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EXECUTIVE SUMMARY

Heavy metals including lead (Pb), cadmium (Cd) and mercury (Hg) are known as toxic pollutants of
the environment. Despite a rapid decrease of emissions of heavy metals in the past decades, long-
term risks continue to exist for human health and biota. Therefore, as it is stated in the updates and
revisions to the long-term strategy for the Convention [ECE/EB.AIR/WG.5/2018/3], “.. the
Convention should pursue mitigation activities on heavy metals within the ECE region and consider
acting as a centre of expertise ... on reducing heavy metals, focusing on sharing its technical
knowledge in terms of best available techniques, emission inventories, modelling and monitoring”.
Variety of information related to transboundary pollution by heavy metals is collected and analysed
by research centres of the Co-operative Programme for Monitoring and Evaluation of Long-range
Transmission of Air Pollutants in Europe (EMEP).

The current Status Report overviews research activities of the EMEP Centres in the field of heavy
metal pollution performed in accordance with the bi-annual workplan of the Convention for 2018-
2019 [ECE/EB.AIR/GE.1/2017/20-ECE/EB.AIR/WG.1/2017/13]. The report covers various aspects of
heavy metal pollution assessment based both on monitoring and modelling, research and
development aimed at improvement of the modelling approaches, co-operation with national
experts within the framework of country-scale case studies as well as collaboration with Subsidiary
Bodies to the Convention and other international programmes.

Various input information used in the model assessment is prepared by the EMEP Centres. It includes
gridded sector-specific emissions of heavy metals is prepared by the Centre of Emission Inventories
and Projections (CEIP), measurements of heavy metals at the EMEP monitoring network collected by
the Chemical Coordinating Centre (CCC), variety of other input data for modelling (meteorology,
additional emission parameters, wind re-suspension, boundary conditions etc.) prepared by the
Meteorological Synthesizing Centre — East (MSC-E).

Assessment of heavy metal pollution of the EMEP region is based on both measurement data and
modelling results. Measurements of Cd and Pb in the EMEP region were available at 66 stations
located in 21 countries, whereas Hg was measured at 29 sites. Most of the stations are located in the
central, western, northern and south-western parts of Europe, while in the vast areas of eastern and
southern-eastern Europe and Central Asia measurements of heavy metals are scarce. The lowest
heavy metal concentrations in air and precipitation are generally found in Scandinavia, whereas the
highest levels are in the Benelux region, Central and Eastern Europe. Strong seasonality in the
concentrations of Hg in air is observed at several of the EMEP sites, with higher concentrations in
winter, whereas low concentrations are observed in summer. This seasonal variation has been
recently explained by vegetation uptake of atmospheric Hg. The new findings can have significant
implications for the global Hg cycle and interpretation of long-term trends.

Model assessment of heavy metal pollution in the EMEP countries for 2016 was performed over the
new EMEP grid based on the most recent dataset of heavy metal emissions for 2015 available at the
moment of the study’. The highest levels of heavy metal pollution are noted for the central part of

! Update of the modelling results based on the new emission data for 2016 is available at the MSC-E web site [www.msceast.org].



Europe, northern Italy, Benelux and Balkans regions. Deposition levels differ significantly among
different land cover categories with larger fluxes to vegetated surfaces and lower ones to barren
lands and inland waters. Heavy metal deposition in the EMEP countries is originated from the EMEP
anthropogenic sources, secondary emissions, and contribution of non-EMEP sources. Contribution of
anthropogenic sources to total deposition in the EMEP countries varies within 6-63% and 8-74% for
Pb and Cd, respectively. For Hg the anthropogenic contribution is lower (4-19%) due to significant
effect of intercontinental transport (non-EMEP sources). Contribution of transboundary transport to
anthropogenic deposition of Pb, Cd, and Hg exceeded deposition from national sources in 38, 38, and
40 of 51 EMEP countries, respectively. Moreover, proportion of various emission sectors in the
transboundary transport vary markedly among the countries. In most of the EMEP countries more
than 60% of emitted heavy metals were transported beyond the national borders.

Assessment of Hg pollution is among priority tasks within the Convention. Significant efforts of MSC-
E during the past year were focused on collaborative work with the scientific community for
evaluation of Hg pollution on global and regional scales as a part of the UN Environment Global
Mercury Assessment 2018. The Centre co-ordinated a multi-model study of Hg dispersion on a global
scale. Results of the analysis showed the relative share of direct anthropogenic emissions varies
within 21-50% and decrease from industrial regions to remote regions. Both domestic and foreign
anthropogenic sources contribute almost equally to the total anthropogenic Hg deposition in Europe.
The largest foreign contributors are ranked in the order of East Asia (18%), Africa (8%), CIS countries
(6%), and South Asia (5%). Mercury deposition in Europe and Central Asia are dominated by
contributions from power generation and industrial emission sectors. The assessment provides
valuable information for evaluation of Hg pollution levels in the EMEP countries and improves co-
operation with the UN Environment and with the Minamata Convention.

The work on refinement of the Hg chemical scheme applied in the Global EMEP Multi-media
Modelling System (GLEMOS) was further continued. For this purpose, the chemical mechanism of Hg
oxidation by Br was incorporated into the model and evaluated in test runs and comparison with
measurements. Further steps of implementation of the Br oxidation chemistry for the EMEP
operational modelling will include evaluation of possible Hg reduction mechanisms in the
atmosphere. Update and refinement of the model Hg chemical scheme should improve quality of
assessment of Hg pollution of the EMEP countries.

The Centre co-operates with Parties to the Convention in the framework of heavy metal pollution
assessment on a country scale. This year a case study for Poland has been completed. Polish national
experts was provided with detailed model assessment of Cd pollution including source-receptor
relationships for the country as a whole and for various provinces of the country, contribution of
emission source categories and large point sources to Cd pollution levels. The study demonstrated
that available emission data could contain significant uncertainties, which affected results of
pollution assessment. The dispersion modelling supplemented by monitoring data can be used as an
independent tool for evaluation of reported emissions. However, this activity requires close
cooperation between monitoring, modelling and emissions communities. Results of the study were
published in a special Technical Report [/lyin et al., 2018]. In addition, major findings of the country-
scale studies gained during the whole period of the project were summarised in [Travnikov et al.,
2018].



A special attention of the country-scale study for Poland was paid to assessment of heavy metal
pollution of cities. The source-receptor modelling with fine spatial resolution was applied to
distinguish contribution of external sources and city emissions (urban increment) to pollution in
selected cities of the country. Besides, seasonal variability of the urban increment was investigated.
The suggested method of direct fine resolution modelling allowed matching modelled and observed
Cd air concentrations in cities with sufficient quality. Comparison of the urban increments calculated
in the current study with results of other studies, based on modelling or observations, revealed
reasonable agreement of the applied methods for large cities. Thorough testing and evaluation of the
applied approach will be continued for other countries and pollutants.

Collaboration with subsidiary bodies to the Convention and other international organisations is an
important part of MSC-E activities. Main results and plans of future activities were presented at
annual TFMM meeting. The Centre also contributed to the Task Force on Emission Inventories and
Projections (TFEIP) with discussion on possible application of transport models for evaluation of
reported emissions. Ecosystem-specific deposition maps of Pb, Cd and Hg were prepared by MSC-E
on the new EMEP grid to support effect-based activity of the Working Group on Effects (WGE).
Besides, the Centre performed a combined analysis of heavy metal pollution using both model
estimates and data from the recent moss measurement survey.

MSC-E continued co-operation with the United Nations Environment Programme (UN Environment).
The Centre took part in the new Global Mercury Assessment 2018 (GMA 2018) coordinating work of
an international group of experts focused on modelling of mercury pollution on global and regional
scales. In addition, MSC-E participated in the first meeting of the Conference of the Parties to the
Minamata Convention on Mercury (COP1) presenting the experience and approaches used within
CLRTAP. Besides, MSC-E performs regular model assessment of the Baltic Sea pollution by various
pollutants including heavy metals. This work is carried out in accordance with the Memorandum of
Understanding between CLRTAP and the Baltic Marine Environment Protection Commission
(HELCOM).

Future directions of MSC-E activities will be aimed at quality improvement of heavy metal pollution
assessment in the EMEP region. Further development and evaluation of the GLEMOS model will
include further testing of the Br oxidation mechanism, evaluation of possible reduction pathways and
further development of the multi-media approach for Hg simulations. The country-scale case studies
will be continued for a number of countries (e.g. Germany, the UK, Norway) with particular focus on
Hg pollution and the link with adverse effects on human health and biota. Besides, evaluation of the
direct fine resolution modelling for assessment of city pollution will be continued for other countries
and pollutants. Finally, MSC-E will continue co-operation with subsidiary bodies of the Convention
(WGE, TFMM, TFEIP, TF HTAP), international organizations (UN Environment, AMAP, HELCOM etc.)
and national experts.






CONTENTS

Executive Summary
Introduction
Chapter 1. INPUT INFORMATION FOR MODEL ASSESSMENT
1.1. Meteorology
1.2. Anthropogenic emissions
1.3. Secondary emissions (wind re-suspension)
1.4. Boundary conditions for regional modelling

Chapter 2. HEAVY METAL POLLUTION OF THE EMEP REGION IN 2016

2.1. Measurements of heavy metals at the EMEP monitoring network

2.2. Spatial patterns of heavy metal pollution
2.3. Transboundary transport
2.4. Pollution from different emission sectors
2.5. Ecosystem-dependent deposition
2.6. Arctic pollution
Chapter 3. MODEL ASSESSMENT OF MERCURY POLLUTION

3.1. Multi-model study of Hg pollution on a global scale

3.2. Mercury atmospheric chemistry: Testing the Br oxidation mechanism

Chapter 4. COUNTRY-SCALE POLLUTION ASSESSMENT (POLAND)
4.1. Heavy metal pollution levels in Poland
4.2. City pollution by heavy metals
Chapter 5. COOPERATION AND DISSEMINATION OF INFORMATION
5.1. Subsidiary bodies of the Convention
5.1.1. Task Force on Measurements and Modelling
5.1.2. Task Force on Emission Inventories and Projections
5.1.3. Working Group on Effects
5.2. International organizations
5.2.1. UN Environment and Minamata Convention
5.2.2. Helsinki Commission
MAIN CHALLENGES AND DIRECTIONS OF FUTURE RESEARCH
References

Annex A EVALUATION OF MODELLING RESULTS VS. OBSERVATIONS

11
11
12
13
16
17
17
20
23
24
28
29
33
33
39
45
45
47
52
52
52
53
54
56
56
57
59
61
67






Introduction

Heavy metals are toxic pollutants, which are within the scope of the UNECE Convention on Long-
range Transboundary Air Pollution (hereafter, CLRTAP or the Convention) for a long period. Despite a
rapid decrease of emissions of heavy metals in the past decades, long-term risks continue to exist for
human health and biota. Therefore, as it is stated in the updates and revisions to the long-term
strategy for the Convention [ECE/EB.AIR/WG.5/2018/3], “... the Convention should pursue mitigation
activities on heavy metals within the ECE region and consider acting as a centre of expertise ... on
reducing heavy metals, focusing on sharing its technical knowledge in terms of best available
techniques, emission inventories, modelling and monitoring”.

Variety of information related to transboundary pollution by heavy metals, including lead (Pb),
cadmium (Cd) and mercury (Hg), is collected and analysed by research centres of the Co-operative
Programme for Monitoring and Evaluation of Long-range Transmission of Air Pollutants in Europe
(EMEP) — the Centre of Emission Inventories and Projections (CEIP), the Chemical Coordinating
Centre (CCC), the Meteorological Synthesizing Centre — East (MSC-E) and the Centre for Integrated
Assessment Modelling (CIAM). More detailed information on operational activities of EMEP and its
research centres is available at the EMEP website [www.emep.int].

The current Status Report overviews research activities of the EMEP Centres in the field of heavy
metal pollution performed in accordance with the bi-annual workplan of the Convention for 2018-
2019 [ECE/EB.AIR/GE.1/2017/20-ECE/EB.AIR/WG.1/2017/13]. The report covers various aspects of
heavy metal pollution assessment based both on monitoring and modelling, research and
development aimed at improvement of the modelling approaches, co-operation with national
experts within the framework of country-scale case studies as well as collaboration with Subsidiary
Bodies to the Convention and other international programmes.

Assessment of heavy metal pollution in the EMEP countries is based on a synergy of research efforts
of the EMEP Centres. CCC contributes information on measurements of heavy metals in air and
precipitation at the EMEP monitoring network. Information on gridded sector-specific emissions of
heavy metals is prepared by CEIP based on reported data and expert estimates. MSC-E prepares
variety of input information required for modelling (Chapter 1) and performs model assessment of
heavy metal pollution. The assessment results include modelled patterns of air concentration and
deposition of Pb, Cd, and Hg within the EMEP region in 2016, source-receptor relationships,
contribution of various emission sectors, and estimates of ecosystem-specific deposition for
evaluation of adverse effects (Chapter 2). In addition, information on heavy metal pollution of the
Arctic sector of the EMEP region is also presented.

Assessment of Hg pollution is among priority tasks within the Convention. Significant efforts of MSC-
E during the past year were focused on collaborative work with the scientific community for
evaluation of Hg pollution on global and regional scales as a part of the UN Environment Global
Mercury Assessment 2018. The Centre co-ordinated a multi-model study of Hg dispersion on a global
scale (Chapter 3). Results of the analysis contain information on spatial patterns, source
apportionment and sectoral composition of Hg deposition in various terrestrial and aquatic regions,
and are relevant for both better understanding of Hg atmospheric cycle and improvement of



pollution assessment for the EMEP countries. In addition, the work on refinement of the Hg chemical
scheme applied in the Global EMEP Multi-media Modelling System (GLEMOS) was further continued.
For this purpose, the chemical mechanism of Hg oxidation by Br was incorporated into the model and
evaluated in test runs and comparison with measurements. Further steps of the chemical scheme
development were formulated.

The Centre co-operates with Parties to the Convention in the framework of heavy metal pollution
assessment on a country scale. This year a case study for Poland has been completed (Chapter 4).
The analysis of heavy metal pollution of the country includes model assessment of Cd air
concentration and deposition levels with fine spatial resolution, evaluation of national anthropogenic
emissions, source apportionment of Cd deposition to various provinces of the country including
contribution of different emission sectors. A special attention is paid to assessment of Cd pollution of
cities. The source-receptor approach was applied to distinguish contribution of internal and external
sources to pollution in selected cities of Poland. The results of the study were published in a special
Technical Report [/lyin et al., 2018]. In addition, major findings of the country-scale studies gained
during the whole period of the project were summarised in [Travnikov et al., 2018].

Collaboration with subsidiary bodies to the Convention and other international organisations is also
an important part of MSC-E activities (Chapter 5). Results of MSC-E research and development
activities as well as plans for future research were presented and discussed at the Task Force on
Measurements and Modelling (TFMM). The Centre also contributed to the Task Force on Emission
Inventories and Projections (TFEIP) with discussion on possible application of transport models for
evaluation of reported emissions. Besides, new results of combined analysis of heavy metal pollution
using both model estimates and measurements in mosses were presented to the Working Group on
Effects (WGE). Moreover, the Centre continued co-operation with other international organizations
and programmes (the United Nations Environmental Programme, the Arctic Monitoring and
Assessment Programme, Helsinki Commission etc.) to broaden dissemination of the scientific and
policy oriented information generated within EMEP.

Detailed information on transboundary pollution by heavy metals of the EMEP region and individual
EMEP countries is available at the MSC-E website [www.msceast.org]. Additionally, information on

heavy metal pollution of the countries of Eastern Europe, Caucasus and Central Asia (EECCA) and the

Russian Federation is given in Russian [www.ru.msceast.org].




Chapter 1. INPUT INFORMATION FOR MODEL ASSESSMENT

1.1. Meteorology

Meteorological information is very important for modelling of atmospheric transport and deposition
of heavy metals and POPs. In particular, wind patterns and atmospheric stability affect dispersion of
the pollutants in the atmosphere. Atmospheric precipitation is responsible for wet scavenging of the
pollutants. Rates of chemical reactions affecting POPs and Hg transformations depend on air
temperature.

Meteorological information for modelling is generated by the WRF meteorological pre-processor
(version 3.7.1) [Skamarok et al., 2008]. Data of atmospheric analyses at pressure levels obtained
from ECMWF were used as input information. For generation of gridded meteorological parameters
over the EMEP domain a nesting approach was used. Cloud microphysics is calculated using the
WSM3 scheme [Hong and Lim, 2006]. Boundary layer parameterization is based on Mellor-Yamada-
Janjic approach, which original version is described in [Mellor and Yamada, 1982]. The convection
scheme is based on modified version of the Kain-Fritsch approach [Kain, 2004].

Atmospheric conditions observed in 2016 compared to the climatic levels are characterized by wide
range of peculiarities and anomalies occurred in different parts of the EMEP region. In the European
region this year was warmer by 0.58 °C compared to the mean value over the period from 1991 to
2010 [WMO, 2018]. The highest anomalies (3-6 °C) of near-surface air temperatures occurred in the
Arctic region (Fig. 1.1). Over the northern part of Scandinavia the anomaly is 2-3 °C. The lowest
anomalies took place in France and Ireland, north of the United Kingdom, some parts of Spain and
Portugal. It is interesting to note that all annual mean anomalies over the considered region were
positive.
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Fig. 1.1. Mean annual temperature in °C (a) and anomalies (b) for 2016.
(reference period 1961-1990, source: http://www.dwd.de/rcc-cm).

Over most of the EMEP region annual sums of atmospheric precipitation were close to climatic mean
values both in absolute (Fig 1.2a) and relative terms (Fig. 1.2b). Positive anomalies around 10-30
mm/month (from +25% to +67%) were noted for the north of Scandinavian Peninsula, the eastern
part of Europe, some Balkan (Romania, Serbia, Albania) and central European countries (Hungary,
Slovakia, Austria). Stronger relative anomaly (up to +150%) took place in the near-Caspian region.
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Conditions drier than normal occurred in the northern part of Spain, southern regions of France and
some regions of Italy, Germany and Scandinavia.

e >
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Fig. 1.2. Absolute (a, mm/month) and relative (b, %) anomaly of annual precipitation sums in 2016 relative
to climatic mean value for the period from 1961 to 1990. Source: http.//www.dwd.de/rcc-cm

Annual sums of precipitation over the EMEP region in 2016 vary considerably. Over most part of land
area of the EMEP region precipitation sums range from 500 to 1000 mm/year (Fig. 1.3). In
mountainous regions and along the western coasts of the temperate zone the annual sums increase
up to 2000 mm/year and in some regions even exceed this value. In the northern part of the Central
Asia the precipitation sums amount to 200-400 mm/year, and in the southern part, characterized by
arid climate, they lie below 200 mm/year.
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Fig. 1.3. Annual sums of atmospheric precipitation in 2016

Strength and direction of winds depends on spatial gradient of atmospheric pressure. In 2016 spatial
distribution of annual mean sea level pressure in the European region is presented by Icelandic low
extended from southern Greenland to Iceland and Azores high spreading across southern and central
Europe to European Russia. Anomalies of the atmospheric pressure in 2016 are relatively low (2
hPa) over most part of the region. Intensity of zonal component of atmospheric circulation in the
middle troposphere is close to normal over most of the year, and it is somewhat lower than normal
in the autumn [HMCR, 2018]. The meridianal component of the circulation is close to normal
throughout the year.
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1.2. Anthropogenic emissions

Model assessment of heavy metal pollution in the EMEP countries for 2016 has been performed for
the first time over the new EMEP grid. It is based on the most recent dataset of heavy metal
emissions available at the moment of the study, which was prepared by CEIP on the new EMEP grid
for 2015 [http://www.ceip.at]’. Detailed information on heavy metal emissions in each country, as

well as the gap-filling methods that have been used for the 2015 GNFR inventory can be found in the
CEIP Technical Report 01/2017 [Tista et al., 2017]. The total values of heavy metal anthropogenic
emissions in the EMEP countries are estimated for 2015 at 3704 t/y for Pb, 200 t/y for Cd, and 142
t/y for Hg. More detailed analysis of emission changes in the EMEP countries due to national
recalculations can be found in [llyin et al., 2017]. Spatial distributions of gridded anthropogenic
emissions of Pb, Cd, and Hg are shown in Fig. 1.4. According to available data, elevated emissions of
heavy metals are characteristics of Central and Southern Europe, as well as in some regions of
Central Asia. Significant emissions also take place from individual large point sources located in other
parts of the EMEP region.

y
<0.001
[ 0.001 -0.01

C

Fig. 1.4. Spatial distributions of Pb (a), Cd (b), and Hg (c) anthropogenic emissions in 2015

Additional emission parameters required for heavy metal modelling were prepared by MSC-E. They
include seasonal variation, vertical distribution of emissions of all three metals as well as chemical
speciation of Hg emissions. Seasonal variation of emissions was estimated using parameterization
developed by van der Gon et al. [2011]. For implementation of the parameterization into the model
gridded annual emissions of heavy metals from individual sectors were multiplied by sector-specific
scaling factors (Fig. 1.5). The ‘Public power’ and ‘Residential combustion’ sectors are characterised by

2 Update of the modelling results based on the new emission data for 2016 is available at the MSC-E web site [www.msceast.org].
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maximum emissions in the cold season and minimum emissions during the warm one (Fig. 1.5a).
Seasonality of industrial and transport emissions is relatively small (Fig. 1.5b). Considerable seasonal
variation is characteristics of the sector ‘Field burning in agriculture’ with maximum during the spring
cultivation period (Fig. 1.5c) but its contribution to total emissions of heavy metals in the EMEP
countries is insignificant (Fig. 1.5d). Seasonal variation of emissions from other sectors was

neglected.
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Fig. 1.5. Seasonal variation of major sectors of heavy metal emissions (a-c) and contribution of the sectors to
total emissions of Pb, Cd, and Hg in the EMEP countries in 2015 (d)

A new scheme of emissions distribution with height was applied in the current model assessment. It
is based on parameterisation suggested by Bieser et al. [2011] and consists of application of sector-
specific vertical profiles (Fig. 1.6) derived by averaging of emission heights for various meteorological
conditions and various pollutants. According to the applied approach emissions from the ‘Public
power’ sector take place mostly at heights 300-500 m. The ‘Industry’ sector share emissions between
50 and 150 m. The ‘Waste incineration’ mostly emits heavy metals at 150-250 m. It is assumed that

heavy metal emissions from other sectors occur near the ground.
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Fig. 1.6. Vertical distribution of heavy metal emissions for selected emission sectors:
(a) — Public power; (b) — Industry; (c) — Waste incineration.
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Mercury is emitted to the atmosphere in various
chemical forms: elemental (Hg°), gaseous oxidized
(Hgllgas) and particulate (Hgllyart). Atmospheric
behaviour of Hg strongly depends on its form. The
speciation of Hg emissions is not included in the
information reported by the Parties to the
Convention. Therefore, expert estimates of Hg
emission speciation have been derived by MSC-
from a global emission dataset [AMAP/UNEP,
2013]. According to these data about 70% (52-
90%) of Hg is emitted in the EMEP countries in the
elemental form. The contributions of the oxidized
forms are 24% (7-38%) and 6% (0-10%) for the
gaseous oxidized and the particulate forms,
respectively (Fig. 1.7).
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Fig. 1.7. Chemical speciation of Hg emissions in the

EMEP countries based on [AMAP/UNEP, 2013]. Bars

present average values; whiskers show variation of
the values among the countries.

1.3. Secondary emissions (wind re-suspension)

Wind re-suspension is important contributor to atmospheric emissions of heavy metals in the EMEP

region. It represents suspension of dust particles or sea salt aerosol from the underlying surface by

action of wind. The suspended dust particles contain heavy metals (Pb and Cd) which can have

natural origin or can came from the accumulation over long-term period of deposition from

anthropogenic sources. Parameterization of this process used in the model is described in [Gusev et

al., 2006; 2007]. It is assumed that re-suspension occurs from water surface, arable lands in spring

and autumn, from lands not covered by vegetation (e.g., deserts) and from urban territories. Total

annual re-suspension of Pb from territories of the EMEP countries is 3700 tonnes, and Cd — 72

tonnes. On one hand, these values are comparable with the anthropogenic emissions in the EMEP

countries (3704 and 200 tonnes, respectively). On the other hand, uncertainty of these estimates is

high.

Fig. 1.8. Wind re-suspension flux of Pb (a) and Cd (b) in the EMEP region in 2016.

Re-suspension flux depends not only on land-cover characteristics, but also on meteorological

conditions, in particular, on soil wetness and near-surface wind velocity. Therefore, this flux is highly
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variable in space and time. The highest re-suspension fluxes of Pb (Fig 1.8a) and Cd (Fig. 1.8b) occur
in the southern and south-eastern parts of the EMEP domain because of large areas of deserts.
Besides, high levels are seen in the central part of Europe and near large cities. It is explained by
assumed accumulation of the metals in soils over recent decades and by large fraction of urban
territories. The lowest re-suspension fluxes take place in the northern part of the EMEP domain.

1.4. Boundary conditions for regional modelling

Lead and Cd emitted in the neighbouring regions of the EMEP domain can reach the EMEP countries.
In case of Hg contribution of intercontinental transport can even exceed the contribution of the
EMEP sources (see section 2.2). In order to establish concentrations of the considered metals at the
EMEP boundaries global scale calculations are carried out using GLEMOS calculations on a global

scale.

Global scale concentrations of Pb and Cd are the highest in the south-eastern part of Asia, mainly
because of emissions in China (Fig. 1.9a and 1.9b). Besides, comparatively high levels are noted for
the south-western part of Asia, Middle East and the northern part of Africa. It is explained by
significant dust suspension in these regions and, hence, contribution of secondary emission sources
to atmospheric concentrations. The lowest levels occur over the North Atlantic and the Arctic.

Fig. 1.9. Global annual mean concentrations of Pb (a), Cd (b) and elemental Hg (c) in 2016.

Dark frame denotes boundaries of the EMEP region.

China, Indonesia (Asia) and Ghana (Africa) are characterized by the highest concentrations of
elemental Hg mostly because of large anthropogenic emissions (Fig. 1.9c). Over other parts of the
Northern Hemisphere the concentrations are distributed relatively homogeneously. Somewhat
higher levels are seen at the southern and eastern boundaries of the EMEP region due to influence of
anthropogenic emission sources, and partly because of natural emissions in the southern part of
Europe. The lowest concentrations are noted in the Arctic.

Model concentrations of Pb, Cd and Hg at boundaries of the EMEP region strongly depend on global-
scale emission data. However, present-time gridded emission data of Pb and Cd over the global scale
are not available. Assumptions used to estimate these emissions give rise to uncertainties of the
modelling results over the global scale, and further, in the EMEP countries. In order to improve
quality of model assessment of concentrations and deposition in the EMEP region contemporary

gridded global-scale heavy metal emissions are needed.
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Chapter 2. HEAVY METAL POLLUTION OF THE EMEP REGION IN 2016

Assessment of heavy metal pollution of the EMEP region is based on both measurement data and
modelling results and includes evaluation of spatial patterns and transboundary transport of the
pollution as well as contribution of various emission sectors and ecosystem-specific deposition

fluxes.

2.1. Measurements of heavy metals at the EMEP monitoring network

Measurement network

In 2016, there were 36 sites measuring heavy metals (Cd or Pb) in both aerosols and precipitation,
and altogether there were 66 measurement sites. Twenty nine sites were measuring Hg in either air
and precipitation, 13 of these with co-current measurements in air and precipitation In total, 21
Parties to the Convention reports heavy metal data to EMEP, 7 of these fulfil their monitoring
obligations as defined in the EMEP monitoring strategy [UNECE, 2009] with at least one site of level 2
with both air and precipitation measurements of heavy metals in air and precipitation. 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 et al., 2018]. This report includes also other elements like Zn, Ni, As, Cu, Co, Cr, Mn, V,
Fe, Al and more. All the data are available from the EBAS database [http://ebas.nilu.no/].

In the last year report (EMEP Status report 2/2017), we discussed the new reporting guidelines of Hg
for a consistent definition of component names. Besides, additional metadata have been included to
give important information on methodology and quality. There are few Parties that have yet taken
the new guidelines into account. Thus, there is a need to follow up on this to improve the reporting
as well as clean up historical data in the database so they are harmonised with the new guidelines
especially on component names.

Observed concentration levels of Pb, Cd in 2016

Annual averages of Pb and Cd concentrations in precipitation and in air in 2016 are presented in Fig.
2.1-2.4. The lowest concentrations for all elements are generally found in Scandinavia, and the
highest in Central and Eastern Europe. Some of the high concentrations are due to too high detection
limit of the method, i.e. Cd in aerosols in Portugal.

For Pb, the highest concentration in aerosols is observed in Hungary followed by sites in Estonia, and
in the Benelux. In precipitation, the highest volume weighted annual mean is observed in Denmark
followed by Slovakia, Spain and the Benelux. For Cd, the highest concentration in aerosols in
observed in Estonia followed by sites in Hungary and Belgium, if not considering the Portuguese sites
with high detection limit. In precipitation, the highest level is seen in Slovakia followed by sites in

France, Spain and Sweden.
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Observed concentration levels of Hg in 2016

For total gaseous and elemental Hg the highest concentration is seen in Poland followed by Germany
and one site in the UK reflecting the source regions of Hg in Europe. In precipitation, the highest
levels are seen in Latvia and Germany followed by sites in Sweden, t he Netherlands and Spain, if
excluding the sites with high detection limits in Portugal and Ireland. Lowest concentrations are seen
in Finland and Great Britain.

17



Fig. 2.5. Hg (g) in air, ng/m’ Fig. 2.6. Hg in precipitation, ng/L

Strong seasonality in the concentrations of Hg in air is observed at several EMEP sites, with higher
concentrations in winter whereas low concentrations are observed in summer. This strong
seasonality is described for most temperate sites in the Northern Hemisphere [Temme et al., 2007;
Sprovieri et al., 2016] and is generally explained by peaking primary anthropogenic Hg emissions in
winter due to high energy demand [Temme et al., 2007] and faster atmospheric oxidation rates and
subsequent deposition in summer [Holmes et al., 2010]. However, global Hg models have not yet
been able to reproduce the wintertime high concentrations as current anthropogenic Hg emission
inventories have no seasonal resolution and are kept constant through the year. Secondly, no
seasonal oscillation is observed in the Southern Hemisphere [Slemr et al., 2015], questioning the
dominant role of the atmospheric oxidation. Therefore a new study by Jisrka et al. [2018] proposed
an alternative hypothesis; uptake of atmospheric Hg by vegetation, and that vegetation sequester as
much as approximately 50% of primary anthropogenic emissions. They found that Hg correlates with
CO,, a tracer for gas exchange by vegetation, implying that Hg uptake by vegetation is controlled by
gas exchange similar to CO,. Further, they found a strong correlation between the normalized
difference vegetation index (NDVI) and Hg that also points to uptake of Hg by vegetation. The
correlation was stronger for inland terrestrial sites compared to coastal sites, supporting the theory
that vegetation uptake is responsible for Hg depletion in summer when the vegetation activity is the
highest. In Figure 2.7, we compare a monthly mean concentrations averaged for the last five years to
avoid annual variations, at selected EMEP sites for different environment. There is a clear difference
in seasonality for terrestrial and arctic sites.

This new hypothesis have large implications for the global Hg cycle and the forecasting and
interpretations of long term trends, also suggesting that the decreasing atmospheric Hg
concentration is not due to decreasing emissions but vegetation uptake and increased primary
production. The effect of Hg uptake in vegetation related to climate change and land-use change
must be considered in mitigation strategies to reduce human Hg exposure. The importance of Hg
uptake as a deposition pathway demands revised Hg deposition monitoring strategies by
environmental agencies [Jiskra et al., 2018].

18



Terrestrial sites Coastal sites Arctic Sites

1.8 18 1.8

\/\,.
¥ 14
12 12 12 ‘§\J

1.0

Hg (ng/ m:)
N

Hg (ng/m?)

Hg (ng/m?)

=
=

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

Fig. 2.7. Average monthly mean concentrations of gaseous Hg over the five years period 2013-2016
for selected EMEP sites in different environment, ng/mg.

2.2. Spatial patterns of heavy metal pollution

Information on pollution levels of Pb, Cd and Hg in 2016 was prepared on the base of model
calculations with the GLEMOS modelling system. Heavy metal emission data for the model are
prepared by CEIP on the latitude-longitude grid (see Section 1.1). Full model-based information
about heavy metal pollution levels with spatial resolution 0.1°x0.1° is allocated in the internet

[www.msceast.org]. This section provides an overview of the main peculiarities of the heavy metal

pollution levels in the EMEP region.

Heavy metal pollution levels in the EMEP countries are caused by three groups of emission sources.
These are EMEP anthropogenic emissions of considered year, wind re-suspension of dust particles
containing heavy metals, and emissions from sources located outside the EMEP region (non-EMEP
sources). Contribution of these three groups of sources is calculated for each EMEP country on
regular basis.

Spatial distribution of annual mean concentrations and total deposition of Pb, Cd and Hg over the
EMEP region is highly non-uniform. Comparatively high levels of Pb air concentrations (15-30 ng/m?)
are noted for the central part of Europe (southern Poland, western Germany) and northern part of
Italy (Fig. 2.8a). In the Czech Republic, Hungary, Slovakia, the western part of the United Kingdom,
the northern part of France the concentrations vary within 3-15 ng/m>. Relatively high levels (8-15
ng/m?) also take place in the Central Asian countries (south of Kazakhstan, Turkmenistan,
Uzbekistan), which is caused by high contribution of wind re-suspension of dust. Regions with
elevated air concentrations of Cd are similar to those of Pb, e.g. the southern part of Poland and the
western part of Germany, where the concentrations exceed 0.5 ng/m?>. Other ‘hot-spots’ with similar
concentrations are in the Benelux countries and in a number of regions in Russia. Over most of the
central European countries the levels vary from 0.1 to 0.2 ng/m°.

Spatial distribution of annual deposition fluxes in most countries is similar to that of air
concentrations. Relatively high fluxes of Pb (above 2.5 kg/km?/y) are noted for some regions of
southern part of Poland, northern Italy, the south of Kazakhstan and the west of Tajikistan (Fig. 2.8b).
Over most of central, southern and south-eastern parts of Europe the deposition fluxes range from
0.6 to 2.5 kg/km?/y, and from 0.3 to 0.6 kg/km?/y over western and northern parts of Europe.
Cadmium deposition is the highest (above 60 g/km?®/y) in southern Poland, western Germany, the
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western part of Turkey, and several regions in Russia (the Central part, south Urals, south-west of
Siberia). Over most part of central, eastern and southern Europe deposition fluxes of Cd vary from 20
to 60 g/km?/y. In the western and the northern parts of Europe the levels are within 5-20 g/km?*/y.
Relatively low deposition of Pb and Cd are noted for the most part of Central Asia due to low
atmospheric precipitation.

Fig. 2.8. Mean annual air concentrations (a) and total deposition (b) of Pb in 2016

Unlike Pb and Cd, Hg is known for long (0.5-1 year) atmospheric lifetime. Therefore, Hg can travel
and disperse over global scale distances. It results in relatively smooth spatial distribution of Hg over
territory of the EMEP region. Its annual mean concentrations vary from 1.4 ng/m?® in the Arctic and
Scandinavia to more than 1.8 ng/m? in the southern part of Europe. Elevated levels in particular
areas are explained by location of strong emission sources. Areas with relatively high concentrations
of Hg in the southern parts of the EMEP region are also caused by natural emissions associated with
the Hg geochemical belt [Gustin et al, 1999]. Deposition fluxes are mostly caused by short-lived
oxidized Hg forms. Relatively high deposition fluxes (30-40 g/km?/y) in northern Italy, Poland, the
central part of Russia, Balkan countries and the south-east of Europe are caused by combined effect
of emissions and atmospheric precipitation.

Contributions of various groups of sources to deposition vary to high extent among the EMEP
countries. For example, deposition from the EMEP anthropogenic sources of Cd contributes from 8%
to 74% to total deposition (Fig. 2.9). In absolute terms the highest country-averaged deposition flux is
noted for Poland (25 g/km?/y), followed by Slovakia (20 g/km?®/y) and Slovenia (17 g/km?/y). The
results for Pb are similar to those for Cd. Contribution of anthropogenic sources ranges from 6% to
63%. The highest contribution of Pb deposition is obtained for Poland (0.8 kg/km?/y), Slovakia (0.6
kg/km?/y), the Czech Republic (0.5 kg/km?/y), Bulgaria, Bosnia and Herzegovina (around 0.4
kg/km?/y).

Contribution of secondary sources to Cd and Pb deposition varies from 26% to 80%. Therefore, these
sources contribute at least a quarter of total deposition in the EMEP countries. However, it should be
kept in mind that the uncertainty of estimated contribution of secondary sources is higher than that
of anthropogenic sources. The highest Cd deposition flux from these sources takes place in regions,
which are characterized by significant pollution in previous decades and by high extent of
urbanization, such as the Netherlands and Belgium. Besides, significant relative contribution of re-
suspension is noted for Iceland due to considerable input from sea salt aerosols. The highest Pb
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deposition caused by wind re-suspension occurs in the Mediterranean region, namely, in
Montenegro and Monaco (0.6 kg/km?/y each), Bosnia and Herzegovina (0.5 kg/km?/y), Italy, Albania
and Croatia (0.4 kg/km?/y each).

Contribution non-EMEP sources of Cd varies from 2% to 44%, and that of Pb - from 5% to 56%. The
highest contribution, in absolute and relative terms, takes place in countries of southern and south-
eastern part of the Mediterranean region. For example, deposition from non-EMEP sources of Cd is
the highest in Montenegro (9 g/km?/y), Albania (7 g/km?/y), Turkey (6 g/km?*/y). Besides, elevated
relative contribution is seen for countries in the Caucasus and Central Asia. For example, the non-
EMEP contribution of Cd is 42% in Armenia, 33% in Kyrgyzstan and Georgia, around 30% in
Uzbekistan and Turkmenistan. These high values in the EECCA countries is explained by emissions
from non-EMEP anthropogenic sources and by re-suspension input from desert areas outside the
EMEP domain.
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Fig. 2.9. Country-averaged deposition fluxes of Cd from the European and Central Asian anthropogenic,
secondary and non-EMEP emission sources in 2016

Mercury deposition fluxes differ from those of Pb and Cd. Due to strong influence of intercontinental
transport the contribution of non-EMEP sources to total deposition in the EMEP counties is
dominating, ranging from 50% to 95%. The contribution exceeds 50% in all EMEP countries and
exceeds 75% in half of them. However, it should be noted that the contribution from intercontinental
transport includes also some fraction of Hg from the EMEP sources, which is emitted and entered the
global Hg pool. Contribution of EMEP anthropogenic sources to country mean Hg deposition fluxes
varies from 4 to 19%. The highest deposition from this sources occurs in Poland (8.3 g/km%/y),
followed by the Czech Republic (8 g/km?/y) and Slovakia (6.9 g/km?%/y). The direct contribution of
EMEP secondary (natural and re-emission) sources to deposition is small (below 1%).
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2.3. Transboundary transport

Anthropogenic deposition to each country can be presented as a sum of two components: deposition
from national emission sources and deposition caused by foreign emissions. Information about
transboundary fluxes between the EMEP countries is prepared regularly. Since the EMEP countries
report their national anthropogenic emissions, only the anthropogenic part is considered. Detailed

information on source-receptor relationships is available in the Internet at [www.msceast.org]. For

example, contribution of foreign sources to deposition of Pb in 2016 varies from 14% in Spain to 99%
in Monaco and Liechtenstein (Fig. 2.10). High contribution of foreign sources to Cd in Monaco and
Liechtenstein as well as in Iceland, Sweden, Kyrgyzstan, Lithuania is explained by small national
emissions. Deposition from foreign sources exceeds deposition form national sources in 38 of 51
countries for Pb and Cd and in 40 countries for Hg.
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Fig. 2.10. Relative contribution of the transboundary transport and national sources to anthropogenic Pb
deposition in the European and the Central Asian countries and deposition values from anthropogenic
emission sources in 2016

Heavy metals emitted by national sources partly deposit within a country’s territory and partly
contribute to transboundary pollution of territories of neighbouring EMEP countries or even
transported to other regions. Fractions and magnitudes of national emissions deposited to a
country’s own territory, to other EMEP countries and outside the EMEP countries vary considerably.
Countries with large emissions make up significant absolute contribution to transboundary transport.
For example, from about 700 tonnes of Pb emitted in Kazakhstan, around 233 tonnes is deposited to
other EMEP countries and 204 tonnes — to areas outside the EMEP countries (Fig. 2.11). Other major
counties importers of Pb are Poland, Turkey and Italy. As a rule, 60-100% of Pb and Cd emissions and
80-100% of Hg emissions are deposited outside the country’s territory.
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Fig. 2.11. Distribution of Pb emitted in the EMEP countries between deposition to own territory, deposition to
the other EMEP countries and deposition outside the EMEP countries in 2016. Red dots indicate relative fraction
of national emissions involved into the transboundary pollution

2.4. Pollution from different emission sectors

Information on regularly reported source-receptor relationships in the EMEP countries can be
extended by analysis of transboundary transport from different emission sectors. Contributions of Cd
emissions from four groups of emission source categories to deposition in the EMEP countries were
simulated. These groups include Public Power (sector A), Industry (sector B), Residential Combustion
(sector C) and Remaining Sectors (sum of emissions from all other source categories). Emissions in

countries from particular sectors were provided by CEIP.

Country-averaged deposition fluxes from sector ‘Public Power’ range from 0.2 g/km?/y (Malta) to 4.3
g/km?/y (Belarus) (Fig. 2.12). In most of the EMEP countries (43 of 51) the contribution of foreign
sources exceeds the contribution of national sources. Contribution of national sources to deposition
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from this sector ranges from 0 to 96%. The highest contributions of national sources are noted for
Russia (96%), Spain (92%) and Switzerland (75%). Contribution of foreign emission sources to
deposition from ‘Public Power’ sector varies from 4 to 100%. In Georgia, Lichtenstein, Iceland and
Albania all deposition from this sector is caused by transboundary transport. In 20 countries (e.g.,
Belarus, Croatia, Finland, Kyrgyzstan etc.) the contribution of foreign sources to deposition from
sector ‘Public Power’ exceeds 90%.
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Fig. 2.12. Country-averaged deposition fluxes of Cd from sector ‘Public Power’ in 2016

The main Cd emission sector in the EMEP region is Industry, which contributes 36% to total Cd
emission. Therefore, deposition fluxes caused by this sector are generally higher than those caused
by other sectors. The highest country-averaged deposition occurs in Poland (around 16 g/km?/y),
followed by Portugal and Slovakia (around 11 g/km?/y each) (Fig. 2.13). The lowest deposition takes
place in Turkmenistan (0.3 g/km?/y) and Iceland (0.4 g/km?/y). Contribution of national sources to Cd
deposition from sector ‘Industry’ ranges from 0 to 91%, and of foreign sources — from 9 to 100%. In
39 countries contribution of foreign sources exceeds the contribution of national sources. In 20
countries this contribution exceeds 50%, and in Iceland and Malta all 100% deposition from Industry
sector are caused by transboundary transport. In some countries (e.g., Poland, Portugal, Spain,
Turkey) national sources dominate over transboundary input.
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Fig. 2.13. Country-averaged deposition fluxes of Cd from sector ‘Industry’ in 2016.

The highest deposition caused by emission sector ‘Residential Combustion’ is noted for Slovenia (7.2
g/km?/y), the lowest — in Turkmenistan (0.1 g/km?/y) (Fig. 2.14). Contribution of national and foreign
sources to deposition from sources of this sector varies markedly among the EMEP countries.
Sources of ‘Residential Combustion” sector contribute from 0 to 97% of deposition from national
sources and from 3 to 100%- from foreign sources. In Turkey, Italy, Portugal and the United Kingdom
the contribution of national sources exceeds 80%, whereas in some countries (e.g., Malta, Iceland,
Uzbekistan) all deposition from ‘Residential Combustion’ comes from foreign sources. In 34 countries

deposition from foreign sources exceeds deposition from national sources.
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Fig. 2.14. Country-averaged deposition fluxes of Cd from sector ‘Residential Combustion’ in 2016
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Emission from remaining sectors makes about 20% from total Cd emission in the EMEP countries.
The highest deposition from this sector occurs in Germany (3.8 g/km?/y), and the lowest — in Iceland
(0.2 g/km?/y) (Fig. 2.15). In 41 countries the contribution of foreign sources exceeds 50%.
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Fig. 2.15. Country-averaged deposition fluxes of Cd from remaining sectors in 2016

Composition of deposition in each country from viewpoint of emission sources and sectors differs
largely. For example, main foreign contributors to anthropogenic deposition of Cd to the Czech
Republic in 2016 are Poland (34%), Germany (19%) and Austria (7%) (Fig. 2.16a). Most of deposition
(around 56%) from neighbouring countries is caused by sources of sector ‘Industry’. In particular,
industrial sources of Poland contribute 28% (272 kg), of Germany — 10% (91 kg) of foreign deposition
(Fig. 2.16b). The second in importance is ‘Residential Combustion’ sector (19%) followed by ‘Public

Power’ sector (13%).
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Fig. 2.16. Main countries-sources of anthropogenic deposition to the Czech Republic (a) and
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Another situation takes place in Kazakhstan, which is located in the south-eastern part of the EMEP
region. National sources contribute 38% to anthropogenic deposition, and the main foreign sources
are Russia (48%), Uzbekistan (5%) and Turkey (3%) (Fig. 2.17a). Unlike the Czech Republic, the main
foreign emission sector contributing to deposition is ‘Public Power’, followed by group ‘Remaining

sectors’ in emissions of Russia(Fig. 2.17b).
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Fig. 2.17. Main countries-sources of anthropogenic deposition to the Kazakhstan (a) and their sectoral

composition (b)

Source-receptor matrices calculated regularly for each EMEP country were supplemented by
information on contributions to deposition from main emission sectors of Cd, such as ‘Public Power’,
‘Industry’ and ‘Residential Combustion’. Contributions of national sources to deposition form
particular emission sectors vary from zero, if this sector does not present in national emission data,
to 98%. The contribution of foreign sources ranges from 3 to 100%. Fractions of deposition from
emission sectors of neighbouring countries vary markedly among receptor countries. Further

simulations can be carried out for other priority metals (Pb, Hg).

2.5. Ecosystem-dependent deposition

Lead, Cd and Hg are known for their harmful effects for human health and the environment. Lead
and Cd affect biodiversity of soil species and microbe-mediated processes [de Vries et al., 2015a].
They also reduce growth of plants. Besides, these metals tend to accumulate into plant tissues and
transfer to human organisms through food chains. Mercury in water bodies can transform to the
highly toxic methylated form, which accumulates in fish and affect human health through fish

consumption.

For evaluation of the effects of atmospheric heavy metal deposition on human health and
environment a concept of critical loads is considered under the Convention. This concept assumes
that known negative effects may occur at or above certain concentration of heavy metals in soil or
water. This threshold concentration is called critical level. It is assumed that this concentration is a
result of a steady-state balance between input flux to soil (e.g., atmospheric deposition, weathering
of rocks) and output flux from soils (e.g., leaching, biomass uptake) [de Vries et al., 2015b].
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Atmospheric deposition flux which leads to establishment of critical level concentration is called
critical load. Exceedance of atmospheric deposition over critical load results to concentration in soil
higher than critical level, which can give rise of negative effects for biota or human health.

In order to provide the Working Group on Effects with information relevant for evaluation of critical
load exceedances atmospheric ecosystem-dependent deposition are calculated regularly by MSC-E.
Seventeen classes of underlying surface are considered based on the MODIS land-cover data.
Information on deposition of Pb, Cd and Hg to each ecosystem type in each EMEP country is available

at the MSC-E website [www.msceast.orq].

Deposition fluxes to particular land cover categories differ significantly. For example, annual Hg
deposition flux to inland waters varies from 5 to 15 g/km?/y over most part of the EMEP region (Fig.
2.18a). In some regions of northern Italy, the Balkans and Caucasus the flux reach 30 g/km%/y. In
Scandinavia the fluxes are the lowest falling below 5 g/km?/y. However, deposition fluxes to forests
are much higher than that to inland waters exceeding 15 g/km?/y over most part of western and
central Europe and more than 7 g/km?/y in Scandinavia and central and northern Russia (Fig. 2.18b).

Fig. 2.18. Annual deposition flux of Hg to inland waters (a) and forests (b) in 2016.

Maps of critical load exceedances are resulted from comparison of ecosystem-dependent deposition
maps with critical loads. According to calculations of the exceedances, negative effects of Hg and Pb
deposition on human health and biota are most expected over major part of Europe [de Wit et al,
2015]. However, these results relate to 2010. In order to evaluate present-day effects of heavy
metal depositions more contemporary calculations of the exceedances are needed.

2.6. Arctic pollution

Agreement between the Convention and AMAP has been reached at the joint meeting held in
Potsdam, Germany in February 2016. On the base of this agreement MSC-E continued cooperation
with AMAP in the field of analysis and assessment of heavy metal pollution in the Arctic region. MSC-
E has calculated atmospheric deposition to the Arctic area within the new EMEP domain, estimated
contributions to deposition caused by the EMEP anthropogenic, secondary and non-EMEP sources,
identified main source countries and emission sectors contributed to anthropogenic deposition in the
Arctic.
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Fluxes of total deposition of Pb in the considered part of Arctic range mostly from 50 to 300 g/km?/y,
and Cd — from 3 to 15 g/kmz/y (Fig. 2.19a,b). The lowest levels of Pb and Cd are noted for Greenland
where they fall below 20 and 2 g/km?/y, respectively. Besides, low Cd levels are noted in the
northern Scandinavia, Franz-Josef Land and in some regions of the Arctic coast of Russian. Relatively
high deposition fluxes take place over the North Atlantic, which is explained by high annual sums of
atmospheric precipitation due to cyclonic activity. Besides, relatively high fluxes are noted for
windward coasts (e.g., Iceland, Norway), where generation of precipitation is amplified by orographic
effects. Finally, in case of Cd ‘hot-spots’ of elevated deposition fluxes (15-25 g/km?/y or even more)
are associated with sources of significant anthropogenic emissions located on Kola Peninsula,
Archangelsk region, the Republic of Komi and Norilsk.

Fig. 2.19. Total deposition fluxes of Pb (a), Cd (b) and Hg (c) to the Arctic (within EMEP domain) in 2016.
Grey line denotes border of AMAP Arctic area

Relatively high deposition fluxes along windward coasts of Scandinavian Peninsula and Iceland are
also noted for Hg. However, spatial pattern of Hg deposition to the Arctic differs from that of Pb and
Cd. Relatively high deposition fluxes (12-20 g/km?/y) occur over vast areas of the Arctic Ocean (Fig.
2.19c¢). These fluxes are caused by the Atmospheric Mercury Depletion Events (AMDE). However, it
should be also taken into account that significant part of the deposited Hg is reduced and reemitted
back to the atmosphere.

The Arctic region is remote from major anthropogenic sources of Pb in the EMEP countries. The
contribution of these sources to total deposition is 23%, whereas secondary emissions contribute
more than half of Pb deposition to terrestrial areas of the Arctic (Fig. 2.20a). About a quarter of
deposition came from emission sources located outside the EMEP domain. Structure of Cd deposition
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is different (Fig. 2.20b). A number of anthropogenic emission sources are located within the Arctic
area (e.g., in the Russian Arctic), It makes contribution of these sources to be higher than that of Pb
(51%). Contribution of secondary sources for Cd is 36%. Considerable contribution of Pb and Cd
secondary sources is explained by influence of wind suspension of marine aerosols from sea surface.
It provides more than a half of deposition from secondary sources. Most of Hg deposition (93%) is
caused by intercontinental transport (Fig. 2.20c). However, it should be noted that this value includes
Hg which was emitted by EMEP sources and then transported outside the EMEP domain entering
global Hg pool.

Lead Cadmium Mercury %
36%
52%
a b c
B EMEP anthropogenic EMEP secondary = non-EMEP

Fig. 2.20. Average contribution of different source types to annual deposition of Pb (a), Cd (b), and Hg (c) to the
European and Asian terrestrial areas of the Arctic covered by the EMEP domain

The main source countries contributing to heavy metal deposition in the Arctic are Russia,
Kazakhstan and Poland. Significant part of the Russian territory within the EMEP region relate to the
Arctic region. Therefore, contribution of Russian sources to anthropogenic deposition varies from
31% (Pb) to 80% (Cd) (Fig. 2.21). The second largest source country is Kazakhstan. Although this
country is located far from the Arctic region, its national emissions of Pb and Hg used for modelling
are the highest among the EMEP countries, and Cd emissions are also among the highest. It should
be pointed out that the source apportionment presented in Fig. 2.21 reflect average situation for the
whole region, the picture can differ significantly among particular locations.
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Fig. 2.21. Contribution of main EMEP source countries to anthropogenic deposition in the terrestrial areas
of Arctic within EMEP region in 2016.

Main sector responsible for Cd pollution in the Arctic, contributing around 60% (1900 kg) to Cd
deposition, is ‘Public power’ from Russian emissions (Fig. 2.22a). Contribution of this sector from
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other EMEP countries is low (4%, 100 kg). The second largest contributor is the ‘Industry’ sector,
which makes up 11% (around 360 kg) of total deposition. Contribution from ‘Residential Combustion’
is 4% (about 130 kg).

Deposition caused emission sector ‘Pubic Power’ are distributed unevenly over the Arctic region. The
highest deposition fluxes are noted for European part of Russia (Kola Peninsula, Archangelsk region,
the Republic of Komi), where the fluxes exceed 25 g/km*/y (Fig. 2.22b). In the Asian part of the
Russian Arctic, northern Scandinavia and Svalbard the deposition from this sector range from 2 to 5
g/km?/y, or even below 2 g/km?/y in some regions. Along the western and southern coasts of Europe
and over most of the Northern Atlantic the deposition fluxes range from 3 to 10 g/km?/y.
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Russia
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Fig. 2.22. Cadmium deposition from sector ‘Public Power’ to terrestrial areas of Arctic within EMEP region from
main countries-contributors in 2016

The analysis of modelled heavy metal levels in the Arctic demonstrates that the pollution by Pb and
Cd is strongly affected by secondary emission sources. Therefore, further investigation of the related
processes and updating of their parameterizations are needed to improve results of the model
assessment in the Arctic and to better understand the role of anthropogenic and secondary sources.
Pollution of the Arctic by Hg is highly defined by in situ oxidation of Hg in the polar atmosphere.
Further improvement of the Hg chemical scheme in the model could also improve quality of the
pollution assessment for the Arctic.
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Chapter 3. MODEL ASSASSMENT OF MERCURY POLLUTION

Mercury pollution is a topical issue attracting increasing attention both in the Convention and
beyond. MSC-E continues its work focused on both research of various aspects of Hg pollution and
improvement of the modelling tool used for the model assessment in accordance with the EMEP bi-
annual workplan [ECE/EB.AIR/GE.1/2017/20-ECE/EB.AIR/WG.1/2017/13]. Recent research and
development activities included detailed multi-model study of Hg pollution on a global scale as a part
of the UN Environment Global Mercury Assessment 2018 and evaluation of a new chemical
mechanism for Hg transformations in the atmosphere.

3.1. Multi-model study of Hg pollution on a global scale

Oleg Travnikov?, Héléne Angot®, Johannes Bieser’, Mark Cohen®, Ashu Dastoor’, Francesco De Simone®,
lan Hedgecockg, Sae Yun Kwon®, Che-Jen Lin°, Andrei Ryjkov7 " Noelle Selin®, Colin P. Thackraym, and Xun
Wan99

The current state of Hg dispersion in the global atmosphere and deposition to various terrestrial and
aquatic regions was studied by an ensemble of chemical transport models as a part of the UN
Environment Global Mercury Assessment 2018 (see Section 3.3.1). Four global-scale chemical
transport models for Hg were involved in the study — GLEMOS (EMEP/MSC-E), GEM-MACH-Hg
(Environment and Climate Change Canada, Canada), GEOS-Chem (Massachusetts Institute of
Technology, USA) and ECHMERIT (CNR - Institute of Atmospheric Pollution Research, Italy). A detailed
description of the models along with discussion of their differences can be found in [Travnikov et al.,
2017]. The main results of the model assessment are briefly discussed below. More detailed
information is available in [AMAP/UNEP, 2018].

The global distribution of Hg® concentration in the surface air in 2015 simulated by the model
ensemble is shown in Figure 3.1a in terms of the model ensemble median. The spatial pattern is
characterized by the typical latitudinal gradient with elevated concentrations (above 1.4 ng/m?) in
the temperate latitudes of the Northern Hemisphere and the lowest concentrations (below 1 ng/m?)
in the high latitudes of the Southern Hemisphere. The highest concentrations (above 2 ng/m?) are
estimated in East, South and Southeast Asia due to high levels of anthropogenic emissions as well as
in equatorial Africa and South America because of active artisanal and small-scale gold mining
(ASGM).

* Meteorological Synthesuzing Centre — East of EMEP;

* Massachusetts Institute of Technology, USA;

> Helmholtz-Zentrum Geesthacht, Germany;

® 1National Oceanic and Atmospheric Administration (NOAA), USA;
’ Environment and Climate Change Canada, Canada;

® CNR Institute of Atmospheric Pollution Research, Italy;

° Lamar University, USA;

% Harvard University, USA.
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Global distribution of Hg deposition in 2015 simulated by the model ensemble is shown in Fig. 3.1b.
The deposition pattern does not reveal considerable difference in Hg deposition to the ocean in the
Northern and Southern Hemispheres. Levels of Hg deposition to land vary within the continents
reflecting location of anthropogenic emissions as well as the surface characteristics and climatic
conditions. There are increasing north-to-south gradients of Hg deposition in North America and
Eurasia with exception of desert and mountain regions in Central and East Asia. Most territory of
South America is subjected to high Hg fluxes determined by ASGM emissions, except for the most
southward part of the continent. In Africa, Hg deposition differs significantly from relatively low
fluxes in the desert northern part to high deposition fluxes in the equatorial and southern parts of

the continent.
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Fig. 3.1. Global distribution of model ensemble median Hg’ concentration in surface air (a) total (wet and dry)
deposition flux (b) in 2015.

The modelling results were evaluated against observations from global and regional monitoring
networks (GMOS, EMEP, NADP/MDN, AMNet and NAtChem). The model ensemble median of Hg0
concentration well agrees with observed values within £20% at most of the measurement sites
(symbols, Fig. 3.2a). The scattering of simulated values among the models presented by the standard
deviation (whiskers, Fig. 3.2a) is relatively small and does not exceed 20%. The model-to-
measurement difference is larger for wet deposition (symbols, Fig. 3.2b). The model ensemble
demonstrates good correlation (r* = 0.7) with observations but tends to overestimate low and
underestimate high deposition fluxes. Nevertheless, the deviation between the modelling results and
measurements does not exceed a factor of 2 at the majority of measurement sites. The inter-model
variance is also larger for wet deposition (whiskers, Fig. 3.2b) demonstrating considerable
discrepancies of parameterizations of Hg oxidation chemistry, scavenging and precipitation amount
between the models. A comprehensive evaluation of the participating models against variety of
ground-based and aircraft measurements as well as their sensitivity to various parameters and
processes can be found in a series of recent publications [Angot et al., 2016; Travnikov et al., 2017,
Bieser et al., 2017].
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Fig. 3.2. Comparison of simulated and observed Hgo concentration (a) and wet deposition flux (b) in 2015.
Symbols present the model ensemble median, whiskers show the standard deviation of individual models. Lines
depict different deviation levels: solid red — the 1:1 ratio; (a) dashed red — by factor 1.2; dashed green — by
factor of 1.5; dashed blue — by factor of 2; (b) dashed red — by factor 1.5; dashed green — by factor of 2; dashed
blue — by factor of 3.

The analysis presented below contains information on emissions and deposition fluxes averaged over
a number of geographical regions. The definition of source and receptor regions is shown in Fig. 3.3.
The regions are divided into 6 continents (Europe, North, Central, and South America, Africa,
Australia and New Zealand (NZ)), 5 large subcontinents (Middle East, countries of the
Commonwealth of Independent States (CIS), South, East, and Southeast Asia), and 2 Polar Regions
(Arctic and Antarctic). In addition, aquatic regions of the world ocean are defined in accordance with
the Major Fishing Areas of the UN Food and Agriculture Organization [FAO, 2018].

Arctic Europe I South Asia El Middle East
H North America Hl CIS countries EastAsia B Australia and NZ
H Central America [l Africa Southeast Asia Antarctica

South America

Fig. 3.3. Source and receptor regions included in the model analysis of source apportionment of Hg deposition.

Figure 3.4 summarizes the total Hg deposition fluxes to terrestrial and aquatic receptor regions as
well as the relative contributions of direct anthropogenic and natural/secondary sources simulated
by the model ensemble. Total Hg deposition fluxes are the highest in large industrial regions such as
South, East, and Southeast Asia (25-30 g/km?/y) and the lowest in remote regions such as the Arctic
and Antarctica (below 6 g/km?®/y). Regions with active ASGM (Central and South America), which
emit Hg in the form of Hg’, are also subject to a relatively high total Hg deposition flux of 25 g/km?*/y.

Total Hg deposition consists of contributions from direct anthropogenic emissions as well as natural
and re-emitted sources, which account for 53-81% of the total Hg deposition in various terrestrial
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and aquatic regions. As illustrated in Fig. 3.4, the relative contributions of direct anthropogenic
sources show a regional pattern decreasing from regions of the highest (South, East and Southeast
Asia; 30-47%) to the lowest total Hg deposition flux (the Polar Regions; 20-25%). The contribution of
direct anthropogenic sources to other receptors regions ranges between 25-35%. The regional
pattern can be explained by the level of domestic anthropogenic emissions, which generate a
substantial fraction of oxidized Hg that deposit rapidly within the source region.

Mercury deposition to various regions of the world ocean is shown in Fig. 3.4b. Average deposition
flux varies from 8 g/km?/y over the Southeast Atlantic to 14 g/km?/y over the Western Central
Pacific. Mercury deposition to the ocean is also influenced by direct anthropogenic emissions as well
as natural and secondary sources. The relative contribution of direct anthropogenic sources to ocean
reservoirs evaluated here varies from 19% (Southern Ocean) to 35% (Northwest Pacific) and it is
slightly lower compared to direct anthropogenic contribution of terrestrial reservoirs (20-50%).
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Fig. 3.4. Total Hg deposition fluxes and the relative contributions of direct anthropogenic and natural and
secondary sources to various terrestrial (a) and aquatic (b) receptor regions in 2015. Whiskers show the
standard deviation of individual models for direct anthropogenic and natural/secondary sources, respectively.

Figure 3.5 illustrates the source apportionment of Hg deposition from direct anthropogenic sources
to various receptor regions. The direct anthropogenic emissions represent the mixture of domestic
emissions and atmospherically transported Hg from sources located in other regions (foreign
emissions). The share of foreign sources varies from 100% in Antarctic to 23% in East Asia. The
largest foreign contributors are East Asia, Africa, South America, and Southeast Asia, with their
contributions ranging between 10-34%, 4-24%, 3-23%, 3-11%, respectively, to various receptor

regions. The largest foreign contributors are characterized by large anthropogenic emissions as well
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as active ASGM, which contributes to the global transport via Hg® emissions. The smallest foreign
contributors are the Middle East (< 2%), Australia (< 1%), and the Polar Regions (< 1%), which are

characterized by the lowest anthropogenic emissions.

Northwest Atlantic
Northeast Atlantic
Western Central Atlantic
Eastern Central Atlantic

Southwest Atlantic
Europe
CIS countries Southeast Atlantic

North America Mediterranean & Black

Central America Northwest Pacific

South America Northeast Pacific

Africa Western Central Pacific

Middle East Eastern Central Pacific

South Asi .
© @ Southwest Pacific
East Asia =
Southeast Pacific
Southeast Asia
Western Indian Ocean
Australia and NZ
) Eastern Indian Ocean
Arctic

Southern Ocean

Antarctica

a 0% 20% 40% 60% 80% 100% b 0% 20% 40% 60% 80%  100%

Fig. 3.5. Model ensemble median source apportionment of Hg deposition from direct anthropogenic emissions
to various terrestrial (a) and aquatic regions (b) in 2015. The colors depict source regions, which are consistent
with Fig. 3.1.

As illustrated in Figure 3.5, the share of domestic sources to various receptor regions is ranked in the
order of East Asia (77%), South Asia (66%), Europe (48%), Southeast Asia (39%), Africa (38%), South
America (34%), Central America (30%), CIS countries (28%), Middle East (18%), North America (15%),
Australia and New Zealand (6%), Arctic (3%), and Antarctica (0%). In East and South Asia,
anthropogenic Hg deposition is dominated by the contribution from domestic sources. This is due to
the significant domestic anthropogenic emissions mainly from the industrial and power sectors,
which emit a substantial fraction of oxidized Hg. Both domestic and foreign anthropogenic sources
contribute almost equally to the total anthropogenic Hg deposition in Europe. The largest foreign
contributors are ranked in the order of East Asia (18%), Africa (8%), CIS countries (6%), and South
Asia (5%). Regions with active ASGM (Africa, South and Central America) also receive a relatively
large fraction of anthropogenic deposition from domestic sources as well as from East Asia.
Significant foreign contributors to the North American anthropogenic deposition are ranked in the
order of East Asia (31%), Africa (12%), South Asia (8%), and Southeast Asia (7%). Remote regions
including the Arctic and Antarctic are predominantly influenced by the long-range transport of
atmospheric Hg from East Asia and Africa.

Figure 3.5 also illustrates the source apportionment of Hg deposition from direct anthropogenic
sources to various ocean regions. East Asia and Africa is the largest contributors to the global ocean
reservoirs, owing to their large anthropogenic emissions. The contributions from East Asia and Africa
to various ocean regions range between 20-50% and 11-27%, respectively. Northwest (50%) and
Northeast Pacific (38%) receive the largest contribution from the East Asian anthropogenic
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emissions. Eastern Central (27%), Southeast (23%), and Southwest Atlantic (22%) receive the largest
contribution from the African anthropogenic emissions. The only exceptions are the Mediterranean
and Black Sea, where the contribution from the European anthropogenic emissions (20%) dominates
over East Asian, African, and the South American anthropogenic emissions. A number of the ocean
regions—particularly the Northwest Pacific-- receive high anthropogenic Hg deposition and
demonstrate a large total capture fisheries production [AMAP/UNEP, 2015]. The lowest contributors
to the global ocean reservoirs are the Arctic (< 2%) and Australia (< 1%), which are characterized by
the lowest anthropogenic emissions.

The four global transport models were also applied for simulation of Hg deposition from different
anthropogenic emissions sectors. For this purpose all the sectors of anthropogenic emissions were
aggregated into four general groups: (i) power generation, (ii) industrial sources, (iii) intentional use
and product waste, and (iv) ASGM. Total emissions from these four sector groups amount to 347 t/y,
874 t/y, 166 t/y and 838 t/y, respectively. Chemical speciation of Hg emissions differs considerably
between different sector groups (Fig. 3.6). According to the applied inventory, emissions from power
generation consist of approximately equal contributions of elemental Hg (GEM) and oxidized forms
(Hg()gas, Hg(I)part). The proportion of oxidized Hg is much smaller in emissions from industrial
sources (20%). One fourth of total emissions from intentional use and product waste is emitted in the
oxidised forms. It is expected that Hg emitted from ASGM in elemental gaseous form. It should be
noted that available estimates of Hg emissions speciation are associated with significant
uncertainties.
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Fig. 3.6. Chemical speciation of Hg emissions from the four groups of emission sectors

The model simulated Hg deposition from the four emission sectors are shown in Fig. 3.7. Mercury
deposition from the power generation group are largely restricted by a number of industrial regions
in East and South Asia, Europe, North America, and South Africa, where the majority of large
stationary combustion sources are located (Fig. 3.7a). Mercury deposition flux from power
generation in these regions exceeds 2.5 g/km”/y, whereas in other regions it falls below 1.4 g/km?/y.
The relatively short distance of Hg dispersion from this sector group is caused by substantial
proportion of oxidized Hg in emissions. Emissions from the industrial sectors group are more widely
distributed over the world and contain a substantial fraction of GEM (80%). Therefore, significant
deposition (above 2.5 g/km?/y) from industrial sources covers wide areas in Asia, Europe, North and
South America, and Africa (Fig. 3.7b). Besides, in South and East Asia deposition from this sector
group exceeds 5 and 10 g/km?/y, respectively. The impact of the intentional use and product waste
group of sectors is also mostly related to major industrial regions but its contribution is considerably
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lower and commonly does not exceed 1.4 g/km?/y except for South and East Asia (Fig. 3.7c). The
majority of ASGM emission sources are located in low latitudes of the both Hemispheres. Mercury
emissions from this sector in the elemental form are transported globally (Fig. 3.7d), however, most
significant deposition fluxes (above 2.5 g/km?/y) occur closer to emission sources and largely impact
South America, equatorial Africa, East and Southeast Asia.

Fig. 3.7. Global distribution Hg deposition (model ensemble median) from the four groups of emission sectors in
2015: (a) — Power generation; (b) — Industrial sources; (c) — Intentional use and product waste; (d) — ASGM.

The multi-model assessment of Hg atmospheric dispersion and source apportionment on a global
scale provides valuable information for evaluation of Hg pollution levels in the EMEP countries and

improves co-operation with the UN Environment and with the Minamata Convention.

3.2. Mercury atmospheric chemistry: Testing the Br oxidation mechanism

Atmospheric chemistry plays an important role in the Hg long-range transport in the atmosphere and
deposition to various ecosystems. In particular, it controls Hg transformations between the long-lived
elemental gaseous form (Hg®) and short-lived oxidized forms (Hg") that can exist both in gaseous and
particulate phases. However, the nature of particular chemical reactions leading to these
transformations as well as identity and phase of the products remain uncertain [Subir et al., 2011;
2012; Gustin et al., 2015; Ariya et al., 2015].

Numerous chemical transport models used for simulations of Hg cycling in the atmosphere during
the past two decades considered Hg® reaction with ozone (Os) and hydroxyl radical (OH) as the main
Hg oxidation pathways in the free troposphere and demonstrated good agreement of modelling
results with observations [e.g. Christensen et al., 2004; Pan et al., 2010; Baker et al., 2012; Kos et al.,
2013; Gencarelli et al., 2014; De Simone et al., 2015; Cohen et al., 2016]. This chemical mechanism is
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also included to the current EMEP operational model for Hg (GLEMQS) [Travnikov, 2005; Travnikov
and llyin, 2009; Travnikov et al., 2009]. However, more recent theoretical and observational studies
show that Hg° reactions with gaseous halogens, in particular atomic bromine (Br), should be
important or even dominant pathway of Hg oxidation in the atmosphere [Donohoue et al., 2006;
Hynes et al., 2009; Goodsite et al., 2012; Gratz et al., 2015; Coburn et al., 2016]. Besides, use of a
simplified version of the Br oxidation mechanism in a chemical transport models allowed
reproduction of realistic Hg levels in the atmosphere [Holmes et al., 2010; Soerensen et al., 2010;
Amos et al., 2012]. However, since then a number of recent studies have provided some new insight
into the Hg oxidation chemistry involving Br [Dibble et al., 2012; 2013, 2014, Wang et al., 2014; Jiao
and Dibble, 2015; 2017].

We evaluate possibility of implementation of the Br-initiated chemistry for the operational Hg
modelling within EMEP. As a first step we incorporated the Br oxidation mechanism in its most
recent form [Horowitz et al., 2017] into the GLEMOS model and performed a number of tests
comparing the modelling results with observations. An experimental version the model considers five
Hg chemical species in the atmosphere: Hg® and four Hg" species (HgBr,, HgBrOH, HgBrHO,,
HgBrNO,). The oxidised species Hg" are simulated both in gaseous and particulate forms using the
parameterisation of gas-particle partitioning from [Amos et al., 2012]. A two-step mechanism of Hg’
oxidation by atomic Br in gas phase is the following [Horowitz et al., 2017]:

Hg’ +X + M — Hg'X + M (R1)
Hg'X + M — Hg" +X + M (R2)
Hg'X + Y — Hg" +XY (R3)
Hg'X + Y + M — Hg"XY + M, (R4-R7)

where X = Br is the first-step Hg0 oxidant; Y = Br, OH, HO,, NO, are the second-step reactants leading
to reduction or further oxidation of Hg'; and M denotes molecules of air. The reaction rate constants
are given in Table 3.1. Six-hourly concentration fields of Br were archived from a GEOS-Chem
simulation [Parrella et al., 2012], whereas OH, HO,, NO, and particulate matter (PM2.5) fields were
imported from MOZART [Emmons et al., 2010]. We performed simulations for the period 2007-2013
using anthropogenic emissions for 2010 [AMAP/UNEP, 2013]. The first 6 years of the period were
used for the model spin up to achieve the steady-state Hg concentrations in the troposphere. The
model results are presented as annual averages for 2013.

Table 3.1. Experimental chemical mechanism for atmospheric Hg in GLEMOS

N Reaction Rate, molecule cm?s?t Reference

R1 Hg" + Br+M —> HgBr+ M 1.5 x 10°? (1/298) * [Hg°][Br][M]* Donohoue et al. [2006]
R2 HgBr + M — Hg’ + Br+ M 1.6 x 10”° exp(-7801/T) [HgBr][M] Dibble et al. [2012]
R3 HgBr + Br — Hg" + Br, 3.9 x 10™ [HgBr][Br] Balabanov et al. [2005]
R4 HgBr + Br— HgBr, 2.5 x 10 (1/298)*” [HgBr][Br] Goodsite et al. [2004]
R5 HgBr + OH —— HgBrOH 2.5 x 10™° (T/298) >’ [HgBr][OH] Goodsite et al. [2004]
R6 HgBr + HO, —“— HgBrHO, kpo2([M],T)[HgBr][HO,] Jiao and Dibble [2017]
R7 HgBr + NO, —“— HgBrNO, kno2([M],T)[HgBr][NO,] Jiao and Dibble [2017]

@ All concentrations in brackets are in molecule cm'3; [M] is the number density of air
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Figure 3.8 shows simulated global distributions of Hg® surface concentration and Hg wet deposition
as well as their comparison with observations. A collection of data on Hg® air concentrations and Hg
wet deposition fluxes measured at various regional and global monitoring networks in 2013 involved
in the study are described in [Travnikov et al., 2017]. Generally, the spatial patterns are similar to
those obtained with the O;/OH chemical mechanism [Travnikov et al., 2009]. The concentration
pattern demonstrates the well documented south-to-north increasing gradient and elevated
concentrations in East and South Asia (Fig. 3.8a). The wet deposition pattern also shows relatively
high levels over the industrial regions, in areas with intensive precipitation and over the Southern
ocean, where intensive Hg oxidation takes place (Fig. 3.8b). It should be pointed out that the
modelling results significantly underestimate measured Hg® concentrations, particularly, in remote
regions of the Southern Hemisphere, where the effect of the atmospheric chemistry is the most
pronounced. This is not the case for simulated wet deposition fluxes, which are comparable with the
observed ones. The reasons for this contradiction are discussed below.

Fig. 3.8. Spatial distributions of simulated Hg® surface concentration (a) and Hg wet deposition (b) in 2013.
Circles show observed values in the same colour scale.

More detailed evaluation of the modelling results against observations is illustrated in Fig. 3.9. As
seen the model underestimates the observed values by 40% on average (Fig. 3.9a). The
underprediction is stronger for low concentrations typical for remote regions. A few elevated values
are relatively well reproduced by the model. These values relate to sites located in East Asia, which
are characterised by direct effect of anthropogenic emissions. In contrast, the simulated wet
deposition does not underestimate or in some cases even overestimates the measurements (Fig.
3.9a). This imbalance between too low simulated Hg® concentration and high wet deposition can be
explained by too strong in situ oxidation of Hg® and production of Hg" in the atmosphere. Indeed, if
biased low Hg? air concentration can be additionally explained by uncertainties in emissions of this
species (anthropogenic, natural or secondary), Hg wet deposition is largely formed by scavenging of
Hg", which is mostly originated from Hg® oxidation in remote regions. So hypothetical increase of Hg
emissions would shift both measured characteristics upward leading to overestimation of wet
deposition. Thus, the analysis shows that the current mechanism of Hg° oxidation by atomic Br
taken alone leads to too strong Hg oxidation in the atmosphere, which does not agree with
available measurements.
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Fig. 3.9. Comparison of simulated Hgo air concentration (a) and Hg wet deposition (b) with measurements in
2013.

Some more insight to the oxidation process can be

obtained from analysis of the Hg chemical budget H?irz
in the atmosphere (Fig. 3.10). The simulated global [ HgBroH |
atmospheric reservoir of Hg® is about 1600 Mg that Hg’ 48%0 !

is significantly lower than previously estimated 70 N HQB:::'OZ
4000 Mg for the total atmosphere [e.g. Travnikov =
et al., 2009; Holmes et al., 2010] or 3500 Mg for 122
the troposphere [Horowitz et al., 2017].The gas-

phase oxidation by atomic Br leads to Fig. 3.10. Global simulated budget of Hg

transformation of 4850 Mg/y of Hgo to a short-lived chemical transformations in the atmosphere. The

. . . mass estimates are in Mg of Hg, the fluxes are in
intermediate HgBr. It corresponds to the chemical g of Hg f

lifetime 3.9 months of Hg° against oxidation to Mg of Hg per year.
HgBr. The unstable HgBr decomposes back to Hg’ or reacts further with various atmospheric
compounds (e.g. Br, OH, HO,, NO,) to form Hg". Decomposition of HgBr reduces 870 Mg/y of Hg' to
the elemental form. The simulated Hg" species are dominated by HgBrNO,, which contributes 67% of
total atmospheric oxidized Hg. The second largest Hg" species is HgBrHO, (20%), which is followed by
HgBr; (8%) and HgBrOH (4%). Appropriate production rates vary from 20 Mg/y for HgBrOH to 2800
Mg/y for HgBrNO,. So the net oxidation of Hg’ to Hg" depends on both the first-step Hg° reaction

with Br and on the balance between decomposition and further oxidation of the HgBr intermediate.

Figure 3.11 shows the simulated latitudinal and vertical distribution of annual zonal mean Hg° air
concentration (standard temperature and pressure) in the atmosphere. As seen the surface
concentration of Hg’ is above 0.7 ng/m? in the Northern Hemisphere and drops steeply south of the
equator. In the vertical, the concentration moderately decreases in the troposphere down to 0.1
ng/m* at the tropopause. The latitudinal pattern of Hg’ concentration is determined by both
distribution of emissions, which are mostly located in the Northern Hemisphere, and the oxidation
chemistry. The figure also shows distribution of the annual mean Hg°® oxidation rate (isolines) in
reaction with Br (R1, Table 3.1). The rate depends on concentration of Br as well as on the ambient
parameters such as air temperature and density. The Hg® oxidation has a minimum in the free
troposphere over the equator due to elevated air temperatures, and two maximums — in the upper
troposphere and over in the surface air of the temperate latitudes of the Southern Hemisphere — due
to high concentration of Br. These extremes are reflected in the spatial pattern of Hg® by increased
concentrations over the equator and low concentrations over the Southern Ocean.
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Fig. 3.11. Annual zonal mean air concentration of Hg® in 2013 (colour palette, ng/m’ STP) and rates of
Hg oxidation by Br (isolines, 10° s*) according to reaction R1 from Table 3.1.

Formation of the Hg" species is illustrated in Fig. 3.12. The figure shows distribution of average
mixing ratios of HgBr,, HgBrOH, HgBrHO,, and HgBrNO, in the atmosphere along with production
rates of these species in appropriate reactions (R4-R7, Table 3.1). The reaction rates depend on
production of HgBr, concentration of appropriate oxidants (Br, OH, HO,, NO,), and air temperature.
The dominant Hg" species HgBrNO, is largely produced in the upper troposphere and next to the
surface in the high latitudes of the Southern Hemisphere (Fig. 3.12d). However, intensive dry and wet
deposition quickly removes this species from the surface air. In contrast, Hg" produced in the upper
troposphere has longer residence time that leads to its accumulation and high concentrations aloft.
The second important Hg" species is HgBrHO, is intensively produced at high latitudes of the
Northern and Southern Hemispheres (Fig. 3.12c). These regions are also characterized by relatively
high concentrations of the species in the free troposphere. Both HgBr, and HgBrOH have maximums
of production rates in the upper troposphere of the tropics and near the surface at high latitudes of
the Southern Hemisphere, where elevated concentrations of these species occur (Fig. 3.12a and
3.12b). There are also increased concentrations over the surface at temperate latitudes of the
Northern Hemisphere, which are caused by direct anthropogenic emissions. All Hg" species have
small concentrations in the low troposphere of the tropics due to reduced production of HgBr in this
area and high air temperature, which is damping its further oxidation to Hg".
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Fig. 3.12. Annual zonal mean volume mixing ratios (colour palette, ppqv Hg) of HgBr, (a), HgBrOH (b), HgBrHO,
(c), HgBrNO; (d) in 2013. Isolines show production rates (103 molecules cm™ s7)
for appropriate Hg species according to reactions R4-R7 from Table 3.1.

Thus, use of the Br-initiated mechanism for simulations of Hg atmospheric cycle leads to strong
overestimation of Hg oxidation and unrealistically low Hg’ concentrations in the atmosphere.
However, theoretical studies point out at possibility of Hg" reduction mechanisms, which could take
place in air, cloud water, or heterogeneously at the surface of atmospheric aerosol [Ariya et al.,
2015]. Besides, a number of modelling studies have successfully applied the Br oxidation mechanism
along with a hypothetical reduction mechanism to reproduce observed concentrations [Shah et al.,
2016; Horowitz et al., 2017]. But it should be noted that both nature and chemical details of the
reduction reaction remain unknown. The next steps of implementation of the Br oxidation
chemistry for the EMEP operational modelling will include evaluation of possible Hg reduction
mechanisms in the atmosphere. Update and refinement of the model Hg chemical scheme should

improve quality of assessment of Hg pollution of the EMEP countries.
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Chapter 4. COUNTRY-SCALE POLLUTION ASSESSMENT (POLAND)

A series of country-scale studies of heavy metal pollution in the EMEP countries has been carried out
by MSC-E for long period in close co-operation with national experts [Travnikov et al., 2018]. This
year a case study for Poland has been completed and the results of the study have been published in
a special Technical Report [llyin et al., 2018]. Main results of the study are briefly discussed below.

4.1. Heavy metal pollution levels in Poland

The country-specific study for Poland was aimed at analysis of factors affecting Cd pollution levels in
the country and providing the country with detailed information on Cd pollution. Assessment of Cd
pollution involved emission data prepared by national experts and CEIP, measurement data from the
EMEP and national monitoring networks, and atmospheric transport modelling performed by MSC-E.
Results were produced with fine spatial resolution (0.1°x0.1°) and related to 2014. The work was
carried out in cooperation with national experts from Poland and the Czech Republic. Detailed
information about results of the study is available in [/lyin et al., 2018].

Evaluation of the modelling results shows that at most stations the modelled and observed Cd air
concentrations are comparable in the warm period. However, in the cold period the model
underestimates the observed levels. A number of reasons of the underestimation were considered. It
was found out that the main reason was low Cd emissions in the cold period from the emission
sector ‘Residential combustion’.

In order to improve quality of the assessment and to identify country’s regions, where the emission
estimates require further refinement, an emission scenario has been developed. Original national
total emission of Cd in Poland is 14 t/y. For comparison, total national emission prescribed by the
scenario is 17 t/y (26% higher). However, this value is within the uncertainty of annual national
emissions estimated by national experts at about 70% [Debski et al., 2017]. The scenario emissions of
Cd from the ‘Residential combustion’ sector are higher than the value in the national emission data
by a factor 2.6 (5.7 vs. 2.2 t/y). However, the changes vary among the country’s provinces. The most
substantial increase of Cd emission is noted for the southern and south-western part of Poland (Fig.
4.1).

15-30
30- 100
100 - 500
I 500 - 3000
Hl>300 b

Fig. 4.1. Original (a) and scenario (b) emissions of Cd in Poland in 2014
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The suggested emission scenario favoured significant improvement of modelling results when
compared with observed levels both at Polish monitoring stations and the stations located outside
the country. In particular, the comparison between modelled and measured Cd concentrations in air
at the EMEP and national monitoring stations in Poland and the Czech Republic demonstrated the
increase of the mean relative bias from -24% to -4% in cold period, and the increase of the spatial
correlation coefficient form 0.79 to 0.83.

Thus, the study demonstrates that available emission data may contain significant uncertainties,
which affect results of pollution assessment. Use of emission scenarios or expert (non-official)
emission estimates can produce more realistic, from the viewpoint of agreement with observed
values, alternative results of the assessment. However, this activity requires close cooperation with
national experts and relevant EMEP centres and Task Forces.

Country-specific information on Cd pollution levels in Poland prepared within the study includes
spatial distributions of pollution levels with fine

resolution, source-receptor relationships for particular Foreign
. . . . Remaining - .
country’s provinces (voevodships), pollution from various countries Public
Road sectors 21% Power
emission sectors and large point sources as well as 0a 1% . 2%
Transport
information on pollution levels in large cities. The 2%
assessment is based on emissions data prescribed by the Fugitive/\
o . 2%
emission scenario. ’ ~
Residential Industry
combustion 43%
For the country as a whole the major contributor to Cd 29%

deposition is the sector ‘Industry’, which makes up 43% of
total anthropogenic deposition in Poland (Fig. 4.2). The
. e . ., Fig. 4.2. Contribution of the major emission
second largest contributor is ‘Residential Combustion

sectors to deposition from anthropogenic

(29%). Other sectors contribute around 5% in sum, and .
sources in Poland

contribution of foreign sources is about 20%.

However, the shares of emission sectors vary in the provinces of the country. In four voivodships
(Opolskie, Slaskie, Malopolskie, Swietokrzyskie) the contribution of the ‘Industry’ sector to
anthropogenic deposition exceeds 50% (Fig. 4.3). The largest contribution of ‘Residential combustion’
is noted for the western part of the country: Wielkopolskie (40%), Lubuskie (40%), Dolnoslaskie (36%)
voivodships. The contribution of emissions from the sector ‘Fugitive’ is the highest in the northern
and central parts: Pomorskie (8%), Mazowieckie (8%) and Kujawsko-Pomorskie (7%) voivodships. The
share of the sectors ‘Public Power’ and ‘Road Transport’ varies from 2% to 4% throughout the
country.
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Fig. 4.3. Contributions of main national emission sectors and foreign sources to deposition in Polish voivodships
in 2014

4.2. City pollution by heavy metals

Most of population in Europe lives in urban areas. Investigation of pollution levels in cities is
currently one of priority tasks of the Convention. MSC-E has started preparatory work on evaluation
of heavy metal pollution levels in cities of the EMEP region. Primary attempt to evaluate pollution
levels in urban areas is carried out in the framework of country-specific case study for Poland. In this
study Cd pollution levels and their seasonal variations in the selected Polish cities are analysed.

Cities can be considered as a source of pollution for ambient atmosphere as well as a receptor of
pollution which comes from sources located in other parts of the country or in other countries. There
are numerous studies [e.g., Kiesewetter et al., 2015; Elser et al., 2016; Kiesewetter and Amann, 2014]
focused on differentiation of pollution levels in cities between several components such as
contributions from intercontinental transport, transboundary transport, national sources and sources
located in a city. The latter is called urban increment, i.e. contribution of city sources to pollution
levels in the city.

The urban increment of heavy metal pollution was calculated for Polish cities by means of source-
receptor calculations with fine spatial resolution (0.1°x0.1°). For this purpose, anthropogenic
emissions of Cd in gridcells of the model domain, which belong to the cities, are marked as city
sources. Therefore, emissions from particular cities and emissions from other territory of Poland are
distinguished in national polish emission data. As a result, for each selected city contribution of the
city’s sources and contribution of other anthropogenic sources (national and foreign) are calculated.
Similar approach is used also by other researches [e.g. Thunis et al., 2016, Guo et al., 2016]. In this
study contribution of urban sources was assessed for 23 Polish cities (Fig. 4.4).

Although the model has not been designed to simulate urban-scale pollution levels, the calculated
concentrations reasonably agree with the observed values. The model successfully reproduces
spatial pattern (correlation coefficient 0.71) and magnitude (relative bias -8%) of the observed

46



concentrations of Cd measured at urban locations
(Fig. 4.5). In 60% of stations the difference
between modelled and observed values lies within
a factor of 2. At some stations the model
underestimates the observed levels, and in one
city — overestimates by more than a factor of 2.
These discrepancies could be caused by both
uncertainties of emissions in cities and
uncertainties of model parameterizations which do
not take fully into account peculiarities of
dispersion of pollution levels over urban
territories. As seen, at most of the stations the
main contribution to pollution levels is made by
anthropogenic emissions. Seasonal variability of

the observed concentrations was also reproduced by the model.
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Fig. 4.4. Location of the selected Polish cities
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Fig. 4.5. Annual mean modelled and observed concentrations of Cd at urban background stations in selected

Polish cities depicted as bar charts for particular stations (a) and as scatter plot (b). Red dashed line in (b)

indicates 1:1 ratio, and dashed blue lines indicate a two-fold difference between modelled and observed values.

Calculated annual mean concentrations of Cd in air caused by contribution of anthropogenic sources

located outside city area (external sources) and city sources (urban increment) to annual mean air

concentrations of Cd are shown in Fig. 4.6 for various Polish cities. In large cities such as Warsaw,

Krakow, Gdansk, Katowice, Poznan the city sources contribute significant faction (20-70%) of

anthropogenic concentrations. In other considered cities the urban increment is relatively small

making up from 1-2% to about 10-15%.
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Fig. 4.6. Calculated concentrations of Cd in air caused by anthropogenic sources outside city (external) and by
city sources (urban increment).

Verification of these results is hampered by very limited information. Therefore, information on
PM?2.5 and PM10 contributions from urban sources is also taken into account, because their emission
sources and atmospheric behaviour resembles those of Cd. Detailed modelling study of PM pollution
levels in Warsaw is presented in [Holnicki et al., 2017a]. It is shown that contribution of city emission
sources is dominating and ranging from 62% to 70% for PM2.5 and from 76% to 78% for PM10.
Besides, analysis of population-weighted exposure demonstrated that contribution of local sources
of PM2.5, PM10 and Cd amounted to about 50%, 40% and 90%, respectively [Holnicki et al., 2017b].
In work [Pastuszka et al., 2009] it was shown that wintertime concentrations of Cd on fine particles
(PM2.5) in the center of the Zabrze city (Upper Silesia) is about 60% higher than the concentrations
at the urban background level. For Cd on coarse particles (PM10) the difference is 90%. Urban
increments of PM10 during short-term episodes in cities Krakow, Zabrze, Jelenia Gora and Warsaw,
calculated on the base of observed values at regional background and traffic stations, varies from
about 20% to 60% [Reizer and Juda-Rezler, 2016]. These values of the urban increment are
comparable with the values obtained in the current study.

Evaluation of model-based urban increments for large cities in Europe, including Poland, was carried
out using the SHERPA tool [Thunis et al., 2017].

Contribution of intercontinental and 80 Modelied Ca)

transboundary transport of PM2.5 as well as i )  SHERPA (PM2.5, City)

external and internal emissions of Polish cities was § 60 77" A SHERPA (PM2.5, City+Commutingzone)

considered. % ® A A A
240”' TATATS st . X

Results of the comparison of the urban increments E 1 A .

estimated by the SHERPA tool and calculated in £ 277 N |

this study are presented in Fig. 4.7. Since two ©

different pollutants are considered, fractions of 0 oo '°$ s o "& T ‘&

urban increment are compared instead of & '@$\$‘°é & %*2’%@@\5’&

absolute values of the concentrations. For large . o )
Fig. 4.7. Contribution of city sources to mean

cities (Warsaw, Katowice, Krakow, Poznan, . . . .
annual cadmium air concentrations (this study)

and PM_2.5 derived from the results of SHERPA
caused by city sources of Cd are comparable with project

Gdansk, Szeczin) the fractions of concentrations
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those of PM2.5. For some cities the difference between the results of the current and SHERPA
studies is significant. For example, the urban increment of Cd concentrations for cities Lodz, Lyublin,
Bydgos and Bialostok vary from 2 to 7%, while the increment of PM2.5 is 30-45%. This discrepancy
can be caused by differences between spatial distributions of Cd and PM emissions. Besides, the
calculations of urban increments are based on different models — GLEMOS in this study and CHIMERE
[Menut et al., 2014] in SHERPA study. Differences in the model formulations also give rise to
discrepancies in final results. Nevertheless, in spite of the mentioned reasons, values of the urban
increments based on this study and the SHERPA tool are comparable by the order of magnitude for
most of considered cities.

An alternative way to estimate the urban increment

ghkm?ly
. . . <5
is based on comparison of measured concentrations 515
. . . . 30- 100
in a city and at rural station located near the city 100 -500
| o

[Lenschow et al., 2001]. This approach was used for
evaluation of seasonal variability of urban
increments of Cd air concentrations in cities of

® @ Bydgos

north-western Poland located nearby (within 100- S Terun

km distance) rural station PLO0O77A (Fig. 4.8).
Besides, for comparison purposes similar analysis

was performed for concentrations of PM10

measured at the same stations. Fig. 4.8. Emission flux of Cd with resolution

0.1°x0.1° and location of regional background
Seasonal variability of monthly mean modelled and

(white triangle) and urban-background (dark
measurement-based  urban  increments  are circles) measurement stations.
compared (Fig. 4.9). Since the absolute magnitudes

of the Cd and PM10 increments differ significantly,

they were normalized by the corresponding maximum monthly-mean values. Observed seasonal
changes of the normalized urban increments of Cd are well reproduced by the model at a number of
stations, for example, at Bydgos, Ciechocinek, Naklo nad Notecia, Koscierzyna and Kwidzyn. At these
stations minimum of the urban increment is noted for warm period, while the maximum — for cold
period. Similar seasonal behaviour is also exhibited by urban increment of PM10 concentrations. At
the same time, at other stations (e.g., Grudziadz) no distinct seasonal variability of modelled urban

increment is noted, while the increments based on observations undergo seasonal changes.

The obtained discrepancies in seasonal changes of the modelled and measured increments may be
caused by uncertainties/inconsistencies in emission data. For instance, seasonal variability of Cd
concentrations is significantly affected by emissions from the sector ‘Residential combustion’.
Emissions from this sector are much higher in cold period and smaller in warm period. However, for
some cities where the measurement stations are located, emission values from this sector in the
corresponding grid cells are minor or even absent in the used emissions inventory (Fig. 4.10).
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are located. Left part of the bar chart: stations where seasonal variability of urban increment reproduced; right
part: stations where seasonal variability of urban increment not reproduced by the model.

Thus, the suggested method of direct fine resolution modelling allows matching modelled and
observed air concentrations of Cd in Polish cities with sufficient quality. Comparison of the urban
increments calculated in the current study with results of other studies, based on modelling or
observations, revealed reasonable agreement of the applied methods for large cities. As a rule,
larger cities are characterized by higher contribution of emissions from urban sources to Cd and PM
pollution compared to smaller cities. At the same time, contribution of sources located outside urban
areas is substantial even in large cities.
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5. COOPERATION AND DISSEMINATION OF INFORMATION

Co-operation is an important component of research and operational pollution assessment
performed by MSC-E to support countries with information on heavy metal pollution levels in Europe
and other regions. In this context MSC-E closely collaborates with Parties to the Convention and its
Subsidiary Bodies and exchanges information with various international organizations.

5.1. Subsidiary bodies of the Convention

Co-operation with Subsidiary bodies of the Convention includes collaborative work with the Task
Force on Measurements and Modelling (TFMM), the Task Force on Emissions Inventories and
Projections (TFEIP), and the Working Group on Effects (WGE).

5.1.1. Task Force on Measurements and Modelling

MSC-E continued cooperation with TFMM. The Centre took part in the TFMM meeting held in May,
2018 in Geneva, Switzerland. TFMM participants were informed about the results of the country-
specific case study of Cd pollution in Poland. Besides, the main outcomes of the case study activities
gained during past years were overviewed.

It was shown that the main reason of the discrepancies between modelled and observed Cd levels in
Poland was underestimation of emissions from the sector ‘Residential combustion’ (Section 4.1). It
was demonstrated that the model could be used as a tool to evaluate national emission data and
help to understand the directions to improve the emissions in cooperation with national experts and
relevant Task Forces and EMEP Centres. Besides, it was suggested to use emission scenarios or
expert estimates to produce an alternative assessment of pollution levels along with the assessments
based on official data.

One of thematic session of the recent TFMM meeting was focused on the long range transport and
urban air pollution. MSC-E presented results on evaluation of Cd pollution levels in cities of Poland
(Section 4.2). In particular, source apportionment of Cd air concentrations in the cities and their
seasonal variations were investigated. The results of the study were compared with available data on
urban increments for particulate matter.

Plans of further country-specific activities were discussed. Further possible candidates to the study
were proposed including Germany and the United Kingdom. In addition, cooperation of the Centre
with WGE in the field of evaluation of Hg atmospheric inputs to surface water bodies and catchment
areas of Scandinavia is expected.
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5.1.2. Task Force on Emission Inventories and Projections

Emissions data are the key information required for pollution assessment. The basic information on
anthropogenic emissions is provided by Parties to the Convention and processed by CEIP with
methodological support and quality assurance by the Task Force on Emission Inventories and
Projections (TFEIP). The EMEP modelling Centres utilize emissions data for pollution assessment and
gather important bottom-up information on quality of the data. To contribute to the improvement of
emissions data MSC-E participated in the recent Workshop on verification of emission estimates
organized back-to-back with the annual TFEIP meeting in April 2018 in Sofia, Bulgaria.

MSC-E presented its approach to preparation of additional emission parameters required for
modelling, which include sector-specific seasonal variation, vertical distribution and chemical
composition of heavy metal and POP emissions (see Section 1.2 for details). Besides the Centre
provided examples of the model application for evaluation of quality and revealing of potential
uncertainties of emissions data. The presented analysis was performed in the framework of country-
scale case studies for Poland and Spain. In particular, it was shown that data on Cd emissions from
‘Residential Combustion’ (Section 4.1) and B(a)P emissions from ‘Field burning in agriculture’ can
contain significant uncertainties in Poland and Spain, respectively.

Formulating recommendations for the emissions community the Centre noted that information on
the chemical composition of Hg and POP emissions required update and refinement, which could
be done in co-operation with other international bodies (e.g. UN Environment, Minamata and
Stockholm Conventions). Besides, the model evaluation of national emissions can be applied on a
regular basis as a part of the emissions review process. It is particularly relevant on a country scale,
where variety of national data can be involved.

5.1.3. Working Group on Effects

In the framework of co-operation with WGE MSC-E took part in the 31" Task Force meeting of the
International Cooperative Programme on Effects of Air Pollution on Natural Vegetation and Crops
(ICP-Vegetation) held in Dessau, Germany. Under supervision of ICP-Vegetation surveys of
concentrations of heavy metals in mosses are carried out. The most recent survey took place in 2015.
Information on Pb, Cd and Hg concentrations in moss was provided to MSC-E.

Information about concentrations in mosses is useful for evaluation of the atmospheric modelling
results. Mosses have no roots and obtain their nutrients from the atmosphere. Hence,
concentrations of pollutants in moss tissues depend on atmospheric deposition. Unlike regular
station-based measurements carried out at the EMEP monitoring network, measurements in mosses
are characterized by higher spatial density. Besides, these measurements are often organized in
countries where EMEP network is scarce, e.g. in the EECCA countries and Russia (Fig. 5.1).
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M o Lo © Pb monitoring station

Fig. 5.1. Concentrations of Cd in mosses in 2015 and location of the EMEP heavy metal monitoring stations.

Heavy metal concentrations in mosses cannot be compared directly with modelled deposition.
However, spatial distributions and long-term trends of concentrations in mosses and total deposition
can be compared. For example, spatial pattern of concentrations in mosses is similar to that of total
deposition of Cd in the Scandinavia region (Fig. 5.2). Both fields demonstrate higher levels in the
southern part and lower levels in the northern part of the region. Spatial correlation between two
fields is significant (0.64). In the whole region, the correlation between the modelled deposition and
concentration in mosses exceeds 0.5 in 6 countries for Pb, and in 5 countries for Cd.
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Fig. 5.2. Cd concentrations in mosses (a), deposition flux (b), and comparison of both parameters (c) for
Scandinavia in 2015.

Comparison of normalized country-averaged deposition and concentrations in mosses demonstrates
that spatial gradients of Pb and Cd pollution levels between the countries were generally reproduced
by the model. Relatively high concentrations in mosses and total deposition of Pb and Cd are noted
for Poland, Slovenia, Armenia, Georgia, and the Czech Republic (Fig. 5.3). Relatively low levels occur
in Ireland, Iceland, Estonia, Latvia, and Norway. This comparison allows identifying regions where
difference between the considered normalized parameters is substantial. For example,
concentrations in mosses of Pb is high compared to mean deposition fluxes in Bulgaria. On other
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hand, deposition of Pb in Slovakia is much higher than concentrations in mosses. These discrepancies
may be caused by uncertainties of emission data used in the modelling or approaches of
measurements in mosses, and need additional research.
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Fig. 5.3. Normalized country-averaged total deposition and concentrations in mosses of Pb (a) and Cd (b) in
2015.

Long-term changes of heavy metal deposition during the period 1990-2015 were compared with the
changes of concentration in mosses. Relative reduction of Pb deposition over the period varies within
80-90%, which is comparable with the corresponding reduction of concentrations in mosses (Fig.
5.4a). For Cd the reduction is somewhat lower: 30-70% for concentrations in mosses and 25-70% for
total deposition (Fig. 5.4b). Relative reduction of both Hg deposition and concentration in mosses is
4-40% over the period 1995-2015.
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Fig. 5.4. Relative change [ (1990-2015)/1990 x 100% ] of country-averaged concentrations in mosses and total
deposition of Pb (a) and Cd (b) over the period 1990-2015.

Measurement data on concentrations of heavy metals in mosses is valuable type of information for
the analysis of heavy metal pollution in the EMEP region and for the evaluation of the model
performance. Comparison of country-averaged values of the concentrations and deposition
demonstrates that the model capable of reproducing spatial gradients and long-term pollution
changes. However, comparison of deposition and levels in mosses at smaller spatial scales reveals
higher discrepancies in spatial patterns of these two parameters. Most likely it is explained by the
fact that concentrations in mosses depend not only on atmospheric deposition but on a number of
other environmental factors. Further research of these factors is needed in cooperation with the
experts of WGE for improvement of interpretation of the biomonitoring results as well as for the
model evaluation.

5.2. International organizations

5.2.1. UN Environment and Minamata Convention

MSC-E continuously co-operates with the United Nations Environment Programme (UN Environment)
on assessment of Hg pollution. Mercury is a global pollutant that causes growing public concern
about the dangerous effects on human health and biota. To support the international negotiation
process aimed at Hg pollution reduction UN Environment coordinated preparation of a series of
Global Mercury Assessments (GMA) [UNEP, 2002; AMAP/UNEP, 2008; AMAP/UNEP, 2013;
AMAP/UNEP, 2015]. MSC-E has been involved in all the assessments sharing information on Hg
pollution and coordinating activities on global scale modelling.

Currently, MSC-E takes part in the new Global Mercury Assessment 2018 (GMA 2018). The Centre is
responsible for the part of GMA 2018 focused on assessment of Hg fate and transport in the
atmosphere and coordinates activities of international group of experts on modelling of Hg pollution
on global and regional scales. The expert group includes modelling teams from different scientific
institutions of Europe and North America: Helmholtz-Zentrum Geesthacht (HZG, Germany), Institute
of Atmospheric Pollution Research (CNR-IIA, Italy), Massachusetts Institute of Technology (MIT, USA),
Environment and Climate Change Canada (ECCC, Canada), National Oceanic and Atmospheric
Administration (NOAA, USA), and Lamar University (LU, USA). The work consists of both review of
recent studies on model assessment of Hg pollution and new model estimates of Hg intercontinental
transport involving an updated global inventory of Hg anthropogenic emissions. The major results of
the multi-model assessment of Hg pollution on a global scale are summarized in Section 2.1 of the
current report. The MSC-E co-ordination work for GMA 2018 is funded by the Arctic Monitoring and
Assessment Programme (AMAP) as a part of a bi-lateral contract.

In addition, MSC-E participated in the first meeting of the Conference of the Parties to the Minamata
Convention on Mercury (COP1) held in September 2017 in Geneva, Switzerland. MSC-E contributed
to discussions at the thematic session focused on various aspects of atmospheric Hg pollution. In
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particular, approaches used within CLRTAP to assess Hg atmospheric pollution in the EMEP region
were overviewed including evaluation of national emissions by countries, assessment of pollution
levels by means of monitoring and modelling, and evaluation of the effects on human health and
biota. The experience gained within CLRTAP in the field of assessment and abatement of Hg pollution
could be shared with the Minamata Convention. Further collaboration between these two
Conventions is appreciated.

Co-operation with UN Environment and the Minamata Convention broaden dissemination of
scientific and policy oriented information generated within the Convention. Besides, it improves
pollution assessment within EMEP by possibility to evaluate and refine the modelling tools and

involve variety of additional input data (emission inventories and observations).

5.2.2. Helsinki Commission

MSC-E performs regular evaluation of airborne pollution load of heavy metals to the Baltic Sea in the
framework of cooperation with the Helsinki Commission. This work is carried out in accordance with
the Memorandum of Understanding between the Baltic Marine Environment Protection Commission
(HELCOM) and the United Nations Economic Commission for Europe (UN ECE) and is based on the
long-term EMEP/HELCOM contract.

This year activity was focused on the evaluation of Pb, Cd and Hg pollution of the Baltic Sea. In
particular, long-term variations of heavy metal deposition fluxes to the Baltic Sea were estimated for
the period 1990-2015. Source apportionment of deposition and verification of modelling results
against measurements was performed for 2015. Results of the assessment are summarized in the
Joint report of the EMEP Centres for HELCOM [Bartnicki et al., 2017] and also presented in several
indicator fact sheets, published on the HELCOM website [http://www.helcom.fi].

Declines of Pb, Cd and Hg anthropogenic emissions in the HELCOM countries from 1990 to 2015 were
87%, 40% and 46%, respectively. Poland, Russia and Germany were the major contributors to heavy
metal emissions among the HELCOM countries in 2015. Their share to total emission of the HELCOM
countries exceeded 90%.

Analysis of the results of the model simulations revealed significant decrease of atmospheric
deposition of Cd, Pb, and Hg to the Baltic Sea over the period 1990-2015. The largest decease is
noted for deposition of Pb (80%), followed by Cd (63%) and Hg (34%) (Fig. 5.5a). The decrease of
deposition varies substantially among different sub-basins of the Baltic Sea. The largest decrease of
Cd deposition occurred in the Bothnian Bay and the Gulf of Finland (76% and 74%, respectively). The
most significant changes of Hg deposition took place in the Sound and the Kattegat (60% and 41%). In
case of Pb the largest changes of deposition were estimated for the Bothnian Bay and the Gulf of
Finland (86% and 85%). The decrease of heavy metal deposition was stronger in the first decade of
the considered period, while after 2000 it became smaller or almost levelled off.

Deposition of Pb, Cd and Hg to the Baltic Sea in 2015 was lower than those in 2014. In particular, Pb
deposition decreased by 33%, Cd deposition by 39%, and Hg deposition by 12%. These changes can
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be explained by the influence of inter-annual variability of meteorological conditions, in particular,
the atmospheric transport pathways.
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Fig. 5.5. Relative changes of annual atmospheric deposition of Cd, Pb, and Hg to the Baltic Sea in the period
1990-2015 (a) and contribution of emission sources from the EMEP countries to total anthropogenic deposition
of Pb to the Baltic Sea in 2015 (b)

Model calculations revealed distinct spatial gradients of atmospheric deposition fluxes to the Baltic
Sea in 2015 [Bartnicki et al., 2017]. Higher deposition levels took place in the southern and western
parts of the sea, while the northern part is characterised by the lowest fluxes.

Anthropogenic emission sources of the HELCOM countries contributed about 36%, 30%, and 14% to
annual deposition of Cd, Pb, and Hg, respectively, over the Baltic Sea in 2015. Among the HELCOM
countries Poland, Russia, and Germany are the main contributors of anthropogenic deposition to the
Baltic Sea (Fig. 5.5b). Along with anthropogenic emissions significant contribution (more than 50%) to
heavy metal deposition to the Baltic Sea was made by wind re-suspension (Cd and Pb), natural
emission and re-emission (Hg) as well as by long-term transport from sources located outside the
HELCOM countries.
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MAIN CHALLENGES AND DIRECTIONS OF FUTURE RESEARCH

The Status Report summarizes EMEP activities in the field of heavy metal pollution assessment in
2018. It includes information on spatial patterns of Pb, Cd and Hg pollution levels and transboundary
transport, research and development activities on improvement of the modelling tool, cooperation
with national experts of the EMEP countries, CLRTAP Subsidiary Bodies, and international
organizations. Main challenges of heavy metal pollution assessment and directions of future research
are overviewed below.

e Emissions data reported by countries still contain significant uncertainties, particularly, in
terms of completeness and sectoral composition. The dispersion modelling supplemented by
monitoring data can be used as an independent tool for evaluation of reported emissions. The
evaluation is particularly relevant when performed on a country scale with involvement of
detailed national data. Besides, the model evaluation of national emissions can be applied on a
regular basis as a part of the emissions review process.

e The country-scale case studies demonstrated high effectiveness in evaluation of various
aspects of heavy metal pollution. They provide valuable information on pollution assessment
with fine spatial resolution, detailed source apportionment of pollution levels, evaluation of
national emissions etc. The studies will be continued for a number of countries (e.g. Germany,
the UK, Norway) with particular focus on Hg pollution and the link with adverse effects on
human health and biota.

e The problem of the limited coverage of the EMEP region with measurements of heavy metals
remains unresolved. Monitoring sites, which perform heavy metal measurements, are mostly
located in Central, Western, and Northern Europe, whereas observations in Eastern Europe
and Central Asia are scarce. The problem can be partly resolved by involvement of data from
other networks or using data of biomonitoring (e.g. measurements in mosses). However, the
latter require thorough interpretation when used for model evaluation.

e Recent studies revealed possible important role of vegetation uptake for Hg atmospheric cycle
and deposition. Further improvement of understanding of Hg deposition processes and
development of model parameterization require more measurements of Hg air-vegetation
exchange that could be reflected in the revised EMEP monitoring strategy.

e Mercury pollution of the EMEP countries attracts particular attention within the Convention.
Therefore, update and improvement of modelling approaches for Hg pollution assessment is
among the priority tasks. The Hg chemical scheme of the GLEMOS model will be revised
including further testing of the Br oxidation mechanism and evaluation of possible reduction
pathways. Besides, evaluation of Hg pollution over long periods requires consideration of
cycling and accumulation in different environmental media. The multi-media approach for Hg
simulations in GLEMOS will be further developed.

e Another important issue of human exposure to airborne contaminants is pollution of cities. A
tentative approach of assessment of the city pollution by heavy metals using the direct fine
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resolution modelling with source apportionment demonstrated promising performance when
compared with urban observations and other assessment methods. Thorough testing and
evaluation of the approach will be continued for other countries and pollutants.

Evaluation of adverse effects of heavy metal pollution on human health and ecosystems is of
high importance. Long-term co-operation between EMEP and WGE led to successful
application of the critical loads approach for risk assessment of heavy metal pollution within
the EMEP region. However, the estimates of critical load exeedances for heavy metals are
outdated. Additional efforts on development of the effect assessment are needed (e.g. for Hg
pollution of aquatic ecosystems) in close co-operation between the monitoring, modelling and

effect communities.
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Annex A
EVALUATION OF MODELLING RESULTS VS. OBSERVATIONS

Calculated mean annual concentrations in air and annual sums of wet deposition of Pb, Cd and Hg
were evaluated via comparison with the corresponding values measured at the EMEP monitoring
network. The agreement between modelled and observed values is influenced by uncertainties of

model parameterizations, emissions and monitoring data.

Since description of various environmental processes considered in the model is based on a number
of assumptions, any model is capable of describing pollution levels only approximately. Analysis of
the model uncertainties undertaken some time ago [Travnikov and llyin, 2005] demonstrated that
intrinsic model uncertainty (i.e. uncertainty of the model as such, without effect of emission data) of
modelled deposition of heavy metals was amounted to +30-40% for Europe as a whole. Intrinsic
uncertainty for air concentrations of particulate metals (Pb, Cd) is around +40%, and Hg - around
120%.

Uncertainty estimates of the heavy metal emission data are available for several EMEP countries.
Table A.1 contains results of the uncertainty analysis carried out by national emission experts. The
presented uncertainty values are related to total emission values in the countries. As seen, in some
counties the uncertainties of Pb emissions reach almost 500%, of Cd — almost 450% and Hg — around
180%. Even median values of the uncertainties are significant: 100% for Pb, about 80% for Cd and
around 70% for Hg. These high uncertainties may affect the modelling results and interpretation of
evaluation of calculated concentrations and deposition against measurement data.

Table A.1. Uncertainties (%) of the national total values of heavy emission data used in calculations for 2016

2015 Pb Cd Hg Reference
Belarus 192 266 111 IIR Belarus [2016]

Belgium 106 81 32 IIR Belgium [2017]

Croatia 140 291 78 Poljanac et al. [2017]
Cyprus 95 81 13 Papadopoulos and Charalambous [2016]
Denmark 488 449 103 Nielsen et al. [2017]

Estonia 184 134 182 Kohv et al. [2017]

Finland 29 29 19 IIR Finland [2017]

France 163 39 34 Ringuet [2017]

Latvia 60 70 68 Skrebele at al. [2017]
Poland 67 69 68 Debski et al. [2017]

Sweden 23 37 70 IR Sweden [2017]

United Kingdom 29 -30 to >50 -30 to 50 Wakeling et al. [2017]

Quality of Pb and Cd monitoring data is regularly evaluated via laboratory intercomparison tests.
According to the most recent results, related to measurements in 2016, almost all laboratories
managed to predict theoretical values of Cd and Pb concentrations in precipitation with satisfactory
accuracy (within £25%) [CCC, 2018]. However, these tests characterize only uncertainty of analytical
methods applied in country’s laboratories. Uncertainties arisen at other steps of monitoring (e.g.,
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sampling, transportation, storing etc.) are not taken into account. Therefore, full uncertainty is most
likely higher than the uncertainty estimated via considered tests.

This fact is indirectly confirmed when real measurement data are analyzed. Almost at every station
there are some samples which values are flagged as ‘invalid’. These samples are not included in the
process of comparison of modelled and measured values. If more than half of samples have flag
‘invalid’, annual mean values are not considered in the comparison procedure. For example,
measurements of heavy metals in precipitation at Portugal stations, and Cd in precipitation at French
stations in 2016 are not used because of this reason. Besides, concentrations of Pb and Cd in air
measured at Estonian station EE9 are ignored because their annual mean values are several times
higher than the values in the previous year.

Modelled air concentrations and wet deposition of Pb in 2016 were somewhat higher than the
corresponding observed levels. For concentrations in air mean relative bias is 23%, and for wet
deposition —almost 8% (Table. A.2). At most of the stations the bias between modelled and observed
annual mean concentrations in air is within +30% (Fig. Ala). Good agreement is noted for wet
deposition fluxes in the United Kingdom, most of stations in Germany, the Czech Republic, France
(Fig. Alb). At some of the stations (DK12, SE5, NO90, ES17) the overestimation of the observed air
concentrations by the model may be linked with overestimated contribution of wind re-suspension.
Overestimation of wet deposition fluxes due to the same reason is noted for some stations in
Germany, Slovenia, and Poland. Nevertheless, at most of the stations, e.g. in Germany, the United
Kingdom, France, the Czech Republic, the usage of re-suspension favoured improvement of
agreement between modelled and observed values. Therefore, further work on improvement of
parameterization of this process can facilitate better modelling results for the EMEP countries. At
some stations (e.g., DE3 for concentrations in air, PL5, SK4 and SK7 for wet deposition) even the
anthropogenic component of the modelled value considerably exceeds the observed value. It can be
explained by the uncertainties of the emissions in the vicinity of these stations. Hence, further work
on the emission data is needed. There are countries (e.g., Slovakia, the Netherlands) where good
agreement for wet deposition for some stations is accompanied by large discrepancies for other
stations. This situation results in relatively low correlation between annual wet deposition fluxes
(0.47) compared to that for concentrations in air (0.88).

Table A2. Main statistical indicators of agreement between annual modelled and measured levels of air
concentrations and wet deposition fluxes in 2016

Pb Cd Hg
Cair Wet Dep Cair Wet Dep Cair Wet Dep
Mean relative bias, % 23.1 7.8 31 -45 6 68.2
Correlation coefficient 0.88 0.47 0.79 0.55 -0.74 0.73
NRMSE 0.44 0.64 0.73 0.48 0.10 0.95
F2, % 78 70 78 64 100 76
F3, % 90 91 88 81 100 94
N 40 43 40 36 8 17

C,ir — concentration in air
Wet Dep — wet deposition flux

NRMSE — Normalized Root Mean Square Error

F2 —fraction of values fitting to factor of 2 difference

F3 —fraction of values fitting to factor of 3 difference
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Fig. A1. Spatial distribution of modelled and observed Pb concentrations in air (a)

and wet deposition fluxes (b) in 2016

Model performance for Cd in air is similar to that of Pb. There are some overestimation (about 30%)
of mean observed values by the model and significant (0.79) spatial correlation between modelled
and measured air concentrations (Table A.2). At most of stations the difference between modelled
and observed concentrations in air is within a factor of two (Fig. A.2a). At some stations (e.g., BE14,
NL8, GB17) high contribution of wind re-suspension produces the overestimation of the observed Cd
concentrations in air. Similar to Pb, anthropogenic component of Cd concentrations in air at station
DK12 and DE3 is higher than the observed concentration. Most likely it can be connected with
uncertainties of anthropogenic emissions in the vicinity of these stations. Modelled wet deposition
fluxes of Cd are lower than the observed ones by 45% on average. Large (2-fold and more) deviations
of modelled values from observed ones can be explained by uncertainties of national emission data
or monitoring issues. Understanding of the reasons requires further investigation. Satisfactory
agreement between modelled and observed annual wet deposition fluxes is noted for stations in the
United Kingdom, most of stations in Germany, some stations in Poland, Sweden, Slovakia and the
Netherlands (Fig. A.2b).
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Fig. A.2. Spatial distribution of modelled and observed Cd concentrations in air (a) and wet deposition fluxes (b)
in 2016

Mercury concentrations in air are distributed relatively smoothly over the EMEP region. Therefore,
both modelled and measured values are within the range 1.3-1.6 ng/m? (Fig. A.3a). The difference
between calculated and observed concentrations does not exceed +15%. Taken into account low
variability of Hg concentrations and low number of stations, negative spatial correlation between
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modelled and observed values is not representative for characterizing the model performance. The
model overestimates wet deposition fluxes of Hg by 68% on average. Significant uncertainties
affecting modelling of Hg concentrations and deposition are connected with poor information about
Hg speciation of anthropogenic emissions. Mercury is emitted as relatively inert and long-lived
elemental form as well as in short-lived gaseous reactive and particulate Hg forms. Information about
fractions of these three forms is not available in the official emission data. This information is derived
from the expert estimates. Another source of uncertainties is atmospheric chemistry of Hg.
Elemental form of Hg is oxidized and converted to reactive gaseous or particulate form, but rates and
products of this process are not well established yet. In spite of general overestimation of the
observed levels, at many stations (e.g. BE14, DE2, DE9, ES8, NL91, GB17, GB48) the agreement

between modelled and observed values is within £50% (Fig. A.3b).

Fig. A.3. Spatial distribution of modelled and observed Hg concentrations in air (a) and wet deposition fluxes (b)
in 2016

Discrepancies between modelled and observed concentrations can be explained by various reasons
including intrinsic uncertainties of model parameterizations, emission data and sometimes quality of
measurements. Transition to the finer spatial resolution resulted to higher detalization of pollution
level patterns in the EMEP countries. At the same time, it is in line with the outcome of country-
specific studies stating that improvement of the model performance due to refinement of the grid
can be achieved if quality of input data is also improved. The performed comparison demonstrated
that further work is needed on anthropogenic and secondary emissions in the EMEP region.
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