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EXECUTIVE SUMMARY

Meteorological Synthesizing Centre — East (MSC-E) and Chemical Co-ordinating Centre (CCC) fulfilled
assessment of modelled and measured levels of heavy metal pollution (Pb, Cd, Hg). The main
directions of this activity were formulated in the EMEP Work-plan for 2011. Following the Work-plan,
MSC-E and CCC prepared information on modelled and measured concentrations and deposition of
the considered metals, their transboundary transport and atmospheric load to regional seas.
Measurement information was obtained from the EMEP monitoring network. For the assessment of
pollution levels in the EMEP countries a multi-scale (global/regional/local) approach was applied. An
example of application of this approach on a local scale is the EMEP country-specific Case Study.
Development of the global-scale modelling framework was continued, aiming at elaboration of a
consistent approach for multi-scale simulations. This report is focused on the progress of CCC and
MSC-E in the field of heavy metal modelling and monitoring in 2011.

Investigation of pollution levels on national/local scale (country-specific Case Study)

The main objective of the Case Study is to improve assessment of pollution levels in the EMEP domain
on the base of the integrated analysis of factors affecting the assessment quality involving emission
and measurement data as well as modelling with fine spatial resolution (e.g., 5x5 km, 10x10 km) in
individual countries. Currently the Czech Republic, Croatia, the Netherlands and Spain are actively
participating in the Case Study activities. This year MSC-E continued in-depth research of pollution
levels in the Czech Republic, initiated the analysis in Croatia and performed pilot modelling for the
Netherlands. Spain has started to provide national data for the Case Study.

In the course of the Case Study modelling results with different spatial resolutions were compared with
each other and with measurement data. The analysis of the results demonstrates that transition from
coarse (50x50 km) to finer (5x5 km, 10x10 km) spatial resolution leads to higher quality of pollution
level assessment in terms of agreement with observations. Besides, spatial resolution of the emission
data in neighbouring countries considerably affects the assessment results. Coarse spatial resolution
of these emissions leads to significant uncertainties of heavy metal pollution assessment, especially
near the state borders of the countries-participants of the Case Study. Therefore, emission data with
fine spatial resolution from neighbouring countries are needed to improve the air pollution assessment.

Number of national monitoring stations involved in the country-specific analysis is significantly larger
compared to that available from the EMEP monitoring network. For example, national information on
heavy metal concentrations in air and/or in precipitation is available from 92 stations in the Czech
Republic. For comparison, only two of those stations report heavy metal measurements to the EMEP
database. The additional information derived from national monitoring stations allows performing more
reliable analysis of country-scale pollution levels from viewpoint of spatial coverage and statistical
significance.

It was demonstrated that wind re-suspension was an important contributor to heavy metal levels. In
some individual short-term episodes its contribution to simulated concentrations of cadmium in air
reaches 90%. High contribution of re-suspension in these episodes is confirmed by monitoring of dust
levels at a number of stations. Besides, primary analysis of the model simulation results for Croatia and
the Netherlands demonstrates that re-suspension could be one of the reasons responsible for the
discrepancies between modelled and measured values.



Along with traditional measurements such as air concentrations and wet deposition observed at the
EMEP monitoring stations, various supplementary data were involved into the integrated analysis for
individual countries. In particular, data on concentrations of heavy metals in mosses is important
supporting information for the analysis of country-scale pollution levels. Wide spatial coverage and high
density of measurements in mosses allow to identify areas of relatively high or low levels of
atmospheric deposition.

Next year MSC-E will continue cooperation with countries-participants of the Case Study. In particular,
it is planned to finalize analysis of cadmium pollution levels for the Czech Republic. The research for
Croatia and the Netherlands will be continued. Special attention will be paid to refinement of the wind
re-suspension scheme. Pilot calculations for Spain will be carried out and analysis of pollution levels
will be started. Model intercomparison studies involving Spanish national and EMEP models will be
initiated.

Model developments on a global scale

MSC-E continues development of the Global EMEP Multi-media Modelling System (GLEMOS). This
new modelling framework is aimed to provide effective means for multi-scale simulations of the
environment pollution with various contaminants. Application of the framework on a global scale allows
assessing intercontinental transport of long-lived pollutants and its contribution to pollution levels in
Europe. The key feature of the modelling framework is the modular architecture providing a flexible
approach to multi-pollutant and multi-media simulations. The latter are principal for study of long-term
cycling and accumulation of such substances as mercury and POPs. This year the development was
mainly focused on improvement of the global framework architecture, further elaboration of the multi-
media approach and refining of the mercury chemical scheme.

Significant efforts have been undertaken to improve and further develop meteorological and oceanic
pre-processors required for input data support of the model simulations. A new version of the WRF
model has been adapted for use as a meteorological driver for the GLEMOS framework. An advantage
of WRF is possibility of data support of multi-scale simulations (from global to local) on different
projections and grids. MSC-E has also started development of the oceanological driver to supply the
multi-media simulations with required data on sea currents, temperature, salinity, etc. based on the
Parallel Ocean Program (POP) model. In addition, the oceanic transport module describing pollutants
dispersion in the ocean has been re-designed and thoroughly tested.

Another important activity of the model development in 2011 was improvement of mercury chemical
scheme in line with the new findings of the research community. In particular, the chemical mechanism
of mercury oxidation by reactive halogens was considerably refined and applied for study of the Arctic
mercury pollution. The updated mercury chemical scheme was evaluated against observations at an
EMEP high latitude site and implemented for operational EMEP modelling. The simulations of mercury
levels in the Arctic demonstrated significant effect of Atmospheric Mercury Depletion Events (AMDEs)
on total mercury deposition, which, however, was largely compensated by prompt re-emission from
snow.

Further steps aimed at development of the global modelling framework will include adaptation and
testing of the nesting procedure for multi-scale simulations, improvement of the framework
computational efficiency , incorporation of data on aerosols and atmospheric reactants for heavy metal
and POP modelling, as well as comprehensive analysis of major physical and chemical processes
governing mercury cycling in the atmosphere based on sensitivity study and evaluation against
detailed measurements.



Assessment of heavy metal pollution within EMEP region

Assessment of heavy metal pollution levels in the EMEP region for 2009 region was performed on the
base of an integrated approach involving information on emission inventories, measurement data and
results of atmospheric transport modelling. The emission data officially reported by the EMEP countries
were collected and processed by the EMEP Centre on Emission Inventories and Projections (CEIP).
To fill gaps in the official emission data non-Party expert estimates were applied for modelling
purposes. Gridded emission data were prepared by MSC-E and CEIP. Distribution of the emissions
along the vertical and speciation of mercury emissions was prepared by MSC-E.

Spatial coverage of the EMEP region with monitoring data has been continued to improve in the last
years in line with measurement obligations set by the EMEP monitoring strategy for 2009-2019 and the
EU air quality directives. In 2009, there were 35 sites measuring heavy metals in both air and
precipitation, and altogether there were 71 measurement sites. In addition to this, there were 26 sites
measuring at least one form of mercury. However, there was still lack of measurements in the south-
eastern and the eastern parts of Europe and in Central Asia.

The integrated measurement/modelling/emission approach was applied for evaluation of heavy metal
pollution levels in the EMEP region. Spatial distribution of concentrations and deposition was evaluated
via joint usage of modelling results and measurement data from the EMEP monitoring network. The
highest regional-scale heavy metal pollution levels were obtained for Poland, north of Italy, the Benelux
region, the Balkan region, and the central part of Russia. Scandinavia and the northern part of Russia
were characterized by the lowest levels of heavy metal pollution. Significant role in pollution levels in
the EMEP countries belonged to transboundary transport. Contribution of transboundary transport
exceeded contribution of national sources to anthropogenic deposition of lead and cadmium in 36
countries, and that of mercury — in 26 countries.

Total emission data in the EMEP region used in modelling for 2009 were lower than the emissions in
2008. However, wind re-suspension in 2009 was higher compared to that in 2008 due to natural
variability of meteorological parameters influencing this process (precipitation, wind velocity).
Combined effect of these two counter-directing factors resulted in increase of deposition of lead by 9%
and in decline of cadmium deposition by 2% in the EMEP countries. Estimates of mercury load to the
EMEP countries in 2009 were 18% lower compared to 2008 due to reduction of emissions and
changes associated with the model modifications. Decline of pollution levels of lead, cadmium and
mercury was indicated in the eastern part of Europe (Russia, Ukraine, Romania, Poland). Marked
increase of pollution levels of the heavy metals took place in Germany because of increase of the
reported emissions.

Quality of heavy metal pollution assessment in the EMEP region was estimated considering
uncertainties of emissions, measurement data and modelling results. Uncertainties of country’s total
emissions values typically varied from 15 to 50%. The accuracy of analytical methods in all laboratories
was better than +26%, and in most of laboratories - better than £10%. Overall uncertainty of measured
wet deposition, estimated using results of field campaigns, was around 20% for lead and cadmium,
and 40% for mercury. Modelled concentrations of lead, cadmium and mercury in air, and wet
deposition of lead and mercury agreed with observed levels with satisfactory accuracy. For more than
half of stations difference between modelled and measured values lay within a factor of 2, and mean
relative bias ranged from -16% to 28%. Cadmium wet deposition were underestimated by 48%, mainly
because of significant (several times) underestimation at some stations, located mainly in Scandinavia.
If these stations were excluded from the statistical analysis, the underestimation was -30%. Further
research is needed to establish the reasons of the underestimation.



Cooperation

This year MSC-E actively cooperated with the CLRTAP subsidiary bodies, EMEP task forces (WGE,
TF HTAP), international organizations (HELCOM, European Commission, UNEP), and national
experts. In the framework of cooperation with the ICP-Vegetation of WGE measurement data of
concentrations in mosses were used in the evaluation of heavy metal pollution levels. MSC-E informed
TF HTAP on the ongoing activities in the field of mercury pollution assessment on a global scale and
presented an overview of relevant research initiatives. In the framework of co-operation with the
European Commission MSC-E took part in EU FP7 project GMOS (Global Mercury Observation
System) aimed at integrated research of mercury pollution on a global scale. Deposition of lead,
cadmium and mercury to the Baltic Sea and their long-term trends were calculated for HELCOM. MSC-
E supported development of local-scale modelling of heavy metal atmospheric pollution in Italy. Next
year it is planned to continue cooperation with the CLRTAP subsidiary bodies, EMEP task forces,
relevant international organizations as well as with national experts.
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INTRODUCTION

Pollution of the environment by heavy metals and their compounds can cause harmful effects on
human health and ecosystems. Health effects of heavy metals have been studied and documented for
a long period of time. For example, cadmium is responsible for kidney and bone damage and cancer,
lead and mercury are well known neurotoxins [WHO/CLRTAP, 2009]. Activities of various national and
international organizations (e.g., EC, UNEP, AMAP) are aimed at reduction of heavy metal pollution.
Atmosphere is one of the major pathways of heavy metal dispersion in the environment. Heavy metals
emitted to the atmosphere contribute to pollution levels both nearby sources and can be transported by
atmospheric flows over long distances (hundreds or thousands of kilometres) and deposited in remote
regions. In order to take control over the atmospheric emissions of heavy metals 36 Parties to the
Convention on Long-Range Transboundary Air Pollution (Convention) signed the Protocol on Heavy
Metals (Protocol). Heavy metals targeted by the Protocol are lead (Pb), cadmium (Cd) and mercury

(Hg).

According to the Protocol, the Cooperative Programme for Monitoring and Evaluation of Long-range
Transmission of Air Pollutants in Europe (EMEP) provides the Executive Body for the Convention with
information on deposition and transboundary transport of heavy metals within the geographical scope
of EMEP. The Centre of Emission Inventories and Projections (CEIP) prepares emission data based on
information reported by the EMEP countries. Measurements of heavy metal concentrations in air and
precipitation are carried out at the EMEP monitoring network under the methodological guidance of the
Chemical Coordinating Centre (CCC). Along with that the Meteorological Synthesizing Centre — East
(MSC-E) performs the model assessment of deposition and air concentrations of heavy metals over the
EMEP region as well as the transboundary fluxes between the EMEP countries. For the assessment
of pollution levels in the EMEP countries a multi-scale (global/regional/local) approach is applied. This
approach allows to establish links between atmospheric pollution levels at different scales. The aim of
this report is to overview the main results of the activities of MSC-E and CCC in 2011 in the field of
heavy metal pollution assessment. This work has been carried out according to the EMEP Work-plan
[ECE/EB.AIR/2010/5].

An example of application of multi-scale approach on a local scale is the EMEP country-specific Case
Study. This activity was initiated under EMEP in 2009. The main purpose of the Case Study is to
improve assessment of pollution levels in the EMEP domain on the base of the integrated analysis of
factors affecting quality of the assessment including emissions, measurements, and modelling with fine
spatial resolution in individual countries.

Currently four countries-volunteers (the Czech Republic, Croatia, the Netherlands, Spain) are actively
involved in the Case Study. These countries prepares national information on emissions, monitoring,
meteorology, etc for the investigation of country-scale heavy metal pollution levels. MSC-E carries out
modelling of the pollution levels with high spatial resolution (5x5 km or 10x10 km). Analysis and
interpretation of the obtained results are performed jointly by MSC-E and representatives of the
countries. The results are discussed at bi-lateral meetings, annual TFMM meetings and EMEP
Steering Body sessions.

Individual programmes of the Case Study activities were prepared for each participating country
keeping in mind availability of national information. Model simulations with 5x5 km spatial resolution
and detailed analysis of the results were fulfilled for the Czech Republic. Modelled concentrations and
deposition were compared with monitoring data. The influence of spatial resolution of emission and
meteorological data were analysed, some factors governing pollution levels were revealed through
investigation of short-term pollution episodes. Lead pollution levels with resolution 10x10 km were also
simulated for Croatia. These results are currently analysed. Pilot modelling results with 5x5 km



resolution were produced for the Netherlands, and their analysis was initiated. Spain has started
submission of various country-specific monitoring data, and the modelling activity is planned for the
next year.

Another important field of MSC-E work in 2011 was further development of the modelling approaches
to the assessment of heavy metal pollution on both regional and global scales. MSC-E continued
development of the Global EMEP Multi-media Modelling System (GLEMOS). This new modelling
framework is aimed to provide effective means for multi-scale simulations of the environment pollution
with various contaminants. Application of the framework on a global scale allows assessing
intercontinental transport of long-lived pollutants and its contribution to pollution levels in Europe. The
key feature of GLEMOS is the modular architecture providing a flexible approach to multi-pollutant and
multi-media simulations. The latter are principal for study of long-term cycling and accumulation of such
substances as mercury and POPs. This year the development has been mainly focused on
improvement of the global framework architecture, further elaboration of the multi-media approach and
refining of the mercury chemical scheme.

In line with the Work-plan of EMEP, MSC-E carried out assessment of transboundary heavy metal
pollution in the EMEP region for 2009 involving information on background measurements and
applying appropriate  modelling tools. Monitoring information on lead, cadmium and mercury
concentrations in air and/or in precipitation is available from 71 stations. These stations are located
mostly in the northern, the central and the western parts of Europe. Few stations are situated in the
southern part. However, in the eastern and the south-eastern parts of Europe and in Central Asia
coverage by monitoring stations is insufficient. It means that the assessment of pollution levels in these
regions is based entirely on modelling. Model calculations of lead, cadmium and mercury
concentrations, deposition and transboundary transport are made by means of the MSCE-HM regional-
scale model. Results achieved by MSC-E and CCC in the field of heavy metal pollution under CLRTAP
in 2011 are summarized in this report.

Chapter 1 describes the progress in the investigation of heavy metal pollution with fine resolution in
individual countries. This chapter includes information about availability of national data submitted by
the countries-participants of the EMEP Case Study. Modelling results with fine spatial resolution for the
Czech Republic, Croatia and the Netherlands are described. Results of the analysis of cadmium
pollution levels in the Czech Republic and lead levels in Croatia are presented. National monitoring
information submitted by Spain is overviewed. Plans for further activities regarding the Case Study are
formulated.

Chapter 2 includes description of new developments for pollution assessment on a global scale
performed in MSC-E during the current year. Significant efforts were undertaken to further develop and
improve the GLEMOS modelling framework. In particular, the framework modular architecture was
updated to make possible flexible choice of the model configuration (model domain, spatial resolution,
list of substances, environmental media, etc.) for particular research tasks; new meteorological and
oceanological drivers were adapted and evaluated; the oceanic transport module was updated and
tested; the mercury chemical scheme was refined and applied for study of the Arctic pollution.

Chapter 3 aims at the assessment of HM pollution levels in 2009 in the EMEP region. Emission data
used in the modelling were overviewed. Measured concentrations in air and in precipitation at the
EMEP background monitoring stations were described. Joint analysis of modelled and measured air
concentrations and wet deposition fluxes, source-receptor matrices for the EMEP countries, and
pollution of regional seas in 2009 were presented. Quality of the assessment was evaluated via
comparison of model simulation results with observations taking into account uncertainties of
measurement, emissions and the model.



Chapter 4 is focused on cooperation of MSC-E and CCC with the subsidiary bodies to the Convention,
EMEP task forces, international organizations, and national experts. In particular, MSC-E continued to
collaborate with the ICP-vegetation of Working Group on Effects in the field of joint analysis of
measurements of heavy metals in mosses and their application for pollution assessment. The Task
Force on Hemispheric Transport of Air Pollution was informed about EMEP current activities and plans
for future work on mercury. Calculations of heavy metal deposition and its long-term trends to the Baltic
Sea for the Helsinki Commission were carried out. In the framework of co-operation with the European
Commission MSC-E started its work in the EU FP7 project GMOS aimed at integrated research of
mercury pollution on a global scale. At the request of ltaly the Centre also contributed to the
development of national modeling system MINNI over the Italian domain.

In Chapter 5 MSC-E and CCC formulate plans of their future activities in the field of heavy metals. Main
results of the EMEP Centres work in 2011 are summarized in section Conclusions. Detailed source-
receptor matrices of lead, cadmium, and mercury for 2009 are presented in Annex A.
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1. INVESTIGATION OF POLLUTION LEVELS ON NATIONAL/LOCAL
SCALE (COUNTRY-SPECIFIC CASE STUDY)

This chapter is focused on the progress and current results of the investigation of heavy metal pollution
on national/local scales in the framework of the EMEP country-specific Case Study on heavy metal
pollution assessment. Availability of input information provided by national experts, results of the model
simulations with fine spatial resolution and analysis of the pollution levels in individual countries are
overviewed. Plans of future activities in this field are formulated.

1.1. Objective and state of the art

EMEP Case Study on heavy metal pollution assessment for individual countries started in 2009. The
main objective of the Case Study is to improve assessment of pollution levels in the EMEP domain on
the base of the integrated analysis of factors affecting quality of the assessment including emissions,

measurements, and modelling with fine (e.g., 5x5 km, 10x10 km) spatial resolution in individual
countries.

Currently the Czech Republic, Croatia, the Netherlands and Spain are actively participating in the Case
Study activities. These countries continue to submit information important for the analysis. Availability

of the data is overviewed in Table 1.1.

Table 1.1. Availability of the national data for the Case Study

Countries-volunteers Rg;‘zgl]ic Netherlands Croatia Spain
Emission data

Gridded, 50x50 km e (Cd) e (Pd, Cd, Hg) e (Pd, Cd, Hg) e (Pd, Cd, Hg)
Gridded, finer resolution (5-10 km) v (Cd) | o (Pd, Cd, Hg) e (Pd, Cd. Hg) -
Source category data 4 . ° -

Large point source data v - v -
Detailed temporal resolution - - - -
Monitoring data

EMEP data ® (2 sites) o (3 sites) - o (3 sites)
Data from national networks ® (92 sites) 7 o (5 sites) v (3 sites) v (29 sites)
Station's location characteristics ° 7 - 4 -
Meteo. data at stations v’ (13 sites) - - v (3 sites) -
Supplementary measurement data v (mosses) - - - -
Geophysical data

Land-cover information - - v -
Concentrations of HMs in topsoils and . v (5x5 km, whole | v (in soil: 1 site,
re-suspension of dust Y (B sites) . country) dust: 29 sites)
Critical loads - - - -
Meteorological obs. Data v’ (29 sites) - - v/ (8 sites) v

‘v”’ — data submitted to MSC-E in 2011;

‘e’ — data submitted to MSC-E earlier;

11

‘- — data not available so far




Status of the current results differs from one participating country to another. Simulations of air
concentrations and deposition of cadmium have been carried out for the Czech Republic. The obtained
results are analyzed now in cooperation with the experts from this country. Analysis of modelled and
measured levels of lead in Croatia has begun recently. For the Netherlands pilot calculations of lead
pollution levels have been performed, and analysis is needed. Spain has provided MSC-E with national
measurement data on heavy metals, observed meteorological parameters and dust suspension, and
the model simulations will be carried out in future. In further sections of this chapter the results for each
country are described in more detail.

Country-specific data, current results and future plans of the country-specific Case Studies were
discussed at bi-lateral meetings: MSC-E and Croatia (Moscow, November, 2010), MSC-E and the
Czech Republic (Moscow, April, 2011), MSC-E and the Netherlands, MSC-E and Spain (Zurich, May,
2011). The results of the collaborative work on heavy metal pollution assessment were presented at
the annual TFMM meeting (Zurich, 2011, May).

1.2. The Czech Republic

Monitoring

The Czech Republic provided information on
cadmium concentrations in air from 72 national
monitoring  stations, and concentrations in
precipitation — from 30 stations. According to the
classification, based on the EC Decision 97/101/EC
on exchange of information, three types of stations R sultouch
are singled out with regard to their location and s -D. &
distance from the emission source: traffic, industrial P T Gols =
and background. Area of representativeness of ;F o Kg Q
background stations is 1 — 1.5 km for urban and sub- Fitdolice_v. Morah

urban stations and 5 — 60 km for rural stations
[Ostatnicka, 2009].

Bily_Kryz®

Cervena

Eight background regional stations with co-located

measurements (i.e., measurements of  Figl.1. Location of stations measuring Cd in air
concentrations both in air and in precipitation) were and in precipitation at the Czech national
selected for the detailed analysis of pollution levels monitoring network. Green circles denote
in the country (Fig. 1.1). It is important to note that all stations, white circles — priority stations
these stations are scattered across the Czech selected for the analysis, red squares —
Republic quite uniformly and thus characterize EMEP stations

pollution in different parts of the country.

Emissions

Modelling of cadmium concentrations and deposition was carried out for 2007 with spatial resolutions
of 50x50 km and 5x5 km. Calculations with resolution 50x50 km were performed on the base of EMEP
officially reported emission data (Fig. 1.2a). For simulations with resolution 5x5 km emission data for
the Czech Republic were provided by national experts, while for other countries the EMEP emissions
were re-gridded from 50-km to 5-km resolution (Fig. 1.2b).
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Fig. 1.2. Spatial distribution of emission data with resolution 50x50 km (a) and 5x5 km (b). Location of priority
stations is depicted by circles

Calculated Cd levels in the Czech Republic

Calculated fields of cadmium concentrations in air and total deposition generally reflected spatial
distribution of the emissions (Fig. 1.3). Both concentration and deposition maps demonstrated areas of
relatively high levels in the eastern and the north-eastern parts of the country, caused by high national
emissions and transboundary transport from the Polish and Slovak sources.

Patterns of pollution levels simulated with 5x5 km and 50x50 km resolution were similar. However,
maps with finer resolution demonstrated much more detailed picture of country-scale pollution levels.
Since emission and meteorological data were the most important factors determining spatial
distribution of pollution levels, the effect of changes of their resolution was investigated.

Fig. 1.3. Calculated concentrations of Cd in air (top row) and total deposition (bottom row) in the Czech
Republic in 2007 with resolution 50x50 km (left column) and 5x5 km (right column)
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Influence of spatial resolution of meteorological and emission data

Influence of spatial resolution of emission and meteorological data was investigated in two steps. At
the first step two model runs were performed. One model run was carried out with the usage of 50-km
resolution of emissions and meteorological data and thus represented simulations which were
performed operationally for the EMEP region. For the other run 50-km meteorological data were
replaced by the data with 5-km resolution. Emission data were re-gridded from 50x50 km to 5x5 km
resolution. Thus, each 50-km gridcell was split into one hundred 5-km grid cells, and real resolution of
the emissions remained the same. The results of these two runs were compared with each other and
with observed concentrations in air. Therefore, the first step allowed us to see the differences in
modelling results caused by changes from coarser to finer resolution of meteorological data.

Resolution of meteorological data

Refinement of spatial resolution of meteorological o 0.6

data resulted to improvement of the model S 05t -g------ i Modelled (50km) - -
performance at most of stations (Fig. 1.4). Mean § Il R :Z“;‘:Z'lj:;skm’ma“) .
relative bias of annual average concentrations PEEERY © B
changed from 33% to 25% as resolution of % Nl N © Q.
meteorological data changed from 50 km to 5 km. g ol i o @ . ) )
More explicit changes in modelling results can be S o

seen when time series are compared.

Kosetice

N (0]
¢ 5

{ 2
= o}
m (¢]

Churanov
Svratouch

Example of time series of Cd air concentrations for
one of stations (Cervena) is depicted in Fig. 1.5a.
Changes between modelling results based on
different resolutions are clearly seen for a number
of short-term periods. For example, in the period
from 3™ to 13" of February the model with 50-km
resolution produced two high peaks of
concentrations, and first of them was not confirmed by measurement data (Fig 1.5b). As resolution of
meteorological data changed, model did not produce the peak. Another example is period from 6" to
30" of December. Changes of the resolution led to much closer agreement between modelled and
measured values (Fig. 1.5c¢).

Kucharovice

Krkonose-Rychory

Rudolice_v_Horach

Fig.1. 4. Mean annual modelled and observed
concentrations of Cd in air in 2007
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Fig. 1.5. Time series of modelled and measured concentrations of Cd in air at station Cervena in 2007 (a) and
extracts for periods 3 -13™ of February (b) and 6™ - 30" of December (c).

Resolution of meteorological and emission data

At the second step additional model run based on

emission and meteorology with 5-km resolution o 06 = Modelled (50km)

was performed. The results of this model run were S 051 --- mModelled (5km, meteo) ---
compared with results obtained at the first step § 04 B - ogk;i‘:'r'j:d(skm’met&emis') -
and with the observed levels. Therefore, the e o3 OB -
second step demonstrated the difference in é e/ E g @ . B
calculated levels caused by changes of both g 01 @

emission and meteorological data resolution, 3 o

compared to operational EMEP modelling with 50-
km resolution.
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Changes of resolution of emission data had most
significant impact on the results for the stations
Bily Kriz and Rudolice v Horah (Fig. 1.6), while for
the other stations the changes on annual mean
level were relatively small.

Krkonose-Rychory
Rudolice_v_Horach

Fig. 1.6. Mean annual modelled and observed
concentrations of Cd in air in 2007

At station Rudolice v Horah the improvement was the most marked. When model simulations were
made with 50 km resolution the observed concentrations were overestimated by 3.7 times. The
refinement of resolution of emission and meteorological data led to much smaller difference (about
40%) between modelled and measured values. Station Rudolice v Horah was located in a grid cell
where emission with 50-km resolution was relatively high (Fig. 1.2a). However, on the map with fine
resolution of emission data it was seen that high emissions were located in few grid cells around the
station. These changes of the emissions led to obvious improvement of the model performance
throughout the whole year (Fig. 1.7).
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3

Concentrations in air, ng/m

Fig. 1.7. Time series of modelled and measured concentrations of Cd in air at station Rudolice v Horah in 2007

Another example is station Bily Kriz. Comparison of time series of modelled concentrations with
observations demonstrated improvements of modelling results caused by changes of spatial resolution
of input data. However, there were a number of short-term episodes with peaks of modelled
concentrations not confirmed by measurements (Fig. 1.8). For example, models at both resolutions
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produced such peaks in periods of September 17 — 25 and December 22 — 28.

Concentratins in air, ng/rr?

Fig. 1.8. Time series of modelled and measured concentrations of Cd in air at station Bily Kriz in 2007

Station Bily Kriz was located near the border with Slovakia and Poland, and thus, it should be
influenced by transport of air masses from these countries. Analysis of back trajectories ending at this
station in the considered periods demonstrated that high modelled peaks were caused by transport
from these neighbouring countries (Fig. 1.9). Emissions in these countries were relatively high, but
spatial resolution was coarse. Emission data with fine resolution were available now for the Czech
Republic, but for the neighbouring countries original 50-km emission data were used in simulations.
Therefore, the refinement of emission data in these countries could significantly contribute to the
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improvements of air pollution assessment in the Czech Republic.
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Overall effect of spatial resolution changes on the
model performance was expressed via statistical
indexes. Mean relative bias characterized deviation
of modelled value from the observed one on annual
basis. When finer spatial resolution was used, the
bias was much closer to zero for five stations
compared to the results obtained with coarser
resolution (Fig. 1.10).

Another  parameter, characterizing deviation
between modelled and observed values was
normalized root mean square error (NRMSE). Unlike
mean relative bias, NRMSE summarized effect of
deviations of individual model-measurement pairs in
time series. The smaller NRMSE meant that
modelled results were closer to the observations.
Transition from 50 km to 5 km resolution led to
decrease of NRMSE at most of priority stations
(Table 1.2).

Table 1.2. Root mean square error for modelling results
with 50 km and 5 km resolution

Station 50 km 5 km
Bily Kriz 1.5 1.2
Cervena 1.6 1.2
Churanov 0.9 0.8
Kosetice 0.7 0.7
Rychory 1.6 1.2
Kucharovice 0.6 0.8
Svratouch 0.8 0.7
Rudolice ¢ Horah 3.8 1.4

Analysis of air pollution short-term episodes

Pollution levels in individual countries depend on a number of factors such as emissions, location of
measurement station, trajectories of transport of air masses, fields of precipitation etc. The influence of

-

TAA §
Fig. 1.9. Density of back trajectories for station
Bily Kriz in the period from 17" to 25" of

September

100 275

Bily_Kriz

Cervena
Krkonose-Rychory
Kucharovice
Rudolice_v_Horach
Kosetice

Churanov
Svratouch

Fig.1.10. Mean relative bias for annual mean
Cd air concentrations simulated with 50 km
and 5 km resolutions

these factors can change in time. Therefore, for detailed analysis of these factors short-term pollution

episodes should be considered.

Episode in November

One of interesting episodes took place at the end of November, 2007. In this episode at three stations
peak of concentrations in air was observed (Fig. 1.11). At stations Kosetice and Kucharovice the model
significantly underestimated the observed concentrations, while at Cervena the peak was captured by

the model.
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Fig. 1.11. Modelled and observed concentrations of Cd in air in the period from 10" to 24™ of November at
stations Cervena (a), Kosetice (b) and Kucharovice (c)

In order to link peaks of measured air concentrations with emissions in different regions back
trajectories for the considered stations were calculated. On the base of maps of back trajectories
regions potentially affecting Cd levels at these stations in the end of November were selected (Fig.

1.12).

Fig. 1.12. Maps of back trajectory densities related to 18" of November for stations Cervena (a), Kosetice (b)
and Kucharovice (c), and selected regions-contributors to pollution levels at these stations in the end of
November.

Source-receptor calculations were carried out for the considered period and contributions of different
regions to Cd air concentrations at stations were determined. At three stations main contributors to Cd
concentrations in 18" of November were regions of Poland (Fig. 1.13). Besides, significant contribution
was made by the Czech Republic. Underestimation at one station and reasonable match at another
could be explained by uncertainties of the emission in the considered regions, e.g., by rough spatial
distribution in the neighbouring countries (Poland, Slovakia). Besides, attention should be paid to other
factors such as meteorological conditions, model parameterizations and the effect of local sources.
This analysis will continue involving more episodes and monitoring stations.
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Fig. 1.13. Contributions of main regions-sources to air concentrations of Cd at stations Cervena (a), Kosetice
(b), and Kucharovice (c).

Episode in March

Another considered episode took place in the end of March, 2007. In the period from 23" of March to
2" of April both modelled and observed concentrations of cadmium in air at a number of stations were
high compared to other periods of 2007. Example of station Cervena is shown in Fig. 1.14. Similar
situation was found for stations Kosetice, Kucharovice, Svratouch, Rudolice v Horah, Churanov.
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Fig. 1.14. Modelled and observed concentrations of Cd in air at station Cervena

According to information published in the literature, this episode was characterized by transport of
coarse particles from Ukraine. The plume of PM10 was transported through the central part of Europe
and reached the Netherlands, the northern part of France and the southern part of the United Kingdom
[Besagnet et al., 2008]. At a number of stations in Europe peak of PM10 air concentrations was
recorded (Fig. 1.15).
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Fig. 1.15. Measured concentrations of PM10 in stations of central Europe [Birmili et al, 2008] in 23™ — 25" of
March (a) and location of stations measuring PM10 (red circles) and Cd (blue circles) (b).

The model managed to reproduce transport of re-suspended dust particles from Ukraine. As follows
from Fig. 1.16, the contribution of re-suspension to Cd modelled concentrations in the considered
period exceeded 50%, and reached 90% in 24" of March. It was worth mentioning that the model
reproduced the observed levels with satisfactory accuracy: Mean relative bias for the considered period
estimated at each of the stations ranged within £25% limits. Analysis of this episode demonstrated that
wind re-suspension could be important factor governing Cd air concentrations. Further investigation of
this process is necessary in order to improve assessment of heavy metal pollution levels both at
country scale and for the EMEP region as a whole.
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Fig. 1.16. Modelled and observed concentrations of Cd at four monitoring station for the end of March —
beginning of April, 2007
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Application of measurements in mosses for the analysis of pollution levels in the Czech
Republic

Assessment of cadmium pollution levels in the Czech Republic was carried out involving variety of
available information such as emissions, monitoring data and modelling results. Observed
concentrations of heavy metals in terrestrial mosses are used as supplementary data for the
assessment.

Concentrations in mosses for this country were used for the following purposes:

= To investigate of relationships between observed wet deposition of Cd in the Czech Republic
and measured concentrations in mosses

= To evaluate total deposition over the Czech Republic, simulated with fine (5x5 km) and coarse
(50x50 km) spatial resolution via comparison with measured concentrations in mosses

Various types of information were involved in the analysis for the Czech Republic. In particular, they
included cadmium wet deposition measured at the Czech national monitoring network [Ostatnicka,
2009] for the period from 2004 to 2005 (Fig. 1.17a). Concentrations of cadmium measured in mosses
were provided by the ICP-Vegetation and described in [Sucharova et al, 2008] (Fig. 1.17b). Emission
data and modelled total deposition fluxes (Fig. 1.17c,d) over the Czech Republic with fine spatial
resolution as well as operational modelling results obtained with resolution 50x50 km were involved in
the analysis.
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Fig. 1.17. Observed wet deposition flux of Cd (mean for 2004-2005) (a), concentrations of Cd in mosses (b),
emission data used in modelling (c) and modelled total deposition of Cd in 2007 with fine spatial resolution (d)

C

In this study observed wet deposition fluxes from almost 30 monitoring stations were compared with
concentrations of Cd measured in mosses. Wet deposition and concentrations in mosses cannot be
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compared directly. However, similarities in spatial distribution of these two variables can be evaluated
by means of regression analysis. Similar approach was applied for comparison of heavy metal
concentrations in mosses with measured deposition by other researches [Berg et al., 1995, Berg and
Steinnes, 1997, Théni et al., 2011].

Moss measurement sites (plots) located in the vicinity of wet deposition measurement sites were used
in the regression analysis. The values of the observed concentrations in mosses at plots located within
specified distance from wet deposition station were averaged. Averaging was performed for distances
(radiuses) of 3, 5, 7 and 10 km. Spatial correlation coefficients for different radiuses around wet
deposition stations are shown in Table 1.3. Coefficient of spatial correlation between these two
measured parameters was around 0.7 — 0.8. High correlation for 3-km radius (Fig. 1.18) was explained
by the influence of one point where both concentrations in mosses and wet deposition fluxes were
quite high. Without this point the correlation was 0.77.

Table 1.3. Spatial correlation coefficient between observed wet deposition and concentrations of Cd in mosses in
the vicinity of stations

Radius 3 km 5km 7 km 10 km
N of pairs 13 21 26 32

Rcorrelation 0.91 0.74 0.72 0.78

1200 ‘ ‘ 1200

o : ‘ o W.D. =573 x Conc
~ W.D. =569 x Conc. ~ o ’

€ 1000 - E 12000 -~~~ ----~~-~ P
= =<

o o

s 800 9, 800 1

3 2

= 600 - c 600 f----------- R
2 s

‘© 400 ‘® 400 A

o o P

5 ) S <

S 200 S 2009 %L T o

s g %

= 0 = 0 | :

0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15
a Conc. in mosses, mg/kg b Conc. in mosses, mg/kg

Fig. 1.18. Wet deposition of cadmium in the Czech Republic vs. concentrations of cadmium in mosses within
radius 2 km (a) and 10 km (b)

Spatial distributions of deposition of cadmium calculated with high spatial resolution (5x5 km) were
compared with concentrations of Cd in mosses measured in the Czech Republic (Fig. 1.17b,d). As
seen, the spatial distributions were similar: elevated levels were noted for region along the Czech-
Polish border and in the eastern industrialized part of the Czech Republic, and relatively low levels in
the southern part of the country. The area of high modelled deposition near the Czech —Slovak border
was explained by high emissions in this area used in modelling (Fig. 1.17c). However, measurements
in mosses did not reflect high deposition in this area. Most likely this discrepancy between moss
measurements and modelled deposition were caused by insufficient spatial resolution of emission data
in Slovakia used in the modelling. Since the emission data with fine resolution were not available in
countries surrounding the Czech Republic, the 50-km resolution data were applied. The use of fine-
resolved emission data in these countries can significantly improve the modelling results.

In the framework of the EMEP Case Study for the Czech Republic pollution levels are assessed on
finer spatial resolution. As it is shown above, the transition from coarse (50x50 km) to fine (5x5 km)
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spatial resolution favours better agreement between modelled and observed concentrations at
monitoring stations. Data on the observed concentrations of Cd in mosses were used as
supplementary data to evaluate the differences of the model performance caused by changes of
spatial resolution. For evaluation of similarities between modelled total deposition and concentrations
in mosses spatial correlation coefficient between was used.

Modelled total deposition values represented separate gridcells, while concentrations in mosses were
observed at individual points (plots). Each gridcell could include one or several plots. If a grid cell
included two or more plots, the concentrations in mosses could be averaged and modelled total
deposition value was compared with averaged concentration in mosses. Or the deposition could be
compared with concentrations in moss sampled at each plot separately.

In the first case (with averaging of concentrations in mosses) the deposition simulated with fine spatial
resolution were aggregated to coarser resolution for the purpose of comparability (Fig. 1.19).
Correlation coefficients were almost equal: 0.85 for modelling with fine spatial resolution, and 0.84 -
with coarse resolution. This correlation coefficient was rather high compared to correlation found
between concentrations in mosses and observed deposition (Table 1.3).
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Fig. 1.19. Total deposition of Cd simulated with spatial resolution 50x50 km (a) and 5x5 km, aggregated to
50x50 km (b) against observed concentrations of Cd in mosses in the Czech Republic. Concentrations of Cd in
mosses belonging to the same mode gridcell were averaged

In the second case (without averaging of concentrations in mosses) the correlation coefficient between
calculated 50-km total deposition and concentrations in mosses was 0.53 (Fig. 1.20). When deposition
with finer resolution (5x5 km) was applied, the correlation was 0.59. Therefore, it is possible to make
conclusion that the increase of spatial resolution improves quality of heavy metal pollution assessment,
at least in the Czech Repubilic.
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Fig. 1.20. Total deposition of Cd simulated with spatial resolution 50x50 km (a) and 5x5 km (b) against observed
concentrations of Cd in mosses in the Czech Republic. Concentrations of Cd in mosses belonging to the same
mode gridcell were not averaged

The analysis presented in this chapter demonstrates that data on concentrations in mosses can be
used in the assessment of pollution levels as supplementary data. Because of wide spatial coverage
and high density of measurements this type of information is helpful in identifying areas of relatively
high or low levels of atmospheric deposition. Further cooperation with the effects community regarding
usage of measurements of heavy metals in mosses is needed for better understanding of relationships
between deposition and concentrations in mosses and for interpretation of the measurements.

Concluding remarks

On the base of the results of the analysis for the Czech Republic the following concluding remarks can
be formulated:

Transition to finer resolution of emission and meteorological data leads to higher quality of
pollution level assessment

- Involvement of national measurement data increases a base for the analysis and validation of
transboundary transport

- In order to investigate factors affecting pollution levels in the country analysis of short-term
variability of heavy metal levels is highly important.

- Wind re-suspension is important contributor to HM levels and needs more detailed investigation

- Coarse spatial emission distribution in the neighbouring countries leads to additional uncertainties
of pollution levels in the country

- Measurements of concentrations in mosses can be used as supplementary information for the
analysis of country-scale pollution levels
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1.3. Croatia

Calculations of lead pollution levels for Croatia was carried out with resolution 50x50 km on the base
of the official EMEP emission data and with resolution 10x10 km using emissions submitted by
national experts (Fig. 1.21). To perform modelling with high resolution emissions from neighbouring
countries were re-gridded from 50-km grid to 10-km gridcells.
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Fig. 1.21. Emissions of lead in Croatia in 2007 officially submitted with 50-km resolution (a) and prepared in the
framework of the Case Study with 10-km resolution (b). Location of measurement stations is indicated by blue
stars (Croatia) and white triangles (EMEP)

Spatial distributions of lead concentrations in air and total deposition simulated with different
resolutions were similar (Fig. 1.22). However, the maps with 10-km resolution were more detailed
compared to those with 50-km resolution. Besides, spatial gradients of pollution levels with coarser
spatial resolution were less explicit due to smoothing effect of the larger grid cells.
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Fig. 1.22. Calculated concentrations of Pb in air (top row) and total deposition (bottom row) in Croatia in 2007
with resolution 50x50 km (left column) and 10x10 km (right column) resolution

Monitoring data on concentrations in air were provided for three Croatian stations: Zagreb, Sisak and
Rijeka. These were urban stations. Besides, measured concentrations at Sisak station were likely
affected by local emission sources. Therefore, the measurements at these stations should be used in

the pollution level analysis with some caution because
they could be not representative even for modelling
with 10-km resolution. To overcome this difficulty the
data from EMEP stations (limitz in Austria and Iskbra
in Slovenia) located in the modelling domain were also
involved.

Concentrations in air calculated with different spatial
resolutions were evaluated against available
monitoring data. Changes of resolution resulted in
improvements at some stations (Rijeka, limitz, Sisak),
but increased discrepancies between modelled and
measured values at other sites (Zagreb, Iskbra) (Fig.
1.23). In order to understand reasons of the
discrepancies it was necessary to study factors
affecting modelled and observed lead levels at
stations.

One of such factors could be wind re-suspension of lead
which had been accumulated in top soils for decades. On
annual level the contribution of wind re-suspension to
calculated concentrations in air was significant. It varied
from 40% to almost 90% (Fig. 1.24). Therefore, the further
work on improvement of air pollution assessment was
concentrated on modification of parameterization of this
process. This work is ongoing and current results are
demonstrated in this section.

One of input parameters to evaluate wind re-suspension

was concentration of lead in top soil. Originally spatial
distribution of concentrations of lead in soils was based on
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the observed data of Geochemical Atlas for Europe (http://www.gtk.fi/publ/foregsatlas/). Observations
were carried out at individual sites, and in order to produce spatial distribution with required resolution
interpolation was applied (Fig. 1.25a). However, spatial distribution of concentrations in soils was
significantly improved. Croatian Geological Institute prepared detailed map of concentrations of lead in
soils with resolution 5x5 km (Fig. 1.25b). These data were used to produce more detailed map with fine
(10x10 km) spatial resolution (Fig. 1.25c).

T

oll

Fig. 1.25. Map of concentrations of lead in soils with 10-km resolution based on the data
of geochemical atlas for Europe (circles) (a), provided by Croatian Geological Institute (b),
and combined map with resolution 10x10 km (c)

c

As seen, spatial distribution of lead concentrations in soils in Croatia based on data from Geochemical
Atlas of Europe and Croatian Geological Institute had many similarities. Relatively high concentrations
took place in the western and central parts of the country, and moderate levels — in the eastern part.
The main difference was noted for the southern part of Croatia, where the concentrations provided by
Croatian Geological Institute were higher than the concentrations obtained by interpolation of the data
from the Geochemical Atlas of Europe.

The use of the updated information on concentrations in soil resulted in some (around 30%) increase
of modelled concentrations in air at station Rijeka, and had minor effect on the other stations (Fig.
1.26). Small effect of changes of soil concentrations at most of monitoring stations could be caused by
similarity of levels and spatial distribution of lead soil

concentrations derived from two different soil data sets. 2 phis
According to current model simulations station Rijeka 20 - -mdiadsgg
was characterized by the highest contribution of wind re- © Observed
suspension on annual level (Fig. 1.24). Therefore, even

relatively small changes in local concentrations of lead in

soil resulted in visible change of modelled levels.

Concentrations in air, ng/rr?

Uncertainties associated with modelling of wind re-
suspension were becoming more evident when modelled
concentrations were compared with observations with
high temporal resolution. Even at background stations
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Fig. 1.26. Concentrations of lead in air,
(e.g., Iskbra, Slovenia) the model tended to produce modeled on the base of original (‘old’) and

peaks which were not confirmed by monitoring data (Fig.
1.27). However, the modelling without re-suspension led
to the underestimation of the observed concentrations.

updated (‘new’) data on concentrations in soil,
and observed at monitoring stations in 2007
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Therefore, a number of numerical experiments with reduced wind re-suspension were undertaken
aimed at improvement of modelling results.

35 Pb, SI8
—o— Observed

—o— Model (10 km, new soil)
—o— Model (anthrop.)

Concentrations in air, ng/n’?

18-Jun-2007 |

01-Jan-2007
13-Jan-2007
25-Jan-2007
06-Feb-2007
18-Feb-2007
02-Mar-2007
14-Mar-2007
26-Mar-2007 | ¢
07-Apr-2007
19-Apr-2007
01-May-2007
13-May-2007 |
25-May-2007
06-Jun-2007 |
30-Jun-2007 7
12-Jul-2007
10-Sep-2007
22-Sep-2007 | o _
04-0ct-2007
16-Oct-2007
09-Nov-2007
21-Nov-2007
03-Dec-2007
15-Dec-2007 |
27-Dec-2007 1

Fig. 1.27. Modelled (based on new soil data, and with the use of anthropogenic emissions only) and observed
concentrations of Pb at station Iskbra in 2007

According to the model assumptions, the re-suspension occurred from bare soils (e.g., deserts),
agricultural lands in spring and autumn (when they were devoid of vegetation) and from urban areas.
Since most of Croatian stations were situated in urban areas, the modification was focused on re-
suspension from this type of land-cover. It was assumed that concentrations of lead in urban soils were
enriched with lead because of its long-term accumulation. In means that concentrations in urban soils
were multiplied by a certain factor to account for the enrichment. The usage of smaller enrichment
factor (i.e., reduced re-suspension) allowed to improve the modelling results, in particular, to suppress
peaks not confirmed by measurements (Fig. 1.28).
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Fig. 1.28. Modelled (based on current and reduced re-suspension of lead from soils) and observed
concentrations of Pb at station Iskbra in 2007

The reduced wind re-suspension from urban areas allowed to improve modelling results at most of
stations. Obviously, further analysis is needed and modifications of pollution assessment will continue.
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First of all, further work is needed on the scheme of wind re-suspension. Secondly, other factors
influencing pollution levels, such as emission, model parameterizations, land-cover, and meteorological
data will be analyzed.

1.4. The Netherlands

There were two emission data sets available for the pollution assessment in the Netherlands:
emissions officially reported to EMEP with resolution 50x50 km and national emissions prepared for the
Case Study activity with resolution 5x5 km (Fig. 1.29). The major difference in spatial distribution of
these emission fields was location of large emission source northward from Amsterdam. This source
made more than 50% of total emission of lead in the Netherlands.
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Fig. 1.29. Emissions of lead in 2007 with resolution 50x50 km (a) and 5x5 km (b)

Pilot modelling results for the Netherlands were produced using emissions with 50 km and 5 km
resolution. Modelled mean annual concentrations and total deposition of lead as well as location of the
Dutch monitoring stations were demonstrated in Fig. 1.30. Simulated 5-km concentrations in air were
generally smaller than 50-km ones, especially in the southern and the south-western parts of the
modelling domain. The reason was the use of smaller wind re-suspension of lead from urban areas.
Similar to the results for Croatia the re-suspension flux from the urban areas used in the model was
likely overestimated and its usage led to overestimation of concentrations in short-term episodes.

Another marked difference between the results was area of high concentrations in the north-west from
Amsterdam. This ‘hot spot’ was caused by source with significant emissions, which was indicated in
emission map with 5-km resolution but was not revealed in maps with 50-km resolution.

Total deposition map with fine spatial resolution provided more detailed pattern of pollution levels
compared to the map with 50-km resolution. Gradients in 50-km map were smoothed due to coarse
resolution. The main difference between deposition maps was polluted area near Amsterdam revealed
in 5-km map. Like in case of air concentrations, it was explained by differences in spatial distribution of
the emissions. Another difference between the maps was area of elevated deposition to the south or
south-west of the Netherlands on the map with 5x5 km resolution. Higher deposition were explained by
higher precipitation amounts simulated with finer resolution and by spatial distribution of forested
areas, which favoured higher dry deposition flux.
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Fig. 1.30. Concentrations of lead in air (top) and total deposition (bottom) in 2007 with resolution 50x50 km (a)
and 5x5 km (b)

Calculated concentrations of lead in air were compared with monitoring data collected at five Dutch
stations and one EMEP Belgium station (BE14, Koksijde) located within the considered region. As
seen from Fig. 1.31, the results with 5-km resolution were closer to measurement values compared to
the results with 50-km resolution at most of stations. However, it should be noted that these results
were caused by combined effect of spatial resolution refinement and changes of re-suspension. In
future these two effects should be studied separately.

Calculated results with fine resolution reproduced short-
term variability of the observed concentrations of lead at
stations. For example, at station Kollumerwaard most of
peaks were captured by the model (Fig. 1.32). In some
periods, e.g., in the end of March and in April the model
overestimated the observed concentrations. This
underestimation could not be explained by wind re-
suspension. Even if re-suspension was switched off, the
overestimation still remained (Fig. 1.32). Similar situation
was noted for other stations in the Netherlands.
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Fig. 1.32. Modelled and observed concentrations of Pb at station Kollumerwaard in 2007

At present the modelling results obtained for the Netherlands are pilot and need detailed analysis in
cooperation with national experts from this country. The analysis should be focused on the
identification of reasons leading to the discrepancies between modelled and measured values at
monitoring stations. In particular, the following activities should be undertaken:

- Refinement of spatial distribution of emissions in neighbouring countries
- Refinement of parameterization of wind re-suspension scheme
- Application of back trajectories in order to link peak concentrations with source regions

- Analysis of meteorological data applied in the assessment.

1.5. Spain

Active cooperation between MSC-E and Spain in the field of the country-specific Case Study has been
started this year. Spain submitted to MSC-E large amount of national data including measurements of
heavy metals (both targeted by the Protocol, and of second priority) in air at Spanish stations,
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- Further collection and analysis of country- Fig. 1.33. Observed concentrations of lead at
specific data (concentrations, deposition fluxes, Spanish measurement stations in 2007
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- Model simulations with 50-km and finer spatial resolution

- Joint analysis of the pollution levels on the base of available monitoring data, anthropogenic
emissions, wind re-suspension and modelling results

- Initiation of model intercomparison studies between Spanish national and EMEP models for heavy
metals

1.6. Further activities

MSC-E will continue to tightly cooperate with the countries participating in the country-specific Case
Studies next year.

It is planned to finalize analysis of cadmium pollution levels for the Czech Republic using monitoring
data, emissions and modelling results with fine spatial resolution. The updated assessment of pollution
levels over the Czech Republic will be produced.

The analysis of heavy metal pollution levels in Croatia and the Netherlands will be continued. Special
attention will be paid to refinement of wind re-suspension scheme. New country-specific data
(emissions with fine resolution in neighbouring countries, land cover data, etc) will be involved in the
analysis.

Pilot calculations for Spain will be carried out and analysis of pollution levels will be started. Model
intercomparison studies involving Spanish national and EMEP models will be initiated.
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2. MODEL DEVELOPMENTS ON A GLOBAL SCALE

In accordance with the Work-plan MSC-E continued development of the modelling approaches to the
assessment of heavy metal pollution on both regional and global scales. In particular, significant efforts
were undertaken to improve the global modelling framework GLEMOS and evaluate its performance
against measurements. The recent improvements include further development of the framework
architecture, implementation of the ocean transport module, update and evaluation of meteorological
and oceanological drivers, and refinement of the mercury chemical scheme. The new developments in
the mercury atmospheric chemistry were also implemented into the operational modelling and, in
particular, were applied in the study of the Arctic mercury pollution. These and other aspects of heavy
metal modelling activities are described in detail in the MSC-E Technical Report [Shatalov et al., 2011]
and the Joint MSC-E and MSC-W Progress Report [Travnikov and Jonson, 2011].

2.1. Further development of the global modelling framework GLEMOS

The global modelling framework GLEMOS has being developed in MSC-E for last years to extend the
scope of heavy metal and POP assessment to a global scale and to elaborate a consistent approach
for multi-scale simulations in Europe. Progress of the framework development and evaluation was
described in a number of recent technical reports [Tarrasén and Gusev, 2008; Travnikov et al., 2009;
Jonson and Travnikov, 2010]. The formulated requirements to the modelling framework include a
flexible choice of the model domain and grid resolution, multi-pollutant and multi-media approaches, a
modular architecture and computational efficiency of the modelling. The modular architecture is one of
the key features of the framework and it is aimed to provide flexibility for simulation of pollutants with
diverse properties.

The general scheme of the framework reflecting the modular architecture is presented in Fig. 2.1. Each
environmental medium is presented in the model by a set of procedures describing general processes
in the medium which are combined into the program modules. Each module can be attached to or
detached from the model at the compilation stage using command scripts. All pollutants are combined
in groups of substances with similar properties (e.g. mercury, particulate heavy metals, POPs etc.).
Each pollutant group is presented in the model by a number of modules defining the pollutant
properties and its behaviour in each environmental media. Besides, each pollutant can be
characterized by different physical forms or chemical compounds specific for each media. The pollutant
groups can be attached to the model using the procedure similar to that for the environmental media.
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Three major groups of substances have been included into the current version of the framework:
mercury, particle-bound heavy metals (Pb, Cd) and POPs. An additional pollutant group (not shown in
the figure) that is mainly used for testing and evaluation of the model performance pertains to inert and
radioactive tracers (**'l, **Cs, "Cs, "Te, etc.) It is also planed to include a separate group of
modules for simulation of atmospheric aerosol to improve the model description of heavy metal and
POP related atmospheric processes (gas-particle partitioning, sorption, heterogeneous chemistry, etc.)

A consistent multi-media approach has been developed for POPs previously [Gusev et al., 2005] and it
has been adapted for appropriate media modules of GLEMOS including the atmosphere, ocean, and
terrestrial media. Current version of the framework includes only the atmospheric modules for mercury
and particulate heavy metal groups. Other media modules for these substances are planed to be
developed using approaches tested in the low-resolution version of the model [/lyin et al., 2009].

Significant efforts were undertaken this year to improve and further develop meteorological and
oceanic pre-processors required for input data support of the model simulations on a global scale. In
addition, the oceanic transport module describing pollution dispersion in the ocean with sea currents
has been re-designed and thoroughly tested. Besides, the mercury atmospheric chemistry modules
were updated and evaluated against measurements. These new model developments are briefly
discussed below. More details on further development of the global modelling framework GLEMOS can
be found in the Joint MSC-E and MSC-W progress report [Travnikov and Jonson, 2011].

A new version of the Weather Research and Forecasting (WRF) Model has been adapted and tested
for use as a meteorological driver for the GLEMOS modelling framework. An advantage of the use of
WRF for this purpose is possibility of its
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salinity, etc.). For this purpose, the Parallel Ocean Program (POP) model was chosen as a base of the
oceanic diver (http://climate.lanl.gov/Models/POP/). The POP model is the ocean component of the
Community Climate System Model (CESM; http://www.cesm.ucar.edu/) — a fully-coupled global climate
model that provides state-of-the-art computer simulations of the Earth's past, present, and future
climate states. The POP model was adapted and tested for simulation of the ocean parameters on a
global scale with different spatial resolution (1°%1° and 3°x3°). The data with the coarser resolution are
supposed to be used for long-term simulations of heavy metals and POPs cycling and accumulation in
the environment, whereas the finer resolution data will be utilized for operational modelling. An
example of generated oceanological fields of sea current velocities is given in Fig. 2.2. As seen the
major large scale sea currents (Equatorial, Gulf Stream, Kuroshio, Antarctic Circumpolar, etc.) are
successfully reproduced by the model. Besides, the simulated oceanological parameters are in
satisfactory agreement with available measurement data [ Travnikov and Jonson, 2011].

Fig 2.2. Spatial distributions of zonal (a) and meridional (b) current velocities
in the upper ocean layer on 31 Jul 2009

Discrepancies of numerical approaches used in a transport model and for generation of driving
meteorological or oceanological fields often leads to additional uncertainties of modelling results
(Odman and Russel, 2000). Therefore, the oceanic transport module of the GLEMOS framework was
completely re-designed to bring it in consistency with the new oceanic driver. In particular, exactly the
same numerical descritization, advection and diffusion schemes as those used in the oceanological
driver were implemented into the oceanic module of the framework. The module has been built up and
thoroughly tested both with the standard advection tests (e.g. rotational and deformational flows) and
with a tracer transport under the realistic ocean conditions. Detailed description of characteristics and
the testing results of the oceanic module is published in [ Travnikov and Jonson, 2011].

The mercury atmospheric chemical module of the GLEMOS framework was improved and evaluated.
The chemical mechanism of elemental gaseous mercury (Hg°) oxidation by reactive halogens was
updated in its application to fast chemical kinetics in the Arctic. Detailed description of the performed
updates along with general discussion of mercury fate in the Arctic atmosphere is given in the next
section. The updated version of the framework was also applied for simulation of mercury transport on
a global scale and it was thoroughly evaluated against measurements. For this purpose, a database of
global wide measurements mercury species in air and wet deposition fluxes was collected from both
available monitoring networks and a literature survey [Travnikov and Jonson, 2011]. Figure 2.3
presents evaluation of the modelling results for mercury wet deposition flux against available data from
the EMEP [Aas and Breivik, 2007] and NADP/MDN [NADP/MDN, 2010] monitoring networks.
Comparison of monthly mean deposition fluxes shows that the model adequately reproduces seasonal
variation of wet deposition in both Europe and North America. Elevated deposition fluxes are
characteristics of the summer period owing to increased oxidation of Hg0 by photo-oxidants and
subsequent scavenging by precipitation. There is overestimation of the observed values by the model
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in the second half of the year in Europe and in the first half in North America. In general the model
somewhat underpredicts spatial variation of the observed wet deposition fluxes between different sites.
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Fig 2.3. Comparison of measured and simulated monthly mean mercury wet deposition flux in Europe (a) and
North America (b) in 2005. Measurement data used in the comparison were retrieved from the EMEP and
NADP/MDN monitoring networks for Europe and North America, respectively. Dots depict average measured
and modelled value, whereas whiskers show the standard deviation over all monitoring sites.

2.2. Mercury pollution of the Arctic

Mercury pollution attracts the growing attention within the environment protection community,
particularly, in the run-up to negotiations of a global legally binding instrument on mercury being
prepared under support of UNEP (www.unep.org). Mercury is widely recognised as a toxic chemical
capable of long-range transport, bioaccumulation in the environment and significant negative effect on
human health and the environment. The atmospheric fate of mercury from the moment of its release
from an emission source up to deposition to the ground commonly includes a set of physical and
chemical transformations (oxidation reactions, dissolution in could water, etc.) which largely define the
pathways and character of mercury atmospheric dispersion as well as air-surface exchange.

Recent studies have demonstrated that chemical oxidation of Hg by reactive halogen species (primarily
Br and BrO) may essentially affect or even determine the mercury cycle in the atmosphere, in
particular, in the polar regions [Steffen et al., 2008; Ebinghaus et al., 2002]. As it was observed in the
Arctic and Antarctica, during springtime Hg0 concentration episodically depleted to very low
concentrations owing to fast transformation to short lived oxidized forms with subsequent deposition to
the surface [Lindberg et al., 2002; Aria et al., 2004; Skov et al., 2004]. This phenomenon, termed as
the Atmospheric Mercury Depletion Events (AMDE), leads to a considerable increase in total mercury
deposition in the polar regions. However, a considerable proportion of deposited Hg is rapidly
photoreduced in snowpack and re-emitted to the atmosphere [Kirk et al., 2006; Johnson et al., 2008;
Ferrari et al., 2008].

Practical implementation of the bromine chemistry and the mechanism of AMDEs into a chemical
transport model is associated with significant complications. Even taking into account the fact that the
chemical kinetics of Hg oxidation by reactive bromine is relatively well understood [Hynes et al., 2009;
Aria et al, 2009], available estimates of the reaction constants differ by an order of magnitude [Ariya et
al., 2002; Goodsite et al., 2004, Donohoue et al., 2006]. However, even larger uncertainty is introduced
by poor knowledge on the sources and ambient concentrations of bromine species in the troposphere.
Sharp activation of the halogen photochemistry during springtime in the polar boundary layer leads to
intensive production of reactive bromine species from sea salt but particular mechanisms triggering this
process are poorly understood [Simpson et al., 2007]. In addition, chemical transformation

36



mechanisms of Hg in snow resulting in reduction and re-emission of deposited Hg(ll) to the
atmosphere are known only qualitatively.

The first attempt to implement the AMDEs mechanism into the mercury modelling within EMEP has
been made last year for the global scale simulations with GLEMOS [Jonson and Travnikov, 2010]. In
particular, the reactions of Hg0 oxidation by atomic Br and BrO in the Arctic and Antarctic environments
were included into the model chemical scheme along with empirical parameterisation of the prompt re-
emission from snow. This section includes description of further refinement of the model
parameterisations with respect to mercury behaviour in the Arctic and its application to operation
simulations within the EMEP region.

Figure 2.4 shows temporal variation of Hg° concentration in air measured at the high latitude site
Zeppelin (Norway) with typical depletion events during spring months. As seen from Fig. 2.4a relatively
stable for the whole year concentration of Hg0 experiences significant alterations in the period from the
end of March to the beginning of June. For short time the concentration is depleted to zero indicating
complete oxidation of Hg0 in air mass (Fig. 2.4b). Afterwards, it is quickly recovered to the background
level. AMDEs are strongly correlated with ozone depletion events (ODEs) implying similar mechanisms
responsible for both destruction of ozone and oxidation of elemental mercury in the Arctic environment
[Simpson et al., 2007]. It is possible to identify eight pronounced depletion events at this site in 2009
when Hg0 concentration dropped below 0.5 ng/m3 (Fig. 2.4b). Hereafter, they will be mentioned in the
analysis according to their numbers.
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Fig. 2.4. Time series of observed 6-hour mean Hg° concentration at site Zeppelin, Norway (NO42): (a) — for the
whole year 2009; (b) — for the AMDEs period from March 11 to June 11, 2009. Red rectangle shows the AMDEs
period. Identified AMDES are shadowed in gray

AMDEs are commonly associated with air masses transported over young sea ice or, more specifically,
over refreezing ice in open leads providing a source of reactive halogen in air. Therefore, it is important
to analyze the pathways of air masses arriving at the monitoring site with depleted Hgo concentrations.
An example of the analysis of back trajectories corresponding to AMDEs at the Zeppelin site is
illustrated in Fig. 2.5. More details are available in the technical report [Shatalov et al., 2011].
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For all selected depletion events the air masses came from off-shore areas located in the
north/northwest direction from the site. As it follows from the satellite observations, the site location is
not characterized by high BrO concentration. However, in most the cases the air masses were
transported during last 1-2 days over areas with high BrO vertical column density indicating availability
of reactive bromine species. Therefore, it confirms the hypothesis that AMDEs at Zeppelin site are the
most probably connected with oxidation of Hg° over off-shore areas at some distance from the site. On
the other hand, the transport of Hg0 depleted air masses hardly exceeds few days since afterwards the
back trajectories leave the areas with high BrO density. Thus, for instance, the most deep depletion
events (Events 2-5) are likely caused by intensive oxidation of Hg® over distance between Spitsbergen
and the coast of northern Greenland.

BrO VC

[10" molecicm?]

........

a

Fig. 2.5. (a) Backtrajectories for the AMDE (13-17 April 2009) at Zeppelin site plotted with the HYSPLIT
Trajectory Model [Draxler et al., 2011; Rolph, 2011] and (b) daily BrO density in the vertical atmospheric
column from GOME-2 satellite measurements [Theys et al., 2011; www.temis.nl]

Taking into account lack of reliable data on reactive bromine species concentration in the Arctic
boundary layer and limited knowledge on processes triggering AMDEs we performed a study of
ambient conditions accompanying AMDEs in the Arctic. Importance of meteorological conditions in
addition to the halogen chemistry for AMDEs in polar regions was noted by Dastoor et al. [2008].
Therefore, we analysed correlation of Hg0 concentration measured at the Zeppelin site with a number
of meteorological parameters including wind speed, friction velocity, air temperature, vertical eddy
diffusion coefficient, boundary layer height, water vapour mixing ratio, precipitation amount and solar
radiation. It should be noted that only few of these parameters (wind speed, air temperature, solar
radiation, and precipitation) can be measured directly, whereas the others are purely model derived.
Therefore, to keep consistency we used parameters simulated with MM5 meteorological driver keeping
in mind limitation associated with uncertainties of the model. An example of the analysed time series of
both Hgo and some of the meteorological parameters for the period of AMDEs at Zeppelin site (from
March 11 to June 11, 2009) is shown in Fig. 2.6. More detailed analysis is given in technical report
[Shatalov et al., 2011].

The largest negative correlation was obtained between Hg0 concentration and the parameters of
vertical mixing (eddy diffusion coefficient and boundary layer height, which are well correlated between
each other). It means that intensive vertical mixing corresponds to lower Hg0 concentrations at the
measurement site. It is in line with the assumption that the main part of oxidation reactions leading to
Hg0 depletion takes place at a distance from the measurement site and then depleted air is transported
to the site location within boundary layer. In this case increase of vertical mixing enhances descending
of the depleted air to the ground.
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Slight but significant positive correlation was also obtained between HgO and air temperature (as well
as with water vapour mixing ratio, which is highly correlated with it). It implies that stronger depletion
events (lower Hg® concentration) take place at lower temperatures. There are at least two reasons for
such correlation. The first pertains to the fact that AMDEs occur only at negative temperatures (few
degrees below zero Celsius) [Lindberg et al., 2002] when re-freezing of open water leads results in
formation of reactive halogens over sea ice [Simpson et al., 2007]. The other reason is the temperature
dependence of the Hg oxidation mechanism by reactive bromine. Indeed, decomposition of the
oxidation reaction intermediate (mercury-bromine radical, HgBr*) is suppressed at low temperatures
leading to enhanced oxidation process [Holmes et al., 2006].
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Fig. 2.6. Time series of Hg® concentration and some meteorological parameters (simulated with MM5) at site
Zeppelin, Norway (NO42) in the period from March 11 to June 11, 2009

The mechanism of AMDEs has been implemented into the GLEMOS modelling framework and tested
on a global scale [Jonson and Travnikov, 2010]. It was obtained that the improved model chemical
scheme allowed reproducing observed depletion events at a number of Arctic sites. However,
significant uncertainties still remain in the model parameterisation. This year the model chemical
scheme was refined and applied for operational simulations over the EMEP region. For this purpose,
the chemical reactions of Hg’ oxidation by reactive halogens (Br and BrO) were included into the
chemical scheme using the temperature dependent kinetics from [Goodsite et al., 2004] for the
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reaction with Br and the rate constant from [Raofie and Ariya, 2003] for the reaction with BrO,
respectively.

Concentration of bromine compounds in the atmosphere is one of the most uncertain parts of the
applied approach. Direct measurements of Br and its species in the lower troposphere are scarce and
simulated concentration fields are quite uncertain. Therefore, concentration of BrO were derived from
the GOME (Global Ozone Monitoring Experiment) satellite observations [Theys et al., 2011]. In
particular, monthly mean global distributions of BrO density in total tropospheric column obtained by
Theys et al. [2011] applying a combined retrieval/modelling approach were utilized in the model.
Besides, following [Dastoor et al., 2008] we subtracted the global background BrO concentration from
the tropospheric column to derive total BrO content in the atmospheric boundary layer. Mixing ratio of
BrO was subsequently obtained assuming its uniform vertical distribution in the boundary layer.
Keeping in mind that formation and destruction cycles of Br and BrO are linked closely, we assume
similar spatial distributions of these two halogens and applied a constant Br/BrO ratio equal to 0.1
[Seigneur and Lohman, 2008].

Utilized monthly mean data on BrO concentration cannot reproduce fast kinetics of halogen
photochemistry. It is assumed that lifetime of reactive halogens (such as Br and BrO) does not exceed
a few hours in the absence of recycling on aerosol [Simpson et al., 2007]. Therefore, to account for
these fast processes we modulate the monthly mean Br and BrO with a number of surrogate
meteorological parameters aiming at better fit of the temporal variation of observed Hgo concentration.
For these purpose we performed a number of sensitivity runs with different combinations of
meteorological parameters considered in the preceding analysis.

It is expected that one of the main processes leading to activation of halogen chemistry during AMDEs
(and ODEs) is production of sea salt enriched aerosol. Formation of young sea ice over re-freezing
open leads is accompanied by formation of specific ice crystals, known as frost flowers [Simpson et al.,
2007]. Being enriched with sea salt brine, frost flowers can be suspended by wind and produce sea
salt aerosol as a source of reactive halogens. It is known that ice begins to form in sea water at
temperatures around -2°C. So one can hardly expect the activation of halogen chemistry at higher
temperatures. Besides, it is well known that solar radiation is required for both halogen photochemistry
and mercury oxidation reactions. In addition, wind blown aerosol production is a function of the wind
stress. As it follows from contemporary dust suspension studies [e.g. Gomes et al., 2003] the flux of
wind blown aerosol in proportional to the third power of friction velocity (U*). Thus, the optimal
conditions used in the model to modulate temporal variation of halogen chemistry are the following —
activation of reactive bromine occur at temperatures below -2°C, in the presence of solar radiation, and
is proportional to the third power of friction velocity normalized by monthly mean values.

Another important process accompanying the enhanced mercury deposition during AMDESs is prompt
re-emission of newly deposited mercury. Measurements in snowpack show that high mercury
concentrations in the surface snow following AMDEs are substantially reduced during few days due to
photoreduction of deposited mercury and re-emission to the atmosphere [Kirk et al., 2006; Johnson et
al., 2008; Ferrari et al., 2008]. Thus, it considerably decreases mercury accumulation in snow and
adverse effects of the Arctic vulnerable ecosystems. To account for this essential process we
developed an empirical parameterization of the prompt re-emission based on the observational data
[Jonson and Travnikov, 2010]. Assuming that re-emission occur only for newly deposited mercury in
the presence of solar radiation we introduced two competing processes — photoreduction and ageing of
deposited mercury with the characteristic times of 1 day and 10 days, respectively. It is assumed that
all reduced mercury is immediately re-emitted back to the atmosphere. The aged fraction of mercury
does not undergo reduction and is accumulated in snowpack. It should be noted that this accumulated
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mercury can be mobilized during snow melt with the following run-off to soil water or re-emission. But
correct treatment of this process in the model requires additional consideration.

The updated model was tested on annual simulations of mercury transport and deposition over the
EMEP domain in 2009. Boundary conditions for the regional model were generated by the GLEMOS
global modelling system [Jonson and Travnikov, 2010]. The simulation results were evaluated against
available EMEP measurements. Figure 2.7 presents time series of observed and simulated
concentration of Hg® at the site Zeppelin, Norway (NO42) both for the whole year and for the period of
AMDEs. Two different model runs are given in the figure to evaluate the effect of the new
parameterisation. The first simulation does not include neither AMDEs treatment nor prompt re-
emission, whereas the second simulation includes both.

As seen the model successfully reproduces the period of AMDEs as well as individual events.
However, there is general underestimation of the concentration level in the first part of the period, but
the depth of Hg0 depletion is not sufficient. The depletion depth is defined by particular oxidation
kinetics and detailed patterns of local atmospheric transport. Correct representation of the local
atmospheric transport is restricted by relatively coarse resolution of the model grid (50x50 km2).
Nevertheless, additional consideration of the chemical parameters (reaction constants, temperature
dependence etc.) is required along with further evaluation of meteorological parameters. The
underestimation of concentration in the end of March — beginning of April is caused by artificial
activation of halogen chemistry in this period by the model. Meteorological parameters used for
modulation of Br/BrO concentration still do not reflect complex dynamics of young sea ice formation
and production of frost flowers. More detailed data on halogen concentration is required to improve the
model performance.
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Fig. 2.7. Time series of observed and simulated Hg° concentration at site Zeppelin, Norway (NO42): (a) — for the
whole year 2009; (b) — for the AMDESs period from March 11 to June 11, 2009

Results of the model simulations of mercury deposition obtained both with and without the updated

mechanisms of AMDEs and prompt re-emission from snow are shown in Fig. 2.8. Comparison of Figs.
2.8a and 2.8b gives an idea on the effect of AMDESs on total mercury deposition in the Arctic. As seen
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this phenomenon leads to considerable increase of deposition fluxes over the Arctic Ocean and the
coasts of Siberia and Greenland (Fig. 2.8b). There is practically no effect over the main part of Europe
except for northern Scandinavia and northern Russia. Annual deposition levels over some parts of the
Arctic are comparable with those in industrial areas of Europe. On the other hand, the major portion of
mercury deposited to snow because of AMDEs is re-emitted back to the atmosphere in a short time
(Fig. 2.8c). Some re-emission also takes place from snow covered areas in Europe — the Alps, the
Balkans, Scandinavia and northern Russia. Therefore, net deposition flux of mercury, calculated as a
difference between total deposition and re-emission, is considerably lower than total deposition over
the Arctic (Fig. 2.8d). Taking into account that it is net deposition flux that accounts for resulting
mercury input and contamination of the environment, this parameter will be preferably considered in
the further analysis of mercury pollution.

X i '
LT ba
&

Jf‘f Pfﬂ% & {E“:{

TS e B e S
A A g&@(’}rﬁ*—’{ &
L < P Sy

0 4 8 12 16 24 32 Mﬁm"?y

Fig. 2.8. Spatial distribution of simulated mercury deposition and re-emission fluxes in 2009 over the EMEP
domain: (a) - total deposition without AMDES and re-emission; (b) - total deposition simulated using updated
AMDESs mechanism of and re-emission; (c) — prompt re-emission from snow; (d) — net deposition flux
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3. ASSESSMENT OF HEAVY METAL POLLUTION WITHIN EMEP
REGION

This chapter is focused on the integrated assessment of heavy metal (Pb, Cd, Hg) pollution levels in
the EMEP region in 2009. Monitoring activity and emission data are considered. Besides,
concentration and deposition, and transboundary transport issues are described. Finally, special
attention is given to the uncertainties of the integrated assessment of pollution.

3.1. Monitoring of heavy metals in EMEP

Measurement network

Heavy metals were included in EMEP’s monitoring program in 1999. However, earlier data has been
available and collected, and the EMEP database [http://ebas.nilu.no] thus also includes older data,
even back to 1987 for a few sites. A number of countries have been reporting heavy metals within the
EMEP area in connection with different national and international programmers such as HELCOM,
AMAP and OSPAR.

Detailed information about the sites and the measurement methods are found in EMEP/CCC’s data
report on heavy metals and POPs [Aas and Breivik, 2011]. In 2009, there were 35 sites measuring
heavy metals in both air and precipitation, and altogether there were 71 measurement sites, which
were 1 more sites than in 2008. There were 26 sites measuring at least one form of mercury which is
the same number of sites as previous year. 12 sites were measuring mercury in both air and
precipitation, though several of these measures particulate mercury, 11 sites with measurements of
gaseous mercury and of these, 8 also includes mercury in precipitation and fulfil the monitoring
obligations. These 8 sites are all to be found in the Nordic countries, so obviously there is a need for
better coverage of especially mercury in large part of Europe. That said however, the measurement
obligations set by the EMEP monitoring strategy [UNECE, 2009] and the EU air quality directives [EU,
2004, 2008] have clearly improved the site coverage the last years.

Observed concentration level of Pb, Cd and Hg in 2009

Annual averages of Pb, Cd and Hg concentrations in precipitation and in air in 2009 are presented in
Fig. 3.1-3.6. Note that Cyprus with measurements of heavy metals in air is outside the map domain so
included as a dislocated point south of Turkey. The lowest concentrations for all elements in air as well
as precipitation are generally found in northern Scandinavia. An increasing gradient can in general be
seen southeast, but the concentration levels are not evenly distributed, there are some “hotspots” for
some elements, i.e. in the BeNeLux countries for lead and cadmium in air. Further, an extremely high
annual concentration of cadmium in precipitation (2.0 ng/l) is seen at ITO1, which most likely must be
due to local influence from sources in the Rome area. Portugal has also high level of cadmium, though
this is due to high detection limit, and these data are therefore not shown in Fig 3.4. For the other more
normal results the highest cadmium levels in precipitation is seen in Slovakia and the Czech Republic.
For cadmium in air the highest levels are seen in the BeNelLux and in Slovakia. For lead in
precipitation, the highest levels are observed in Italy and Hungary, while in air the highest level is in the
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BeNelLux countries and Slovakia, but also relatively high level in Cyprus and Austria. The spatial
distribution of elemental mercury in air does not follow a general pattern; the highest annual average is
seen in Sweden (2.26 ng/m3), and lowest in The Czech Republic, Poland and northern Finland. In
precipitation there are several sites (in Portugal, Estonia, Latvia, Ireland) with high detection limits and
these are not included in the map, for those included the highest level is seen in Sweden.
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Data quality

The quality of the measurements depends on many factors, i.e. the methodology used, though it is
difficult to assess and quantify the uncertainties based on this information unless parallel
measurements or intercomparisons have been performed. Further, the measurements may be
influenced by local sources or contaminations both in field and in the laboratories which is difficult to
detect.

Usually the uncertainty in the analytical performance is of less importance compared to the overall
uncertainty in the measurements. If we look at the analytical uncertainty as assessed in the annual
EMEP laboratory intercomparison, several laboratories have less than 5% deviations from the
expected value for many elements. However there are exceptions, some laboratories have problems
with some elements and the uncertainty depends upon concentration. The data quality objectives
(DQO) in EMEP states that the accuracy in the laboratory should be better than 15% and 25% for high
and low concentrations of heavy metals, respectively

There are some countries/laboratories reporting measurements data without participation in the
laboratory intercomparison: Ireland, Lithuania, Cyprus, Portugal, and Spain. Data from these countries
are of unknown quality; and it is therefore strongly recommended that they take part in the annual
laboratory intercomparison. Sweden and Iceland were not participating because these measurements
were analysed in Norway. The performance for most elements and labs are satisfactory for lead and
cadmium which are the priority metals, though some labs should look into their QA/QC routines and
start analysing also low concentration samples.

Intercalibration of acidified water samples are not necessarily representative for a real air and
precipitation samples and the total uncertainties is therefore expected to be higher. E.g. the digestion
techniques are of importance to ensure that all the metals are dissolved before analysis, this is
especially important for nickel that often forms oxides which needs strong digestion techniques to be
dissolved. Aas et al. (2009) showed that the uncertainty in wet deposition for As, Cd and Pb is about
20%, but more than 30% for Ni. It is expected that the uncertainty in air measurements should be of
the same order, though few large scale field intercomparison has yet been performed.

Table 3.1. Average per cent error (absolute) in low and high concentration samples, results from the laboratory
intercomparison representative for the 2009 data. DQO is EMEPs data quality objectives

As Cd Cr Cu Pb Ni Zn
Lab nr low high low high low high low high low high low high low high

1AT 4 7 4 4 3 3 4 5 1 1 3 B 4 0

2 BE 1 3 2 2 2 7 16 7 8 4 3 3 7 7

icz 6 3 8 2 8 5 4 1 6 1 12 2 2 3

4 DK 2 15 g 9 5 8

5FI 11 8 5 4 7 1 3 3 2 1 8 1 3 2

6 FR 4 3 2 24 8 12 8 26 3 17 B 21 10
168 FRI0 11 9 15 0 22 11 20 18 3 8 20 5 5

8 DE 3 4 3 3 2 3 3 4 4 ] 3 4 2 2
10 HU 25 2 20 17

1317 15 12 EE o 15 2 17 1
14 ML 8 7 7 4 2 1 4 8 7 0 8 3 37 2
15 NO 9 1 1 3 17 5 22 1 3 0 17 4 2 4
16 PL 0 0 0 0 0 3 0 0 13 0 7 2
39 PLO5 0 0 0 0 0 10 3 15 7 0 0 0
23 UK a9 5 7 46 20 9 22 c EE : I ¢
31 8K 3 5 2 5 13 3 7 2 1 2 14 2 15 1
3LV 3 0 0 1 1 2 0 3 5 0 7 1 17 3
36 SI 5 0 18 1 3 5 4 5 3 7 13 4 10 0
38 EE 3 3 9 7 6 5 7 5 11 8 5 1 11 12

not participalediepored 12-1DQ0 1-2Da0 I - 2 pao
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3.2. Emissions data for model assessment

The data on emission totals from the EMEP countries for 2009 used for modelling were based on the
official data received from the EMEP Centre on Emission Inventories and Projections (CEIP)
[http://www.emep-emissions.at/ceip/]. If countries did not report their national emission data, emission
totals for 2009 were estimated by interpolation between 2000 and 2010 of non-Party estimates and
projections made by TNO [Denier van der Gon et al., 2005]. Information about spatial distribution of
heavy metal emissions at least for one year of the period 1990-2009 was provided by 27 countries
(Austria, Belarus, Belgium, Bulgaria, Croatia, Cyprus, the Czech Republic, Denmark, Estonia, Finland,
France, Germany, Hungary, Ireland, ltaly, Latvia, Lithuania, Netherlands, Norway, Poland, Portugal,
Slovakia, Slovenia, Spain, Sweden, Switzerland and the United Kingdom). Finland and Spain
submitted gridded data for 2009. Slovakia and Switzerland resubmitted information on spatial
distribution for 2005. The gridded emissions for 2009 were prepared by CEIP for EMEP countries with
spatial resolution 50x50 km?.

The official information on emissions for the Asian part of the EMEP domain was not available.
Therefore, emission data for this region were based on non-Party emission estimates. Lead emission
totals for Kazakhstan and Kyrgyzstan were derived from the TNO emission inventory [Denier van der
Gon et al., 2005] using the interpolation between 2000 and 2010. Lead emissions in Turkmenistan,
Tajikistan and Uzbekistan for 2009 were taken from the global inventory for 1990 [Pacyna et al., 1995;
http://www.ortech.ca/cgeic/index.html] expecting the same emission reduction in these countries as in
the Russian Federation according to the recent EMEP official data. Total emission of lead from the
Asian part of Russia was assessed using the official emission data for the European part of the country
in 2009 and keeping the ratio between the European and the Asian parts obtained from the global lead
inventory. Besides, the global emission data were also used for the other Asian and African countries,
falling fully or partly into the EMEP domain, assuming the same emission reduction between 1990 and
2009 as for Turkey. Turkey was selected for this purpose because it was the only country located in
Asia, for which the non-Party estimates of lead emission changes were available. Spatial distribution of
lead emissions from all these countries was obtained by interpolation of the global gridded emissions
with 1°x1° spatial resolution into the model grid.

Mercury emissions for the Asian part of the EMEP domain and for the northern African countries were
derived from global mercury inventory for 2005 [AMAP/UNEP, 2008]. It was assumed that the
emissions were not changed significantly between 2005 and 2009.

Global emission inventories for cadmium are currently not available. That is why the cadmium emission
data for the Asian part of the EMEP domain and for the north of Africa were obtained on the basis of
the global mercury inventory [AMAP/UNEP, 2008]. For this purpose, cadmium emission was assumed
to be proportional to emission of mercury with a coefficient depending on a region: Ecq =a-Epg. For the
eastern part of Russia the proportionality coefficient (a) was taken the same as for the European part
(1.14). The coefficient for the remaining Central Asian countries was assumed to be the same as that
for Kyrgyzstan (0.56). For the other Asian countries and Africa the coefficient was taken equal to that
for Turkey (0.91). All coefficients were estimated on the basis of the TNO inventory [Denier van der
Gon et al., 2005].

In 2009 total anthropogenic emission of lead from the EMEP domain made up around 6717 tonnes,
which was 492 tonnes lower than that in 2008. Emission from the European part of the EMEP domain
(excluding a part of the Kazakhstan territory) equalled to 5554 tonnes, and from the extended part
(Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, Uzbekistan, the eastern part of Russia) - 1163
tonnes. The highest decrease of emission values (in absolute terms) compared to 2008 took place in
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the Russian Federation (228 tonnes), Poland (83 tonnes), ltaly (63 tonnes), Ukraine (42 tonnes),
Romania (36 tonnes), and Spain (33 tonnes).

Total emission of cadmium in Europe and Central Asia in 2009 (268 tonnes) was 50 tonnes lower than
that for 2008. This value included 220 tonnes from emission sources located in the European countries
and 48 tonnes — from the Central Asian region. Emission values for the Russian Federation, Slovakia,
Ukraine and Poland used in modelling for 2009 were lower than those for 2008 by 25, 9.5, 4 and 3.5
tonnes, respectively.

Emission of mercury in the European and the Central Asian countries in 2009 amounted to 207 tonnes,
which was 20 tonnes lower than that for 2008. European emissions were 145 tonnes, and the
emissions from Central Asia and the Asian part of Russia — 62 tonnes. Most significant increase of
emission values in individual countries took place in Germany and Lithuania (1.8 and 1.3 tonnes,
respectively). The highest decrease was in Romania, the Russian Federation, Italy, Slovakia and Spain
(7, 5.5, 3, 2.5 and 1.5 tonnes, respectively).

Vertical distribution of the pollutant concentration in the vicinity of emission sources as well as long-
range atmospheric transport to some extend depend on height of the emission source. In order to
estimate distribution of emissions with height MSC-E utilized sector-split emission information provided
by the EMEP countries. Height distributions for different emission sectors were averaged taking into
account a sector contribution to the total emission. It was assumed that heavy metal emission was
distributed between three lowest model layers (0-70 m; 70-150 m and 150-300 m).

Lead and cadmium and their compounds are characterized by very low volatility. Therefore, it was
assumed that they were emitted to the atmosphere in the composition of aerosol particles. In contrast
to these metals, mercury was emitted both in gaseous and in particulate forms. Besides, gaseous
species included elemental and oxidized forms. The speciation of mercury emissions was not included
in the information submitted by the Parties to the Convention. Therefore, expert estimates of the
mercury emission speciation were used in the MSCE-HM model [Axenfeld et al., 1991; Pacyna and
Miinch, 1991].

Detailed information on temporal and vertical distribution of the emission data and speciation of
mercury emissions, employed in the MSCE-HM model, are described in [Travnikov and Ilyin, 2005].
Spatial distributions of heavy metal emissions used in the modelling are shown in Fig. 3.7.

Fig. 3.7. Spatial distribution of lead (a), cadmium (b) and mercury (c) emissions over the EMEP domain in 2009
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3.3. Analysis of heavy metal pollution levels in 2009

This section is focused on the analysis of pollution levels of lead, cadmium and mercury based on
modelling and monitoring information for 2009. Modelling results were obtained by the MSCE-HM
model. Measurement data were submitted to CCC database by EMEP countries. Spatial distribution of
heavy metal deposition and concentrations, description of the pollution level changes between 2008
and 2009, and source-receptor relationships in Europe and Central Asia were considered. Finally,
evaluation of the atmospheric loads to the regional seas was presented.

LEAD

Atmospheric pollution levels of lead are formed by three groups of sources: anthropogenic sources,
wind re-suspension of historical accumulated deposition and atmospheric transport from sources
located outside the EMEP domain. The later includes transport through boundaries of modelled
domain, transport from sources located in Africa and Asian countries which are situated within the
modelling domain but do not belong to the Convention.

Levels of transboundary pollution of EMEP countries by lead were characterized by modelling results
and measurement data. Annual mean concentrations of lead in air varied in 2009 from 0.5 to 10 ng/m°
over the most part of Europe (Fig. 3.8). In the central part of Russia, the Benelux region, north of Italy,
southern part of Poland, Bulgaria the concentrations
exceed 10 ng/ma. It was explained by relatively high
anthropogenic emissions in these areas. Over the
northern part of Russia and Scandinavian countries the
concentrations were below 0.5 ng/m”.

Spatial pattern of modelled concentrations was
confirmed by the measurement information. With few
exceptions, modelled and observed concentrations
were similar. The gradient from the central to the
northern part of Europe was also reproduced. However,
over vast territories of the EMEP region, such as the
southern, eastern and south-eastern parts of Europe,
and Central Asia, measurement information was not
available. Therefore, pollution levels in these areas
were assessed only by means of modelling.

Fig. 3.8. Calculated and measured surface
concentrations of lead in air over Europe
and Central Asia in 2009

To estimate atmospheric pollution of ecosystems
deposition data are typically used. Total atmospheric
deposition consists of two components: wet and dry.
Wet deposition is regularly measured at the EMEP
monitoring network and is used for the assessment of
lead pollution levels along with modelled wet deposition.

Over the most part of Europe annual wet deposition
varied from 0.2 to 1.2 kg/km2/y (Fig. 3.9). Since periods
of observations at stations often did not cover entire
year, for comparability the modelled and observed wet
deposition fluxes were scaled to annual sums. The
of wet deposition fluxes of lead over Europe central part of Russia, Balkans, northern ltaly, the

and Central Asia in 2009 southern part of Poland and Benelux region were
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characterized by higher level of lead pollution, and wet deposition exceeded 1.2 kg/km2/y. It was
explained mainly by location of significant emission sources in these regions (Fig. 3.7a). Observed
levels of wet deposition were similar to modelled ones in the central part of Europe. In the northern part
of Europe the observations demonstrated higher levels compared to the modelling results. Another
factor governing wet deposition was precipitation amounts. Low wet deposition over the central part of
Kazakhstan and northern Africa were explained by low precipitation.

Spatial distribution of total deposition of lead was similar to that of air concentrations and wet
deposition (Fig. 3.10). Regions with relatively high deposition (2 — 3 kg/km2/y or even more) were
associated with location of anthropogenic emission sources or wind re-suspension. Another important
factors influencing deposition in the considered regions were meteorological processes (precipitation,
wind patterns) and properties of the underlying surface.

Changes of anthropogenic emissions used in
modelling and natural variability of meteorological
parameters led to changes of annual deposition. Total
deposition of lead to the countries of Europe and
Central Asia from anthropogenic sources in 2009 was
5180 tonnes. Deposition to Europe was about 4100
tonnes, and to the Central Asian countries
(Kazakhstan, Kyrgyzstan, Turkmenistan, Tajikistan
and Uzbekistan) and Asian part of Russia — 1080
tonnes. Deposition from the anthropogenic sources in
2009 to the EMEP region as a whole declined by
about 7% compared to 2008. The main reason was
the decrease of anthropogenic emissions used in
modelling. However, in some countries growth of the
emissions was indicated. Besides, meteorological
factors also affected changes in pollution levels. Therefore, the differences between deposition in 2008
and 2009 varied among individual countries. Total deposition to the EMEP countries from all sources
(anthropogenic, re-suspension, non-EMEP sources) in 2009 was around 12910 tonnes. It was higher
than the corresponding value for 2008 by about 1000 tonnes (almost 9%). The increase of total
deposition was caused by higher contribution of wind re-suspension to total deposition compared to
2008. Wind re-suspension is dependent on meteorological parameters (mainly wind and precipitation).
Thus, natural variability of these parameters resulted to variability of wind re-suspension fluxes.
However, it should be noted that wind re-suspension is highly uncertain factor, and work on
improvements of its parameterization is ongoing.

Fig. 3.10. Total annual deposition of lead in
Europe and Central Asia in 2009

In a number of countries emission values used in modelling significantly increased due to
recalculations of their emissions, which resulted in the increase of deposition. For example, emissions
in Germany increased almost 1.5 times, in Portugal —almost 3 times. Significant decline of the emission
values, caused either by recalculations or economical changes, in Russia, Ukraine, Poland, Slovakia,
Romania and the other eastern European countries led to reduction of deposition in these countries.
Besides, the increase of deposition in western and south-western Europe was explained by the
increased wind re-suspension.

Montenegro, the FYR of Macedonia, Bulgaria and Greece in 2009 were characterized by the highest
country-averaged deposition flux of lead in 2009 exceeding 2 kg/kmzly (Fig. 3.11). The lowest
deposition, lying within limits 0.25 — 0.30 kg/kmz/y, was noted for the Nordic countries Iceland, Norway,
and Finland. Contribution of wind re-suspension ranged from 20 to 80%. In 31 countries (of total 50) its
contribution exceeded 50%. This high contribution means that this process should be further
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investigated. The contribution of non-EMEP sources was relatively small and it did not exceed 15% in
majority of countries. However, in the countries of Central Asia, Caucasus and some Mediterranean
countries the non-EMEP sources contributed significant fraction (30-50%) to total deposition. These
were mainly sources located in African and Asian countries not related to EMEP (e.g., Iran, Syria etc.).
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Fig. 3.11. Country-averaged deposition fluxes of lead from the European and Central Asian anthropogenic,
natural/historical and non-EMEP sources in 2009

The highest relative contribution of the transboundary transport to anthropogenic deposition of lead
was noted in Monaco (99%), Iceland (96%) and Republic of Moldova (95%), and the lowest one — in
Portugal (around 10%) (Fig. 3.12). In 36 countries of total 50 the contribution exceeded 50%.
Contribution of transboundary transport to pollution levels in a country depends on a number of factors
such as emission magnitudes in the country and neighbouring countries, country’s size and location,
and prevailing patterns of atmospheric transport. High contribution of transboundary transport to
deposition was typical for countries with relatively small area and low national emissions. For example,
in the Czech Republic, Austria, Georgia and some other countries the contribution of transboundary
transport exceeded 75%. In countries with high emission density major fraction of anthropogenic
pollution was determined by national sources. The examples were Bulgaria, Greece, Poland where the
contribution was less than 30%. Relatively small contribution of transboundary transport was noted for
countries with vast territory (e.g., Russia, Kazakhstan) or countries with “upwind” position relative to
main pollution sources (e.g., Spain, Portugal, the United Kingdom).
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Fig. 3.12 Relative contribution of the transboundary transport and national sources to anthropogenic lead
deposition in the European and Central Asian countries in 2009
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Contribution of individual countries to transboundary transport was evaluated as the mass of the
pollutant, emitted by national sources and transported outside a country’s territory. Russia (~560
tonnes), Kazakhstan (~440 tonnes) and Greece (~370 tonnes) were the major contributors of
atmospheric lead to transboundary transport in the EMEP region (Fig. 3.13). Fraction of emitted mass
entering transboundary transport typically ranged from 60% to almost 100%. It meant that most part of
the emitted mass was transported outside a country and only smaller part was deposited to country’s
territory. The exception was Russia where this fraction was about 20%. This small fraction was
explained by vast territory of Russia: most of emitted lead was deposited before it reached the state

borders.
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Fig. 3.13. Absolute contribution of the European and Central Asian countries to lead transboundary transport in
Europe and Central Asia in 2009 and relative fraction of national emissions involved into the transboundary

pollution
CADMIUM

Annual mean calculated concentrations of cadmium
in air in 2009 varied between 0.01 — 0.3 ng/m3 over
the most part of Europe (Fig. 3.14). In the northern
part of the EMEP region (Scandinavia, north of
Russia) the concentrations were the lowest (below
0.01 ng/m°). Calculated levels in the central and the
western parts of Europe were confirmed by
observations at the EMEP background monitoring
stations. Besides, both the model and
measurements demonstrated moderate cadmium
concentrations in the eastern part of the
Mediterranean region. The highest levels (more than
0.5 ng/m®) occurred in the southern part of Poland,
in the European part of Russia, Benelux and Balkan
regions.

Fig. 3.14. Calculated and measured surface
concentrations of cadmium in air over Europe and
Central Asia in 2009

It should be mentioned that integrated analysis of pollution levels involving both modelling and
observation results could be carried out only in the central, the northern and the western parts of
Europe. Monitoring data were not available from large areas of the EMEP region, such as the eastern
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and the south-eastern parts of Europe and Central Asia. Therefore, assessment of the pollution levels
in these regions was based entirely on modelling information.

Spatial distribution of cadmium wet deposition flux was similar to that of concentrations in air: higher
levels occurred in Poland, Russia and the Balkans, while the lowest — in the northern part of Russia
and Scandinavia (Fig. 3.15). Besides, low levels of wet deposition took place over arid areas of Central
Asia because of low precipitation amounts. Over the most part of the EMEP region modelled wet
deposition fluxes ranged from 3 to 30 g/km2/y, and in relatively polluted areas the levels exceeded 30
g/km2/y. Observed wet deposition fluxes were higher than modelled ones in most areas where
monitoring data were available.

Total deposition of cadmium ranged from 5 to 50
g/km?ly over the most part of the EMEP region (Fig.
3.16). Higher levels of deposition (50 — 100 g/km2/y)
took place in Poland, Russia and south-eastern
Europe (The FYR of Macedonia, Serbia, Bulgaria
etc.). Low deposition levels in the northern areas of
the EMEP domain were explained by remoteness
from major emission sources, and in the Central
Asian region — by low precipitation amounts.

In 2009 total deposition to the EMEP countries was
around 410 tonnes. Deposition of cadmium to
European countries was 300 tonnes, and to the

Fig. 3.15. Calculated and measured annual sums
of wet deposition fluxes of cadmium over Europe
and Central Asia in 2009

eastern part of the EMEP region (Central Asia and
the eastern part of Russia) — 110 tonnes. In
comparison with 2008 deposition declined by about

2%. This decrease resulted from two contradictory
changes. On one hand, anthropogenic emissions
used in modelling for 2009 significantly (by 13.5%)
reduced compared to previous year. On the other
hand, wind re-suspension increased. It was
interesting to note, that deposition caused by
- anthropogenic sources declined both in the
g 3 European and the Asian parts of the EMEP domain.
However, deposition caused by all sources declined
in Europe but increased in the Asian part of the
¢ "_‘ EMEP countries. The reason was the increase of
re-suspension in 2009 compared to 2008 due to
natural variability of meteorological parameters. The
refinement of wind re-suspension scheme aimed at
improvement of pollution level assessment is
ongoing.

i by G i
Fig. 3.16. Total annual deposition of cadmium in
Europe and Central Asia in 2009

Similar to the EMEP region as a whole, changes of cadmium deposition in individual countries between
2008 and 2009 were determined by changes of emissions, re-suspension, and meteorological
parameters. Like in the case of lead, increase of deposition took place in the western and the central
parts of Europe: in France, Germany, ltaly, etc. Increase of deposition in Germany, Belgium, Hungary
was caused by increased values of anthropogenic emissions in these countries used in modelling.
Besides, higher levels of re-suspension also contributed to overall growth of cadmium deposition.
Decline of anthropogenic emissions in Poland, Ukraine, Russia, Slovakia and the Baltic countries was
the dominant factor of the decrease of deposition in the eastern part of Europe.
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The highest country-averaged deposition of cadmium took place in the FYR of Macedonia and reached
160 g/km2/y (Fig. 3.17). This high deposition flux was determined mainly by national emission sources
which magnitude was based on the TNO data [Denier van der Gon et al., 2005]. The lowest deposition
was obtained for countries with low national emissions and located far from main emission sources.
These were the Nordic countries (Iceland, Norway) and Tajikistan. Country-averaged deposition in
these countries was below 10 g/km2/y. In 35 countries of 50 the contribution of anthropogenic
emissions to deposition exceeded that of wind re-suspension. In 40 countries the contribution of non-
EMEP sources to deposition was below 15%. Relatively high contribution from this group of sources
was noted for countries in Central Asia, Caucasus and the south-eastern part of Mediterranean region,
where this contribution ranged from 20% to almost 60%. Relatively high contribution was caused by
emission sources located in the northern part of Africa and Asian part of the EMEP domain. However,
emission data estimated for Africa and Asia were subject to high uncertainty (see section 3.2).
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Fig. 3.17. Country-averaged deposition fluxes of cadmium from the European and Central Asian anthropogenic,
natural/historical and non-EMEP sources in 2009

The contribution of transboundary transport to deposition from anthropogenic sources was the highest
in Albania (98%) followed by Montenegro and Monaco (97%) (Fig. 3.18). In 36 countries this
contribution exceeded 50%, and in 20 countries it exceeded 75%. The lowest contribution took place in
countries with significant emissions, such as the FYR of Macedonia (11%) and Poland (13%).
Relatively low influence of transboundary transport to Russia as whole was explained by vast territory
and significant national emissions.
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Fig. 3.18. Relative contribution of the transboundary transport and national sources to anthropogenic cadmium
deposition in the European and Central Asian countries in 2009
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Absolute contribution of countries to atmospheric transboundary transport of cadmium was estimated
as amount of the pollutant emitted by a country and transported beyond its borders. Therefore, the
major contributors to cadmium transboundary transport in 2009 were countries which emissions were
high compared to other countries: Russia (22 tonnes), Poland (21 tonnes) and Kazakhstan (around 16
tonnes) (Fig. 3.19). Fraction of the emitted cadmium leaving country’s territory ranged between 50%
and 90% for most of countries. The exception was Russia because of its large territory. Main emission
sources were located in the central parts of the country. Therefore, most of emitted cadmium was
deposited from the atmosphere before it left the country.
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Fig. 3.19. Absolute contribution of the European and Central Asian countries to cadmium transboundary
transport in Europe and Central Asia in 2009 and relative fraction of national emissions involved into the
transboundary pollution

MERCURY

MSC-E continues updating mercury chemical scheme. In particular, model description of Atmospheric
Mercury Depletion Events (AMDE) was introduced. This process is represented by quick removal of
large fraction of mercury from the Arctic atmosphere due to oxidation, followed by rapid reduction of
deposited mercury and its prompt re-volatilization to the atmosphere from the snow-covered surfaces.
Atmospheric concentrations of elemental mercury during AMDESs exhibit sequence of deep minimums
(up to zero) and peaks. As a rule, AMDEs are typically observed in the Arctic in spring

Rapid removal of large amount of mercury during AMDEs means significant deposition fluxes. Indeed,
total deposition of mercury in the Arctic was as high as that in industrial areas of Europe (Fig. 3.20a).
However, it is known that most of mercury removed during AMDE is rapidly (few days) re-emitted from
snow cover back to the atmosphere. Therefore, this mercury does not remain in soils and surface
waters and thus is hardly important from viewpoint of its harmful effects on biota and human health.
Therefore, for practical needs the difference between deposited and promptly re-emitted mass (so-
called net flux) seems more interesting than the total deposition. The map of net flux of mercury is
demonstrated in Fig. 3.20b. The main difference between deposition and net flux is seen in the Arctic
where AMDEs occur. In over parts of Europe the difference is much smaller. Source-receptor matrix for
mercury presented in Annex A also based on the net fluxes rather than total deposition. More detailed
description of AMDE and its parameterization in the model are presented in Chapter 2 of this report
and in the MSC-E technical report [Shatalov et al, 2011].
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Fig. 3.20. Total deposition (a) and net flux (b) of mercury in 2009

Levels of mercury net flux in 2009 varied from 5 to
20 g/km?ly over major part of the EMEP region (Fig.
3.20b). In more polluted areas (Poland, the Balkans,
the United Kingdom, north-west of Germany) the flux
exceeds 30 g/kmzly. In the northern parts of
Scandinavia and Russia net fluxes were typically
below 5 g/km2/y. Somewhat higher levels of the net
flux were obtained for the Arctic waters. The reason
was enhanced deposition to sea surfaces of
oxidized mercury because of AMDEs. However,
rapid re-suspension did not occur from water
surfaces, unlike surfaces covered by snow.

Mercury levels simulated with the usage of refined
chemical scheme were applied for the pollution
assessment together with available monitoring data.
Atmospheric lifetime of mercury is about one year.
This time is enough for almost uniform mixing over
the entire globe. Therefore, spatial distribution of this
pollutant is much smoother than that of lead or
cadmium. Over the most part of the EMEP region
concentrations of mercury in 2009 ranged from 1.4
to 1.6 ng/m® (Fig. 3.21). AMDEs were observed
mainly in the Arctic during spring time. Besides,
mercury deposited to the snow was rapidly reduced
and re-emitted to the atmosphere. Therefore, air
annual mean concentrations of mercury in the Arctic
region did not differ much from the background level
(about 1.5 ng/m®). Mercury concentrations measured
in the central and the northern parts of Europe were
similar to those simulated by the model for these
areas (1.4-1.6 ng/m3). Higher concentrations took
place in Poland, in the south-eastern part of Europe,
northern ltaly and some regions of the Central Asia
(up to 1.8 ng/m°).
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Fig. 3.21. Calculated and measured surface
concentrations of elemental mercury in air over
Europe and Central Asia in 2009

Fig. 3.22. Calculated and measured annual sums
of wet deposition fluxes of mercury over Europe
and Central Asia in 2009



Measurements on mercury wet deposition fluxes in 2009 were carried out in the central, the western
and the northern parts of Europe. Modelled wet deposition in these regions ranged from 5 to 20
g/km2/y and generally corresponded to the observed levels (Fig. 3.22). Over the southern and the
south-eastern part of Europe deposition ranged from 20 to 25 g/ka/y. Relatively high levels occurred
over the Arctic. It was explained by removal of considerable mass of mercury oxidized during depletion.
However, it should be noted that significant part of mercury deposited during AMDEs was re-volatilized
from snow surfaces in short period of time, and thus, did not accumulate in soils or surface waters.

As shown above, total deposition of mercury was similar to its net flux except for the Arctic region.
Therefore, in order to consider changes in mercury levels between 2009 and 2008 it makes sense to
compare qualitatively deposition in 2008 with net flux in 2009, at least for most of the continental part of
the EMEP region. Net flux of mercury to countries of the EMEP region in 2009 was 192 tonnes. Net
flux to its European part was 132 tonnes, and to the Asian part (the Central Asian countries and
Eastern part of Russia) — 60 tonnes. Net flux to the EMEP region in 2009 was lower by 42 tonnes
(18%) than deposition in 2008. First of all, it was explained by decline of emissions used in modelling
for 2009 by 20 tonnes compared to previous year. Besides, magnitudes of net flux and of total
deposition over major part of the EMEP region were not equal, although the magnitudes were quite
similar. Due to prompt re-emission the net flux should be lower than the deposition. Finally, transition
from hemispheric model to global-scale model GLEMOS for calculations of boundary concentrations
also resulted in somewhat smaller contribution of intercontinental transport to mercury pollution in the
EMEP region in 2009 compared to 2008.

Country-averaged mercury net fluxes varied from 3 g/km%y in Iceland to 26 g/km®/y in Greece (Fig.
3.23). Obviously, higher deposition fluxes were associated with countries with high density of national
emissions, e.g., the FYR of Macedonia, Luxembourg, Poland. Unlike lead or cadmium, contribution of
non-EMEP sources to mercury pollution was similar to the contribution of anthropogenic emissions. In
39 countries of 50 the contribution of non-EMEP sources to net mercury flux exceeded 50%. The
contribution of natural emission from the EMEP region to mercury pollution of the EMEP countries was
insignificant (1 — 3%) because of quick transport of naturally emitted mercury outside the EMEP region.
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Fig. 3.23. Country-averaged deposition fluxes of mercury from the European and Central Asian anthropogenic,
natural/historical and non-EMEP sources in 2009

Contribution of transboundary transport from EMEP anthropogenic sources to mercury net flux in 2009
ranged from about 6% in Malta to about 99% in Iceland (Fig.3.24). As a rule, the contribution was the
highest in countries with low national emissions and surrounded by countries with significant
emissions. Low contribution of transboundary transport, and hence, high contribution of national
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sources to mercury net fluxes was typical for countries with high density of national emissions (Greece,

Poland), or located in ‘upwind’ position relative to other countries-emitters (Portugal, Spain, the United
Kingdom). In 26 countries of 50 this contribution exceeded 50%, and in 14 countries — exceeded 75%.
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Fig. 3.24. Relative contribution of the transboundary transport and national sources
to anthropogenic mercury deposition in the European and Central Asian countries in 2009

Mercury emitted by a country was partly deposited within country’s territory and partly transported
through the borders. In 2009 the largest contributors of mercury entering transboundary atmospheric

transport were Russia (31 tonnes), followed by Kazakhstan (25 tonnes) and Turkey (18 tonnes) (Fig.
3.25). Fraction of mercury emitted by national sources and transported outside the country ranged from
80% to almost 100% in most of countries. This high fraction, compared to that of lead or cadmium was

explained by the fact that significant part of mercury emissions were presented by long-lived elemental
form most of which left country’s territory and involved in transboundary and intercontinental transport.
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Fig. 3.25. Absolute contribution of the European and Central Asian countries to mercury transboundary
transport in Europe and Central Asia in 2009 and relative fraction of national emissions involved into the

transboundary pollution
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DEPOSITION TO REGIONAL SEAS

Atmospheric input to the North, the Mediterranean,
the Black (with Azov), the Baltic and the Caspian
Seas in 2009 was evaluated. The highest spatially
average deposition fluxes of lead and cadmium
took place in the Black Sea (Fig. 3.26). It was
explained by the fact that this sea was surrounded
by countries such as Russia, Ukraine, Turkey etc.,
with significant anthropogenic emissions of lead
and cadmium. The lowest deposition of lead (0.51
kg/km?/y) and cadmium (12.5 g/km?/y) were found
for the Caspian Sea. It is caused partly by smaller
emissions in countries surrounding the sea, and
partly by less annual precipitation in that region. Fig. 3.26. Averaged deposition fluxes of lead,
The highest net mercury flux was calculated for cadmium and net flux of mercury to regional
the North Sea (9.6 g/km?/y), the lowest — over the seas in 2009
Mediterranean and the Caspian Seas (6 and 6.2

g/km?ly).

Similar to countries, atmospheric input to the seas 100% f
can be caused by various sources such as 90% T-- - u Outside EMEP -1
anthropogenic emissions in the EMEP countries, 80% - - - u Re-suspension/Natural -

N
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- N
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I I
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Pb depositions, kg/km2/y

Cd and Hg depositions, g/lkm2/y

North

Mediterranean

Black and
Azov

Baltic

Caspian

70% + - -

re-suspension or natural emission within EMEP, .:;QE;”“A“CE
and non-EMEP sources. For example, about half

of lead and cadmium atmospheric input to the 50% -
Black Sea was caused by deposition of re- o ]

suspended dust particles (Fig. 3.27). Most part of 30% 1
mercury load to the Black Sea was caused by 20% 1 I

60% + - -

Contribution, %

natural and anthropogenic sources located outside
the EMEP region. Contribution of the EMEP 0% ‘ ‘
anthropogenic sources of heavy metals made up Lead Cadmium Mercury
about 1/3 of overall atmospheric input.

10% -

Fig. 3.27. Contribution of different pollution sources

Contribution of individual EMEP countries to atmospheric input to the Black Sea is presented in Fig.
3.28. The main contributor to lead deposition in 2009 was Russia (28%), followed by Turkey (19%).
Almost 20% of deposition was caused by anthropogenic sources of Asian and African countries.
However, the emission in these regions was known with high uncertainty. Turkey contributed about
one-third of cadmium deposition and more than a half of mercury net flux being the main
anthropogenic source for the sea. The contribution of other countries was around 10% or less.
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Fig. 3.28. Contribution of different countries to anthropogenic load of lead(a), cadmium(b) and
mercury (c) to the Black Sea in 2009

3.4. Uncertainties of the pollution assessment

Assessment of air pollution includes information about three components: emission data, monitoring
information and modelling results. Therefore, to understand quality of the assessment information
about uncertainties of each component is highly important.

Emissions

Uncertainties of the emissions of the EMEP countries can be caused by missing emission sources,
current understanding of emission factors, insufficient information about activities etc. Official
information on uncertainties of country’s total emission of lead, cadmium and mercury for 2009 was
available from five countries: Denmark, Finland, France, Sweden and the United Kingdom (Table 3.2).
As follows from the table, uncertainty of emissions ranges from 15 to 50% for lead and cadmium, and
from about 20 to 100% for mercury in most of countries reported this information. In Denmark the
magnitude of emission uncertainties is much higher. It should be noted that emission data is one of the
most important input parameters for modelling. Therefore, the uncertainty of the emission data affects
modelling results.

In addition to total emission, correct spatial distribution of emission sources is highly important in the air
pollution assessment. In Chapter 1 it was shown that the refinement of spatial distribution could
significantly improve simulated concentrations in air.

Table. 3.2. Uncertainties of the heavy metal emission totals for 2009, %

Denmark Finland France Sweden US ited Kltngtdolm

[Nielsen et al., 2011] | [SYKE, 2011] | [CITEPA, 2011] | [SEPA, 2011] [ asz?)q 1‘]3 al
Lead 625 +25 51 15 -30 to +50
Cadmium 325 +25 54 47 -20 to +50
Mercury 130 122 41 99 -30 to +40
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Monitoring

Uncertainty of monitoring data is one of the sources of the uncertainties of heavy metal pollution
assessment. This uncertainty depends on a number of factors such as sampling, storing, analysis of
samples in laboratories, possible sample contamination etc. Estimation of the uncertainty caused by
analytical methods is performed by regular intercomparisons of national laboratories involved in the
analysis of lead and cadmium measurements sampled at the EMEP stations. The most recent
intercomparison studies demonstrated that accuracy for majority of laboratories participated in the
study is better than £25% (See section 3.1)

Laboratory intercomparisons provide evaluation of the accuracy of analytical methods. Overall
measurement accuracy can be estimated by field campaigns. Field comparison of measurements of
total gaseous mercury concentrations held in May, 2005, demonstrated that the results of most of the
laboratories, participated in the comparison, fall within £30% range, and for concentrations in
precipitation - within +40% range [Aas, 2006]. Uncertainty of wet deposition of lead and cadmium,
estimated on the base of the results of 2006-2007 field campaign, was around 20% [Aas et al., 2009].
However, these estimates do not take into account the effect of representativeness of station location.

Modelling

Uncertainty of air pollution assessment in the EMEP region can be evaluated by means of comparison
of modelling results with data of background monitoring. For this purpose the most reliable monitoring
data were selected from the data set for 2009, described in section 3.1. In particular, data of heavy
metal concentrations in precipitation measured at Portuguese stations because most of measured
values were below detection limit. The same reason was to exclude values of concentrations in
precipitation from stations IE1(Pb, Cd, Hg), FR9, FR13, LV10, LV16, BE14, NL9, NL91 (Cd), EE9 (Cd,
Hg). Due to low temporal coverage the data on Pb and Cd were also not used from stations IT1, ES1,
ES7 and ES14. Mercury measurements in precipitation from Latvian stations LV10 and LV16 were
ignored because of unrealistically low values (by two orders of magnitude) compared to measurements
at other stations. Measured concentrations of mercury in air at stations PL5 and CZ3 exhibited strong
temporal variability throughout the whole year, and at SE — in the middle of the year. This variability
contradicts current understanding of mercury atmospheric behaviour. Therefore, the data form these
stations were not used in the evaluation of modelling results.

Annual mean modelled and observed concentrations of lead, cadmium and mercury in air and wet
deposition fluxes are demonstrated in scatter plots in Fig. 3.29. As seen, the model satisfactory well
reproduced air concentrations of the three metals, and wet deposition fluxes of lead and mercury.
However, wet deposition of cadmium was underestimated by the model. At a number of sites situated
in Scandinavia (Sweden, Norway, Finland) and in the central and the eastern part of Europe (the
Czech Republic, Slovakia, Latvia) the deposition fluxes were underestimated by 3 times or more.
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Fig. 3.29. Modelled vs. observed concentrations of lead (a), cadmium (b) and mercury (c) in air (left) and wet
deposition fluxes (right). Solid red line depicts 1:1 ratio; dashed lines: deviation within factor 2 (red) and factor
of 3(green)

Discussion on statistical metrics appropriate to characterize model performance was initiated at TFMM
meeting held in Larnaca, Cyprus, in May 2010. Detailed description of the metrics suggested by MSC-
E is available in the MSC-E Technical Report [Shatalov et al, 2011]. Some of these metrics were
applied to characterize agreement between modelled and observed levels (Table 3.3). These
parameters are normalized Root Mean Square Error (NRMSE), correlation coefficient (Re), mean
normalized bias (MNB) and a fraction of stations for which the ratio between modelled and measured
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value falls within a certain factor. For example, F2 relates to two-fold deviation, F3 — three-fold
deviation.

Table 3.3. Statistical parameters of the model-to-observation comparison for concentrations in air and wet
deposition fluxes

Parameter Pb, in air Pb, wet dep. Cd, in air Cd, wet dep Hg in air Hg, wet dep
NRMSE*, % 0.50 0.54 0.53 0.69 0.1 0.56
F2, % 81 55 76 50 100 60
F3, % 93 96 92 75 100 100
Reorr 0.82 0.56 0.86 0.41 0.31 0.68
MNB**, % 8 -15 2 -48 -7 28
N 42 52 37 41 8 15

N
* Z(Mi_oi)z *% A
NRusE = £l T une=M=0) Jo0n
o N o)

Mi, O,. —modelled and observed values at i" station. /\76 - averaged modelled and observed values, N — number of

model-measurement pairs

For more than 75% of stations the discrepancy between modelled and measured concentrations of
lead and cadmium in air is within a factor of 2. For wet deposition the scatter is higher. Estimation of
wet deposition flux involves information about precipitation amount which is also an additional source
of uncertainties. Underestimation of the observed cadmium wet deposition is reflected in statistical
indicators: normalized mean bias is -48% and only for 50% of stations the model results agree with
observed ones within a factor of 2. Spatial correlation coefficients for all parameters are higher than 0.5
except for wet deposition of cadmium and mercury concentrations in air. Low correlation for mercury is
explained by low spatial variability of elemental mercury comparable with the uncertainties of its
measurements.

Discrepancies between modelled and observed wet deposition of cadmium differ among the stations.
At stations located in Germany, Poland, the United Kingdom, Denmark, Slovenia, as well as some at
Slovak and Swedish stations the modelled values match the observed ones within a factor of 2.5 (Fig.
3.30a). For this group of stations mean relative bias is -30%, correlation coefficient is 0.67 and NRMSE
is 0.77, hence, the overall underestimation is not high. However, at some other stations, e.g., CZ3,
EE11, FR90, NO1, SK4 the discrepancy can reach an order of magnitude (Fig. 3.30b). Because of
these stations the overall underestimation is significant.
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Fig. 3.30. Modelled vs. observed wet deposition of cadmium at EMEP stations in 2009, lying within a factor of
2.5 (a) and lying behind a factor of 2.5 (b).
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Situation with stations where considerable overestimation is detected requires a special consideration.
Firs of all, underestimation is noted for the Scandinavian stations, located mainly in Finland and
Norway. These Nordic stations are located far from major emission sources, which is reflected by the
modelling results: modelled deposition of Cd in this region are much lower than those in other parts of
Europe. However, measured levels at these stations are similar or even higher to those observed in
more industrialized regions of Europe, e.g., in Poland, Germany and Slovakia. It may imply that
emissions in the Scandinavian region or in neighbouring countries can be underestimated, or local
emission sources significantly contribute to deposition measured at these stations.

Deposition levels measured at stations SK5, EE11 and CZ3 seem extremely high compared to
background observations measured at nearby stations. For example, wet deposition measured at
Slovak station SK4 is 3 — 4.5 times higher than those measured at SK6 and SK7. The modelled
deposition at SK6 and SK7 agree with measurements much better then at SK4. Therefore, high level of
measured deposition at SK4, and possibly at EE11 and CZ3 may be caused by influence of local
emission sources. Station FR90 is situated on the Brittany Peninsula and characterizes atmospheric
masses transported from the Atlantic Ocean rather than anthropogenic pollution of the French territory.
Measurements at this station can be affected by sea salt. Since the reasons of high Cd wet deposition
fluxes measured at FR90, SK4, EE11 and CZ3, and hence, significant underestimation of the observed
levels at these stations are unclear, the results for these stations were not included in statistical
indexes in Table 3.3

Therefore, underestimated anthropogenic emissions and local emission sources can be the reasons of
significant discrepancies at some stations measuring wet deposition of cadmium. Another possible
reason could be uncertainties of measurements. Measured cadmium levels are much lower than those
of lead, and thus cadmium measurements in precipitation are likely more complicated compared to
lead. In particular, analysis of measurement data for 2009 indicated that observed values of cadmium
concentrations in precipitation were below detection limit more often than those of lead. Finally,
uncertainties of the model parameterizations can also contribute to the discrepancies. Currently these
factors are analyzed in depth in the framework of the EMEP Case Study initiated by MSC-E and
supported by TFMM of EMEP.
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4. COOPERATION

During this year the EMEP Centres were working in close co-operation with subsidiary bodies to the
Convention, EMEP task forces, international organizations, and national experts. In particular, MSC-E
continued to collaborate with the ICP-vegetation of Working Group on Effects in the field of joint
analysis of measurements of heavy metals in mosses and their application for pollution assessment.
The Task Force on Hemispheric Transport of Air Pollution was informed about EMEP current activities
and plans for future work on mercury. Calculations of heavy metal deposition and its long-term trends
to the Baltic Sea for the Helsinki Commission were carried out. Significant progress was achieved in
the EU project “Global Mercury Observation System”. At the request of Italy MSC-E contributed to the
development of national modelling system MINNI over the Italian domain.

4.1. Working Group on Effects (ICP-Vegetation)

In 2011 MSC-E continued cooperation with the Working Group on Effects (WGE). In particular, joint
analysis of heavy metal pollution levels involving measurements of concentrations in mosses was
carried out. The concentrations were provided by the ICP-Vegetation. These data have already been
used in the assessment of heavy metal pollution levels and their long-term trends both for Europe as a
whole and for individual countries [/lyin et al., 2009, 2010]. This year the main activity in this field was
focused on the Czech Republic.

In the framework of this activity relationships between observed wet deposition of cadmium and
measured concentrations in mosses in the Czech Republic were investigated. Besides, the
concentrations were applied for evaluation of spatial distribution of total cadmium deposition simulated
by the model with coarse (50x50 km) and fine (5x5 km) spatial resolution. The results of this work were
presented and discussed at 24" ICP-Vegetation Task Force Meeting held in Zurich, Switzerland, 31
January - 2 February 2011. Technical details of the analysis are described in Chapter 1 of this report.

The analysis of pollution levels in the Czech Republic involving measurements of cadmium
concentrations in mosses demonstrates that data on concentrations in mosses can be used as
supplementary data to assess of pollution levels in the country. Because of wide spatial coverage and
high density of measurements this type of information is helpful in identifying areas of relatively high or
low levels atmospheric deposition. Further cooperation with the effects community in the field of
application of measurements of heavy metals in mosses is highly appreciated. In particular, the
cooperation is needed for better understanding of relationships between deposition and concentrations
in mosses and for interpretation of measurements in mosses.

4.2. Task Force on Hemispheric Transport of Air Pollution
MSC-E continued co-operation with the Task Force on Hemispheric Transport of Air Pollution (TF

HTAP). In particular it took part in development of new directions of HTAP activity and the Work-plan
for next years conducted at the Task Force meeting in Arona, Italy in May 2011. The Centre presented
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an overview of available data and ongoing EMEP activities aimed at development of new emission
inventories, extension of monitoring networks and application of chemical transport models for
assessment of the environment pollution by mercury and POPs on a global scale. It also noticed the
importance of elaboration and application of the multi-media modelling approach to the assessment of
cycling and accumulation in the environment of such long-lived pollutants as mercury and some POPs.
The assessment could be the most effectively performed within the framework of integrated analysis
involving combined use of emissions, monitoring and modelling aspects. The Task Force decided to
continue its work on assessment of intercontinental pollution by a number of long-lived substances
including mercury and selected POPs. It was also agreed that the Task Force would benefit from close
cooperation with on-going activities within relevant projects and international programmes (GMOS and
ArcRisc projects, UNEP, AMAP, Stockholm Convention etc.)

4.3. European commission (EU FP7 project GMQOS)

In the framework of co-operation with the European Commission MSC-E takes part in the EU FP7
project GMOS (Global Mercury Observation System) (Fig. 4.1). The project was launched in the fall of
2010 and is aimed at:

e Establishment of a global monitoring system for mercury including land-based, over-water and
aircraft observations;

 Improvement and validation of regional and global scale atmospheric mercury models;

 Model application to evaluate source-receptor relationships, temporal trends and scenarios;

 Development of interoperable system for dissemination of the project output data.

MSC-E as a leader of one of the project work packages (WP7) co-ordinates the modelling activities on
a global scale as well as takes part in the regional scale model assessment. The model consortium of
the project consists of five global/hemispheric models and three regional scale models from different
scientific groups of Europe and North America. The program of model development and applications
includes a variety of tasks:

e
. Project
e Update of modelling approaches and coo,.di]nation
. . Emissions and
coupling global and regional-scale models; : scenarios
e Utilizing measurement data for model Observations | I
Ground-based E """"""

[}
[}
. . . ! r
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‘ Over-water ‘ :I ! | Global modeling ‘ :

conditions and reproduction of historical
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! I R, |- e 1
e Evaluation of mercury intercontinental J{ \ 1
transport patterns and COI.'ITI'Ibl:ItIOI"I of global . [Integration with Interoperable |
sources to mercury deposition in Europe; © | other programs system

e Forecasting mercury concentration and »}_I

deposition patterns as well as source- Y ‘ Dissemination ‘
receptor relationships for selected emission
scenarios; Fig. 4.1. General structure of the GMOPS project

¢ Uncertainty analysis of the modelling results.

In the current year MSC-E has started preparatory work for the model simulations program within the
project. In particular, it initiated preparation of an inventory of characteristics and parameterisations of
the consortium models. The aim of the inventory is providing up-to-date information on the models
participating in the project and support of the forthcoming analysis of modelling results. The information
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about the models formulation, grids used, input fields (meteorological fields, initial and boundary
conditions, reactants concentration fields etc.) and the chemical mechanisms is included in the current
version of the inventory.

Another part of this year activity related to development of the coupling procedure of the model
assessment on global and regional scales. To ensure consistency of the model simulations on different
scales initial and boundary conditions (IC/BC) for the regional models will be provided by the global
models of the project consortium. Parameters, data exchange protocol, and data formats for the
coupling procedure along with the target regions and the regional model grids were discussed and
adopted by the project partners at the workshop in Hamburg, Germany, in March 2011.

In addition, the modeling group has formulated demands to the over-water and aircraft field
measurements planed within the project. They include a list of measured species, ancillary parameters,
and measurement conditions required for evaluation and improvement of modelling approaches. The
model requirements were presented and discussed with the measurement community at the project
workshop in Piran, Slovenia in May 2011. The elaborated proposals have been adopted as priorities
for the planned measurement campaigns.

4.4. Marine Convention (HELCOM)

In accordance with the Memorandum of Understanding between the Baltic Marine Environment
Protection Commission (HELCOM) and the United Nations Economic Commission for Europe the
EMEP Centres have prepared an annual joint report on the assessment of airborne pollution load to
the Baltic Sea [Bartnicki et al., 2010]. MSC-E contributed to this report with the evaluation of
atmospheric input of heavy metals (lead, cadmium, and mercury) to the Baltic Sea. The atmospheric
transport and deposition were assessed on the base of the EMEP officially submitted emission data.
Besides, this report provided detailed information on emissions of heavy metals in HELCOM countries,
contributions of individual countries to the deposition over the Baltic Sea, and the comparison of
modelling results against measurement data collected in the HELCOM region in 2008. The report was
welcomed and endorsed by the Contracting Parties at the HELCOM MONAS 13 meeting in October
2010 and was recommended to be published on the EMEP and HELCOM websites.

Along with the contribution to the joint annual report, MSC-E prepared environmental indicator fact
sheets with the updated information on variations of atmospheric emissions of heavy metals and levels
of their deposition to the Baltic Sea for the period from 1990 to 2008. These indicator fact sheets are
available in the Internet at the web site of the Helsinki Commission [www.helcom.fi].

According to the officially reported data, emissions in HELCOM countries declined from 1990 to 2008
by 47%, 52%, and 86% for cadmium, mercury, and lead, respectively (Fig. 4.2). The reduction of heavy
metal emissions in this area is mostly caused by the extensive use of unleaded gasoline and
application of cleaner production technologies in countries. Besides, it is partly connected with the
economic re-structuring taken place in Poland, Estonia, Latvia, Lithuania, and Russia since early
1990s. The highest decrease of cadmium emissions can be seen in Lithuania (88%) and Estonia
(86%). In case of lead emission, the most significant decrease took place in Sweden and Finland
where the emissions in 2008 were about 40 and 16 times lower, respectively, than in 1990. Essential
reduction of annual lead emission of HELCOM countries from 2003 to 2004 was mostly caused by the
change of emission in Russia. Mercury emission most significantly decreased in Germany (81%) and
Denmark (75%). Among the HELCOM countries the largest contributions to cadmium total emissions of
HELCOM countries belong to Russia (56%) and Poland (39%), for mercury — to Poland (44%) and
Russia (38%), and for lead — to Poland (49%) and Russia (32%).
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Fig. 4.2. Trend of anthropogenic emissions of
cadmium, mercury, and lead from HELCOM countries
in 1990-2008 according to official emissions data

Following the reduction of atmospheric
emissions (Fig. 4.2), deposition of heavy
metals decreased for the period 1990 —
2008 as shown in Fig. 4.3. Deposition of
lead is characterized by the most essential
decline (71%). The decrease of cadmium
deposition made up 44%, and mercury —
26%. The most essential decrease in HM
deposition over individual sub-basins of the
Baltic Sea can be noted for lead deposition
to the Belt Sea (78%) (Fig. 4.4). In case of
cadmium deposition the most substantial
decrease takes place in the Gulf of Finland
(56%). Largest decrease in mercury
deposition is obtained for the Belt Sea
(52%).

The highest level of HM deposition fluxes
over the Baltic Sea is noted for its southern
and western parts, in particular, the Belt
Sea, the Kattegat, and the Baltic Proper.
Among the HELCOM countries the most
significant contributions to deposition over
the Baltic Sea in 2008 belong to Poland,
Germany, Russia, and Denmark.

100

S 80 N A NI
5
LR SRR NS S B
=
=
S 40 e NG AT N
2
© 20 oo
2 —Cd —Hg —Pb

90 92 94 98 98 00 02 04 06 08

Fig. 4.3. Temporal variations of cadmium, mercury,
and lead deposition to the Baltic Sea in 1990-2008
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Fig. 4.4. Computed annual deposition of lead to the six
sub-basins of the Baltic Sea for the period 1990-2008 in
tly as bars (left axis) and deposition fluxes in g/km?/y as
lines (right axis)
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4.5. Contribution to development of local-scale modelling in Italy

In accordance with the agreement between ENEA T
(Italy) and Meteorological Synthesizing Centre - EMEP area

East of EMEP (MSC-E) calculations of air
concentrations of heavy metals (Pb, Cd, Hg, As,
o

Ni, Cr, Zn, Cu, Se) were performed over the
EMEP domain for 2005. Three-dimensional ‘ vJ R
concentrations with spatial resolution of 50x50 km &
and temporal resolution of 6 hours for the agreed %‘3\;}
area were prepared (Fig. 4.5). It was planned that
these data would be utilized as boundary
concentrations for the national MINNI modelling
system. This section presents short overview of
this activity.

Fig. 4.5. EMEP modelling domain and agreed area
for Italy

The data on emission totals from the EMEP countries for 2005 used in the modelling were based on
the official information received from the EMEP Centre on Emission Inventories and Projections (CEIP)
[http://www.emep-emissions.at/ceip/]. If countries did not report their national emission data, emission
totals for 2005 were estimated by interpolation between 2000 and 2010 of non-official estimates and
projections made by TNO [Denier van der Gon et al., 2005]. The modelling approaches to simulate
natural emission of mercury and wind re-suspension of lead, cadmium, arsenic, nickel and chromium
were documented in the MSC-E reports [Travnikov and Ryaboshapko, 2002; Ilyin et al., 2007]. Similar
approach was used to compute wind re-suspension of zinc, copper and selenium.

Annual mean modelled air concentrations of lead over the entire EMEP region and over the agreed
area as well as location of the EMEP monitoring stations are shown in Fig. 4.6 as a example. The
highest levels of air concentrations were associated with regions of significant emissions. The lowest
levels took place over the regions remote from the main emission sources, such as the northern part of
Europe and the Arctic region.

Fig. 4.6. Spatial distribution of annual mean concentrations of lead over EMEP domain (a)
and over the region for MINNI modelling (b) in 2005
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Calculated concentrations of heavy metals were verified via comparison with available measurement
data. Background concentrations of heavy metals were measured at European background stations
comprising EMEP monitoring network. Additional measurement information based on campaigns was
used for verification of mercury levels over the Mediterranean region.

For most of the considered heavy metals the model
managed to reproduce observed concentrations
with reasonable accuracy. Mean relative bias
between modelled and measured levels is within
150% for all metals except for Zn and Se (Fig. 4.7).
Most likely, significant underestimation of Zn levels
is explained by uncertainties of Zn emission data.
As for Se, number of measurements of this species
is highly limited in Europe. Measurement data from
four stations located in Denmark and from one
station in Spain were available for 2005.

Further cooperation with Italian experts in the field
of local-scale modelling of heavy metal pollution
levels is planned to be continued. In particular,
comparison of modelling results with measurement

m EMEP region
40+ --——-——-—-"—"—"—"—"—"—"——~—————- Agreed area -

Mean Relative Bias,%

-80

Fig. 4.7. Mean Relative Bias between modelled and
observed annual mean concentrations in air at
monitoring stations located in the entire EMEP

region and in the agreed area

data sampled in Italy with high temporal resolution can be initiated. Another way of cooperation is
comparison of concentrations produced by the EMEP MSCE-HM model and simulated by MINNI
modelling system. Joint analysis of the obtained results will be helpful for better understanding of

processes governing heavy metal pollution levels.
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5. FUTURE ACTIVITIES

In order to further improve the quality of the pollution level assessment of lead, cadmium and mercury
over the EMEP region, the following activities of MSC-E and CCC are proposed for 2012/2013:

On-going activities:
Review, store and make available monitoring data for the modelling centres and Parties

Publish the validated annual data and contribute to preparation, review and assessments of
observation data presented in the series of EMEP reports

Arrange laboratory intercomparisons for heavy metals

Address global scale integration of quality assessment/quality control (QA/QC) activities of regional
monitoring programmes, including standards for metadata provision and intercomparisons (in
collaboration with the TFHTAP)

Maintain close interaction with relevant organizations and bodies in relation to integration of
observations, including monitoring efforts under other Convention bodies (e.g., the ICPs and national
monitoring obligations to European Commission Directives, as well as activities undertaken by EEA,
WMO, OSPAR, HELCOM, UNEP, AMAP, GMES/GEOSS and others).

Evaluate air concentrations, deposition fluxes and transboundary atmospheric transport of heavy
metals (Pb, Cd and Hg) for 2010 — 2011;

Calculate HM dispersion on a global scale with the help of global EMEP model (GLEMOS) for the
evaluation of initial and boundary conditions and contributions of intercontinental transport to pollution
levels in the EMEP domain and in remote regions (the Arctic) with spatial resolution 1°x 1°;

Perform model assessment of transboundary pollution within the EMEP region by HMs for 2010-2011
including contamination of marginal seas with spatial resolution 50 km x 50 km;

Perform detailed analysis of heavy metal pollution levels with finer spatial resolution (5km x 5km, 10km
x 10km) for countries-participants of the Case Study (e.g. the Czech Republic, Croatia, the Netherlands
and Spain);

Prepare input data required for global/regional/local modelling (emission, meteorological, and
geophysical data);

Contribute to the effect community work with information on ecosystem-dependent deposition fluxes of
HMs to different land use types to support evaluation of the pollutants adverse effect on human health
and the environment;

Cooperate with the CLRTAP subsidiary bodies (WGSR, WGE), EMEP task forces (TFHTAP, TFMM),
and relevant international organizations;
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Support countries with information required for air quality management in and implementation of the
CLRTAP Protocols on HMs with special emphasis to EECCA countries.

New (research and development) activities:

Cooperate with the EU FP7 project GMOS for further harmonization of measurements and data
reporting of mercury in Europe

Global/regional/local modelling:

- Further develop and improve the modular architecture of the Global EMEP Multi-media Modelling
System (GLEMOS) modelling framework;

- Incorporate data on aerosols and atmospheric reactants based on external datasets or simplified
chemical modules for improving evaluation of HM pollution levels;

- Continue model development of wind re-suspension of heavy and investigation of its role in both
on regional and country scales;

- Further develop and test the integrated monitoring/modelling/emission approach for HMs including
the adjoint modelling;

- Perform comprehensive analysis of major physical and chemical processes governing mercury
cycling in the atmosphere based on sensitivity study and evaluation against detailed

measurements (in co-operation with EU GMOS project);

- Prepare the GLEMOS modelling framework for distribution and support as an open source
software.

EMEP Case Study:

- Carry out integrated analysis of HM pollution levels in the Czech Republic, perform improved
assessment of the country pollution including evaluation of contribution of major emission sources;

- Evaluate factors affecting pollution levels in Croatia, the Netherlands, and Spain on the base of
emissions, measurements, and modelling results with fine spatial resolution, and involvement of
country-specific input data provided by countries-participants.
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CONCLUSIONS

Main activities of the EMEP Centres MSC-E and CCC in 2011 were focused on assessment of heavy
metal pollution levels in the EMEP region, development of Global EMEP Multi-media Modelling System
(GLEMOS) and investigation of pollution levels on national/local scales. The Centres paid significant
attention to cooperation with the subsidiary bodies to the Convention, EMEP task forces, international
organizations and programmes as well as with national experts. The main conclusions of the activities

of MSC-E and CCC are formulated below.

Investigation of pollution levels on national/local scale (Country-specific Case Study)

Investigation of pollution levels on national/local scales in the framework of the EMEP country-specific
Case Study on heavy metal pollution assessment continued in 2011. The Czech Republic, Croatia, the
Netherlands and Spain are participants of the Case Study. In accordance with individual programmes
model simulations with fine spatial resolution have already been performed for the Czech Republic
(5x5 km), Croatia (10x10 km) and the Netherlands (5x5 km). National monitoring data from Spain are
overviewed. Country-specific emissions, monitoring data and modelling results are analysed and
discussed jointly with national experts from the participating countries. On the base of these analyses
and discussions the main conclusions related to the Case Study activities have been agreed.

1. Transition from the coarse (50x50 km) to finer (5x5 km, 10x10 km) resolution lead to better
quality of pollution level assessment. Coarse spatial resolution of the emissions in neighbouring
countries leads to significant uncertainties of heavy metal pollution assessment, especially near
the state borders of the countries-participants of the Case Study. Therefore, emission data with
fine spatial resolution from neighbouring countries are needed to improve air pollution
assessment.

2. Number of national monitoring stations involved in the country-specific analysis is significantly
larger compared to that available from the EMEP monitoring network. National information on
measurements of heavy metals in air and/or in precipitation is available from 92 stations in the
Czech Republic (vs. 2 EMEP stations), 5 stations in the Netherlands (vs. 3 EMEP stations) and
3 stations in Croatia (no EMEP stations). The additional information derived from national
monitoring stations allows to perform more reliable analysis of country-scale pollution levels from
viewpoint of spatial coverage and statistical significance.

3. Wind re-suspension is an important contributor to heavy metal pollution levels. In some
individual short-term episodes its contribution to simulated concentrations of cadmium in air
reaches 90%. Primary analysis of the model simulation results for Croatia and the Netherlands
demonstrates that re-suspension can be one of the reasons responsible for the discrepancies
between modelled and measured values. Refinement of the wind re-suspension scheme is
planned for the future work. Data on soil concentrations with fine spatial resolution can
significantly contribute to the improvement of wind re-suspension parameterization.

4. Data on concentrations of heavy metals in mosses is an important supporting information for the
analysis of country-scale pollution levels. In particular, it allows to evaluate spatial distribution of
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atmospheric pollution because of wide spatial coverage and high density of measurements in
mosses.

Model developments on a global scale

This year development activities were focused on further elaboration of the global modelling
framework GLEMOS as well as on refining of the mercury chemical scheme for both global and
regional scale applications.

1.

The modular architecture is one of the key features of the GLEMOS modelling framework and
it is aimed to provide flexibility for simulation of various pollutants with diverse properties. The
architecture of the framework was considerably updated to make possible a flexible choice of
the model configuration (model domain, spatial resolution, list of substances, environmental
media, etc.) for particular research tasks.

A new version of the WRF model has been adapted for use as a meteorological driver for the
GLEMOS framework. An advantage of WRF is possibility of data support of multi-scale
simulations (from global to local) on different projections and grids. It can be also used as an
additional source of consistent input data on concentration of atmospheric reactants required
for heavy metal and POP modelling. Preliminary evaluation of WRF demonstrates satisfactory
performance in comparison with measurements and results of other meteorological drivers.

MSC-E started development of the oceanological driver to supply the model simulations with
required data on sea currents, temperature, salinity, etc. The Parallel Ocean Program model
was adapted as the base of the driver. The simulated oceanological parameters were
evaluated against available measurement data. In addition, the oceanic transport module of
the GLEMOS framework was completely re-designed to bring it in consistency with the new
driver and thoroughly tested.

The mercury chemical module was updated with the new findings of the research community.
In particular, the chemical mechanism of mercury oxidation by reactive halogens was
considerably refined and applied for study of the Arctic mercury pollution. The updated mercury
chemical scheme was evaluated against observations at the EMEP high latitude site and
implemented for operational EMEP modelling. The simulations of mercury levels in the Arctic
demonstrated significant effect of Atmospheric Mercury Depletion Events (AMDEs) on total
mercury deposition, which, however, was largely compensated by prompt re-emission from
SNow.

Assessment of heavy metal pollution levels

1.

The measurement obligations set by the EMEP monitoring strategy for 2009-2019 and the EU
air quality directives have clearly improved the site coverage of the EMEP region for the last
years. In 2009, there were 35 sites measuring heavy metals in both air and precipitation, and
altogether there were 71 measurement sites. There were 26 sites measuring at least one form
of mercury. However, there was still a lack of measurements in the south-eastern and the
eastern parts of Europe and in Central Asia.
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2. Results of most of national laboratories participated in the intercomparison studies met the
requirements of the current data quality objective. The accuracy of analytical methods in all
laboratories was better than £26%, and in most of laboratories - better than £10%. However,
there are some countries/laboratories reporting measurements data without participation in the
laboratory intercomparison. Data from these countries are of unknown quality; and it is
therefore strongly recommended that they take part in the annual laboratory intercomparison.

3. Spatial distribution of concentrations and deposition was evaluated via joint usage of modelling
results and monitoring data. The highest regional-scale heavy metal pollution levels were
obtained for Poland, north of Italy, the Benelux region, the Balkan region, and the central part
of Russia. Scandinavia and the northern part of Russia were characterized by the lowest levels
of heavy metal pollution.

4. Emissions of heavy metals used in modelling for 2009 in the EMEP region as a whole
declined, but wind re-suspension of lead and cadmium grew compared to 2008. Combined
effect of these two counter-directing factors resulted in increase of deposition of lead by 9%
and in decline of cadmium deposition by 2% in the EMEP countries. Estimates of mercury load
to the EMEP region for 2009 were 18% lower compared to those for 2008 due to reduction of
emissions and changes associated with the model modifications. Decrease of pollution levels
of lead, cadmium and mercury was indicated in the eastern part of Europe (Russia, Ukraine,
Romania, Poland). Marked increase of estimated pollution levels of the heavy metals took
place in Germany because of increase of the reported emissions.

5. Transboundary transport is one of the main factors determining pollution levels. Contribution of
transboundary transport exceeded contribution of national sources to anthropogenic deposition
of lead and cadmium in 36 countries, and that of mercury — in 26 countries. The fraction of
national emissions of the EMEP countries transported outside their territories ranged from 60%
to almost 100% for lead, from 50% to 90% for cadmium and from 80% to almost 100% for
mercury.

6. Quality of heavy metal pollution assessment in the EMEP region was evaluated taking into
account uncertainties of emissions, monitoring and modelling results. Uncertainties of country’s
total emission values of lead, cadmium and mercury typically varied from 15 to 50%. Overall
uncertainty of measured wet deposition, estimated using results of field campaigns, was
around 20% for lead and cadmium, and 40% for mercury. However, these estimates did not
include the effect of representativeness of stations location.

7. Modelled concentrations of lead, cadmium and mercury in air, and wet deposition of lead and
mercury agreed with observed levels with satisfactory accuracy. For more than half of stations
difference between modelled and measured values lay within a factor of 2, and mean relative
bias ranged from -16% to 28%. Cadmium wet deposition were underestimated by 48%, mainly
because of significant (several times) underestimation at some stations, located mainly in
Scandinavia. If these stations are excluded from the statistical analysis, the underestimation is
-30%. Further research is needed to establish the reasons of the underestimation.

Cooperation

1. MSC-E continued cooperation with the ICP-Vegetation of WGE in the field of application of
measurements of concentrations in mosses for the analysis of pollution levels. Further
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cooperation with the effects community regarding usage of measurements of heavy metals in
mosses is needed for better understanding of relationships between deposition and
concentrations in mosses and for interpretation of the measurements.

Co-operation of MSC-E with the Task Force on Hemispheric Transport of Air Pollution (TF
HTAP) continued. The Centre informed TF HTAP on the ongoing EMEP activities in the field of
mercury and POP pollution assessment on a global scale, presented an overview of available
data and relevant research initiatives aimed at development of new emission inventories,
extension of monitoring networks and application of chemical transport models, and took part
in development of new directions of TF HTAP activity and the Work-plan for next years.

In the framework of co-operation with the European Commission MSC-E participates in EU
FP7 project GMOS (Global Mercury Observation System) aimed at the integrated research of
mercury pollution on a global scale. MSC-E as a leader of one of the project work packages
co-ordinates the global scale modelling activities as well as takes part in the regional model
assessment in Europe. In the current year MSC-E has initiated preparatory work for the model
simulations program within the project and co-ordinated relations with external modelling
groups.

MSC-E prepared contribution to the joint report of the EMEP Centres on the evaluation of
airborne pollution loads to the Baltic Sea for the Helsinki Commission. Information on
deposition of lead, cadmium and mercury to the Baltic Sea in 2008 and their trends for 1990 -
2008 period was provided. For this period the reduction of deposition was 71% (Pb), 44% (Cd)
and 26% (Hg). The highest level of HM deposition fluxes over the Baltic Sea was noted for its
southern and western parts.

In accordance with the agreement between ENEA (Italy) and MSC-E calculations of 3D air
concentrations of heavy metals (Pb, Cd, Hg, As, Ni, Cr, Zn, Cu, Se) were performed over the
EMEP domain for 2005. These concentrations were used for preparation of initial and
boundary conditions for local-scale simulations over ltaly by the MINNI modelling system.
Modelled concentrations were evaluated via comparison with available monitoring data.
Further cooperation with Italian experts could include intercomparison of modelling results
obtained by MINNI and EMEP models for heavy metals.

Country-specific reports were prepared in Russian language to support EECCA countries.
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COUNTRY-TO-COUNTRY DEPOSITION MATRICES FOR 2009

Table A.1. Codes of countries, regions and seas

ANNEX A

Country/Region/Sea Code Country/Region/Sea Code
Albania AL Monaco MC
Armenia AM Montenegro ME
Austria AT Netherlands NL
Azerbaijan AZ Norway NO
Belarus BY Poland PL
Belgium BE Portugal PT
Bosnia and Herzegovina BA Republic of Moldova MD
Bulgaria BG Romania RO
Croatia HR Russian Federation (European part) RU
Cyprus CY Russian Federation (Asian part) RUA
Czech Republic Ccz Serbia RS
Denmark DK Slovakia SK
Estonia EE Slovenia Sl
Finland Fl Spain ES
France FR Sweden SE
Georgia GE Switzerland CH
Germany DE The Former Yugoslav Republic of Macedonia MK
Greece GR Tajikistan TJ
Hungary HU Turkey TR
Iceland IS Turkmenistan ™
Ireland IE Ukraine UA
Italy IT United Kingdom GB
Kazakhstan Kz Uzbekistan uz
Kyrgyzstan KY Baltic Sea BAS
Latvia LV Black Sea BLS
Lithuania LT Caspian Sea CAS
Luxembourg LU North Sea NOS
Malta MT Mediterranean Sea MDT

79



Table A.2. Matrix of lead country-to-country deposition from anthropogenic sources in 2009, kg/y

Receptorsl Emitters —>

AL [ AM | AT | Az | BA [ BE BG | BY [ CcH [ ¢y | cz DE DK
AL 853.6 06 165 11 - 2565 @ 123 2028 152 : 225 13 © 301 68.3 16 | AL
AM 07 | 1824 0.9 | 547.1 5.4 1.1 52.9 8.0 14 5.4 23 5.5 04 | AM
AT 11.6 22 ¢ 4281 44 © 4645 ¢ 3095 : 7321 : 166.1 : 868.9 0.1 : 1405 : 4787 : 337 | AT
AZ 15 : 499.0 2.0 | 3356 1.7 25: 1115 : 287 3.2 8.7 6.0 13.8 10 | AZ
BA 100.8 11 | 1433 26 | 13128 | 465 | 19256 | 565 | 720 06 | 2924 | 3868 | 103 | BA
BE 0.6 0.1 15.2 0.1 7.8 . 6689 28.7 109 : 776 : 0003 : 342 : 1506 : 161 | BE
BG 88.8 9.1 485 : 170 @ 4125 : 320 : 110474 | 1589 : 37.2 79 ¢ 1705 : 2373 : 104 | BG
BY 143 © 183 : 1347 @ 265 : 2791 : 2055 : 2046 : 25412 : 139.8 1 3.0 : 868.6 - 1411 : 1337 | BY
CH 3.3 02| 742 04 | 724 | 2193 | 1481 149 | 5834 | 002 | 555| 1236 72 | cH
cy 08: 06: 06: 04: 43: 04 : 419: 11: 09 1572 12: 26: 01]|cCY
cz 5.9 14 | 7834 2.8 © 2005 : 3291 : 6324 @ 180.8 : 361.3 01 : 7661 : 4802 @ 585 | Cz
DE 8.2 21 ¢ 1139 40 . 1642 . 6958 : 6111 : 367.7 : 4388 0.1 - 2771 : 75008 . 516.5 | DE
DK 0.5 0.1 26.3 0.2 8.8 | 4409 536 | 344 | 616 002 | 1502 | 1926 | 1096 | DK
EE 1.1 17 9.9 30 248 1026 549 i 4695 : 182 03: 652 : 363.1 533 | EE
ES 10.4 03 604 06 : 156.0 i 3417 : 5333 : 272 : 3353 : 003 : 1007 : 9832 : 157 | ES
FI 2.0 45 382 83 : 585 2029 : 1502 : 8474 : 551 03 : 1996 : 1028 : 181.0 | FI
FR 176 © 09 : 2559 : 2.0 : 3103 : 4327 : 800.2 : 1181 : 3100 : 0.1 : 4437 : 7994 : 859 | FR
GB 15 02| 392 0.4 188 | 1320 | 1002 | 386 | 1140 | 001 | 1390 1811 | 1257 | GB
GE 20 0 6205 : 37 : 7293 : 171 - 37 : 2054 - 417 - 49 104 - 113 : 220 - 19 | GE
GR 209.1 62 | 39.0 9.0 : 385.1 287 © 13033 - 883 : 496 : 190 : 946 : 1813 6.8 | GR
HR 456 09 : 2329 2.0 : 2895 : 488 1229 © 622 : 924 04 : 3337 : 407.1 74 | HR
HU 33.0 12 | 4121 22| 1530 | 801 3812 | 1271 | 116.1 11| 8319 | 7703 | 174 | HU
IE 0.4 0.0 7.9 0.0 42 : 1247 24.0 6.0 : 212 : 0002 : 242 : 2670 : 249 | IE
IS 0.1 0.1 3.6 0.1 15 475 9.3 59 119 ! 0.003 89: 926 : 104 | IS
IT 134.4 34 . 5326 80 i 2481 . 208.8 3491 © 1729 : 1371 26 . 5417 - 1665 - 184 | IT
KY 09 | 370 18 | 550 9.8 2.7 65.5 135 3.4 41 438 13.6 0.7 | KY
Kz 96 | 5639 - 367 @ 1048 . 1160 . 719 1074 - 7188 : 477 - 225 1620 - 3612 - 373 | Kz
LT 29 24 ¢ 391 33 521 1160 : 2190 | 2004 : 537 0.3 : 2776 : 7667 @ 1087 | LT
LU 0.1 0.0 2.1 0.0 11 1442 2.8 14 : 156 0.0 42 : 2179 11 | LU
LV 25 24 ¢ 225 37 440 : 1303 : 1587 : 1186 : 355 04 : 1562 : 667.8 : 1004 | LV
MC 0.002 0.0 | 002 | 0.001 0.05 | 0.02 0.1 0.01 0.1 00| 002 0.1 | 0001 | MC
MD 5.0 42 9.3 54 i 504 8.7 1131 : 1234 7.9 10 i 434 : 643 49 | MD
ME 167.3 04 i 147 0.8 | 630.8 88 i 9414 10.1 15.3 04 : 295: 569 14 | ME
MK 1819 © 10 : 134 : 21 : 1490: 91 : 7188 : 206 : 123 : 18  351: 618 : 19 | MK
MT 0.0 0.0 0.1 0.0 0.5 0.1 1.1 0.0 0.3 | 0.004 0.1 03| 001 | MT
NL 06 : 01: 200: 01: 89 3466 368 161 : 664 : 0004 . 608 : 2368 : 259 | NL
NO 26 13 | 457 24 © 407 - 6434 © 2926 . 1247 : 952 0.2 2326 : 1904 : 5558 | NO
PL 17.1 70 © 6473 © 120 . 5158 . 8817 1926 - 3727 : 565.6 16 : 9753 - 9056 . 5524 | PL
PT 05 | 002 34 | 004 96 | 221 31.9 17 | 179 | 0.001 57| 565 12 | PT
RO 101.0 : 116 : 1897 : 195 : 1551 : 101.3 : 24928 : 589.1 : 1263 : 106 : 627.7 : 8130 : 358 | RO
RS 177.5 22§ 1114 48 1 2179 i 527 i 13996 ! 69.9 : 54.1 25 : 3621 : 4295 : 144 | RS
RU 641 : 1208 : 3558 : 2787 : 1015 : 1033 9690 | 16488 : 457.3 : 587 : 1737 : 5010 : 5946 | RU
RUA 100 : 2425 : 519 @ 3680 : 1633 : 1574 : 1069 : 1113 : 740 : 119 : 2168 : 6691 : 720 | RUA
SE 24 39| 885 65| 576 | 9921 3075 | 687.1 | 168.0 0.6 | 5564 | 3526 | 1392 | SE
S| 81 03 : 2690 0 06 : 4326 : 275 3467 . 284 - 591 01 1534 : 2642 - 28 | SI
SK 12.3 09 : 2794 16 - 5069 : 659 1474 - 1439 = 1017 04 - 2911 : 6899 @ 202 | SK
TJ 04 i 229 0.8 i 365 4.1 1.2 30.5 5.3 15 25 2.0 5.8 03 | TJ
TR 646 | 1246 | 614 | 4206 | 4044 | 545 6981 | 3848 | 807 | 3444 | 1506 | 3244 | 166 | TR
TU 0.9 : 106.7 2.0 | 246.6 74 3.8 769 : 2858 2.9 5.2 8.0 17.5 12 | TU
UA 704 i 1353 i 2843 i 2325 : 1160 : 2280 | 13300 | 4615 : 2357 : 181 : 1416 : 1781 i 1338 | UA
uz 0.8 : 893 20 : 1654 7.3 3.0 672 . 254 2.9 46 8.2 15.1 10 | uz
BAS 3.8 53 : 167.0 85 : 1145 . 1201 . 2937 - 1782 : 2695 10 . 1083 : 6440 : 1590 | BAS
BLS 410 | 170.1 626 | 1839 | 3150 | 482 9668 | 5716 | 57.8| 407 | 2037 | 3368 | 209 | BLS
CAS 15 - 368.2 60 : 1611 - 159 . 94 : 1792 . 119.8 77 72 283 - 507 41| CAS
MDT | 8045 - 323 : 5931 382 . 5221 . 4407 : 19370 : 339.6 : 1395 . 570.8 : 8165 : 2406 . 492 | MDT
NOS 6.5 0.8 : 1755 14 921 : 7022 © 5723 : 2166 : 516.0 0.2 : 771.8 : 12485 : 1552 | NOS
AL AM AT AZ BA BE BG BY CH 5% cz DE DK
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Table A.2. Matrix of lead country-to-country deposition from anthropogenic sources in 2009, kg/y (continued)

Receptorsl Emitters —>

EE ES Fl FR GB GE GR HR HU IE 1S IT KY KZ

AL 18: 1723 08: 636 9.4 0.9 6613: 121.8: 64.6 2.0: 0.003: 1860: 0.02 24.6| AL
AM 1.1 14.6 0.5 3.1 11: 2200; 1284 3.3 2.9 0.2: 0.001: 236 1.0: 486.7| AM
AT 19.6: 4912: 118 4596: 186.3: 35: 506.2: 930.0: 8095: 299: 0.04: 4580: 0.03: 1254| AT
AZ 42| 266 2.0 6.2 28| 377.5| 2421 7.3 6.8 05| 0.003| 481 176 2643 | AZ
BA 77 2502: 42 1155 333:- 1.7 2044- 2358 972.3: 55 0.01: 2792 0.02 69.8| BA
BE 6.2: 3582 27 1638: 592.8 0.1 29.4 9.7 9.3: 782 004: 1045  0.001 28| BE
BG 179: 1674 81: 67.7: 293: 17.3: 17122: 197.6: 3827 46: 001: 10M 0.3: 4206| BG
BY 461.8| 386.7| 134.2| 235.0| 194.7| 320 1367 | 264.6| 4574 266 0.1| 7882 1.0 1110| BY
CH 40: 5935 16 799.0: 140.3 03: 199.1: 110.8: 457: 255 0.02: 3891: 0.003 71| CH
cy 0.1 8.1 0.1 25 0.4 05: 310.2 2.6 1.9 0.1 0.0: 2781 0.01 49| cy
cz 342: 2902: 19.1: 350.8: 233.3 24: 2807: 3283: 9123: 316. 005: 884.8: 0.02 78.2| Ccz
DE 168.5| 2585, 80.4| 5631 2943 3.8| 4786 2239 326.7| 386.2 04| 2516| 0.04| 111.2| DE
DK 182 190.7: 115 291.2: 4507 0.2 23.7 9.3 174 56.9 01 780 0.01 48| DK
EE 3619: 624: 2874: 739 821 2.2 48.6 179 276 11.4: 002: 657 0.1 1075| EE
ES 6.8: 76836 3.3: 2407: 2549 04: 5995: 173.8: 845. 755 0.1 1647: 0.01 13.2| ES
Fl 2685: 180.0: 7240: 207.1: 2915 5.2 916: 585 93.1 45.0 02: 1937 04: 3241 FI

FR 56.4| 20261| 20.9| 25605| 2284 1.8 1246 | 419.3| 207.9| 4964 03| 6120| o0.02 445| FR
GB 40.7: 1208: 227: 1355: 13700 0.4 94.0 195: 329: 1832 05: 204.4: 0.02 146 | GB
GE 48: 348 2.1 8.7 3.9: 2224: 3828 113: 116 0.7: 0.002: 765 16: 868.9| GE
GR 12.0: 404.9 56: 1352: 250 9.8: 103376: 198.6: 179.1 51: 0.01: 2087 03: 2143| GR
HR 6.5| 325.4 32| 139.3| 343 1.3 1333| 6978 1276 57| 0.01| 3618| 0.02 67.0| HR
HU 125: 2776 66: 130.8: 615 2.2 1663 2112: 9108 9.0 0.02: 2007: 0.05 93.3| HU
IE 7.7 329.1 41: 149.3: 630.6 0.1 25.7 43 54: 2676 0.1: 49.0: 0.002 14| IE

IS 75: 119.8 47: 643: 1586 0.1 10.1 1.6 16: 488: 36.4: 338 001 43| 1S

IT 20.8| 2793 94| 1512| 1456 5.4 6335 3265| 954.0| 30.1 0.0| 72226 0.1 186.3| IT

KY 27: 305 1.7 6.8 24% 19.3: 138.1 7.0 5.8 0.5 00 41.1: 5612: 20619 KY
Kz 209.8: 226.0: 106.8: 86.2: 72.8: 3704 1319: 81.4: 109.9: 125 0.1: 440.3: 3083: 240171| KZ
LT 184.4: 136.4: 67.8: 113.0: 128.1 34: 1344: 500: 938 18.2: 0.03: 180.3 0.1 1432 LT
LU 06: 448: 02: 2517, 290: 00 30 14. 09: 46 0003: 159 00: 03| LU
LV 629.4| 986| 137.0| 107.0] 1404 33| 1194 355| 586 19.9| 0.03| 131.0 02| 1486]| LV
MC 0.001: 02: 00 02 001: 00: 02: 01 003 00 00 22 00 0.0| MC
MD 87: 268 38 118 9.4 9.3: 8537: 329: 492 1.2: 0.003: 128.0 02 1921 MD
ME 12 868 06: 343 6.0 0.6 1319 1327 742 11: 0.002: 1020 0.01 19.3| ME
MK 24| 812 11| 285 7.4 16| 10858 64.3| 81.1 1.3| 0.003| 558.7| 0.03 47.8| MK
MT 0.005 15 0.003 0.8 0.1: 0.002 4.0 0.5 0.1 0.02 0.0 6.4 0.0 00| MT
NL 75: 2445 3.8 836.8: 792.0 0.1 30.2 10.3 152: 88.6 0.1 106.4: 0.002 44| NL
NO 1214 3716: 167.8: 4805. 1341 19 1302 369: 65.1: 2024 11: 2417 0.1 64.5| NO
PL 264.0| 976.9| 143.4| 8745| 7385| 13.2 1007 | 821.0| 1860| 99.2 02| 1997 02| 4413| PL
PT 0.6: 4603 03: 1023: 207 0.0 27.0 9.8 49 59: 0.02. 955 0.002 08| PT
RO 446: 3976: 203: 163.5: 91.0: 27.0 8758: 879.4: 1560 13.0. 0.03: 2480 05 666.4| RO
RS 9.2: 2047 52 876: 413 3.4 5957 774.8: 1443 6.1 001: 1712 0.1 127.2| RS
RU 12906 1622: 3719: 1002: 1104: 2003 8024: 780.8: 1106: 174.1 0.8: 3079 158.5: 119769 | RU
RUA 576.2| 387.0| 344.7| 172.5| 184.8| 173.6 1219| 1253 1555 33.1 0.4| 599.3| 639.3| 120589 | RUA
SE 7942 672.5: 1423 7344: 1095 6.4: 1945: 745: 150.0: 1545 05: 353.8 02: 1729| SE
Sl 25 159.6 12: 776 188 04: 2620: 1761: 343.1 32: 0.01: 2449: 0.01 20.1| SI

SK 11.1: 189.3 6.2: 1049: 557 18 6267 777.3: 2665 8.1: 0.01: 1088: 0.02 67.0| SK
TJ 10| 166 0.7 3.3 1.0] 107 80.1 2.9 2.4 0.2| 0.001| 19.3| 619.9 5432| TJ

TR 386: 677.3: 171 189.0. 53.6: 557.7: 25501: 237.0: 2375 11.0. 0.03: 1920 24 1834 | TR
TU 40 247 2.2 6.6 32 665: 155.2 5.0 55 0.9: 0.003: 33.5: 100.8 6013| TU
UA 2562 683.3: 101.9: 313.5: 218.6: 260.6 8177: 1012: 1767 30.9 01: 2711 9.0 6763 | UA
uz 43| 246 25 6.1 29| 486| 1443 5.1 6.1 0.7| 0.004| 34.0| 751.7| 19083| Uz
BAS 3338| 760.2| 2578 898.4| 1014 92| 2166 1459 292.1| 1415 02| 596.7 0.3| 253.4| BAS
BLS 645: 2320: 285: 90.5: 46.4: 603.5 9483: 189.6: 256.5 741 002 9734 44 3057 | BLS
CAS 139 389 62: 136 8.9: 2626: 2687 12.1 16.4 20 001: 742: 771: 14650| CAS
MDT 492 20514: 27.2: 5415: 389.6: 39.8: 120037: 4616: 1451 89.5 0.1: 50215 1.0:  738.1| MDT
NOS 1445| 2753| 94.3| 5407 15432 12| 3162 88.1| 153.7| 1602 20| 8203 0.2 415| NOS

EE ES Fl FR GB GE GR HR HU IE 1S IT KY KZ
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Table A.2. Matrix of lead country-to-country deposition from anthropogenic sources in 2009, kg/y (continued)

Receptorsl Emitters —>

LT LU LV MC MD ME MK MT NL NO PL PT

AL 0.8 0.7 0.8 0.1 3.2 1207 2273 49 9.1 03: 2152 36.8| AL
AM 0.5 0.0 04: 0.003 0.6 6.8 9.6 0.2 0.9 0.1 27.8 56| AM
AT 17.3:  223: 16.4 0.5: 6.0: 190.0: 119.9: 1.9: 250.8: 38: 7333: 118.9| AT
AZ 1.7 0.1 14 0.01 1.6 14.6 20.1 0.3 2.4 0.4 71.7 10.1| AZ
BA 39: 24: 45: 0.2: 6.7 3548 4853 40: 414: 15: 1889 56.3| BA
BE 29: 1141 4.0 0.04 0.2 6.3 5.6 0.1 974.1 2.1 324.6 75.6| BE
BG 8.1 14 75 0.1 711 653.1 3263 3.0 32.7 23 1547 458| BG
BY 651.4 93| 2790 0.1 91.1 201.4| 2333 1.1 215.6 209 15075 108.8| BY
CH 25 19.2 2.8 0.8 0.9 43.0 30.5 1.1 114.3 12: 396.8: 129.2| CH
cY 0.1 0.0 0.1 0.003 0.2 5.8 9.6 0.2 0.4 0.0 8.7 18| cy
cz 28.4 18.5 30.4 0.2 48 99.4 86.3 06: 3398 6.2: 26501 73.0| cz
DE 87.0| 484.6| 1134 0.8 66| 106.9 97.1 2.2 7717 435| 21569| 575.2| DE
DK 10.9 10.7 14.7 0.02 0.6 6.8 7.1 0.1 539.6 15.0 2150 39.5| DK
EE 112.1 26: 2793 0.01 2.1 20.3 11.7 0.1 99.6 13.8 1252 16.3| EE
ES 37 22.4 47 0.6 17: 1245 1124 27: 1929 23: 7505: 18645| ES
Fl 176.9 75: 2766 0.04 45 35.6 23.3 03: 2837: 109.6 3451 51.0| FI

FR 20.8| 3883 26.6 9.9 47| 2142| 1688 6.5 1792 11.1 3287 3464 | FR
GB 124 23.2 18.3 0.1 1.0 18.5 16.3 0.1 1019 17.5 1526: 550.6| GB
GE 25 0.2 2.1 0.01 4.4 19.3 30.3 0.4 35 05: 14238 125| GE
GR 46 14 42 0.2 256: 6453 3537 147 24.7 15: 7925: 110.7| GR
HR 4.3 27 4.0 0.3 56| 7355| 254.1 37 41.1 1.2 2071 73.8| HR
HU 9.5 43 8.6 0.2 158: 6882: 5319 1.8 75.6 25 5668 77.5| HU
IE 1.8 3.0 27 0.01 0.2 45 3.9 00: 1116 26: 2514 1835| IE

IS 1.8 14 27 0.01 0.2 14 1.3 0.0 34.7 76 98.3 448| 1S

IT 12.3 14.7 11.4 7.1 16.0 1716  902.1 400 157.9 2.9 3628| 6104 IT

KY 0.9 0.1 0.9 0.01 1.0 97 11.1 0.2 2.1 0.4 56.8 12.0| KY
Kz 53.3 2.3 52.7 0.1 258: 113.4: 1357 1.8 69.6 16.7 2342 83.7| Kz
LT 1815 44: 3958 0.04 8.0 42.2 423 02: 1296 14.2 6204 39.7| LT
LU 03: 1309: 04: 001. 002 0.8: 0.6 00: 326 01: 370,  10.0]| LU
LV 674.7 42 1519 0.03 5.1 38.5 32.9 03| 1404 16.9 3212 28.0| LV
MC 0.0: 0.0: 00 003 0.0 0.0: 0.0 0.0: 0.0 0.0: 0.2 0.0| MC
MD 5.0 0.3 3.8 0.02: 4446 53.9 97.3 0.5 9.5 10: 6054 8.0| MD
ME 0.6 0.5 0.6 0.1 2.0 8990: 497.6 2.3 6.8 02: 2058 17.6| ME
MK 1.1 0.4 1.0 0.04 52| 355.7| 12510 15 8.1 04| 269.0 19.5| MK
MT 0.002 0.01 0.002:  0.001 0.004 0.5 0.3 43 0.1 0.0 0.6 03| MT
NL 43 20.4 5.2 0.04 0.3 6.8 6.4 0.1 5637 35 5685 58.2| NL
NO 47.2 14.9 81.1 0.04 3.8 36.2 37.6 02: 6192 1497 3651 91.1| NO
PL 416.0 38.2|  300.9 0.3 40.3| 273.4| 250.8 18| 993.4 48.4| 202546| 262.8| PL
PT 0.2 1.3 0.3 0.03 0.1 7.1 6.2 0.1 12.1 0.2 416  44142| PT
RO 28.3 4.8 23.4 0.3: 3739 1405 1967 48: 1036 6.5 6299: 109.3| RO
RS 49 2.4 55 0.1 17.8 4531 3686 27 52.1 2.3 2509 495| RS
RU 1113 34.9 1243 05: 2540 867.3 1050 7.6 1029: 256.9: 27123: 499.2| RU
RUA 98.8 52| 109.0 0.1 233| 136.7| 139.0 18| 1472 51.3 3134| 134.3| RUA
SE 2471 228: 4506 0.1 7.8 39.1 37.6 0.3 1053: 526.8: 10449: 168.4| SE
Sl 25 1.8 1.9 0.2 18! 1287 60.4 15 21.0 04: 951.1 37.9] sI

SK 11.8 35 9.7 0.1 9.0: 237.7: 2011 0.8 68.3 24: 14006 51.4| SK
TJ 0.3 0.1 0.3| 0.003 0.4 4.3 5.3 0.1 0.9 0.2 22.9 65| TJ

TR 214 24 16.8 0.2 75.2: 5205 1035 14.5 50.8 4.1 1718 221.7| TR
TU 1.7 0.1 15:  0.005 1.6 9.1 11.6 0.3 3.4 05: 101.0 99| TU
UA 181.2 99: 1216 03: 6557. 8858 1366 49 2457 236: 21813: 2158 UA
uz 14 0.1 1.2 0.01 1.5 8.3 10.5 0.2 2.7 0.5 97.5 94| Uz
BAS 664.5 34.9 1501 0.2 10.7 67.9 447 0.7 1325 1209| 21500| 207.0| BAS
BLS 35.0 2.1 28.0 0.1 180.0: 3767 844.0 4.1 50.2 5.2 2488 70.5| BLS
CAS 6.3 0.3 5.1 0.01 6.2 16.4 224 0.4 9.2 12: 3774 13.3| CAS
MDT 22.0 30.5 228 6.9 70.5 5668 5241 338.0: 2981 9.3 5738 4159 | MDT
NOS 72.3| 1167 1039 0.2 4.8 82.7 86.4 0.7 7103| 377.9 9491 967.9| NOS

LT LU LV MC MD ME MK MT NL NO PL PT
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Table A.2. Matrix of lead country-to-country deposition from anthropogenic sources in 2009, kg/y (continued)

Receptorsl Emitters —>

RO RS RU RUA SE Sl SK TJ TR TU UA uz T‘t’/‘;"

AL 1116: 617.9 292.0 1.9 0.6 23.4 61.7 0.0: 3445 12: 1222 15 176| AL
AM 10.0 5.2 877.3 226 0.3 1.1 43 35 1244| 1043 60.9 78.2 58| AM
AT 210.6| 2705 1136 8.6 116| 2257 1755 01| 1138 52| 4072 5.3 355| AT
AZ 217 11.2 4650 77.8 0.9 2.6 10.5 64.3 1597 546.2: 207.8: 5935 15.3| AZ
BA 4689: 1655 534.4 59 38 172.9: 681.0 0.0 3299 3.3 2895 3.8 35.0| BA
BE 46: 50: 101.3: 02: 3.3: 64: 19.3: 0.0: 6.9: 01: 136: 0.1 12.9| BE
BG 2762 1493 4255 30.2 55 519 4138 07| 4433 202| 2027 27.7 152.3| BG
BY 9239 288.0: 25230: 540: 724: 1141- 1073 25 1267 © 6935. 397 89.1| BY
CH 247 36.3 145.2 0.5 1.9 62.2 58.4 0.0 30.6 48.1 0.4 146| CH
cy 43 3.9 52.2 0.3 0.0 0.8 2.1 0.0: 3774 13.2 0.6 11| cy
cz 188.0| 193.8| 12103 44 19.1| 218.7| 2094 0.1 73.9 29| 3417 3.0 50.0| CZ
DE 1499 1255 3222 751 105.8: 1722: 7654 01: 1297 42: 5007 4.4 143.4| DE
DK 16.2 8.1 245.2 0.5 50.4 6.8 59.0 0.0 7.0 0.2 25.9 0.3 8.2| DK
EE 33.9 20.0 6563 45 70.7 7.3 59.3 0.2 51.7 21 179.0 3.1 14.4| EE
ES 63.5 89.4 242.6 1.0 49 78.7| 104.9 0.0 66.0 0.9 78.6 1.1 105.3| ES
FI 77.3 4738 22602 234| 7536 271 176.3 1.0 93.9 72| 3589 10.7 429| FI

FR 119.5: 157.0: 1182 29: 227 2328 3352 01: 206.7: 24 261.7: 25 86.1| FR
GB 19.5 15.8 564.2 14 31.0 16.9 705 0.1 227 0.4 55.1 0.6 26.2| GB
GE 522 18.0 5981 38.1 1.3 4.4 20.5 6.2 3250: 151.7: 443.4: 1220 15.6| GE
GR 569.0| 609.4 2620 14.9 33 50.2| 189.6 0.6 5540 10.3| 1053 14.0 136.6| GR
HR 342.4: 898.8 470.4 5.3 2.7: 537.3: 8776 0.0: 197.9 26: 286.6 3.0 26.0| HR
HU 1605: 1824 1066 7.0 6.1: 4452: 6313 0.1: 3105 24: 85238 29 427| HU
IE 3.8 3.3 92.7 0.2 6.0 3.8 11.0 0.0 4.0 0.0 11.6 0.1 51| IE

IS 2.6 1.1 137.8 1.7 44 1.7 48 0.0 3.9 0.2 9.3 0.2 1.0] 1S

IT 568.6 . 947.8 1628 15.1 71: 1653. 1044 0.1 1103 104: 760.2 11.0 1130 1T

KY 16.4 8.6 1701: 168.4 0.8 24 81: 7511 4401 566.4 79.5: 19251 56.5| KY
KZ 3423: 113.0: 103625: 13568 421 346: 2246: 8423: 4384: 5314: 3550 38036 4311 KZ
LT 117.1 51.8 5564 8.1 61.5 256| 235.1 0.2 825 34| 6452 4.4 204 LT
LU 0.5 0.6 12.7 0.0 0.2 0.8 1.9 0.0 0.8 0.0 17 0.0 10| LU
LV 79.7 40.8: 5720.9 7.4 81.9 16.3: 1329 0.3 88.1 3.4: 4092 5.1 16.4| LV
MC 0.0 0.0 0.1 0.0 0.0 0.0 0.04 0.0 0.0 0.0 0.0 0.0| MC
MD 8791: 715: 21790 100: 23: 111: 831 05: 8109: 1700 65 9.8| MD
ME 959| 709.3 176.4 1.7 0.5 19.0 66.5 00| 1426 . 75.2 1.2 156 | ME
MK 1727° 7057 513.6° 39° 08 139 790 01 6263 24 2039 3.0 34.9| MK
MT 0.1 0.2 05 0.0 0.0 0.2 0.2 0.0 0.9 0.0 0.2 0.0 0.02| MT
NL 6.7 6.8 115.0 0.4 5.3 7.2 322 0.0 8.3 0.1 16.9 0.2 14.7| NL
NO 81.0 417 2874 257| 3914 211 1292 0.3 53.0 24| 189.9 3.2 17.1] NO
PL 1052: 483.8 9327 244% 15811 4513: 5512 04: 4812 12.9: 3634 14.7 263.2| PL
PT 4.0 5.2 19.0 0.1 0.4 4.0 5.8 0.0 2.9 0.0 5.3 0.1 493| PT
RO 20729 2858 8111 428 149: 2459 1971 13: 4361 20.9: 5338 27.6 98.3| RO
RS 1645| 10634 1126 10.4 53| 112.0| 9438 02| 8852 58| 564.3 7.1 546| RS
RU 3208| 1015| 1483850| 10623| 938.1| 325.4| 2213| 488.8| 19283| 3082| 38358| 5422| 1798.2| RU
RUA 357.1: 137.0. 186667  133767: 117.9: 52.6- 2919  1483: 2792  1236: 2689: 5860 468.8| RUA
SE 136.1 51.4 6843 16.8° 3720 466: 3717 0.7 1445 6.1: 5195 7.9 385| SE
Sl 91.1: 157.3 176.1 16 11: 2754: 3785 0.0 38.7 0.8 98.6 0.8 11.6| SI

SK 6405| 511.8 773.6 5.0 6.3| 301.4| 10576 01| 1312 16| 635.1 1.9 40.0| SK
TJ 6.8 37 678.2 57.4 0.3 1.0 3.3 14489: 2406: 6755 31.7: 11007 335| TJ

TR 11755 472.0 18365 102.3 10.0 79.8: 3083 7.2: 118518 221.0: 4546: 1925 189.5| TR
TU 171 75 2889 154.3 1.0 1.9 1060 1655: 674.6: 5813: 198.7: 8442 269 TU
UA 6311 1386 70624 | 250.4 63.9| 355.2| 3476 255| 9320| 189.0| 65534| 308.0 229.3| UA
uz 17.9 7.0 2012 2125 1.0 2.0 121 7631 602.3: 2453. 1712 33322 68.0| UZ
BAS 1851: 846 19216: 13.8: 1243: 916: 7296: 0.7 207.3: 6.6 8588: 9.1 71.3| BAS
BLS 2166 495.6 37981: 136.9 15.4 72.3: 4033 9.9: 24714: 1251: 11210: 1706 108.3| BLS
CAS 57.9 16.2 14258 225.6 3.1 5.7 38.2: 376.8 1799 2282: 937.2: 3052 41.4| CAS
MDT 1814| 2538 7360 50.8 208| 1330| 1569 19| 27486 443| 3253 55.5 302.8| MDT
NOS 132.9 88.6 1839 79 3134 62.0: 327.1 0.4 74.0 1.3 2132 2.7 71.7| NOS

RO RS RU RUA SE S| SK T TR TU UA uz T‘t’/t;"
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Table A.3. Matrix of cadmium country-to-country deposition from anthropogenic sources in 2009, kg/y

Receptorsl Emitters —>

AL AM AT AZ BA BE BG BY CH cY cz DE DK

AL 17.79: 001: 145. 022: 971. 057 2073 065 113 004 243 151 0.03| AL

AM 0.01: 4559 0.06: 7895 0.18 0.04 0.57 0.33 0.06 0.17 0.16 0.11 0.01| AM
AT 0.22 0.05: 352.8 0.79: 16.20: 14.40 7.78 6.94: 4591: 0003: 117.9: 119.7 059| AT

AZ 0.03| 1243 0.16| 639.8 0.41 0.11 1.28 1.28 0.15 0.27 0.43 0.29 0.02| AZ

BA 1.83 0.03: 12.99 0.48: 562.0 2.14: 2068 2.31 3.60 0.02: 23.10 8.54 0.18| BA
BE 0.01 0.00 1.07 0.02 0.26: 3823 0.27 0.45 3.84 0.00 320: 3948 0.33| BE
BG 1.62 0.21 4.23 329 15.84 1.39: 1320 6.88 1.84 0.25: 13.13 5.18 0.18| BG
BY 0.25 0.38] 10.73 5.09 9.63 9.41| 21.44| 1204 6.67 0.09| 6471| 3178 240| BY
CH 0.06 0.00 8.09 0.07 247 10.90 1.49 0.61 0.001 491: 2551 0.13| cH
cY 0.02 0.01 0.05 0.08 0.15 0.02 0.48 0.05 459 0.09 0.05 0.00| cy
cz 0.11 0.03: 63.74 0.51 7.19: 15.03 6.80 8.10 0.002: 797.5: 103.2 1.07: cz

DE 0.15 0.05: 83.98 0.78 5.62: 355.0 6.25. 15.88 0.003: 3157: 1696: 10.31| DE
DK 0.01 0.00 1.76 0.03 0.30| 19.63 0.53 1.42 0.001| 13.01| 48.15 22.11: DK
EE 0.02 0.04 0.78 0.56 0.90 4.60 0.57: 19.54 0.01 5.46 8.58 0.94| EE

ES 0.20 0.01 478 0.11 540: 16.57 5.15 1.08 0.001 8.43: 1987 0.26| ES

FI 0.03_% 0.10: 298: 157: 1.96: 13.09: 1.54: 3442: 001! 16.35. 2421 3.14| FI

FR 0.32| 002 19.54 0.34| 10.39| 2388 7.71 4.65 0.003| 3835| 177.6 162| FR

GB 0.03 0.00 2.78 0.08 0.63: 5870 0.93 1.58 0.00: 1212: 43.46 2.35| GB
GE © 1593 0.28: 150.2 0.16 2.30 1.77 0.33 0.78 0.46 0.03| GE
GR 0.14 3.16 1.62 1.25. 164.0 3.72 0.57 7.00 3.75 0.11| GR
GRL 0.01 0.17 0.08 0.17 0.07 0.64 0.38 0.00 0.00 0.60| GRL
HR 0.02: 21.96 0.37 227: 1397 2.57 0.01; 25.91 9.24 0.13| HR
HU 0.03: 4226 0.41 367: 4185 5.55 0.03: 65.83: 17.92 0.32| HU
IE 0.00 0.54 0.01 5.49 0.22 0.26 0.00 2.07 6.25 0.44: IE

IS 000: 024: 002 210 009: 024: 0.00: 073 202: 018 1S

IT 0.07] 5210 1.44 9.71| 36.11 6.89 0.08| 41.10| 36.28 0.31: IT

KY 086- 013 893 0.12. 069  0.53: 013. 031 0265 001| KY
Kz 12.37 281: 181.0 311: 1152: 30.99 0.67: 1153 7.76 0.62: KZ

LT 0.05 3.14 0.62 5.28 222: 88.39 0.01: 2330: 17.96 1.87| LT

LU 0.00 0.15| 0.002 9.81 0.03 0.06 0.00 0.41 475 0.02| LU

LV 0.05 1.78 0.71 . 5.96 159! 49.73 0.01; 13.33: 1558 1.75] LV

MC 0.00: 0.002 0.00: 0.002: 0.001: 0.001 0.00 0.00: 0.002: 0.002 0.00| mMC
MD 0.09 0.77 1.07 1.81 0.37: 12.11 5.74 0.03 3.19 1.38 0.09| MD
ME 0.01 1.25 0.15| 21.68 0.40 9.42 0.42 0.01 2.29 1.22 0.02| ME
MK 0.02 1.19 0.37 5.68 0.42: 63.71 0.83 0.05 2.87 1.39 0.03| MK
MT 0.00: 0.008 0.00 0.02: 0.004 0.01: 0.001 0.00 0.01 0.01 0.00| MT
NL 0.00 1.41 0.03 0.30: 149.2 0.36 0.70 0.00 5.78: 65.36 0.54: NL

NO 0.03 3.28 0.45 1.36: 28.55 2.86 5.09 0.01: 20.48: 4554 9.82| NO
PL 0.16| 54.03 221| 1871| 4063| 2068 185.0 0.04| 7232 2211 10.99i PL

PT 0.00 0.27 0.01 0.33 1.08 0.31 0.07 0.00 0.48 1.13 0.02| PT

RO 027: 16.50 385 61.36 442 267.7: 2645 0.33: 47.50: 18.02 0.65: RO
RS 0.05: 10.62: 092 8877- 244 1449. 3.06: 0.07: 2963- 967: 026 RS
RU 27.82| 2689 564.1| 33.92| 4482 1052| 7618 1.75| 130.1| 1094 9.87| RU
RUA 5.41 395 6179 5.44 6.68: 11.52. 4564 0.36: 1567 13.89 1.15| RUA
SE 0.09 6.73 1.25 192: 4381 3.11: 2869 002 4651  87.36. 2425| SE

Sl 0.01: 2978 0.12 1.29 3.97 1.22 0.002: 11.91 6.36 0.05| sI

SK 0.02| 2692 0.30 3.02| 1627 6.46 0.01| 201.2| 16.04 0.39| sk

TJ 0.51 0.06 5.72 0.05 0.32 0.20 0.08 0.13 0.11 0.00| T

TR 29.26 493: 6223 241 8135 17.15 10.79: 11.91 6.96 029| TR

TU 2.37 0.15: 45.09 0.17 0.82 1.27 0.16 0.57 0.39 0.02: TU

UA 3.04: 2358. 48.05: 10.00: 1427 2185: 0.55: 102.3. 38.87. 245| UA
uz 1.95 0.16| 27.56 0.14 0.71 1.11 0.14 0.56 0.33 0.02| uz

AF 0.12 6.69 1.02 6.34: 3263 3.67 1.15. 11.42 9.94 0.14| AF

AS 11.91 127 224.60 . 0.74: 1151 3.84 9.01 273 1.91 0.08| AS

ATL 0.65: 16.37 7.99 7.19: 22860: 10.73: 27.78 007. 6077 21009 16.96| ATL
BAS 011] 1265 1.61 3.78| 53.32 3.01| 7479 003| 89.09] 15580| 29.61| BAS
BLS 3.95 482: 36.09: 11.13 2.02: 105.79: 2447 125: 14.38 6.92 0.35| BLS
CAS 8.49 0.45: 356.97 0.51 0.41 1.92 5.14 . 0.22 1.97 1.08 0.07| cas
MDT 0.73: 50.00 6.70: 181.58: 20.16: 213.62: 13.88: 6852 1882 60.39: 49.31 0.80: MDT
NOS 0.02: 12.03 0.26 3.05: 297.84 5.34 8.47: 24.31 0.01: 69.09: 319.40: 28.79| NOS

AM AT AZ BA BE BG BY CH cY cz DE DK
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Table A.3. Matrix of cadmium country-to-country deposition from anthropogenic sources in 2009, kg/y (continued)

Receptorsl Emitters —>

ES FI GB GE GR HR HU IE IS IT
AL 7.58 0.04 0.35 0.03: 4801 3.64 6.80 0.06: 0001: 64.15| AL
AM 0.64 0.03 0.04 7.83 0.76 0.08 0.27 0.01 0.00 0.64| AM
AT 21.54 0.71 6.90 0.10 317| 2495| 80.29 0.80 0.02] 124.1] AT
AZ 1.23 0.12 010| 15.15 1.52 0.18 0.69 0.01]  0.001 137| AZ
BA 11.17 0.25 1.23 005 1340 7192 94.20 0.15. 0.005- 8539| BA
BE 16.54 0.18 25.21 0.00 0.18 0.23 0.86 2.23 0.02 2.92| BE
BG 7.31 0.47 1.05 049: 8446 5525 4075 0.12: 0.005: 30.00| BG
BY 16.58 8.15 7.29 0.83 8.19 6.65| 49.05 0.72 0.02| 21.27]| BY
CH 25.68 0.09 5.26 0.01 1.27 2.69 4.15 0.71 0.01: 128.4| CH
cy 0.38 0.00 0.02 0.01 2.00 0.07 0.17 0.00 0.00 0.87| cv
cz 1267 1.21: 863: 007: 174 863: 8577 085  002: 2504 Cz
DE 113.8 5.10 113.9 0.12 3.00 545| 3139 10.72 0.17| 74.73| DE
DK 8.43 0.81 17.07 0.00 0.15 0.23 1.71 1.58 0.03 2.07| DK
EE 289° 1672 3.07 0.06 0.31 0.46 2.87 0.31 0.01 1.79| EE
ES 3792 0.19 9.73 0.01 3.88 4.40 8.09 2.10 0.04: 4889| ES
FI 8.17| 562.2 10.79 0.16 0.56 1.41 9.03 1.21 0.07 5.13| FI

FR 947.3 1.21 96.54 0.05 761| 1018| 1887 14.22 0.12| 1838| FR
GB 61.56 153 547.8 0.01 0.55 0.44 289. 5325 0.23 551| GB
GE 1.59 0.12 0.14: 7461 242 0.27 0.02:  0.001 2.13| GE
GR 17.81:  0.31: 0.88: 027: 7427 5.32: 0.13:  0.004: 6591| GR
HR 14.40 0.19 1.27 0.04 848| 196.7 0.15| 0.005] 107.2| HR
HU 12.51 0.41 227 006  11.06  60.91 0.25 0.01: 56.83| HU
IE 17.72 0.28 23.85 0.00 0.15 0.09 044 7853 0.06 1.30] IE

IS 5.58 0.28 5.98 0.00 0.06 0.04 133 1424 0.88| Is

IT 125.6 0.52 5.31 0.15| 4056| 83.37 0.81 0.02|  2131] 1T

KY 1.35 0.10 0.08 0.63 0.83 0.16 0.01:  0.001 1.11] KY
KZ 10.29 6.39 272: 1188 7.86 1.93 0.34 0.03: 11.71| Kz
LT 6.15 4.42 4.75 0.09 0.92 1.29 0.49 0.01 5.04| LT
LU 2.01 0.01 1.20 0.00 0.02 0.03 0.13]  0.001 045 LU
LV 4.54 8.57 5.12 0.09 0.80 0.90 0.54 0.01 357| LV
MC 0.01 0.00 0.00 000 0001  0.002 0.00 0.00 0.07| MC
MD 1.21 0.24 0.33 0.25 5.18 0.85 0.03:  0.001 3.63| MD
ME 3.73 0.03 0.22 0.02 8.80 3.78 0.03: 0001: 3327| ME
MK 3.52 0.06 0.27 0.04| 8727 1.87 0.03| 0001 17.97] MK
MT 0.07 0.00 0.003 0.00 0.03 0.01 0.00 0.00 0.20| mT
NL 11.48 0.28 31.35 0.00 0.18 0.25 2.49 0.02 2.97| NL
NO 16.59: 10.70: 5095: 0.06. 078  0.87: 556:  0.46:  6.39| NO
PL 42.84 9.79 27.95 0.36 645 21.34 2.74 0.06] 5521| PL
PT 2420 0.02 0.76 0.00 0.18 0.25 0.15 0.01 2.79| PT
RO 17.90 1.24 3.26 073 5255 2414 0.35 0.01: 71.19| RO
RS 9.29 0.33 1.55 0.10. 4414  23.46 0.17 0.01: 52.15| RS
RU 7123 2198 3942| 6335| 4928 1885 1128 455 0.32| 81.18| RU
RUA 1731  19.71 6.60 5.42 7.45 299| 1546 0.86 0.14| 15.77| RUA
SE 30.21: 94.11 41.44 0.18 1.13 183 14.87 4.26 0.20 9.59| SE
S| 7.08 0.07 0.69 0.01 167 4512 0.09: 0.002: 73.20| SI

SK 840  041: 206: 005: 416: 21.14: 022  001: 3056| SK
T 0.73 0.04 0.03 0.34 0.47 0.07 0.01 0.00 0.53| T

TR 30.64 1.02 197 1347 1564 6.01 0.29 0.01: 56.32| TR
TU 117 0.14 0.12 2.26 0.90 0.12 0.02 0.00 0.94| TU
UA 29.85 6.33 7.91 731: 5042: 26.68 0.82 0.03: 75.22| UA
uz 1.13 0.16 0.11 1.59 0.84 0.12 0.02| 0.002 0.95| Uz
AF 498.6 03 47 0.2 74.0 104 0.9 0.02] 150.0] AF
AS 12.1 0.6 0.6 6.8 25.6 16 0.1 0.01 154| AS
ATL 2210 56.3 501.7 0.9 5.3 5.0 191 1724 64.8 65.1| ATL
BAS 339 1634: 37.7: 02: 13: 36: 38 01: 16.0| BAS
BLS 10.3 17 16 15.2 57.7 47 25.8 0.2 0.01 27.1| BLS
CAS 1.8 0.4 0.3 9.3 16 0.3 16 0.1-  0.003 20| cas
MDT 964.5 15 14.3 11- 7344 1203: 1342 24 0.05 1590 | MDT
NOS 134.5 5.9 589.2 0.0 1.8 2.1 13.9 44.4 0.8 22.3| NOS

ES FI GB GE GR HR HU IE 1S IT

85



Table A.3. Matrix of cadmium country-to-country deposition from anthropogenic sources in 2009, kg/y (continued)

Receptorsl Emitters —>

KY KZ LT LU LV MC MD ME MK MT NL NO PL
AL 0002 055: 004: 002 002 001: 015! 115: 4775: 362 039: 003 14.36| AL
AM 010; 1189 002 000. 001, 000: 003: 001: 173: 011: 004: 001. 204| AM
AT 0003] 299 o097 o054| 038] o006 026 033] 2026] 136] 1084 042] 4307] AT
AZ 192 6499 009 000 004 0001 008: 002 38: 022 010 004 572 Az
BA 0003. 163 023 006 010 003 029 689 8743: 291 179, 017. 1157| BA
BE 000 006. 022 328 010 0004: 001: 001; 096: 007 4958 026 2319| BE
BG 004: 943° 041: 003: 018 001: 342: 087: 3983: 213: 139. 024 111.0| BG
BY 012| 2307| 2221 o022| s806| o002 395 031] 3963] o074] 963 223] 1501] BY
CH 0.00: 017: 017: 047 007 010 004: 007: 548 077: 512. 014. 26.09] CH
cy 000 011: 000: 000; 000; 000i 001: 001; 177i 017 002i 000i 056| CY
cz 0.003: 1.83: 1.88: 043: 075: 002: 021: 018: 14.04: 043: 1521: 0.70: 1435| CZ
DE 001] 253 669 128 286] o010/ 030, 016 1631 152| 3668 517 1475| DE
DK 0002. 010 083 025 036 0003 002 001, 125: 005 2456 186. 156.0| DK
EE 001. 217 953 006 831 000, 009 003 225: 010 439 154 1259| EE
ES 0002; 028 025 053, 010 008 007, 017. 2065: 196. 844. 025  4521| ES
Fi 004 638 1280 o019| 721] 0005 o019] 005 413] o019] 1251] 990| 3201 FI

FR 0003} 097: 146: 1009 062 131i 019 029: 3033 446: 8569. 132 2052| FR
GB 0002 031: 099: 059 044; 001: 004: 002: 255: 008: 4652. 199: 1052| GB
GE 018! 2180: 012 000; 005; 0001i 021;i 003: 586 030 014: 005: 1121| GE
GR 0.04: 454 022: 003: 010: 0.02: 118: 079: 6181: 10.83: 1.02: 0.15: 5220| GR
HR 0003] 155 022 007] 009] o004 o025 121] 4671] 272 179] 013] 1301| HR
HU 001: 209 053 010 021 003 068 129 9483 133 335 028 3857| HU
IE 000 003 015 008 007 0001: 001: 001 059 001. 502 029 1671 IE

IS 0001: 009: 013: 003: 006: 0001: 001: 000 021: 001: 1511 079: 7.36|IS

I 001| 420 o062 035] o025] o092 o070 240| 1779] 3169 670| 031] 2221| 17

KY 717 282 005! 000 002 0001: 004: 001 191 017: 008 004 401| KY
KZ 427% 5961! 303! 005! 133 001: 119: 016! 2355: 123: 297 1581 190.7| Kz
LT 001 294 7624. 011, 1122, 0005: 033: 007: 7.94: 017 584 147. 687.2] LT
LU 000] 001] o002 353 o001] 0001 o000 000] 009] o001 163] 002] 253] LU
LV 002 298 9791 011 4715 0003. 021 006 622: 018 625 185 3353| LV
MC 000 000 000 000 0004: 000 000: 0004: 000 0001 000: 001 MC
MD 002, 415 025 010 0002 2222 008 1706: 033 039. 011. 5205 MD
ME 0.001: 044: 003 001: 001: 009 1132: 9557: 162 029: 002: 13.08| ME
MK 0004] 101] o005 002| o001] o023] o042] 3180] 108] 036] 004 1825 MK
MT 0.00: 0.001: 0.00 0.00: 000: 000: 000: 007: 350 000: 000: 004| MT
NL 000; 010: 033 014; 0004i 001i 001; 107i 005 2769 042 4202| NL
NO 001: 138: 423 1.89: 0.01: © 005 628° 015: 27.66. 186.1: 2985| NO
PL 003] 986| 2303 787| 004 173] 047| 4501 127| 4454 572] 17603] PL
PT 000 002 002 001 0004. 000 001 1.16: 009 053. 002 255| PT
RO 006 1467 146 060 003 1690. 239! 3238 344 440! 071. 4797| RO
RS 001. 298 031 013; 002. 081: 896 6132: 196 232. 026 162.1| RS
RU 1811 2585 61.03 3307 006 1148 124 1873] 524 4367| 2320 2383] RU
RUA | 96.89: 3539: 548 266 001: 103 019 2453: 124 604. 428 2534| RUA
SE 003; 351: 2256 1103: 001; 032 006: 650 023; 47.13: 5305: 9943 SE
s 000; 047: 012 005! 002 008 023; 1099: 112 092 005: 61.83] SI

SK 0.00: 151: 067 025: 002 039. 044: 3679: 054. 307. 028 961.7| SK
T 21.91| 4263] 002 001] o000/ 002 001] o09)] o010/ 003 002 15T

TR 027 4138 105 042 003 373 068 1865 1074 218 042 1359 TR
TU 916 9889  0.09 004 0001: 008 001: 190: 019 015 005. 823| TU
UA 1.06: 150.9: 830 325 004: 3214: 138 2456: 350 1045 257: 2009| UA
uz 5346| 1975 008 003| 0001 o007] o001] 175] o017] o012] o005] 750] uz
AF 001] 214 o025 0o10] o11] os0] 103] 1672] 4222] 335] 0.16] 7535] AF
AS 267.6: 649.1: 0.31 013; 001: 037: 016! 3641: 279 057. 020! 2908| AS
ATL 1827 86.08: 1093 523 009 059: 025! 2788 160: 166.1; 110.8; 658.7| ATL
BAS 0.03: 510 6228 3857 0.02: ©010: 7.94: 047. 5880. 13.09. 2099| BAS
BLS 058| 6771 167 068| 001 053] 1508| 298| 204| o052 1959| BLS
CAS 784 3754 0.30 0.13. 0.0 002° 400- 025 039 012 2927 CAS
MDT 011, 1639 117 050 089 320 696 9616: 2675. 1244. 097 341.0| MDT
NOS 0.02: 083: 543 238: 003: 018: 012 1404: 050: 3243: 4599: 682.1| NOS

KY Kz LT LV MC MD ME MK MT NL NO PL
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Table A.3. Matrix of cadmium country-to-country deposition from anthropogenic sources in 2009, kg/y (continued)

Receptorsl Emitters —>

RO RS RU : RUA @ SE S| TJ TR TU UA uz | Total
AL 562: 1505: 7.72: 021: 003! 099 0.00: 1361: 0.004: 295 002| 87L7| AL
AM 043: 102 2099 249. 001: 004 0.04: 5943. 036. 165. 159 240.9| AM
AT 13.93] 6812 30.33| 094 o059] 1117 0.00] 491 002] 819] 007 1749| AT
AZ 097] 236| 9806| 880 005 o010 0.85| 8665/ 191 631 1087| 971.8| AZ
BA 30.73: 4656 1413- 065 019  7.03 000 1324° 001 586 005 1697| BA
BE 025: 104 310. 002 018: 025 0.00: 028 000 029 0001| 609.8| BE
BG 1086: 3493: 1153 336: 029: 221 001: 1685: 007: 5280: 0.32| 2887| BG
BY 4221| 6341 6942| 502| 411| 466 0.03| 57.64| o008| 131.4| o042 4147| BY
CH 139: 882 394 005: 009: 255 0.00: 124 0001: 106: 001| 626.0| CH
cy 019 081: 148: 003: 000: 003 0.00: 21.02: 0002 039: 0.01| 36.00| CY
cz 12.36: 44.91: 3415 047 1.02. 966: 000: 331 001 696 004| 2965|cCz
DE 0.18] 28.73| 9779 o079] 553 7.20 0.00] 593 001] 11.32] 006| 5335| DE
DK 097: 170 770 007 251 027 000 030 000 043 000| 352.8| DK
EE 195: 447 3067 043 418 0.29 0.00: 262 001 343 004 616.3| EE
ES 343: 1973 628 009. 024: 324 0.00: 248 0003: 168. 001| 4445 ES
Fi 416| 1052| 9133| 3.02| 4317 1.07 0.01| 554 002] 682 013 2129| A

FR 6.49| 3542| 3311 o029| 120 950 000 796| o001| 546| 003 3436| FR
GB 101: 319 1819. 014: 163: 065 0.00: 092: 0001: 108 001| 1039| GB
GE 200: 369: 1049: 442! 006: 017 0.08: 2044: 055 1258: 259 632.1| GE
GR 22555 1166: 67.85: 163: 017 2.00: 0.01: 0.03: 27.25: 0.18| 2214| GR
HR 2469| 2741| 1255 058| 014 2114 0.00| 815] 001] 540 003| 1196| HR
HU 128.2° 4421 2904 073 033  18.88 000  1259: 001 1401 0.03| 2690| HU
IE 017: 066. 309 003 030 014 0.00: 015 000 024 0001| 175.2] IE

IS 012: 023 519. 018 023. 007 0.00: 015. 000. 0.18: 0.003| 54.40] IS

IT 33.99| 236.1| 4242| 167 035| 66.94 0.00| 4664| 003| 16.44| o0.14| 3823] 1T

KY 075: 1.75: 50.39: 16.99: 004: 009: 0.19: 9336: 2538: 1.50: 204: 329.1| 1545| KY
KZ 15.00: 22.86: 3809: 1442 219: 132! 597 96.85: 239.9: 16.06: 100.6: 595.0| 13301| KZ
LT 6.66- 11.18. 2224: 075 359: 108. 832. 000. 426 001: 1128° 005| 1251| LT
LU 0.03] 013] 036] 000/ 001 003] o008 o000] 003] o000] 004] 000| 3501 LU
LV 454] 879 1837| o067 489 o066 453 000 449] 001] 764 o006| 856.3| LV
MC 0.001: 0006 000 000- 000: 0002 0001 000: 0001 000 0001 000 015 MC
MD 2084: 1549  5884: 1.04: 013. 046: 199: 001. 3367 001 3828 008| 312.7| MD
ME 516: 1419: 468: 018: 002 077 196: 000: 572: 0003: 176: 001| 384.3| ME
MK 8.09| 109.1| 1326 o041| o004| o060 244| 0.00 0.01| 4.92] 003| 3566 MK
MT 001: 004: 002: 000: 000: 001: 001: 000 0.00: 001: 000| 417|MT
NL 040 150: 378 004: 030: 029: 134: 0.00 0.00: 0.35: 0.002| 631.6| NL
NO 420 837: 3312 3.04: 2155. 082: :000: 001: 377 004| 1144| NO
PL 75.88] 113.3| 267.6| =248| 9.18| 19.19] 2200 0.01 0.04] 5888 0.17| 20236| PL
PT 022: 115 053 001 002 016: 0.19  0.00 0.00. 012 000 1142| PT
RO 1219: 637.2° 2200 458 080 10.39: 47.93 0.02 0.07: 1158 0.32| 4112| RO
RS 9343: 2742 3117. 118 028 476. 2930: 0.00 0.02: 1261. 009| 4322| RS
RU 138.2| 212.9| s0361| 1212 49.38| 12.60| 60.29| 6.16 1097| 10.18] 1056| 82.73| 62419| RU
RUA 16.65| 2858| 6760 19523| 590 201| 7.93| 17.37 3.80| 69.51| 96.01| 30904| RUA
SE 7655 1071: 2514: 237 2267 189. 1538 0.01 0.02: 939: 009| 2158| SE
S| 6.37: 4479: 484 017: 006: 1232: 1221: 0.00 0.00: 1.84: 001| 509.9]| SI

SK 5353: 124.6. 2138 051. 035. 12.98: 361.0. 0.00: 0.01: 1022: 0.02| 2259| sk
TJ 030] o072| 1839 521| o001 004] 008 1301 135| 0.78] 1483| 3955| TJ

TR 4736- 9965 4821 1083 053 318 836 0.09 0.70. 1309 364| 8777| TR
TU 072: 147 8648 1783 005: 007 029 1105 3479: 1875 584 1466| 500.8| TU
UA 2906: 311.7. 1924 2479  360. 1480. 7047: 031 4363. 062. 1783. 3.81| 8420| UA
uz 078| 1.36| 93.23] 2408 o005 007 o031 8147 32143] 722[ 489 6282| 1174 uz
AF 1587| 9424 4032 o074] o015] 537 835] 0.002] 171.8] 0.02] 14.11] o0.09] 1712] AF
AS 6.88: 1979 2799: 8529. 022  083: 185: 4517: 7155: 1382 1837  2341| 2754| AS
ATL 1267 3378: 2189: 8133: 3392 514: 1634: 0.38 0.27: 2165: 3.14| 9068| ATL
BAS 10.77: 1819: 6796: 148: 7212: 371: 2919: 001: 0.02: 1458: 0.11| 3937| BAS
BLS 124 6844| 1043| 9556| 1452] o080| 284 960 012 0.42| 3100| 222| 3460| BLS
CAS 024: 210: 315 3450 2314: 016 022 099 4.06 760 27.46° 51.04| 1378| CAS
MDT | 7661: 8467 5505: 1912 575 099 5359 4528  0.02 014 8228 0.75| 8424| MDT
NOS | 1342: 718: 17.42. 5660 082. 1509: 244. 1404- 0.004: 302. 0004- 343 003 2949| NOS

PT RO RS RU | RUA | SE S| SK TJ TR TU UA uz | Total

87



Table A.4. Matrix of mercury country-to-country net flux from anthropogenic sources in 2009, kg/y

Receptorsl Emitters —>

AL AM AT AZ BA BE BG BY CH 5% cz DE
AL 14.38 0.01 0.34 0.04 2.77 0.14 1.67 0.06 0.24 0.02 0.93 0.48 | AL
AM 0.01 | 29.91 0.03 : 13.70 0.09 0.04 0.08 0.04 0.03 0.07 0.13 0.12 | AM
AT 0.09 0.04 | 1250 0.15 5.49 3.46 0.53 0.76 9.91 0.00 | 75.04 | 27.04 | AT
AZ 0.02 6.18 0.08 | 130.1 0.21 0.10 0.16 0.13 0.08 0.12 0.31 0.29 | AZ
BA 0.75 0.02 3.09 007 - 2753 0.59 1.33 0.19 0.81 0.01 9.49 2.80 | BA
BE 0.01 . 0.002 0.29 0.01 012 | 2226 0.03 0.06 1.18 0.00 182 . 3147 | BE
BG 0.73 0.09 1.00 0.35 5.26 048 : 184.7 0.61 0.55 0.11 4.78 201 | BG
BY 0.10 0.15 2.69 0.53 2.67 2.80 168 | 151.6 1.84 0.04 | 2223 | 1235 | BY
CH 0.02 : 0.004 113 0.01 0.64 1.71 0.10 0.07 : 90.26 0.00 1.97 6.27 | CH
cy 0.01 0.01 0.01 0.02 0.05 0.01 0.06 0.01 0.01 8.77 0.05 0.03 | CY
cz 005: 002: 2077 0 008 : 230 377 : 043 : 097 : 493 : 0002 : 689.3: 43.04 | CZ
DE 0.10 0.05 | 27.61 0.18 251 | 97.39 0.68 207 | 6965 | 0004 | 2397 | 1179 | DE
DK 0.01 - 0.003 0.47 0.01 0.13 4.83 0.05 0.18 0.84 - 0.001 6.10 - 2050 | DK
EE 0.01 0.02 0.21 0.08 0.29 1.04 0.05 1.91 0.22 - 0.005 2.20 291 | EE
ES 0.09 0.01 1.10 0.04 1.51 3.73 0.43 0.16 411 : 0.001 3.47 6.54 | ES
Fi 0.01 0.05 0.63 0.19 0.45 3.01 0.12 2.87 0.69 | 0.004 5.68 8.22 | FI
FR 0.16 0.03 4.99 0.10 357 | 90.07 0.74 063 | 4842 | 0004 | 1880 | 9301 | FR
GB 0.02 0.01 0.71 0.03 032 : 1575 0.11 0.24 157 - 0.001 549 : 1591 | GB
GE 0.02 7.56 0.08 : 19.39 0.20 0.09 0.20 0.14 0.08 0.12 0.33 0.27 | GE
GR 226 : 007 : 089 : 021 : 470: 043 : 3027 : 033 : 067 : 023: 315: 162 |GR
HR 0.39 0.01 6.15 0.06 | 35.02 0.67 0.84 0.23 1.06 | 0004 | 1117 3.15 | HR
HU 0.32 0.02 - 13.03 007 @ 2123 1.1 2.23 0.59 1.47 0.01 - 30.30 6.56 | HU
IE 0.01 : 0.001 0.17 0.00 0.08 1.47 0.03 0.04 0.41 0.00 0.96 208 | IE
IS 0.001 . 0.001 0.03 0.00 0.02 0.17 0.01 0.02 0.04 0.00 0.15 0.28 | IS
IT 1.40 0.06 | 1054 023 | 2643 2.32 2.59 0.66 | 14.57 0.04 | 16.90 963 | IT
KY 0.02 0.46 0.10 1.23 0.25 0.13 0.16 0.10 0.12 0.07 0.40 0.39 | KY
KZ 0.16 5.42 149 | 2201 2.77 2.10 1.93 3.37 1.36 0.36 7.27 6.60 | KZ
LT 0.02 0.02 0.75 0.08 0.54 1.41 014 : 11.98 0.67 0.01 9.06 6.71 | LT
LU 0.001 0.00 0.04 0.00 0.01 3.05 0.00 0.01 0.22 0.00 0.27 332 | LU
LV 0.02 0.02 0.45 0.09 0.52 1.48 0.10 5.12 0.45 0.01 5.32 5.60 | LV
MC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 0.001 0.00 - 0.001 - 0.001 | MC
MD 0.04 0.03 0.20 0.11 0.61 0.13 1.64 0.63 0.12 0.02 1.19 0.62 | MD
ME 1.16 0.01 0.22 0.02 6.19 0.08 0.57 0.04 0.13 : 0.004 0.66 0.31 | ME
MK 1.77 0.01 0.27 0.05 1.68 0.13 5.20 0.07 0.16 0.02 0.99 0.47 | MK
MT 0.001 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 | MT
NL 0.01 | 0.003 0.38 0.01 0.13 | 59.34 0.04 0.10 0.93 0.00 298 1 5081 | NL
NO 002: 002: 057 010 : 037 : 527 : 013 : 045: 086 : 0004 : 649 1200 | NO
PL 0.16 0.08 | 13.41 0.31 652 | 10.25 152 | 2953 7.23 0.02 | 2593 | 1205 | PL
PT 0.01 - 0.001 0.06 0.00 0.10 0.27 0.03 0.01 0.21 0.00 0.23 0.43 | PT
RO 0.82 0.13 4.21 0.50 : 19.90 147 © 2620 2.49 1.81 0.15 : 18.44 6.96 | RO
RS 1.53 0.03 2.49 0.11 : 3579 0.67 8.01 0.27 0.72 0.03 - 1073 3.20 | RS
RU 058 | 11.59 740 | 6598 | 1149 | 13.32 9.02 | 76.13 6.33 078 | 5116 | 4446 | RU
RUA 0.16 1.90 2.13 6.52 3.44 477 1.77 5.78 2.06 0.16 | 1238 | 1347 | RUA
SE 0.03 0.05 1.78 0.20 0.78 9.87 0.26 2.73 2.31 0.01 : 1848 : 3045 | SE
S| 0.04 : 0.005 6.84 0.02 3.04 0.35 0.15 0.09 0.56 0.00 4.37 158 | sl
SK 009 : 001: 715 005 562 084 085 . 062  128: 0004 : 5117 : 585 | SK
TJ 0.01 0.19 0.03 0.49 0.08 0.04 0.05 0.03 0.04 0.02 0.13 013 | TJ
™ 0.02 1.88 0.16 9.90 0.31 0.20 0.23 0.25 0.15 0.11 0.64 0.62 | ™M
TR 062 . 18.14 1.77 9.88 5.55 142+ 17.97 1.80 1.61 6.63 6.97 482 | TR
UA 0.63 1.19 5.99 487 © 1393 332 . 14.80 . 2536 3.35 024 . 3402 . 1587 | UA
uz 0.02 1.16 0.13 422 0.27 0.17 0.19 0.20 0.13 0.08 0.56 0.54 | UZ
AF 1.45 0.16 2.70 0.34 | 10.74 2.10 7.32 0.63 4.05 1.38 7.45 571 | AF
AS 0.23 8.53 091 | 4239 2.46 0.96 2.20 0.79 0.99 7.46 3.29 297 | AS
ATL 0.31 0.76 7.40 2.70 6.18 | 62.33 2.72 778 1 1655 012 i 4292 i 9444 | ATL
BAS 005: 008: 376 : 030 : 158 : 1441 : 042  925: 420: 002 4126 7035 | BAS
BLS 0.36 1.70 1.14 3.73 3.40 074 | 1869 2.44 0.79 0.73 5.31 2.97 | BLS
CAS 0.03 4.99 027 | 89.87 0.42 0.26 0.36 0.63 0.22 0.13 1.25 0.91 | cAS
MDT 10.25 048 | 13.28 1.04 | 59.82 535 . 31.35 147 ¢ 1563 : 1863 - 2821 - 17.23 | MDT
NOS 0.08 0.03 3.50 0.10 159 . 91.29 0.52 1.26 7.03 0.01 . 3236 . 1332 | NOS
AL AM AT AZ BA BE BG BY CH cY cz DE
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Table A.4. Matrix of mercury country-to-country net flux from anthropogenic sources in 2009, kg/y (continued)

Receptorsl Emitters —>

DK EE ES FI FR GB GE GR HR HU IE IS

AL 002 : 001: 08 : 001: 071 : 036: 001: 4733 : 068 : 156 : 0.02 : 0.00 | AL
AM 001 : 001: 015 : 001 : 010 : 012 : 353 : 084 . 002 011 : 001 . 0.00 | AM
AT 050 | 008 | 340 | 007 | 836 | 600| 005| 294 | 492 | 2438 | 028 001 | AT
AZ 003 | 004 033] 004 | 022| 032] 559| 181 | 006 | 027 | 002 000 | Az
BA 014 : 003 : 150 : 003 : 183 - 1.37 0.02 : 1168 : 16.92 - 26.95 - 0.07 : 0.00 | BA
BE 040 : 003 : 250 @ 002 418 : 2926 0 000 : 028 : 005: 029 : 090 000 | BE
BG 018 : 009 : 133 : 008 : 131 : 146 : 015: 9650 : 106 : 944 : 008 : 001 | BG
BY 249 | 236 | 290 | o078 | 48| 828 | 022 927 | 118 | 108 | 036 | 002 | BY
CH 011 : 002 334 : 001 : 1322 : 289 : 001: 099 : 042 : 097 - 0.18 : 0.00 | CH
cy 000 : 000: 005: 000: 004 : 003: 001: 208: 001: 005: 000: 000 | CY
cz 097 : 014 - 214 . 010 - 671 : 790 . 003 : 194 - 149 - 2258 . 032 : 001 | CZ
DE 1402 | 087 | 1765 | 052 | 1223 | 1087 | 007 | 48 | 131 | 1006 | 4.08 | 004 | DE
DK 5154 - 011 - 126 - 011 . 490 1703 - 000 - 023 . 005 : 042 065 000 | DK
EE 102§ 2557 0 049 : 172 © 119 : 315 002 : 043 : 009 . 070 . 014 : 001 | EE
ES 026 - 005 8502 - 006 - 3051 . 805 . 001: 419 : 069 - 193 : 081 : 002 | ES
Fi 295 | 1095 | 146 | 5547 | 379 | 1005 | 005 | 066 | 021 | 172 | 049 | 003 | FI
FR 174 | 028 | 1482 | 019 | 9048 | 1124 | o003 | 975 | 199 | 561 | 586 | 004 | FR
GB 239 . 019 . 975 : 017 : 3114 : 1314 . 001 : 085 : 011 : 084 : 2801 : 003 | GB
GE 004 : 003: 029 : 003: 020: 029: 3439: 211 : 005: 029 : 002 : 000 | GE
GR 013 : 006 : 226 : 006 : 192 : 123 010 : 1868 : 1.18 : 452 : 008 : 0.01 | GR
HR 012 | 003 | 18 | 003 | 226 | 147 | 002| 840 | 6509 | 4350 | 007 | 000 | HR
HU 031 006 190 = 006 ° 247 @ 276 003 - 974 : 1519 5235 0.3 - 0.01 | HU
IE 029 0 003 : 257 003 344 : 2721 000: 032 003 : 016 : 6254 - 001 | IE
IS 007 © 002: 025 003 031: 174 000: 007 . 001 004 : 016 - 003 | IS
IT 028 | 011 | 1397 | 010 | 21.98 | 493 | 007 | 4324 | 1637 | 2068 | 031 | 0.02 | IT
KY 004 : 004: 046 : 006 : 032 : 041 : 025: 159 : 008 : 034 : 002: 001 | KY
KZ 098 i 142 : 423 : 164 : 376 : 753 392 : 1362 : 085: 475 045 : 0.09 | KZ
LT 200 0 109 : 100 . 040 : 212 : 474 . 003 : 092 . 022 247 : 021 . 001 |LT
LU 003 | 000 031 ] 000 446 | 130 | 000 003 001 | 003| 005 000 | LU
LV 181 | 338 | 084 | 075| 194 | 486 | 003| 08| 017 | 154 022 ] 001 | LV
MC 000 © 000 0001 : 000 001 000 000: 0001 000 0001 000 000 | MC
MD 011 : 005: 025 004 026 : 044 006 : 706 018 137 : 002 : 000 | MD
ME 001: 001: 037 : 001 : 036: 020: 001: 634: 062: 152 : 001 : 000 | ME
MK 003 | 001| 049 | 001 | 042 | 034| 002 8278 | 036 | 195| 002 ] 000 | MK
MT 000 : 000: 001 : 000 : 001: 000: 000: 003: 000: 000: 000: 000 | MT
NL 078 : 004 : 170 : 003 : 1664 : 3370 i 000 : 027 : 005: 043 : 1.00: 0.00 | NL
NO 638 0 053 : 218 . 140 . 690 : 3269 : 003 : 071 . 013 . 098 : 157 . 0.04 | NO
PL 1152 | 130 | 681 | 084 | 1613 | 2614 | o012 | 777 | 383 | 4831 | 1.00 [ 003 | PL
PT 002 = 001 2766 001 133 061  000:- 025 004 013 005 0.00 | PT
RO 065 : 024 307 020 336 434 023: 6194 488 5203 : 022 002 | RO
RS 018 © 004 - 141 . 004 . 153 . 170 @ 003 : 3832 . 652 . 4222 : 008 . 0.00 | RS
RU 1042 | 7952 | 1554 | 2256 | 2120 | 46.30 | 19.18 | 5043 | 377 | 2713 | 246 | 028 | RU
RUA 213 | 361 | 705 | 479 | 750 | 1786 | 165 1181 | 114 | 713 | 1.07 | 028 | RUA
SE 3139 © 291 : 479 : 1146 . 1262 : 3626 . 006 : 162 :@ 038 : 359 : 159 : 004 | SE
S| 004 0 001 070 001 107 : 071: 001: 094 . 898 696 : 003 : 000 | SI
SK 033 0 005 126 : 004 @ 194 © 213 002: 342 ° 340 @ 1025 : 0.0 : 0.00 | SK
TJ 001 | 001 015 ] 002 010| 013] o010 053] 002 010| 001 ] 000 | TJ
™ 007 © 007 059 . 011 041 064 . 141 215 009 . 044 004 001 | T™
TR 045 . 030 578 . 032 422 436 58 - 2282 - 145 728 . 027 004 | TR
UA 269 0 158 - 574 . 090 - 6.87 : 1033 . 204 : 5936 . 494 - 4337 : 050 - 0.04 | UA
uz 006 | 007 | 051 | 011 | 036 | 059 | o077 [ 169 [ 008 | 040 004 [ 001 | uz
AF 023 | 011 ] 5984 | 012 | 1581 [ 533 o016 ] 1852 | 293 | 872 o040 003 [ AF
AS 026 026 397 @ 039 : 256 300 372: 3673 : 069 : 293 019 0.04 | AS
ATL 1732 © 743 : 4412 : 17.93 | 1611 : 561.8 : 0.82 : 1920 : 228 : 1244 : 9274 : 195 | ATL
BAS 50.68 ~ 2323 | 6.25 0 2322 | 1724 | 4243 © 012 : 269 - 076 . 7.4 . 183 . 0.04 | BAS
BLS 043 | 036 | 201 | 027 | 18| 246| 619| 7677 | 078 | 543 | 015 002 | BLS
CAS 013 0 012 : 070 . 012 . 053 : 087 444 : 297 - 012 = 075  0.06 - 0.01 | CAS
MDT 092 : 031 : 1836 @ 0.36 @ 9646 : 1437 © 047 : 1460 3040 : 3286 : 1.05 : 0.05 | MDT
NOS 39.09 . 073 0 2250 . 082 : 1156 . 7150 . 004 : 321 . 052 : 413 . 2040 . 0.08 | NOS

DK EE ES FI FR GB GE GR HR HU IE 1S
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Table A.4. Matrix of mercury country-to-country net flux from anthropogenic sources in 2009, kg/y
(continued)

Receptorsl Emitters —>

IT KY KZ LT LU LV MC MD ME MK MT NL NO
AL 1115 : 000 : 033 : 006: 003: 000: 002: 008 : 035: 3075: 068 : 007 : 001 | AL
AM 028 : 003 : 582 : 004 : 0.01 0.00 : 0.002 : 002 : 000 : 0.11 002 : 002: 001 ]| AM
AT 3726 | 000 | 188 | 106 | 108 | 004| 015| 017 | 010 | 095 | 020| 201 | 008 | AT
AZ 066 : 027 : 3154 - 014 . 0.01 0.01 : 0.004 - 0.04 : 0.01 024 : 005 : 004 003 | AZ
BA 19.06 : 000 : 079 : 024 - 012 001 007 - 014 : 223 : 427 - 046 : 034 : 004 | BA
BE 097 : 000 : 009 : 025: 10.69 . 0.01 0.01 0.01 000 : 007 : 001 : 4484 @ 0.6 | BE
BG 7.70 : 0.01 385: 052: 009: 002: 004 : 212 : 028 : 2188 : 047 : 030 : 008 | BG
BY 6.61 0.03 | 1007 | 3026 | 052 | 113 | 004 | 18 | 008 | 172 | o024 | 203| o054 | BY
CH 3234 : 000 : 017 @ 021 0.70 : 0.01 018 : 002 : 002: 022: 010: 076 : 002 | CH
cY 0.18 : 000 : 009 : 0.01 0.00 : 0.00 : 0.001 0.01 000 : 009 : 002: 000: 0.00 |CY
cz 814 © 000 : 115: 200: 09 : 007 : 005: 013 : 005: 069 : 010 : 296 : 014 | CZ
DE 2598 | 0.01 253 | 808 | 3264 | 027 | 025| 022 | 007 124| 030 9984 | 1.17 | DE
DK 073 : 000 : 016 : 120 : 048 - 0.04 @ 001 0.01 0.00 : 009 : 0.01 501 : 0.63 | DK
EE 057 : 000 : 127 @ 12.41 0.11 127 © 0.005 : 0.04 : 0.01 010 : 003 : 078 : 035 | EE
ES 1296 | 000 : 043 : 037 : 1.02: 001 019 : 005 : 005 : 1.01 025 : 159 : 009 | ES
FI 156 | 002 | 368 | 1163 | 037 | 066 | 0.01 0.10 | 0.01 019 | 003 | 212 | 190 | FI
FR 58.79 i 0.01 1.21 178 | 3569 0 0.06 : 418 : 014 : 010 : 169 : 070 2231 : 035 | FR
GB 184 : 0.01 048 : 120: 119 : 004 : 002 : 003 : 001 019 : 002 : 1022 : 046 | GB
GE 064 : 004 : 1008 : 014 : 0.01 0.01 i 0.004 : 0.08 : 0.01 026 : 005: 004 : 002 | GE
GR 1571 © 001 : 212 : 031 : 008: 001 : 006 : 065: 028 : 5772 : 215: 023 : 006 | GR
HR 3168 | 000 | 078 | 024 | 015| 0.01 010 | 0.1 037 | 229 | 048 | 038 | 0.03|HR
HU 1930 : 000 - 116 . 057 - 024 . 002 : 007 : 033 046 - 487 - 027 - 079  0.07 | HU
IE 056 : 000 : 007 : 016 : 018 @ 0.01 : 0.005: 0.01 000 : 006 : 000: 089 : 006 | IE
IS 0.11 000 : 014 : 007 : 002: 0.0 : 0.001 0.00 : 0.00 : 0.01 0.00 : 009 : 007 | IS
IT 9159 | 0.01 274 | o075 | o066 | 003| 228| 035| 068 781 812 | 115 | o010 | IT
KY 0.84 i 109.7 i 1146 : 013 0.02: 0.01 0.01 0.04 : 0.01 023 : 005 005: 0.04 |KY
KZ 870 : 1045 i 4290 : 449 i 030: 020: 006 : 078 : 0.11 238 : 045: 101: 084 | KZ
LT 150 © 000 : 151 : 1468 : 023 : 164 : 0.01 015 : 002 : 034 : 005: 116 : 033 | LT
LU 0.14 | 0.00 | 0.01 0.02 | 1761 | 000 | 0002 | 000 | 000 | 001 0.00 | 085 | 000 | LU
LV 113 . 0.01 165 . 170.0 . 0.21 9.00 : 0.01 009 : 002: 029: 006 116 039 | LV
MC 002 : 000 : 000: 000: 000: 000: 002: 000 : 000: 000: 000: 000: 0.00 | MC
MD 115 ©  0.01 207 : 041 0.02 . 0.01 001 : 2962 : 002 : 087 : 007 : 009 : 004 | MD
ME 426 : 000 : 023 : 003: 002: 000: 001 004 : 397 : 357: 018 : 0.04: 001 | ME
MK 3.41 000 | 042 | o007| 002]| o000]| o001 0.11 0.13 | 2009 | 0.21 0.07 | 001 | MK
MT 009 : 000: 000: 000: 000: 000: 000: 000: 000: 000: 297: 000: 000 |MT
NL 096 : 000: 014 : 039: 112 001 0.01 0.01 000 : 007 : 001 : 1062 : 0.11 | NL
NO 149 © 002 : 217 @ 299 : 058: 011 : 001 : 005: 001: 023 : 003 : 394 : 37.12 | NO
PL 18.03 | 002 | 580 | 28.41 195 | 073 | 011 0.91 016 | 234 | 036 | 881 125 | PL
PT 0.71 0.00 : 005 : 003 : 006: 000 001 0.00 : 000 : 007 : 0.01 011 : 001 | PT
RO 2105 : 002 808 : 180 : 028 : 007 010 : 1092 : 071 : 1606 - 068 : 096 : 021 | RO
RS 12.97 : 000 : 131 029 : 013 : 0.01 005: 038 : 337 : 3680 : 037 : 043 : 006 | RS
RU 30.06 | 233 | 1205 | 7110 [ 202 | 4.04 | 0.21 560 | 042 | 920 | 136 | 849 | 581 | RU
RUA 1059 | 7.84 : 11551 935: 063 045: 008 : 086 : 012 : 239 041 219 i 226 | RUA
SE 348 : 002: 318 : 2115: 110: 080 : 003 : 015: 003 : 042 : 006 : 812: 1091 | SE
Sl 1969 : 000 : 027 : 010 : 009 : 000 : 004 : 003 : 004 : 028: 010: 018 : 001 | SI
SK 904 : 000 : 086 : 061: 019 : 002: 004 : 021 : 012: 147 : 012 : 062 : 006 | SK
TJ 026 | 363 | 1550 | 004 | 0.01 0.00 | 0.002 | 0.01 000 | 008| 002 002| 001]|TJ
™ 107 - 428 - 9337 - 027 : 003 : 001 0.01 0.08 - 0.01 0.31 007 - 009 - 006 | T™
TR 1828 | 014 - 2573 © 174 . 023 : 007 : 0.11 248 © 025 : 1136 : 209 . 067 : 026 | TR
UA 2433 : 017 : 7264 : 1175 060 : 045 : 013 : 2493 : 046 : 1256 : 090 : 234 : 076 | UA
uz 0.95 | 18.34 | 170.1 024 | 003]| o0.01 0.01 0.06 | 0.01 026 | 006| 007]| 006 | uz
AF 61.27 | 0.01 310 | 059 | 050 | 002| 039 | 056 | 049 | 1500 | 1215 | 091 | 012 | AF
AS 856 : 37.96 : 2744 : 098 : 016 : 004 : 006 : 040 : 010 : 326 : 067 : 037 : 025 | AS
ATL 36.58 : 1.28 i 120.0 : 20.24 i 8.41 094 : 036 : 095: 022: 430: 073 : 3230 : 3218 | ATL
BAS 631 - 004 - 472 : 9647 : 178 ° 555 : 006 : 027 : 005: 068 : 015: 1297 - 403 | BAS
BLS 7.61 010 | 2026 | 226 | 012| 009 | 005| 744 | 017 | 756 | o068 | 045| 020 | BLS
CAS 149 - 143 - 368.1 053 : 004 - 002  0.01 018 © 002 : 043 - 009 014 - 008 | CAS
MDT 587.4 © 006 . 914 0 180 : 136 : 007 : 277 : 179 - 226 : 5134 : 9759 | 263 : 0.38 | MDT
NOS 839 0 003 : 188 : 647 : 551 023 : 008: 012: 006 : 104 : 016 : 9580 : 1296 | NOS
IT KY KZ LT LU LV MC MD ME MK MT NL NO
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Table A.4. Matrix of mercury country-to-country net flux from anthropogenic sources in 2009, kg/y
(continued)

Receptorsl Emitters —>

PL PT RO RS RU RUA SE S| SK TJ ™ TR UA uz Total
AL 189 ¢ 0.09 : 3.06 :26.13 : 0.64 0.09 ¢ 0.01 0.37 ¢ 059 : 0.00 :0.002 : 473 ¢ 098 : 0.01 154.7 | AL
AM 0.46 : 0.03 : 0.31 0.24 1.91 0.56 : 0.01 0.03 : 0.07 : 0.01 0.11 2116 : 0.66 : 0.33 814 | AM
AT 64.56 | 0.37 | 5.35 | 1257 | 2.90 0.38 | 0.11 | 38.96 | 19.54 | 0.001 0.01 190 | 417 | 0.02 4943 | AT
AZ 112 : 0.06 : 064 : 055 : 8.16 1.91 0.03 : 008 : 016 : 0.07 : 064 :27.03 : 2.02 1.94 224 | AZ
BA 14.43 : 0.17 :12.28 : 94.65 1.16 0.21 0.04 | 267 : 6.40 :0.001 : 0.003 : 3.88 : 2.30 : 0.01 521 | BA
BE 313 : 025 : 017 : 025 : 0.33 0.04 : 004 @ 0.11 0.20 : 0.00 : 0.00 : 0.18 : 0.19 : 0.002 395.1 | BE
BG 1555 : 0.17 :88.84 :51.97 : 7.94 0.77 ¢ 0.09 : 0.89 : 421 :0.002 : 0.02 :79.30 : 16.56 : 0.06 616 | BG
BY 183.3 | 0.43 |17.37 | 9.31 | 52.59 1.35 | 0.83 1.84 | 9.91 0.01 0.02 | 17.10 | 57.60 | 0.10 649.1 | BY
CH 313 ¢ 0.32 : 0.59 1.30 i 0.42 0.05 : 0.02 : 0.81 0.47 : 0.00 : 0.001 0.35 : 0.46 : 0.003 167 | CH

CcY 0.13 : 0.01 012 ¢ 0.13 : 0.16 0.02 : 0.00 : 002 : 003 : 0.00 : 0.00 :11.60 : 0.15 : 0.004 241 | CY

CZ 2354 : 026 : 440 : 7.42 : 313 : 023 : 018 @ 349 :2228 :0.001 :0.004 : 146 : 354 : 0.02 1108 | CZ

DE 197.4 180 | 480 | 7.00 | 9.96 0.71 129 | 3.37 | 7.78 | 0.003 | 0.01 338 | 6.13 | 0.05 2320 | DE

DK 1894 - 013 : 046 : 036 : 090 : 009 : 097 @ 0.12 : 0.47 :0.001 : 0.001 022 : 0.30 : 0.01 140.8 | DK

EE 1414 : 0.06 : 0.73 : 0.73 :32.54 023 : 085 : 0.12 : 0.59 :0.001 :0.002 1.08 1.64 : 0.01 113.1 | EE

ES 583 :68.10 : 168 : 329 : 1.00 : 022 : 0.09 : 118 : 0.94 :0.001 :0.002 : 124 : 095 : 0.02 1021 | ES

Fl 30.81 0.20 1.54 1.25 | 46.04 1.31 7.056 | 0.35 1.30 | 0.004 | 0.01 1.45 | 335 | 0.05 226.7 | FI

FR 2646 : 914 : 352 : 729 : 376 : 048 : 032 ! 3.96 : 3.22 :0.002 : 0.01 358 ¢ 296 ! 0.03 1643 | FR

GB 12.03 1.79 ¢ 064 : 0.79 1.89 030 : 034 : 0.27 : 0.64 :0.002 : 0.002 : 0.67 : 0.74 : 0.02 | 1463.1 | GB

GE 133 : 0.05 : 0.89 : 0.56 : 9.56 1.01 0.03 : 0.08 : 0.18 : 0.01 0.15 4392 : 3.21 0.46 139.1 | GE

GR 756 : 030 :13.77 12116 : 4.80 : 048 : 0.07 : 092 : 1.92 :0.003 : 0.01 :1134 : 7.76 : 0.05 2176 | GR

HR 18.26 | 0.20 | 9.61 |62.14 1.05 0.19 | 0.04 | 10.71 9.45 | 0.001 | 0.003 | 240 | 2.38 | 0.01 334.7 | HR

HU 5846 : 0.26 15252 :9319 : 235 : 0.28 : 0.08 : 9.01 :139.6 : 0.001 : 0.003 : 3.95 : 840 : 0.02 1029 | HU

IE 1.77 : 0.51 0.14 : 019 : 0.31 0.08 : 005 @ 0.07 : 0.11 0.00 : 0.00 : 014 : 0.15 : 0.00 107.4 | IE

IS 049 : 0.06 : 0.06 : 0056 : 033 : 016 : 0.03 : 0.02 : 0.03 :0.001 0.00 : 0.08 : 0.09 : 0.01 540 | IS

IT 29.48 1.37 |12.71 | 36.05 | 3.87 0.70 | 0.12 [32.59 | 855 | 0.002 | 0.01 | 15.67 | 6.37 | 0.05 1296 | IT

KY 137 { 009 { 0.76 : 068 : 439 : 359 ! 0.04 : 0.1 019 { 762 | 043 : 9.71 1.19 : 75.70 338.6 | KY

Kz 3175 ¢ 0.79 (1068 : 7.47 2841 :371.7 1.09 132 ¢ 326 ¢ 819 ! 495 £77.30 : 36.68 : 150.5 5501 | KZ

LT 7280 : 014 : 255 : 168 12664 : 028 : 067 : 039 : 248 :0.001 :0.004 : 183 : 542 : 0.02 3152 | LT

LU 0.37 | 0.03 | 0.02 | 0.03 | 0.04 0.00 | 0.00 | 0.01 0.02 | 0.00 | 000 | 0.02 | 0.02 | 0.00 324 | LU
LV 36.84 @ 0.12 1.72 1.47 :16.06 029 : 091 0.26 1.38 :0.001 : 0.004 1.78 : 346 . 0.02 283.9 | LV
MC 0.001 0.00 : 0.00 :0.001 0.00 0.00 : 0.00 : 0.001 0.00 : 0.00 : 0.00 : 0.00 : 0.00 : 0.00 0.05 | MC
MD 798 : 0.04 :20.90 : 2.69 : 4.54 027 : 0.04 : 0.20 : 0.98 :0.001 : 0.004 :14.36 : 21.98 : 0.02 123.6 | MD
ME 143 : 0.04 : 231 :123.08 : 0.35 0.06 : 0.01 0.24 : 0.51 0.00 : 0.001 1.47 ¢ 0.54 : 0.003 61.2 | ME
MK 225 | 0.06 | 427 |20.58 | 0.90 0.11 0.01 025 | 0.74 | 0.00 | 0.002 | 9.57 1.36 | 0.01 342.8 | MK
MT 0.01 0.00 : 0.00 : 0.01 0.00 0.00 : 0.00 : 0.00 : 0.00 : 0.00 : 0.00 : 0.01 0.00 : 0.00 3.18 | MT
NL 499 : 018 : 024 : 0.33 : 0.43 0.05 : 008 : 012 : 032 : 0.00 : 0.00 : 0.22 : 0.24 : 0.003 285.7 | NL

NO |2054 : 026 : 113 : 1.04 : 701 : 219 : 322 : 024 : 070 : 001 : 001 : 109 : 131 : 0.05 167.4 | NO

PL 3580 | 0.87 |26.56 | 20.40 | 25.30 1.08 1.71 7.07 | 55.40 | 0.005 | 0.01 8.39 | 39.12 | 0.08 4408 | PL

PT 042 :333.7 : 014 : 024 : 0.11 0.04 : 0.01 0.06 : 0.06 : 000 : 0.00 : 0.09 : 0.09 : 0.002 367.5 | PT

RO 7044 : 0.45 :990.4 :@ 1153 : 17.51 142 © 022 @ 419 :26.85 :0.004 : 0.02 :73.46 :59.15 : 0.09 1635 | RO

RS 20.04 i 0.18 :49.15 :7885 : 220 : 032 : 0.06 : 1.93 :10.00 : 0.001 0.01 :11.02 | 439 : 0.02 1100 | RS

RU 2749 | 2.54 |61.18 |33.21 | 3953 | 2254 |10.16 | 5.64 0.41 2.36 | 296.7 | 347.1 | 11.43 7187 | RU

RUA | 53.81 128 11220 | 9.15 (3794 3831 : 297 | 1.68 0.88 i 0.82 :44.64 (3222 :12.21 5699 | RUA

SE 97.46 : 0.62 324 ¢ 214 :16.34 1.39 :50.84 : 0.77 0.01 0.01 2.61 463 : 0.06 406.5 | SE

Sl 721 : 008 : 157 : 493 i 037 : 007 : 001 :52.38 0.00 :0.001 : 0.38 : 0.67 : 0.00 127.6 | SI
SK 1380 : 0.17 :17.06 :19.72 : 186 : 0.19 : 0.06 : 475 : 0.00 :0.002 : 1.89 : 6.33 : 0.01 585.7 | SK
TJ 043 | 003 | 023 | 020 | 127 | 094 | 0.01 | 003 948 | 028 | 336 | 0353228 70.96 | TJ

™ 255 : 0.13 1.06 : 0.84 :12.18 775 - 0.08 - 0.14 1.95 1 26.76 :17.75 : 3.25 : 86.37 2812 | T™M

TR 25.69 : 0.94 :33.60 :18.19 : 4591 3.83 : 0.31 1.82 0.04 : 0.26 : 4129 : 45.60 1.06 4710 | TR

UA 2847 : 094 :1137.2 :5516 :168.9 : 6.33 : 095 : 598 0.03 : 0.16 :143.2 { 1167 : 0.69 2422 | UA

uz 214 | 0.1 094 | 0.71 |12.27 |10.32 | 0.07 | 0.12 | 0.25 | 10.34 | 5.02 | 12.71 247 | 377.2 637.1 | UZ

AF 17.48 | 22.62 |15.64 |23.29 | 6.12 0.74 | 013 | 3.45 | 4.16 | 0.004 | 0.02 | 134.7 | 8.61 0.08 655.1 | AF

AS 10.88 : 0.75 : 7.00 : 6.59 :31.21 :2539 : 0.30 : 0.95 167 ¢ 6.14 ¢ 7.85 :454.5 : 10.98 : 75.30 1095 | AS

ATL |[125.0 :237.2 :16.38 :16.43 :208.8 : 2435 :1288 : 462 : 887 : 0.38 : 0.25 :31.09 : 27.11 3.67 2775 | ATL

BAS |267.2 : 083 - 531 : 396 :7579 : 147 12290 @ 160 : 658 - 001 : 001 : 555 : 913 : 0.12 864 | BAS

BLS |26.66 | 0.36 |50.52 | 14.34 | 104.7 3.13 | 0.26 1.06 | 3.77 | 0.02 | 0.10 [ 6425 | 126.5 | 0.44 1169 | BLS

CAS 580 : 014 : 188 : 1.09 :38.88 : 6.30 : 0.10 - 0.21 0.58 : 0.35 : 457 -3587 - 11.37 : 11.10 600.9 | CAS

MDT |50.92 :11.16 :43.36 :88.62 : 16.80 2.21 042 2510 :1448 : 0.02 : 0.05 : 763.0 : 26.57 : 0.28 3825 | MDT

NOS | 7463 : 336 : 366 : 408 : 7.25 145 : 418 123 ¢ 3.08 : 0.01 0.01 2.7 279 : 0.09 1434 | NOS

PL PT | RO RS RU RUA SE Sl SK TJ ™ TR UA uz Total
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