MSC-E report [1] prepared in 1992 an analysis of dynamics of sulphur
deposition on the Mediterranean Sea for the period of 1987-91 was made and it was shown
that annual variations of deposition were small but their seasonal variations were significant.

The conclusions made on the character of seasonal variations are confirmed by the
results obtained in this study. As seen from Figure 9.8 seasonal variations of deposition of
sulphur compounds are rather significant in 1991, It is explained by both seasonal emission
variations (Figure 6.4) and different atmospheric transport patterns and precipitation
distribution for different months. Monthly precipitation amounts for January, April, July and
Qctober 1991 are given in Figures CI and C2, Appendix C.

The deposition of sulphur compounds has a distinct minimum in June and
maximum - in December that correlates with seasonal variations of sulphur emissions. The
maximum exceeds the minimum more than 3 times.

Table 9.4 contains values of monthly deposition and deposition densities of sulphur
compounds in the Mediterranean Sea (column MDT), in its subbasins (columns MT1-MT10)
and in adjacent seas (columns MAR, BLC and AZS). Figure 9.9 gives monthly deposition
distributions of sulphur compounds in subbasins. The irregularity of deposition distribution
with months in individual subbasins is approximately of the same order magnitude as those
observed in the Mediterranean Sea on the whole.

Maps of total..depositions of sulphur and nitrogen compounds, dry and wet
depositions, concentrations of various sulphur and nitrogen compounds in air and
precipitation for January, April, July and October 1991 are given in Figures C3-C42,
Appendix C.
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IX. TRANSPORT AND DEPOSITION OF NITROGEN CONMPOUNDS ON THE
MEDITERRANEAN SEA

9.1 Deposition on the Mediterranean Sea.

Depositions of sulphur compounds practically do not affect the content of these
elements in the marine water (for the Mediterranean Sea in particular, since its salinity is
sufficiently high, contrary, for example, to the Baltic Sea) but nitrogen compounds entering
the water can affect more intensively than sulphur the marine biota, causing eutrophication.

In 199] the input of oxidized nitrogen (recalculated as N) amounted to 648 kt,
reduced nitrogen-419 kt. This corresponds respectively to 9.3% and 5.1% of their total
emissions within the calculation grid. Thus bound (reduced plus oxidized) nitrogen deposition
is 1067 kt or 7,1% of its emission.

The deposition density of nitrogen compounds over the Mediterranean Sea on the
average is as follows: about 0.28 g N/m? year for oxidized and 0.18 g N/m* year for reduced
nitrogen, The deposition density of the bound nitrogen is 0,46 g N/m’ year. Similar to
sulphur compounds these values are two times lower than mean values for Europe and the
Baltic Sea.

Maps of oxidized and reduced nitrogen depositions are given in Figures 9.1 and
9.2, and of bound nitrogen - in Figure 9.3. Maps of dry and wet depositions of these
compounds, and of concentrations of NO,, NO,+HNO; and NH, in air and of NO; and NH,
in precipitation - in Figures A2-AS, A7, A8, Appendix A.

Tables 9.1 and 9.2 similar to Table 8.1 give deposition values of oxidized and
reduced nitrogen from countries located within the calculation area. As it is seen from Tables
9.1 and 9.2 and Figure 8.2, the main contribution to the total pollution of the Mediterranean
Sea by oxidized nitrogen is made by Italy (31 %), Greece (15%), France (12%), Spain (9%},
Germany (7%) and the former Yugoslavia (3%), by reduced nitrogen - Iraly (27%), Spain
(12%), Turkey (10%), France (9%), Greece (6%) and the former Yugoslavia (5%).

Italy (29%), Greece (11%), France (11%), Spain (10%), Turkey (5%) and
Germany (5 %) make the main input to the pollution by bound nitrogen. Maps of deposition
of these compounds are given in Figures B4-Bi2, Appendix B.

Germany, being a remote country, gives a good example of how the atmospheric
residence time of pollutants affects a relative amount of these pollutants entering the
Mediterranean Sea. The deposition of "long-lived" oxidized nitrogen from Germany on the
sea exceeds 4% of its emission whilst similar value for "short-lived" reduced nitrogen is less
than 1%.

The contribution to deposition on the Mediterranean Sea from adjacent countries
(recalculated as N) is the following: oxidized nitrogen - 397.6 kt, reduced nitrogen - 341.6
kt, bound nitrogen - 739.2 kt. These depositions correspond to 21%, 165 and 19% of total
emissions from these countries, The fraction of adjacent countries in total deposition on the
Mediterranean Sea is 61%, 82% and 69% respectively.

Thus, the fraction of remote countries in total deposition of "long-lived" oxidized
nitrogen (39%) is about 2 times greater than similar fraction (18%) of "short-lived” reduced
nitrogen and remote countries with emission amounting to about 75% of the total emission
within the calculation region make a contribution to the total deposition of various nitrogen
compounds within the range of 20%-40%.
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_ Fig. 9.1. Total deposition of oxidised nitrogen in 1991 (10 mg/m?).
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Fig. 9.2. Total deposition of reduced nitrogen in 1991 (10 mg/m?),
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Fig. 9.3. Total deposition of bound nitrogen in 1991 (10 mg/m?).
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Table 9.1

Oxidised nitrogen deposition on the Mediterranean Sea, its subbasins and adjacent seas in 1991
from countries-emitters (100 t N per year),

MTY  MT2  MT3  MT4  MTS  MT6 MD7  MTS MIS MIL0 AR ELC  AZS  MDT
L 9 ) q 2 3 3 g 3 1 q 0 3 0 37
AT 0 1z 4 12 18 7 5 4 1 2 0 g 1 65
aE ] ] 5 4 2 i 2 - 1 0 ] 0 2 Q 24
BG 0 1 0 4 § 10 11 41 § 18 1 28 2 97
cs 0 25 g 23 28 14 11 18 4 7 2 3% 3 139
Fa 8 238 151 177 57 48 63 0 0 5 o 14 1 788
ez 2 136 60 8 63 28 28 a 12 7 1 &y ¢ 422
R 0 1 1 13 1% 113 180 336 63 254 5§ 82 3 985
EQ ) 5 2 6§ 15 s 6§ 10 2 4 1 24 2 §9
I 0 280 102 442 341 323 317 108 20 63 2 41 3 19¢s
NL. 0 12 7 4 3 1 2 2 0 1 0 7 0 31
BT, 9 g 2 14 21 14 21 14 9 13 2 54 § 123
o 5 7 10 3 ) 0 1 0 0 0 0 0 0 26
RO 0 2 1 5 8 15 14 40 7 20 6§ 102 8 112
ES 29 229 120 87 17 15 28 4 g 1 0 1 ] 597
cg Q 28 12 20 i3 -] 7 1 4] 1 Q 2 4] 87
™= 0 0 0 0 0 3 5 30 33 54 s 44 2 125
ca 3 39 27 24 § 7 12 4 1 1 1 16 1 124
v 0 19 7 33 52 3% 26 30 5 11 2 34 3 222
RE ¢ 1 a 1 4 4 4 13 7 12 3 128 30 48
TR e 2 1 4 6 10 10 18 8 20 7 185 48 101
MOL 0 0 0 g 0 1 1 3 0 2 120 2 7
ZRV 0 0 0 0 0 0 0 2 5 5 0 47 3 12
MOR 2 0 1 0 0 g ) 0 0 o 0 0 a 3
ALG 3 § 13 4 1 1 2 0 0 0 0 0 0 30
TON o 1 a 6 1 3 7 0 0 0 0 0 0 21
LIS 0 0 0 1 0 2 9 1 0 2 0 0 0 5
ISR ) 0 o 0 0 0 0 0 0 15 0 o o 15
EGD 0 0 0 0 0 0 0 a 2 13 0 0 a 15
oc 11 s 27 28 14 15 14 156 3 13 2 s g 176
matal | 62 1096 635 997 701 €97 796 754 188 554 43 964 130 6480

QC* - other countzies
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Table 9.2

Reduced nitrogen deposition on the Mediterranean Sea, its subbasins and adjacent seas in 1991
from countries-emitters (100 t N per year).

MT]l MT2 MT3 MP4 MTS MUS MT7 MTS8 MTS MTI0 MAR BLC AZ MDT
AL 0 i 0 2 17 19 7 13 1 4 0 2 0 63
AT- Q 4 1 4 11 2 2 1 0 1 0 3 1 26
BG Q 1 1 4 7 " 11 12 5% 7 21 8 74 4 123
cs 0 3 1 4 9 2 2 3 1 2 ¢ 10 1 27
FR 3 163 717 79 25 11 25 5 0 1 0 4 0 395
Gz 0 33 14 18 25 5 6 3 1 1 i 31 2 104
&R 0 0 0 1 4 33 26 103 16 52 2 13 1 235
):iaf 0 5 3 § 18 5 5 9 2 4 2 27 3 53
I 0 166 60 271 289 147 120 38 7 25 0 17 . 0 1123
PL 0 2 1 2 7 2 1 6 1 3 1 25 2 27
T 6 5 7 2 0 0 0 0 0 0 0 0 0 20
RO 0 4 3 5 8 13 13 45 7 24 12 246 16 122
ES 49 191 158 55 11 8 14 1 0 1 0 0 0 486
c= 0 12 4 5 6 1 1 0 0 0 0 1 0 29
™ 0 0 0 0 0 3 8 88 182 140 25 432 8 421
YO 0 10 3 21 70 30 23 33 4 10 2 31 3- 204
R 0 0 0 0 1 2 1 5 2 3 1 168 71 14
UR 0 2 1 2 4 6 7 33 4 12 $ 404 158 71
MOL 0 0 0 0 1 1 1 4 0 2 1 41 3 9
zxv ] 0 0 0 0 0 0 1 1 1 0 77 3 3
ALG 32 30 126 17 2 2 7 a 0 0 0 0 0 216
TON 0 3 19 44 4 12 48 1 0 1 0 1 0 132
1LIB 0 0 1 3 1 g 53 5 2 19 0 0 0 93
ISR 0 a 0 0 0 0 0 0 0 17 0 ) 0 17
EGP 0 0 0 0 0 (i} 0 1 3 27 0 1 0 31
oc* 8 18 15 13 8 8§ 23 11 16 33 3 48 6 151
Tot. 98 652 493 555 523 338 405 468 257 404 67 1634 282 4193

QC* - othex countries
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9.2. Deposition on the Mediterranean Sea subbassins,

Figure 8.3 shows that maximum amount of all nitrogen compounds deposits on
the subbasin MT2 (north-western part) and minimum - on the subbasin MT1 (Alboran).

However, the maximum deposition densities of all nitrogen depositions (Figure
8.4) are in the subbasin MTS (the Adriatic Sea), where the maximum densities exceed 2
times the mean ones over the Mediterranean Sea. Higher than mean densities are observed
in the Tyrrhenian and the Aegean Seas.

The minimum densities are-observed in the Alboran and the subbasins MT7 and
MT10. They are about two times lower than corresponding mean value for the Mediterranean
Sea. Thus, the deposition density of nitrogen compounds decreases from north to south.

Figures 9.4a, 9.4b, 9.5a, 9.5b. 9.6a, 9.6b and 9.7a, 9.7b show deposition and
deposition densities of oxidized and reduced nitrogen in the Mediterranean Sea subbasins
from countries making the greatest input to its pollution,

Figures 9.4a, b-9.7a,b, Tables 9.1 and 9.2, as well as maps B4-Bi2, Appendix
B, show that countries-emitters have their own "impact zones”. For example, Spain mainly
affects western part of the sea (subbasins MT1-MT3), Italy - central part (subbasins MT4-
MT7) and north-western part (subbasin MT2), Greece - the Aegean Sea and the
South-Levantin, Turkey - the North-Levantin.

The distribution of deposition of both sulphur and nitrogen compounds over the
subbasins is nearly the same because of similar distributions of their emissions and the same
atmospheric transport patterns and annual precipitation amounts used in calculations.

9.3. Nitrogen deposition on the adjacent countries and seas.

Nitrogen deposition on adjacent seas is given in Tables 9.1 and 9.2 (columns
MAR, BLC, AZS) and on adjacent countries - in Table 9.3.

In 1991 the Marmara, the Black and the Azov Seas received in total 314.6 kt of
bound nitrogen compounds (recalculated as N) that approximately corresponds to 2% of total
emission of these compounds within the calculation region.

In 1991 the Mediterranean Sea, the Sea of Marmara, the Black Sea and the Sea
of Azov on the whole received 1382 kt of bound nitrogen compounds (as N) that corresponds
approximately to 9% of the their emission within the calculation region.

In 1991 the adjacent countries received 2484 kt of bound nitrogen compounds (as
N) that corresponds to 16.4% of their emissions within the calculation region.

It is worth noting that the total deposition value of nitrogen compounds obtained
for adjacent countries (about 16% of the emissions within the calculation region) is a rough
estimation of the deposition on the Mediterranean Sea watershed, where from a part of these
compounds with river flows is transported to the coastal region, most sensitive to
anthropogenic impact. Thus, due to the input to the marine environment of pollutants
deposited on the sea watershed, the contribution of airborne pollution to the total pollution
of the sea will be greater than the pollution resulted only from deposition directly on the sea.

For example, rough estimates made at MSC-E [2] showed that from 1500 kt of
nitrogen deposited in 1991 over the Baltic Sea watershed, from 160 to 300 kt of this N (10-
20%) might enter the sea through the riverine runoft in addition to 300 kt of N deposited
directly to the sea surface. The total load of N entering the Baltic Sea with rivers and direct
discharges from urban and industrial areas was 662 kt [3].



Pig.9.52 NOx deposition density (from countries over subbasins)
UNIT=mg N/m2 yeasr

UNIT=100 tons N per year

Fig.9.4a NOx deposition (from countries on subbasins)
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Fig.9.5b NOx deposition density (From countries over subbasins)
UNIT=mg N/m2 year

100 tons N per year

Fig. 9.4b NOx deposition {from countries on subbasins)
UNIT:



Fig.9.7a NOx deposition density (from countries over subbasins)
ONIT=meg N/m2 year

100 tons N per year

Fig.0.6a NHx deposition (from countries on subbasins)
UNIT
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Pig.9.75 NOx deposition density (from counlries over subbasins)
UNIT=mg N/m2 year

UNIT=100 tons N per year

Fig.9.6b Nilx deposition (from countries on subbasins)



9.4. Seasonal variations of deposition.

In MSC-E report [1] prepared in 1992 an analysis of dynamics of nitrogen
deposition on the Mediterranean Sea for the period of 1987-91 was made and it was shown
that annual variations of deposition were small but their seasonal variations were significant.

The conclusion made on the character of seasonal variations are confirmed by the
results obtained in this study. As seen from Figure 9.8 seasonal variations of deposition of
all compounds in question are rather significant in 1991. It is explained by both seasonal
emission variations (Figure 6.4) and different atmospheric transport patterns and precipitation
distribution for different months. Monthly precipitation amounts for January, April, July and
October 1991 are given in Figures Cl and C2, Appendix C.

The irregularity of nitrogen deposition is much smailer than of sulphur. The
difference between the maximum and the minimum of monthly depositions of oxidized and
reduced nitrogen is as much as 1.7 and of bound nitrogen - 1.5. Deposition variations from
month to month have several maxima and minima. The overall maximum of deposition is
observed in April-May when the reduced nitrogen emission is maximum.

Tables 9.4, 9.5 and 9.6 contain values of monthly deposition and deposition
densities of sulphur compounds, oxidized and reduced nitrogen in the Mediterranean Sea
{column MDT), in its subbasins (columns MTI1-MTI0) and in adjacent seas (columns
MAR,BLC and AZS). Figures 9.9 and 9.10 give monthly deposition distributions of sulphur
compounds and bound nitrogen in subbasins. The irregularity of deposition distribution with
months in individual subbasins is approximately of the same order of magnitude as those
observed in the Mediterranean Sea on the whole.

Maps of total depositions of sulphur and nitrogen compounds, dry and wet
deposition, concentrations of various sulphur and nitrogen compounds in air and
precipitations for January, April, July and October 1991 are given in Figures C3-C42,
Appendix C.
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Table 9.3

Deposition on the Mediterranean countries from all sources in 1991 (1000 t S per year for suiphur
compounds, 1000 t N per year for nitrogen compunds).

AL FR GR IT E3 TR YU MOR ALG TUN LIB SYR LE3 ISR EGP
No, | 14 3537 55 173 104 105 158 1 44 20 37 g 1 1 13
so, | 39 741 154 425 370 316 570 6 113 44 63 31 4 4 45
NE, | 13 484 37 150 124 275 158 2 §9 23 26 3¢ T 1 13
Ntot | 27 837 92 323 228 380 317 '3 103 43 63 38 2 2 26
Table 3.4
Monthly sulphur deposition (DEP) and deposition density (DNS)
on the Mediterranean Sea, its subbasins and adjacent seas
{100 t S per month for DEP, mg S/m?2, for DNS).
HTL HT2 HT3 HR4 HIs HI6 w17 Hra HT3$  HT1A MOT HAR BCL AZ
S0

JAN

DEP 28 3639 162 226 222 153 li6 290 43 99 1748 30 540 104

ONS 35 126 €8 107 198 78 30 145 33 27 75 200 109 231
p:pciz)

DEP az 418 207 310 220 129 152 245 38 82 1850 15 374 a8

DNS 40 142 B4 141 196 &8 31 122 28 22 78 100 76 84
MAR»

pEp | 31 222 104 136 110 89 89 179  §4 124 1133 17 291 46

DNS 39 76 42 62 98 45 19 89 41 34 49 113 58 102
AR

DEP | 23 262 177 166 161 86 64 118 20 60 1137 7 179 43

ons | 29 S0 72 15 144 44 13 s 15 16 49 47 36 96
HAY

DE? 13 154 70 108 111 73 60 141 14 42 792 14 1586 40

DNS 24 53 28 49 89 37 12 70 10 11 34 23 31 89
TN 28

pee | 11 110 S 65 93 14 80 72 13 53 627 s 133 62

DNS | 34 38 23 20 83 38 16 36 10 14 2160 27
JUL

BEP 12 107 413 127 105 93 101 88 19 13 779 [] 149 3z

ons | 15 37 18 Tse 94 S0 21 44 14 20 33 21 30 T
ACG

DER| 7 144 57 9 92 129 119 8 16 73 822 6 174 33

DNS 9 49 23 44 32 86 24 44 12 20 335 40 a5 73
3ZP

pEP | 11 154 66 99 133 6 89 112 31 78 845 12 268 37

DNS 14 53 27 15 124 34 13 S6 23 21 36 20 54 82
ocT

pep | 26 186 13 141 132 82 74 138 27 75 964 18 222 2§

DNS 32 30 64 118 42 15 §9 21 20 41 20 45 56
Nav

pEP | 23 233 136 187 164 82 €9 145 32 95 1166 14 254 35

DNS 23 &7 55 K] 146 42 14 72 25 26 5Q 93 51 78
pec

DEP 26 280 148 a3s 286 201 250 aaa 48 122 2079 42 647 62

NS 32 96 1] 152 285 103 $1 191 37 33 89 280 131 138
T
1991
(100T)

DEP | 250 2650 1300 2010 1840 1260 1230 2000 2360 970 139827 190 3390 520

pus | 312 907 526 914 1642 643 264 1000 277 264 557 1267 685 1156
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Table 9.5

Monthly oxidised nitrogen deposition (DEP) and deposition density (DNS)
on the Mediterranean Sea, its subbasins and adjacent seas
(100 t N per month for DEP, mg N/m2 for DNS),

K71 HT2 WT3 NT4 HIS MT§ MIT7 MHTE HTI HITI0 MDT HAR BCL Az
- + 8UH
JAax .
DER ] 101 49 63 42 LT 64 72 15 40 $08 [ 109 22
CNS E] 4 20 28 37 29 13 38 11 11 22 40 22 17
p o]
pEP 5 125 12 1186 646 {8 63 66 11 33 610 3 72 7
NS § 43 29 83 58 23 14 33 8 9 26 20 14 1§
R
DE? 6 67 g 50 k- 42 43 60 20 £Q 411 3 12 i1
DNS 7 23 18 23 31 21 9 30 15 14 18 20 14 24
APR
cep 7 1258 102 104 63 50 49 65 17 a5 617 2 58 10
ONS 7 43 41 47 s6 28 10 a2 13 9 26 13 12 22
KAY
DE? 11 143 16 108 66 59 60 84 19 47 €83 { 68 10
DNg 14 49 31 49 59 35 12 42 15 13 29 27 14 22
& .
DE? 3 53 a3 5Q €1 66 10 42 11 47 438 4 88 10
NS 4 18 13 23 54 34 14 21 8 13 19 27 14 22
JUL
DEP 4 97 37 111 61 94 94 LE:] 1s E5 878 2 1 10
CNS 5 28 15 50 54 48« 19 24 11 15 26 13 14 22
ALG
« DEP 3 100 3 B0 60 93 91 44 10 57 §31 3 95 1z
o { 34 17 36 54 {7 13 22 8 15 25 20 17 27
a2
DEP 2 [1:} 35 &3 67 4Q 54 Sé 16 58 450 { 87 11
DNS 2 23 15 24 60 20 11 28 12 1§ 18 27 18 24
ocT
DEP 6 ¢ 35 65 53 40 39 63 17 44 4486 4 59 7
ENG 7 27 14 31 47 20 g 31 13 12 19 27 12 18
HavT
DEP 6 73 52 89 s8 ) 43 62 23 40 488 3 69 B
DNS 7 25 21 40 52 18 10 31 18 11 21 20 14 18
pec
pDE® § -4 64 103 63 64 118 518 15 43 558 ? 147 12
oNg 6 28 26 47 62 33 24 45 11 13 28 47 30 27
10T
1991
{100™)
pep 62 1098 837 998 YO0L 697 797 754 189 55385  §485 45 965 129
o] 27 378 258 454 626 356 183 Tt 145 151 278 30¢ las 304
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"Table 9.5

Monthly reduced nitrogen deposition (DEP) and deposition density (DNS)
on the Mediterranean Sea, its subbasins and adjacent seas
(100 t N per month for DEP, mg/Nm? for DNS ).

MTL  MT2 T3 MT4 MT5 MU§ MT7 MTS HTS MTIO0 MDT MAR BGL  AZ
S

GAN .

DE? [ &4 42 42 as 28 28 46 19 27 33¢ 9 159 31

DNg 7 22 17 19 31 13 3 23 15 7 14 60 32 &3
FEB

pE? ki - S4 €8 42 22 0 42 13 22 386 4 309 13

ONS 3 2% 22 30 37 11 6 21 14 [} 16 27 22 28
HAR

oEP 3 4z 33 34 30 20 26 39 24 40 297 6 137 22

NS 11 12 13 15 27 10 $ 13 18 11 13 40 28 49
ATR.

2) 34 13 83 79 63 &3 33 31 36 13 24 444 4 154 23

DNS 16 ac 32 29 56 17 6 18 10 6 19 27 k3 64
HAY

DEE 18 63 49 83 53 32 35 52 13 23 384 6 140 35

ONS 19 24 20 24 47 16 7 26 10 6 17 40 28 78
JON

DES 19 4s 40 37 §2 35 4S5 36 25 43 372 7 144 31

ONS 12 17 16 17 46 18 9 18 19 12 16 47 29 69
JUL

DEP -] 44 31 60 41 42 47 45 3q 57 401 3 133 24

DNS 11 15 13 27 37 21 10 22 23 14 17 20 27 53
ADG
, DEP 4 42 32 40 33 43 47 29 29 45 347 3 129 . 20

DHS S 15 13 18 29 22 10 14 22 12 15 20 26 44
SEP

DE? 5 40 33 33 48 19 30 31 3¢ 41 310 5 141 22

DNS & 14 13 15 43 10 § 15 23 1l 28 33 28 49
ocz

pee 8 43 28 37 37 17 21 25 18 28 2863 ] 119 15

NS 10 15 11 17 33 9 4 12 14 g 11l 33 24 33
Hov

DEP 6 41 37 412 38 18 13 24 ig 27 270 5 102 17

CNS 7 14 15 19 34 9 4 12 14 7 12 33 21 38
DEC .

DE2? § 41 as 48 49 3¢ 45 64 20 3L 388 11 189 24

NS 7 14 14 22 44 18 £l 32 15 ] 16 73 38 53
TOT 1851
(1007T)

DE? 98 631 493 555 B2l 337 404 469 257 404 4188 68 156 283

DNS 122 223 200 252 485 172 83 234 198 110 179 453 334 628
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X. TRANSPORT AND DEPOSITION OF HEAVY METALS ON THE
MEDITERRANEAN SEA.

10.1 Lead.
10.1.1.  Deposition on the Mediterranean Sea,

In 1991 the deposition of lead on the Mediterranean Sea amounted to 7404 t. It
is 8% of its total emission within the calculation grid. Annual deposition density of lead is
about 3 mg Pb/m? year, it is two times lower than mean density in Europe.

The deposition map of lead for 1991 is given in Figure 10.1. Maps of its dry
deposition, and surface concentrations in air as well as in precipitation are given in Figures
A9, A10, Appendix A.

Table 10.1 shows lead depositions from countries-emitters within the calculated
grid on the Mediterranean Sea (column MDT), its subbasins (column MTI1-MTI10) and
adjacent seas (columns MAR, BLC, AZS) and Figure 10.2 gives per cent contributions of
countries to total deposition of heavy metals. Line OC (other countries) in Table 10.1 and
similar one in Tables 10.3, 10.4 and 10.5 shows total deposition from countries within the
calculated region, individual contributions of which are small.

As itis clear from Table 10.1 and Figure 10.2 Italy, Spain and France (40%, 11%
and 10% of total deposition), Greece and Turkey (5% and 6% of total deposition
respectively) make the main contribution to lead deposition on the Mediterranean Sea. Maps
of deposition caused by these countries (within the calculation region) are given in Figures
13B-15B, Appendix B.

Note that the input of Mediterranean countries is 6278 t Pb, i.e. 20% of the total
emission of these countries and 85% of total deposition on the sea.

Thus the input of remote countries to the lead deposition is about 15%, including
Germany (2%), the Ukraine (2%) and Bulgaria (3%).

10.1.2.  Deposition on the Mediterranean Sea subbassins.

Figure 10.3 gives distribution of heavy metals deposition over the Mediterranean
Sea subbasins. It is evident that the maximum depositions of lead are in the subbasins MT2,
MT3, MT4 and MT7 and minimum - in MT1. To a certain extent this is explained by the
sizes of these subbasins.

From Figure 10.4 presenting deposition density distribution of heavy metals with
subbasins and the map of lead deposition (Figure 10.1) it is clear that the greatest density of
lead deposition is observed in subbasins MT5 and MT4. This deposition density is almost 3
times higher in the Adriatic Sea (MTS5) and 1.5 times higher in the Tyrrhenian Sea (MT4)
compared with the mean value for the Mediterranean Sea.

The minimum deposition density (almost two times less than mean one) is
observed in subbasin MT1 (the Alboran Sea) and its subbassins MT7 and MTI1Q.

Thus the deposition density is decreasing from north to south that corresponds to
emission distribution within the calculation region, to main atmospheric transport routes and
to annual precipitation amount distribution within the Mediterranean basin.

Figure 10.5 shows deposition of lead on the Mediterranean subbasins from
countries making the main contribution to the sea pollution.

Figure 10.5, Tables 10.1 and 13B-15B (Appendix B) indicate that the main
countries-emitters have their own "impact-zones" for lead. For example, Spanish sources
affect the western part of the Sea (subbasins MT1-MT3). The same can be said about France
(MT2-MT4 subbasins). Italy affects central part (MT4-MT7) giving 50-60 per cent of
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Fig.10.1. Total deposition of lead in 1991 (10 pg Pb/m?/year).
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Table 10.1

Lead deposition on the Mediterranean Sea, its subbasins
and adjacent seas in 1991 from some countries-emitters
(1000 kg Pb per year)

[MTTIMT2| MT3 | MT4 | MTG | MTG | MT7 | MT8| MT9 [IMT10| MAR| BLC | AZS |MDT| QA
AL o! 1 al 18] 18] 10 7 1 5 0 2 ol 871 170
BG o 3 SIRE 28 28| 103 14| 4 10 74 6/ 243| 1500
CS 0 5 5 9 5 4 3 1 3 1 15 1 39| 1376
FR 12| 247 203] 182 61 31 70! 6 4 5 1 17 o| 791| 8654
GE 0 40 a3 22 21 7 9 6 3 5 1 28 1| 148 7691
GH 0 } 1 4 12 50 59| 124 23| {00 4 27 1 374] 1104
HU 0 k] 2 4 8 5 4 5 1 2 1 14 1 35 857
IT 2l aszo| 220f s35] s89] s11| s45] 108 271 116 4 47 2| 2980| 8576
PL 0 5 1 5 13 8 6 & 3 ] 1 30 2 53| 3086
PT 4 5 8 2 0 ] 1 0 ] 0 0 0 0 21 398
RO 0 3 2 3 5 1 15 a1 6 16 8 96 6 92{ 1327
ES 69| 255; 276/ 102 31 22 44 4 2 1 0 4 o| s8os| 4218
TR 0 s 1 1 1 1 19l 117] 112| 143 27| 198 7| 405| 2220
GB 1 8 14 10 g 3 5 4 0 0 1 12 1 54| 8508
YU 0 12 10 21 g2 43 39 51 6 21 4 50 3] 255 1950
A|F 0, 2 2 2 3 6 5 15 10 18 8l 29 60 63| 18273
UR 0| 6 5 4] 10l 18] 28] 44 o| 28] 13] 488] 93| 148] 6825
MOR 10| 1 3 1 0 0 0 ) 0 0 0 0 of 15 80
ALG 35! 28] 110} 23 6 8 14 1 0 0 0 0 of 2231 1149
TUN 1 4] 13} 27 5] 18] 83 3 0 3 0 1 o| 131 238
LIB 0 0 1 6 2 14 47 3 3 10 0 1 0 86 399
CYP 0 0 0 0 [0} o o} o 4 2 0 0 0 6 26
SYR 0 0 0 s 0 0 ol ¢} 9 8 0 6 0 17 565
LEB ) 0 0 0 0 0 0 (1] 11 14 0 2 0 25 325
ISR 0 0 0 0 0 0 0 0 2 35 0 0 o) 37 440
EGP 0 0 0 o) 0 0 1 4 9 56 1 2 0 70 832
QC 1! 40 26 31 36 14 221 24 14 24 5| 329 24| 2321 15115
Taotal 135! 999| w949 98s9]| 871} s823| 1033l ee9| 274 682 91| 1714| 208| 7404| 95799
Notations are given in tables 6.2 and 3.1
OC - other countries within calculation region
QA - emission of given country
Table 10.2
Deposition on the Mediterranean countries from all sources in 1991
(100 kg Zn, 10 kg Cd, 100 kg As, 1000 Pb per year)
AL | FR { GR IT TR | ES | YU | MOR| ALG| TUN| LIB | SYR| LEB | iSR |EGP
Zn 748| 20268 3226| 60ss| 8910|10887| 10005 94| 3316| 1588| 1290 678 30 37] 493
As s6| 1242} 281 408 830| 613] 1181 13| 226| 08| 118 54 1 1 54
Cd 198| 3779} 1081| 1842{ 2836| 3731| 3897 3o| s894| 321 645 193 9 7| 210
Pb 192! 5148| 648| 2307] 2149] 13gz| 1933 27| 9ss| 402| 473 220 15 19| 207

Notations are given in tables 6.2 and 3.1
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deposition on it and 1n addition takes significant part in lead pollution of the other subbasins
(excluding MTI and MT9), giving 15-30 per cent of deposition.

Eastern subbasins (MT8-MTI10) are polluted mainly by Turkey, Greece and
Bulgaria.

10.1.3. Lead deposition on adjacent countries and seas.

Lead deposition on adjacent seas is given in Table 10.1 (columns MAR, BLC,
AZS) and on adjacent countries - in Table 10.2 containing other heavy metals too.

In 199] in total the Marmara, the Black and the Azov Seas received 2013 t of
airborne lead that approximately corresponds to 2% of its total emission within the
calculation region.

Thus on the whole in 1991 the area of regional seas: the Mediterranean, the Sea
of Marmara, the Black Sea and the Sea of Azov received 9417 t of lead that corresponds
approximately to 10% of its emission within the calculation region.

In 1991 the adjacent countries received 16078 t of lead that corresponds to 17%
of its emission within the calculation region.

The total deposition value of 16078 t obtained for adjacent countries (about 17%
of the emission within the calculation region) is an estimation of the deposition of lead on
the Mediterranean Sea watershed, where from a part of it with river flows is transported to
the coastal region, most sensitive to anthropogenic impact. Thus. due to the input to the
marine environment of pollutants deposited on the sea watershed, the contribution of airborne
pollution to the total pollution of the sea will be greater than the pollution resulted only from
deposition directly on the sea.

10.1.4. Seasonal variations of lead pollution.

Seasonal variations of depositions and concentrations of pollutants depend upon
a number of reasons. One can notice the dependence both on seasonal emission variation and
the meteoelements fluctuations, such as characteristic airflows or mixing height layer in
considered points. As indicated in the work [1, p.43], the factors of primary importance are
presence or absence of precipitation. The data brought forward in the same work
(observations made in 1985-86) show, that concentrations of Pb were 3-5 times higher in
summer, than that in winter. The phenomenon is explained by the existence of wet and dry
seasons. Impacts of local winds (breezes) and local orography [1, p.213] are of a great
importance as well.

Four arbitrary points in the various regions of the Mediterranean have been chosen
for the description of the calculation results: area of Barcelona (P1), northern Corsica (P2),
eastern Crete (P3) and coastal waters in the area of Tel Aviv (P4)(Figure 3.3).

Seasonal variations of depositions and concentrations in air of Pb in the chosen
grid units are shown in Figures 10.6 and 10.7 respectively. The maps for the same values
for "the central” months of the seasons are presented in Figures C43-C46, Appendix C.

As it follows from Figure 10.6 the summer minimum of depositions in Barcelona,
Corsica and Tel Aviv is observed during the period of the precipitation minimum.

Concentration fluctuations are insignificant in the area of Barcelona (Figure 10.7)
where the ratio between the maximum and minimum values is 1.5,

As for the other points, these ratios vary from 2.5-(P4) to 4 (P2).
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10.2. Zinc.
10.2.1.  Deposition on the Mediterranean Sea.

In 1991 the deposition of zinc on the Mediterranean Sea amounted to 2523 tons.
It is 6% of its total emnission within the calculation grid. Annual deposition density of zinc
is about 1 mg Zn/m? year, it is nearly two times lower than mean density in Europe.

The total ceposition map of zinc for 1991 is given in Figure 10.8, maps of dry
depositions and surface concentrations of Zn in air as well as in precipitations are given in
Figures All and A1Z. Appendix A.

Table 10.3 shows zinc depositions from countries-emitters within the calculated
grid on the Mediterranean Sea (column MDT), its subbasins (columns MT1-MT10) and
adjacent seas (columns MAR, BLC, AZS). Line OC (other countries) in Table 10.1 and
similar one in Tables 10.3, 10.4 and 10.5 shows total deposition from countries within the
calculated region, incividual contributions of which are small.

As it is seen from Table 10.3 and Figure 10.2 Italy and Spain (30% and 21% of
total deposition), Bulgaria, Yugoslavia and France (10%, 9% and 5% of total deposition
respectively) make the main contribution to zinc deposition on the Mediterranean Sea. Maps
of deposition caused by these countries within the calculation region are given in Figures
B16-B18, Appendix B.

The input of the Mediterranean countries is 1902 t Zn, i.e. 15% of the total
emission of these countries and 75% of total deposition on the sea.

Thus the input of remote countries to the zinc deposition is about 25%, including
Bulgaria (10%), Poland (3%) and Germany (3%).

10.2.2.  Deposition on the Mediterranean Sea subbassins.

As it follows from Figure 10.3 the maximum depositions of zinc are in the
subbasins MT2, MT3 and MT7 and the minimum - in MTI.

From Figure 10.4 presenting the density distribution of heavy metals depositions
over subbasins and the map of zinc deposition (Figure 10.8) it is clear that the greatest
density of zinc deposition is observed in subbasins MT5 and MT3. This deposition density
is nearly 3 times higher in the Adriatic Sea and in MT3 compared with the mean value for
the Mediterranean Sea.

The minimum deposition density (almost two times less than mean one) is
observed in subbasins MT! and MTI1(.

Thus, the deposition density is decreasing from north to south too, that
corresponds to the emission distribution within the calculation region, to main atmospheric
transport routes and to annual precipitation amount distribution within the Mediterranean
basin.

Figure 10.9 shows deposition on the Mediterranean subbasins from countries
making the main contribution to the sea pollution.

Figure 10.9, Table 10.3 and maps B16-B18 (Appendix B) indicate that the main
countries-emitters have their own "impact-zones" for zinc. For example, Spain sources affect
the western part of the Sea (subbasins MT1-MT3), Italy - central part (subbasins MT4- MT7),
and Bulgaria, Turkey and Yugoslavia - eastern part (MT8-MT10).

10.2.3.  Zinc deposition on adjacent countries and seas.

Zinc deposition on adjacent seas is given in Table 10.3 {columns MAR, BLC,
AZS) and on adjacent countries - in Table 10.2 containing other heavy metals too.

In 1991 in total the Marmara, the Black and the Azov Seas received 792 t of
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Table 10.3
Zinc deposition on the Mediterranean Sea, its subbasins
and adjacent seas in 1991 from some countries-emitters
(100 kg Zn per year)

MTT1|{MT2IMT3IMT4 | MTE! MT6 | MT7 | MT8| MT9 IMT10I MAR| BLC | AZS | MDT| QA
Al 0 2i ! 5/ 25 30 19 14 3 11 0 6 ol 110 370
BG 0 67 24 58| 135 271| a3sgo| 1093 114| 485 107] 7811 47| 2607| 17240
CS ol 28l 12! 271 a7t 221 30| 21 5| n 6l 7s! 4] 201] 7560
FR 24| 378l 282" 280! 79 81| 1s3] 12 5| 1 1| s70 3| 13es| 3311%
GE al 188} 1s0. 100i 9oi 48} 73| 81 1] 31 3l 141i 5| 777| 4s380
GR 0 4 3t 10l 29+ w7 66| 141 28] o5l 10l =8 3] a31] 1785
HU ol 1ol 8" o] 35" 18 15/ 13 2| 1ol al 4l 5 116| 2030
IT o| 843]| 13481 1426] 1047] 941| 1381| 245 45| 244 11 79} 8| 7%30| 19490
PL ol 41 23) s1| 200 83| s8] 117| e4] 321 14| 293¢ 18] 699! 40230
PT 12| 11} 22 & 1l 3 3 0 0 0 0 ol o 58! 1005
RO ol 18] 14 13l as¢ s8] sof s3] 18] 74| 23] 470l 31] a31| 450
ES 311| 151a8] 1899: 767] 187l 162| 290| 38l 17] 23 1 12} 1| s210] 39825
TR 0 ] 7! 1 31 24| 44| 299] 283] 360 67| B02' 18] 1017] 6116
GB 2] a3l s1. 30l s 14| 21 15 4 1 1 64! 1| 178] 22960
YU 0 87 51 175] 454; 343| 337 836 58| 176 39| 481] 41] 2217 18045
RF 0 & 5' al 3 4 71 22 o] 271 17] assi g 85| 75684
UR 0 6 30 20 111 43| sol 5| s3] 65f 52| 9ss! 279] 3s8| 21807
MOR 34 4l 10 2 ol Q 0 ] 0 Q 0 ol 0 50 272
ALG 51 451 186' 33 100 12 23 3 0 1 0 01 0f 3B4| 2040
TUN ] 1 34! 72 15 43} 157 6 1 7 0 3 1] 847 806
LIB 0 0 2 7 3] 17/ =58 4 3l 12 0 1 o] 103 470
CYP 0 0 o! 0 0 0 0 ol 15 8 0 1 0 23 90
SYR 0 0 o' 0 ol 0 1 0 24 19 o} 15 0 44| 1380
LEB 0 0 o 0 o 0 0 ol 12| 18 0 2 0 27 350
ISR 0 ol o 0 ol 0 0 0 3l a7 0 0 0 50 620
EGP 0 0 o' 0 o 1 3 7 13| 108 1 4 ol 132] 448
ocC 3 65! &7 60l 54 39; 48] 103] 104] 180! s3] 2203! 178| 97| 51888
Total 450! 3383l 4302 3135! 2458¢ 2318| 3309 3018| 875| 2004] 399l es12! vosl 25230( 418184

Notations are given in tables 6.2 and 3.1
OC - other countries within calculation region
QA - emission of given country
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airborne zinc that approximately corresponds to 2% of its total emission within the
calculation region.

Thus on the whole in 199} the area of regional seas: the Mediterranean, the Sea
of Marmara, the Black Sea and the Sea of Azov received 3314 t of zinc that corresponds
approximately to 8% of its emission within the calculation region,

In 1991 the adjacent countries received 6762 t of zinc that corresponds to 16% of
its emission within the calculation region.

Note that total deposition value of 6762 1 obtained for adjacent countries (about
16% of the emission within the calculated region) is an estimation of the deposition of zinc
on the Mediterranean Sea watershed, where from a part of it with river tlows is transported
to the coastal region, the most sensitive to anthropogenic impact. Thus, due to the input to
the marine environment of pollutants deposited on the sea watershed, the contribution of
airborne pollution to the total pollution of the sea will be greater than the pollution resulted
only from deposition directly on the sea.

10.2.4.  Seasonal variations of zinc pollution.

Fluctuations of depositions and concentrations of Zn in the chosen points (see
section 10.1.4) are shiown in Figures 10.10 and 10.11. In the points P1 and P2 depositions
in the winter and the spring seasons are higher than in summer and autumn, The
distinguished minimum is obtained for P4 in summer. Seasonal fluctuations for the point P3
are slightly expressed. Generally speaking, variations of mean monthly depositions are
considerable.

Mean monthly variations of zinc concentrations in air are considerably smaller.
Difference by a factor of 2 between the maximum and the minimum concentrations is
obtained for PI, by a factor of 2.5 - for P2 and P3, by a factor of 3 - for P4. Maps of
seasonal depositions and concentrations in air for Zn are presented in Figures C47-C50,

Appendix C.

10.3. Cadmium.
10.3.1.  Deposition on the Mediterranean Sea.
In 1991 the deposition of cadmium on the Mediterranean Sea amounted to 73 tons.

It is 6% of its total emission within the calculation grid. Annual deposition density of
cadmium is about 30 pug Cd/n® year, it is about two times lower than mean density in
Europe.

The deposition map of cadmium for 1991 is given in Figure 10.12, maps of dry
depositions and surface concentrations of cadmium in air as well as in precipitations are
given in Figures A13, Al4, Appendix A.

Table 10.4 shows Cd depositions on the Mediterranean Sea from countries-emitters
within the calculated grid (column MDT), its subbasins (column MTI-MTI0) and adjacent
seas (columns MAR, BLC, AZS) and Figure 10.2 gives per cent contributions of countries
to total deposition of cadmium. Line GC (other countries) in Table 10.1 and similar one in
Tables 10.3, 10.4 and 10.5 shows total deposition from countries within the calculated
region, contributions of each is negligible.

It is seen from Table 10.4 and Figure 10.2 that ltaly and Spain (18% and 21 % of
total deposition), Bulgaria and Yugoslavia (14% and 14% of total deposition respectively)
make the main contribution to cadmium deposition on the Mediterranean Sea. Maps of
deposition caused by these countries (within the calculation region) are given in Figures B19,

B20, Appendix B.
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Iy deposition in chosen points.

Fip.10.10 Zn month

UNIT=10 ug/m2 P1-Barcelona,P2— Corsica,P3~ Crete,P4=Tel Aviv
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Fig.10.9 Zn deposition (from countries on subbasins)

UNIT=100 kg Zn per year

Fig.10.11 Zn monthly air concentrations in chosen points

UNIT=01! ng/m3 Pl-Barcelona,P2— Corsica,F3— Crele.P4-Tel Aviv
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Table 10.4

Cadmium deposition on the Mediterranean Sea, its subbasins
and adjacent seas in 1991 from some countries-emitters

(10 kg Cd per year)

| MT1 | MT2! MT3 | MT4 | MTE I MT6 I MT7{ MT81 MT9 :MT10 MAR: BLC: AZSIMDT, QA
AL of o o ol 3 3 11 1 o 1 of o o 9’ 110
BG 0 ai  11] 21| 43| 103f 1s2] 4ssl s3- 1s1’ 42! 204 13| 1043 6490
Ccs 0 7 4 7 16 9! s! 7 <) 4' 2l 21" 1 67' 2425
FR 1] 117] ssl  91] 290 227 s0l a3 1 4 ol 1 ol 368 3620
GE | 21 s0{ a3s] a0l 41/ 120 7] 9l 4 g 1l 38 2l 220" 12040
GR 0! o! o o 0 5' st 31 4t 17 o 2 0 88 360
HU 0 1 1 1 4 2 3 a2t o 1! 11 8 ol 18 435
IT 1] 183} 217] 2720 189! 183 225 40! 9 38 11 15 1] 1328, 3585
PL ol 39 gl 23] 77| 38 37| a0l 11" 22 8! 217 13! 308 18045
PT of o ol o 0 0 0 of o o ol o ol o 200
RO of 11 3 7| 14] 320 34] 84| 12" a4 13l 207 23] 254! 4280
ES 130 498] s75] 182] 41| 28! es & 0 4 1| 7 ol 1535] 13485
TR 0 o 0 0 0 3 71 a7t 48" =8 12, 80 al 173 1232
GB 1 2| 7 3 2 11 2 2l or o ol 5 11 20" 3075
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MOR 0 of ol o 0 ol o 0 0 0 0 o o 0 50
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ISR 0 o 0 0 0 0| 0 0 o' 7 0 o' 0 7 100
EGP ol 0 0 0l 0 0l 0 2 4 29 0 [ 0 35 437
ocC 19] 63! 73! e8! 28] e3 135{ 4l 60 130 9, 609 s3] 7211 13951
Total 160l 10071 10661 832! ess| 53l 9211 1074 252 esi 117 2105 211! 7431! 117135

Notations are given in tables 6.2 and 3.1
OC - other countries within calculation region

QA - emission of given country
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The input of Mediterranean countries is 46,5 tons, i.e. 14% of the total emission
of these countries and 64 % of total deposition on the sea.

Thus the input of remote countries to the cadmium deposition is about 36%,
including Bulgaria (14 %), Poland (4 %) and Germany (3%) and Romania (3%).

10.3.2.  Deposition on the Mediterranean Sea subbassins.

Figure 10.3 gives distribution of heavy metals depositions over the Mediterianean
Sea subbasins. As it is evident from Figure 10.3 the maximum depositions of cadmium are
in the subbasins MT2, MT3 and MT8. and minimum - in the Alboran Sea.

From Figure 10.4 presenting deposition density distribution of heavy metals with
subbasins and the map of cadmium deposition (Figure 10.12) it is clear that the greaiest
density of cadmium deposition is observed in the Adriatic and the Acgean Seas, This
deposition density is about two times higher than the mean value for the Mediterranean Sea.

The minimum deposition density (1.5 times less than mean one) is observed in
subbasin MT7 and MTIQ and the Alboran Sea (MTI).

Thus the deposition density is decreasing from north to south that corresponds to
emission distribution within the calculation region, to main atmospheric transport rontes and
to annual precipitation amount distribution within the Mediterranean basin.

Figure 10.13 shows deposition on the Mediterranean subbasins from countries
making the main contribution to the sea pollution.

Figure 10,13, Table 10.4 and A13-Al4 (Appendix A) indicate that the main
countries-emitters have their own "impact-zones” for cadmium. For exampie, Spain sources
affect western part of the Sea (subbasins MTI-MT3) and partly the Tyrrenian Sea (MT4),
Italy - central part (subbasins MT4-MT7) and partly subbasins MT2 and MT3, and Bulgaria,
Turkey and Yugoslavia - eastern part (MT8-MT10).

10.3.3.  Cadmium deposition on adjacent countries and seas.
Cadmium and nitrogen deposition on adjacent seas is given in Table 10.4 (columns

MAR, BLC, AZS) and on adjacent countries - in Table 10.2 containing other heavy metals

too.

In 1991 in total the Marmara, the Black and the Azov Seas received 24 t of
airborne cadmium that approximately corresponds to 2% of its total emission within the
calculation region.

Thus on the whole in 1991 the area of regional seas: the Mediterranean, the Sea
of Marmara, the Black Sea and the Sea of Azov received about 100 t of cadmium that
corresponds approximately to 8% of its emission within the calculation region.

In 1991 the adjacent countries received about 190 t of cadmium that corresponds
to 16% of its emission within the calculation region.

The total deposition value of 190 t obtained for adjacent countries (about 16% of
the emission within the calculation region) is an estimation of the deposition of cadmium on
the Mediterranean Sea watershed, where from a part of it with river flows is transported to
the coastal region, most sensitive to anthropogenic impact. Thus, due to the input to the
marine environment of pollutants deposited on the sea watershed, the contribution of airborne
pollution to the total pollution of the sea will be greater than the pollution resulted only from
deposition directly on the sea.
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Fig 10.14 Cd monthly deposition in chosen points.

0t ug/mea. Pt—-Barcciona,P2= Corsica,Pl= Crete?4~Tel Aviv

UNIT"
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Fig.10.13 Cd deposition (from countries on subbasins)

UNIT=10 kg Cd per year

Fig 10.15 Cd monthly air concentrations in chosen points.

001 ng/m3 Pi—Barcelona,P2- Corsica,P3- Crete,P4~Tet Aviv
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10.3.4.  Seasonal variations of cadmnium pollution.

Seasonal data on deposiions and concentrations of Cd in the air for the chosen
points (see Chapter 10.1.4) are presented in Figures 10.14 and 10 15 respectively.

The distinct minimum of depositions for all four points is clearly seen in summer.
Seasonal differences between the maximum and minimum depositions are considerable and
make up not less than factor of 4 for all points.

Seasonal variations of Cd concentrations are insignificant. The ratios between

maximum and minimum values are no more than 2.5 times for each point. Maps of seasonal
depositions and concentrations of Cd are presented in Figures C51-C34, Appendix C.

10.4. Arsenic.
10.4.1.  Deposition on the Mediterranean Sea.
In 1991 the deposition of arsenic on the Sea amounted to 200 tons. It is 4% of its

total emission within the calculation grid. Annual deposition density of arsenic is about 80
pg As/m? year, it is about three times lower than mean density in Europe.

The map of arsenic deposition for 1991 is given in Figure 10.16, maps of dry
depositions and surface concentrations of arsenic in air as well as concentrations in
precipitations are given in Figures A15, A16, Appendix A.

Table 10.5 shows As depositions on the Mediterranean Sea from countries-emitters
within the calculated grid (column MDT), its subbasins (column MTI-MTI0) and adjacent
seas (columns MAR, BLC, AZS) and Figure 10.2 gives per cent contributions of countries
to total deposition of arsenic. Line OC (other countries) in Table 10.5 and similar one in
Tables 10.3, 10.4 and 10.5 shous total deposition from countries within the calculation
region, individual contributions of which are small.

It is seen from Table 10.5 and Figure 10.2 that Italy and Spain (9% and 18% of
total deposition on the Mediterranean Sea), Bulgaria and Yugoslavia (15% and 12% of total
deposition respectively) make the main contribution to arsenic deposition un the
Mediterranean Sea. Maps of deposition caused by these countries (within the calculation
region) are given in Figures B21, B22, Appendix B.

Note that the input of Mediterranean countries is 138 tons As. i.e. 15% of the
total emission of these countries and 69% of total deposition on the sea.

Thus the input of remote countries to the arsenic deposition is about 31%,
including Bulgaria (12%), Poland {(3%}. Germany and Romania (2ach 3%).

10.4.2.  Deposition on the AMediterranean Sea subbassins.

Figure 10.3 gives distribution of heavy metals depositions over the Mediterranean
Sea subbasins. It is evident from Figure 10.3 that the maximum deposition of arsenic is in
the Aegean Sea (MTB8) and subbasins MT3, MT7 and minimum - in subbasins MT1 and
MT9,

From Figure 10.4 presenting the density distribution of arsenic depositions over
subbasins and the map of deposition (Figure 10,16) it is clear that the maximum density of
arsenic deposition is observed in the Adriatic (MTS) and the Aegean (MTS8) Seas. This
deposition density is about two times higher than the mean value for the Mediterranean Sea.

The minimum deposition density (1.5 times less than mean one) is observed in
subbasins MT7 and MTI0.

Thus the deposition density is decreasing mainly from north to south that
corresponds to emission distribution within the calculation region, to main atmospheric
transport routes and to annual precipitation amount distribution within the Mediterranean
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Fig.10.16. Total deposition of arsenic in 1991
(1 pg As/m2/year).

110




Table 10.5
Arsenic deposition on the Mediterranean Sea, its subbasins
and adjacent seas in 1991 from some countries-emitters
(100 kg As per year)

| MT1jMT2|MT3 MT4 | MTE - MT6 | MT7 | MT8| MT9 MT10! MAR! BLC | AZS |MDT| QA
AL | o 1 1 a2l 2 9 7 T 4 ol a3 o 421 1ss
BG ] 0 5, 4 5 13, 23 30/ 103 12 41 9. 63 §| 236] 1500
cs | 0 : 2] 3 5’ 3 3 3 1 1 1 10 1 24! 840
FR | 1 29] 24. 19 6. 8§ 9 1 o 1 0 ai o] s8] 1470
GE | 1 140 8! al 10! 3 5 6! 1 3 1 st ol so|l 3830
GR o' of o 0 11 6 gl 17 al 17 0 2+ o] s3] 140
HU 0j 1 0 1 2j 1 1 2 0 1 0 s o o] 185
IT 11 39! et} 74l 44l s7] 73] 13 a3l 12 0 4" o] s77] e85
PL 0i 13! § 13 15" 13l 13] 20 6, 5 3j a7 4| 104{ 59860
PT 1 1 2 1 o1 0 0 0 o 0 0 0 ) s 118
RO ! 0 4 1 2 4l 9 ol 23 st 12 s| 73, 5|  sal 1148
ES | a8 97! 128 44 14 1 18 2 o! 1 0 1l 0| 364| 2680
TR | o0 oy, © 0 0 2 3 19! 18! 23 4l 32 1] es| 398
GB : o© 1l 3 2 0 2 0 o0 0 0 i, 0 a] 1195
YU ol M gl 19]  ag!  a4| szt 76 9l 30 6] o3 5| 298| 2715
RF | 0 i 0 ) 1 1 1 3 1 3 1 so] 12}  11] 17843
UR | 0 1 1 1 1 5 5 8 1 5 3| 83 25 28| 1308
MOR 3 0 i 0 0 ) ) ) 0 0 0 o ) 4 20
ALG 4 4 14 3 1 1 2 0 0 0 0 0j 0 29 187
TUN 0 1 2 5 1 al 12 i 0 1 0 0j o 27 71
LIB 0 0 0 1 0 1 4 0 ) 1 0 o' 0 7 39
CYP o 0 0 0 0 0 0 0 1 0 0 00 o0 1 7
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EGP | 0 ol 0 0 0 0 0 1 2 12 0 0 0 15 175
oc | 0 6; 4 7 5! 3 4 5 9 11 1] 179" 10| 54| 7840
Total | 5a|l 233! 2721 212 185! 204| 284! s0si 78l 192l 34! 687 68 2008] 50544

Notations are given in tables 6.2 and 3.1
OC - other countries within calculation region
QA - emission of given country
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basin.
Figure 10.17 shows depositions on the Mediterranean subbasins from countries

making the main contribution to the Sea pollution.

Figure 10.17, Table 10.5 and maps B2 and B22 indicate “impact-zones” of the
main countries emitters. Spanish sources affect western part of the Sea (subbasins MT1-MT3)
including the Tyrrhenian Sea (MT4), Italy - central part (subbasins MT4-MT7)
complemented by subbasins MT2 and MT3 (mainly their wesiern parts), Yugoslavia -
subbasins MTS5-MT8 and MTI0, Bulgaria and Turkey - eastern part. Poliution from
Yugoslavia (the biggest As emitter among the Mediterranean countries) spreads over central
and eastern part of the Sea, giving not less than 10 per cent of deposition on each of these

parts.

10.4.3.  Arsenic deposition on adjucent countries and seaus.

Arsenic deposition on adjacent seas is given in Table 10.5 (columns MAR, BLC,
AZS) and on adjacent countries - in Table 10.2 containing other heavy metals too.

In 199! in total the Marmara, the Black and the Azov Seas received 77 t of
airborne arsenic that approximately corresponds to 1.5% of its total emission within the
calculation region.

Thus on the whole in 1921 the area of regional seas: the Mediterranean, the Sea
of Marmara, the Black Sea and the Sea of Azov received about 280 t of arsenic that
corresponds approximately to 5.5% emission within the calculation region.

In 1991 the adjacent countries received about 520 t of arsenic that corresponds to
10% of its emission within the calculation region.

The total deposition value of 520 t obtained for adjacent countries (about 10% of
the emission within the calculated region) is an estimation of the deposition of arsenic on the
Mediterranean Sea watershed, where from a part of it with river flows is transported to the
coastal region, most sensitive to anthropogenic impact. Thus, due to the input to the marine
environment of pollutants deposited on the sea watershed, the contribution of airborne
pollution to the total poliution of the sea will be greater than the pollution resulted only from

deposition directly on the sea.

10.4.4.  Seasonal variations of arsenic pollution.

Figures 10.18 and 10. (9 present seasonal depositions and concentrations of As in
air in the chosen points (see Section 10.1.4). The obvious summer minimum of monthly
depositions is shown in Figure 10.18 for all points, except for Crete, that can be explained
by the correspending minimum of precipitation. Variations of the calculated values are great,
the ratios between the maximum and the minimum values are not less than 5 times for all
points. Fluctuations of the mean monthly concentrations are expressed more smoothly - the
same ratios vary within factors 2-4.

The maps of seasonal depositions and concentrations of As in air are presented in
Figures C55-C58, Appendix C.

References:
I.  WMO/UNEP: Airborne pollution of the Mediterranean Sea. Report and proceedings
of a WMO/UNEP Workshop. MAP Technical Reports Series No.31, UNEP, Athens,

1989.
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Fig.10.17 As deposition (from countries on subbasins)
UNIT=100 kg As per year

Fig 10.19 As monthly air concentrations in chosen points.
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XL COMPARISON OF CALCULATIONS AND MEASUREMENT DATA

11.1. Measurement data

Regular measurements of sulphur and nitrogen compounds are carried out at the
EMEP network and data are available.

The comparison was made for the following components:

-S0.,: SO, concentrations in air, SO,~ concentrations in aerosol and precipitations;

-NO,: NO, concentrations in air and n aerosol; NO;”+HNO, in aerosol and in
precipitations;

-NH,: NH,;+NH;* concentrations in aerosol and precipitations.

Since measurement data are of regular and long-term character, monthly average
data up to 1991 were used for the comparison.

At the same time, sparse stanons along the Mediterranean coastal line limit
possibihities of the model calibration for this region. Only about 5 EMEP stations are located
in the Mediterranean region. For comparison, in the Baltic region there are about 25 stations
and about half of them belongs to the EMEP network. For that reason the following data
were taken into consideration:

I. For general verification of the model data from all stations of the EMEP
network with a completeness of daily measurements no less than 75 % each month were taken
(atter eliminating the months with data completeness less than 6 months in a year).

2. For the evaluation of accuracy of the calculated results in the Mediterranean
region, five-year data sets were taken for stations 14 (Ispra) in Northern Italy and YU2 in
former Yugoslavia These two stations provided the most complete sets of measurements in
the Mediterranean region.

Measurement data on heavy metals including ship measurements are rather scarce,
The available data include mainly the measurement data from the regions of the North and
Baltic Seas and data from measurement campaigns conducted in the Mediterranean in the late
1980s ([3] - [7]). The only data available for 1991 are the data on Pb and Zn concentrations
in precipitation from three stations in the former Yugoslavia [10]. The following data were
used for the comparison with the calculations:

- concentrations of heavy metals in air and precipitation (mean annual and
available episodic measurements);
total annual wet depositions of heavy metals.

11.2. Calculated data

For sulphur and nitrogen compounds calculations covering the period of 6 years
(1987-92) were carried out by the MSC-E current model using a special grid (see
Figure 3.1).

For heavy metals Pb, As, Zn, Cd provisional calculations were made by the
MSC-E model described in Chapter VII using meteorological data for 1991, Only the
calculated mean annual concentration data and total annual wet deposition data were used for
the comparison with the measurement data.

The emission data base used is described in Chapter VI.

11.3. The comparison procedure

For the model verification a special procedure of the regression analysis and
corresponding software allowing for basic statistical features of the model verification
problem was developed at MSC-E [1].
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Regression comparison was made for annual calculated and measured data. For
sulphur and nitrogen compounds, a correspondence between a year of measurement and
calculation was strictly kept. Calculations for heavy metals (total annual wet deposition and
mean annual concentrations in air and precipitation) made for the 1991 meteorology were
compared with measurement data of those years or periods for which they were available.

In some cases of the comparison the non-uniformly of measurement data base
greatly distorted statistical properties of the regression point field.

For example, in case of the lead air concentration (Figure 11,12) the distortion
was so significant that special procedure appeared to be unacceptable and the regression line
was constructed by the standard least square method. In the rest of cases the violation of
regression field properties was less important and CPEM (Choice Procedure of Effective
Method - [1]) was used.

With regard to sulphur and nitrogen compounds, in addition to the regression
procedure, time series of monthly concentrations for 6 years (1987-92) were used. A similar
approach should be used for the development of air pollution control strategies since the
multiannual variations of pollution fields strongly depend on multiannual variations of

meteorological parameters [2].

11.4. The comparison results
The results of comparison between model results and measured monthly

precipitation amounts are presented in Figure 11.1. The difference between the model results
and observed precipitations is in a good agreement with current knowledge about
precipitation field structure. Since the correlation distance tfor monthly averaged amount of
precipitation is about 50-100 km the correlation between mean values in grid cell and point
precipitation amount is about 0.5-0.7 [8]. At the same time the use for modelling of the
climatological data (in absence of real meteorological information) resuits in the bias in
regression and overestimation of mean values.

The results of comparison between the calculated and measured data for five years
are presented as follows:

- for sulphur compounds - in Figure 11.2,

- for oxidized nitrogen compounds - in Figures 11.3, 11.4,

- for ammonia - in Figure 11.5.

Every point in the graph presents the annual calculated and measured values for
each station.

The six-year calculated data sets for the same compounds are presented for two
EMEP stations: for 14 (Ispra) in Figures 11.6-11.9 and for YU2 (Putnijarka) in Figures
11.10, 11.11. Measurement data for these stations are available up to 1991.

On the whole the presented graphs show a satisfactory agreement between the
calculated and measured data for both sulphur and nitrogen compounds over continental

Europe.
In the region of the Mediterranean Sea (stations 14 and YU2) the agreement for

sulphur remains satisfactory, but the calculation results for some nitrogen compounds are
underestimated. This might be explained by underestimation of nitrogen emissions and a

possible re-emission of N from the surface.
The results of comparison between the calculated and measurement data on annual

wet depositions and mean concentrations in air and precipitation for Pb, Cd and Zn are given
in Figures 11.12-11.14 and on mean concentrations in air and precipitation for As - in Figure

11.15.
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Mean monthly precipitation, mm

209.9

23.0 208.9 Obs

Regression coefficients:

¥ethods A B
CPEM 0.733 39.164
Number of points 268
Mean Calculated 89.438
¥ean Observed 70.534
Correlation 0.575

Fig. 11.1. Comparison of mean monthly precipitation observed on EMEP
stations and used in modelling
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The results of comparison are as follows:

I. For Pb there is a good agresment between the mode! and measured data.
Discrepancy between mean values does not exceed 20%. But the form of field is partially
distorted that could be connected with trregular character of measurements and absence of
compatibility for different sets of data.

2. Agreement for Cd is not so good. The most reliable data for Cd are the
concentrations in precipitation and the majority of these measurements were carried out at
the Baltic stations during [986-1990. These measurements are of a regular character and this
set of data agrees relatively well with the present model calculations. Total underestimation
of mean values is within a factor of 3 which is confirmed by the same value of regression
coefficient. That may be explained either by general underestimation of emissions, or by
incorrect distribution of it within the calculation region.

3. The worst results of comparison are for Zn. Here the underestimation is about
a factor of 10 and there is a disagreement between the regression line and the mean values
ratio. One of the problems is the quality of measurement data. According to EGAP 10/4/2
(see [9]) the available measurement data for Zn wet deposition could not be considered as
reliable.

4., For arsenic the main problem is the lack of measurement cata. Presented graphs
do not allow to draw any conclusions.

On the whole, the model - measurement comparison for heavy metals shows that
the model results are acceptable as provisional assessments. But for Zn and As, as well as
for Cd air concentrations, underestimation of all the parameters up to 10 times is observed.
Regression slope of about 0.1 along with the good correlation (up to 0.92), make it possible
to suppose that the underestimation of calculation results is partially due to the emission
underestimation. This subject was discussed in Chapter 6 more thoroughly.
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XIIL THE DISCUSSION ON THE MODEL CALCULATION RESULTS,
CONCLUSIONS AND RECOMMENDATIONS

12.1. Discussion of maodelling results

The prevailing transport over the Mediterranean Sea is from north-west and the
prevailing winds mainly vary between western to northern [1]. As a rule it makes the
situation unfavourable for the Mediterranean Sea in view of pollution transport since the main
emission sources are located to the north of the Sea. In particular the northern Mediterranean
countries including Turkey give 16-29% of total emissions of sulphur and nitrogen
compounds and heavy metals within the calculation grid and the rest of Mediterranean
countries - only 1-3%. Emissions of all the Mediterranean countries do not exceed 32% of
total emissions within the calculation area (Figures 6.1-6.3, 6.5-6.8). Practically all other
countries within the calculation grid, remote from the Mediterranean Sea, with integral
emission not less than 68% of the total emission are also located to the north of the sea.

The existence of the prevailing atmospheric transport directions results in forming
clearly defined "impact zones", constantly affected by powerful countries-emitters: Italy,
Spain, France, Greece, Yugoslavia, Bulgaria and Turkey (see Figure 10.5 for instance). By
the way, the annual maps of depositions from these countries reveal annually averaged
transport directions (primarily from the west-northern sector) (see Appendix B). The share
of the country emissions which could deposit on the sea depends on characteristic
atmospheric transport patterns. These shares for As for various countries are for example,
the following: Spain - 15%, Bulgaria - 5%, Isracl - 8%, Syria - 4%, Turkey -12%, Albania
-25%, Italy - 39%.

There is much common in the general pattern of the Mediterranean Sea pollution
by sulphur and nitrogen compounds, and by heavy metals. That can be explained by the
similarity of the atmospheric transport conditions for various poliutants and their emission
distributions. In particular, having considered the depositions distribution with subbasins for
Pb (Figure 10.4) and NH; (Figure 8.4), it becomes obvious that they are very similar.

The difterence in pollution patterns of various compounds one can explain by the
irregutarities of their emission distribution, different types of sources and peculiarities of
behaviour of pollutants in the atmosphere. Particularly, the emission of sulphur and nitrogen
compounds as well as lead are diffused evenly across the calculation territory, but the other
heavy metals are emitted mostly by a small number of powerful point sources.

In order to develop abatement strategies with the usage of calculation results it is
necessary to take into account that the calcuiation period of one year is not sufficient since
the calculation results are affected by peculiarities of meteorological situation (fluctuations
of the transport relative to mean multiannual values).

The study carried out within the EMEP calculation area (Figure 3.1) demonstrated
that the assessments independent on metecrological situations could be obtained only with the
calculation data for 3-6 years period with their further averaging [10].

At the same time one should bear in mind that measurements and calculation
results have principal unavoidable uncertainties (about 20%}), connected with the singularity
of measurements used for the model verification [10].

Results of heavy metals transport calculations should be considered as provisional
for the following reasons:

1. The heavy metals behaviour in the atmosphere is a sophisticated problem which
requires further investigation. Particularly, there is no commonly accepted opinion on their
phase state in the atmosphere (in the work presented, the modelling was done upon the
assumption, that heavy metals are adsorbed by aerosols).



2. The on.y complete emission data set available at the moment of calculations was
for 1982, published m 1992 [21. Lists of emission sources, taken into consideration in data
sets and in publications available differ from each other both with types of sources and their
priorities [4,5]. Therefore, the emission data set used, should not be considered as a complete
one, The degree of uncertainty put into both the original data and additional estimates for the
territories outside the EMEP grid, made by MSC-E, are considerable. For instance, the total
emission of Zn for 1979 in western and central Europe in work [5] exceeds the one used in
calculation two times Data taken from the work [2] show, that the emission estimates for
individual countries made by various researchers, sometimes differ more than 10 times.

The accuracy of the calculation results of heavy metal emission assessments is
evaluated by the authors within a factor of 3. Besides, the emission of lead should have been
substantially reduced since 1982, due to a prohibition of leaded gasoline in European
countries.

3. The measurement data available are very scarce, sometimes controversial (see,
for example, [6,p.5,points 4.1-4.3]). and contamn fragmentary parts for different years. Data
for 1991 as well as for the Mediterranean are even more sparse. That is why, although
presented in the report, the comparison with the measurements can not be considered
sufficiently correct. In addition to the comparison with measurements, intercomparison with
other calculation results available was also made. The results of our calculations together
with the results received in [4] and [7] are presented in Table 12.1.

Since the calculations in these publications were made within slightly different
grids (for instance the Mediterranean Sea is completely covered in the MSC-E work only),
we rearranged our results in a way, as we would use the same grid and emission data as in
each of the works [4] and {7]. For that purpose, the part of deposition on the territory of the
Mediterranean, not covered by the grid in each of these works, being compared to, was
subtracted from the total Mediterranean deposition. Then inputs of the countries of northern
Africa, Middle East and Turkey were subtracted from the total, both for the Mediterranean
and the Black Seas, because these countries had not been considered in [4,7]. After that the
deposition was recalculated according to the ratio between the emission values used. For
comparison with the work [4] the ratio between the total emissions was used since only this
value was given in this work. The ratio for individual countries was used for comparison
with the work [7], since practically the same data were used, except the data for Pb (which
in [7] were updated for 1985).

The results of MSC-E recalculated as described above are marked (1)-=(2) for
comparison with work {7] and (1)—(3) for work [4].

As it follows from Table 12.1, the discrepancy between the corrected MSC-E
results and the results of the papers [4] and [7] for the Mediterranean, do not exceed 20%.
The difference is higher for the Black Sea and makes up 40% for Cd, comparing to paper
{7]. Tt should be noted that the MSC-E evaluations for Cd and Pb are overestimated
comparatively to the papers [4,7] and underestimated comparatively to the observation data.

As a whole, the results obtained allow us to assert, that the share of the total of
heavy metals emission within the calculation grid, which deposit on the Mediterranean and
Black Seas, is estimated with an error of not more than 40%.

There is a possibility to make a comparison between the atmospheric and the
riverine inputs to the Mediterranean Sea. According to [8] inflow with riverine run-off for
different kinds of poltutants are: 800-1,200 kt of N; 4,300-4,500 t of Pb and 21,000-29,000
t of Zn per year. Our calculation results show, that the deposition of airborne bound nitrogen
(NO,+NH,) on the sea amounted to 1,000-1,100 kt (as N), that is practically equal to the
riverine nitrogen. The estimate of the airborne Pb deposition on the Mediterranean Sea is
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about 7,400 t, that is even mwore, than the estimate of the riverine input. As for Zn, it
appears that the riverine input to the sea is much greater than the atmospheric one (2,500 t).

Table 12.1, Comparison of depositions on the Mediterranean and the Black Seas,
obtained by various authors, and the emissions used. (Unit = 19

Metals
SEAS YARIANT As Cd Pb Zn
S
MDT (D 201 73 7404 2523
2) 218 59 3330 2093
(—=(2) 170 61 4300 2030
{3) 31 2000
(1)—~(3) 35 2400
BLC (N 67 21 1714 681
(2) 58 12.5 1101 493
(—=(2) 63 20 1500 620
(3) 7.5 520
{(1)—=(3) 11 650
Total (N 5054 1172 95 = 10° 42.0 = 10°
emission ) 4950 1143 85 = 10° 40.5 % 10°
within {3) 59¢ 38 =10°
calculation
region

Calculation results and emission used:

(1) - MSC-E,
(2) - [7],
(3) - [4].

The results of MSC-E recalculated for the direct comparison with other results in
accordance with the emission used and the region of calculation:

(1)»(2) - (MSC-E)-{7],
(1)=(3) - (MSC-E)—{4].

12.2. Conclusions

1. The calculation of the Mediterranean region pollution by sulphur and nitrogen
compounds and heavy metals has been carried out for 1991.

2. About 7% of sulphur and bound nitrogen emissions within the calculation
region deposit on the Mediterranean Sea, and about 9% on the Mediterranean Sea, the Sea
of Marmara, the Black Sea and the Sea of Azov in total.

The depositions of heavy metals on the Mediterranean Sea and on all southern
European Seas vary from 4% (As) to 8% (Pb) and from 5% (As) to 10% (Pb) respectively

3. The adjacent countries received in 1991 about 15% of sulphur and bound
nitrogen emission within the calculation region. The same values for heavy metals make up
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from 10% (As) to 17% (Pb). These values roughly characterize the amount of deposition on
the watershed of the Mediterranean Sea, part of this pollution with river runoff enters coastal
waters, and thus the contribution of airborne pollution to the total pollution of the sea will
be greater than the pollution resulted only from deposition directly on the sea.

4. The Mediterranean countries which emissions amount to 20-25% of the total
sulphur and nitrogen emissions and about 18%-32% of the total heavy metal emissions within
the calculation region are the main source of the Mediterranean Sea airborne pollution
{60%-80% for sulphur and nitrogen compounds and 65%-85% for heavy metals).

The input of remote countries is 20%-40% for sulphur and nitrogen compounds
and 15%-35% for heavy metals.

The input of adjacent countries located to the south and to the east of the
Mediterranean Sea does not exceed 10% of the total contribution of all the Mediterranean
countries.

5. Seasonal variations of deposition are significant for all the substances considered
and they are explained by seasonal emission variations and the atmospheric transport
conditions.

6. For some compounds (e.g. Pb, N) the airborne input is practically equal or
even more than the riverine input.

12.3. Recommendations for future research

1. The meteorological data for 1991 considerably deviated from the climatic ones.
Therefore the present estimates of airborne pollution may difter from the multiannual values.
So it would be expedient to fulfill the calculation for three years at minimum, to obtain
averaging results closer to the multiannual values and to make the trend analysis. Continuous
calculations will be needed to provide information on current states of airborne pollution and
to develop any air pollution abatement strategies.

2. Further improvement of the emission data base will allow to make refined
recalculations of the deposition of Pb, As, Cd, and Zn on the Mediterranean region. At the
same time it would be useful to make the calculations for other toxic compounds, such as
Hg, Ni, Cr, V, Cu, benzo(a)pyren and chlororganic compounds.

3. In addition to simulation of the whole Mediterranean region it would be
desirable to make the "local" modelling considering orography, local winds, types of
underlying surface (which is the most important for the Adriatic Sea), and so on. The
development of applied programmes for various regional or local situations could be useful
as well.

4. The experience gained in the research of the Baltic Sea airborne pollution shows
that an important source of pollution for the seas is their watershed [9]. Pollutants deposited
on a watershed are being washed out to coastal waters with riverine run-off. It would be
expedient to assess quantitatively the contribution of airborne pollution to the poilution of the
Mediterranean Sea from its watershed.

5. In order to obtain accurate and comprehensive assessiments of the airborne input
to the pollution of the Mediterranean and the Black Seas it is desirable:

- to have more representative measurement data obtained from an expanded
network of stations, to establish "marine stations" on islands in the Mediterranean Sea or to
use data obtained from other stations located outside the EMEP grid;

- simultaneously, intercalibration of measurements at the stations would be
necessary, as well as harmonization of the measurement and the calculation results.

6. The refinement of the emission data for countries, especially for the
Mediterranean and those ones, located beyond the EMEP grid limits and the consideration

136



of the pollution from shipping are the task of primary importance in order 10 improve the
accuracy of assessment of the Mediterranean and the Black Seas pollution by airborne

compounds.
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APPENDIX A.

Maps of dry and wet depositions and annual concentrations in air and
precipitation of sulphur and nitrogen compounds, and dry deposition and
concentrations in air and precipitation of heavy metals in 1991.
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Fig. A7 "Mean annual concentrations of NH4 in air (0.01 pg N/m®) (upper)
and in precipitation (0.01 mg NA) (lower).
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Fig. A9. Dry deposition of lead in 1991 (100 ug Pb/m2year).
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Conceantration of lead in air in 19951
(0.10 ng Pb/m3), upper panel.

Concentration of lead in precipitation in 1991

(100 ng Pb/1l}, lower panel.
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Fig. A11. Dry deposition of zinc in 1991 (10 ug Zn/m?year).
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Fig.Al2 Concentration 6f zinc in air in 1991
(0.01 ng %n/m3), upper panel.

Concentration of zinc in precipitation in 1991
(10 ng %Zn/l), lewer panel.
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Fig. A13. Dry deposition of cadmium in 1991 (1 ug Cd/m?year).
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Fig.Al4 Concentration of cadmium in air in 1991

(0.001 ng Cd/m?), upper panel.

Concentration of camium in precipitation in 1991

(1 ng €d/1), lower panel.
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Fig. A15. Dry deposition of arsenic in 1991 (10 ug As/m2year).
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Fig.Al6 Concentration of arsenic in air in 1891
(0.01 ng As/m3), upper panel.

Concentration of arsenic in precipitation in 1991
(10 ng As/l), lower panel.
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APPENDIX B.

Sulphur and nitrogen compounds and heavy metal deposition from some
countries-emitters in 1991.
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Fig. BS Total deposition of oxidised nitrogen compounds from
Greece (upper) and France (lower) (1 mg N/mp/year).
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Fig.B6

Total deposition of oxidised nitrogen from Germany

(upper) and former Yugoslavia (lower)
(1 mg N/m2/year).
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Fig.B9 Total deposition of reduced nitrogen from Turkey
{(upper) and former Yugoslavia (lower)
(1 mg N/m2/year).
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Fig. B17. Total depositions of zinc from Spain (upper) and France (lower)
in 1991 (10 ug Zn/m?),
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Fig. B18. Total depositions of zinc from Bulgaria (upper) and Yugoslavia (lower)

in 1991 (10 ug Zn/m32).
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Fig. B19. Total depositions of cadmium
in 1991 (1 ug Cd/m?2),
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Fig. B20. Total depesitions of cadmium from Bulgaria (upper)
and Yugoslavia (lower) in 1991 (1 ug Cd/m2).
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Fig. B22. Total depositions of arsenic from Bulgaria (upper) and Yugoslavia (lower)
in 1991 (10 ug As/m?),



APPENDIX C.

Maps of precipitations; total deposition and mean concentrations in air of
sulphur and nitrogen compounds and heavy metals, and wet and dry
depositions and mean concentrations in precipitation of sulphur and nitrogen
compounds for January, April, July and October 1991.
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Fig.cl Precipitation intensity (mm/month)
for January (upper) and April (lower).
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Fig.C2 Precipitation intemsity (mm/month)
for July (upper) and October (lower).
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Fig.C3 Total deposition of sulphur compounds (10 mg S/m2 month)
for January (upper) and April (lower).
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Fig.C4 Total deposition of sulphur compounds (10 mg S/mg month)
for July (upper) and October (lower).
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Fig.C6 Wet deposition of sulphur compounds (10 mg S/m2 month)
for July (upper) and October (lower).
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Fig.C8 Dry deposition of sulphur compounds (10 mg S/m? month)
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for January (upper) and April (lower).
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Fig.Cl4 Dry dsposition of oxidised nitrogen compounds

(mg N/m“ month) for July (upper) and October (lower).
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depcsition of reduced nitrogen compounds
month) for January (upper) and April (lower).
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Fig.Cl6 Total 2deposition of reduced nitrogen compounds
(ng N/m“ month) for July (upper) and October (lower).
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Fig.C22 Total deposition of bound nitrogen (mg N/m? month)
for July (upper) and October (lower).

204

e 20 P R 23NSINAT TR Dy :1 01 % |:4-|II 8 1177
1




62 o %
% e e
3 ¢ o
s 2 2§
%o
EER

\5hF
ga

(xzs/@
<o
G O & W oW

BE

2 ¢ & s 0
200 44 3 3
10 17 2‘;\'10 L ]
1127 M4 4 10

2 3% 13 \3

3 Co33\® 0

b zo 3 4
2 zz 1w 2
] n 19 u

6 0 0 B u w w

x| {:o‘_r_’:
@000)21 e
@ e 27 M3 ©
B4 o o 0 0\
Eg‘_lo/o:\o\ooq

M © 0 0 0 (o
gl o 0 ¢ o
W0 0 o O
Gioo o @

6 0 o o
Fls o o o
kii/0 4 O 0
IJIQO\:U
@l o o [

mé@%

E»]o‘ 3
8 o 4 11 s
fi s ’\-lsa
Ewnmusoa

HERCIRS
.

w
-

PEw

(& [}
(m;;

o 0w
S0 0 8 U o u

Bes

EIT';\I;':] B

) O

&

F,

¢ 0 o O o 0 0o o O

u B

b |

02'

/

Al 3 4 N

2 2% 1o

!o 42 8 8
4 8 358 8 4
3 ' 3 37 3

LV VE dad e R N TR T IR ML T
4 3 2 V31 38 Telaeae 2
o/: N 34

ba)
4 Azou_umlnl/\
un:aunwul
D dress
10 14 328 l‘/"l 3 3 0

13 18 jds n/“‘\u‘\n 80,13 %2

~

24 1497 33 33 371103 14117418 |00ﬁugll 2 33 ' 2?

14 2§ 4o 11 11?7 70

i 1 & 4\1
: w‘-: 19 {5AAF9Y 13 a8

c
Lo

FU A Ae 13 12 s
. 71 &4 1% I3 tL] TU 3
39 18 s l) t 10 13
LI 3] R’DYS : H II

5 (3™N107 812 69

&
:

<

ivs

143 15 |°/|,| 05 113 3 H

[ad

BTN, 174 115 42 €7 104 %

- Y ~7o~n1 (a8

z 317 W7 u 20 17 13Xy ar 117 f
\<s (zq i 47 a&*-!l s ;&&l\nz“\}c ”non ﬁﬂl 07‘ uP-:: L) (g% 101 28

usaion 84 70 giutot s¢ 8o 83 a3 72 S8 60 3% 100 44 Se 18

. :z g 18] 44 70

‘\J—j‘w

L1 10;-3')
o—~s/l 2 0 0 I8 13 1o \24 83 s2y,48 38 27 15 51 114 188

30 38N\ 25 9 31 34§00 4 84

AT AR

10, ?3

2 4"4!4126

24 18

b

[ A N Y

2

F)

2 105 I?I,VJ 1 ] 4

| ] |D?|u/;\:\l|lﬁlu e o
S

[ ]

“

Ny
14 33 228-2257137°138 188,165 124 164 3797108

-

0 _1B2 109 73 TN MTA A70,42870447018,122008 84 H

1105/Au:u 23 139 123 183238 310 290 15471307 T8

7 8% 92 208 108 129 200 233 173 183 271 :u~uo o8 151 1261:,71100 77 111,,90—0%" 87 87 10 28 17 7 17 J\
fu 2 3 g1

3 2: ‘: ﬂ\h-z:x\t\u

\

18 403 1/ g T 38 78

[]
2 4 |ﬁ<a 81 148 